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This paper focuses on designing mathematical model ofan integrated bioethanol supply chain (IBSC) that will
account for economic and environmental aspects of sustainability. A mixed integer linear programming model is
proposed to design an optimal IBSC. Bioethanol production from renewable biomass has experienced increased interest
in order to reduce Bulgarian dependence on imported oil and reduce carbon emissions. Concerns regarding cost
efficiency and environmental problems result in significant challenges that hinder the increased bioethanol production
from renewable biomass. The model considers key supply chain activities including biomass harvesting/processing and
transportation. The model uses the delivered feedstock cost, energy consumption, and GHG emissions as system
performance criteria. The utility of the supply chain simulation model is demonstrated by considering a biomass supply
chain for a biofuel facility in Bulgarian scale. The results show that the model is a useful tool for supply chain
management, including selection of the optimal bioethanol facility location, logistics design, inventory management,

and information exchange.
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1. INTRODUCTION

Production and use of biofuels are promoted
worldwide. Their use could potentially reduce
emissions of greenhouse gases and the need for
fossil fuels [1]. Accordingly, the European Union
imposes a mandatory target of 10% biofuels by
2020 [2]. These fuels are produced from biomass.
Their use for energy purposes has the potential to
provide important benefits. Burning them releases
such amount of CO. as was absorbed by the
biomass in its formation [3]. Another advantage of
biomass is its availability in the world due to its
variety of sources. Despite the advantages of
biomass with increasing quantities of biofuels to
achieve the objectives of the European Union, this
is accompanied by growing quantities of waste
products. These wastes are related to the lifecycle
of biofuels from crop cultivation, transportation,
production to distribution and use. The main liquid
biofuels are bioethanol and biodiesel. Depending on
the raw material used, production is considered in
three generations.

The first generation uses as feedstock crops
containing sugar and starch to produce bioethanol,
and oilseed crops to produce biodiesel [4]. In the
production of biodiesel, the advantage of these
materials is that they can be grown on contaminated
and saline soils, as the process does not affect the
fuel production. The drawback is that they raise
issues related to their competitiveness in the food
sector. These materials also have a negative impact
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in terms of the quantity of water consumed. This is
related to their cultivation that requires significant
amounts of water resources. Excessive use of
fertilizers, pesticides and chemicals to grow them
also leads to accumulation of pollutants in
groundwater that can penetrate into water sources
and thus degrade water quality.

According to the second generation, bioethanol
is produced by using waste biomass (agricultural
and forest waste) as raw material [5], i.e.
lignocellulose which is transformed into a valuable
resource as bioethanol. Biofuel production of
second generation is an excellent way to deal with
increasingly restrictive national and European
regulations in this area and the use of organic waste
for energy production and fertilizer as a byproduct.
Logistics and use of these materials can be
challenging due to the fact that they are usually
dispersed. ~ Another disadvantage from an
environmental perspective is the need for further
purification and processing.

The third generation comprises production from
microalgae which occur as a promising feedstock
for biofuel production. The advantage of this
biomass is that it is a year-round production and
does not compete with the food industry.

The main technologies for production of
bioethanol are fermentation, distillation and
dehydration [6]. The wastes of biofuels are divided
into production and performance. The technological
waste is produced mainly in the creation of
products that occur as waste production. The
management of these wastes is related to their
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reduction, recovery and disposal. These guidelines
are united in the idea of acquiring more
sophisticated production processes. Efforts are
focused on the use of new sources of raw materials,
new processes, and new ways of realization of the
side products. The use of by-products as raw
materials for other production closes the cycle in
the supply chain, reducing the price of the obtained
fuel. Operational waste is associated with gases and
emissions released during operation and burning of
biofuels.
2. AIM

The present study deals with the issue of
designing optimal integrated bioethanol supply
chains (IBSC) for waste management in the process
of biofuel production and usage. Tools were
developed for formulation of a mathematical model
for description of the parameters, the restrictions
and the goal function.

3. PROBLEM STATEMENT

The problem addressed in this work can be
formally stated as follows. Given are a set of
biofuel crops that can be converted to bioethanol.
These include agricultural feedstock, e.g. wheat,
corn, etc. A planning horizon of one year for
government regulations including manufacturing,
construction and carbon tax is considered. An IBSC
network superstructure including a set of harvesting
sites and a set of demand zones, as well as the
potential locations of a number of collection
facilities and bio refineries are set. Data for biofuel
crops production and harvesting are also given. For
each demand zone, the biofuel demand is given,
and the environmental burden associated with
bioethanol distribution in the local region is known.
For each transportation link, the transportation
capacity, available transportation modes, distance,
and emissions of each transportation type are
known.

3.1. General formulation of the problem

The overall problem can be summarized as

follows:

o Optimal locations of biofuel production centers,

e Demand for petroleum fuel for each of the
demand centers,

e The minimum required ratio between petroleum
fuel and biofuel for blending,

e Biomass feedstock types and their geographical
availability,

o Specific green house gas(GHG) emission factors
of the biofuel life cycle stages,

o Potential areas where systems for utilization of
solid waste from production can be installed.

The objectives are to minimize the total cost of an

IBSC by optimizing the following decision

variables:

e Supply chain network structure,

e Locations and scales of bioethanol production
facilities and biomass cultivation sites,

o Flows of each biomass type and bioethanol
between regions,

e Modes of transport for delivery for biomass and
bioethanol,

e The GHG emissions for each stage in the life
cycle,

e Supply strategy for biomass to be delivered to
facilities,

o Distribution processes for biofuel to be sent to
demand zones.

4. MODEL FORMULATION

The role of the optimization model is to identify
what combination of options is the most efficient
approach to supply the facility. The problem for the
optimal location of bioethanol production plants
and the efficient use of the available land is
formulated as a MILP model with the following
notation:

4.1. Mathematical model description

To start with the description of the MILP model,
we first introduce the parameters, that are constant
and known a priori, and the variables that are
subject to optimization. Then we describe step by
step the mathematical model by presenting the
objective function and all the constraints. First of
all, we introduce the set of time intervals of the
horizon of planning t={12,...,T}.

In this article the mathematical model that is
used in the network design is described. Before
describing the mathematical model, the input
parameters, the decision variables, and the sets,
subsets and indices are listed below.

4.1.1. Sets, subsets and indices. The following sets

and subsets are introduced:

Sets/indices:

I Set of biomass types indexed by i;

LF  Set of transport modes indexed by If ;

P Set of plant size intervals indexed by p ;
Set of utilization plant size intervals indexed
by s=1N,;

GF  Set of regions of the territorial division
indexed by of ;

K Set of proportion of bioethanol and gasoline
indexed by k ;

T Set of time intervals, indexed by t .
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Fig.1. Superstructure of an integrated bioethanol supply chain (IBSC)
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Set of transport modes for bioethanol and
gasoline is a subset of LF (B<FL) indexed
by b;

Set of transport modes for biomass is a
subset of LF (L<LF) indexed by I;

Set of transport modes for solid wastes is a
subset of LF (M < LF) indexed by m;

Set of transport modes for straw is a subset
of LF (EcLF) indexed by e;

Set of transport modes for wheat-corn for
food security is a subset of LF (z<LF)
indexed by z;

Set of candidate regions for bioethanol
plants established, which is a subset of GF
(F cGF) indexed by f;

Set of bioethanol mixing and customer
zones, which is a subset of GF (CcGF)
indexed by c;

Set for delivery and production of gasoline,
which is a subset of GF (DcGF ) indexed
by d;

Set for regions for collection and processing
of solid waste, which is a subset of GF

(W cGF) indexed by w;

Set for regions for straw collection and
processing, which is a subset of GF

(U cGF ) indexed by u ;

% Set for regions for the wheat-corn customer
zones, which is a subset of GF (V cGF)
indexed by v ;

4.1.2. Input parameters for the problem

Environmental parameters:

EFBR, Emission factor for bioethanol production
from biomass type i<l using technology
peP, [kgCO,—eq/tonbiofuel];

ESw Emission factor of pollution caused by one

ton of solid waste if not used, [ _k9C9. —ed ]
tonsolid waste

EFDP, Emission factor for gasoline production in
the region d eD, [ kgCO, —eq/tongasoline];

EFTRA, Emission factor for biomass i1 supply via
mode IeL, [kgCO, —eq/tonkm ];

EFTRB, Emission factor for bioethanol supply via
mode beB, [kgCO,-eq/tonkm];

EFTM, Emission factor of transportation of biomass
ielformode leL, [kgCO, —eq/tonkm];

EFTB, Emission factor of transportation of
bioethanol and gasoline for mode beB,
kgCO, —eq/tonkm J;

EFTRW, Emission factor for transport of solid waste
with transport me M , [ kgCO, —eq/tonkm |;
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EFTRU, Emission factor for transport of straw with
transport ecE, [ kgCO, —eg/tonkm ];

EFTRV, Emission factor for transport of wheat-corn
for food security with transport zez,

[kgCO, —eqg/tonkm ];

ECB, ECG Emissions during the combustion of
Co, unit bioethanol and
gasoline, kgCO, —eq/tonbioethanol] Or
[kgCO, —eq/tongasolind ].

Monetary parameters:

CosB, ,CosW, Capital investment of bioethanol
plant size peP and capital investment of
solid waste plant size ses, [$];

C., Carbon tax per unit of carbon emitted from
the operation of the IBSC, [ $/kgCO, —eq ];

PG  Price of gasoline, [$/ton];

uTl, ,UTB, ,UTG, ,UTS, ,UTU,_,UTV,, Unit transport
cost for biomass i viamode leL,
bioethanol via mode beB  gasolinevia mode
beB, solid wastes via mode me M , straw
via mode e < E, wheat-corn for food security
via mode z, [$/tonkm ];

Technical parameters:

pB /PBy™ Maximum/Minimum annual plant
capacity of size pepP for bioethanol
production, [ton/ year |;

ENO,ENB Energy equivalent unit of
gasoline&bioethanol, [ GJ/ton];

ADD,, , ADG,, , ADF,, , ADU,,, ADW,, , ADV,, Actual

ofl 1 gue ? qvz
delivery distance between grids via model of
transport (beB,leL,ecE,meM,zeZ),
[km];
sw, The total amount of solid waste generated
for production of bioethanol using biomass i
tonsolid waste 1

for technolo
9y P [ biotuel

JobB,,JobO,  The number of jobs needed to build

and operation a bio-refinery with size peP
for year;
JobG, The number of jobs required to grow a unit

of 1 biosource in the region g<G per year.

Environmental parameters depending on the time

interval:

EFBC,, Emission factor for cultivation of biomass
type iel inregion geG foreach time
interval t, [kgCO, —eq/tonbiomass];

TEIM" Maximum total environmental impact,
[kgCO,-eqd*].
Monetary parameters depending on the time

interval:
G Interest rate, %
&,

: Discount factor;

Mot Factor to the change of the base price,
depending on the region feF where the
plantis installed, [ Dimensionkss ];

Cost?, Capital investment of plant size p for
bioethanol production in each zone f , [$ ];

INS, The government incentive includes

construction incentive and volumetric from
region feF, [$/ton];

UPC,, Unit production costs for biomass type i<
in the region geG for each time interval
teT, [$/ton];

upPB,, Unit bioethanol production cost from

biomass type i<l at a biorafinery of scale
peP installed in region feF, [$/ton];

UPD,, Unit gasoline production cost at a rafinery d,
[$/ton].

Technical parameters depending on the time

interval:

Km Proportion of bioethanol and gasoline
subject of mixing for each of the customer
zones, [ Dimensionkss |;

A,  Set-aside area available in region geG for

biomass production for each time interval

teT, [ha];

AP Set-aside area available in region geG for
food, [ha];

By Production rate of biomass i in region ge<G,
[ton/hal;

LT, Duration of time intervalsteT, [ year];

a,  Operating period for IBSC in a year,

[d/year ];

7.  Biomass to bioethanol conversion factor s
pecific for biomass i using technology p,

[ ton _bioethanol /ton _biomass |;

YO, Gasoline demand in customer zones cecC,
[ton/year ];

PBIy" /PBIy  Minimum/ Maximum biomass of
type iel which can be produced in the
region, geG per year, [ton/ year |;

QI Maximum flow rate of biomass i from

igt
region g, [ton/d ];
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QB Maximum flow rate of bioethanol from
region f, [ton/d];
QDY Maximum flow rate of gasoline from
region d, [ton/d ];
Qw ™ Maximum flow rate of solid wastes
from 1, [ton/d];

Qu»* Maximum flow rate of straw from region
geG, [ton/d ];

Qv Maximum flow rate of wheat-corn for food

security from region geG, [ton/d ];
4.1.3. Decision variables for the problem X,

To find the optimal configuration of the IBSC,
the following decision variables are required:

A/ Positive continuous variables

PBB,

igt

Biomass i demand in region geG at time

interval teT ;

Ql,, Flow rate of biomass i<l via mode leL
fromregion geG to feF, foreach teT,
[ton/d ];

QB,,, Flow rate of bioethanol produced from all
biomass i<l via mode beB from region
feF to ceC foreach teT, [ton/d ];

o FlOW rate of bioethanol produced from

biomass ivia mode b fromfto c¢ using
technology p for each teT ,[ton/d ];

QD Flow rate of gasolinevia mode beB from
region deD to cecC, for each time interval
teT, [ton/d ];

QW,,.. Flow rate of solid waste via mode mem
from the region feF to wew, for each
teT, [ton/d ];

QU Flow rate of straw
processingvia mode e from region g to u,
foreach teT,[ton/d];

Qv,, Flow rate of wheat-corn for food security via
mode zez from region geG to veV, for
each teT ,Jton/d ];

QED, Quantity of gasoline to be supplied to meet
the energy needs of the region cecC, for each
teT, [ton/year ];

QEB, Quantity of bioethanol produced from
biomass to be supplied to meet the energy
needs of the regionceC, [ton/year ];

A,  Land occupied by crop i inregion g, [ha];

A, Land by crops needed for food security of the
population in the region geG ,for each teT,

QBR

collection and

28

B/ Binary variables

Xq 0-1 variable, equal to 1 if biomass type i is
transported from region g to f using
transport 1, and O otherwise at teT ;

Y. 0-1 variable, equal to 1 if bioethanol is

transported from region f to cusing
transport b, 1, and O otherwise at teT ;
ws,,.. 0-1 variable, equal to 1 if a solid waste is

transported from region f to w using
transport m and O otherwise for each teT ;
wu ,, 0-1 variable, equal to 1 if straw is transported

from region g to ueU using transport ecE
and O otherwise for each teT ;
wv,,. 0-1 variable, equal to 1 if wheat-corn is

transported from region g to v using
transport z and 0 otherwise for each teT ;
zZw,,, 0-1 variable, equal to 1 if a solid waste

utilization plant size s is installed in region
w and O otherwise at time interval teT ;
ZWF,,, 0-1 variable, equal to 1 if a solid waste

utilization plant size s is to be working in
region wand O otherwise at teT, which
includes the plants installed in the previous

time and the new ones built during this time
which is calculated with  equation
ZWF,, = ZWF,, ., +ZW,,, for the first year (t=1)

configuration is set by initializing
ZWFSWl' = ZWsw‘l' ’
Z,, 0-1 wvariable, equal to 1 if bioethanol

production plant size p is to be established in
region f and O otherwise for each teT ;
zF,, 0-1 variable, equal to 1 if bioethanol

production plant size peP is to be working in
region feFand O otherwise at time interval
teT, which includes the plants installed in the
previous time interval and the new ones built
during this time interval which is calculate
with equation zF,, =ZF ., +Z,, for first year
(t=1) configuration is set by initializing
ZF,.=Z

PD, 0-1 variable, equal to 1 if gasoline is
manufactured by the region deD and 0,
otherwise at time interval teT ;

DT,, O0-1 variable, equal to 1 if gasoline is
transported from region d to c¢ using transport
band 0 otherwise for each teT .

swil'
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5.1. Basic relationships

As noted above, the assessment of IBSC
production and distribution of bioethanol will be
made by environmental and economic criteria.

5.1.1. Model of total environmental impact of IBSC

The environmental impact of the 1Bsclis
measured in terms of total GHG emissions J.
(kgCo, —eq) stemming from supply chain activities
and the total emissions are converted to carbon
credits by multiplying them with the carbon price in
the market.

The environmental objective is to minimize the
total annual GHG emission resulting from the
operations of the IBSC. The formulation of this
objective is based on the field-to wheel life cycle
analysis, which takes into account the following life
cycle stages of biomass-based liquid transportation
fuels:

. biomass cultivation, growth and
acquisition,

° biomass transportation from  source
locations to facilities,

o transportation of bioethanol facilities to the
demand zones,

. local distribution of liquid transportation
fuels in demand zones,

° emissions from bioethanol and gasoline
usage.

Ecological assessment criteria will represent the
total environmental impact at work on IBSC
through the resulting GHG emissions for each time
interval t. These emissions are equal to the sum of
the impact that each of the stages of life cycle has
on the environment. The GHG emission rate is
defined as follows for each teT :

TEl, =ELS, + ELB, + ELD, + ETT, + ESW + ECAR Wt (1)

where:
TEIl, Total GHG impact at work on IBSC

[kgCO, —eqd™];
{ELS,,ELB, ,ELD,,ETT,} GHG impact of life cycle

stages;
ECAR Emissions from bioethanol and gasoline

usage in vehicle operations [ kgCO, -eqd™];
ESW, Emissions from utilization solid waste for

each teT
Evaluation of environmental impact at every stage
of life cycle is:

A. Growing biomass ELS,;
B. Production of bioethanol ELB,;
C. Production of petroleum gasoline ELD, ;

D. Utilization of solid wastes ESW,

E. Transportation biomass ETA ;

F. Transportation bioethanol ETE, ;

G. Transportation gasoline ETD, ;

H. Transportation of solid waste ETW, ;

I. Transportation of straw ETU, ;

J. Transportation of wheat-corn for food
Security ETv, ;

K. Usage of bioethanol and gasoline ECAR .

1/ Greenhouse gases to grow biomass ELS,,

GHG emissions resulting from the production of
biomass depend on the cultivation practice adopted
as well as on the geographical region in which the
biomass crop has been established [7]. In particular,
the actual environmental performance is affected by
fertilisers and  pesticides usage, irrigation
techniques and soil characteristics. The factor may
differ strongly from one production region to
another. Accordingly, the biomass production stage
is defined as follows:

ELSI=ZZ(EFBC@M], vt, 2
icl geG 2

2/ Total GHG emissions from bioethanol
production ELB,

The environmental impact of the bioethanol
production stage is related to raw materials and the
technology employed for the production of
bioethanol.

ELB, =Y >3 > ¥ (EFBR,QBR,, )} vt ©)

iel feFceCbeB peP

Since only one of the technologies pe<Pcan be
selected for a region feF (which is guaranteed by
the condition > zF <10 vt f), it QBP,,Is equal

peP

to "0" for all except pep for the selected
technology. This is ensured by implementing the
inequality G“™ZF,, > QBP,,,. Vi, f,cb, p,twhere

G"* there is a large enough number.

3/ Total GHG emissions from gasoline
production ELD,
ELD, = Z z z EDP,QDygs V't (4)

deDceCbeB

4/ The environmental impact of
transportation ETT,

The global warming impact related to both
biomass supply and fuel distribution depends on the
use of different transport means fuelled with fossil
energy, typically either conventional oil-based
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fuels. The resulting GHG emissions of each
transport option depend on both the distance run by
the specific means and the freight load delivered.
As a consequence, the emission factor represents
the total carbon dioxide emissions equivalent
accordingly:

ETT, =ETA +ETB, + ETD, + ETW, + ETU, + ETV, (5)
where,
ETA = Z Z ZZ(EFTMH ADGgfIQI igftl )’ vt IS

iel geG feF leL

environmental impact of transportation of biomass
[kgCO,—eqd™];

ETE, =YY > (EFTB,ADF,,QB,,, ) Wt is

feFceC beB
environmental impact of transportation of
bioethanol from Z0ones feF to
ceCwhereQB,,, => > QBP,,, [kgCO,—eqd™];

ifcbpt
iel peP

ETD, = Y.3 3 (EFTB,ADD,,QD,, ) Vt is

deDceCbeB
environmental impact of transportation of gasoline
from zones deD to ceC;

ETW, = 3 3 3 (EFTRW, ADW,,,QW,,,, ) ¥t is

feFweWmeM
environmental impact of transportation of solid
wastes from zones feF t0 weWw;

ETU, =Y 3 3 (EFTRU,ADU,,QU ..} ¥t is

geGuel ecE
environmental impact of transportation of straw
from zones geG to ueU ;

ETV, = 333 (EFTRV,ADV,,QV, . ) Wt is

geGveV zeZ
environmental impact of transportation of wheat-
corn from zones geG to veV ;

5/ Total GHG emissions from utilization of
solid wastes ESW,

Z ZZZ stvinBPifcbpt -

ES\M _ iel feFceCbeB peP ESW, Vt , (6)
%3, M

6/ GHG emissions from bioethanol and

gasolineusage in vehicle operations ECAR

ECAR =ECBY>'> QB +ECGY. Y > QDyy, V1, (7)

feFceCbeB deDceCbeB

5.1.2. Model of total cost of a IBSC

The annual operational cost includes
the biomass feedstock acquisition cost, the
local distribution cost of  final fuel
product, the production costs of final
products, and the transportation costs of
biomass and final products. In the production
cost, we consider both the fixed annual
operating cost, which is given as a
30

percentage of the corresponding total capital
investment, and the net variable cost, which is
proportional to the processing amount. In the
transportation cost, both distance-fixed cost and
distance-variable cost are considered. The
economic criterion will be the cost of living
expenses to include total investment cost of
bioethanol production facilities and operation of the
IBDS. This price is expressed through the
dependence [8] for each time interval teT :

TDC, =TIC, + TPC, +TTC, +TTAXB, —TL,, Wt (8)
where:
TDC, Total cost of a IBSC for year [$year?];

TIC, Total investment costs of production

capacity of IBSC relative to the operational
period per year [$year*];

TPC, Production  cost  for  biorefineries
[$year?];

TTC, Total transportation cost of an IBSC
[$year];

TTAXB, A carbon tax levied according to the total
amount of co, generated in the work of
IBSC [$year'];

TL, Government incentives for
production and use;

bioethanol

1/ Model investment costs for biorefineries by
yearTIC,

A rational IBSC planning over the time is based
upon the assumption that once a production facility
has been built, it will be operating for the remaining
time frame.

TIC, =5, Y. ¥ (Costi 2, ) Wt (9)

feF peP

where ¢, is calculated by equation (10):

g :;
©+g,)

Capital cost of biorefineryforeach regionis
determined bythe equation:

(10)

Costf, =M ™'Cost,, VpeP,vf cF , (11)

2/ Total production cost model of IBSC TPC,
[$year']

Total production cost term, TPC, consists of
biomass cultivation TPA, bioethanol production
costs TPB, and production cost for gasoline TPD, as
follows for each time interval t :

TPC, =TPA +TPB, +TPD,, V't , (12)
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where the components of (12) are defined
according to the relations:

TPA =3 3 (UPC A, By )

iel geG

TPB =Y 333 > (UPB,,QBP,,.. )i, Wt

iel feFceCbeB peP

TPD, = Z Z Z(atUPDdtQDdcbt)

ceCbeBdeD

3/ Total transportation cost model TTC,
[$year']

With regard to transport, both the biomass
delivery to conversion plants and the fuel
distribution and transport of diesel to blending
terminals are treated as an additional service
provided by existing actors already operating
within the industrial/transport infrastructure. As a
consequence, TTC, is evaluated as follows:

TTC, =TTCA+TTCB, +TTCD, +, Vt (13)

TICA =32 % Z(atUTCigfIQI igflt )' vt is

leL iel feFgeG
transportation cost  for energy crops,
T7CB =33 3 (0 UTB ,QB,, ) Vt, for  bioethanol,

beBceC feF

where,

TTCD, =33 3 (¢ UTD,,QD,., ) ¥t and for gasoline,

beBceCdeD

where,

UTCygy = 1A, + (IBiIADGgfI)
UTB,, = OA, + (OB, ADF, ) ,

uTD,,, = OAD, +(0OBD,ADD,, )

1A, and B, is fixed and variable cost for
transportation biomass type i<land (0A, ,0B,) is
fixed and variable cost for transportation
bioethanol.

The biomass transportation cost UTC,, is
described by Borjesson and Gustavsson [9], for
transportation by tractor, truck and train UTB,, .
They are composed of a fixed cost (14,,04,) and a
variable cost (1B, , 0B, ). Fixed costs include loading
and unloading costs. They do not depend on the

distance of transport. Variable costs include fuel
cost, driver cost, maintenance cost, etc.

4/ Government incentives for bioethanol
production cost model TL, , [$ year™]
TL =Y 3 3 (INS QB o ) Wt (14)

feFceCheB
5/ A carbon tax levied cost model TTAXB,,
[$year?]

Many countries are implementing various
mechanisms to reduce GHG emissions including

incentives or mandatory targets to reduce carbon
footprint. Carbon taxes and carbon markets
(emissions trading) are recognized as the most cost-
effective mechanisms. The basic idea is to put a
price tag on carbon emissions and create new
investment opportunities to generate a fund for
green technology development. There are already a
number of active carbon markets for GHG
emissions [10].

TTAXB, =(a,TEIl,)Cgo,, Vt (15)

5.2. Restrictions

Plants capacity limited by upper and lower
constrains

Plants capacity is limited by upper and lower
bounds, where the minimal production level in each
region is obtained by:

S(PBY™ZF ) < 3 3 QB < X (PBY ZF ), v t (16)

peP ceCbeB

> QW QW v

meM wewW

> 2 QU,, QU™ Vg, Wt (17)

eesEueU

D> QV,, <QV™, Vg

Constraints balance of bioethanol to be
produced from biomass available in the regions

QBplfcpr

a2 ZZZZ[—'J—ZZ(A@)' vt (18)

iel feFceCbeB peP ﬂigtjfipt icl geG

A condition that ensures that the total amount of
solid waste generated by all bio-refineries can be
processed in the plants built for this purpose

> S QW = X3S (SW,QBR,,, ) vit  (19)

weW meM peP iel ceC beB

A restriction that ensures that the amount of
solid waste processed at the plant is within its
production capacity:

Z PsMIN ZWstt < at Z ZQwamt

seS feFmeM

& z ZQwamt < Z PSMAX ZWstt Y

feFmeM seS

vt,w (20)

Logical Constrains

o Restriction which guarantees that a given region

f eFinstalled power plant with peP for
bioethanol production.
>Z,<1
peP
, Vit
> ZF, <1 (21)

peP

and for a utilization systems of solid wastes (21):
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Z ZWSWt <1
seS VW,t (22)

> ZWF,,, <1|’

seS

swt

e Limitation ensuring the availability of at least
one connection to a region of bioresources and
region for biofuel:

S X Z 2D Y = 2 ZF,,, Vi, fit (23)

geGleL ceCbeB peP

e Limit which guarantees that each region will
provide only one plant with a biomass typeie |

szingl’ vi,g,t (24)

feFleL

o Limitation of assurance that at least one region
f e F producing bioethanol is connected to a
costumer zones ceC

Y >V <L Vot (25)

beB feF

e Limitation of assurance that at least one region
f is connected to a solid waste utilization plant
located in region wew

>3WS,,. <1, Vit (26)

weWmeM

Condition ensuring that the solid waste
produced from a given bio-refinery will be
processed in only one of the plants for use

> WS e = ;ZFpﬁ, vt (27)

e Condition ensuring that a plant used in a given
region will be connected to at least one plant in
which solid waste is generated:

2 2 WS 2 2 ZWF,,, VWt (28)

meM feF seS
Transport Links

Restrictions on transportation of biomass are:

PBIiZ“N Z Xlgfll < atZQ'lgfll < PBIing Z Xigfll’ Vi, g, f ,t (29)
lelL leL leL
Mass balances between bioethanol plants and
biomass regions

The connections between bioethanol plants and
biomass regions:

zzz(Ql.g..l)sz[%], Vit (30)

leL geG iel peP 7ip(

Mass balances between bioethanol plants and
customer zones

Z Z(a!Qchbt ): QEB,, Vc,t (31)

beB feF
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Energy Restriction

e limitation ensuring that the overall energy
balance in the region is provided:
ENOY QEO, +ENBY QEB, =ENOY YO, ,Vt (32)

ceC ceC ceC
o limitation ensuring that each region will be
provided in the desired proportions with fuels

ENB QEB, =KM™ENOYOQ,, Vc,t (33)

5.3. Economic objective function

Objective  function associated with  the
minimization of the economic costs includes all the
operating costs of the supply chain, from the
purchase of biomass feedstock to transportation of
the final product, as well as the investment cost of
biorefineries [11]. The costs of the supply chain
are: the cost of raw material, the transport of raw
material to the facilities, the cost of transport to the
biorefineries, the cost of transformation into
bioethanol and the cost of final transport to the
blending facilities. The economic objective is to
minimize the total annual costs. The terms of the
cost objective corresponding to the annual
operation costs of the IBSC are described in the
following equation:

COST =Y (LT,TDC,) (34)

teT
Environmental objective function

The  environmental  objective  function
corresponds to the minimization of the entire
environmental impact measured through the Eco
indicator 99 method. The cumulative environmental
impact of system performance defined as the
amount of carbon dioxide equivalent generated
over the whole life cycle and during its operation, is
expressed by means of the equation:

ENV = ;(LT[TEL) -

Social objective function

As an estimate of the social impact of the system
work, the exact coefficients that account for
indirect jobs in the local economy are used. Then,
the social impact (in terms of jobs) is determined
according to the relationship [ Numberof Jobs]:

JOB=)'(LTJoh)
teT (36)

6. OPTIMIZATION PROBLEM FORMULATION

The problem for the optimal design of a IBSC is
formulated as a MILP model for the objective
function of Minimizing cost.
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The task of determining the optimal location of
facilities in the regions and their parameters is
formulated as follows:

Find: X, [Decision \ariables]
MINIMIZE {COST} — (Eq.34) (37)
st.:{Eq.16 — Eq.33}

The problem is an ordinary MILP and can thus
be solved using MILP techniques. The present
model was developed in the commercial software
GAMS [12]. The model chooses the less costly
pathways from one set of biomass supply points to
a specific plant and further to a set of biofuel
demand points. The final result of the optimisation
problem would then be a set of plants together with
their corresponding biomass and biofuel demand
points.

7. CASE STUDY: POTENTIAL BIOETHANOL
PRODUCTION IN BULGARIA FOR 2016-2020

Two major types of biomass resources, wheat
and corn for production of first generation and
wheat straw and corncobs for production of second
generation bioethanol are used.

Model input data

Bulgaria has 27 regions. In this case study, each
region is considered to be a feedstock production
region, a potential location of a biorefinery facility
and a demand zone. In other words, the biofuel
supply chain network consists of 27 areas for

feedstock production, 27 potential biorefinery
locations, 27 demand zones, 4 potential solid waste
utilization zones and 3 regions for the production of
petroleum fuels. For the purposes of this study, data
on population, cultivated area, as well as the free
cultivated area, which in principle can be used for
the production of energy crops for bioethanol
production are taken from (Ilvanov,
Stoyanov,2016). For 2016, the consumption of
petroleum gasoline for transportation in the country
is 572,000 tons and for the next years it is:
2017—762,000t,2018—980,000t,2019— 1,220,000t
2020—1,640,000t. For the purposes of this study, it
is assumed that the consumption of gasoline for
each region is approximately proportional to its
size.

8. DISCUSSION AND CONCLUSION

This paper studies the interactions among
biofuel supply chain design, agricultural land use
and local food market equilibrium. The study was
focused on the eco compatible behavior of the
stakeholders in the biofuel supply chain
incorporating them into the supply chain design
model. The model includes the problem of crop
rotation and solid waste utilization. The model is
believed to be important for practical application
and can be used for design and management of
similar supply chains.

Table 1. Flow rate of biomass from growing region to bioethanol plants (Plant-R-XX) and solid waste from Plant-
R-XX to solid waste plants (SW-R-XX) for 2020.

Transport — TRACTOR
Energy crops Wheat Corn Straw Straw | Flow path Solid
Wheat Corn Waste

Plant-R-9 R-26 to R-9 1.00 1.00 500.72 1.00 Plant-R-9 to SW-R-26 258.24
Plant-R-8 R-12 to R-8 1.00 1.00 500.72 1.00 Plant-R-8 to SW-R-12 258.24
Plant-R-26 | R-9 to R-26 500.72 Plant-R-26 to SW-R-26 | 258.24

R-26 to R-26 1.00 1.00 1.00

R-8 to R-12 364.03 258.24
Plant-R-12 | R-12 to R-12 1.00 1.00 136.68 Plant-R-12 to SW-R-12

R-22 to R-12 1.00

R-4 to R-27 47.34 219.51
Plant-R-27 | R-27 to R-27 78.11 Plant-R-27 to SW-R-18

R-18 to R-27 1.00 1.00 298.48 1.00

R-2 to R-27 1.00

R-27 to R-18 1.00 374.40 193.68
Plant-R-18 | R-22 to R-18 1.00 Plant-R-18 to SW-R-18

R-18 to R-18 1.00
Plant-R-22 | R-14 to R-22 1.00 1.00 393.66 38.02 | Plant-R-22 to SW-R-14 | 258.24

R-16 to R-22 70.04
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Table 2. Summary of computational results in case - Minimum Annualized Total Cost

Years 2016 2017 2018 2019 2020
Investment cost ($/year)10° 1.862 2.793 3.531 4.462 6.248
Production cost ($/year)10° 4.326 6.740 9.907 13.871 20.756
Transportation cost ($/year)10° 3.165 4.457 6.086 8.317 12.854
Carbon tax levied in the work of IBSC ($/year)10° 1.743 2.727 4.014 5.661 12.952
Government incentives for bioethanol production -2.800 -4.371 -6.453 -9.079 -13.622
TOTAL COST ($/year)10° 8.297 12.346 17.086 23.232 34.778
GHG emission to grow biomass 1422 1413 1978 1792 1792
GHG emission for production bioethanol and waste 64.220 100.238 147.930 | 208.018 312.033
GHG emission from transportation 228.289 211.298 311.615 | 266.253 277.120
GHG emission from biofuel usage 37.866 59.113 87.276 122.781 184.219
Total GHG emission for IBSC (kgCO2-eq./year)10° 1752.468 | 1783.808 | 2525.148 | 2389.185 | 2565.732
Bioethanol produced from grain (ton/Year) 337 505 674 842 1179
Bioethanol produced from Straw and Maize cobs 32221 50323 74370 104730 157220
TOTAL BIOETHANOL PRODUCTION (ton/year) 32558 50828 75044 105573 158400
TOTAL GAZOLINE NEED (ton/year) 552015 730801 933938 1155199 | 1542775
Proportion Bioethanol/Gasoline (%) 6% 7% 8% 9% 10%
Social function Joh ( Numberof Jobs) 200 100 90 100 200

| . Gasoline storage ‘ © Bioethanol{E100) plant | . Solid waste plant ‘

Fig. 2. Optimal BG IBSC configuration for 2020
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MVYJITUITEPUOJIUYEH JETEPMUHUCTHUYEH MOJEJI HA YCTOMYMBU UHTETPUPAHU
XUBPUJIHUN BEPUI'U 3A TOCTABKA HA BUOETAHOJI OT ITbPBA 11 BTOPA
I'EHEPALINA 3A CUHTE3 U PEHOBALIMA
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(Pesrome)

B cratmsaTa ce mpemiara MaTeMaTHYeH MOJEN Ha WHTErpUpaHa pecypcHo-ocurypurtenna Bepura (POC) kosrto ma
OTYHTa MKOHOMHYECKHUTE, SKOJOTHYHUTE M COLMAJIHUTE aCHEeKTH Ha YCTOMYMBOCTTA. 3a NMPOEKTHPaHEe Ha ONTHMAlHA
POC ce mpemmara Mozen Ha CMECEHO JIMHEWHO mporpamupane. [Ipon3BoacTBoTO Ha OGHOETaHON OT BB30OHOBSEMA
Ouomaca € mpeAMeT Ha 3aCHIICH MHTepeC ¢ OIVIe[l HaMalsiBaHe Ha 3aBHCUMOCTTA Ha bwirapus oT BHOca Ha HETPOT U
HaMaJlsIBaHE Ha BBIVIEPOJHHTE eMHUCHHU. EQeKkTUBHOCTTa Ha pa3XOAWTE U OIAa3BaHETO HA OKOJHATa cpelia BOJAT JI0
3HAYUTEIHU TPOOJIEMH, KOUTO BB3IPEISTCTBAT YBEIMYCHOTO IIPOM3BOICTBO Ha OMOETAHOI OT Bh30OHOBsieMa Ouomaca.
MognensT pasriexzia KII040BUTE OEHHOCTH IO 3aXpaHBalllaTa BEpHUra, BKIIOUUTEIHO NMpUOUpaHeTo / mpepaboTkara u
TPaHCIIOPTUPAHETO HA Ouomaca. MozenbT B3eMa Ipe] BUI pa3XOAUTe 3a AOCTaBKA Ha CypOBHMHATA, IOTPEOICHUETO Ha
SHEprus W EMHUCHUTE Ha NapHUKOBH Ta30BE KaTO KpUTEpHH 3a e(peKTHBHOCT Ha cucremara. IlonesHoctra Ha
CHMYJIAILIMOHHUST MOJIEN Ha 3aXpaHBalllaTa BepHra ce JEeMOHCTPHpA upe3 pas3riIeKJAaHeTO Ha 3axXpaHBallaTa Bepura 3a
Ouomaca B ChOpBHKEHHE 32 OMOropuBa B OBJITapcki Mamad. Pesynararure mokassar, 4e MOJACNBT € TI0JIE3eH HHCTPYMEHT
3a yIpaBJICHUE HA 3aXpaHBalllaTa BEPUra, BKIFOYUTEIHO M300p HA ONTHMAJIHO MECTONOJIOKEHHE Ha ChOPBHIKEHHETO 32
OMOeTaHOII, JIOTHCTHYCH AN3aiiH, yIpaBlIeHHe HA HHBEHTapa U 0OMeH Ha HH(pOpMaLHsL.
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