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Abstract

The design of waste to bioenergy supply chains ®&8) is critically important for meeting the
circular economy (CE) goals, whilst also ensuringimnmental sustainability in the planning and
operation of energy systems. This study developsval optimization methodology to aid sustainable
design and planning of W-BESC that comprise mudtiggichnologies as well as multiple product and
feedstock types. The methodology identifies theénmntn supply chain configuration and plans the
logistics operations in a given region to meetehergy demand of specified nodes. A scenario based
fuzzy multi objective modelling approach is propbsand utilized to capture the economic and
environmental sustainability aspects in the saraméwork. We test the proposed model using the
entire West Midlands (WM) region from the Unitedngdom (UK) as a case study. In this scope, a
comprehensive regional supply chain is designedh¢et the energy and biofertilizer demand of
specific nodes considering available waste and typp biomass in the region. Further analysis is
conducted to reveal the impacts of main economittanhnological parameters on the supply chain
performance indicators.
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1.Introduction

CE fundamentally lies on the idea of transformimgdoicts, production systems and supply chains in
order to establish workable relationships betwemslogical systems and economic growth, pushing
also the frontiers of environmental sustainabilithe focus is on the creation of self-sustaining
production systems in which materials are used amd over again (Genovese et al., 2015).
Incorporating these CE principles into the supphaio planning and management strategies for
energy systems, is important for minimizing matefiaws and for reducing unintended negative

consequences of production processes (Srivast@0#).2



The establishment of W-BESC as district energyesystfor communities, supports the “win-win”
philosophy, on which circular economy concept isdmh that a prosper economy and healthy
environment can co-exist (Tukker, 2013; Pan et28115). In addition, W-BESC provide the circular
relationship between greening and economic growaitliagcing existing environmental problems along
with resource scarcity by increasing the resoutitization efficiency in energy production and imet
use of renewable energies.

Various W-BESC are operated throughout the wartthsisting of different biomass production
systems, pre-processing and conversion operatsnsell as transportation methods for raw materials
and bio-based fuels. However, the wide use of bgmmzased energy systems has resulted in new
challenges, such as: long-distance transport fi@mm biomass production areas to energy producing
facilities) and therefore additional logistics gstenergy consumption and ultimately higher
greenhouse gas (GHG) emissions compared to snaddl-adilisation. In many cases feedstock
location, processing sites and product destinatiave profound implications for the profitabilitpca
environmental impacts of the overall supply chahdrifzadeh et al., 2015). Hence, large capacity
bioenergy plants require robust and integratedlgugmain and logistics systems in place.

To overcome these challenges, proper methodolawygesi to be developed to select the most
favourable supply chain configuration and logistiggions and to identify cost-efficient bioenergy
supply chain designs with minimal carbon footprirtiere are a few prior studies in the literaturg.(e
Aviso et al., 2011; Li and Hu, 2014; Sharifzadelalet 2015) that develop design methodologies by
simultaneously considering sustainability and utagety aspects, but most of them capture these
aspects by using separate methods after the desigee. In other words, after deciding on the
recommended supply chain, uncertain parametersmlsethen considered in the scenario and/or
sensitivity analysis phase. Most of them neithensader nor include the uncertainties in the
optimization procedure in the design phase. We eattfpat it is important to develop and use an
effective optimization methodology to capture bastlnstainability aspects and uncertainties in the
system parameters in the same optimization framewothe design phase. Furthermore, there is no
study in the literature that includes CE principleslesign and planning of W-BESC by considering
the utilization of useful by-products of the enesygtem in the supply chain.

This study develops a novel methodology, which ldooptimize multi waste supply chains
including multiple types of production technologi@msidering circular economy principles, for the
strategic and tactical decision making in wastenaiss based energy production system investments.
The proposed methodology finds the optimal supphirc configuration, selects the most appropriate
production technologies and plans production/distion activities that enables to meet the demdnd o
multiple types of bio-products in a region considgra diversified set of available waste feedstocks
and technology options. Useful by-products of thistem are also considered to be utilized in the
supply chain.

The proposed approach enhances the capital investame technology management decisions for
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planning a waste biomass based system and coulddz in two ways: 1) To identify the optimal
configuration of the supply chain and plan the dtigs operations in the development of new
investments, 2) To monitor the main economic andirenmental performance indicators of the
existing supply chains taking the necessary actomsprove the performance.

To explore the viability of the proposed model, potational experiments are performed using the
UK region of WM as a case study. Scenario and eoimaensitivity analyses are conducted to
provide deeper understanding of the proposed metbgyg and how changing parameters affect the
optimum supply chain configuration and performaimeicators. The effects of changes in the biofuel
to energy conversion rate in bioenergy plants an rtfain revenue and cost components are also
investigated.

The rest of the paper is organized as follows.i&e@ provides a literature review on the studies
that develop optimization models for sustainablsigte of bioenergy supply chains identifying also
the research gaps as well as the expected comtrisutf this research. Section 3 presents the @nobl
description, formulation of the optimization modeid the solution approach. In Section 4, the case
study setting is explained where the proposed dmition approach is applied to the region of WM.
Section 5 proposes the results, further analysdsdetussion of the results. Section 6 discusses th

conclusions along with future research directions.

2. Literature Review

In recent years, the integration of CE principle® ithe planning of waste to energy supply chasns i
gaining attention. Pan et al. (2015) analysed séveraste to energy technologies including
combustion, gasification and anaerobic digestiorpitavide portfolio options of technologies for
different types of waste to energy supply chaimsfeating a CE system. In a similar vein, Nasalet
(2016) used a case study from the construction singuto demonstrate and compare the
environmental gains that can be achieved througtattoption of CE principles in comparison to the
traditional linear production systems. Ahn et &@0X5) developed a deterministic mathematical
programming model for strategic planning designaobiomass-to-biodiesel supply chain network
from feedstock fields to end users that simultasBosatisfies resource constraints, demand
constraints, and technology over a long-term plagriorizon. Chabaane et al. (2011) presented a
methodology to address sustainable supply chaiigrgsoblems where carbon emissions and total
logistics costs, including suppliers and sub-canns selection, technology acquisition and the
choice of transportation modes, are consideredéndesign phase. Wang et al. (2013) utilized to
analyze bioethanol production from waste papersetBianol supply chain is modelled by simulation
to compare the selling price of bioethanol produtech waste paper with petrol price. Genovese.et al
(2015) compared the performances of traditional eincllar production systems across a range of
indicators using two case studies from chemical aadte food (waste cooking oil to biodiesel)
supply chains. They concluded that the integratdrCE principles into sustainable supply chain

management practices provides clear environmewuhzraages. Calderon et al. (2017) proposed a
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general optimisation framework based on a multqebmixed integer linear programming model to
address the strategic design of waste to synthatieral gas supply chains. The framework considers
procurement of feedstocks, plantation of energypsrand different modes for transportation of
feedstocks and final products and allows researahdspolicy makers to investigate scenarios that
promote the development of synthetic natural gaplgwchains. The research by Mayerle et al. (2016)
presented a methodology to design an animal wasteidgas supply chain which maximizes
contribution and minimizes gas loss when biomassggnfeedstock providers are small farms without
on-site bio-digestion units.

The table in Appendix A presents a summary of d@erdture review on studies that develop
optimization models to design bioenergy supply ehatonsidering economic and environmental
sustainability. The table depicts the type of thedei developed, a brief description of the proposed
study and limitations of each of the studies. Tdw@aw of literature suggests that the vast majaity
the supply chain design models in the literatu$es only on single type of waste (e.g. Woo et al.
2016; Marufuzzaman et al., 2016) and single typenaf product (e.g. Roni et al., 2014). However, in
real world applications bioenergy, which is obtalifieom multiple sources of waste biomass, is either
used in transport applications or converted inezteical and thermal energy by power engines. Thus,
these studies do not have the end user applicatisnope. In addition, none of the prior researches
considers utilization of the by-product of the systalong with the main products. In real world
applications the useful by-products of the systemes often sold besides the main bio-products to
increase the profitability of the systems and deseethe investment rate of return. Previous
contributions have focused on single type convarsiechnology/process (thermochemical or
biochemical), which makes them problem specific.ltile types of conversion technologies may
support a longer term supply, and reduce the affecseasonal fluctuations and price instabilities
well as technological uncertainties on the suppigit performance. A good biomass to energy
conversion rate strongly depends on supply andamtad mix of biomass. This diversified system is
also more applicable to real cases, which havexaaofbiomass resources to utilise to meet energy
needs.

To the best of our knowledge, none of the methmgiek in the literature integrate the strategic
decisions related to location, capacity and teamplselection for both bioenergy plants and pre-
processing facilities with tactical level decisioos production and distribution of bioenergy and
biomass. Also, there is no study in the literatinag captures sustainability and uncertainty aspiect
the supply chain design phase by developing a desigthodology to capture system uncertainties
and optimize multiple objectives simultaneously.amress these gaps in the literature, this paper p
poses a comprehensive methodology to design wasteabs based supply chains for production of
multiple types of bio-products (bioenergy and bitificer as by-product of the system) in a
sustainable manner. The methodology is developegidcstrategic and tactical design of biomass
based production chains in an uncertain decisimr@mment considering also the tradeoffs between

capital investment costs, profit, and GHG emissiomshe supply chain. A fuzzy multi objective
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programming based procedure is used to obtain fitenem configuration and corresponding
optimum values of supply chain performance indiaté-uzzy multi objective programming is a
rarely used method in bioenergy supply chain destgdies, although it is one of the most effective
solution approaches to solve multiobjective optatian problems considering inherent uncertainties
and allowing prioritization of different objectivegcording to decision makers’ preferenteprovide
economic and environmentasights. This method reflects the characteristickhe problem on hand
and computational experiments show that it is adblprovide high quality solutions in a reasonable
amount of time.

The main contributions of this study are summarireithe following:

1. It proposes a novel optimization methodology conmgmrmathematical modelling and fuzzy
multi-objective decision making for the strategialdactical decision making in biomass based
energy production system investments.

2. The developed methodology integrates sustainakdlityy uncertainty aspects in the supply
chain design phase by capturing system uncertainied optimizing economic and
environmental objectives simultaneously.

3. The developed model covers multiple types of biendsiomass to energy conversion
technologies, biomass pre-processing facilities kineproducts. On that sense, the model is
generalizable, the decision makers can utilizenoodel for different cases with only updating
the data set.

4. The proposed methodology finds the optimal supplpairt configuration and
production/distribution planning that enables toemthe demand of multiple types of bio-
products in a region considering a diversifieddedvailable biomass feedstocks in the region.
Useful by-products of the system are also consitiéoebe utilized in the supply chain to
promote circular economy.

Another contribution of this study is that theigay of the developed methodology is explored
on a case study of WM, UK, which is the first atpgnio design a comprehensive bioenergy
production chain in this region. In addition funtrecenario and economic sensitivity analyses are
conducted to provide managerial insights to aid mames and policy makers in making supply chain

decisions.

3. Problem Description and Formulation of the Methoddogy
In this section, we describe the integrated sumbigin configuration, technology selection, and
production-distribution planning problem to produieenergy in a sustainable way. We also present
our optimization methodology, which integrates neatlatical modelling and fuzzy multi objective
decision making, and outline the solution appraasdd to generate the optimum solution.

The methodology integrates all activities from deeck supply to product distribution and
consumption, and all elements of the chain frommaiss source sites to demand nodes. The

methodology integrates mathematical modelling andscanario based fuzzy multi objective
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programming approach to involve objectives relatethe economic and environmental performance
of the supply chain and capture the trade-offs betwthe objectives as well as system specific

uncertainties effectively.

3.1. Problem Description
This paper focuses on designing an optimized sugmyn and distribution network for biomass based
energy production considering sustainability aspecider problem specific uncertainties. The supply
chain in consideration consists of following eletsen
1. The biomass source sites to supply multiple tyfdsamass
Facilities for pre-treatment of biomass before @sion process
Facilities for collection of biomass before convensprocess
Biomass to biofuel (liquid & gaseous) conversioans

Combined Heat and Power (CHP) plants to convefublanto bioenergy

S T

Product, by-product, energy demand nodes

In this scope, we developed a mathematical opditiim model that capture economic, and
environmental considerations by a multiobjectiveicture. The model aims to design the biomass
based energy production chain by making decisionsesponding to; (1) configuration of the supply
chain network with related locations, technologa@sl capacities; (2) procurement and allocation of
the biomass resources; and (3) inventory, productiod distribution planning, while meeting the
energy demand of a particular area. More spedyictile decisions made by the model are;

1. Numbers, locations and capacities of facilitiesgbiergy plants and CHP units,

2. Types of facilities for biomass treatment and tetbgies for bioenergy plants,

3. Amount of biofuel, by-product and energy produaeéach energy plant,

4. Amount of biomass, biofuel and by-product distrdzlibetween biomass source sites, facilities,
plants and demand nodes,

5. Amount of biomass treated/stored in facilities,

6. Amount of auxiliary material consumed in energy\eansion plants.

The model determines the optimal configurationtloé supply chain considering the tradeoffs
between capital investment costs, profit and GHGsgions associated with production and
transportation activities in the supply chain. T® hore precise, to increase the profitability af th
system, we have to produce more product which mattige same time constructing more plants/pre-
processing facilities and increasing the capitaé#tment costs. Also producing more product leads t
increased biomass transportation and conversiawiteas which result in increased level of GHG

emissions. Hence, it is important to capture thdeoffs between conflicting objectives.

3.2. Formulation of the Mathematical Model
In this section, the mathematical formulation af thptimization model is proposed. The notations of

the mathematical formulations are presented ind &bl



Table 1. Notations used in the model

The model includes three environmental and econoohiectives. The objectives are: (1)
maximization of monthly total profit; (2) minimizanh of total capital investment cost and (3)
minimization of GHG emissions (G@q) related to production and transportation.

Maximization of supply chain profit can be calcelhtas follows;

Eq. 1 represents the first objective function;
K L T U K L T U K L N
Max Profit = Kzzzz sg'ma}(zzzz SO *(ZZZ ﬁﬁz;ﬂ

k=1 I=1 t=1 u=1 k=1l=1n=1

- 1)

Eq. 2 shows the second objective function, namehimization of total capital investment cost of

bioenergy plants and biomass pre-treatment fasliti

M

J
Min Total Investment Cog[z

j=l e
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c=1 k=1 p=1 &1

1l
iy
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Eq. 3 shows the third objective function, namelynimization of GHG emissions associated with
energy production, preprocessing and transportabivities. Transportation related GHG emissions

include emissions caused by transportation velieteemissions caused by biomass sources.

Min GHG Emissions[ii[z o ‘EJJ L.Il 1(22 g1 50 bEﬂJ

+{(g[2[d” 53, /CTJ]+(Z %[E[zz a@b_gj{zz 6y g,DD ®

{(gmm zﬁjisse"/ CTJHQ af3s 0% Sgﬂjj

t=1 f=1

Egs. 4-20 represent the constraints of the matheahatodel.
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L
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Eq. 4 restricts the biomass procurement amount &@upply region by the total available biomass in
that region. Eqg. 5 ensures the flow balance ofbibenass supplied from biomass source site to pre-
treatment/collection facility and from facility toiomass to biofuel conversion plant considering the
conversion rate of biomass in the pre-treatmentgs®. Eqgs. 6 and 7 limit the amount of biomass
transported to the facilities and plants to the imaxn capacity of the corresponding capacity lewéls
plants/facilities. Egs. 8 and 9 calculate the amainbiofuel produced in and distributed from the
biomass conversion plants. Eq. 10 ensures thdtalbiofuel demand is met in the demand nodes. Egs.
11 and 12 calculate the amount of byproduct prodiucend distributed from the biomass conversion
plants. Eqg. 13 limits the byproduct distribution@mt by the corresponding demand in the demand
nodes (to eliminate the disposal of the excessdaymt). Egs. 14 and 15 calculate the amount of
energy produced in energy plants and restrict #msount to the maximum capacity of the
corresponding capacity levels of these plants. E§sand 17 ensure that all the energy demand is met
in the demand nodes. Egs. 18, 19 and 20 ensuratthadst 1 facility, biomass to biofuel conversion

plant and biofuel to energy conversion plant isstarcted in each selected location.

3.3. Solution methodology

In this section, the solution methodology baseduamy multi-objective programming that is adapted
to solve the developed multi-objective mathematioallel is explained. The methodology combines
fuzzy set theory and goal programming, which arelyaused methods in bioenergy supply chain
design studies, although they are effective appreato solve multi-objective optimization problems
in an uncertain environment allowing prioritizatiarfi different objectives according to decision
makers’ preferencet provide economic and environmentasights. There are other widely used
approaches to solve problems in an uncertain emviemt like Stochastic Programming (SP) or
Robust Optimization (RO) (Quddus et al., 2018; @maland Sowlati, 2016; Azadeh et al., 2014;
Zamar et al.,, 2015; Mohseni and Pishvaee, 2016)isS&h approach for modelling optimization

problems when the parameters are uncertain, butresbsto lie in some given set of possible values



following a probability distribution. SP models ttg take advantage of the fact that probability
distributions governing the data are known or carestimated. These probability distributions can be
estimated from data that have been collected awey, tor in the absence of data from future periods.
Using SP is meaningful only when a certain actian be repeated several times. However, due to
special and dynamic characteristics of energy prob] in most cases there is not enough
historical/objective data to model uncertain parmgewithin each scenario as random data. RO is a
methodology to process optimization problems inahihe data are uncertain and only known to
belong to some uncertainty set. RO models the plesset of values, but nothing is said about their
probabilities. By RO, the decision-maker construgtsolution that is admissible in some sense
through a set of scenarios. RO can be especialiglde in absence of data, or when there is no need
to give more importance to some values of the paranthan to others. This is generally not the case
in energy problems, since data related to energyeBys and supply chains is generally available
however has a highly fluctuated nature. From tlo@ttpnwards, fuzzy logic comes to the forefront to
develop robust approaches for concept representafi@nergy systems with highly fluctuated and
uncertain data. By fuzzy programming, uncertaintg &agueness is modelled using fuzzy numbers
and fuzzy sets rather than discrete or continuooisgbility functions.

In design and management of complex problems Bkewable energy systems it is important to
incorporate different sustainability aspects todbeision making methodology by capturing multiple
and usually conflicting objectives. Goal programgii&GP) is one of the most widely used and well-
organized techniques to handle the multi-objecstreicture of complex problems like renewable
energy systems. However, the aspiration levelspéadives and constraints should be identified
precisely for applying GP to practical problemsjahhs not always possible in most of the renewable
energy cases due to the uncertainties in their mpature. Fuzzy goal programming (FGP) can be
employed in such situations, which allows the denismaker considering the vagueness in the
aspiration levels of objectives and constraintavali as other uncertainty sources inherent in the
system parameters and decision variables.

Especially in recent decades, decision makers rdgalith energy problems have different
priorities related to different sustainability asfge(economic, environmental and social). For examp
for companies generally economic considerations em&ential whereas environmental and social
aspects become prominent for governments. Heacspfving energy problems reliably, the relative
importance of different objectives should be rafecbesides uncertainty in data. To this aimhiga t
study, a modified version of Werner$uzzy and” operator (Werners, 1988) is applied. This version

of Wernersfuzzy and” operator was developed by Selim (2006) to retleetrelative importance of
the objective functions by considering differentigies for the objectives while handling problem
specific uncertainties. For detailed information BGP, Werners*fuzzy and” operator and the
modified version of Wernersfuzzy and” operator used in this study, Yilmaz Balaman aniéhrSe
(2014) and Yilmaz Balaman and Selim (2015) can dfermred. Figure 1 depicts the solution

methodology in an algorithmic framework.
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Figure 1. Solution methodology

In the second and third steps of the methodolofjicient extreme solutions for each objective are
determined by solving the linear programming foraioin of the problem developed in Section 3.1
(Egs. 1-20) as a single objective problem considegach time only one objective. To this aim, a
novel scenario based approach is utilized in ttugysdividing the problem into nine sub problems
(SP). Scenarios represent the worst, best and &xpsituations for three objective functions, which
are constructed by taking into consideration tiveelp upper and expected values of the fuzzy price,
cost and emission parameters. After constructiegstienarios, the model is solved according to one
of the objectives (profit maximization, capital tesinimization or GHG emissions minimization)
under three scenarios to determine the value fdr &mction at each solution. Results can be used a
starting points to specify the upper and lower térfor each objective. The pay-off table (Table 2)
depicts the efficient extreme solutions that ineludaximum and minimum values of these results of
each objective that is taken as the aspired lefv@lchievement and the lowest acceptable level of
achievement. In the fourth step of the methodoldlgg,upper and lower limits for each objective can

be chosen from the payoff table.

Table 2. The payoff table

In Table 1Z,, (m = 1,...,M)and X° represent thenth objective function and the optimal solution of
the single objective problem handled in #te situation(s=1,...,S) respectively. There are 3 objective
functions and 27 situations (3 scenarios for edcth@ 9 sub problems). Entrigg,, (m = 1,...,M),
(s=1,...,S)in the payoff matrix can be calculated solving pineblem withX*for each objective. Each
of the Zgy, (Z11, Zs2, --., Zsy) IS called “efficient extreme solutions”. Upperdalower limits can be

determined, as follows:

Up = (Z)™ = MaxX(Zgy ) P=1,2,...,M (21)
l.=(Z )™= minZ ;) p=1.2,...M 22)
Z, "<z, <(@Z, )" (23)

In the fifth step of the methodology, the membagrshinctions, which defines the degree of

optimality the objective function, is calculated fsach fuzzy goal. The following equations représen

the membership function for tmath objective function, which is representedzy(X):

For “approximately less than or equal to”;
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1 , Zoa(X)=s1,
Uy, - Z,(X)

um'lm

0 ; Zn(X)>up,

PR  1p<Z ) su,, (24)

For “approximately greater than or equal to”;

1 , Z,(X)>u,
tz, (X)= M v 1 <Z (X) suy (25)
k "Ik
0 s Z (X)) <l

After calculating membership functions, the fuzzgdal is transformed into a linear programming
problem, represented by the following model, usigdified Version of Werners’ “Fuzzy and”
operator;

Maximize A+[(1- y)(WiA +WLA,+...+W A )]

Subjectto py = A+ 4,

U 2 A+ A (26)

A,y0[0,]
and other system constraints

whereW,,..W, are the relative weightgy,,...,x,, are the membership functiong; ...,/ values

are the4 values for the objectives.coefficient of compensation value. Determinatidrihe relative
weights of the objectives is not the focus of fhaper. These values are assumed to be known.fPart o
the model defined by “and other system constrairgptesents the constraint set formulated in Egs. 4
20 in Section 3.1.

4. Case Study
4.1. Data Description

Case study region, biomass sources and bioenempainid The Nomenclature of Territorial Units for

Statistics (NUTS) is a geographical classificatibat subdivides territories in the UK into regiaats
three different levels from larger to smaller temial units (i.e. NUTS 1, 2 and 3 respectively)Wis

a NUTS 2 level region and it is divided into sewdTS 3 level territorial areas. The proposed
approach is applied to all NUTS 3 level regionsthie West Midlands (Birmingham, Coventry,
Solihull, Sandwell, Walsall, Wolverhampton and Deydlto design a comprehensive supply chain and
transportation network in WM. Particular locatiansthe abovementioned NUTS 3 level regions are
considered as bioenergy demand nodes (7 demand,rbdede in each region), candidate locations

for bioenergy plants (7 locations, 1 location irtleaegion) and candidate locations for facilitiés (
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locations, 1 location in each region).

A diverse set of biomass feedstock resourcesasadle in WM for biofuel and energy production.
These resources are widely dispersed across tlwnragd different types of feedstock tend to cluste
in different locations. In this study, four typek lmowaste (cattle manure, laying chicken manure,
broiler chicken manure, waste wood) and one energp (maize) are assumed to be the potential
biomass inputs. The existing yields and geograghstribution data on biowaste from husbandry are
adopted from UK Department for Environment, FoodR&ral Affairs (DEFRA) - farming statistics
(2015) and aggregated at 5 cattle farms and 5rydaitms around the region. Wood waste generated
as part of the manufacturing processes and woaodupte disposed at end life are considered in the
study. In this regard, data on packaging, industdanstruction, demolition and municipal wood
waste potential in the WM came from Tolvik Ltd (2QJand concentrated at 3 wood waste production
and recycle facilities around WM. Data on maizddgeand geographical distribution of the maize
fields are gathered from DEFRA - annual statisticghe structure of the agricultural industry (2015
and aggregated at 3 energy crop fields aroundetierm.

We consider meeting the corresponding biomethdeetrigity and heat demands in a particular
area in each of the NUTS 3 regions in WM. The nuslo¢ addresses in the area considered in each
region are given in Table 3. Data on the demandsedaom DECC (2013) and DECC National Heat
Map (2012).

Table 3. The numbers of addresses in the area considersith region

The map of the case study region is depicted inrgig with biomass source sites, demand nodes, and

candidate locations for energy plants and facdliiensidered in this study.

Figure 2. Case study region map

Bioenergy plants and facilitiesAnaerobic digestion (AD) and gasification (G) teclugies are

considered to convert biomass into biofuel. ADtiaed to produce biofuel (biomethane) from cattle
manure, laying chicken manure, broiler chicken marand maize, a proportion of which then be
converted into electrical and thermal energy in Cétfgines, since biomethane can either be used
directly in the place of natural gas or convertew ienergy. Biofuel (syngas) produced from waste
wood by G is assumed to be transformed into etadtand thermal energy entirely by CHP engines as
syngas can not be used directly as a biofuel dissignto biomethane. Collection (CO) and pre-
treatment (PT) facilities to store, treat and distte biomass are considered as pre-processing
facilities. Cattle manure, laying chicken manumailer chicken manure and maize are collected and
distributed via collection centres whereas pretineat facilities are used to treat waste wood to
convert into wood pellet, which is a more efficibmmass, by drying process. The by-product of AD

process (biofertilizer) is distributed to the energop fields from where maize is supplied to
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bioenergy plants. The supply chain under consiaeras illustrated in Figure 3.
Figure 3. An overview of the supply chain under consideration

The potential locations for energy plants and fised are chosen based on UK renewable energy
planning database, which is provided by DECC tokithe progress of new renewable energy projects,
from inception, to construction and to generatidach month an extract of that database is provided.
A total of 14 sites (7 for energy plants, 7 foriliies) are chosen as the candidate locations.

To ensure the efficiency of biomethane productimtess in the AD plants, the total solid content
of biomass slurry in the fermentation tank shouddyvbetween 7% and 12%. To represent this

technical limitation, Eq. 27 is included to the mbds a case specific constraint;

J B T .
>YITS*S

7%< J=b=1=1 <12% Ok 27
J B T . ( )
(ZZZSL")+WK

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 thaerobic digestion tank.

The electrical and thermal efficiency of the cogetien units are taken as 33% and 43% (DECC,
2008). The conversion rate of wood to wood peletaken as 0.84 (Uslu et al.,2008). We assume in
this case study that biofuel (biomethane) is onlydpced in AD whereas G plants are operated to
produce only electrical and thermal energy. Theegated electrical energy, thermal energy and
biomethane are assumed to be fed into the nat@eetricity grid, on-site heating system and ndtura
gas pipeline network. Three capacity levels aresiclamed for the pre-treatment facilities, biomass t

biofuel conversion plants and CHP units. These aapkevels reported in Table 4.
Table 4. 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 €dbl
Table 5.Data on GHG emissions

Economics:
Energy prices and incentive$he European Union (EU) has adopted targets foexpanded use of
renewable energies as one mean to achieve impmvexdy security, reduced GHG emissions, and

improved competitiveness of the European econorii@promote the investments aimed at reaching
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these targets, two major different political sugpoechanisms are applied in EU 28 Member States at
present, namely the feed-in tariff and the tradajieen certificate (TGC) systems (Fouquet and
Johansson, 2008). In conjunction with the EU targite UK Government has introduced a range of
mechanisms to foster the development and deployrmoériow carbon energy technologies and
markets. In the UK electricity market, since 20Q2nerators have been obliged to produce part of
their electricity with renewable energy resouraesaccordance with the Renewable Obligation Order.
The target for the proportion of renewables in tisial energy production is 15% by 2020 (Clifford
Chance, 2010). Since 2009, technology banding kaa bdded, meaning that different technologies
are rewarded with a different number of certifisa@irkan and Langestraat, 2014).

There are mainly three incentive schemes for iebtgt heat and fuel production from renewables
in UK, namely feed-in tariff (FiT), Renewable Helaicentive (RHI) and Renewables Obligation
Certificate (ROC). Table 6 provides information on these schemesnfese detailed information on
current values of incentives according to diffenemmtewable energy technologies, the references give

in Table 6 can be utilized.

Table 6. Renewable energy support and incentive schemgKifAng et al., 2016)

Considering the above mentioned incentives andbdise prices, the ultimate prices for electricity,
heat and biomethane are calculated for both AD @Gndhe data related to incentives are gathered
from the sources depicted in Table and the basegsre derived from Digest of UK Energy Statistics
(DUKES). Table 7 depicts the electricity, heat d@namethane prices calculated based on base prices

and incentives.

Table 7.Current energy prices in UK

It is assumed that waste biomass is supplied ahagge by the local farms and companies. A gate
fee is not considered in this study. The lengthtteé time period used in our computational
experiments is one month.

DECC (2012) is utilized to obtain the data on plenvestment and operational costs. The unit
investment costs are taken into account that theYoaver in the plants with larger capacity becanfse
economies of scale. The operational costs contiked and variable costs, which are calculated
based on the installed capacity and the amount dsenprocessed in the plants and facilities,
respectively. The operational costs are computeeédan the assumption that the plants operate in a
three working shifts mode, which includes a tothl6488 operating hours. Working hours are
calculated by setting 52 weeks per year, 5 daysvpek and 8 hours per day for one shift. One hour i
needed from the entire week for the three shiftkimgr mode for the starting up and shutting down of
a plant (Marufuzzaman et al., 2015). The unit itwesnt and operational costs according to capacity

levels are reported in Table 8. Unit costs are agasy considering monthly biomass capacity of the
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facilities and plants, and installed power of tHéRC

Table 8 Unit investment costs per installed capacity defj®y on capacity levels

Transportation:We consider that biomass feedstock is transportad Eource sites to facilities and
from facilities to plants, and that biofertilizes transported between plants and energy crop fields
Given the regional focus of our case study, a restdork is assumed for transport using singledrail
trucks with a capacity of 36 tons with average éitavg speed of 60 km/hr. Currently, road
transportation is the most common method for bieamdalivery especially for distances <110 km
(Searcy et al., 2007). Road transportation is feaole when flexibility is required and multiple ést
and farm sited have to be accessed (Searcy @08ar7).

Data on unit costs of transporting biomass andebiitizer and on the GHG emissions associated
with transportation are derived from the literatufde data related to cost and GHG emissions is
updated for the local conditions regarding the dattered from local logistics firms. Table 9 ligte
unit fixed costs and variable costs of transpartatias well as the GHG emissions for transporting
cattle manure, poultry manure, wood pellet, maiad hiofertilizer by road transport. The data is
assumed to be the same for all NUTS 3 level regi@t$G emissions from truck transportation is
obtained as 0.692514 kg ¢€x/km from DEFRA Carbon Conversion Factors Daté@gt5d).

Table 9. Unit costs and GHG emissions for transportation

4.2. Results and Analyses

In this section, results of the case study aregotesl and analyzed. IBM ILOG CPLEX Optimization
Studio, Version 12.2 is used to code and solveptibposed model on a desktop with Intel Core i5
3.50 GHz processor and 32 GB RAM. The model is amseg of 493 constraints and 2965 variables
(of which 105 are integer variables). The stepk¥edd in solving the problem in the following sub-
sections.

4.2.1. Efficient extreme solutions

Calculation of efficient extreme solutions is expé&d in “Section 3.3. Solution Methodology”. The
sub problems and objective function values cornedjmy to 27 situations (as explained in Section 3.3
Solution Methodology) are reported in Appendix B.the table, the values in bold depicts upper and
lower bounds for total supply chain profit (€1,1884/month and €-1,239,861/month), for total
investment cost (€211,334,200 and €21,393,450)fanGHG emissions (4,314,202kg €€g and
2287 kg CQeq). As the lower bound for the profit depicts state of loss (under 0), it is taken as 0.

4.2.2. Membership functions
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Calculation of membership functions is explained“8ection 3.3. Solution Methodology”. The

following equations represent the formulations ehmbership functions for each fuzzy objective.

1 ;. Profit>1,104,864
Profit-0 ) .
0 . Profit<0 (28)
1 : Total Inv.Cosk 21,393,450
_ ] 211,334,200- Inv.Cost .
Hrotal Investment CosT | 211 334,200 - 21,393,450 21,393,450 <Total Inv.Cost 211,334,2 (29)
0 : Total Inv.Cost>211,334,200
1 : GHG Emissions 2287
_ 14,314,202 -GHG Emissions ..
HGHG Emissions 43142022287 , 2287 <GHG Emissions 4,314,2( (30)
0 : GHG Emissions>4,314,202

4.2.3. Fuzzy solutions
The fuzzy model is transformed into a linear pragrang problem, represented by the following
model, taking into account the membership functioei;g Modified Version of Werners' “Fuzzy

and” operator.

Maximize A+ [(l - V) (WProfitlll +WTotaI Investment Coé&‘ +WGHG Emissioné 3]
Subject to pp o 2 A+ A4

HTotal Investment Cost A1 4
HGHG Emissions= A 4
Ay0[0,]]

and other system constraints

(31)

Where, WProfit ! V\'ll'otal Investment Cos and WGHGEmissions are the relative WelghtS;ﬂProfit '

Hrotal Investment Co: AN Uaha Emission @r€ the membership functions;, A, and 4;values are thel

values for the profit, total investment cost and GHemissions objectivesy coefficient of
compensation value. As stated previously, parthef model defined by “other system constraints”
represents the constraint set formulated in E@f # Section 3.1.

Table 10 reports optimal solutions obtained byptaposed fuzzy solution procedure according to
differenty (coefficient of compensation) values. At this stag sensitivity analysis is conducted to
explore the impact of the on the results. In real life decision problemdatiee importance of the
objectives assigned by the decision makers maygehaocording to decision maker or over time. To
provide a broader decision spectrum to decisionemsakthe solutions are obtained by using four
different combinations for the relative weights. ifour different weight structures (WS), for the
objectives; (1)Werosit =0.75, Wrotal investment cost=0.15 @andWehg emissions =0.1 (W), (2) Werosir =0.5,
Wrotal investment cost0.3 @aNWe i Emissions=0.2 (WS), (3) Werofit =0.25, Whotal investment cost0.45 andWehe
emissions=0.3 (WS), (4) Werofit =0.1, Whotal investment cost0.3 @NdWehic emissions=0.6. This analysis enables
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to investigate the behavior of the developed meadebrding to different weight combinations and
validate the model.

WS, andWS; reflect the case that the most important perforraandicator is the profitability of
the supply chain for decision maker. In Wgrofit is significantly more important than thehet
objectives, whereas W8xplores the situation that the profit is relatwédss important than it is in
WS, but still more important than the other objectivégS; reflects the decision maker’s desire to
minimize the total capital investment cost of top@y chain with priority. W$can be adopted to the
situations where the primary aim is to minimize teeel of GHG emissions associated with energy
production, biomass treatment and transportatidirites in the supply chain. The first three weigh
structures (WSWS, WS;) are preferable especially for private investa@mpanies, who put the
economic considerations in the first place in desigd operation of a supply chain. The last weight
structure (W9 can be favorable by governmental and non-profiganizations, for which
environmental considerations are more important tha economic ones.

The best values of the objectives are indicatdabld characters in Table 10. The average values of
the objectives for each weight structure point it the solution results offered by the developed
fuzzy multi objective optimization approach changegarallel with the relative weight valueSach
solution alternative offers a different supply ehabnfiguration and distribution pattern resulting
different values of economic and environmental $umtain performance measures. Any of the
solution alternatives can be selected as the bestdepending on the priorities on different supply
chain performance indicators. In this regard, tofideamong the alternative solutions need to be

considered.

Table 10.Results of the model by “Fuzzy and” operator

If profitability is significantly more important #n the total capital investment cost and amount of
GHG emissions associated with the production amdsportation activities in supply chain™ 6
configuration alternative (WiSy=0) can be treated as the best one. Configuringstipply chain
according to this solution alternative results i€4¥6,332 monthly profit together with the highest
levels of total investment cost and GHG emissiartgch are €108,727,300 and 3,922,002 kg€D
respectively. However, changing the weight strietorWS with the same value, which means that
the profit is relatively less important than thattloe WS, but still the most important performance
factor, significant decreases in total investmerst ¢from €108,727,300 to €23,890,500, by 78%) and
GHG emissions (from 3,922,002 to 7712 kg.€by 99.8%) can be attained with a decrease fiit pro
by 37.8% (from €476,332 to €17,241).

The table reports that there are six solution météves (12, 17", 18", 21%, 22" 239 offering the
best configuration in terms of total investmenttasith the value of €23,890,500 however they offers
the least profitable options with monthly profitlwes of €17,241, €15,693, €17,467 and €13,776.
Although they also suggest one of the best resulterms of GHG emission levels (2644, 2648 and

7712 kg CQeq), may not be a favourable options especiallypfivate investors/ companies, who
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desire to get more profit. However, it would be greferred option for investors who have a limited
budget and cannot afford the initial investmentemges.

If the minimization of the level of GHG emissionssaciated with energy production, biomass
treatment and transportation activities in the syumhain is the most important objective for the
decision maker, then one of the222" or 239 solution alternatives can be selected as the ipoeeke
supply chain configuration option. Construction tbe supply chain according to these solution
alternatives is possible with €23,890,500 capitaestment cost and results in 2644 kg,&@PGHG
emissions monthly. It should be noted that, thgs®ns offer the best values in terms of investment
cost and GHG emissions however the profitabilitythef supply chain is not promising. Twenty-first
and twenty-second alternatives result in €17,46nthip profit, whereas 23 solution alternative
suggests the least profit value (€13,776) amonglt@inatives.

Comparing the results given in Table 10, we suppbs¢ the decision makers consider the
solution obtained by the model with the followipgnd relative weight structur@e=0.5 , Wrotal
investment cost0-3 aNdWghg Emissions0.2 andy=0.4 as the preferred solution. We performed a asien
analysis to investigate the effect of biomethanertergy conversion percentage on the supply chain
performance indicators and configuration designe €thre driver of this analysis is to explore the
benefits from electricity and heat production in Alants and providing an insight on the cases of
utilizing AD plants for 1) both biomethane productiand biomethane to energy conversion, and 2)
only biomethane production in AD plants without egyeconversion. To this aim, we present the
results corresponding to the above mentioned wesightture considering two scenarios; 1) 80% of
biomethane produced in the AD plants is converted energy (base case), 2) less than 80% of
biomethane produced in the AD plants is conventéal energy.

As stated previously, the model focuses on strategd tactical level decisions. Strategic level
decisions have a long-term impact on the supplyncparformance focusing on what the supply
chain’s configuration will be, how resources wi#t hllocated, and what processes will be performed
in each stage. Tactical level decisions on therofiaad include medium term decisions (e.g. the
supply, production and distribution amounts) thratr@peated in each term of operation. The strategi
and tactical level decisions on supply chain canfigjon design and production/ distribution plarmgnin
made by the optimization model for the above meamstibscenarios are presented in the following

sections.

4.2.4. Scenario 1 (base case)

In the first scenario, we assume that 80% of ttmmbthane produced in the AD plants is
converted into energy and the remaining 20% ictepbto the natural gas grid to meet the biomethane
demand. The resulting configuration solution offépsconstruct 2 anaerobic digestion plants, 4
gasification plants, 2 collection centers and l-tpgatment facility in the case study region. listh
case, the total monthly supply chain profit is €347, total capital investment cost is €90,331,000

and the total amount of GHG emissions associatddtvansportation, energy production and biomass

19



treatment is 2,773,974 kgG€y. Birmingham, Sandwell, Wolverhampton and Dudiey selected as
gasification plant locations whereas anaerobic dlige plants are constructed in Walsall and
Coventry. The model selected the same locatiorAsDaplants for collection centers and constructed
the pre-treatment facility in Birmingham, whereasification plant is located at.

Figure 4 presents results on the strategic levelsies such as locations and capacities of
bioenergy plants, CHP units, pre-treatment faesitand collection centers. The results reveal that,
model selected the first (minimum) capacity leval the bioenergy plants (6000 t/month for AD
plants, 1500 t/month for G plant) and, the secanddjum) and third (maximum) capacity levels for
CHP units (3500 kWe and 5000 kWe). First (minimuangd third (maximum) capacity levels are
selected for PT and CO facilities, respectively0@%month for PT facility, 18,000 t/month for CO

facilities).

Figure 4. Locations and capacities of bioenergy plants, QHIiBs, pre-treatment facilities and collection ezat

Tactical level decisions about biofuel, energy drybroduct production in bioenergy plants,
amount of biomass stored in collection centersandunt of biomass treated in pre-treatment center
are depicted in Table 11. The material flow pattisriilustrated in Figure 5 and Figure 6. Figure 5
represents the biomass flow pattern between biosmsgse sites and facilities. Figure 6 illustrates

biomass flow pattern between facilities and plants.

Table 11.Tactical level decisions

Figure 5. Biomass flow pattern between biomass source sité$ailities

Figure 6. Biomass flow pattern between facilities and plants

4.2.5. Scenario 2

In the second scenario, it is assumed that less80% of biomethane produced in the AD plants is
converted into energy. To explore the impact ofttieenethane to energy conversion rate in AD plants
on the supply chain performance indicators andigordtion design, we analyzed the results obtained
by using four different conversion percentages, 6@%0 20% and 0%. The resulting objective
function values and configuration results are reggbn Appendix C along with the results of theibas
scenario (conversion percentage is 80%). Figures B and c illustrate the change of objective

function values with conversion percentage.

Figure 7a.Change of profit with biomethane conversion petage

Figure 7b. Change of total investment cost with biomethanevecsion percentage
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Figure 7c.Change of GHG; emissions with-biomethane conversenentage

It can be observed from Appendix C and Figure T tita total supply chain profit decreases with
the decrease in the biomethane to energy convepgorentage in AD plants. The profit decreases
dramatically with the reduction in the conversi@rigentage from 80% to 60%, by 13.6%. Decreasing
the percentage from 60% to 40% and from 40% to 2@8ke the profit value reduce by 10.7% and
12.5%. However, profit decreases slightly (by 2.5%hen the conversion percentage changes from
20% to 0. The smallest profit is obtained in casAD plants are only operated for biomethane
production, in other words electricity and heatduction is realized in only G plants

The table in Appendix C points out that, the hightesal capital investment cost is obtained by
converting 80% of biomethane into energy. The itmesit cost decreases dramatically with the
change in the conversion percentage from 80% to, 8394.1.6%, in parallel with the decrease in the
total number of bioenergy plants. As seen from gaiblless than 80% of biomethane produced in AD
plants is converted into energy, the number of ABns decrease in the supply chain. The model
constructs six bioenergy plants (2 AD and 4 G)ha first scenario (80% conversion percentage)
around the region whereas it builds five plant®\[L and 4 G) in all the other scenarios (conversion
percentage lower than 80%). Further decrease®indhversion percentage make the investment cost
decrease more slightly as can be observed fronré-igfin).

The table also reports that the lowest amount oG@&rhissions is obtained by converting 80% of
biomethane into energy and it rises when the caimerpercentage is changed to 60%. In this case,
GHG emissions increase by 13.2%. Further decreasasnversion percentage effect the amount of
GHG emissions to minor extent as observed fromreiggc).

The results suggest that if the profitability amdiee level of GHG emissions of the supply chain
is the most important performance indicator for thexision maker, the first scenario should be
considered where the 80% of the produced biometisacenverted into energy and the remaining part
is used to meet the biomethane demand. Howeveanitbe concluded that the case of utilizing AD
plants for only biomethane production without anyemy conversion process (0% conversion
percentage) offers the minimum total investment eoth relatively lower profit and higher amount
of GHG emissions in comparison with the first seemdt can also be concluded that changing the
conversion percentage from 80% to 60% effects timaler, technology and location decisions for
both bioenergy plants and facilities remarkablyci#ange in the conversion rate from 60% to 40%
effects only location decisions whereas furthemges below 40% have an insignificant effect on the
configuration of the supply chain. The only diffece is model does not construct CHP plant in

Coventry since there is no need to convert bionmethiato energy in AD plant at that location.

4.2.6. Economic analyses

Revenue and cost analyses
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In this section, an economic sensitivity analysipriesented focusing on the main revenue and cost
elements considered by the proposed supply chaigrdenethodology. Table 12 reports the monthly
revenues and costs of the entire supply chain nktdesigned by the proposed model according to
different biomethane to energy conversion rateflelfd2 also shows the proportion of individual
revenue and cost components to total revenue aatl dost, respectively. Each row of the table

corresponds to a different configuration alterrgtivhich are reported in Table 12.

Table 12.Revenue and cost components and their proportiottgal revenue and total cost

The results reveal that both the total revenue tmtdl cost decrease with the decrease in
biomethane to energy conversion rate in AD plants wce versa. The results also denote that, the
changes in the proportions of the revenue andamsponents to the total revenue and total cost are
more significant in case of the conversion peramtis changed from 80% to 60% (from the first
scenario to the second) than the changes in th@opions in the remaining conversion percentage
change cases (among the conversion percentagesyalseenario 2).

Revenue from electricity sales receives the biggstre of total income for all conversion
percentages. It is followed by revenue from hedessafertilizer sales and biomethane sales,
respectively. The percentage of electricity sate®tal revenue is almost the same for all conversi
percentages (62-63%), whereas the proportion df $eas in the total revenue increases slightly in
parallel with decrease in biomethane to energy emion percentage. Revenue from biomethane sales
is constant for all conversion levels in the secendnario (the conversion percentage values lower
than or equal to 60%). As mentioned in the previgestion, in the optimized supply chain
configuration there are two AD plants for the fissenario (80% conversion percentage), whereas the
model constructs one AD plant in the region forcalhversion levels in the second scenario. Although
the percentage of biomethane that is not convéntedenergy increases, as a result of the deciaase
the number of AD plants, total biomethane producamd sales decrease in the second scenario. In
this case, AD plant produce biomethane to only nieetdemand, which means there is no excess
biomethane production. In addition, for higher eswf conversion percentage, revenue from fertilize
sales are much higher than revenue from biometbales, however the difference is made up for
lower conversion rates.

As a total cost component, share of operationat obdioenergy plants and facilities in total
monthly cost is significantly higher compared te tither cost components. Transportation cost is the
second biggest cost component contributing todted tost and followed by biomass purchasing cost
and auxiliary material (water) cost. According be tesults, for conversion percentages lower tman o
equal to 40%, biomass purchasing cost and auxili@ierial cost is equal 0. In other words, in these
configuration alternatives there is no need to lpase energy crop to convert into biomethane in AD
plants, hence there is no cost of biomass sinogiircase study it is assumed that only energy isrop

purchased, other (waste) types of biomass are isdpjpke of charge. The results also reveal timat, i
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parallel with not using energy crop which has atre¢ly higher level of solid content than wastpey
biomass, for biomethane to energy conversion pé&gen lower than or equal to 40% there is no need
to add water in the digester to adjust the tothdl sontent. Appendix D illustrates the componeuits

the total revenue and total cost according to diffebiomethane to energy conversion percentages.

5. Conclusions

This study focused on developing an optimizatiothmdology to enhance the design and planning of
multi waste biomass based supply chains to produogkiple types of bio-products via multiple
technology types in the same supply chain integgatnathematical modelling and fuzzy multi
objective decision making. The developed model aots the supply chain identifying the optimum
configuration and selecting the most appropriatemiss pre-processing and energy production
technologies considering economic and environmeolgéctives. To explore the viability of the
proposed model, a comprehensive case study wasped in the West Midlands region, UK.

The research investigated the impact of the p&xgenof biofuel to energy conversion by AD
process on the profitability, total investment castt GHG emissions. Also, a thorough revenue and
cost analysis was performed to reveal the majorpoorants that impact the profitability. The major
contribution of this study lies in the developedtheglology, which can be generalized covering
multiple types of waste biomass, biomass to eneagywersion technologies, biomass pre-processing
facilities and bio-products. Also the developed meblogy optimizes the supply chain considering
both sustainability and uncertainty aspects instmae optimization framework in the design phase. To
this aim, the methodology simultaneously minimi#es total capital investment cost, maximizes the
profitability of the supply chain and minimizes tharmful environmental impacts in terms of GHG
emissions in an uncertain decision environment.

In our case study, a regional level design andnitenproblem is handled to guide overall targets
on bio-product production scale for emerging wésteed supply chains considering product demands
and biomass supply limitations in the given regidiowever, the model can be readily extended to
include additional, case-specific parameters amgstcaints required by the problem. Future research
may apply the proposed methodology to differenesasith additional, case-specific constraints and
parameters. Furthermore, this research can beefugkiended to include a multi criteria decision

making methodology so as to determine the relatwights of the objectives.
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Appendix A. Summary of the literature review

Reference Model | Description of the study Limitations
type
Zhang and MINLP | Determines the optimal fast pyrolysis biorefinenypgly chain| Only cost consideration,
Wright (2014) structure with optimal plant sizes, locations, bém® supply| Focuses only on biofuel production by single tedbay,
facility selection and product distributions for amtegrated fast No uncertainty consideration by the model,
pyrolysis biorefinery.
Marvin et al.| MILP | Determines facility location, capacity and heology selection fO{ Only cost consideration,
(2012) biomass to biofuel supply chains as a network abmiaiss| Focuses only on biofuel production,
producers, conversion facilities, and markets. No uncertainty consideration by the model,
Walther et al| MILP | Proposes a multi-period MIP-model for integeht location,| Only cost consideration,
(2012) capacity and technology planning for the designpafduction| No uncertainty consideration by the model.
networks for second generation synthetic bio-diesel
Lee et al|NLP Synthesis of integrated pulp and paper bioegfgs with maximum Only profit consideration, Focuses only on biofpebduction by,
(2014) resource conservation considering the wastewatssratgeneratedsingle technology,
from system as a potential biomass. No uncertainty consideration by the model,
Lin et al.| MILP | Developes a model to optimize biofuel supphainis includes a Only cost consideration, Focuses only on bioethanmdiuction by
(2014) farm management module, a logistics planning mqdaulécility | single technology,
allocation module and an ethanol distribution medul No uncertainty consideration by the model,
Xie et al.| MILP | Plans a bioethanol supply chain consideringsseal yields of Only cost consideration,
(2014) feedstock and demands. Locations and capacitietmmmsshipment Focuses only on cellulosic biofuel production,
hubs, refineries and terminals are determined byntiodel along No uncertainty consideration by the model.
with seasonal feedstock/biofuel storage and shiper@ounts.
Roni et al.| MILP | Evaluates the feasibility of using biomass ¢orfire for coal based Only cost consideration,
(2014) power generation and developing a hub and spokplysghain| Focuses only on biomass co-firing in coal-fired powplants
network to optimize the biomass delivery costs. (single technology),
No uncertainty consideration by the model.
De Meyer et MILP | Develops a mathematical model, namely OPTIMABSptimise| No uncertainty consideration by the model.
al. (2015) strategic and tactical decisions in biomass-basgiplg chains.
OPTIMASS evaluates changes in biomass characosristiie to
handling operations. They performed scenario aisatgsillustrate
the impacts of different conditions on an existagply chain.
Marufuzzaman MILP | Developed an optimization model to aid designdl management gf Focuses only on biomass to syngas supply chairsomié type of
et al. (2016) a logistics network for syngas production. The niégdientifies the | product, biomass and technology
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optimal size and location of chipping terminals &nubasification
facilities along with syngas production and trantgton decisions

Bai et al. Game | Designs a biofuel supply chain using a Stackelbdagh game Only profit consideration
(2016) theory, | model with a direct land-use constraint to captarsmland, food, | No uncertainty consideration by the model.
MIP and fuel market equilibrium. The effect of govermineegulations
on farmland use is also considered to balance dnoldenergy
production in a competitive biofuel supply chairsige framework.
Woo et al. MILP | Presented an optimization model for design eperation of a Focuses only on biomass to hydrogen supply chaitisoame type
(2016) renewable hydrogen system considering various tgpb®mass. | of product and technology
The model aids capital investment and energy implarining Only investment and operating cost consideration
decisions.
Andersen et all MILP | Design and plan biodiesel supply chain repnéag all components Only net present value consideration,
(2012) of the supply chain such as crop fields, storagesjuction plants Focuses only on biodiesel production,
and distribution centers. No uncertainty consideration by the model.
Zhang and Hy MILP | Determines facility number, location, capacitgnd biofuel| Only cost consideration,
(2013) production decisions at operational level such aemass| Focuses only on cellulosic biomass to ethanol sugphins (single
collection, fuel production, fuel distribution armdomass/biofuel technology),
inventory control and allocation for a biofuel slypphain design. | No uncertainty consideration by the model.
Chen and Fanp MISP Supports strategic planning of bioenergy sygpkins and optimal Only cost consideration,
(2012) feedstock allocation in considering potential fetwsupply and Focuses only on cellulosic bioethanol supply cha(sigle
demand uncertainties technology).
Delivand, M. | LP and| Finds the optimal facility locations and scales fbe bioenergy Focuses only on biomass to electricity conversign single
K., etal. MCA production from straw alone or integrated straw pnghing. The| technology,
(2015) study consists of land availability and suitabilapalysis that an No uncertainty consideration.
AHP-GIS approach is used to detect a number of cpiate
locations, location allocation analysis that optirpkant locations
were found for each scenario by minimizing theltonsportation
distance and logistics costs analysis and the sporeding life-
cycle GHG emissions were estimated for each selebiemass
plant.
Aviso et al. FLP Extends Tan, R. R., et al. (2009) to the caseaulti-region systems Only environmental (water footprint) consideration,
(2011) that takes into account trade effects. No location decision
Lam et al. MILP | ExtendsCugek, L., et al. (2010) by applying P-graph method |fdlo uncertainty consideration
(2013) design and modelling of open-structure biomass ymrtioh supply
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networks. The model deals with the optimum selectiof
technologies, plants location, and the annual amofirbiomass
product considering the objective functions relatetd
environmental impact, cost functions.

Giarola,
Zamboni, &
Bezzo (2011)

MILP

Optimizes the environmental and financial pemiances of cort
grain and stover based bioethanol supply chainsilEmeously.
Biomass type selection and supplier allocation, dpotion
technology, site selection, capacity assignment prmbluction
planning for bioethanol facilities, logistic diditition and
transportation mode selection issues are taken &atoount
simultaneously.

1 Focuses only on bioethanol supply chains,
No uncertainty consideration.

Sharifzadeh et
al. (2015)

MILP

Develops a model to determine the optimal $yippain design and
operation under uncertainty. They studied the pardmce and
commercial benefits of fast pyrolysis technologhey investigated
both deterministic and uncertain scenarios.

| Focuses only on biomass pyrolysis supply chaink oiite type of
biomass and product
Only cost consideration

Giarola et al.
(2012)

MILP

Extends Giarola, Zamboni, & Bezzo (2011) tcside bioethano
supply chains optimising the environmental and rfaial
performances simultaneously by considering a widg of
alternative production technologies and specificoggaphical
features. Production technologies are assesseddautgdo their
economic and environmental performances.

Focuses only on bioethanol supply chains,
No uncertainty consideration .

Giarola, Shah
and Bezzo
(2012)

MILP

Extends Giarola, Zamboni, & Bezzo (2011) todebs the long
term strategic design and planning of feasible andtainable
multi-echelon bioethanol supply chains by a aimiag the
maximisation of the financial performance and commg with
environmental sustainability criteria incorporatiagarbon trading
scheme.

- Focuses only on bioethanol supply chains,
No uncertainty consideration.

)

Bernardi et al.
(2013)

MILP

Optimizes three conflicting objectives (ecorionimpact on global
warming, and impact on water resources) based @rfrdmework
developed in Giarola et al. (2011), showing how shpply chain
design may be affected by the prioritization of ttdferent
objectives and extending the model by adding dfie
transportation options.

Focuses only on bioethanol supply chains,
No uncertainty consideration

You and Wand

(2011)

MILP

Addresses the optimal design and planningiofiass-to-liquids

Focuses only on biomass to liquids supply chains,

supply chains under economic and environmentadrait

No uncertainty consideration.
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represented by total annualized cost and life cygeéenhouse gas
emissions. They proposed a model that takes irtoust diverse
conversion pathways and technologies, feedstodosatity,
geographical diversity, biomass degradation, itfuature
compatibility, demand distribution, and governmiacentives.

Santibanez- | MILP | Develops a model that simultaneously consideesprofit Focuses only on biofuel supply chains,
Aguilar et al. maximization and the minimization of the environriaurdens | No location and capacity decision,
(2011) for synthesis and planning of biorefineries, byedetining optimal | No uncertainty consideration
feedstock, processing technology and product coatioins. The
model is applied for planning the production ofieréfinery in
Mexico considering 21 bioresources, 3 productsidhdifferent
processing routes.
Li and Hu MISP Proposed a two stage stochastic supply chesilgd model for Focuses only on advanced biofuel production suppbins with
(2014) advanced biofuel production focusing on bio-oilifieation under | one type of biomass and product

uncertainty. They provided insights on the capitaéstment and
logistics decisions.

Only profit consideration
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Appendix B. The sub problems and corresponding obgive function values

Best scenario for monthly profit

GHG

Emissions
Profit Investment (kg CO,
(€/Month)  Cost (€) eqg/Month)

Lower bound of variable cost parameters, upper daimevenue

SP 1 parameters
Max. Profit 1,104,864 109,080,800 3,922,566
Min. Total Investment Cost 77,338 23,770,500 9276
Min. GHG Emissions -651,204 192,122,000 2542
Expected scenario for monthly profit
SP 2 Base values of variable cost and revenue parameters
Max. Profit 476,332 108,727,3003,922,002
Min. Total Investment Cost -135,999 23,770,500 9276
Min. GHG Emissions -945,532 192,122,000 2542
Worst scenario for monthly profit
Upper bound of variable cost parameters, Lower bainevenue
SP 3 parameters
Max. Profit -123,020 107,480,250368,6575
Min. Total Investment Cost -349,336 23,770,500 9276
Min. GHG Emissions -1,239,861 192,122,000 2542
Best scenario for total investment cost
SP 4 Lower bound of investment cost parameters
Max. Profit 476,332 97,854,570 3,922,002
Min. Total Investment Cost -149,977 21,393,450 2542
Min. GHG Emissions -945,532 172,909,800 2542
Expected scenario for total investment cost
SP 5 Base values of investment cost parameters
Max. Profit 476,332 108727300 3,922,002
Min. Total Investment Cost -135,999 23,770,500 9276
Min. GHG Emissions -945,532 192,122,000 2542
Worst scenario for total investment cost
SP 6 Upper bound of investment cost parameters
Max. Profit 476,332 119,600,0303,922,002
Min. Total Investment Cost -94,253 26,147,550 12993
Min. GHG Emissions -945,532 211,334,200 2542
Best scenario for GHG emissions
SP 7 Lower bound of emission parameters
Max. Profit 476,332 108,727,3003,529,801
Min. Total Investment Cost -135,999 23,770,500 8348
Min. GHG Emissions -945,6532 192,122,000 2287
Expected scenario for GHG emissions
SP 8 Base values of emission parameters
Max. Profit 476,332 108,727,3003,922,002
Min. Total Investment Cost -135,999 23,770,500 9276
Min. GHG Emissions -945,532 192,122,000 2542
Worst scenario for GHG emissions
SP 9 Upper bound of emission parameters

Max. Profit
Min. Total Investment Cost
Min. GHG Emissions

476,332 108,727,3004,314,202
-135,999 23,770,500 10,203
-945,532 192,122,000 2796
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Appendix C. Results of the scenario analyses

Conversion Profit Investment  GHG Emissions  Locations, Technologies and Capacities  Locations, Types and Capacities of

percentage (€/Month) Cost (€) (kg CO; eg/Month) of Bioenergy Plants Facilities

80% 341,197 90,331,000 2,773,974 Location Technology _ Capacity  Location Technology _ Capacity
Birmingham G, CHP 1,3 Birmingha PT 3
Coventry AD, CHP 1,2 Coventry CO 1
Dudley G, CHP 1,3 B4l CO 1
Sandwell G, CHP 1,3
Walsall AD, CHP 1,3
Wolverhampton G, CHP 1,2

60% 294,620 79,796,550 3,140,180 Location Technology _ Capacity Location Technology _ Capacity
Birmingham G, CHP 1,3 Birmingha PT 3
Solihull AD, CHP 1,2  Solihull CO 1
Dudley G, CHP 1,3 B4l PT 1
Sandwell G, CHP 1,3
Walsall G, CHP 1,3

40% 263,041 79,304,500 3,135,579 Location Technology ~ Capacity  Location Technology _ Capacity
Birmingham G, CHP 1,3 Birmingha PT 3
Solihull G, CHP 1,3 Solihull PT 1
Coventry AD, CHP 1,1 Coventr (6{0) 1
Sandwell G, CHP 1,3
Walsall G, CHP 1,3

20% 230,116 79,304,050 3,135,314 Location Technology _ Capacity  Location Technology _ Capacity
Birmingham G, CHP 1,3 Birmingha PT 3
Solihul G, CHP 1,3 Solihull PT 1
Coventry AD, CHP 1,1 Coventr (6{0) 1
Sandwell G, CHP 1,3
Walsall G, CHP 1,3

0% 224,346 78,330,050 3,135,155 Location meldgy _Capacity Location Technology _ Capacity
Birmingham G, CHP 1,3 Birmingha PT 3
Solihull G, CHP 1,3  Solihull PT 1
Coventry AD 1 Cowsn Cco 1
Sandwell G, CHP 1,3
Walsall G, CHP 1,3
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Appendix D. Revenue and cost components according tbiomethane to energy conversion
percentages

Conversion percentage 80% (Revenues) Conversion percentage 80% (Costs)
E 2,000,000 E 2,000,000
1,600,000 E
= 1200000 é 1,500,000
s iggggg . © 1,000,000
§ "0 i . — = % 200,000
§ Revenue Revenue Revenue Rewvenue Q 0 rotal IT t_l o T ot T o '
from from heat from from ota olal Diomass 013 uxiiary
electricity sdles biomethane biofertilizer tranzportation  purchasing operational  material cost
sales sales zalez cost cost cost
Revenue components Cost components
Conversion percentage 60% (Revenues) Conversion percentage 60% (Costs)
£ -
5 s g oo
< 1:200:000 E 1,500,000
= 500,000 « 1,000,000
2 400,000 -
§ 0 T - T . , ‘E 500,000
& Revenue  Revenue  Revenue  Rewvenue 8 0
from from heat from from Total Total biemass Total Auxiliary
glectricity zales biomethane biofertilizer transportation  purchasing operational  material cost
sales sales sdles cost cost cost
Revenue components Cost components
Conversion percentage 40% (Revenues) Conversion percentage 40% (Costs)
2 -
g %gggggg S 2,000,000
= 1%88:883 E 1,500,000
g 00000 - » 1,000,000
§ 0 T T T ] ‘E 500,000
g Revenue  Revenue  Revenue  Revenue 8 I
from from heat from from Total Total biomass Total Auxiliary
electricity sales  biomethane biofertilizer transportation  purchasing  operational  material cost
sdles sdles sdles cost cost cost
Revenue components Cost components
Conversion percentage 20% (Revenues) Conversion percentage 20% (Costs)
] -
E 2000000 =
g 1600000 £ 2,000,000
= 1%38888 é 1,500,000
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Table 1. Notations used in the model

Indices

i Biomass source sites

i Candidate locations for facilities

k Candidate locations for energy plants

I Demand nodes

b Biomass types

u Product types

f Byproduct types

n Energy type

p Biomass capacity levels for energy plants
e Biomass capacity levels for facilities

q Electrical energy production capacity levels ¢iFZunits
t Energy conversion technology

C Facility type

Decision Variables
1. Binary variables

k 1 if an energy plant of capacity p and technologi tocated at k, O
t otherwise
BeJc 1 if a facility of capacity e and type c is locatgd, O otherwise
CHFak 1 if a CHP of capacity q is located in an energgmlat k, O otherwise
2.Nonnegative variables
S(i:j S}E Amount of biomass b shipped from; biomass soutee $o facility j with
b’ type c, facility j to energy plant k with technojdg(ton)
SP Amount of product u produced in energy plant k waithnology t to meet
t demand of node |
SBI[-T‘" Amount of byproduct f distributed from energy pliantith technology t to
demand node | (ton)
Sl__—;:l Amount of energy n produced in plant k with tedbgyw t to meet demand
of node | (kwh)
PR; Amount of product u produced at energy plant kwéthnology t (f)
Bl:t’,ck Amount of byproduct f produced at energy planttk technology 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
Dl'J, D'f , D'n Amount of demand; of product u, byproduct f andgne at demand node | {n

BS','J Amount of available biomass b at biomass souresi sfton)

2. Capacities

C Biomass capacity of; energy plant of capacity lqvelith technology t, facility of capacity
pt:~ec  |evel e with type ¢

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

3. Costs and prices

| 1 _ICHP Unit investment cost of;, energy plant of capaciyel p with technology t,
pt'" ec q

facility of capacity level e with type ¢ (€/ton}E of capacity level q (€/kWh)
Unit variable operational cost of; energy plant chpacity level p with
VO, . VQ, VOCHP tez:g/rll\o/\lloh%]y t, facility of capacity level e with ¢éyp (€/ton), CHP of capacity level
q




FO,. FO,. FOCHP

Unit fixed operational cost of; energy plant of eafy level p with technology t,
facility of capacity level e with type c (€/ton-niorp CHP of capacity level g
(€/kW-month)

P .PW Unit cost of biomass b, auxiliary material  (&€1fjo

PP P Unit price of; product u (€/f, byproduct f (€/ton), energy n produced by
ut* © ft Tnt technology t (€/kWh)

TV, ¢ Unit fixed transportation cost of shipping biomasdyproduct f (€/ton)

TR, Unit variable transportation cost of shipping biogseb, byproduct f (€/ton-km)

4. Distances

di gk g Distances from; biomass source site i to faciljitygcility j to plant k , plant k to

demand node | (km)

5. Conversion rates

Conversion rate of biomass b; to product u by plkachnology t (iiton), to byproduct f by

"out Tor plant technology t (%)

d,. Conversion rate of raw biomass b into treated bissna facility with type c (%)

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

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

yt'fm Percentage of product u to be converted to enengyptant k with technology t (%)

6. Carbon Emissions

O GHG emissions associated with energy productiopléagt with technology tkg CO, eq/kWh)
Oc GHG emissions associated with treatment by faaiiti technology ckig CO, eg/ton)

oty ¢ GHG emissions associated with biomass b, byprdduahsportation kg CO, eg/ ton-km)

g GHG emissions associated with transportation médeCO, eq/ km)

7. Other parameters

DF
CT

Discounting factor
Capacity of transportation vehicle (ton)
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Table 2. The payoff table
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Table 3. The numbers of addresses in the area considered in each 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 4. 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 (t/month)  plants(t/month)  of cogeneration  facilities (t/month) capacity of
(ukwin.org.uk) (wrap.org.uk) unit (kWe) (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 5. Dataon GHG emissions

Source of GHG emissions GHG emissions (kg CO, Eq/ kwWh) Reference
Conversion
Biogas to energy 3.67x10™ (kg CO, Eq/ kWh) DEFRA Carbon Conversion
Factors Dataset (2015)
Syngas to energy 0.18445 (kg CO, Eg/ kWh) DEFRA Carbon Conversion
Factors Dataset (2015)
Pre-treatment

Pelletizing 1.47x10™ (kg CO, Eq/ ton)

Cucek et al. (2010)




Table 6. Renewable energy support and incentive schemesin UK (Ang et al., 2016)

Year Name Brief description
started of policy
2002 Renewables  The RO incentivises large-scale renewable electricity generation by requiring
Obligation electricity suppliers to source a specified proportion of the electricity they
(RO) provide from renewable sources. In exchange for purchasing renewable
electricity, suppliers receive Renewables Obligation Certificates (ROCs).
(DECC,2015q)
Reference for incentive values
http://www.epowerauctions.co.uk/erocrecord.htm
2010 Feed-in FiTs incentivises small-scale low carbon electricity generation by requiring
Tariffs energy suppliers to make payments to households and businesses with certified
(FiTs) installations (DECC, 2015b).
Reference for incentive values
https://www.of gem.gov.uk/system/files/docs/2016/04/01_april 2016 tariff tab
le.pdf
2011 Renewable The RHI provides a tariff to businesses, the public sector and non-profit
Heat organisations for the installation of renewable heat technologies. Eligible
Incentive technologies include solid biomass, ground-source or water-source heat pumps,
(RHI) deep geothermal, solar thermal collectors, biomethane injection and biogas

combustion (DECC, 2015c).

Reference for incentive values

https://www.of gem.gov.uk/environmental -programmes/non-domestic-
renewabl e-heat-incentive-rhi/tariffs-apply-non-domestic-rhi-great-britain




Table 7. Current energy prices in UK

Anaerobic Digestion Gadification

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 - - - -
RHI (€/kWh) - 0.026 0.0677 - 0.026
ROC (€/kwh) - - - 0.0957 -
Total (€/kWh) 0.2196 0.066 0.0993 0.1527 0.066




Table 8 Unit investment costs per installed capacity depending on capacity levels

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

Level of G plants (€/ton) of AD plants (€/ton) cost of CHP PT facilities(€/ton)
(DECC, 2012) (DECC, 2012) (E/lkWe) (Rentizelas et al.,
(DECC, 2012) 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
costs of G plants costs of AD plants (E/kWh)
(€/ton) (DECC, 2012) (€/ton) (DECC, 2012) operational costs of
CHP
(DECC, 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 9.Unit costs and GHG emissions for transportation

Fixed Cost (€/ton)

Variable Cost

GHG emissions

(€/ton-km) (kg CO,eq/ ton-km)
Cattle Manure 4.68 0.043 5.3x10°
(liquid) Parker et al. (2007) Parker et al. (2007) Cucek et al. (2010)
Broiler Hen Manure 4.43 0.048 5.3x10°
(Solid) Parker et a. (2007) Parker et a. (2007) Cucek et a. (2010)
Layer Hen Manure 4.68 0.043 5.3x10°
(Liquid) Parker et al. (2007) Parker et al. (2007) Cucek et al. (2010)
Waste Wood 6.17 Perez-\?égi Neta 5.3x10®
(Logging residues)  Perez-Verdin et a. (2007) (2007) ' Cucek et al. (2010)
32 0.053 2 4%107
Wood pellet Sokhansanj and Fenton Sokhansanj and :
(2006) Fenton (2006) Saeek ewgl. (2010)
5.02 0.24 1.1x10°
Maize (Loose) Kumar and Sokhansanj Kumar and '
(2007) Sokhansanj (2007) Cucek et al. (2010)
4.68 0.043 5.3x10°

Fertilizer (liquid)

Parker et al. (2007)

Parker et al. (2007)

Cucek et a. (2010)




Table 10.Results of the model by “Fuzzy and” operator

W Wrotal W?HG Soll\lu;mn v Profit Investment (kG%% Eémlsl\jilc?r?t?\)
Profit Investment Emissions . (€/Month) Cost (€) g 2 €Q
Cost
ws, 1 1 344,284 91,888,550 2,970,575
0.75 0.15 0.1 2 0.8 344,368 91,888,550 2,970,245
3 0.6 344,368 91,888,550 2,970,245
4 0.4 341,214 91,948,550 2,982,557
5 0.2 382,263 91,888,550 3,138,064
6 0 476,332 108,727,300 3,922,002
Average 372,138 94,705,008 3,158,948
ws, 1 344,284 91,888,550 2,970,575
0.5 0.3 0.2 8 0.8 344,284 91,888,550 2,970,575
9 0.6 341,197 90,331,000 2,773,974
10 0.4 341,197 90,331,000 2,773,974
11 0.2 300,421 98,418,000 2,774,743
12 0 17,241 23,890,500 7712
Average 281,437 81,124,600 2,378,592
WS, 13 1 344,284 91,888,550 2,970,575
0.25 0.45 0.3 14 0.8 341,197 90,331,000 2,773,974
15 0.6 341,197 90,331,000 2,773,974
16 0.4 65,590 48,539,750 804,322
17 0.2 17,241 23,890,500 7712
18 0 15,693 23,950,500 2648
Average 187,534 61,488,550 1,555,534
WS, 19 1 344,284 91,888,550 2,970,575
0.1 0.3 0.6 20 0.8 341,197 90,331,000 2,773,974
21 0.6 17,467 23,890,500 2644
22 0.4 17,467 23,890,500 2644
23 0.2 13,776 23,890,500 2644
24 0 15,693 23,950,500 2648
Average 124,981 46,306,925 959,188




Table 11. Tactical level decisions

Plant L ocation Electricity Heat Biofuel Production Byproduct
production production (m*month) (biofertilizer)
(kwWh/Month) (kWh/Month) production

(ton/month)

1. Birmingham - G 1,845,727 2,400,000 1,026,43(hdfag -

3. Coventry - AD 1,286,635 1,673,012 482,971- Bitmaae 5397

4. Dudley - G 1,845,727 2,400,000 1,026,430- Syngas -

5. Sandwell - G 1,845,727 2,400,000 1,026,430- 8yng -

6. Walsall - AD 1,845,727 2,400,000 692,840 - Bitimame 4590

7. Wolverhampton - G 988,125 1,284,860 549,50898gn -

Facility L ocation Collection/Pre-treatment Amount (ton/month)

1. Birmingham - PT 4500 — Waste wood
5949 — Cattle Manure

3. Coventry - CO 49.52 — Broiler Manure

2252 — Cattle Manure

6. Walsall - CO 3417 - Maize




Table 12. Revenue and cost components and their proportionsin total revenue and total cost

Conversion Revenue from Revenue from Revenue from Revenuefrom Total
per centage electricity sales heat sales biomethanesales  biofertilizer Revenue
sales

80% 1,684,281 - 63.8% 828,819 -31.4% 23,351- 9% 99,883-3.8% 2,636,334
60% 1,375,353 - 63.1%  730,511-335% 22,449 - 1% 52,213-2.4% 2,180,526
40% 1,237,584 - 62.5% 676,671-34.2% 22,449 - 1.13% 42,030-2.1% 1,978,734
20% 1,168,700 - 62.4% 649,751 -34.7% 22,449 - 1.19% 31,432-1.6% 1,872,332
0% 1,127,370- 62.3% 633,600 - 35% 22,449 - 1.25% 25,074-1.4% 1,808,493
Conversion Total Total biomass Total operational Auxiliary Total

per centage transportation purchasing cost cost material cost  monthly

cost cost

80% 172,081 - 7.5% 170,861 - 7.4% 1,946,742 - 85% 5452 - 0.2% 2,295,136
60% 117,133 - 6.2% 58,727 - 3.1% 1,708,404 - 90% 1641-0.08% 1,885,905
40% 97,636 - 5.7% 0 1,618,058-94.3% O 1,715,694
20% 85,474 - 5.2% 0 1,556,743-94.7% O 1,642,217
0% 78,192 - 4.9% 0 1,505,954 - 95% 0 1,584,146




1. Formulate the linear programming problem (see 8e@il)

2. Solve the linear programming problem as a singjeative problem considering each
time only one objective

3. Obtain efficient extreme solutions

4. Find upper and lower bounds;

Uy = (Z,,)™ = mgx(zpm) p=1.2,...M
l=Zn ymin = mn(Z,,) p=12,..,M
p

Z)™ < Z S (Z )™

5. Identify the membership function of each fuzzy ehijee and fuzzy constraint;

If the objective is minimization

1 v Za) <],
Then y, w=1 =8 <7 we<u,
" IJm'lm
0 v Za(X)>uy
1  Z,00>y,
Z. (-1
Else tz, (X)= k—lk D < Zil(¥) s Uy
kK
0 D ()<l

End If

6. Transform the fuzzy model into a linear model usifugzy and” operator;

Maximize 7+ [(L-7)(Widy + Wy + ..+ W, i)
Subject to  p, = A+,

m2At A,
2,y0[0]]
and other system constraints

Solve the model developed in Step 6
Find the optimal solution

© N

Figure 1. Solution methodology
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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, CHP units, pre-treatment facilities and collection centers
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Figure 5. Biomass flow pattern between biomass source sites and facilities
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Figure 6. Biomass flow pattern between facilities and plants
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Figure 7a. Change of profit with biomethane conversion percentage
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Figure 7b. Change of total investment cost with biomethane conversion percentage
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Figure 7c. Change of GHG emissions with biomethane conversion percentage



Highlights:

o~ w DN PP

A methodology is developed to design multiple technology bioenergy supply chains.
The aim isto configure the supply chain and select the optimum technol ogy.

The methodology captures sustainability aspects and uncertain parameters.

The methodol ogy integrates mathematical modelling and fuzzy decision making.
The methodology is applied to a case study of West Midlands Region in the UK.



