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Abstract

Developing and employing effective design methodigle can significantly improve the economic
and environmental viability of renewable productfmocesses. This study contributes by presenting a
novel bi-level decision support system (DSS) toramdelling and optimization of multi technology,
multi product supply chains and co-modal transpionanetworks for biomass based (bio-based)
production combining two multi-objective mathematiamodels. Considering the supply chain
configuration optimized by the first level of th&SB, in the second level, the transportation netwsork
designed specifying the most appropriate transpontanode and related transportation option under
transfer station availability limitations. A hybrablution methodology that integrates fuzzy sebthe
and e-constraint method is proposed. This methodologydhes the system specific uncertainties
addressing the economic and environmental susiipadispects by capturing trade-offs between
conflicting objectives in the same framework. Tglexe the viability of the proposed models and
solution methodology, a regional supply chain aaddportation network is designed using the entire
West Midlands (WM) region of the UK as a testingurd. Additionally, scenario and sensitivity
analyses are conducted to provide further insigiits design and optimization of the biomass based
supply chains.

Keywords: Bi-level decision support system; Supply chainiglesTransportation network design;

Sustainable energy production; Fuzzgonstraint method
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1. Introduction
Bio-products are considered as a part of solutmnhe world wide increasing resource depletion
problem as they are alternative resources to toaait non-renewable sources for material and energy

production. Bio-products derived from bio-resourcas replace much of the energy, fuels, chemicals,
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plastics etc. that are currently derived from fofigl based sources (Ramaswamy et al., 2007). In
many cases for the supply of bio-resources, lostrdce transport may be necessary which results in
additional logistics costs, energy consumption ahimnately higher GHG emissions compared to
small-scale utilisation. The International Energgeficy states that almost 25% of the energy related
CO, emissions worldwide result from transportation\aieés (IEA, 2009). As transport distance and
mode plays a major role in energetic and envirorialeperformance of the supply chain, the
associated logistics network must be designed 40 amsure the best compromise between cost and
environmental impact (Galvez et al., 2015). To eassustainability in a bio-based supply chain,
usually multiple conflicting objectives have to bensidered by a systematic engineering design
approach. In addition, these systems are exposedniomber of system specific uncertainties and
technological instabilities. Considering differdethnologies and processes that have the ability to
produce common bio-products in the same supplyncte minimize the impact of these instabilities
and provides enhanced fulfilment of consumers’ dahfar bio-products.

This study focuses on developing proper and éffecptimization methodologies to select the most
favourable supply chain configuration and designttansportation network to identify cost-efficient
bio-based supply chain with a small environmemabact. The methodology integrates all supply
chain activities from feedstock supply to produstribution and consumption, and all elements ef th
chain from biomass source sites to demand nodeghiSoaim, a bi-level DSS is developed to
optimize multi biomass based supply chains and sfraration networks under co-modality
considerations to produce multiple types of biopicid by different technology options in the same
supply chain. The first level identifies the optimstructure of the supply chain and selects the mos
appropriate production technologies under demardl faedstock availability limitations. In the
second stage, based on the output from the fiaglestelated to locations of nodes and the delivery
amounts between the nodes, a model is developdddde how optimally route the material flows
from its origin to destination.

Both models integrate objectives related to thenemic, environmental and service level
performance of the supply chain. To obtain optimiz®lutions, a hybrid algorithm is proposed
combining fuzzy set theory andconstraint method in a novel way to capture bathktanability
aspects by considering the trade-offs between rdiffeobjectives and system specific uncertainties
within the same framework. This hybrid method retlethe characteristics of the problem and
computational experiments show that it is able tovige high quality solutions in a reasonable
amount of time. To explore the viability of the posed DSS, computational experiments are
performed on a case study of WM Region in the UKiicl is the first attempt to design a
comprehensive biomass based supply chain and tdaspn network in this region. In addition
economic, environmental and sensitivity analysescanducted to provide deeper understanding of
the proposed DSS and how changing parameters effectoptimum supply chain design and

performance indicators.



The rest of the paper is organized as followsti@e@ provides a literature review on the studies
that develop optimization models for bio-produgb@y chains and related it to our study. In secBion
the research gaps in the current literature arealed and the contributions of this study to fuliése
gaps are stated. Section 3 presents the probleaniptesn, formulation of the optimization models
and the solution approach. In Section 4, the cagly setting is described where the proposed DSS is
applied to the region of WM, the results, furthaalgses and discussion of the results are explained

Section 5 discusses the conclusions along witlrdutesearch directions.

2. Literature Review

Table in Supplementary Material 1 presents a liteeareview on studies that develop optimization
models to design bio-based supply chains and/aspartation networks considering economic and
environmental sustainability. In the table, thed&a are classified according to the type of theleho
developed, a brief description of the proposedystudl limitations of each of the studies.

Review of literature suggest that there are adeuies that feature any multimodal transportaition
the design of biomass based supply chains (e.gldPet al, 2016; Marufuzzaman et. al, 2014) and of
these studies none have a comprehensive transporta¢twork model, which selects both the
optimum transportation mode/option and the most@pyate transfer stations.

In the literature, studies in the supply chainigiesield that develop methodologies by considering
sustainability and uncertainty aspects can be tigaed into two broad categories; studies that
consider sustainability aspects and uncertaintgdparate methods such as scenario and sensitivity
analyses after the design phase (e.g. Tan et0@9; Zviso et. al, 2011) and studies that captaté b
sustainability aspects and uncertainties by thees@amework (e.g. Giarola et al, 2012; Osmani and
Zhang, 2014; Gonela et al, 2015a,b; Marufuzzamaah, &014b). However, most of the studies in the
latter category utilize Stochastic Programming épresent uncertain system parameters. Stochastic
Programming is an approach for modelling optim@atgproblems when the parameters are uncertain,
but assumed to lie in some given set of possiligegafollowing a probability distribution. Stochiast
Programming models take the advantage of that pilityadistributions governing the data are known
or can be estimated. These probability distribitiman be estimated from data that have been
collected over time, or in the absence of data ffotare periods. Using Stochastic Programming is
meaningful only when a certain action can be regmbaeveral times. However, due to special and
dynamic characteristics of energy problems, in sogwses there may not be enough
historical/objective data to model uncertain parmrsewithin each scenario as random data. From that
point onwards, fuzzy logic comes to the forefront develop robust approaches for concept
representation of energy systems and supply chaiths highly fluctuated and uncertain data. By
fuzzy programming, uncertainty and vagueness isethed using fuzzy numbers and fuzzy sets rather

than discrete or continuous probability functiols.addition, very few among these studies handle



sustainability issue representing each economiy@mmental and social aspect of sustainability by
an objective function using a multi-objective mdihgj framework.

Also, the vast majority of the biomass supply oh@esign researches focus on biorefinery concept
that biofuel (eg. bioethanol, biodiesel) is produiaspecially for transportation purposes without
considering energy conversion or utilization offub&y-products of the system (e.g. Andersen et. al
2012; Zhang and Hu, 2013; Chen and Fan, 2012; Xial2014). In these systems, final biofuel to
energy conversion are much less important and tegstems are different in the supply chain
structures from the systems that biomass is useerergy purposes, i.e. the key point is that a
refinery is not a power station and accordingly tedated markets, business operations, and
technologies are different. Differently from thestadies that handle biomass based supply chains for
biofuel production for transportation sector, thiady specifically deals with conversion of mukipl
sources of biomass into biofuels, for the purpdsgemerating energy in terms of heat and power in
bioenergy plants by power engines. Although theecaafew studies that focus on biomass to energy
conversion (e.g. Cucek et al, 2010; D'Amore andzBe2016), there is still a need to develop a
comprehensive optimization methodology to designthbsupply chain configuration and
transportation networks including transfer statiomgproduce and distribute multiple types of bio-
products (e.g. biofuel and bioenergy) and usefupitmducts (e.g. bio-fertilizer). In addition, masit
the models developed so far capture one type oimdss and one type of conversion
technology/process. However, real-world bio-baseppl/ chains often have diversified feedstock
types and sources, and multiple technologies. A alliod approach that can accommodate this
diversification will be more resilient and may sopplonger term supply, and reduce the effects of
seasonal fluctuations and price instabilities al asetechnological uncertainties on the supplyitha
performance. In addition, the representation ofcigbiomass supply chains capturing differentsort
of products, operations and attributes would rasuét holistic approach that is capable of addngssi
different types of problems for different types bfomass-based supply chains and different
optimisation models. (De Meyer et al., 2016)

To address these gaps in the literature, thisrpaeposes a new mathematical programming based
optimization approach to design sustainable suppgins along with logistics networks. To obtain
optimized solutions from the optimization modeldydrid solution algorithm is proposed combining
fuzzy set theory angkconstraint method in a novel way. The major ctnitibns and novelties of this
study are;

1. The developed methodology optimizes the supply rchainfiguration and transportation
network considering both sustainability aspectsrépresenting each aspect by a different
objective in a multi objective structure and unamty in system parameters in the same
optimization framework in design phase.

2. Instead of focusing on one type of product/techgypladhe developed methodology covers

multiple types of feedstock, technologies, trantgimm modes/options and bio-products in one
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supply chain. Useful by-products of the systemadse considered to be utilized in the supply
chain to promote circular economy.

3. A novel transportation network design model is digved to select the optimum stations for
material transfer among available options, alonghwhe optimum mode and option for
biomass and bio-product transportation under coatitydorinciples.

4. This study presents a hybrid methodology to solwdtirobjective mathematical models. The
methodology combines fuzzy set theory andonstraint method by capturing the problem

specific uncertainties and sustainability aspeiatsisaneously.

3. Problem Description and Formulation of the Models

In this section, we describe the integrated supgiyin configuration, technology selection,
production-distribution planning and transportatimtwork design problem for bio-based production
in a sustainable way. We also present our bi-l®85 and outline the solution approach used to

generate the optimum solution for multi-objectiy@imization models consisting the DSS.

3.1. Problem Description
This paper focuses on designing an optimized supip&i and transportation network for biomass
based production considering sustainability aspestier problem specific uncertainties. The supply
chain in consideration consists of following eletsen
1. The biomass source sites to supply multiple tygdsemistock
Facilities for pre-processing of biomass prior ¢émeersion process
Facilities for storage of biomass prior to convengprocess
Biomass conversion plants

Energy production units

I e

Demand nodes

We developed two MILP models that capture econpngicvironmental and service level
considerations by a multi-objective structure, \khiare consecutively executed in the same
framework to optimize the supply chain configuratend transportation network simultaneously. The
first model, the supply chain configuration designdel (CDM), aims to design the biomass based
supply chain by making decisions correspondingipronfiguration of the supply chain network; (2)
procurement and allocation of the biomass resouaras (3) inventory, production and distribution
planning, while meeting the bio-product demand opaaticular area. The model determines the
optimum configuration of the supply chain considgrihe trade-offs between total supply chain profit
and GHG emissions associated with production ad&s/i To be more precise, to increase the
profitability of the supply chain, we have to inase the production yield which at the same time
means increasing the production related GHG enmssidence, it is important to capture the trade-

offs between these two conflicting objectives. Bortation costs and GHG emissions associated
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with transportation activities are not includedGDM since they are included and optimized by the
second model, which has the aim of optimizing thegportation network. However, considering the
fact that the optimum supply chain structure ishhigmpacted by decisions related to biomass and
product distribution pattern between the locatianshird objective function for the minimization of
total ton-kilometres (ton-kms) is included in thede!| besides the maximization of total supply chain
profit and minimization of production related GH@issions. The decisions made by the CDM are;
(1) Numbers, locations and capacities of facilittesl conversion plants, (2) Types of facilities and
technologies for conversion plants, (3) Amount mf-froduct produced in each plant, (4) Amounts
biomass and bio-product distributed between bionsites, facilities, plants and demand nodes, (5)
Amount of biomass treated/stored in facilities, @pount of auxiliary material consumed in
conversion plants.

The outputs of CDM related to locations, capacitied technologies of facilities and plants as wasll
the transportation amounts between the selecteatidms are passed to the second model, the

transportation network optimization model (TNM). €lttonfiguration decisions (represented by
decision variables with notationé‘;t BejC andCHPqk in CDM) determine the optimum locations of

plants and facilities, conversion technology/fagiliypes and capacities of plants and facilitiese T
transportation related decisions are made by th® Tdnsidering the distances and material flow

amounts between these specified locations. The amt@unts of biomass and biofertilizer that is

transported between locations (represente(SK?/, ST and ST in the TNM model) are obtained

by summing Sgb, Sg SFlnfI values that are derived from CDM model. The TNkhgto optimize the

biomass and bio-product distribution network arghs$portation mode considering available single
mode and multimodal transportation options. The ehaottludes three objectives to capture the trade-
offs between the costs, GHG emissions and sergigd bbtained by each transportation option. The
decisions made by the TNM are;
1. Selection of the optimum transportation mode (&€nglode or multimodal) to transport biomass
and bio-product between biomass source sitesitiesjlplants and demand nodes,
i. If single mode is selected; determination of t@imum transportation option among the
available options (rail, road, sea...etc.),
ii. If multimodal is selected; determination thetiopim combination of modes among the
available options (rail-road, road-rail, road-ged;sea... etc.),
iii. If multimodal is selected; determination thptionum station for transfer of material from one
vehicle to another.
2. Amount of biomass and bio-product transported bgheaode between biomass source sites,
facilities, plants and demand nodes,

The proposed DSS is illustrated in Figure 1.



Figure 1. Description of the DSS

3.2. Formulation of the Models
In this section, the mathematical formulations lo¢ two optimization models are proposed. The

notations of the mathematical formulations are gmé=d in Appendix A.

3.2.1.Supply Chain Configuration Design Model
The model includes three environmental and econoobgectives. The objectives are: (1)
maximization of total profit; and (2) minimizatiaf GHG emissions (C£eq) related to production in
the supply chain and (3) minimization of total spartation distance.

The first objective function, namely maximizatioh supply chain profit, can be calculated as
follows;
Total Profit = Total Revenue- (Discounted Investim@asts + Variable Operational Costs + Fixed
Operational Costs + Biomass Purchasing Cost + Aaryi Material Cost)
Eq. 1 represents the first objective function;

=S58 5208 [ S58 spop($53 9

k= 1I= 1n=

-DF [F[iiilecmecmjec}[ y ZP: 3 | ,[C ptDAka+ ZK:i ICHP [TCE, [q:HF;kH

] (1)

Eq. 2 shows the second objective function, nameahimization of GHG emissions associated with
energy production and pre-processing activities.

K T (N Il J/ C B .
Min z=[ZZ[Z ol EEEJ]"’{ZZ(ZZ q D%DQCJJ

k=1 t=1 \ n=1 i=1 j=1\ c=1b=1

(2)



Eq. 3 depicts the third objective function, miniatibn of total ton-kms, which represents the sum
product of the distances and transportation amdwetiseen biomass source sites, facilities and glant
The aim of this objective is to configure the sypphain so as to minimize the supply of biomass
from and distribution of bio-fertilizer to relatiyelong distances.

Minz=['zid” H %U%iiﬁ >y $H LZZ d ZZ *JJ ©)

i=1 j=1 c=1b=1 j=1k=1 t=1b=1 11=1 =1f=1

Egs. 4-20 represent the constraints of the CDM fnode

1Zjlsgb< BS Oj0b (4) kZK:iSFff' < D, 0O1,0f (13)
=E e
ggsljbﬂdoc:kili$: Ojok (5) :ZlgPFﬁ%D%nDcw E Ok @4)
ibiﬁ‘bk Spiﬁg G, OkOt (6) Ef< Q1CHPk [CE, OkOr (15)
e} = =
Zi%sgamamﬂc (7) E§=ZSE:' OkOr (16)
ibisgbk [}, = PR, OkOuyOt (8) sz:sEﬁ'z O OLOn (17)
= =

[61 i%j:.zi SP' O kO w1 (9) gg& <1 Ok (18)
ggstl> O O1L0u (10) Z:Z;Beicsl Oj (19)
JinB:St'bk b, = Ry OkOf,0t (11) i‘CHPﬁqk <1 Ok (20)
e =
Fkﬁ:iSF;' OkOf,Ot (12)

Eq. 4 restricts the biomass procurement amount faosupply site by the total available biomass
amount in that site. Eq. 5 ensures the flow balai¢be biomass supplied from biomass source aite t

facility and from facility to biomass conversiorapt considering the material loss in the biomass af

the pre-treatment process (if the facility is fasrage of biomass, the conversion rdig is 1, which

means no loss). Egs. 6 and 7 limit the amount arinbiss transported to the facilities and planthieo t
maximum capacity of the corresponding capacityleweé plants/facilities. Egs. 8 and 9 calculate the
amount of biofuel produced in and distributed fritra biomass conversion plants. Eq. 10 ensures that
all the biofuel demand is met in the demand noHgs. 11 and 12 calculate the amount of by-product
produced in and distributed from the biomass caiwer plants. Eq. 13 limits the by-product
distribution amount by the corresponding demanthendemand nodes (to eliminate the disposal of
the excess by-product). Egs. 14 and 15 calculat@atimount of energy produced in energy production

units and restrict this amount to the maximum capad the corresponding capacity levels of plants.
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Egs. 16 and 17 ensure that all the energy demangeisn the demand nodes. Egs. 18, 19 and 20
ensure that at most 1 facility, 1 biomass convergiant and energy production unit is constructed i

each selected location.

3.2.2.Transportation Network Design

The model includes three objectives related to renwmental, economic and service level
performances of the supply chain. The objectives @) minimization of total transportation costga
(2) minimization of GHG emissions (G@q) related to transportation in the supply cheid (3)
minimization of total transportation time.

The first two objective functions are structureatiarly, including the Egs. 21-24;

[Zidr El\/ljub] [22 d¥ DMjﬁb] (ii d‘leijLj

j=1k=1 1=

=

Terml= o J - 21)
+[ Zdz'gmvlzi‘-;’bj [ZZdzv Om2), +(zz dZZDMZ,'ffj
i=1 g=1 j=1v=1 k=1z=1
( I i'\"lﬂb}[ii'\" ka}’(ii Mﬁfj{ii Mng)
Term2 = |:1JJ:1V J:lezlz k=11=1 i=1g=1 (22)
+(ZZM2},VbJ+ > > M2
j=1lv=1 k=1 z=1
Term3:((ii d3 DI\/B%’LJ{ , ZK: d?DNB/V;EJ+ ZZ:ZL: d30 Z'fj] (23)
g=1 j=1 v=1 k=1 =1 =1

Term4=((§i M3%5j+(f2 M%‘E,Hii M%'fj] (24)

Eq. 25 represents the first objective function, imimation of total transportation cost. The
formulation comprises the Distance Fixed Cost (DB@J Distance Variable Cost (DVC) (Lu et. al,
2015). DFC is independent of distance between tieatibns and covers the infrastructure costs
(construction and maintenance costs of facilitieshsas piers and cranes), loading and unloading,cos
as well as administration costs. DFC is an impdrfantor to determine the competitive position
between the modes (Lu et. al, 2015). DVC includesvariable costs related to the distance between

nodes, such as fuel, labour, maintenance and tapaavery and depreciation of the transportation

equipment.
Min z= (ii(TCvagb DTerni)J + [ﬁi( TCfix O Terrﬁ)J + [ii( TCvgiJ Tel’B)]J
a=1b=1 a=1b=1 B=1b=1
+ (i ZB: (TCfIXﬂb Dl'erm4)] (25)
B=1b=1



Eq. 26 formulates the objective of minimizationtafal GHG emissions associated with transportation.
This objective function consists of distance fixaaissions (DFE) and distance variable emissions
(DVE) similarly to the first objective function. GBlemissions from loading and unloading operations
constitute the DFE, whereas DVE depends on thardisttravelled.

Min z:[ii(CEva;b DTerni)J+(iZB:( CEfixC] Terrﬁ)J LZZB:( CEvgil Tem)1J

a=1b=1 a=1b=1 =1b=1
B B (26)
+ D" (CEfix, (Terma)
£B=1 b=1
Eq. 27 represents the third objective function, elgrminimization of total transportation time, whic
Is an indicator of the service level related tm$fzortation activities in the supply chain. Thigeakive
comprises the travel time related to the distareeetled and time required to transfer the material

from one vehicle to another.
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Egs. 28-33 represent the constraints of the secmutkl.
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a=1
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The constraint set represented by Eq. 28 is valithgle mode transportation is selected by theehod
to transport material from one node to anothersTdunstraint set limits the amount of material
(biomass and bio-product) shipped by a transportatiode between biomass source sites, facilities
and plants, to the capacity and availability ostinode between considered locations. Egs. 29 and 30
represent the constraint set that is valid if mubglal transportation is selected. Eq. 29 limits the
amount of material shipped by a transportation nfoal®@ biomass source sites, facilities and plamts t
the transfer stations, to the capacity and avditalof this mode between considered locations. E.
restricts the amount of material shipped by a fartation mode from transfer stations to the bianas
source sites, facilities and plants, to the capaaitd availability of this mode between considered
locations. Eq. 31 ensures that the amount of nateansported by either single mode or multimodal
options between locations is equal to the amouteraigned by the CDM in the first stage of the DSS.
Eq. 32 ensures that the transportation amounts &nogn to station and from station to destination
are equal. Finally, Eq. 33 ensures either singldemmr multimodal transportation is selected between

two nodes.

4.Solution Methodology
The solution methodology combines fuzzy set theorg e-constraint methods, more specificadly
constraint method is extended by integrating fuagyc.

g-constraint method is one of the most widely used well-organized techniques to handle the
multi-objective structure of complex problems (Hasret al.,1971). The method is aimed to minimize

only one objective function (commonly, it may be tost preferred or primary one) and to limit the
others by some allowable values i D{l,...,m} , and in this way, transforming the multi-objective

optimization problem into a single-objective praohleFor detailed information about theonstraint
method and its advantages over other techniquesite multi-objective problems, Reza et al. (2014),
Rezvani et al. (2015), Mavrotas, (2009), Steue8§l@and Miettinen (1998) cane be referred.
Assume the following MOMP problem is consideregexblemP (Mavrotas, 2009):

max/min ( f( 3, §( Y. £( ¥)

(34)
st xOOS

m

wherex is the vector of decision variable(sf1 (%), f,(x),...E, ( x)) are them objective functions and

Sis the feasible region.
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In the e-constraint method we optimize one of the objecfwections using the other objective
functions as constraints incorporating them indbestraint part of the model and converting problem
PtoPy as shown below (Chankong and Haimes, 1983);
max / min  f( ¥
st f,(X)=¢, for max functions

f,(x) < &, for min function

(X) <, s @)
foo(X) 2 €
xOS

By introducing the ranges, i D{l,...,m} of objective functions the efficient solutions bktproblem

are obtained.

Despite its advantages, it is emphasized in tlgalitire that the-constraint method has two
points that need attention in its implementationagkbtas, 2009, Ahmadi et al., 2014). The main
advantage of the solution methodology developatii;study is that it tackles with these two issues
The first issue is with the calculation of the raagf objective functions over the efficient sdts.
overcome this deficit, the hybrid solution proceslgieveloped in this study employs a fuzzy logic
based procedure to determine the ranges moretiellis considering the system uncertainties. The
second problem with this technique is that the gErd pareto optimal solutions using this method
may be dominated or inefficient; therefore, it &assary to select the most efficient one among.the
Fuzzy decision making is utilized herein to elintgthis shortcoming.

In this paper a modified version of tlBeconstraint method is used to address these idsues
combining the method with fuzzy set theory. The hed s-constraint method for the proposed
problem is described as the following steps;

Step 1.ProblemP in Section 2 can be transformed into probRyaccording to the basic principles of
the e-constraint method. IR, the objective function is correspondingfimf P, andf, andf; of P is

dealt with as a constraint Bf. ProblemP,can be represented as follows:

min £ ( x)
st f,(X<e,, 6
f,(x)< e,

and other constraint

Step 2.To solve problenP,, we need to determing ande; (upper bound for the second and third
objective functions) that is limited by the rangk abjective functionsf, and f;. To obtain the
appropriate ranges d&f andfs;, multi objective modeP in Section 2 is solved as a single objective
problem using each time only one objective andiigribe others to specify the efficient solutions. (i

upper bound, expected value and lower bound),fandf;. For this purpose, a fuzzy logic based
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procedure is utilized and the problem is divide isub problems. Each time, one of the upper, lower
and expected values of the fuzzy parameters aem talko consideration and sub problems are solved
according to one of the objective functions. Fas thurpose, a novel scenario based approach is
utilized in this study. The problem is divided intine sub problems (SP) based on a scenario
approach. Scenarios represent the best, expecteavanrst situations for three objective functions,
which are constructed by taking into considerattms upper, lower and expected values of the fuzzy
parameters. After constructing the scenarios, tbdaiis solved according to one objectives under
three scenarios and the corresponding value fdr elajective function at each solution is determined
Step 3.Based on the findings from Step 2, the payoffdablhich is an asymmetric matrix where the
matrix elements represent the optimum values ottmeesponding objective function, is constructed.
The lower, upper and expected values of each agefitnction are determined based on the payoff
table.

Step 4.Solve the problen®,with different values of,ande; (i.e. upper, expected and lower values
from the payoff table), and finally, obtain a sépareto optimal solutions.

Step 5.After a set of pareto optimal solutions are obtdjre decision maker may wish to select a
preferred one from them and may also want to krisvdégree of optimality. The fuzzy logic based
approach (Esmaili et al., 2011) can both proviageost preferred solution and also indicate its degre

of optimality. Therefore, in this paper, it is ajgol to assist in choosing a preferred solutiortheam-
objective optimization problem witkipareto optimal solutions, the membership funcl;id‘nindicates

the degree of optimality for thith objective function in th&th solution. It is defined as follows;

1. In the case of objective functions being minimized

1 ;)<
k
= %ﬁl(x) ;i< f) sy, (37)
0 >y,

2. In the case of objective functions being maximjzed

1 R
k
K % L L<f ) <u (38)
0 ;)<L

wherel; andu; denote the lower and upper limits of objectivechion f; of P, respectively, andik(x)

represents the value of tith objective function in th&th pareto optimal solution, such tHd‘t(x) U

(i, u.
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Step 6.If a decision maker offers a preferred weight @ecivhich represents the relative importance

of each objective according to the decision makg@rsferences, for the cost minimization and
emission minimization objectives, for each solutipthe membership degrgé' is calculated based

on its individual membership functions by addingghé factors as follows:

k Zmlw '

po=LE— (39)

>

i=1

The solution with the maximum value pf is selected as the most preferred solution.

5. Computational Studies

The Nomenclature of Territorial Units for StatistigNUTS) is a geographical classification that
subdivides territories in the UK into regions atetn different levels from larger to smaller temihab
units (i.e. NUTS 1, 2 and 3 respectively). WM i8ldTS 2 level region and it is divided into seven
NUTS 3 level territorial areas. The NUTS 3 levadioms in the WM (Birmingham, Coventry, Solihull,
Sandwell, Walsall, Wolverhampton and Dudley) aredusas the testing ground to design a

comprehensive bio-based supply chain and trangjmortaetwork in WM.

5.1. Input Data

Biomass supply and bio-product demand

In this study, four types of bio-waste and one gnerop are assumed to be the potential feedstock f
bio-based production systems; cattle manure, laghigken manure, broiler chicken manure, waste
wood and maize, which are available in WM and wjiddikpersed across the region. The existing
yields and geographic distribution data on bio-edstm husbandry are adopted from DEFRA (2015)
and aggregated at 5 cattle farms and 5 poultrysamaund the region. Wood waste generated as part
of the manufacturing processes and wood produspoded at end life are considered in the study. In
this regard, data on packaging, industrial, cowctitva, demolition and municipal wood waste
potential in the WM came from Tolvik Ltd (2011) andncentrated at 3 wood waste production and
recycle facilities around WM. Data on maize yieddgl geographical distribution of the maize fields
are gathered from DEFRA (2015) and aggregateceae8gy crop fields around the region.

We consider meeting the corresponding bio-metheleetricity, heat and bio-fertilizer demands
in a particular area in each of the NUTS 3 regiong/M. The numbers of addresses of which bio-
methane and bioenergy demands are considered fudfiled in each region are given in Table 1.
Regarding data on demands came from DECC (2013)D&@C (2012). Produced bio-fertilizer is

assumed to be distributed to the crop fields framctv maize is supplied to the conversion plants.
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Table 1 The numbers of addresses in the area considersth region

The map of the case study region is depicted inr€i@ with biomass source sites, demand nodes, and
candidate locations for energy plants and facdittensidered in this study. Distances between 16
specific biomass source sites, 7 plant location$acility locations and 7 demand nodes can be

provided by the corresponding author along witateel post codes upon special request.

Figure 2. Case study region map

Plants and facilities

In this case study, Anaerobic Digestion (AD) andsiieation (G) are considered as bio-based
production technologies. AD is utilized to produme-methane, which is a combustible gas that can
either be directly injected into natural gas gridconverted into useful forms of energy, from eattl
manure, laying chicken manure, broiler chicken nmarand maize. A proportion of produced bio-
methane is converted into electrical and thermakggnin CHP engines. Biofuel (syngas) produced
from wood pellet by G systems is assumed to bestoamed into electrical and thermal energy
entirely by CHP engines as syngas, differently flwiormethane, can not be used directly in the place
of natural gas. There are two types of pre-proogsKicilities; collection and pre-treatment fadlé

to store, treat and distribute biomass. Collectentres are used as hub locations to collect cattle
manure, laying chicken manure, broiler chicken marand maize, and distribute them to plants.
Waste wood is sent to pre-treatment facilities freumpply regions to be converted into wood pellet,
which is a more efficient biomass. The by-produttA® process, which can be utilized as high
quality organic fertilizer (bio-fertilizer) in agrultural activities, is distributed to the energge fields
from where maize is supplied to be converted intspooduct in plants. The supply chain under

consideration is illustrated in Figure 3.

Figure 3. An overview of the supply chain under consideration

The potential locations for the bio-based produciants and facilities are selected based on UK
renewable energy planning database, which is peovidy DECC to track the progress of new
renewable energy projects, from inception, to amesion and to generation. A total of 14 sitesdi f
the plants, 7 for the facilities) are chosen asctredidate locations.

To ensure the efficiency of bio-methane productwaocess in the AD plants, the total solid
content of biomass slurry in the fermentation tan&uld vary between 7% and 12%. To represent this

technical limitation, Eq. 40 is included to the mbds a case specific constraint;
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T%< A <12% Ok (40)

Where, TS, is the total solid content of biomassandW* is the amount of water used to adjust the

total solid content of the biomass mixture in tim@erobic digestion tank. The upper and lower limit

values are obtained by utilizing expert opiniond #rey may be different for various cases according
to the specific conditions of the anaerobic diges8ystem considered in the case. Hence, theyean b
changed to be used in different cases.

We assume in this case study that biofuel (bio-areghis only produced in AD whereas G plants
are operated to produce only electrical and thesnakgy. The generated electrical energy, thermal
energy and bio-methane are assumed to be fedhatoational electricity grid, on-site heating syste
and natural gas pipeline network. The electrical irermal efficiency of the cogeneration units are
taken as 33% and 43% (DECC, 2008). The conversitsnaf wood to wood pellet is taken as 0.84
(Uslu et al., 2008). Table 2 depicts the ratesafversion of biomass into biogas, syngas and bio-
fertilizer as well as the rates of conversion afgais and syngas into electrical and thermal energy.
These values are obtained by utilizing expert @pisiand they may be different for different cases
according to the specific regional or environmertahditions. Hence, they can be changed and

adaptable to different cases as the other paraveers used in our computational experiments.

Table 2 Conversion rates

Three capacity levels are considered for the ppoeessing facilities, biomass to biofuel

conversion plants and CHP units. These capacigideeported in Table 3.

Table 3. Capacity levels of the plants

Data on GHG emissions associated with wood peliedyction in pre-treatment facilities and

bioenergy production in plants are depicted in €abl

Table 4.Data on GHG emissions

Prices and costs

Considering the incentives that UK Government pesito promote the development and deployment
of low carbon energy technologies and markets,thadase prices, the ultimate prices for elecyicit
heat and bio-methane are calculated for both AD@n@he base prices are derived from Digest of

UK Energy Statistics (DUKES). Table 5 reports thecticity, heat and bio-methane prices calculated
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based on the base prices and incentives.

Table 5. Current energy prices in UK

It is assumed that waste biomass is supplied ahagye by the local farms and companies. A gate
fee is not considered in this study. The lengthtlté time period used in our computational
experiments is one month. DECC (2012) is utilizedobtain the data on plant investment and
operational costs. The investment costs are takienconsideration in a manner that they decrease
with higher capacities because of economies oksddie operational costs consist of the fixed and
variable costs, which are calculated based onrt$talled capacity and the amount biomass processed
in the plants and facilities, respectively. The rapienal costs are computed based on an assumption
that the plants operates in a three working shiftsle which includes a total of 6188 operating hours
Working hours are calculated by setting 52 weeksypar, 5 days per week and 8 hours per day for
one shift. 1 hour is needed from the entire weelafthree shift working mode for the starting upl an
shutting down of a plant (Marufuzzaman et al., 20T5e unit investment and operational costs
according to capacity levels are reported in T&blé should be noted that, unit costs are computed

considering monthly biomass capacity of the fde#itand plants, and installed power of the CHP.

Table 6. Unit investment costs per installed capacity deljpgg on capacity levels

Transportation
In our case study, we consider biomass is transgarpstream supply chain (from biomass source

sites to facilities and from facilities to plantgind bio-fertilizer is transported downstream syppl
chain (from plants and maize fields).

Multimodal road-rail transport in particular hasebethe focus for the bio-based industry (Floden
and Williamsson, 2016) and has been found to hes® énvironmental impact than competing modes
(Kreutzberger et al., 2003; Lindholm and Berg, 20@8so it is the most sustainable transport option
when considering all three pillars of sustainapiliéconomic, societal, and environmental) (Floden
and Williamsson, 2015). Considering these factsmantimodal road-rail transport and given the
regional focus in our case study, road and railcaresidered as the preferred transportation modes.
Specifically two types of road and rail transpar aaptured: transportation by a single traileckru
with a load capacity of 32 tons with average triavglspeed of 60 km/hr and a unit train with a load
capacity of 120 tons with average travelling spaeto0 km/hr.

In this case study, unit costs of transporting l@esmand bio-fertilizer are derived from the
literature as well as the data on GHG emissionecéaed with transportation. The cost and GHG
emissions data is adapted to the local conditimmsidering the data gathered from local logistics
firms. Table 7 lists the unit fixed costs and vhaléacosts of transportation, and GHG emissions for

transporting cattle manure, poultry manure, woollepemaize and bio-fertilizer by road and rail
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transport. The data is assumed to be the samdl MUAS 3 level regions. GHG emissions from truck
and rail transportation is obtained as 0.0845 kg €fton-km (100% laden) and 0.02950 kg,CO
eg/ton-km, respectively from DECC Carbon Converstantors Dataset (2016).

Table 7. Unit costs and GHG emissions for transportation

The data is assumed to be the same for all NUT®v8I Iregions. 30 stations are considered
throughout the region for transhipment of biomass laio-fertilizer from one mode to another in case
of using multimodal transportation. 22, 13 and 1@hem are available between biomass source sites

and facilities, facilities and plants, and plantd &nergy crop fields, respectively.

Uncertain parameters

Biomass based production systems are exposed tionben of uncertainties that significantly effect
the economic and environmental performance of tigply chain especially over the medium and
longer term horizons. System parameters are affdnteeconomic, social and environmental policies
as well as the fluctuations in market conditions.riinimize the negative impacts of such uncertain
conditions, the sources of these uncertainties nedxt specified and considered in the design and
investment planning phase. Considering this faatettainties in the following parameters, of which
values are highly impacted by governmental polictesnpetition between firms in the related market
and natural conditions about weather, solil ...etavels as technical and technological uncertainties,
are handled and included to the methodology ingtudy; (1) Bio-product prices, (2) Cost of biomass
and auxiliary material, (3) Investment and operatlocosts, (4) Transportation costs, (5) Level of
GHG emissions, (6) Transportation time, (7) Biomgsis.

We define the coefficients in the model esponding to each of the above mentioned parameters
within a range. The lower and upper bounds fordloeefficients are assumed to be 90% and 110% of
their expected values in our computational expemisieThese coefficients are utilized in the scenari
based approach in the second step of the solutethadology (explained in Section 4- Solution
Methodology) to establish nine sub problems eaphesent the best, expected and worst situations for
three objective functions, which are constructedtdi§ing into consideration the upper, lower and
expected values of the fuzzy parameters. Diffevahies of these coefficients can be considerelen t

same methodology in other applications with diffeneroblem specific objectives and constraints.

5.2. Results and analyses

This section presents and analyses the resultsrafamputational experiments. The proposed DSS is
programmed and solved using IBM ILOG CPLEX Optintiza Studio, Version 12.2 on a desktop
with Intel Core i5 3.50 GHz processor and 32 GB RAMe problem is solved by the presented fuzzy
multi objective programming approach taking thepstésee Section 3.2.3). The CDM model is
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composed of 1527 constraints and 3751 variablewlfath 105 are integer variables). The size of the
TNM is larger than CDM (137,537 constraints and069, variables of which 2382 are integer)
because of the large number of transfer statiofss{dtions) considered around the region by the

model. Both models are solved within approximageleconds.

5.2.1. Results of CDM — The optimized supply chaiconfiguration

This section describes the optimized supply chairfiguration with related location, capacity and
technology decisions determined by CDM. The payalffle is obtained as described in Section 3
(Steps 2 and 3). To this aim, three cases are atkrikepresenting the best, expected and worst
scenarios for each objective function. In each ,case of the upper, base or lower values of fuzzy
parameters, are taken into consideration to deterntihe corresponding value of objective. For
example, to derive the best case for profit, theelobound of cost parameters, upper bound of revenu
parameters and upper bound of biomass yield arsidemed, whereas the worst case for the same
objective is established considering the upper doofhcost parameters, lower bound of revenue
parameters and lower bound of biomass yield. Supghary Material 2 depicts the payoff values
corresponding to each objective function determic@usidering the upper, lower and expected values
of the fuzzy parameters.

In this study, we consider profit as the objecfwection corresponding tf of P, whereas GHG
emissions and transportation distance are considesfg andf; of P and dealt with as a constraint of
P, (for detailed explanation regarding notatidpsf, f; P and P, see Section 3.2.3). Supplementary
Material 2 reports that there are five differeniues fore, and seven different values feg which are
depicted in bold characters in the Supplementarietd 2 also shows the upper and lower limits of
objectives, which are emphasized with italic chmescand notatioh andu,.

The CDM is solved considering 40 different combimas ofs, andes, and a set of pareto optimal
solutions is obtained. Supplementary Material 2iaefihe profit, GHG emissions and ton-kms values
for each pareto optimal solution alternative actmydo each combination a@f ande;values (upper

limit for GHG emissions and ton-kms). In additidhe table shows the corresponding membership
function (,u") values for each solution alternative. The mentiipréunction values are calculated as

described in Section 3.2.3 (Step 5), based on tHréerent weight structures for the objective
functions, to reflect the relative importance df thbjectives and provide the DM for a more confiden
solution set; (1) Woit=0.6, Wshc emissions0-2 and Won.kms=0.2 (WS), (2) Whroit=0.2, WshG Emissions 0.6
and Wonkms=0.2 (WS), (3) Whroit=0.2, WHG emissions0-2 aNd Wonkms=0.6 (WS).

Decision makers from different sectors and backgtsu (governmental units or private
companies) can choose the best alternative acgptalitheir preferences related to objective fumio

considering the trade-offs between the objectizeséconomic vs. environmental).
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The main results that can be obtained from Suppiéamg Material 3 are summarized in the
following;

1. If maximization of total profit is the most impontasupply chain performance measure for a
decision maker, it would be convenient to adopt firet weight structure (W3 (Wproi=0.6, Wsre

Emissions=0-2 and Won«me0.2). Hence, according to the solution methodoladgpted in this study, the
optimum solution should be selected as the solutiith the highesi* value corresponding to this
weight structure, which is 0.40 in our case. Froabl€é 4, it can be observed that there are four
solution alternatives Witmkvalue equal to 0.4, however th8 &lternative has the highest profit value

among them (€40,632/Month), which can be treatdd@sptimum solution in case of considering the
supply chain profit as the most important perforogarcriterion. The supply chain configured
according to the decisions specified by tffesélution alternative results in 2755 kg £ GHG
emissions and 314,093 ton-km. In this situatiooollection centre with”® (medium) capacity level is
constructed in Solihull, whereas Birmingham andt&dil are selected for construction of 1 AD plant
in each with the i (minimum) capacity level. Although there are highamofit values than
€40,632/Month, such as €56,230/Month, €63,230/Mamith €66,361/Month, the GHG emissions and
ton-kms values corresponding to these alternativessignificantly higher than the"@lternative,
which makes the"alternative a rational option. If the "3@lternative is selected by decision maker,
which is one of the solution alternatives that lssim the highest profit value (€66,361/Month) hwit
relatively better result in ton-kms (862,845 tonjkmcomparison with other solutions with the same
profit value, the model suggests to construct l-tyi@atment facility and 1 collection centre in
Birmingham and Dudley, respectively, both with 8f&(maximum) capacity level. In this case, 3 G
plants are determined to be constructed in Birmangh Walsall and Wolverhampton, whereas
Coventry, Dudley and Sandwell are the selected teufior construction of AD plants. In this case
the GHG emissions from the production and pre-fmsiog activities in the supply chain is 2,354,048
kg CO,eq, which is one of the highest values offered IBr@atives. However this alternative may be
a preferable option for especially private companfer which the profitability is the first
consideration when designing and planning a sugimpdyn.

2. If the minimization of GHG emissions is the maspbrtant objective for the decision maker, then

the second weight structure (WShould be adopted (wi=0.2, Wsnc Emissions0.6 and Won.kms=0.2).
In this case, taking into account the high,eét/alue offered by this weight structure,™8olution

alternative can be treated as the best one, wiifehsa2542 kg C@eq GHG emissions along with
€4336/month profit and 270,767 ton-kms. The configon results of 13 solution alternative are; 2
AD plants with the T capacity level are constructed in Birmingham aralsall. Solihull and Walsall
are the selected counties for construction of fctibn centres with the®capacity level. The table
reports that there are other solution alternatwigls the same emission value, however most of them

offers less profit than the 93olution, except for the f&solution alternative, which offers more ton-
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kms than the 18solution. With changing the supply chain desigmfrthe 18 to 16" alternative, an
increase by €16,734/month in profit can be attaweét an increase in ton-kms by 703,921 ton-km.
Hence, trade-offs between profit and ton-kms objestspecify the alternative that can be adopted as
the preferred solution.

3. If transportation distance is the most importamsideration for a decision maker, the third weight
structure (W9 should be adopted (Wi=0.2, WsrG Emissions0.2 and Wonkms=0.6). It can be observed
from Table 4 that the "5solution alternative can be considered as themuypti solution for this
situation, which offers 270,766 ton-km along witB4€256/month profit and 2648 kg G€q GHG

emissions. However, there are alternatives whifér @f better ton-kms value (78,468 ton-km) with a
highery"value. But configuration of the supply chain acdogdto the decisions suggested by these

alternatives results in a monthly loss by €-100,56@, these alternatives may not be preferred by
especially decision makers who cares also abotiitaiiity of the supply chain. The"6alternative
also offers a good solution in terms of ton-kmshwat value of 314,093 ton-km. It also suggests a
better profit value than thé"Glternative (€40,632), but a higher GHG emissiaise (2755 kg CO
eq). Hence, it can be concluded that, changingahéiguration decision from thé"Go 6" alternative,

an increase by 18.6% in profit can be attained aithincrease in GHG emissions by 4% and an
increase in ton-kms by 16%. Since, the increagedfit is higher than the increase in ton-kms, 6e
alternative can be considered by the decision mnsaidro also care about the profitability of the
supply chain along with a well-designed and ecowotmnsportation network. 34alternative also
offers good values in terms of profit (€49,104) awh-kms (294,911 ton-km), however GHG
emissions from the supply chain configured congigethis alternative is significantly higher thdret
5th and 6th alternatives (2,352,021 kg @@q).

4. If we look from a more holistic point of view telect a configuration alternative which is good and

reasonable in terms of all supply chain performaincécators, the '8 alternative is an appropriate

option to adopt considering the average ofma'alues corresponding to all three weight structures

This solution alternative offers the maximum averag value (0.64), which means that it can be

adopted if the decision maker has no strong prefereegarding to the relative importance of any of
the objectives.

In the following sections, a scenario analysis ogducted to reveal how the decision makers’
preferences regarding to the importance of objestiimpact the supply chain configuration and
related supply chain performance indicators. Ts #n, three scenarios, each of which represeats th
case of selecting one objective as the most impbda as to reflect the three weight structures
captured above, and are analysed.

Scenario 1. Economic design with profit considenati

In the first scenario, considering the profit as thost important objective for the decision maket a

adopting the first weight structure (WS39" alternative in Table 4, which is one of the salnti
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alternatives that results in the highest profitsjecified as the preferred solution. This alteveat
offers €66,361 monthly profit, 2,354,048 kg £ GHG emissions and 862,845 ton-kms. It should
be noted that, all configuration alternatives w&66,361 profit value result in the same GHG
emissions (2,354,048 kg Géx), hence 3Balternative is selected to adopt in the first sdenavhich
offers relatively better result in ton-kms (862,845-km) in comparison with other solutions witte th
same profit value.

The resulting configuration solution offers to cwast 3 AD plants, 3 G plants, 1 collection centre
and 1 pre-treatment facility in the case studyargiCollection centre and pre-treatment facilitg ar
constructed in Dudley and Birmingham, respectiv@iymingham, Walsall and Wolverhampton are
selected as G plant locations, whereas AD plaetéoaated in Coventry, Dudley and Sandwell.

Figure 4 presents results on the configuration sil@es such as locations and capacities of
bioenergy plants, CHP units, pre-treatment faesitand collection centres. The results reveal that,
model selects the first (minimum) capacity leveltfee bioenergy plants (6000 t/month for AD plants,
1500 t/month for G plant) and, the third (maximueapacity levels for CHP units (5000 kWe). The
third (maximum) capacity level is selected for b&h and CO facilities, respectively (4500 t/month
for PT facility, 18,000 t/month for CO facilities).

Figure 4. Locations and capacities of bioenergy plants, CHiBsupretreatment facilities and storages

Tactical level decisions about biofuel, energy dmydproduct production in bioenergy plants,
amount of biomass stored in collection centresamdunt of biomass treated in pre-treatment centre
are depicted in Table 8. The material flow pattsrillustrated in Figure 5, Figure 6 and Figure 7.
Figure 5 represents the biomass flow pattern betvweemass source sites and facilities, whereas
Figure 6 and Figure 7 illustrate the biomass fl@aitgrn between facilities and plants and bio-fizgil

flow pattern between plants and crop fields.

Table 8.Tactical level decisions

The amount of biomass distributed between biomasgcs sites, facilities and plants as well as the
amount of bio-fertilizer distributed between plaatsd crop fields are specified in the first levgl b
CDM and used as input parameters in the secontl(lEM&) of the DSS along with the configuration
decisions made in the first level. Table 9 repénes biomass and bio-fertilizer distribution amounts

between the nodes of the supply chain.

Figure 5. Biomass flow pattern between
biomass source sites and facilities

Figure 6. Biomass flow pattern between facilities and
plants
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Figure 7.Bio-fertilizer flow pattern between plants and cifiggdd

Table 9.Biomass and bio-fertilizer distribution amountsvieen the nodes of the supply chain

Scenario 2. Environmental design with GHG consitlera

In the environmental design scenario, the secorighvetructure (WS2) is assumed to be adopted by
the decision maker. We suppose that th® ddlution alternative, which is one of the solutichat
result in minimum environmental impact, is consatkas the preferred option which offers 2542 kg
CO, eq GHG emissions along with €21,070/month and &84®n-km. This solution alternative
offers the highest profit value among the altenesithat result in the same amount of GHG emissions
Adopting this solution alternative, the model detieres to locate 2 AD plants in Coventry and
Sandwell with the % capacity level (6000 t/month), 2 collection cestrin Solihull and
Wolverhampton with the "2 capacity level (12000 t/month) and 2 CHP units iavéhtry and
Sandwell with the '8 capacity level (5000 kWe). The configuration o Supply chain along with the

material flow pattern is illustrated in Figuresr&led.

Figure 8. Locations and capacities of collection centreslainthass flow pattern between collection centres
and biomass sites

Figure 9. Locations and capacities of plants and biomass flattern between collection centres and plants

The supply chain configuration alternative offelsdthe second scenario results in €42,291 lower
profit than the design alternative offered by thstfscenario. But the level of GHG emissions ia th
second scenario is significantly lower than thadffered by the first scenario, there is a diffeeiby
2,351,506 kg Ceeq between scenarios. However, the second sceswggests a less well designed
configuration in terms of ton-kms, which is 111,848-km more than the first scenario.

In comparison with the first scenario, there ameiebioenergy plants constructed by the model in
the second scenario, in order to make the enemguption and biomass pre-treatment related GHG
emissions lower as suggested by the weight streicionstructing more bio-based plants means more
bio-product production, which increases the reverara profitability of the supply chain but results
in higher GHG emissions. It should be noted thathdth scenarios the bio-product demand is met,
which is ensured by the model constraints, howéherdifference between the excess biofuel and
bioenergy production causes the difference in prafiues of two scenarios. In addition, the model
prefers to construct anaerobic digestion plantscatidction centres instead of gasification plaand
pre-treatment facilities, since the energy produrcitia gasification and pre-treatment activitiesute

in higher GHG emissions considering the data data@ to unit emissions for these activities. Hence
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the level of GHG emissions are decreased significam comparison with the emissions in the first
scenario, in which energy production by gasificatmd pre-treatment activities takes place.

Scenario 3. Proximity focused design with ton-korsideration

In case of a well and economically designed trartapon network is the first consideration of the
decision maker in designing a bio-product supplgichthe third weight structure (WS3) should be
adopted. In the third scenario, we assume thabthalternative is adopted, which offers one of the
best configuration option in terms of ton-kms (ZB8® ton-km) along with relatively better profit and
emission values (€34,256 and 2648 kg, €¢) than the other alternatives with the same tar-kalue.

It should be noted that, the 5th alternative alfers the best solution from a holistic point o&wi
according to the average® values.

In this situation, the configuration results arecrdlection centres and 2 AD plants with 1
capacity level (6000 t/month for both plants ancilitees) are constructed in Solihull and
Wolverhampton. 1 CHP is constructed in each oftibin regions, in Solihull with the 2nd capacity
level and in Wolverhampton with the 3rd capacityele The configuration of the supply chain along
with the material flow pattern is illustrated ingkire 10. In the figure, the solid lines, dottectirand
dashed lines represent the biomass flow betweenass sites and facilities, biomass flow between

facilities and plants and bio-fertilizer flow betereplants and crop fields, respectively.
Figure 10.Configuration of the supply chain along with thetengl flow patterns

Figure 10 reveals that there are remarkably lemssportation activities in the supply chain
designed in the third scenario which is conductedsitlering the third weight structure and tffe 5
solution alternative. In this situation, the moltbelated the plants and facilities in the same megiEo
as to minimize the total ton-kms. In addition, as de observed from the figure, the model designs
the material distribution pattern in a way that dea more material to be supplied from nearer
locations than distant locations in comparison with first two scenarios. Although the collection
centers are located in the same regions as inettend scenario (environmental design), the biomass
flow pattern from biomass sites to facilities isnarkably different from the second scenario. Itudtio
be noted that, the weight of the ton-kms is farerless than the weight of the GHG emissions in the
second scenario, hence the model configured thelysgpain with less focus on the ton-kms. As a
result, the material flow pattern is not effectivelesigned, which means there are more materiabflo
from distant regions than nearby. However, giving ton-kms objective more weight in the third
scenario, the model focuses on this objective, whisults in a remarkably better designed flow

pattern.

5.2.2. Results of TNM — The optimized transportation netvark
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In the second level of the DSS, the transportatietwork is optimized considering the decisions
regarding locations and distribution amounts gilkgrCDM in the first level of DSS. In this phase of
the DSS, the TNM aims to determine the optimum madetransportation (single mode or
multimodal); in case of single mode selection, tdpimum option for single mode transportation
among available options (road or rail); in casenoftimodal selection, the optimum combination of
modes among available options (road-rail or radleoand the optimum transfer stations among a set
of available stations between locations, considetive trade-offs between transportation cost, GHG
emissions related to transportation and transpontaime. As solution methodology, the modified
constraint method is used in the same way asuisésl in the first level. In this section, basediun
scenario analyses conducted in the previous sedtiersupply chain configuration suggested by the
first scenario (economic design with profit consadion) is adopted and TNM is applied taking into
account the decisions related to the location, a@fpatechnology and material flow pattern and
amounts between locations, which are made by CDM feasons of choosing the configuration
offered by the first scenario is twofold; 1.There aore plants constructed in the case study région
comparison with the third scenario and hence matenal flows along with a higher ton-kms value
specified by the CDM, so that the applicabilitytké TNM can be explored in more detail and reliably
2. This scenario offers higher profit than the oth@o scenarios, which is the most important
consideration in most of the practical applicatidnsaddition, a sensitivity analysis is also cocted
in this section, to investigate the impacts ofeafiét configuration decisions which are made in the
above mentioned three scenarios, on the optimrzedportation network.

The payoff table, which depicts the payoff valuesresponding to each objective function, is
represented by Supplementary Material 4. As infitlse level of DSS, the upper, expected and lower
bounds of parameters (in this case, unit transpontaost, transportation related GHG emissions and
unit transportation time parameters) are taken autasideration to establish the best, expected and
worst cases.

In this phase, we consider transportation coshasbjective function corresponding ftoof P,
whereas GHG emissions and transportation time @ameidered a$, andf; of P and dealt with as a
constraint ofP,. The table reveals that the results correspontlinthe objective values that are
obtained by minimization of transportation rela@dG emissions and minimization of transportation
time are the same in each case, which means optiorizaccording to these two objectives result in
the same supply chain configuration. This argumentreasonable because minimization of
transportation time means minimization of the tdtalnsportation distance, which results in less
transportation activities and hence less GHG ennissassociated with transportation activities. léenc
these two objectives change in parallel to eachroth

Supplementary Material 4 reports that there areddberent values for each of thg andes,
which are depicted in bold characters in the talgich also shows the upper and lower limits of

objectives, which are emphasized with italic chemacand notatiomy and u;. Hence, the TNM is
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solved considering 36 different combinationsepfand e;, and a set of pareto optimal solutions is
obtained. Supplementary Material 5 depicts the,d@8tG emissions and transport time values for
each pareto optimal solution alternative accordangach combination e ande;values (upper limit

for GHG emissions and transport time). In addititthe table shows the corresponding membership
function (4*) values for each solution alternative. The mentiiprinction values are derived based

on three different weight structures for the objextfunctions as in the first level of DSS. These
weight structures reflect different preferencestesl to economic, environmental and service level
objectives. These weight structures are given llsifs;

1. Weos0.6, Wshc Emissions0-2 and Wransport timz0.2 (WS),

2. Weost=0.2, Vs Emissions0.6 and Wiansport time=0.2 (WS),

3. WCOSI:O'Zv WHG Emissiongo-2 and Wransport timezo-6 (WS:)
It should be noted that the total transportatistatice, transportation amounts and the routes hwhic

are specified in the first level of DSS by CDM, dhe same for all of the alternatives. However,
alternatives differentiate in the transportationde® and options selected by TNM in the second phase
In this phase of DSS, TNM specifies the most appate mode (single mode or multimodal) and
option (road, rail, road+rail, rail+road) to trawmspbiomass and bio-fertilizer between prespecified
locations considering a set of available optionsvben these locations in the case study region. The
main implications that can be obtained from Supgletary Material 5 are summarized in the
following;

1. If minimization of transportation cost is the masportant supply chain performance measure for a
decision maker, it would be convenient to adopt fil& weight structure (WS (Weos=0.6, Wehe

Emissions=0.2 and Wine=0.2). Hence, according to the solution methodoladgpted in this study, the
optimum solution should be selected as the solutiith the highestukvalue corresponding to this
weight structure, which is 0.71 in our case. Frcal& 13, it can be observed that there are twdgare
optimal solutions withu* value equal to 0.71, the 2@&nd 32° solutions, both give the same cost,

GHG emissions and time values. Configuring thegpantation network according to these solutions
result in €336,446 transportation cost, 118,34€Kyeq GHG emissions and 478 mins transportation
time.

2. If minimization of GHG emissions is the most imfamt objective for the decision maker, then the

second weight structure (WSshould be considered (¢4=0.2, Wsnc Emissions0-6 and Won.kms=0.2). In
this case, taking into account the highg$tvalue offered by this weight structure,™28olution

alternative can be treated as the best one, wiffelsd. 05,266 kg C&eq GHG emissions along with
€448,748 cost and 448 mins. transport time. Thesrstive is followed by solution option which
offers 106,511 kg C&eq GHG emissions along with €446,472 cost and 4i#8.rtransport time
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3. If transportation time is the most important cdesation for a decision maker, the third weight

structure (W9 should be selected (wi=0.2, Wsrc emissions0.2 and Wonkme=0.6). In this situation,
giving the same time value (448 mins), th& a4d 20' solutions offer the maximum* value (0.73).

However the 2Dalternative results in a lower GHG emission withigher cost value than the 14
option. The optimum solution can be chosen baseati@preferences of the decision maker. Changing
the configuration of the supply chain from the wigive offered by the 4option to the 2Doption
results in a decrease in GHG emissions by 1245 ®ge@ can be attained with €2276 increase in

transportation cost.
4. According to the average of the values corresponding to all three weight structuties 26'

alternative can be selected as an appropriate ggfidthe aim of the decision maker is to select a

configuration alternative which is good in terms af supply chain performance indicators. This
solution alternative offers the maximum averad‘evalue (0.68), which means that it can be adopted

if the decision maker has no strong preferencerdeuya to the relative importance of any of the
objectives.

According to the results given in Supplementary dviat 5, we present the decisions on
transportation network offered by the™&336,446 transportation cost, 118,346 kg,@® GHG
emissions and 478 mins. transport time) and th& (2848,748 cost, 105,266 kg ¢&q GHG
emissions and 448 mins. transport time) alternatioeeflect the situations that; 1. the most ingatr
criterion for decision maker is cost and 2. the tmogportant criteria for decision maker is GHG
emissions and/or time. The transportation decistsseribed by these two alternatives are prescribed
in Appendix B.

It can be observed from the tables that if trartsion cost is the major consideration when
designing the transportation network between thexifipd locations, the model selects single mode
transportation with road option for all routes. Hmer, in the cases that environmental impacts of
transportation related activities and/or the sentavel in terms of total transportation time ahne t
most important criteria for the decision maker, thedel adopts single mode rail and multimodal
(road+rail and rail+road) transportations, chooghmg most appropriate mode and option considering

the available options between the locations.

5.2.3. Sensitivity analyses

This section presents the results of the sensitigihalyses that are conducted to reveal the
relationships between supply chain performance oreas(supply chain profit, production related
GHG emissions and  ton-kms), configuration decisiongplant and  facility
numbers/locations/capacities) and transportatiawor® performance measures (transportation cost,
transportation related GHG emissions and transjppamtéime). More specifically, the impacts of the

changes in supply chain performance measures arfjaration decisions on transportation network
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performance measures are analysed by the senséndtyses. To this aim, we have chosen 10 supply
chain configuration results (depicted in the Tabl&upplementary Material 6) made by CDM among
40 pareto optimal solutions in Supplementary Matediand ran the model considering the data set of
these 10 options to get the results related toigoration of the supply chain as well as transpimna
network performance measures. Then, we have awmiatiigeimpact of the supply chain decisions on
the transportation network performance measuresvieal the relationships between the supply chain
objectives/ performance measures and transportatietwvork performance measures. Table in
Supplementary Material 6 presents the results enpirformance of the transportation network
according to 10 different supply chain configuratioptions and corresponding supply chain
performance measures derived from SupplementargidhB. Figure 1 in Supplementary Material 6
represents the change of transportation performardieators by the changes in the supply chain
performance measures.

It can be observed from the Figure 1.1 that, thasportation cost decreases in parallel with the
decrease in profitability of the supply chain, whimeans that the transportation networks optimized
taking into account configurations that offer redely less profitability will be less costly. Figairl.7
depicts that the total ton-kms of the supply chalso effects the transportation cost. Designing the
transportation network considering the configuraiptions which result in less total ton-kms wil b
more cost effective, which is also the case forgraetical applications. However, Figure 1.4 reseal
that there is no remarkable relationship pattetmwéen GHG emissions associated with production
activities and transportation cost that the comfgjon options which result in either low or highiG
emissions may offer lower transportation cost. fitnere also reveals that, transportation related3GH
emissions and transportation time do not have angtrelationship with both profitability and
production related GHG emissions, which means weatannot foresee the resulting transportation
related GHG emissions and transport time correspgntb a transportation network which is
designed taking into account a supply chain comdigon with maximized profit or minimized
production related GHG emissions. However, it carconcluded from Figure 1.8 and 9 that the total
ton-kms of the supply chain have a more remarkaffiect on both transportation related GHG
emissions and transportation time as well as taaon cost. This result also reveals that the
proposed DSS is viable because the transportationséd configuration design in the first level
results in better transportation network perforneaas it is expected in practical applications.

Figure 2 in Supplementary Material 6 presentgéiselts of the sensitivity analyses on the impéct o
the configuration decisions in terms plant numbmrsthe supply chain and transportation network
performance measures. The results (Figure 2.1pke¢kat there is not a significant trend representi
the relationship between profitability and toteu number, which means that we can not predict the
profitability of a supply chain by only taking ineccount the total plant number or the configuratio
designed by economic considerations such as pnafiimization does not necessarily result in a high

number of plants. The same thing is true for thatimnship between the total ton-kms and total fplan
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number (Figure 2.3). Configuring the supply chaotusing on minimization of transportation
activities does not always result in decreasedtpiambers. However, it can also be observed that
there is a relationship between total plant nunamel production related GHG emissions (Figure 2.2).
Configuring the supply chain with environmental siolerations result in a lower number of plants.
Figure 2.2 reveals that the configurations withaltgilant number less than or equal to 4 result in
significantly lower GHG emissions and Figure 2.8e@s that the decrease in GHG emissions caused
by the decrease in G plants. If we investigate rédationship between total plant number and
transportation network performance, Figure 2.4rsffaat there is not an explicit relationship betwe
transportation cost and plant number, similarlyugetin transport time and plant number (Figure 2.6),
which means that total plant number does not hasteoag impact on the transportation cost and time.
However, there is a relationship between total tatmber and transportation related GHG emissions
(2.5), emissions decrease in parallel with the tplamber to a certain extent and then plant number
rises dramatically even though the emission valeerghses, and then again emissions tends to
decrease with plant number.

Looking the relationship between AD/G plant nunsband supply chain performance indicators
(Figure 2.7-2.12), reveals that AD plant numbendd impacted significantly by any of the three
performance measures, profit, production relateds@Hthissions or ton-kms, which means that the
focus of the design process (economic, environmentsansportation) does not effect the number of
AD plants, or correlatively the number of AD plamtses not effect significantly any of the supply
chain performance measures, it shows an almostaransend whatever the value of the objectives
are. However, number of G plants changes remarkaithythe changes in supply chain performance
indicators. There is not a pattern for profit aod-kms that change obviously with number of G @ant
however we can conclude that the production rel&@etls emissions is highly impacted by the
number of G plants, the less G plants in the sumpblgin means less production related GHG
emissions. Similarly the number of G plants in sheply chain effects the GHG emission level of the
chain. If the effects of AD and G plant numbers the transportation network performance are
investigated, we can see that the transportatishisaignificantly lower when there are no G péant
in the supply chain. We cannot interpret the refehip between G plant number and transportation
related GHG emissions and transport time as tlerei a regular relationship between them. The
same situation is true for AD plants since the neindd AD plants does not change in parallel with th

changes in transportation network performance nreasu

6. Conclusions

The main focus of this study is developing mathéahmodelling based optimization methodologies
to design sustainable supply chains and transpmtaetworks to produce bio-products by multiple
technologies. To this aim, a bi-level DSS is depetb comprising two interconnected models.

Although these two levels of the DSS are relatetiiaterconnected to each other, they differeniiate
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the scope of decisions they adopt. The first leweludes strategic level decisions which have long
term impact and may need revisions after a long tpariod usually five or more years. It decides
what the supply chain’s configuration will be andwhresources will be allocated, which are the
decisions usually taken at the highest levels afagament and carry higher levels of risk. The sgcon
level deals with tactical level decisions that aredium term decisions usually spanning between six
months and one year (De Meyer et al., 2014). Theyuaually made by medium level management
units within the constraints of the overarchingtgic supply chain decisions. They can also beemad
by the supplier(s) of the company which outsouteenents of the distribution and fulfilment services
For example, in our case a third-party logistiemifcan make the second level decisions considering
the first level decisions made by the managementheir client company. The two optimization
models can be used either together to design aretvapsive supply chain and transportation network
or separately to configure the supply chain or givke configuration to plan the transportation
network.

Future uncertainties caused by changes in goveraineegulations, economic conditions,
competition between firms in the energy market amdronmental conditions as well as technological
developments effect the economic and environmgreidbrmance of the supply chain especially over
the medium and longer term horizons. Hence, me@indlong term decisions related to supply chain
configuration and material transportation shouldrdgsed and remade using a proper methodology
after a specific time period to minimize the effetpossible uncertainties. In this study, a hybrid
fuzzy multi-objective decision making method is poeed to handle problem specific uncertainties
effectively. Computational experiments are perfatnbe explore the viability of the proposed DSS.
Three scenarios are analysed to provide a broaslspgctive from three different point of views,
economic, environmental and proximity. In additidhe impacts of configuration design on the
performance of transportation network is analyseg <ensitivity analyses to reveal the
interconnectivity between two levels of the DSSeTdnalyses provide managerial insights to aid
companies and policy makers in making supply chathtransportation related decisions.

The proposed DSS integrate two comprehensive mettieal models and a novel fuzzy multi
objective solution methodology. The mathematicadats that are integrated to each other by DSS
enable to make a wide range of decisions from #taileéd configuration of the production chain to
material flow amounts and transportation mode $eleconsidering all supply chain activities from
feedstock procurement to end use of products teateeded to be handled in designing and operating
large scale supply chains. One of the most importatvantage of the optimization procedure
employed by DSS is that it handles both systemifipamcertainties (through the fuzzy solution
methodology) and different sustainability aspediy the mathematical models) considering six
objectives representing economic, environmental aedvice level perspectives. The proposed
solution methodology overcomes two issues reladegconstraint method by employing fuzzy logic;

calculation of the ranges of objective functionsl @enerating pareto optimal solutions and selecting
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the most efficient one among them as explainedeicti& 4. The proposed approach enhances the
capital investment and technology management aesisalong with production/distribution planning
for comprehensive design of a bio-based system D3 can be utilized in two ways; 1) To identify
the optimal configuration of the supply chain a@npthe logistics operations in the development of
new investments, 2) To monitor the main economt emvironmental performance indicators of the
existing supply chains and take the necessaryrectmimprove the performance.

The optimization models are generalizable and @amdapted to different design and planning
scenarios using the same general framework. Ourelmazhn be utilized for various supply chain
design problems with only updating the data setufeuresearch opportunities include applying the
DSS to different cases with additional, case-speabnstraints and parameters. Our case study
handles a regional design problem to guide ovéaedlets on bio-product supply chains, however it is
also possible to apply the same methodology forhysa single company for strategic design and
tactical planning of its own supply chain underisamproduction and supply targets. Future research
can also include extending the methodology to airpatiod structure to capture the fluctuationsrove
time in the system parameters such as energy phimeass supply and energy demand. Furthermore,
in this study three different weight structures aomsidered to reflect relative importance of the
objectives in both models. In future research, ed#ht weights can be selected to represent
perspectives of different decision makers. Thigaesh can also be further extended to include & mul
criteria decision making methodology so as to deitee the relative weights of the objectives to be

used in the last step of the solution methodology.
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Appendix A. Notations of the indices, parameters athdecision variables for CDM and TNM
Al. Notations for CDM

Indices

OO ODMDT S htCc T X"

Biomass source sites

Candidate locations for facilities
Candidate locations for energy plants
Demand nodes

Biomass types

First Generation Product types

Byproduct types

Second Generation Product types
Biomass capacity levels for energy plants
Biomass capacity levels for facilities
Electrical energy production capacity levels ¢ units
Energy conversion technology

Facility type

Decision Variables

1. Binary variables

Ao
B
CHR

1 if an energy plant of capacity p and technologylocated at k, 0 otherwise
1 if a facility of capacity e and type c is locatgd, 0 otherwise

1 if a CHP of capacity g is located in an ener¢pnp at k, O otherwise

2. Positive variables

% S
S
S

Amount of biomass b shipped from; biomass souted & facility j with type c, facility j to
energy plant k with technology t (ton)

Amount of product u produced in energy plant k wétthnology t to meet demand of node |
()

Amount of byproduct f distributed from energy planwith technology t to demand node |
(ton)

Amount of energy n produced in plant k to meet aehad node | (kWh)

Amount of product u produced at energy plant k wétthnology t (rf)

thk Amount of byproduct f produced at energy planttk wéchnology t (ton)
E: Amount of energy n produced at plant k (kwh)

Wk Amount of auxiliary material consumed at energynpla(ton)
Parameters

1.Biomass supply and product demand

D!.D!.D!

Amount of demand; of product u, byproduct f andgne at demand node | &n
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BS

Amount of available biomass b at biomass souresi ¢ibn)

2. Capacities

Cpt’ Cec

CEpn

Biomass capacity of; energy plant of capacity lepelvith technology t, facility of
capacity level e with type ¢

Installed capacity of CHP of capacity level q foreegy n (kWe/ kWth)

3. Costs and prices

| .| ICHP
VO,.VQ,, VOCHP
FO,. FO,, FOCHR
PR, PW

Unit investment cost of; energy plant of capacdyel p with technology t, facility of
capacity level e with type c (€/ton), CHP (€/kWh)

Unit variable operational cost of; energy plant cdpacity level p with technology t,
facility of capacity level e with type ¢ (€/ton}E of capacity level g (€/kWh)

Unit fixed operational cost of; energy plant of egfiy level p with technology t, facility
of capacity level e with type ¢ (€/ton-month), CéfRapacity level q (€/kW-month)

Unit cost of biomass b, auxiliary material (€/ton)
Unit price of; product u (€/f), byproduct f (€/ton), energy n produced by tedbay t

Put‘ Pft' Pnt (E/kWh)
4. Distances
dij djk dkl Distances from; biomass source site i to faciljtfagility j to plant k , plant k to demand

node | (km)

5. Conversion rates

r.but'rbft’d bc

Conversion rate of biomass b; to product u by plashnology t (Hton), to byproduct f
by plant technology t (%), in facility with typ&%)

€n Conversion rate of product u to energy n (KWh/m

Cv, Conversion efficiency of cogeneration unit for gyyen (%)

ytfm Percentage of product u to be converted to enengyphant k with technology t (%)
6. Carbon Emissions

O GHG emissions associated with energy productioplagt with technology kg CGO; eq/kWh

0. GHG emissions associated with treatment by faciith technology ckg CG; eg/ton

7. Other parameters

DF

Discounting factor

A2. Notations for TNM

Indices

RIN<QUTOU— X"~

Biomass source sites

Locations of facilities

Locations of energy plants

Demand nodes

Biomass types

Transshipment stations between biomass soue=aitd facilities

Transshipment stations between facilities andgnplants

Transshipment stations between energy plantdamlass source sites
B Transportation modes

Decision Variables

1. Binary variables

XU Xk x4

AR

1 if transportation mode: is used to transport; biomass from biomass sogitei to
facility j, biomass from facility j to plant k, bygmluct form plant k to demand node |,
(single mode transportation)

0 otherwise

1 if biomass/byproduct is transshiped from transaiion modex to modes; at station

g between biomass source site i and facility ftation v between facility j and plant k,
at station z between plant k and demand node ltilnadal transportation)

0 otherwise
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2. Positive variables

ML, M, MTY,
M2z, M3,

j k
M2, M3

M2!% . M3},

Amount of biomass b/ byproduct f transported bypgportation mode a from; biomass
source site i to facility j, facility j to energygmt k, energy plant k to demand node |
(single mode transportation) (ton)

Amount of biomass b transported by; transportatioode a from biomass source site i
to transshipment station g, transportation moderdmf transshipment station g to
facility j (multimodal transportation between i apdton)

Amount of biomass b transported by; transportatimode a from facility j to
transshipment station v, transportation mode b ftemmsshipment station v to plant k
(multimodal transportation between j and k) (ton)

Amount of byproduct f transported by; transportationode a from plant k to
transshipment station z, transportation mode b ftansshipment station z to demand
node | (multimodal transportation between k anftdh)

Parameters
TCVEEU,;,b Variable cost of transportation of biomass b by mad€/ton-km)
TCfix,, Fixed cost of transportation by mode a (€/ton)
TTa Transportation time by transportation mode a (h/km
TR'I;ﬂ Transshipment time from transportation mode adaogportation mode b ( h)
TCag Total transportation capacity of transportation neod (ton)
Distances
dlij d:ﬂk dfl Distances from; biomass source site i to facilityfgcility j to plant k , plant k to
’ ’ demand node | (km)

jg jv Distances from; biomass source site i to statiorfagility j to station v , plant k to
d2®, d2", diz station z (km)

i I Distances from; station g to facility j station @ plant k , station z to demand node |
d3?, d3*, d3 (km)
Availability

AVT AVI AVY
AV2? AVF
AV2Y AVEK

AV AVF

Availability of transportation mode a from; biomassurce site i to facility j, facility j
to energy plant k, energy plant k to demand ngdagle mode transportation)
Availability of; transportation mode a from biomaseurce site i to transshipment
station g, transportation mode b from transshipm&ation g to facility j (multimodal
transportation between i and j)

Availability of; transportation mode a from facilitj to transshipment station v,
transportation mode b from transshipment stationtos plant k (multimodal
transportation between j and k)

Availability of; transportation mode a from plant to transshipment station z,
transportation mode b from transshipment statioto zZdemand node | (multimodal
transportation between k and [)

Carbon Emissions

CEva[,b Variable GHG emissions associated with transpataby mode akg CO, eq/ton-kn)
CEﬁXa Fixed GHG emissions associated with transportaignmode akg CG; eg/ton)

Other parameters

STij, S'fk, SIT Total amount of biomass/byproduct shipped fromjraies source site i to facility j,

facility j to energy plant k, energy plant k to derd node | (ton)
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Appendix B. Transportation decisions for the 26 and 20" solutions

Biomass Facility Biomass Amount 26" solution alternative 20" solution alternative
source site
Transportation Transportation Transfer Transportation Transportation  Transfer station
mode option station mode option
1 4 Cattle manure 2916 Single Road - Single Road -
2 4 Cattle manure 2160 Single Road Multi Road+Rail 1 (Solihull)
3 4 Cattle manure 1116 Single Road Single Road -
4 4 Cattle manure 1037 Single Road Single Road -
5 4 Cattle manure 973 Single Road Multi Road+Rail 17(Wolverhampton)
6 4 Broiler manure 11.52 Single Road Single Road -
6 4 Layer manure 17.28 Single Road Single Road
7 4 Broiler manure 24.2 Single Road Single Ralil
7 4 Layer manure 36.3 Single Road Single Ralil
8 4 Broiler manure 12.1 Single Road Single Road
8 4 Layer manure 18.2 Single Road Single Road
9 4 Broiler manure 0.43 Single Road Single Ralil
9 4 Layer manure 0.64 Single Road Single Ralil
10 4 Broiler manure 1.25 Single Road Single Road
10 4 Layer manure 1.88 Single Road Single Road
13 4 Maize 9405 Single Road Single Ralil
14 1 Waste wood 3818 Single Road Single Road
Facility Plant Biomass Amount 26" solution alternative 20" solution alternative
Transportation Transportation Transfer  Transportation  Transportation Transfer station
mode option station mode option
4 3 Cattle manure 2952 Single Road - Single Road -
4 3 Broiler manure 495 Single Road Single Road -
4 3 Maize 2998 Single Road Single Road -
4 4 Cattle manure 2863 Single Road Single Road -
4 4 Layer manure 74.3 Single Road Single Road -
4 4 Maize 3061 Single Road Single Road -
4 5 Cattle manure 2387 Single Road Single Rail -
4 5 Maize 3345 Single Road Single Ralil -
1 1 Wood pellet 1069 Single Road Single Road -
1 6 Wood pellet 1069 Single Road Multi Rail+Road 2(Berkswell)
1 7 Wood pellet 1069 Single Road Multi Rail+Road (Mérston
Green)
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Biomass Biofertilizer 26" solution alternative 20" solution alternative
Source Site Amount (ton)
Plant (Crop Field)

Transportation Transportation Transfer Transportation Transportation Transfer
mode option station mode option station

3 11 4947 Single Road - Single Road -

4 11 4947 Single Road Single Road

5 11 4947 Single Road Single Road
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TABLES

Table 1 The numbers of addresses in the area considersth region

Demand Node Number of addresses
1. Birmingham 960 Residential

2. Solihull 180 Retail

3. Coventry 320 Residential

4. Dudley 1 Industrial user

5. Sandwell 1 Education

6. Walsall 6 Commercial Offices
7. Wolverhampton 39 Retail

Table 2. Conversion rates

Biomass to Biofuel/Biofertilizer Conversion Rates

Biomass Source Biomass to BiogasBiomass to Syngas Biomass to Biofertilizer
Conversion Rate (kg/nf) | Conversion Rate| Conversion Rate
(kg/m®)
Cattle manure 80 - 0.9
Laying chicken manure 140 - 0.85
Broiler chicken manure 60 - 0.85
Waste wood - 960 -
Maize 150 - 0.75
Biofuel to Energy Converison Rates
Energy Type
Biofuel Type Biofuel to Electricity | Biofuel to Thermal
Conversion Rate| Energy Conversion
(kwh/m?) Rate (kwh/nr)
Biogas 10 5.4
Syngas 10 5.4

Table 3. Capacity levels of the plants

Capacity Total biomass Total biomass Installed Total biomass Total
Level capacity of G capacity of AD capacity capacity of PT biomass
plants (tmonth) plants (tmonth) of cogeneration facilities (tmonth)  capacity of
(ukwin.org.uk) (wrap.org.uk) unit (kwWe) (ukwin.org.uk) CO facilities
(DECC, 2008) (t/month)
1 (Minimum 1500 6000 2000 1500 6000
Capacity)
2 (Medium 3000 12,000 3500 3000 12,000
Capacity)
3 (Maximum 4500 18,000 5000 4500 18,000
Capacity)

Table 4.Data on GHG emissions

Source of GHG emissions GHG emissions (kg G&q/ kwWh) Reference
Conversion
Biogas to energy 3.67xTQkg CO Eq/ kWh) DECC Carbon Conversion
Factors Dataset (2016)
Syngas to energy 0.18445 (kg £¥y/ kwh) DECC Carbon Conversion
Factors Dataset (2016)
Pretreatment
Pelletizing 1.47x108 (kg CO Eq/ ton) Cucek et al. (2010)
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Table 5. Current energy prices in UK

Anaerobic Digestion Gasification

Electricity Heat Biomethane Electricity Heat Biomethane
Base Price (€/kWh) 0.057 0.04 0.0316 0.057 0.04 pidduction
FiT™ (€/kwh)
Generation 0.0998 - - - -
Export 0.0628 - - - -
RHIZ (€/kWh) - 0.026 0.0677 - 0.026
ROC (€/kwh) - - - 0.0957 -
Total (€/kWh) 0.2196 0.066 0.0993 0.1527 0.066

1. FiT (Feed-in Tariffs): FITs incentivises small-kcdow carbon electricity generation by requiringeegy
suppliers to make payments to households and ksssrewith certified installations. (DECC, 2015&)RHI
(Renewable Heat Incentive): The RHI provides afftaio businesses, the public sector and non-profit
organisationsfor the installation of renewable héathnologies. (DECC, 2015bB. ROC (Renewables
Obligation Certificate): The RO incentivises largeale renewable electricity generation by requietegtricity
suppliers to source a specified proportion of fleetecity they provide from renewable sources. ME2015c)

Table 6. Unit investment costs per installed capacity aejjgy on capacity levels

Capacity  Unit investment cost Unit investment cost  Unit investment cost  Unit investment cost

Level of G plants (€/ton)  of AD plants (€/ton) of CHP (€/kWe) of PT facilities(€/ton)
(DECC, 2012) (DECC, 2012) (DECC, 2012) (Rentizelas et al.,
2014)
1 9417 1652 487 842
2 8239 1446 419 739
3 7847 1377 352 709
Capacity Unit fixed and Unit fixed and Unit fixed (€/kWe)
Level variable operational variable operational and variable (€/kwWh)
costs of G plants costs of AD plants operational costs of
(€/ton) (DECC, (€/ton) (DECC, CHP (DECC, 2012)
2012) 2012)
1 55.33 -17.65 10.36 - 6.04 7 -0.0072
2 48.4 - 15.5 9.067 - 5.29 6.54 - 0.0064
3 46.1 - 14.73 8.635-5.03 6 - 0.006

Table 7.Unit costs and GHG emissions for transportation

Truck Transportation Train Transportation
GHG GHG
emissions emissions
. Variable (kg CO, . Variable (kg CO,
F'XS/? Lot Cost (€/ton-  eq/ ton- leg /(3 Cost Cost (€/ton-  eq/ ton-
(€/ton) km) km) (€/ton) km) km)
Cucek et Cucek et
al. (2012) al. (2012)
Cattle 4.43 0.02658 5 3x10° 28.35 0.0127 -
Manure Tittmann etal.  Tittmann et ’ Tittmann etal.  Tittmann et
(Semi-solid) (2010) al. (2010) (2010) al. (2010)
Broiler Hen 4.43 0.02658 5 3%10° 28.35 0.0127 -
Manure Tittmann etal. Tittmann et ’ Tittmann etal. Tittmann et
(Solid) (2010) al. (2010) (2010) al. (2010)
Layer Hen 4.43 0.02658 5 3x10° 28.35 0.0127 -
Manure Tittmann etal. Tittmann et ’ Tittmann etal. Tittmann et
(Semi-solid) (2010) al. (2010) (2010) al. (2010)
6.17 0.077 . _ 28.35 _0.0127 8x10°
Waste Wood Perez-Verdin ot Pe_zrez- 5.3x10 Tittmann etal. Tittmann et
al. (2007) Verdin et al. (2010) al. (2010)
' (2007)
Wood pellet 2.7 0.078 2.4x10 15.86 0.015 8x1d
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Lu et al. (2015) Lu et al. Lu et al. (2015) Lu et al.
(2015) (2015)
Maize 5.05 012 | .40° 15.15 00245  8x10°
(Loose) Sokhansanj et al. Sokhansanj ' Sokhansanj et al. Sokhansan;
(2009) et al. (2009) (2009) et al. (2009)
Fertilizer _ 3.89 .0.0198 5 3x10° . 20.07 _0.00913 -
(Liquid) Tittmann et al.  Tittmann et ' Tittmann et al.  Tittmann et
(2010) al. (2010) (2010) al. (2010)
Table 8.Tactical level decisions
Plant Location Electricity Heat Biofuel Production Byproduct
production production (m%month) (biofertilizer)
(kWh/Month) (kwh/Month) production
(ton/month)
1. Birmingham - G 1,845,727 2,400,000 1,026,433y -
3. Coventry — AD 1,845,727 2,400,000 692,840 — Rittrane 4947
4. Dudley — AD 1,845,727 2,400,000 692,840 — Bidrape 4937
5. Sandwell — AD 1,845,727 2,400,000 692,840 — Bithhane 4657
6. Walsall - G 1,845,727 2,400,000 1,026,430- Synga -
7. Wolverhampton — G 1,026,430- Syngas -
Facility Location Collection/Pretreatment Amount (ton/month)
1. Birmingham — PT 3818 — Waste wood
8202 — Cattle manure
49.53 — Broiler manure
74.29 — Layer manure
4. Dudley- CO 9405 — Maize
Table 9.Biomass and biofertilizer distribution amountsvbetn the nodes of the supply chain
Biomass Biomass Biomass
Source Amount Amount
Site Facility Biomass Type (ton) Facilty  Plant  Biomass Type (ton)
1 4 Cattle manure 2916 4 3 Cattle manure 2952
2 4 Cattle manure 2160 4 3 Broiler manure 495
3 4 Cattle manure 1116 4 3 Maize 2998
4 4 Cattle manure 1037 4 4 Cattle manure 2863
5 4 Cattle manure 973 4 4 Layer manure 74.3
6 4 Broiler manure 11.52 4 4 Maize 3061
6 4 Layer manure 17.28 4 5 Cattle manure 2387
7 4 Broiler manure 24.2 4 5 Maize 3345
7 4 Layer manure 36.3 1 1 Wood pellet 1069
8 4 Broiler manure 12.1 1 6 Wood pellet 1069
8 4 Layer manure 18.2 1 7 Wood pellet 1069
9 4 Broiler manure 0.43 Plant Crop  Biofertilizer
Field  Amount (ton)
9 4 Layer manure 0.64 3 11 4947
10 4 Broiler manure 1.25 4 11 4947
10 4 Layer manure 1.88 5 11 4947
13 4 Maize 9405
14 1 Waste wood 3818
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Supply chain conliguration design model
(CDM)
Max profit
Min GHG emissions (production)
Min total transportation distance

Optimized configuration of supply chain
(locations, capacities, technologies...)
Optimized material distribution amounts

Transportation network design model (TNM)
Min total transportation cost
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Optimized material distribution networks
Optimized transportation modes and options

Figure 1. Description of the DSS
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Figure 2. Case study region map
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Figure 3. An overview of the supply chain under consideration
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Figure 4. Locations and capacities of bioenergy plants, CHiBsupretreatment facilities and storages

Figure 5. Biomass flow pattern between
biomass source sites and facilities

Figure 6. Biomass flow pattern between facilities

and plants
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Figure 7. Biofertilizer flow pattern between plants and cfiaid

Figure 8. Locations and capacities of collection centerslginthass flow pattern between collection centers
and biomass sites

Figure 9. Locations and capacities of plants and biomass flattern between collection centers and plants
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Figure 10.Configuration of the supply chain along with thetenel flow patterns
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This study develops a decision support system comprising two multiobjective mathematical
models.

The first model optimizes the configuration of multi-technology bio-product supply chains.
The second model designs co-modal transportation networks considering the outputs from
the first model.

A hybrid solution methodology that integrates fuzzy set theory and e-constraint method is
proposed.

The methodology captures the uncertainties and sustainability aspects in design phase.



