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ABSTRACT

The suitable locatiorf tacilities is a key factor in acmgwefficient supply systems both in

the public and in the private sectors. Nowadays, most public gmofitdsodies offering

essential services (such as healthcare or environmental marfagditres) are sufiag

from severe funding limitationgdebudget cuts. In handling this scenario, the demsikers

must take any possible action to ensure facility networks can keep operating and providing a
minimum required service level, evemgh, due to financiedasons, some facilities might

be dowsized (and their operating hours reduced) or, in extreme cases, closed down. Any
reduction that is made might limit the service level, hence increasing the congestion level of
the system. For esgial services, thienans an i ncr e asimesifonserdee ma n d &
availability; as such, users could consider moving to another available facility or, at a certain

point, leave the system.

This study aims to develop a mathematical model fgangsing the operat®rof
existing facility networks whiehcounter budget reductions issues. Due to reorganisational
actions, the network size might be reduced. Hence, this study is also concerned with the effect
of the reorganisation, i.e. the corigesproblems which migtlerive from the changes
imposed ontahe network. Limited studies were found in the area of reorganisation of
facilitiesd® operations, especially in a sc
considered congestion plem as part of reorgaation effect. Hence, this study josgd a
dynamic mathematical model using a 4period logic as the main approach to solve the
reorganisation problem. The proposed model was adapted and used to solvedvid real
case studidsom the City of Sha#ld (UK): the first one concernedhntite rationalisation
of Household Waste Recycling Centres (HWRC); the second one devoted to the organisation
of General Practitione(&P) Facilities. Both types of facilities are currentlyndealth

budget limitabns issues.

The contribution of thishesis is twofold. First of all, the effect of reorganisational
actions on the networks was also considered and integrated, through explicit consideration of
congestin issues by means of a novel rpaitiod model wibh was proposed in order to
solve faility networks reorganisation problems. As such, this work provides an enrichment of
the literature related to reorganisation problems of existing facility netwohksptuimany
authors have explored. Secondly, sumttel was applied to two readrld @ses faced by
local authorities and other planning bodies; through these implementations, the study also

contributed to practical problesulving issues.
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CHAPTER 1: INTRODUCTION

Facility location a@#dons are among the essential tasks faced by both private Isuaimesse
public service providefglurrayet al.2010) Selection of an optahlocation for a facility can
improve service performance and minimise risk. However, perforesddgtiisios is not

an easy tagBhatnagar & Sohal, 200&ls0 considering thé&ngterm and strategimpact,

and the difficulty in revising them omo@lemented. Thiefore, it is importartb examine a

set of related issues prior to the locgtlanning decision. For example, setup costs, traffic
network condition, covering ability, and facility capacity are some of the elements that must
be considered before chogsam appropriafacilitylocation. Also, there are several elements

that must b monitored after the dsin, for example, potential changelemandgatterns

demand accessibiligndservice performance. Managing and planning facility ogamation

not an easy task, espkgiawhendealing withight budget constraints. Even ki limited
budgetanydecisions must ensure that the system is effectively operated and at the same time
ensure a decent level of user satisfg@aumik2010)

As time evolves, populations, environmeetsan@ needsand trends might change.
Someexisting facilities may no longer be able to provide an adequatéSsamieg & Lim,
2012) it is worth to mention that, nowadays, given the current climate of aunsbstity,
existingservicegespeciallthose linked to neprdfit andpublicowned facilieg in Western
courtriesare suffering from budget restriction isBamoet al, 2016)Restritions can have
different impacts, which depend on the specific service provided by thé Fecifitpact of
budget restrictionsspeciallyof facilities providing essential sesv/{sach asducational
establishments, environmental services, healtipedolic toilets, libraries, or recreation
centresmight besevergBruno et al., 20160 addition, a further émement in the use of
these facilities (public healthcare services, police departments, or waste recycling centres) might

affect the residual capacity level and might lead to congestion issues.

For instance, the numbergdnerbpractice GP) consultatiasaregrowing at a 3.5%
yearly rate on average, compared with the 2% average annual gi@sidfiimgtimes, due
to underfunding of the National Health SygtBairdet al., 2016xll thiss causing a severe
congestion of the network of GP surgeries across the UK

Also, other essential services, such as waste management, have been impacted by
capacity reduction issuBy. 2020the UK is targeted to recycle ad€50% of household
wastgDEFRA, 2018eHowever, closure and reduction in opening hours of recycling centres



nationwide (due tbinancialcuts to Local Authoritigsnight go against this objective. This

means thathe service coverage for the publicheilleduced and this vaikate congestion

in the remaining centrédso, this conflicts witlthe sustainability objectives.

Such exampletearly show that fatyinetworks managemembblens (which include

the location of the facility, its operatigrianningand its scluling)areanimportant matter,

alsofor the existing facility networkiherefore, more sophisticated approaches &aul

considered to cepwith reorgasational problems arising in a contexsugply reduction

problem yetminimising any possible gsk

1.1. ResearchAims and Objectives

This study aims to develap approaclhior reorganising existing facility networks in the

presence dbudget restrictiongroblem In order to achieve such ajrtie followingthree

objectives are id#fied:

1.

To identify thecharacteristics, parametensd variables of models capable of solving

decisiormaking problems in facility networksrabteised ly budget restrictions issues.

. To develop mathematical models for existing facilities networkdcssadve facility

locdion problems in the presence of resource reductions.
To apply the proposesl methodto solvereatworld case studies, in order to perform

decisions such as theatcation, resizing, rescheduling or closure of existing facilities

Our study contribute® the development of a mathematical model for reorganising existing

facility networks, atérsame timenriching the literature in related fields. This is because only

a very limited amount of literature has been found on tigamexation of facilityperations,

especially whemm shrinking or downsizing the network sifke model formulatiois

developed keeping into account the need to appthéreaiworld problems.

1 Seefor examplereports aboutlosures in Oxfordshire (reportedSproule, 201%nd Hampshire (reported
by Neal, 20163nd the reduction in opening hours in North Yorkshire (reportecebly 2016)



1.2. The Developed Model: General Outlook

A brief review bthe developed model gesented in ordéo ensure that readers are able to
graspits underlying fundamentalssggcially the type of model and its characteristics, i.e.

network type, demand and locatitype.

The proposed pdel is a dynamic model tthailisesa multitime period logic
Therefore,the proposed solutiongere variedrom time period to time periptience
assisting the decistaraker in creating an optimal schedule for each facility. Additionally, the
model is able to predict the ded@wmirculation withirhe network for each time periddy
possi bl e risks associisasehighlighted by the hoelel f aci | i t |

Multiple facilites within a networkare consideredrhese facilitieprovide similar
services andrerelated to each otherhus, any action takem one of these facilities will
affect t he neThepoposednedel@npleyghe totalmsits run the facility
networkasthe main objective functipseveral constraints are included (for nostathe
capacity of théacilities) This meansthe model is highly sensitive towards the costs and
capacity levelThe entire solution process wa@sveloped byusing he mathematical
programming solver softwaf@PLEX 12.®n cmputer with a memory of08GB RAM, a
2.50 GHz proessor and the Window® dperating system.

In generalthe proposednodel is able tdeal withany servicehich isfadnga supply
reduction problentsuch as budget or workforce reduc)iansl to reproduce other relevant
charactestics. The main assutigps of the model aré¢l)all facilities anmanaged by a single

centrakwthority (2) all facilities are characterised by a gaesicity constraint.

The model is suitable for existing facility networks, however, withreedérahtions
and refinenents, such as changthg set of existing facility locations to the set of potential
facility locations, it can be used in planning for facility location and its operations in the future.
Besides that, thiroposednodelin this hesiscan be useir tactical and operationadting
of facility network#o suit the current demand levidie realife applications of the proposed

model can be found later in this thesis.

1.3. Thesis Organisation

This thesis contaissvernchapters ang arranged in three magrts that comprise: literature,
methodologyand applications. The fitsto chapters deliver an overviewtlod dynamic

facility location models and their related literature, especially in reorganising fatidibhsope



Chapte 3 highlights the devagdment of the proposed myteriod modelChapterst and5
show the implementation of the proposed model orwoelll case studie€hapter6

concludes and provides the future directions of our study.

Chapter2 reMewsthe literéure with the objectivef assessing the body of knowledge
related to problems dealing withreorganisation of facility operaspoontributions in this
field are classified and analysed; fasibity locatiorproblemswith congestionissues are

investigated, as congestman be seen as a side effect of supply reduction

Chaptel3 focuseson thedevelopment of a mujtieriod model for the reorganisation
of facility operationé step-by-stepconstruction process fibre proposed model is presented
and explained. Experimatibns on theerformance ofhe proposed model, focsisg on

sensitivity aalysis and computational tirme® presented.

Chapte#d discusssthe application of the proposeddebto the first case stuashich
isrelated to théousehold waste recycliogntre (HWRC) in Sheffield. A brief background
on Sheffield, waste managemsystems and recycling are presented. Data collection
processes are discussed and presented. The refinement of the proposed model is demonstrated
and implenented in the case study findings are discussed.

Chaptel5 focusseson the application of theoposed modeb the primary healthcare
service, i.€5Ps This chapter introduces a new model to crem®vark ofbackup facilies
as an initiative teeduce the@ e t w oongksiion levelhich is then utilised to provide users

with alternative mbaanisms for service provision.

In Chapter6é some conclusions are drawine research objectives are recalled and
discussed. The contributions and signideaf the research alsoevaluatedAt the end of

this chapter, possible areas for future work are presented
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CHAPTER 2: REORGANISING FACILITY NETWORKS
WITH SUPPLY REDUCTION PROB LEM 6 A
LITERATURE REVIEW

Reorganising facility networkacommonactionin both public and private secsgReVelle

et al., 2007)Changes in demand patterns, mergers between organisations, or financial
restrictionamay create pressure faeility operationsand affect the spatial organisation of
servicesespecially for necompetitive public sector facilitidéecessibility of ser can be
affected, and service quality can be reduced, causkugilieaéion and cwestion of
remaining failities(Bruno et al., 2016)herefore, the need for models and methods for
reorganising facility networks in such a way to minimidarttage to the user hasngd

interest in thditerature(Farahani et al., 2014he tasks that need to be planned include,
reschedule facility operating tinopgning of new faciliserelocation, closipr downsizing

of existing ones.

This chapteris dedicatedto review the existing literature oeorganising facility
networkswith special focus on studies whiehl with supply reduction problem. In aciadljti
areview 6 facilitylocationproblems dalingwith congestioissuesre examined tom order
to investigate how the literature has dealt with this issue which could be a potential
consequence of rationalisation actibinen literaturegags arehighlightedAt the end othis
chapterresearch philosophical that as based tmr model developmeistalsounderling.

2.1 Coverage of The Literature Studies

To date, not many studies abth@reorganisation or closedown of facilities can be found.
However, in geeral, locatio models would also be applicable in choosing which existing
locations are to be clog&kVelle et al., 200With some modification innable dehitions

and onstraints, for example, limits in number of facilities to be closed. But these models are
useful once perdecisioma ki ng process. The oOpermanent al
not resemble dynamic changes in the locatiomnkgintunes & Peeters, 200Bgsides

than the reduction in numberageratingacilitiesthereorganisation couddsoincludethe

reschedule thacilityoperating periogdand optimise the capacity of the facilities.
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Reorganisation
of existingacility
operationgexantéexpogt

1 De-location of facility/
re-location of facility
1 Congestion problem

Multi-period

Supply eduction Models

problem

LSRlike
models

Figure2-1: Coverage on the surveyed literature

Figure 2-1 highlights the alated literature of facility location problem with
reorganisation components in a concentric circlesSpeaifically,w interest lies dealing
with the reorganisation existing facility netwarknvolved decisions mightinde absure,
downsizig or variations of the opening schedule of considered facilitiesyerteictaused
by budget constraints eupply reduction problemTherefore, the first stage of literature
analysistarts withareview @ past studies on reorgsing &cility locatiomproblens, which

can beclassified intexanter exposmodels whichcanbedefined as follows:

1 In Ex-antemodelsdecisions are mabteforehanges occuthis deals with a need to
undertake futur@lanningexercisesspecificlly related to possiblehanges in the
demand pattern which could lead to an increasdumtion dthesize of the network

(number of operating faddi§ or d operating periods of a facility (or facilities).

1 Ex-posinodels deal witthecisbnswhichare madeaftethe changehaveoccured in
order to respond to some demand/supply changes throughdiietion 6 the

network sizeoo f t h e ogeratmg periodsi e s &

Any modifications (i.e. the reorganisational actions) made to thd melivediect the ente

facilitis 6 o0 p e r &dsentiahservtsich as recycling sites), the reorganisation of its
operating times wil | ;#his¢€oaldpotentiaiydead t@congdstion i e s 0
problens. Therefore, as etvn in Figue 2-1, existing studies facility locatiorwith
congestiomssuesverealso examined. This is to ensbhegapproachesmployed to account

for possible effects of reorganisation actas seized.
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Reorganisational actiofsuch aslosng existing aacility and open a nefacility
location variations of the opening schedule of considered facditietosing a facility
completelykitherexante or eypost implementationsan be described very well through the
usage ofmultiperiad modes. Hence as shown in the secolager of Figur@-1, existing
studies on dynamic myperiod models focussed reorganising existing facility network

wereexplored. However, limited literature caretreevedn this area of interest.

Interestngly,the amounof demand being in tlygieue in a facilityaiting to be served
canbeseamsb i nv e mpgiven y eonf h e | d ledding t@a simaadty with dagsidal
stock managememtoblens. Due to the interest in the existing tole@enlent based mote
one of tke renownedhulti-period modelshe LotSizing Problem (LS®)as further explored
in our study, as shown in the third layer of FRylireSP is known for planning the inventory
managemeimt amanufacturingontext such a#o find optimalquantities to be prodwte
orderto satisfy the demand lewgbwever, recenthanumber of applied papers have been
developed considering the application of the LSP model, and its variants, 10 a non
manufacturing context, where the madel be utiligefor resource plannirayer a given

time horizon

Next section reviews the literature on reorganising facility netswogkjgure2-1 as
guidance

2.2 Organisation of Service Networks

Business Process Reengineering (BPR) was firstly introddasthisi(1990)o reorganise

business operations in such a way to boost organisational efficiency and productivity. In
business operations, reorganisational actions can include facility downsizing, aetbcation
reschdule (variatins of the opening schedule) of the considered faciBfdR. is
implemented in order to achieve optimisation of the entire business og&atiias1994)
which require a rationalisation of the org
(Esbenshadet al, 2016)The increasing interest in BPR was also determined by changes in
the economic environme(Attaran 2004)which led to astronger focus on efficiency,
profitability, and flexibility of the organisatiptajedet al, 2001)In order to achieve these

goals, different approaches to BPR could be implem@udedun & Jungum, 2008)
However, several criteria (such agtiesbasedosts and on time measures)RiREan be
ambiguous. Hence, analytical (or mathematical) approaches should be employed for dealing

with such criterigHofacker & Vetschera, 200Moreover, modelling coutghtimise the

7
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entire process performance through functions describing process flows thriough var
components (Gerrits, 1994) with less time consuming

Indeed, queuing time is one of the important tools in BPR (Gerrits, 1994) and it is hardly
avoided BPR is a process that involving custosgppliers relationshigscherr, 1993)
which any aanstaken will affect this relation. For example, any service operations reduced
by the suppliers, the customers will be channelled to the remaining servers. Hence, increase
the number of customers at the remaining servers. Sooner or later, increaseléhgtqu
and time taken to obtain the required service. Customers are powerful stake@ddddre i | |
& Sohal, 1999)vhere $ rdated to the delay in service management problem; queueing
problem. Queue can be translated into twofold; length and time, which later implemented to
calculate the output; such as processing tin
Buzacott(1996) Chenget al, (2009)andLiu andFan(2014)focussed on finding the total
processing time of a task by using the queueingSimmarly Jiangand Giachetti(2008)
adapted queueing network to estimate the total service time for patzenthilieho, Kim
andKim (1998)utilised the queue time of customers to calculate the workload allocation for
each employee, to reduce the queueing problem. Additionally, throughs#tien of
customersd® queue | ength or queueing time, tF
be found. Such studies were proposetidy andYifei (2011) AlotaibiandLiu (2013)and
Rinaldiet al., 2015) Hao and Yifei (2011) and &l et al. (2015) focussed on reducing
customer waiting time, while Alotaibi and Liu (2013) used the prioritgirasedength to

increase ctmmer satisfactory level.

The existence of queueing problem within BPR process as discussed above showed the

importance of this el ement I n fThevyewimi ng ent
conceppvas adapted to i mpr ov erthecough bptinmakatlogasionq u e u e
wor kl oad of empl oyees or through itheroving

oextrad customers or demand were often ack:
processing time that happen within a singlepamed mly. Besides, the possibility of

demand movement between ifgailities (these facilities provide similanc®s) was not

considered by any past studies. This means, this set of study did not dealtfadtlitynter

issues and ignored the spatiakdsion of facility networ®s

From the searchesast studies on BPRiled toexplicitlyconsider thescenarios of

budget reduction problemhereforethe next section focuses @organisation of facility
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network through the adaptation of analytical athematical model$ocusing on the
implementation process, either baseekanter exposimodels

2.3 Reorganising Facility Operationsusing Analytical Model

This section highlights the existing mathematical models that focused on reorganising facility

operationsthatdivided into two pariexante classdexpost class.

2.3.1 Ex-anteClass

Reorganisativactions can be performbg usingexantanodels; in this case, decisions are

based on forecasted data] ard¢o be implemented in the futue short thedecisiorabout

the opening, the closure, the downsizing or the expansion bfa c i |ions igfiilse oper a
periogis basea forecast developed starting frnesent/current usage or condition of the

facility This is similar to what happengimebased modeldor instance, imulti-period

modes$) Re-locationproblens also falin this categoryin this type of problemikie decision

to relocate the facility is based on the present condition. Therefore, this section reviews the

literature thiafocuseson decisiormakingoy utilisngtime-based models.

Berman and Drezner (200Bjeced uncertainty irthe traditionalp-median model
developedby H&kimi (1964)in orderto locate faciliés for present and future usage.
Uncertainty in tisicontext limits the number of facilities to be located pfatdities in the
current periodhoweverit is possible to add up gdacilities in the future. Siarly,Sonmez
and Lim (2012ntroducel the Facility Location and RelocationdRrmd under Uncertainty
(FLRRU); FLRRU allows relocation in the future by closing saintige facilities that have

been located initially and opening new ones.

A few studies dealing with this problem in a +peftod framework have been
developed, shcas the ones froman Roy and Erlenkotter (198®)in (1988) Shulma
(1991)Chardaire et al. (1996pneland Khumawala (199%)elo et al. (200@ndWilhelm
et al. (2013)

Van Roy and Erlenkotter (19&®alt wih the simultaneowsosingof existing facilities
and opening of new onesuthors also ignadeapacit constraints assuming total flexibility.
In contrast, Min (1998) utiltseapacity as a constraint to expande @os relocate public
library facilies A FuzzyGoalProgramming (FGP) model has been developed whereby, fuzzy

values describe the qualitatisased variables such as facility accessibility and the relative

9
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di stance bet ween ttidseMeanaHiled Shulmam (1991) atleapécitye wd f a c
size to be flexible depending the on type of facilities in the network. Two situations have been
considered1) various size of facilities and several types of facilities pé€2)neatéous size

of facilties but only one type of facility p@de. A similar approach was used by Chardaire

et al. (1996) in a telecommunication network problem. Meanwhile, foreign manufacturing
facility locatiorwas studied Canel and Khumawala (1997). tdbkynto accountrade

agreements between countrieshan@e rates, taxation schemes and operational cost, for
several periods, such that total cost is minimised when choosing manufactiitying

location

Melo et al. (2006) and Wilhelm et al. (2013) ddsigmamicmult-commodity supply
chain networkto reconfigure the facilities over time as to react to changes in ttendsd
or to cope with the loss. Melo etal. (20@Bh) bt al |l ow facilityds capac
the next period, but with reduced catyaln contrast, Wilhelm et al. 13Ddd not allow the
same facility ttbe expanded and contracted over the planning horizon once opened (and

before closure).

2.3.2 Ex-posClass

In contrast toexanteexposmodelimplementationfocus on decisiormakingafter changes

(for instance, to demadrpatterns) haveccured Precisely, thiype of modeldooks to
establistalteratiosinthef aci | i t y6s o per awhichdo sot abow anyn t he
further modification once the decision has been made.xBorpke,a commonly used
constraintn this kind of models does radtow any r@pening or relosureof facilities once

a decision has been made; this states thevensible nature of the changes that are going

to be introduced in the facility network

Wang et al. (200&8hdMonteiro and Fontes, (20@8al with the restructuring of bla
branches within a scenario of budget reductidasg et al. (2003) fosebon rationalisig
(by opening nevibranchesindclosing some existinges) @anknetwork in an urban area.
Amediad | ke model was utili sed tdstangao acaraynt ee t h
branches is always minimised. However, the wasdehsed on an uncajtated framework.
Therefore Monteiro and Pontes (2005) edthe capacitiike constrainto their modein

order todeal also withesizng decisions

10
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The future characteristic is also dynamic. Changes in network structure can be made per
periodwhichcould affect the system perfamse afterwardBeVelle et al. (2007) conseder
capacities shrinkages in competitive anecompetitive service. Both modeteposed by
the authorsim to minimise the loss in demand: the first one by retaining arcertber of
facilities; the secdronewasdeveloped in a necompetitive setting (such as public based
service, healthcare, schools) aims to minimise the number of people maafé witeae
some of the facilities are closed to reduce costs. A similacagms been usedBiyaumik
(2010)i n downsi zing an organisationds distrilck
centreswerereducedn orderto cope withdemand reduction. With the closure of some
servers, service quality will be decreasing; total cost heaspasted to be reduced. Among
other studies in thexpostlasswee the ones conducted bgerch et al. (B8) andDell
(1998)n army sites closure. Dell (1998) ateateultiperiod model to maximise total savings

for six years planning horizon.

A multi-period model in aexpostashionwasintroducedoy Araya et al. (2013raya
et al. (2012) deavdith reorganiaga schoosystem imrural arean Chiledue to insufficient
students (demand) and teachers (supply). The authoesl tiwystem to operate under
minimum qualityi.e the distance between school and student accommodation is not the main

concernas t would be like in a mediike or centrdike problem

MeanwhileBruno et al. (2016galt with theationalisation athigher education system
in Italy, this model looked at the possibility of closingwndizing facilities while minimising
the cost for extraapacities to be activated somewhere else in the ntigarkportant to
mention thathis study utiligeindividual preferencébased om spatial interaction modlel

for dealing witltheassignment of users to facilities

These brief reviews of facitigtworkrationalisation models are characterisseMayal
common approaches, such as the possibipgrigirming cpacity adjustmetitelongterm
orientation in order to deal with ogas in dmandpatternsmarket flows, and/or financial
restrictios. A major shortcoming of the current literatuwejever, seents be represented
by the fact thathereis not an explicit consideration of congestion issues that might arise as
an effecof the closurielownsizingof facilitiesFor this reasomextsection is dedicatéal
review congestion issues within the gefamiity locationiterature, in order tonderstand
how such situations have been modelled sarfdrhow they could beegrated in future

rationalisation models

11
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2.4 Facility Location with Congestions Issues

Traditional location models assume that facilities are able to meet any demarstantany i
(Hu et al., 2013However, a more realistic situation is that densameing elastic, an
assumption meaning that customers can choose whether to staytoe Iggatem at any

time (Marianov, 2003Dur nterest lies within reduction of supply wdif@untof demand
unchanged and naaduced. Most literature, as mentioned in previous section, reorganisation
for facility opeationswas based on capacity adjustments through reduction in number of
operating facilities, and some suggested relocating facility to a much optimal place. However,
in a case of supply reduction problem, having to relocate or add more capacitylity the fac
is not an optionService providenost likely redusesither in the network size or the total
operating periods. Widnondecreasing function of demand, from time to time, utilisation
rate at facility will increas@éd soon, creating congestioolgbem. h integrating congestion

issues in reorganisatiorfaxility location problenmany aspects need to be considered.

The review of the literature of facility location with congestion problem focusses on the
existing methods used to solve andialéegongstion problem, at the same time, identify for
any possible reorganisation elemé&nistingliteraturehavedealt withdemanaetworknd
arexongestiomproblem Demandongestiommccurs when the amount of demand exceeds the
capacity and secei rate bthe facility Typically, this is handled through queueing tia@aory
gueuing network$or more details, see AppenaiR)), wherethe profilesof demand arrival
areassumed to be astochastic formThe queue could be translated as congeststs, for
example, opportunity costs incurred by a customer that wait in the queue for several hours.
Meanwhilenetworkongestion occurs when related edges have to cope with more demand
than allowed by theiapacity. Traffic jams are an@mple; thse may occur because of the
presence aéxtrademand during certain time windows; this could create problem in reaching
the targeted facilities within the netwbrk. example, the US Bureau of Public Roads (BPR)
developed a function to find the travaletibetween two points based on traffic volume and
capacityAreacongestion occurs (mainly in competitive contexts) when there is a saturation
of a region or no suitable place for a new facility in the preseticer dhcilities within the
same regiont increases the travel distance between two points by the presence of prescribed
areas (closed and bounded region) (Sarkar et3)l.D2@4ils on handling the network and

area congestion problendascribe iAppendix 2T).

The earliestacility locabn studieghat dealt with demand congestiware:Berman
and Larson (1982)Stochastic Queuing Median (SQMyetBerman (1985) Stochastic
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Expected Queueing Median (SEQM) mddeiy (1986)Batta (1989Brandeau and Chiu

(1992) Stochastic Queue Centre (SQC) and Stochastic Expected Queuing Centre (SEQC)
location model These studies tackled congestion problems through unpredictability in
demand arrival, whillater used as one of the elements in finding optimal facilignlocati
Later, somestudieswere founddeducethe quea as a cost.uSh stutks wereby
Melachrinoudis (1994yardar, et al. (20Q0/Harahani et al. (201@©ho et al. (2014and
Zarinpoor et al., (2017)hese authors addressed the congestion occurred whevatzere
disruption in the systerRor examplegn organisation suffers with productivity loss (penalty

cost)when a machine broke doeumd the technician (server) was fully occupied.

Some studies associated congestion with queue length. Queueatangtit of
demand in the line) or waiting time for accessing the service are normally utilised fay addressi
congestion levels. Thus, thgb capacity expansion such as opening new facilities location or
additionalk-servers in the system network, congestion levels can be reduced. Studies that
focussed on locating new facilities in the netywoithout increasg number of serveese
Marianov and Serra (1989rman (1995Vang et al. (2003havandirad Mahloji (2004)
Galvéo et a(2005)Elhedhli (2006Rodriguez et al. (200Rpmeijn et al. (200Bourirajan
et al. (2007AboueeMehrizi et al. (201X hambari et al. (201K)m (2012)Rahmaniani et
al. (2014)Vidyarthi and Jayaswal (20¥4dyarthi and Kuzgunkaya (20&B63 Aboolian et
al., (2016 Meanwhile, existing literature fss@d on placing optimal numbekefervers are
Marianov & Serra@®1) Marianov and Serra (2p02arianov (2003Pobson and Stavrulaki
(2007)Vardar, et a{2007)Aboolian et al. (200&Bara et al. (2008Marianov et al. (2008)
Shavandi and Mahlog¢#008) Beraldi and Brur{i009) Castillo et al. (20Q@hang et al.
(2009)Zhang et al. (201®eifbarghy et al. (20@arianov and Serra (20 oolian et al.
(2012)Hu et al. (2013Pavari et al. (2018ndHajipour et al. (2016)

Customer waiting time is increhs#enever congestion occur, hence, the pbote
demand lostvas introducedh the modelSuch studies were conductedBeyman and
Drezner (200@ndBerman et al. (200@herefore, in orderto captuhee 61 ost & de ma
to coverage distancedasongestiorBerman et al. (2008%tended Berman et al. (2006) study
by allowing demand to visit the second nearest faclitggxl that a visit has been made to
thefr st facility. De mand MNdiana stdl. (20@Byegpangihg wa s &

the multi-server immobile facilities network.

Taniguchi et al. (19980ndAn et al.(2015)onsidered traffic and demand congestion
problems.Both models usethe queuing techniqu® deal withdemand congestion and
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adaped he BPR formula to cope with traffic congestifime BPR formula ascommonly
used to estimate the congestionscasienever traffic capacity incredgesdthe study blyiu
and Ralston (1989Vang, et al. (2008Bai et al. (2011 ajibabai and Ouyang (2048¢
Hajibabai et al. (2018Besideshe BPRformulg Desrochers et al. (1998Jong and Sun
(2001)Koksalan and Soylu (201Kynur and Geunes (202012)andHwang et al2016)
tailoreda specific equatiom address tfeic congestion problemhich later used as additional
costs to the model. Meanwhlleg (2015used GIS to address traffic congestion cAsts.
studyby Smith (201d)nkedtwo networkgi.e. queueing netwaykn an attempt to study how
to ease traffic congestion problem. However,agmicationof such models téacility
location planningand operations was not discussed.

Meanwhilethe congestion in an akeasnormally dealt through an additional penalty
in the cosbased objective function. Such studies were perfornBedithyf1991 Butt and
Cavalier (199/3arlar et al. (2003)ate et al. (2014)d Saleh Farham et al. (2015)

Congestion problem coué gradually occurred, per se, from time to@omesidering
time as the fundamental element to represent the congestion would help to reduce congestion
problem.lt seens t hat the oti med di mension is funda
congestongood way to deal with the problem weor .
could be the one whi c hTherefare, axidtiagsliterativeeamyo t i me 6
time-dependent models in facility location with congestion problem were ekuweder,
only two articles have been found for the rpeltiod modelouzdani et al. (20E3)dAtashi
Khoei et al. (2017/Both models dealt with traffic congestiorbfam.Jouzdani et al. (2013)
solved théraffic congestion problem through BPR function; the fuzzy logic corsesed
for dealing with demand arrival uncertainties.mitiperiod logiavasused to keep track
of investment costs, capacities and product conversion for each connectedl period
MeanwhileAtashi Kohei et al. (2019al the variant in vehicle speeds per period to indicate
traffic congestion, hence dsbis value to calculdtee total fuelemission cost per period.

One of the major gaps emergimgrfthe literature thatassurveyed on facility location
problemswith congestioimssueseemso be represented by the fdwtthere isno study
dealing, snultaneously, witthe reorganiation of the facility network due to financial
pressurg whileexplicitlytaking into account congestion issueteed, most of the research
which has been produced so far only considers network expansion (thatddmgagpre
servers to the facility netwpds a way to deal with congesttaa is an option which cannot

be pursued by amyganisatiomhichis dealingvith financial problenMeanwhilethe usage
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of queueing networks in solving the facility locatitim congestion problesywas not
discussed by any pagidy Most past literatures fased on one network and one type of
facility only henceneglecting the existence of interrelated and interconnected facilities
operationsTherefore, in the negtuibsectiongexisting studiesoncerned with thalleviatn

of the queuing andongestiorproblens without incurring inany additional costs to the

provider areexplored

2.5 The Quintessential Multi-Period Model: Lot-Sizing Problem (LSP) Approach

As mentionegreviously, the timgependent model or-salled the mulperiod model, able

to capture the demand mechanism in the network fromicttimee,i nc |l udi ng t he
amount of demand. This concept is similar to the inventory management system; where
demad i n the queue coul d be Theraare tdetypesdof as 0
inventory model which are singéxiod and muHperiod. Themulti-period allows a flexible
re-sequencing of orders within a pe(igdhling et al., 200Bpt-Sizing ProblenlLEB; one

ofthe enownedmup er i od model s, has a constraint t
time and network. Even though the LSP is suitable for treriablbased problem, several

modifications could be conducted to suit the problem that we worked on.

Therefoe, his sectiondescribed the LSP, from the aspect of modelling and its
applications. Later the adaptations of LSP into thenaanfacturingpagd problem is also
outlined.

History of LSP starts from theEconomic Ordering Quantity (EOQ) mod&lOQ was
introduced more than 100 years adgdadyis (1913EOQ is usedd find an optimaduantity

of items needs to order or purchtsesatisfydemandat the minimum costs. Demaisd
assumetb be constant at all time. Literature on LSP and its improvements has been around
for more than Q0 year§Andriolo et al., 2014nd yet, many implementations could be done,
especially outside the traditional concerns, i.e. manufacturing and industrial based studie
(Bruno et al., 2014)ne of the welknown extensions of the EOQ is the LSP.

LSPmodel vas introduced bywagner and Whitin (19585 Pallows demand teary
per time(Drexl & Kimms, 199@runo et al.2014; Kang et al., 201Bat identify optimal
production level and inventory level such Heatdtal cost; setup costs, production costs and
holding costs, are minimised. LSP involves in making an optimal -demksngn of

hierarchical planning mess for either shesrm,mediumterm or longterm timegDrex| &
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Kimms, 1996; Karimi et al., 20Q3ark et al., 2011Karimi et al. (2003) alBtahimi et al.
(2017)classied LSP based on several criteria or characteristic not limit to, such as:
planning horizons (sherms, mediurterms or longerms), number of levels or production
stages, number of products or iterater per problem, capacity nature (fixed or variable),
demand type (deterministic or stochastim) setup structure (continuous or discrete).
Meanwhile, the variants of LSP can be seen through classicabwarstmmancement of
LSP through sets, \aies definition or system level, or extended vérénegrations of
LSP with other decisianakng problemg¢Glock et al., 2014)

Variants of LSP are large since it exists more than 50 ye@apagtated LSP (CLSP)
is one of many extensions of LEBSP limitthenumber of items produced through irdasi
of capacity constraint that heavily influence prodyaondecisiomaking(Li & Meissner,
2011)ataminimum the sum of setup (ordering) and inventory carrying ¢&R3s®nown
for its @mplexity and classified a§RxHardproblem byFlorian et al. (198@pdBitran and
Yanasse (1982he mathematical formulation of classical versiobhS¥,@singlgem, single
facilitpy Bruno et al. (2014y:

System parameters:

T = System capacity

- = Cost related to processing a unit of item

- = Cost related to holding a unit of item in inventory
0 = Setup costproduction cost

Decision variables:

w = lifitem(s) produced, O otherwise

i = Inventory level @mber of items held)

n = Production level (number of items produced)

» = Demand level (humber of request items)

a Q& - -0 0w (2-1)
subjet to;

i i N o b ON Y 2-2
n tw b ON Y (2-3
i mwo T bon "y (29
wN TP I ON Y (2-5)
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The objective function2(1) is to minimise the systeaperational costs. Constraig2]
indicates the inventory levelte during periot(mass balance flow of items in the system)
and production of items is limited at capatitfas constrain®{3)). (2-4) strictly indicates
that inventory level and demand lewvest bea positive numbe(2-5) indicates the tary

condition forw.

Singlgemmeangime-varyingamount ofdemand for a single item over tipegiodt
(Brehimi et al., 2017/Meanwhilesingt&acilityneans the process take place in a single facility.
Oneof t he CSisBybisnd Massnerd201Tbe authoraddedcost of capacity
to the objective function while the rest of constraiats unchangedhe objective function:

rw, “ J ’ vy T oow N v T Nk Y 7
a Q& - - 0w WA VWO @i (2-6).

The cost of capacity could be the additional costs needed in acquiring extra capacity to fulfil
demandeva.

Meanwhile, formulation fanultitemsinglefacilityCLSP, as presentedKsrimi et al.,
(2003), Jans and Degraeve (2008) and BusetiifPO10)A multitenmeans more than
one item are catered isiaglef a c ioperatiopli@ts) | " O be the variations of item,

thus formulation omultitemsinglefacilityCLSP is:

a Q& -Np -ip 0w (2-7)

subject to;
(v {5 Af O o Y @ O (2-8)
N Thos Loy " "Qr 0 (29
[ p TWop T FON ") 0 (2-10
W N TP Lonv "Y) " 0 (2-11)

(2-7) can be read a&1), whichisto minimise the entire system operational c@s8¥.i
balance the uentory level oftemj at timet, or known as mass balance constrg@i®).
ensures the production of itepad capacity levéR-10) strictly indicates that inventory level
and demand level must be a positive nunbéd.) (indicates the binary coraditfor .
Multi-items problem is a complex CLERung and Lin, 1988; Brahimi et al., 28idwas
proved aNP-Hardproblem byChen and Thizy (1990)
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Besides two traditional CLsSEhesingle and multitems, various extgions can be
found. Each extension carries diffecmplexities (Bruno et al., 2014). Additional features
such as multevel or multstage moddlVan den broecke et al., 208Bim et al., 201 Hu
& Hu, 20162018, demand uncertain(@randimarte, 2006; Guan & Liu, 2010; Zanjani et al.,
2010; Tempelmeier, 2011; Helber et al.,,2@13) costs and/or tim€Brigeiro et al., 1989;
Haase, 1996; Bayley et al., 2Z0I8L et |, lmKked lpt sizfBlefle) & Stadtler, 2003;
Gupta & Magnusson, 206&mya et al., 20Mahdeh et al., 20173llow backlogging\gra
& Constantino, 1999; Sdrséet al, 2014; Sadoseéet al, 2017and decay function/ lost sales
(Absi & KedaeSidhoum, 20Q®\bsi et al., 2013

Classical model of CLSP is flexible which become foundation and is integrated with
other problems. Ledizing itself is implicitly related to scheduling profdbm& Wilhelm,
2006)where lotsizing is a decisianaking process and produced results over finite or infinite
planning time horizon. Such stuavese conducted bprexl and Haase (1998pvacs et al.,
(2009, Toso et al(2009, Ferreira et a(2013, MeyrandMann (2013 andGuimaraes et al.
(2014)for solving lotsizing and scheduling problem simultaneously,Stinifeet al., (2011)
and HuandHu (2016, 2018&olveal both problems bgtages. Besides scheduling, studies on
supplier@ort r anspor t at i oBasnét arsl édurmyq2005) and Chausihary snd
Shanka(2014), Ayhan and Kilic (2015) and Alfares and Turnad) (26ilé)ntegrations of
CLSP with other problems are quite limited, such as network flow prinlemtancet al.,
1999)facility location probleifvan Oudheusden & Singh, 19@8)oth(Deleplanque et al.,
2012) Extersions ofCLSPwere normallyused to solve for production and manufacturing,
either in planning or reschedulingtesyn operationd/aious approads were also found,
such as utilisation of fuzzy techniqu€bgudhary and Shankar (2014) and Ayhan and Kilic
(2015)Most applications of CLSP are suitable for manufacturing opeffatianamples,
study byHaase, 1996; Meyr, 2002; Gupta & Magnusson, 2005; Fazlollahtabar et al., 2011;
Delgoshaei et al., 2016; Hu and Hu, 2@b8he applied their model to real case studies, for
example, production of plogfraphic material®an Den Boecke et al., 2005; Van Den
Broecke et al., 200Bjoduction of pharmaceutical prod&azvar et al., 20Rgmya et al.,
2019; Sahling & Hahn, 20I8)tomated teller machines (ATMs) netw@hestayakul et al.,
2013) automotive industriAyhan & Kilic, 2015)extiles industrifMirandeet al, 2018)and
foods and beverag@=erreira et al., 2012; Tanksale & Jha, 2016; Teseh@®17)Review
of lot-sizing integrated scheduling farugson foodndustry byStefansdottir et al. (2017)
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2.5.1 Applications of LiaBervie@peration Maeagent

~

CLSP is useful in planning system operationse ms 86 conservation f 1l o
changed from time to time is wuseful i n pl &
2014). Better adjustment allowing autharitylly utilised of linked capacityKang et al.,

2018)xnd multiperiod character of CLSP allows adjustments or planning made in certain time
scale. However, not many focusses on the applications ofo@k&le production and
manufacturing problenBruno et al., (200%pprénended the traditional CLSP into new
dimensions through redefined each of variables in CLSP without changing the whole concept.

In contrast to theraditional CLSP; keeping inventory level at maximum (or optimal number),
authors proposed a model aimingetiuce inventory level or demand queue length by finding

the optimal number of servers at a minimum cost. The extension of this worBmias by

et al., (2012yith multiple enehodes. Same idea was presentethbyannayebi et al., (2017)

for minimising demand waiting time for train service inBrano and Genovese (2040}

Brunoet al., (2014uccessfully highlighted the usefulness of looking at CLSP from another
dimensionBruno and Genovese (208pplied their sties in finding optimal number of

airport chechn counters, whilBruno et al., (2014) modified version of CLSP was applied at

three different castudies: the departure schedule for a bus terminal; the management of a
logistic crosslock platform; andhe optimisation of an airport chankgates. The same

concept of Bruno and Genovese (2010) and Bruno et al., (2014) was enBancedbsl.

(2018)oy considering number of operators that compatibtaftesshedule and work shift.

On similar concept, a model ®yden and Siral (20Xdund the optimal facility locat®n

for borrow and waste facility, however, utilising the uncapacitated LSP model.

This section highlighted the existing literature on reorganisility taerations,
without any extra costs, at the same time, alleviate and reduce congestion leveteFrom th

reviews, gaps studiesan be highlighted.

2.6 Gapsin the CurrentLiterature

From the conducted reviewsost studies on facility location madéh reorganisation did

not considered the effectraforganisatiorPast literaturen handling the queing problem

using BPR approach fosed on single facility problem on aheension only; neglecting

the importance of spatial space in deemikng processn the meantimelmost all studies
reduce congestions probtgny increasing number of servers, number of facilities and some

even ignored Whweredmtvdted Ayddyndnecncharacteristics of demand,;
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wherethe concept of demargtay in the system (or beingthe queue)resembles the

inventoryplanningproblem Therefore the researched was continued on the npeitiod

inventorymodel. One of the renowned models; CLSP was encourtiengdver, the
adaptation of CLSP in namdugrial based problems are also difficult to find. In détaits,

the condated reviewedgeveral research gaps can be highlighted:

1. Process of relocating (clasetopen), ddocation or reduction in facility operations or

facility network size has beerpleggl in many areas, either for public or private
organisation. Howeverofm the review, clearly the reorganisation problem for public
facility are quite limited. Assuming these facilities always have enough funds or supplies
are unrealistic, hence makegyganisation critically important for any facilities that suffer

with sypply reduction problem. However, there are no studies found, especially in

reorganisation décility location problemhat incorporates this issue.

. Demand congestion has been es&fully incorporated, for a while, infgodity location
literature. Tls has been done mainly through probabilistic or stochastic dynamic models;
gueuing techniques are the most utilised technique in handling demand congestion. From
the conducted resiv, however, it seems that most of the studies assume that excess
demand Wi be ignored (according to Marianov and Serra (1998)). This assumption
appears to be unrealistic when dealing with crucial services (such as healthcare).

. Most of the papers sugtgeithe location of new facilities and the optimal allocation of a
number & new servers to alleviate congestion problems. However, for an organisation
that suffers from budget restriction, capacity expansion or selecting a new location is not
an option.As it has been shown, there is no availability of studies dealing wihi@ong
issues arising from budget restrictions and the need for downsizing a facility network. In
addition, no studies proposed congestion that could be occurring through raduction
supply that at the same time, have adecreasing demand pattern, tvlekpansion is

not an option.

In solving the reorganisation dadility locatiorwith congestion problem, most studies

focus on locating one type of facility. The impacts of faitiéties in the entire system

wee ignored. In reality, a network cossigtmore than one facility (maémmodity)

and these facilities are interrelated, interconnected and have an influence on each other,

such as the impact on congestion levelsa¥® a better illustratidgigure2-2 portrayed
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as a general version ¢ tihealthcare system which consistgef&icilitiesNHS 111 Call
centre,dcal pharmacisGP,walkin centre, anA&E.

NHS 111 J/' Pharmacist J\
. 7

Figure2-2: General version of healthcare system

The general hierarchical of healthcare service startdliftSnill Call centre, local
pharmacist, GP, wailik centre, and lastly, A&Rs represented by the line with an arrow.
Meanwhile, the dashed line witlaanw indicates that patients also indirectly have access

to all facilities. Patients can visit armth@$e four facilities based on needs and ignore the
hierarchical order. For example, to see a GP, a patient has to wait for a certain amount of
time; héshecan decide to leave the system or to visit another facility, A&&h agich

provides similaresvice. Indirectly, this will increaseahmunt of usein A&E. Hence,

it is important to consider other facilities in the network in reorganisirigting é&cility
network.However, as far as we concerned, no such stodsigered the existence of

interrelated and interconnected faciliesorganisational problem

5. The explicit representation of demand flows (for instance, demand arrivifgcdityhe
or demand served by the facility) is often missiatyi-period models (such as the
adaptaons of CLSPYr queueing network theaguld play a role here; however, these
have not gained much attentionhe literature so far

2.7 Research Approab and Philosophical Review

This studyproposed anathematical model to solve some of the practiddépre faced by
organisations when they have to reorganise facility networkss déaoted to develop
model s that can be waosralbd é(Jgekeoncl¥8mne f i ci al
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Consequently, #work falls within the Operational Research (OR) discipline. OR is a
systematic approach fotervening on social systems in order to solve any prdbatksa,
1993) The nature of social science is to develop a theory to represeliteaprealem,
meanwhile, theaure of OR is more about practices or techniques to soreneaiblems.
However, bottare beneficial to each otliéackson, 19933ome ® studies belong tbe
science and technolagymain but some belong tbe management or social scieriietd
which reflect the main characteristic of OR,otle being an intelisciplinary decisioen
making approach. Even though OR is defined as l@inaiimn of mathematical modelling
and development of algorithmic solution approaches, its usage is strongly related to a
management problem. OR techniques, dhdbeuld place a lot of emphasis on the model
formulation (that should be strongly relatedthe problem situation), on solution
methodologies and on the possibility of implementing and maintaining the solution for a
certain period of tim@\ckoff, 1979)

In relation to philosophical corts, OR is a Natural Research that cannot strictly be
applied in Positivist perspectives, but in a perspective known as Design (Nesesonh
2006) Manson (2006) descuddeesign Researck a process of using knowledge to design
and create useful abstract artefacts (mainly, models and methods). Therefore, it is important
to know the underlying metaeoretical assumptions for OR as a discipline. This includes
classification of OR within ambgical, epistemological, axiological and methodological
perspectivesVaidinavi and Kuechler (200distinguished between Positivist and Design
Research in details, as shown in the following Fable 2

Table2-1: Philosophical assumptions between positivist and design redaptet {eonVaishnavi &
Kuechler (2003)

Positivism Design Research

A single reality. Multiple, contextually situated alternative

Ontology Knowable, probabilistic world states. Soetechnologically enabled

Objective, digassionate. Knowing through making: objectively
Epistemology Detached observer of constrained construction within a context.

truth. Iterative circumscription reveals meaning.
Observation, Developmental. Measure artefactual irmpa
Methodology o _ .
quantitative, statistical. on composite systam
. Truth: universal and Control; creation; progress (i.e. improvem
Axiology

beautiful; prediction understanding
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2.8 Conclusion

Paststudies on reorganisatiohfacility location were reviewiadhis chapterprimarily on
relocaibn, delocations, and reduction on operations. Since supply reduction will eventually
cause the congestion problem, this chaptededdobwith the representation of congestion
conditions irfacility location problesnHowever, priostudies also haveléa to address the
supply reduction that later caused congestion prolMeen the facility operations being
reduced, queue length will be increased from time to time. Similarly, this resembles the
inventory planning problem. Motedtby the timelependet changes, the searched was
continued onthe multiperiod inventory problemMeanwhile, the mufieriod model,
specifically the LSkvas exploredrhe LSP and its variant; tl@ SP was reviewed he
literatureapplications of th€ELSP in noAndustrial bsed problems werserutinisedit was

found that only a few studies, but growing over time, has been applied the CLSP-in the non
manufacturindpasedproblem.Through theseeviews several gaps were highlighadhe

end of this chapteresearch apprcimand philosophical review of this study was explained.
Next chapterdescribeshe processo develop thestateof-the-art multiperiod modelon
reorganising existing facility locgtiwith supply reduction pblem under the pressure of

facility closure
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CHAPTER 3: CAPACITATED MULTI -PERIOD, MULTI -
FACILITIES LOCATION MODEL FOR REORGANISING
FACILITY OPERATION

The previous chapter reviewed the literature related to the models that were dealing with the
reorganisation of facility network operations, with speciabssmpn studies focussing on

the supply reduction issues caused by budget constraints. Pdssilsieoefsuch
reorganisation (such as congestion problems) were also reviewed. As highlighted, most of the
available studies do not explicitly consider stmgassues arising from the resource
reduction problem. Therefore, this chapter focusses orsp@pmd solving a model aimed

at reorganising an existing facility network which is experiencing a supply reduction problem,
thus increasing the pressureititer close thé&cility or to downsize it. The entire procedure

used to derive the model araeeed; the computational results related to the model solution

are also shown, and a sensitivity analysis is performed.

3.1 General Issues of the Problem of lafrest

Today, due to the general climate of economic austerity, most profit gmwfibon
organisabns supplying essential services are suffering from budget reduction problems. Even
though the financial cuts affect the number of operating facilitehice total operating
periods, service providers are often still obliged to serve as much dgrossillague to

the nature of their service and contractual obligations. To reduce the impact of the cuts,
appropriate actions need to be taken in ordaarfiarm downsizing and closure decisions in

a way that minimises the damage or discomfort toetheAlso, side effects need to be taken

into account; downsizing and closure decisions might lead to a capacity reduction, which in

turn may lead to an inage in congestion within the supply system.

Most facilities operate in environments charactdrysedeven congestion patterns
where there is a general lack of predictability in the arrival of the demand. Additionally, some
servers might have spare ciypaturing the same time windows in which others are fully
utilised. Figurd-1, adapted froBruno et al. (2018ilustrates a good example of the uneven
congestion concept. In this study, the authors focussed on finding the optimal number of
checkin counters at an aimtoFrom this figure, it can be seen there are times when counters
are availae but are not being used at full capacity (see grey shaded region), whilst there are
other times during which there are insufficient counters to serve demand (see area between

theblue and orange lines), leading to congestion.
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Desks available but not utilized

Number of Desks

Utilized Desks

Figure3-1: Typical pattern of utilisation of servers (Bruno et al., 2018)

Similarly, our interest lies in finding an optimal facility schedule capaiéfg service
to user when needed by additionally focussing on thelpypssfiidemandirculativgthin
the facility network so as to allow as much demand as possible to be met.

Demand movements within a network can result in certain effeath tacity in the
same network. Demand movement between facilities happens when the closest facility is either
fully utilised (and is thus congested) or is not operating. Indeed, decodattbn inside the
network (i.e. from a congested facility tiraar facility which is experiencing lower levels of
congestion) might be related to additional cost (i.e. logistical and operational costs); also,
demand originally assigned to the tiaailight have to wait for a long time to gain access to
the requiredervices. This scenademand circulatiom)ill eventuallincrease the utilisation
rate of another facility his is portrayed through Fig8f2. The movement of demand in this
figureis based on the congestion at a given facility leading to deawsimyatiot to wait for

the server to be available but moving away from the facility.

r
1

Facility C

Facility A

(ii)

Facility B (iii)

-1

Facility D (higar-level)

Figure3-2: Demand moves to other facilities due to congestion
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Figure3-2 shows two types of demand movement: thardiemmoves to another facility
(either to( i1 )

leave the entire system. The movement of demand shown irBRiguneéld be influenced

-l6esvaemed orfl a ¢ i) I-leddhd gh@ac i | i ty) , and the ¢

by the movement level and the setyjoe, as summarised in FigsH®

Type of demand

movement Service type

N

N on-urgent service

9 Demand tendto leave
the system (the

Movement leve

N

Higher -level facility

1 High capacity
1 Higher operational cost

i

Urgent service

e

Samelevel facility

1 Limited capacity
1 Able to acept demand

9 Demandends to move
to a highetevel facility

from other facilies
with no extra cost
1 Limited operating time

1 Able to accept deman
from lower level facility
with extra cost

{1 Continuous operating

(percentage @emand
waiting, or moving to a
higherlevel facility is
higher thamdemand
leaving the system)

percentage of demand

leaving is higher than the

percentage which stays
or moves to another
facility) or go to another

time 1 For example, critical sametype facility
1 For example, A&E health problems 1 For examplesevere
departments (Healthcare Servigey iliness

uncommon items to be
recycleqRecycling
Service)

Figure3-3: Demand movement

From Figure8-3 samé&vél me ans

and

t h aalmost identicdl @peratibnal togts h a s
t digerlevélv Eademang. r MéEaeanwht bea
c h

provider (headquarteray such, it can be very costhpterateand indeed extra costs will be

capabilities
capacity and whi opernvetlds falcli |t hg tcioméd A
requiredto deal with the extra demand. FigH® also classifies user movement as being

related to service provision. If the demand is relateditgergervice provision, thet will

likely go to a highdevel facility with a much higher capacity andractdrésed by unlimited

operating times. However, due to these characteristics, it is likely that such a facility will
experience very high levels of congestion. If thardkrequiresraorurgergervice, then the

tendency to leave can be higher thaortbéo stay or to move to other facilities. For example,

given a demand for a healthcare service, i.e. a patient is suffering from a severe illness, he (or
she) can choego leave the general practitioner (GP) surgery once he (or she) cannot get an
appontment with a doctor within a desired timeframe. The patient also has the choice to go

to any other level of the facility, in this case ainvalintre or an accident ammhergency

(A&E) department, to seek medical attention. However, the presence rafnstritical
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patients in walln centres or A&E departments might contribute to further congestion

problems and increments in operating costs to the provider.

Besides # congestion problem (i.e. as portrayed in FggRyethe movement of
demand to ariber facility could also occur due to limited operating facilities or whenever one
or more facilities is shut down completely. F@jdndustrates the effects arisirigew facility
Bis not in operation. Demand might choose to move to the next @dbgsof to a higher
level facility, as in (i) and (ii). Meanwhile, when a facility becomes congested, demand either
moves to a highdevel facility (iii) or leaves)(iWhis will increase the higierel facility
utilisation by nowirgent demand (fro facility B and C) and the waiting time for server

availability in facilit® might further increase.

!

Facility A

Facility C

L —
0 () e

Facility B (iv)

M-N

Facility D (higar-level)

Figure3-4: Demand movement due to facility closure or a facility not being in operation

As an exanlg, reducing the number of household waste recycling centres (HWRCs) or
reducing the operating hours of a HWRC will lead to congestion in the recycling system
network. Some HWRCs do not have all the required recycling facilities and tloé sim$ure
a faglity will also increase the congestion levels atequigdped HWRC. In this case, users
can choose to go to another recycling centre or leave the system. When users lose interest in
recycling, the question of where all these recyclatdgdenudbeanswered. An analogous

problem is also experienced by the healthcare service.

A survey by the National Health Service (NHS) in July 2017 indicated that 20% of
respondents had to wait more than a week to see a GP compared to 18.4%6r{NHI$,201
2017, p23. This report also noted that 14.6% of its 110,834 respondents decided not to have
a checlup (leave), 5.7% of respondents moved to another healthcare service (such as, going
to a pharmacy, or seeking a private healthcare facility) andeh7% A&Eto seek

treatment. For any patients that decided to leave the system, their condition might get worse,
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or at worst, they might ultimately be hospita{lBednelly, 2017Furthermore, if a patient
chooses to go to A&E, extra costs in attending the patient will be incurred.

Service capty or server availability is strongly affected by budget cuts. Readjustment
of capacity to its optimal size is important as this helps ircreasajtdisatoroand increase
system effectiveness. Any underutilised capacity must be ,adhitdteoverutilised or
congested facility must be expanded in order to cater for the increased demand per unit time.
For any existing facility, the need to reorganise is crucial. Operation of these facilities needs to
be revised, even though the afiag perids of these facilities are being reduced or indeed
the facilities are being completely shut down. This also means an increase in the waiting time
for the demand. Due to inaccessibility of the servers, the demand might lose interest (for any
norrurgent seree) or go to the highdevel facility. Clearly, this situation will affect the entire
system operation. Hence, a solution which can minimise the damliagemfort to the

providerand the users, as a consequence of the need to reducehmpegisglesired.

The problem that we are trying to solve is complex. The dea#ien might reduce

the operational periods of some facilities, and/or other facilities might be closed completely.
Additionally, the decisianaker might want to keep teén facilies open. Sometimes, the
reorganisation options suggested by the demisiker might also be insufficient to serve the
area under analysis. Several reorganisation options could be delivered, especially when the
decisiormaker is dealing withuttiple fadities in a network and so needs to consider the
length of operational times for each facility. It is important that the de@agienconsiders
all of the options. Given the combinatorial nature of the problem, there could be a very high
numker of optimsto evaluate. As such, an enumerative process for obtaining an optimal
solution would be tirmeonsuming and tedious, thus leading to the denisiker not
considering all the available options. Moreover, to solve the reorganisation erabigm, s
limitations must be considered, for instance, the capacity of a facility or facility performance
level. Figur&-5 illustrates four possible reorganisational actions using two facilities (denoted
byj) and four timgeriods (denoted hy which are

7 Option 10 All facilities are operating;

1 Option 20 Only Facility 2 is operating;

1 Option 30 Both facilities are operating for two periods, and

1 Option 40 Both facilities are operating at different total operating periods, and at
different time.
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Option 2

Option 3 Option 4

- = the facility is operating
- = the facility is not operating

Figure3-5: Several possiblergorganisation options

From Figure8-5, options 1 and 2 show straightforward combinations, while options 3 and 4
clearly show the uni que c¢ o mHowevertthereareothér f ac i
options that could be conducted, for instaonky Facility 1 is operating, or both facilities to
operate one, two, three or four three 4pmBods at different timeand so on. From these

options, clearly, there are milliohseorganisation options that need to be considered by the
decisiommaker; which is why an elegant method, i.e. a mathematical model to represent the

reorganisational problem, must be proposed.

The following section discusses the model development ptboasgh the
modification of several basic facility location modelharadaptation of the CLSP concept.

The assumptions of the proposed model are also described.

3.2 A Mathematical Model to Reorganise Existing Facility Network

We propose a mulberiod moel aimed at dealing with the reorganisation of an existing
facility néwork.Our study was inspired by variants of the #peitod models introduced in
previous studies which adapted the CLSP to different problems arisiagnanuafacturing
environmentssuch asBruno et al.(2009, 2012, 2018), Bruno and Genovese (2010), and
Bruno et al(2014) The proposed model is relevant to facility networks in which such facilities
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are interrelated and interconnected with each other. The explicit representation of the time
dimension othe demand dynamics, along with reproduction difeeaptons for demand
(such as the possibility to move to other facilities or to leave the system) differentiates the

proposed model from previous studies.

3.2.1 Adaptation of the CLSP by Variables Atjustme

Recall the soalledmass balance con&@ra)ndf the CSP. In this equation, components of
"Qa ¢ consist of inventory levels from the previous petiddl) and of items produced
during period. Meanwhile, a component '@ ¢ 0 defines the number of items sold to
customers dt Hence the bance betweéa ¢ @d "Qa ¢ vis the number of items held in

storage, i.e., the inventory level at the end of period

i Q& E 0 QAE D
i f 6 (2-2)

These quantities can be mapped to sicatarepts in the QP by considering:

CLSP Proposed Model
ltems adapt as Demand
adapt as Amount of Demand

Production Level Visiting the Facility

adapt as i
Items Stored (Inventory) Amount %llj)eirgand nthe
adapt as Amount of Demand Serve

ItemsSold to a Customer by the System

Figure3-6: Adaptation of the CLSP by variables adjustment

In Figure3-6, the adaptation of variables from the CLSP to the proposed nsbasVns
Besides adjusting the variables, the modification is constructgst@metic process that is

arranged into four stages:
Stage 1Moving from the CLSP to a mygeeriod, single facility model.
Stage 2Modelling a muHperiod, single facility el with dosyariable.

Stage 3A multiperiod multifacilitynodel witHoss variable.
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Stage 4 A multiperiod, multfacility model with loss variable aethandovement

within interrelated facilities.

Stage 1: From the CLSP to @Pktittil, a §le Facility Model

The CLSP is a renowned model in indusamal supply clmbased studies, where the focus

is on the production level and items (things or services). As mentioned, by looking at the
problem from a different angle and perspective;léas that the definitions ©fa ¢ @nd

"Qa ¢ vneed to B modified to suit our purposé&se first step is to modify the definition of

the parameters and decision variable terms. The adjusted definitions can then be given as

follows:

Systenparameters:

Original Adjusted

t . System capacity t . System capacity

- . Costrelated to producing aunil |- : Cost of serving a unit of demand
of an item

- . Costrelated to inventory level - . Cost of holding a unit of demand

0 : Setup cost/ production cost 0 : Setup cdsoperational cost/ cost

related to operate the facility
@ : Demand level (amount of deman

Decision variables:

Original Adjusted

w : lifthereis/are item(s) produce| |« : 1 ifthe facility/facilities is/are in
0 otherwise operation, O otherwise

i . Inventory level (number ofitem¢ (i : Holding level (amount of deman
held) stay at the facility at the end)of

n . Production level (number ofiter] | : Processing level (amount of
produced) demandserved)

@ : Demand level (number of reque
items)

From the adjusted variables, the componeri@oof @re the combination of the amount
of demand from the previous periéd () and the amount of demand visiting the facility

duringt (w), whilst théQda € vcomponent is the amount afrdand served during pertod

31



Chapted: Capacitated MpdriodviultiHfacilities Location Mod®&eorganising Facility Operation

(). Therefore, the mass balance concept of the proposed model can be illustrated as per
Figure3-7.

QA eV "Qa € 0
i
. \*
Time ) ) L/ L4
horizon w Q n
1
1
Y.
'l i \“
L__/ U Balance of
"Qa eV QaED
4

Figure3-7: Mass balance concept of the proposed model
From the illustration, constrai@tq) can be revritten as:
i Qa e L QUED
i W N (31
Constraint%1) describes the amount of demand in the queue at the end of isetfied

balance betweé&d ¢ and™Qa € O

Stage 2: A Mytteriod, a Single facility Modelssitfariable

Demand is unpredictable,andéa c hoi ce that is taken will aff
leaving the system is an option for the demand with an additional cost either to demand itself

or to the provider. For example, the act of lgaviecycling network might result in additio

costs for thegrovider where the lost demand may mean the disposal of recyclable materials

in landfill, or worse, that it is-fipped. Letx be the demand leaving the system during the

periodt. Therebre, the objective function can be modified by adding the cost of demand

leaving the system, denoted-byThe objective function-@@ of the model can thus be

changed to:

a Q& - -0 -0 0w (3-2)

The mass balance definition 8f1] is also changed due to the chang&afé 0

components, which are the amount ofi@edprocessed or serveql , and the amount of
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demand leaving the system, during peri@d, respectively. Figuse3 further illustrates this

change.

Qa €0 Qa €0

Time N
horizon “al .
W —>» QF—»nh

A Balance of
QA E VL QU E L

v

Figure3-8: Mass balance concept & firoposed model

Hence, 1) can bee-written as:
i Qo€ 0 QU E L
i ® n a 33

where 8-3) now is a modified version of the C3i& incorporates a loss variable.

Stage 3: A Mylteriod, a Mdticility Model with Loss Variable

Within a network, there is by definition more than one faciliprtivides an identical service
and is managed by the same authorities; for examudbebraf a bank or of a supermarket
chain. Letlbe a set of facilitie¥} 0) to indicate a muifacility networkWe also assumed

that the cost to operate a facjly ) is the same for all tihéhus, the modified CLSP is:

a Q& - - i -0 ow (3-4)
subject to;
i i @ N« FON Y 0 (3-5)
n to FON YO 0 (3-6)
i mwo T Lon ¥l 0 (37
w N Tip bon Y 0 (3-8)

(3-4) 8 (3-8) represent the modified version of the CLSP that includes the modifications to the

"Qa € and"Qa € vcomponents. Normally, demand will have more than one option when
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seeking the required service. The option providedrisve to anotheratilityj at timet,
assuming that the demand will be served at the second visited facility as soon as the demand
leaves the first facility. Therefore, the next stage models allow for demand to move from one

facility to another.

Stage 4 Multiperiod, a Mdfticility Model with Loss Variable and Demand Movement Within the

Interrelated Facilities

In anondictatoriahetwork with more than one facility, and where faciliti@stamelated
and interconnected, users can attempt to atmesequired service(s) at more than one
facility.When demand moves from one facility to another, the componéfts ofand

"Qa € vare changed. Let the second fagilitgt is visited by demand indexed bywhere
AN 0 andQ Q forbidding demand from travelling back to the original fgcilliye
movement of demand from a faciltty a facilityk is based on@redetermined binary integer
denoted by (to allow the movement of demdraim a facility to a facity k during period
tyor 6 (to allow the movement of demanaim a facilitk to a facilityj during period).
This binary integer could be represented through any numerical canditicass a shortest
distance (physically) or travel castany arltrary functionsuch as attractiveness movement
from a facility to a facilityk. Let, the demanehoving from facility to facilityk during the
periodt be represented by a decision variable@ndthe demand moving from facilkyo
facilityj during the periodl be represented by a decision variablelhus, the product of
"Y 6 is the demand moving from facijitg facilityk during the perioti as based on the

prespecified characteristic. Figd@allustrates this concept further.
"Qa € U "Qa € 0

Time N
horizon A - o

oY —» Q |—» n RfY

/¥ Balance of
QA E VL QU E L

v

Figure3-9: Mass balance concept of the proposed model
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This movement comes with costs, however; for example, transportation costs to move from
facilityj to facilityk, along with the time associated with this movement. Liepresent this

cost;the final modified version of the model can thus be given as:

6 Q& - -0 - a - Yo o 66 (39
h

Meanwhile, the mass balance conceft®fcan be ravritten as:

i QG € 0VLQAED

i o Y 6 nooa Y6 (310

Figure3-9 can be extended through the conservatitowbf demand in the system network
between facilities and through time periods, as illustrated irBRiQuFais figure indicates
the movement between interrelated dawed facilities. As can be sebeard could be users
who are prepared to wait in a queue, whilst some usgngeatacilityj will move to facility

k. Some users leave the network or gdhateyel facility. At the same time, there is demand
arriving at facilityduring the periot Therefore, the amount of demand that moved into the
networkis either served or leavieor demandhat in thequeue will be served on the next
period Meamhie, for demand that move to another facilgyassumed to be served
immediatelyat thefacility that they moved intdhis can be represented by introducing

another constraint, which is:

@ noan (3-19)
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s=1 ; /=2 J=]
: Move to another j
| I .
Demand Demand i
allocated served during i Deme:ln;l . Demand choose
— from f durng =1 ! serv ung to leave,/ move
.l.L =1 =1 to another
dusing =1
Unserved demand b Lo . Unserved demand - a4 3
dusing =1 emand choose to duzing =1 Demand choose to peeaved deman Demand
K% leave/ move hn mo"' (% leave; move to dunng 71 K% served ducing
Demand leave dusing =1 anotherj dusing =1 | Demand leave dusing =1 another j dusing =1 Demand leave ducing =1 =1
- Move to another j
Demand from previous period i L
| \ Demand from previous peniod
Demand i
allocated D 4 ! Demand chooze
from ¢ dun e e i Demand to leave,/ move
5 nong served dunng ! served duning to another /
[a] = =2 =2 ducing #=2
Il
Y
Unserved demand 7
j Unserved demand
dusing =2 &m?d "h"::e o o o e =2 Demand choose to E"?e“’ffzdmma Demand
il AR > leave/ movero T T ey
Demand leave dusing =2 i Demand leave dusing /=2 znothes/ dunng =2 Demand leave during 7=2 =2
: Move to another 7
. . | [
Demand from previous period E Demand from previous period \ Demand from previous period
Demand E
allocated D q | Demand choose
[l from { during eme;nd . i Demand D q to Jeave, move to
=T SErve g | - ernan her i du
! ~T ' e allocsied from T
i durng =T
Unserved demand iU ed d d !
duzng =T onet nserved deman
unng Demand choose to o A0 during =T Demand choose to Un?med demand Demand
leave, move hD Mo leave, moveto dusing =T served duning
anotherj dusing =T 1 -
. I another j dudng =T 7 =T
Demand leave ducing =T i Demand leave dusing /=T Demand leave dunng =T

Figure3-10 Demand movement between s#enel facilities.
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Besides the modifications on the midaknce constraintadditional constraints were

proposed to suit the tackled problefifsese constraints are as follows

1. LetB%be the mximum amount of demand that is allowed to leaviac¢higynetwork.
This limit isimposed apart of entire amountf @emand that move into the system, in

order toensuethes e r v i c e pepfornoancevithen thé required standaildhus,
a 6 ® N (312

2. The movement of demand within tietwork and timperiod must beestrctedto the
operated facility onlidlence, the proportion of demand that stay in queue (to be served
on the next period) and the proportion of demand that move to another facility (to be

served at another facility) bdw be to the operating facility only
® N 170 o oN Y (313

i

@

Yo . e

wih Qi oN Y (319

W

3. The @eration of a falty is limited to several hours per day or several days per week.
Hence, a constraint is needed to represent this limitationbé&¢ihe maximum operating
periods of a facilityHencethe total operating periods of a facjliyless than aqual

to) .
w 1N L 0 (3-15

4. Once a facility operates, it must be operated for the entirenagek. Hence,@nstraint

forbidsre-closureonce the facility is operatisgecessary

® wn 17 oH oon Y (316

5. No queue formed dhe beginningatt = 0) and at the end of the tirperiod(att = T)
of afacility, hence

(o O ORITY T (3-17).
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As highlighted earlier, the need to hmveelegant method, i.e. a mathematical model to
represent the reorganisational problesmcrucial. Thus the next section presents the

mathematical model faarganising the facility network under the budgecttiestproblem.

3.3 A Multi-Period Model for Reorganising MultiFacility Network Operations

This section introduces the proposed model as a mixed integer linear programming problem
with a single objectivienction. Later, possible modifications to the proposadkl are
presented, including transforming a single objective modemattb@mponenbne. The
parameter and decision variables for the model are as follows:

Sets
0 = the set of facility lodahs and index Jyk wherd '@Q p8 lssQ Q
Y = the set of timgeriods and index bywherd 6 p8 7Y
Parameters
0 = cost of operating facility
- h h = assigned cost for each decision made whenelicates the cost of serving

- K one unit of demand, indicates the cost of transferring one unit of den
to the next period, indicates the cost of losing one unit of demand ar
- indicates the cost of a unit of demand ntoamother facility

@ = amount of demand at faciljiguring period

1 = maximum period to operate a fagjlity

o) = predetermined binanpgmberto indicate demand mofagilityj to facilityk
during period

T = capacity of facilifyduring period

B = upper bound chmount of demaniéaving system

Decision variables
p QOO O TEON@I D IDDQ

@ T g £ TR 0 QI 0

i = amount of demand transferred to the following period at fpailitye end
of periodt

Y = amount of demand moved frdecilityj to facilityk during period

a = amount of demand chose taue at each faciljtduring period
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n = amount of demand served at each facditthe end of period
0 Qe L Q¢ 600 -n -{i - a - Yo (3-18
P
subject to:
® Yo i Yo o an 1Oy O o Y (3-19
f P
@ noan (3-20
a o ® N (321
n ton L7 O on Y (3-22)
i s
o w N I 0h oN Y (323
Y o , v
S wn Qi oN Y (3-29
w 1N 10 (3-25
@ N 17 0 on Y (3-26)
i L7 OORY T (3-27)
Nk AY Loy "H @ 0 (329
@ N Tip N Jov ™M Q0 (329

The objective function of the mod@{l@ is aimed at minimising the total operational cost of

the whole network of facilities, which can be represented by the feumcofsts: service

costs, queue costs, movemearsts and leaving costs. The system constraints are given in
(3-19 to 3-29. 3-19 was modified from the CSLP, as explained in the previous section. The
constraint shows the flow of demand thrauglhe system, between facilities and periods. It
shows the dynamic characteristic of demand where demand is able to enter and leave the
system at any timevith an additional cosg&20) ensures that tleenount otdemand is either

served or leaves thgstem at the end of the time horizon wBil) ensures the amount of

unserved demand is limited &t or rate ofB (6 is between 0 and 13-42) guarantees the
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amountdemand served is within the capacity ¢évbe facility.323) and 8-24) restict the
amountmovement of demand to operating facilities only. Cons8&8t I{mits the total

number of operating periods at each facility to af mast once the facility is closed (e.qg.,

within a day), will remain closed, as p&i26). (3-26) can be changed ¢ w, if the

decisioamaker allows late opening times and late closing times. For the analysis and the
remaining computation for this mod&{2¢) remains unchange®&:27) ensurediat there is

no demand in #nqueue dt= 0 and at the end of the perioés T6 . The deci sion v

A A and"Y are positive intege®28) andw is abinaryvariablg3-29).

(3-2)) is closely related ®25). Ideally;, of (3-21) can be set tor to find the optimal
schedule for a facilityThe decisiomaker is able to contiiol or the maximum operating
period of eaclpbased on his / her preferences. A différentalue for each facilifycan
identify the impact of the system reorganisation. Variatiomudy present several results,
including the benefits or drawbacks of reducing the size of the facility network. For instance,
setting to 0 (or maximum agrating period is O timumit) means the complete closure of a
particular facility Meanwhile, by settingto any value for eaghmeans the facilifys only
allowed to operate within limited period$ ofThe complete closure or limiting tbeak

operational periodsf @ facilityj, might cause more demand to leave, hence reducing the

system performance; which is controlled b ttadue of constraing{1).

The amount of demand at each fagitityring timd, w can be calculated ugin

) Q L ON " O 0 (3-30

where locations of demand are indexed i p88@ Q is the amount of demand from

locationi for each period, andQ is demand from allocatd to j during period. (3-30)

indicates the allocated assignment of dematalafacility at timet. The allocation can be
nordictatoriadr dictatoriaNon-dictatorial allocation is allocation by choice, for instance,

choosing a grocery shop, {ehdictatorial allocation is an allocation made by the respective

aut hority, for instance, the healthcare ser\
the NHS.

Assuming thaserviceproviderhas a say in this modeleréfore it is important to
measure both sides, peoviderand demand. This is because each action that demand takes
will affect the cost of the systéme. the service providand will cost thdemandoo. For

example, the act of leaving a recynihgork might result in diional costs for thgrovider
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where the lost demand may mean the disposal of recyclable materials in lartiiedr fly
Hence t he model 0s 3a8 gar betfurthee refihad rby consimearing (the
individual components in the demand aidetheprovided side. If we ledd be the cost on
theprovidet side ando be the cost on the demand side, then the objective is:

0 Q& hd
To solve thenult-componentnodel, a scalarization technique is used.deethe numbe

of componentand be the weight factor of each objective, where| p. Therefore,

the refined objective function is:
0 0 | ©

where;

(331

Let thecost on the@rovided side, o consist of the operational cosis , the cost to serve
a unit of demand-  and the cost when a unit of demand leave the systemlLet, the

cost on the demand side,(rconsists ofthe cost when a unit of demand be in the queue

- and the cost when a unit of demand move from faedifacilityk - . Therefore,
) ow - R/ -« (332
W -0 - Y o (3-33.

Thus, the modified objectifunction is:

b Q¢ | 60 - -

(339
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Our model is inspired by the CLSP, which known for itslegitypas shown titorian et al.
(1980) and Bitran and Yanasse (1982hermore, from our previous illustration, see Figure
3-5, we could say our proposed model is as complex as thel't&Bsumptions die

proposed model as described in the following section.

3.3.1 Assumptions of the Proposed Model

Generally, demand is uncertain and highly dynamic, thus modelling the problem is quite
challenging. For an organisation that suffers Iinghget restrictions whiggmultaneously
experiencing a natecreasing amount of demand, a shortage of supply is likely to increase
congestion levels. Meanwhile, it might be impractical to continue to operate a facility that has
a shortage of demand, sirtamight be better fohe allocated budget to be distributed to a
highly congested facility. Therefore, in reorganising dauilitii network, it is assumed that

the reorganisation is strongly influenced by the allocation or distribution of denmand amo

the facilities involelan the network. The general assumptions behind the model were:

1. Facility 8 The number of facilities is known and fixed. Only existing facilities that
provide a noprofit service, or a public service industry are considered. The
congestion distribution isneven or inconsistent between facilities. Each facility is

assumed to have a single server and providesarfisstfirsout (FIFO) service.

2. Demandd The locations of the demand of the facility are known and fixed. Demand
alo has access to any lefehe facility (muHilow) and might tend to go to a higher
level facility if a lowdevel facility is congested or defunct. Even though demand can
enter and leave the system at any given time, it is assumed that the demand has
knowledge about the@mgestion at the facility. Therefore, once a given user arrives
experiencing high congestion levels, he/she can choose to stay in the queue, go to
another facility (santevel or highelevel), or leave.

3. Time-period - The perioddngth and the intervalstween periods are known and
fixed. The length and interval could adopt a daily, weekly, or monthly basis, or indeed
any numbethat best suits the type of service provided, or as based on the preference
of the decisioimaker.The service time is assumadnalependendand deterministic
For instance, consider a facility that operatesiiBperiods per day, and the interval
between timgeriod is an hourly basis. Therefore, the service time is one hour.

Meanwhile, if the focus oearganising facility opgons for a week, then the service
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period is one daln the meantime, the length of service time could be more than one
period. For example, to wait for GP availability, a patient must book an appointment
day i.e. waiting timeAssuning apatient hato wait for 2 daysafter booked an
appointmenfor GP consultation. Given that thensultation of the G a day,

hencehe service times 3 days (2 dayswiting time and day otonsultation time

Besides the three assuiom discussed aboveés idlso assumiéhat each facility in a network
has a different pattern of demand arrival. This means that the utilisation rates for the facilities

are distinctive; indicating an uneven congestion level for the network.

The next sction reports on the cqutational times required to solve the model using

the singlebjective model and the scalarising ones, thecompionent model.

3.4 Computational Experience

Computational experimentation is important to test the behaviour of plosgaranodel,
especiallynipresence of larger problem sizes. Through this, the model behaviour in solving

large instances within a reasonable computational timescale (in seconds) can be analysed.

3.4.1 Generating Testing Sets

Let| be the set demand locatiohthe set of the facilitpcations and the length of the
time-horizon. The problem focussed mamelevelfacility, where all facilitiggre accessible
by demand, though with some restrictions. The steps taken ttegbegyeoblem instances
are:

1. Amount of demand requegiitihe service at each locatiovas distributed per time
periodt (Q) using a Poisson distribution so that each amount of demand generated is
balanced and ndsiased. The a mb d a ( k on distrfbutibniwas s&t at 50usits
for all generated data, or the highest anaiuiemand at each locatioper timet
was assumed to be 50 units of demand. The data was created and stored in an Excel

spreadsheet.

2. Then, the allocation of demand at dacationi per timet to each facility locatign
or Q , was based on tepatial interaction model Details 6the model were given

in the preceding chapter. In this instance, the general formulation was modified to:
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0 0QQi o
3
B 0O 0Q0Qi o
wherenwas set to 2. The distance between demaatcblo and facility locatiop or

Q

Q"Qi was generated randomly using the appropriaténbiXtel function, where
the range was set to be between 2 to 15 minutieavef time. Similarly, the

attractiveness value per fagjlioy 0 , was set between 0 and 1.

3. The amount of demand for allhat chose thg¢at timet was found by using the
equatiorm B 'Q , as8-30. By holdingconstant, the amount of demand from all

locations at each faciliyat timet canbe found. Figurg-11 illustrates the process of

generating the amount of demand at each fppéityimet.

Allocation based on the
Spatial Interaction Mode

v Q

7 7 v\

Demand of location AN 0
per timet was distributed ' ©
based on Poisson ~~~ % Q L
Distribution »
hR W

o)

Figure3-11 Flow to compute the amount of demand at gaehtimet

4. It was assumed thtlte capacity level for each facjlity) was proportional to the

attractiveness value,, through a factor, , i.e.,t 1 Q) . To determing , the
o .. B
utilisation rate of each facultyB— was set between 30%20% or on averageeh

network utilisation rate is between 848%%.

5. 6 was setto be 1 if demand from fagilitgs allowed to move to facikt{this was
possible if the travel time was less than 10 minutes), with the variable set to O otherwise.
The distance bseen andk was randomly generated using a raryed@0minutes.
A minimum 2 minutes of travel time was chosen in order to indicate the existence of

more than one facility in a given area. Similarly, a maximwmioL89travel time

44



Chapted: Capacitated Mpdriodviultifacilities Location Mod®&eorganising Facility Operation

was considered realistic representation of the distance between fanilites

different areas.

Several combinations bE p8 ‘O where "Q 0, J = p&Brewhere ' U andT =

p88 ¥ewhere 0N Y were tested;l| =20, 3 and 100|J| = 20, 50 and 100, and|| =
20, 40, and®@. This set was chosen because of the nature of our network: first, the facilities
were intaelated and interconnected, and second, in a given region there were several facilities
providing similar services to a particular set of demand. Moreoveoni$iderchis network
to be a managed single authority, then a small dataset would e BufBpieesent the real
life situationT was restricted to a maximuml6d units since we were considering hourly or
weekly bases for facility operations. Rstance, there are 28 wards in Sheffigld=(R8)
with five HWRCs (J| = 5). Some centreseve operating seven days a week, with a minimum
8 hours of operating time each day ¢ 7 days x 8 hours per day = 56 hours per week).

Meanwhile, the costs @f, - ,- ,- and- were estimated based on thelifeal
situdgion. The operational costs, was set to be the largest since it is not realistic to assume
a cheap operational cost. The arrangement - - - was utilised using a pre
set ratio. Setting the cost of travelling betiweefaciity locations-( ) to be the cheapest
indicated that demand always can go to another facility located within a reasonable travel
distance. This was followed-by, which is the cost paid by the provider to serve a unit of
demand. Therhe cost to bén the queue, or was set to be an intermediate cost, where
some demand might want to stay in the queue rather move to another facility. Lastly, the
seconehighest cost is the cost paid by the provider whenever a unit of denmesthéeav
system, of . We assumed that whenever a unit of demand left the facility network that this
means the demand will divert to a much more expensive facility (that is managed by the same
provider) to obtain the service. For instance, due tailataity of a GPhe demand might
go to A&E instead (or leave the GP network), whereas we know A&E is very costly to operate
in comparison to a GP visit. Thus, settingas the secorAdghest cost after the operational
costsp , seems pergdy reasonable. For thaiti-componenmodel; and were set to

0.5 to balance the cost for both parties. Details of these costs are:

Costs Value
0 500
- 7
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- 15
- 30
- 4

CPLEX 12.6 was run ommputerwith a memory of 8.0 GB RAM, a 2.50 Giacessor
and the Windows 10 operating system to perform the experintiesdsagets were created
and stored using ExcelE 2016The faadthel ts ar e

mult-componenmodel.

3.4.2 Redts on Solution Times

The resultshow that the CPU time was influenced by the combinatitin ¢3|| and |T| .
Table3-1 shows the results obtained from the siolgjective model, while Tal3& shows

the results obtained from timlt-componentnodel.

From Tables-3 and3-2,as |I| and | T| increased, on average the number of iterations
completedvere increase@PLEX solve Mixed Integer Programming by using Beartth
Cut; i.ea search trahat consisting ohode@CPLEX, 2017)From both tableshe number
of nodes explored by CPLE2{e varies for all instances, probably due to the variation of
dataseused. Itcan beseen that the times were increasedl| and | T| increasedThe
increment of CPU time whenelgrcreased (even though allocation of demand from location
i to each facilityat timet was computed separately from CPLEX) is mainly daesaase
of preprocessing time of the Excel file. The capacity distribution for all facilities was also
influenced by the computational times since more optiof®faach can be found. The
computational results show the model can be used to Eolyeranstancéut would take
an increased amount of time to solve. The solution found may depend on the problem
characterises, i.e., the costs designated to each variable, the existing capacity, and the relation
of distance betweg¢mandk; for the comptational timgswhile the length of the time period
also plays an important rodeanwhilefor the five datasets used,averagehe gaps less
than 1% (i.e. between 0.00% and 0.33%) showing the results proposed by the CPLEX is
optimal However, dferent datasetcould produce different gaps; i.e. the gap could be optimal
or not.Both tables also show when §ll | J and | T| is large, the result was not found by
the CPLEX i.e. ouvf-memoryThis clearly showbkatthe modemightneed to bsolved by
using tdored algorithm(such as metaeuristis)for large instanse
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Table3-1: CPU times for several problem sisinglecomponenmodel

bl # . #Binary . # Iteration . Nodes .Optimalitygap . CPU Times
Constraints Variables Min Average  Max Min Average Max Min  Average Max Min  Average Max
20 2,295 2,768 3,795 0 9 43 0.03% 0.15% 0.33% 0.95 1.28 1.77
20 50 9,982 400 2,456 3,818 5,416 3 39 133 0.02% 0.06% 0.10% 1.05 1.52 1.88
100 2,266 2,367 2,435 0 0 0 0.00% 0.00% 0.00% 1.49 1.94 2.08
20 6,153 6,928 8,721 0 30 113 0.01% 0.06% 0.13% 3.30 3.48 3.95
20 40 50 19,982 800 5490 6,994 9,084 6 20 45 0.05% 0.06% 0.07% 2.63 3.69 4.34
100 5,301 5,640 5,924 0 0 0 0.00% 0.00% 0.01% 3.86 4.69 5.19
20 17,283 20,807 27,971 16 58 178 0.01% 0.04% 0.07% 14.56 17.27  19.19
100 50 49,982 2,000 14521 18,520 23,823 5 63 212 0.01% 0.04% 0.09% 13.42 15.89 19.77
100 14,588 14,894 15,479 0 0 0 0.006  0.00% 0.01% 1194 1413 16.95
20 9,653 12,561 15,536 0 0 0 0.01% 0.01% 0.02% 5.03 6.64 9.67
20 50 54,952 1,000 11,780 26,542 47,424 0 260 1006 0.01% 0.06% 0.11% 16.72  20.12 24.34
100 21,869 168,992 512,633 0 839 2176 0.01% 002% 0.04% 27.02  68.02 152.78
20 19,933 22,119 28,994 0 0 0 0.00% 0.01% 0.02% 6.52 13.20 17.11
50 40 50 109,952 2,000 32,321 65,227 88,799 22 226 438 0.01% 0.04% 0.07% 31.64 50.18 66.66
100 54,115 206,678 659,525 9 352 769 0.01% 0.03 0.06% 91.86 170.85 321.53
20 44,236 71,119 105,694 0 175 390 0.01% 0.01% 0.01% 49.00 74.78 114.27
100 50 274,952 5,000 89,455 237,454 644,567 180 364 542 0.01% 0.02% 0.04% 206.95 298.64 495.34
100 188,590 513,538 1,380,151 79 319 757 0.01% 0.02% 0.04% 663.84 1145.88 2113.94
20 16,185 62,568 135,319 0 1043 2438 0.00% 0.01% 0.02% 16.06  59.22 151.81
20 50 209,902 2,000 17,575 41568 75,429 0 16 62 0.00% 0.01% 0.02% 22.89 10540 33141
100 40,160 329,777 933,005 14 2501 9603 0.01% 0.02% 0.03% 76.30 365.89 902.61
20 34,490 105,802 173,505 0 859 2662 0.00% 0.01% 0.01% 51.84 151.84 276.39
100 40 50 419,902 5,000 35,971 55381 67,031 0 8 33 0.00% 0.01% 0.01% 51.80 112.79 194.47
100 61,04 300,728 547,856 0 474 1574 0.01% 0.02% 0.03% 237.80 607.29 961.06
20 88,693 89,001 89,308 0 0 0 0.01% 0.01% 0.01% 95.66 117.22 138.77
100 50 1,049,902 10,000 out-of-memory
100 out-of-memory
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Table3-2: CPU times for several problem sézesiltr-componenmodel

NI I # . #B?nary # Iteration Nodes Optimality gap CPU Times
Constraints Variables Min Average Max Min  Average Max Min  Average Max Min  Average Max
20 2,325 2,965 3,581 0 13 54 0.00% 0.11% 0.32% 0.66 1.00 1.20
20 50 9,982 400 2,858 3,492 4,405 3 30 98 0.01% 0.10% 0.16% 0.92 1.25 1.59
100 2,288 2,354 2,400 0 0 0 0.00% 0.00% 0.00% 1.27 1.52 1.69
20 5,901 7,097 8328 8 34 100 0.01% 0.16% 0.31% 2.50 2.79 3.20
20 40 50 19,982 800 5,736 6,496 7,900 8 14 30 0.00% 0.07% 0.17% 2.28 3.24 4.88
100 5,484 5,981 6,202 0 0 0 0.00% 0.00% 0.01% 3.76 4.03 4.41
20 12,443 18,435 22,850 0 46 106 0.01% 004% 0.09% 7.02 10.73  13.75
100 50 49,982 2,000 14,260 16,750 21,774 7 34 67 0.00% 0.08% 0.12% 8.94 1413  18.89
100 14,407 14,784 15,099 0 0 0 0.00% 0.00% 0.01% 10.55 12.71  15.14
20 9,380 11,936 16,375 0 0 0 0.00% 0.01% 0.02% 551 6.48 8.19
20 50 54,952 1,000 9,888 24,199 39,277 0 117 265 0.02% 0.07% 0.12% 12.01 15.54  20.00
100 21,901 129,253 377,687 0 539 1371 0.00% 0.03% 0.06% 25.80 53.39 103.52
20 16,111 22,964 30,357 0 7 35 0.00% 0.01% 0.02% 8.89 12.79 16.98
50 40 50 109,952 2,000 28,638 63,277 99,356 35 231 454 0.02% 0.04% 0.05% 2761 4437 5081
100 73,099 310,478 1,043,455 30 465 1392 0.01% 0.02% 0.03% 86.56 203.48 530.78
20 41,656 68,788 114,876 9 127 186 0.01% 0.01% 0.02% 35.14 60.70  87.19
100 50 274,952 5,000 114,876 249,132 523,519 186 386 731 0.00% 0.02% 0.03% 146.39 231.69 353.03
100 167,321 724,306 1,983,841 84 479 908 0.01% 0.03% 0.03% 617.06 1135.95 2095.72
20 19,645 61,936 151,361 0 989 2439 0.00% 0.01% 0.02% 13.41 51.32 138.19
20 50 209,902 2,000 19,645 34,645 58,541 0 7 34 0.01% 0.01% 0.02% 2189 48.08 80.73
100 30,689 346,527 1,120,889 25 2881 11575 0.01% 0.02% 0.04% 81.70 349.79 976.80
20 35,014 287,794 776915 0 5354 22297 0.01% 0.01% 0.03% 31.05 240.01 542.42
100 40 50 419,902 5,000 10,026 51,741 98,658 0 89 331 0.00% 0.01% 0.01% 50.88 158.37 261.16
100 68,191 252,728 536,757 6 367 1094 0.01% 0.01% 0.02% 223.39 609.96 940.24
20 87,655 145,703 203,750 0 0 0 0.01% 0.01% 0.01% 95.13 143.28 234.00
100 50 1,049,902 10,000 out-of-memory
100 out-of-memory
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Meanwhile, cutappliedby CPLEX as presented in Fig@f&2 and3-13 There are
seven type of cuts used; flow cuts, mixed integeimguwds, flow path cuts, zdralf cuts,
multrcommodity cuts, lHandproject cuts and Gomory fractional cuts. Geneiailpoth
figuresthe number of cuts for all types of appliedby the CPLEXare increasing as the
dimension of sets increaselde highest number of cuts were recorded 400,j = 50 and
t = 100 This occurregrobablydue tothe increment on the number of iterations i.e. more

solutions need to be processed byGRLEX. Meanwhile, no cut was shéoevrall out-of-
memoryoutputs(whenj = 100 and = 100.

Singlecomponent: Number of cuts based on type
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= Multi commodity flow cutsm Lift and project cuts m Gomory fractional cuts
Figure3-12 Number of cuts applied by the CPLEX for siaglmponent model
Multi-component: Number of cuts based on type
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Figure3-13 Number of cuts applied by the CPLEXrwultr-component model
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Both partiesgroviderand demand) are involved in the decisiaking process. For
instance, a provider locates a facility in a region so as to ensure more demand can be served at
minimum cost. Meanwhile, demand visits a fdwalggd on either the minimum travelling
costs, god customer service or the minimum distance. These two parties are directly involved
in determining the optimal facility location. For this reason, we are interested in considering
the decision based on bdailles. Therefore, only the sensitivity analgsdbe multi-

componentnodel will be discussed on the following section.

3.5 Sensitivity Analyses

3.5.1 The Description of the Test Instances

Our intention is to determine the behaviour of demand towards parantstemdothe

demand level for eagper timepeiiod (@ ). Numerical analyses were carried out in order to
assess the effects of varying the cost paraeters- ,- and- . Theset of demand

locations| was not included in this section of analyses is becausenteeemted in looking

at the behaviour of the demand at gathimet, rather than focussing on the origin of the
demand. It was assumed that the demand pentimet, Q was distbuted uniformly across

facilities. Hence, the amount of @mh at each facilifywas identical for all times
Meanwhilethe number of facility locatignvas set a4 and the tim@eriodt was set at 5.

A small problem size intermsJ@gindTe ases t he observation of t
especiallghe flow of demand in the network, either between tinteetween facilijyDetails

on datasatsed are as follows:

Table3-3: Dataset used in each analysis

Parameters Range
® = [550, 375, 325, 450]
t = [500, 500, 500, 500]
Utilisation rate b E— =[110%, 75%, 65%, 90%]; average = 8

The capacity levdl,, was set to 100 units for all facilitgsll times. The dataset used has a

distinctive utilisation rate per faciitwith a range of 65%110%, to show the uneven
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congestion in a network. Meanwhile, the weight farthele® side, , was varied from
0.1 until 0.9 parametricallyriorements of 0.1 per step, while the associateals calculated
asp | .Forexample, whén 0.1 1.060.1=0.9,when 0.2) 1.000.2

= 0.8, and so on. The extreme values of 0.0 and 1.0 were excluded by askyraitig ot
were considered during the decisiaking process. Four analyses were conducted:

Analysis 1 Variation oB.

To test the impact @ on the flow of demah as this parameter controls the
amount of demand leaving the facility netv®ik.alsaelated to producing

feasible results for the proposed model.
Analysis 2 Tradeoff cost for each decision variable.

To test the impact of the cost of each decisaable on the flow of demand

within the network.

Analysis 3 Variation of capacity levél .

To test the effect of capacity level in terms of system performance, especially

on the flow of demand within the network.
Analysis 4 Variation of total opetiag periods per facility]

To test the effect of having similar and digsti@operating periods for each

facilityj in the network on the flow of demand.

For Analysis 1, values |of and| are kept at 0.5, as we are interested in observing the
behaviour of the model whénis varied. The rest of the analyses focubeompact of
varying the values|of on system performance, especially on the objective function and the
flow of demand ithin the network. The flow of demand for each analysis section is presented

as a percentage using formulations as in App€Ajlix 3

3.5.2 Variation of B Values

TheBvalue is important in terms of limiting #meount of demanithat can leave the system,
whilstat the same time it must be set at an appropriate level in order to produce feasible results.
To test the effect @ on the olpective function, the following costs for each parameter were

used:
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Table3-4: Parameter costs

Parameters Values
0 1000 units
- - 50 units

The effect oB values on system performance is discussed using both values set to
0.5, followed by a discussion on the relaxation of cons¥aiiptand the variatioaf -

values. A value of 0.5 was chosen as the median obind sets.

Table3-5: Results on stggn performance by varying Bjyeusing =| =0.5
. . Amount of
Objective function n n
B == == demandleft
(total cost) (%)
0.00 53,750 105,000 2,500 0 (0%)
0.01 53,325 105,000 1,650 17 (1%)
0.02 52,900 105,000 800 34 (2%)
0.03 52,500 105,000 - 50(3%)
0.04 52,500 105,000 - 68 (4%)
0.05 52,500 105,000 - 85 (5%)

From Table3-5, asB was increased, total costs were only slightly decreased. Total costs are a
combination of both sides, theovider(or &) and demand sides (or. The reduction in

total costs was mainly affectedibyast® was decreased to OtunhenB > 0.02, 0 2%.

This was probably due to the limited availability of capacity on the network. The dataset used
has a different utilisation rate per fadgilitya network that may or may not be congested.
Therefore, a8 becomes smaller, more rament of demand care found within the
network. The direct relationship betwBand theamount of demanéft showed that it was
cheaper to operate the system if more demand left. However, the amount of demand left in
the network could also be influesheed controlled bie associated costs per unit of demand

leaving the system, .

To gain a better understanding of the effect d ttadue, further experimentation was

conducted. Recall constraB2():
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This constraint limits treemount of @mandeaving the system to a maximurB. & further
experiment was conducted where const@2f) (vas relaxed. The experiments used values
of - ranging from 10 until 120 units through increasé&® ohits per permutation, and
where the values|of and were kept constant at 0.5 and the remainder of costs were kept

at constant values. The results of this analysis are presented 3Al&igure

From Figure3-14, itis clear thatthered@en 0 | i mi t anbunemandleasing t h e
when constrainB8{21) was relaxed and whenwas cheaper than the other costs. Generally,
the proposed model 0 pus he mdielyathe cheapestsalutiah. t o |
Similarly, wtn- i s i ncr eased, t he model 0forcesd a
important to set a limit on tla@nount of demanidaving as we want to ensure that the service

performance is maintained, e¥ehis is at its minimum level.
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(c) Total operating facilitiesnount of demanith the queue areimount of demanchoved to anothgr

Figure3-14 System operations when constraint rela@dvive relaxedyith variationsn -

This analysis shows that the constraint relad tmmportant in order to control the
service level of the network. Constr&®1f al so bounds the propose

more demand to leave. The associated cost for a unit of deavarg | is also important
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S0 as to control the amount of demand kept within the network. The next discussion focusses
on the tradeff between each cost associated with the decision vasiables, ,- and

-, onthe movement of the denthand system performance.

3.5.3 Tradeffs between different cost parameters

An initial value foB was determined to ensure feasible results were produced. The datasets,
as reported in TabBe3 (sectior.5.1), and costs, as repoitetiable3-4 (sectiord.5.2), were
used, and the following results were found.

Table3-6: Feasibility results

B% Solution

0% Feasible solution
1% Feasible solution
5% Feasible solution

From Table3-6, t seems thd can be as low as 0%, and the system was still able to cater for
all the demand. This is probably caused by the corditBnw B B T and the
availability of extra capacity at nearby faglittence, foour study, 5% wasasen since

the target is to service at least 95% of the demand.

Table3-7 presents the costsd values and their

section. As can be seen, the values of the other costs are fixed at one value.

Table3-7: Parameters variation for each analysis

Case Costds values & Fixed costs values
I 0= 200, 400, 6(- =- =- =- =50units
Il - = 10, 20, 30, 6=1000 =- =- =50units
1l - = 10, 20, 30, 060=1000; =- =- =50uwits
v - = 10, 20, 30, 6=1000- =- =- =50units
V - = 10, 20, 30, 6=1000 =- =- =50units

For Cases 16 IV, the cost to operate each facijjty , was ahays higher than all the other

costs. At the same time, the weight foptbgided s |s jwdsevaried between 0.1 and 0.9
parametrically in increments of 0.1 per step, while the assoeiagted ht f or t he de ma

| , was calculated usipg |
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Five analyses were conducted, arranged according to the cost values for each decision
variableThe focus for each case was to find the impact on the objective function (total cost),
and costs on therovider(® ) and demandy) sides wenever the cost parameters|and

were varied. Besides these costs, each case focusses on:

1 ForCase I-0 and total operating periods of the netw&kB w .
1 ForCasell-- andamount of demanservedB B n

1 ForCase lll -- andamount of demanith the queueB B i

1

ForCase IV-- andamount of demanieft the systenB B & . Even though the
effect ofB on system performance was discussed in SectigntssSsection focusses
on the demand circulation caused by variations, ine., the cost the system has to
trade off when a unit of demanaJes.

1 ForCase V-- andamount of demanchoving to another faciliiyB B Y

3.5.3.1 Varying®

0 represents the cost to operate fagilifhe effects of varyirig and  on the total costs,
the total costs on throvided side (0 ), thetotal costs on the demand siié) (and the total
operating perits for all facilities in the netwolk,B w , are presented in Figid5. The

values for Case | were used ingbddion.
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Figure3-15 System performance, using Case |
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From Figure3-15, whend and| were increased, the total operating facilities in the
system were decreased. When the costs to operate thg, facilitgre cheaper, 100% of
facilities were operating because certain fapilides congested. As exfedthe proposed
model wilbnly result in the closure of more facilities whenexpensiveSimilarly, whenever

the weighting on therovideb s s | ¢dweas inceeased, the costs carried byrdveder

increased, hence the total opegattacilities of the network begameduce.

The total costs (or objective function, represented by the blue line) was increased
wheneved and| were increased. This is mainly caused by the increment in cost required
to operate a single fi#gij becoming expensive, hence causing total costs to increase. The
total costs on thgrovided side, oy (the green line), were increased whedewmreased.
An increase i® means an increase in costs to operate a fap#ityime t. One of he
components on thprovided s  sdi, Hemce amsincrementpnovided s cost s was ma
due to increments . However, ds was increaseg, was slightly reduced. The proposed

model aims to minimise the totaltsdsr the entire operatioklence, as increased, the

model effectively forced the dominance optbeided s si de. Thi s caused th
@win order to keep the model ds total cost to
side,® (the red line), were $itty increased for al and| . The increase was obvious

whenever was increased. The increase imeans that the total operating facilities in the

network have been decreased, meaning lesdecaisrity. Due to the limited capacity of

the network and the need to maintain a 95% service level, more demand was expected to

circulate within the network, hence increasing

3.5.3.2varying

- represents the cost to serve a unit of denfdraeffects of variationin and| on
total costs, total costs on {®vided side o , total costs on the demand sid€ogrand
the amount of demand served by the facility net®oB,nj , are presented in Fig8-16.

The values for Case Il were used in this section.
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Figure3-16 System performance, using Case Il

When- and| were increased, the amount of demand served by the facility network,
B B 1 (highlighted by grey bar in the chart), was reduced and remained unchanged when
reaching 95%. Previously, the analysis of the constraint on the maximum amount of demand
that ca leave the system, Brshows that the minimum amount ehthnd served by the
network is highly dependent BnFor this analysiB,was set at 5%, which directly implies

that the service level of the facility network must be a minimum of @6B}). @a this

reason, having a minimum 95% of demand served diasgoreSimilarly, the system obliges

in serving 95% of demand, causing the total costs (the blue line) to increase-whameéver

| wereincreased.

From Figure3-16, the costs on therovide® side,t (the green line), were increased
when- was increased, atadwasslightly reduced when wasincreased. An increas@in
was expected aseonf the components 6§ is the cost to serve a unit of demand. As the
system needs to serve at least 95% of demand, thisicdasaesrease directly. However,
the reduction id when| wasincreased was mainly the result of the doroe of the
providerin the decisionrpcess. As mentioned previousig,proposed model reduaedn
order to minimize the model Olathanwananéotat o st t
costs on the demand side, ar (the red ling)were on slightly changed whenwas
increased. Demayside costs seemed to increase slightly|wheasincreased. Whenever
| was increased, this directly implies that there is only a limited space to serve the demand.
Since the demandust be served to a level of at least 95%, witmthedispace it is thus

cheaper to circulate the demand within the operating fasilit@scause® to increase.
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3.5.3.3varying

- represents the cost of a unit of demand being in ¢e glhe effects of varying and
| on the total costs, the total costs orptlowided side o , thetotal costs on the demand
side or®w, and the amount of demand in the queue in the facility neBvéki , are

presented in Figu@17. The values for Case Il were used inséision.
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Figure3-17. System performance, using Case llI

Figure3-17 shows the system performance whemand  were increade From this
figure, it is obvious that there was more demand in the Bu&ué, (highlightedn grey
bar chart), when the costs to be in the queugere low. The amount of demand in the
gueue, or the queue length, was dragtiedliced even when was increased to 20 units.
Clearly, the queue length only reacted whewmas cheapest. Similarly, the queue length was
somewhat increased whenwas large. Therefore, even wherwas expensive, the weight

onthe demanddée was at its lowest, hence causing the queue length to increase slightly.

On the same figure, the total costs (the blue line)neeasedvhen| increased.
However, for all values ef the total costs pattern remained unchlénghis is not
surprising since less demand were in the queue:- Whad| were increased, the cost on
theprovideb s s @ dtlee greem line), was reduced because of more demand being served
in a limied space. Even though the amafrdemand in the queue is not a component of
@, the increase n is directly associated with the costs. An increasaesults in fewer
facilities being operated, hence cadsitgreduceCorrespondingly, folaalues of and
| ,® (the red line) was only slightly increased. The increment was noticeablewaken
large number. This was solely due to the increase in queue length. Whenever weight on
provider or| , increased, this directly imglitbatthe weight of the demamellated cost, or

| , was reduced. Even when no queue was found {sineeas expensive)he other
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components ofd , such as the costs for demand to move to another fawikiie at their
cheapest. When having 8imavalues with cheaper movement costs, it is not surprising that

@ increased.

3.5.3.4Varying

- represents the cost of a unit of demand leaving the facility network. Whenever demand
left the network, we assad that it did not leave tegstem completely, but rather went to

anot her o6expensive facilityd. O6Expensive f
provider but it is more expensive to operate. For instance, visiting A&E is more costly
(£160.00/patient per visd as inNHS England, 2018c, p.Han visiting a GP (an
appointment costs on average £30/patient pedasiinNHS England, 20197 he effects

of varying of and| on the total costs, the total costs onpteerided side ord , the

total costs on the demand sidéxarand the amount of denwleaving the facility network,

B B a, are presented in Figu#48. The parameter values from Case IV were used in this
section. The amount of demand leaving the facility neBvéka (represent in grey in the

bar ch#), dropped from 5% to 0% wheneverand  were increased. The most demand

that could leave, 5%, was bounded by the vaBie of
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Figure3-18 System performance, using Case IV

The total costdl{e blue line) slightly increased whewas increased. However, the
pattern remained unchanged for all values ofThis is not surprising, as there is a high
penalty cost for demand leaving the network. Costs prothded s  ar o dtlke, green
line), were increased gradually whemwas increased, but the pattern acrogs tvalues
shows the opposite effect. This was probably due to the increase in the comp@anents of
namely . As the model limits the demahdtcan leave to 5%, this cau®eso increase

slowly. However, whén wasincreased, no demand left, causirtg reduce slightly. As no
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demand left the network, 100% of the demand was still served. With limited capacity, the
mo d e | 06 fnoorr ceetaktiecutadebetween the operating facilities. This directly results

in the costs on the demand sidepafthe red line), increasing

3.5.3.5varying

- represents the cost of a unit of demand moving to another facility. Giseoéffarying
- and on the total costs, the total costs orptioeided side o , thetotal costs on the
demand side ab, and the amount of demand moving to aofhcilityB B Y, are

presented in FiguB19. The parameter values from Case V were used in this section.
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Figure3-19 System performance, using Case V

Figure3-19 presents theesults for system performance wheneveand| were vagd.

When both values (i.e. and| ) were increased, less demand was expected to move to
another facility, B B "Y (as highlight by the grey bar chart). As expected, wiveas
increased, the amount of demand movingdthanfacility was increased. When the weight
on theprovided s s |i dwas inceeased, weight on the demand sjde, was reduced.

It was cheaper to have more demand move to anotherjfacility

Figure3-19also illustrates the total cq#te blue line) whenever and were varied.
Whenever the weight on thvideb s s i dwas increased, total costs were increased.
However, an increase-in did not result in changes to the totatxo$the system. This is
surprising as less demand moves to another facility. The costpromitde® s s tod e , or
were somewhat reduced whenincreased and slightly affected by all values.dven
though the amount of demand moving to agrdidcilityj isnot a component @b , increasing
| can be directly associated with the costs. An increasmimresult in less capacity being

available, hence causingo reduceAt the same timé&) would begin to increasspecially
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whenri was increased. As becomes more expensive, less demand moves to another facility

J- Hence, it was cheaper to Okeepd demand

maintain the 95% service level.

From experiments onthe traoffo f each parameterds costs, i
model is sensitive to most costs, especially grdhieled s s i d e, . e. t he
facilityj 6 , the cost to serve a unit of demand and the cst of a unit of demardaving

the network - . Whenever one of these three costs is more expensive than the others, the
proposed model will ©6forced t hevicelevehgerdd t o b
to be maintained at least 95%. Theeefwhenever ond these costs is expensive, the total

costs to operate the facility network will also increase. In addition, the multiplier for costs on
the provided s s i| d, @lso highlyanfluences the mechanism of the proposed model.
Wheneverhe| value are increased, the associated costs (i.8., theand- ) will

increase. Since the proposed model aims to minimise the total costs with 95% of service level,
this situation forces the demand mechanism within operating faciity. In the meantime,

the cost of a unit of demand being in the queueand the cost of a unit of demand moving

to another facility -  contribute to an increased flow of the demand within the network.
Associ ated wit lethg¢ hvalued. Ean@nadalyss, tlvaseitilised. An

| value is contradictory|to (i.e., 18| ). Hence, whenever increases, reduces. This

small weight will make t he& anss aleeapartHernte,c 0 st s
causing more demand to circulate within the network. When the lower bound for the amount

of demand leaving the systenmB,as modified, these two costs are particularly important to

maintain the system performance.

Further experimentaere conducted by using the capacity level per famlity(t )

and limiting the operational periods per fag{ity).
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3.5.4 Capacity Level

From our work in the previous section, the total number of opgdiatilities in the network

determines the available capacity. The total number of operating facilities were controlled by

the cost values set to each decision variable. Instead of focussing on costs, this analysis instead

considers the effect of contnadjithe capacity at each ficjlat timet, or t , on system

performance. Our interest lies in the flow of demand within the network, whenever the level

of capacity or capacity allowance for each facdites.

Initially, for the experiments above, the capacity levels for all fapdities ) were

set at 100 units, or no capacity restriction. This means that 100% of the capacity was allowed

to process the demand. For this experiment, it was assumed that the capacity fallowance,

was reduced by 10% at a time unéVel lof 70% wasaehed. Therefore, the tested capacity

allowancet , of a facilityj per timet was 100 units (100% of the capacity was allowed to

process the demand), 90 units (90% of the capacity was allowed to process the demand), 80

units (8% of the capacity wadlowed to process the demand) and 70 units (70% of the

capacity was allowed to process the demand).

The reduction in the capacity all owance d
e B B :
average utilisation rate—— . Hence, foreachcapat y al |l owance, the net

utilisation rate was 85% for 100 units of capacity allowance all fpeititi®@zdo for 90 units

of capacity allowance all facilitigsrt, 106% for 80 units @fpacity allowance all facilifies

pert, and 12% for 70 units of capacity allowance all facilipest. Note that wherthe

utilisation rate is more than 100%; the facility network is congestedfdraliestapacity

|l evel 0s

in Table3-4 (sectior.5.2) were used.

Cap_allow = 70% Cap_allow = 80%

X 10000 13

Cap_allow = 90% Cap_allow = 100%

10

TC,Z1& 272

o w U1 o

(a) Total costs, and:

i mp aarhance,rhe datasetimTdbRgsectiof8.5.1) ad the costs
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Figure3-20 System performance and flow of demand with variations in capacity alfoyvande (

Figures3-2Q(a)d (c) present the resudtkthis analysis. As can be seen in Fig206&),
when| was increased, the total costs (the blue line) increased. Meanwhile, for all capacity
allowances, the pattern of the total costs remained gadhprobably due to the increase in
the weight on therovider | resulting in more facilities being operatétth lower
capacities, and thus an increase in the total costs. On the same graph, the changes to the costs
on theprovided s s ibdand ondhe demand side,cor can be see was slightly
reduced, especially when the capacity allowancewerk large. This was probably due to
the facilities being allowed to operate with large capacities, resulting in faiesr facil
operating. Hence, this causedo reduce. Meanwhil®, was slightly increased when each
facilityj was allowed to opste at 80% capacity. This increment was probably the result of the
amount of demand circulating within the network isicrg@ue to the limited capacity. The

flow of demand can be seen in Fig@2Q@b) and (c).

From both Figure8-2Q0(b) and (c), it cabe seen that as the capacity allowance was
increased, the total number of operating facilities within the networla(gtegrt) reduced.
Obviously, when the capacity allowance forafpeildys | i1 mi t ed, the propo

a larger number décilities to operate to ensure that 95% of the demand was being served.
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This claim can be clearly seen in Figi2@b). The amount of demand leaving (yellow line)

kept reducing as the capacity allowsmceased. The highest amount of demand found to

leave was 18%, whilst the lowest was 5%. InBialfs set to its maximum of 5%; however,

the results produced were faatsible since the capasig insufficient to maintain the system
performance at a 95% service level. Ther&oras increased o per step until feasible

results were produced. Meaning, as the capacity allisiwemeased, the amount of demand
remaining was reduced. In contrast, the amount of demand served (dark blue line) was reduced

due to the limited capacity and beganctease as the capatitreased.

From Figure3-20(c), it can be seen that as the capacity allowance was increased, the
gueue length (black line) and amount of demand moving to anothejr(taaitige line), had
no consistent patterns. It was found tben the capacity allowance was at 80%, more
demand circulated within the facility network. This probably occurredrdoee demand
leaving the system whenever the capacity allowance was small, hence affecting the demand
circulation. In addition, when was large, the total number of operating facilities was
reduced. Therefore, due to limited operating facihigeguéue length aathount of demand

moving to another facilifyvere significantly increased.

From the analysis given in this section, it was found that the model is obviously sensitive to

the capacity allowance. A limited capacity allowance forodéaghviéll cause the model to

Opushd more demand to | eayv eperatifgythencapactiyen al |
allowance was insufficient to achieve a 95% service level. With limited operating facilities, less
demand circulated within the netwbrk i nce most of the demand wa:
to leave). The model was only responsive \wheas large. As the weight onphevided s

side|( ) increased in the decisimaking process and at the same time the capacity allowance

was incrased, fewer facilities needed to operate since this represents a cheaper option for the
model. Havinggwer operating facilities will cause demand circulation to increase as the model
needs to serve at least 95% of the demand. The following secticaisdlémlia study of

varying the total number of operating periods allowed per jfacility

3.5.5 Operation Reis|

This section focusses on varying the total number of operating periods pegririaitikty
system and its significance for the flow of

i f6 situat i on-maker wantsvtb eeducesthurdbercoi oparatiomal periods,
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either for a specific facilityr for the entire system. Thiealysis is also useful in finding
which facility is more O0suitabled for cl osl
further analysis can bendocted.

To achieve this, constraint28 was modified: the limit on the total number of
opemting periods allowed at a fagiktyas changeq | to limit the total number of operating

periods for all facilitiggB 7 ). Recall constraint-£5):

® 1N I o (325

The modified version is:

@ 1N (3-25%)

(3-25%) limits thetotal number of operating facilities for all facijit@at most the sum pf.

The dataset in subsection 3.5.1 and the parameters from subsection 3.5.2 were used.

B 1 was tested based on a percentage level, where 100% 2@licpating periods
were allowed, 90% indicates 18 operating periods were allowed, and so on. Four percentage
levels were tested which were 70%, 80%, 90% and 100%. For 70%, ttisimeahd
periods were allowed, 80% mdaris = 16 periodsvereallowed, 90% meaBs] = 18
periods were allowed, and 100% mdans = 20 periods were allowed. Meanwhilg, the

values were varied between 0.1 and 0.9 in 0.1 step increments.

Operating_allow = 70%  Operating_allow = 80%perating_allow = 90% Operating_allow = 100%
120,000

100,000

80,000
60,000
40,000
20,000
| pu— g

TC, 71 & 22

(a) Total costs, and:
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Figure3-21: System performance and flow of demand with variations in total operating periods forjall facility

(B )and
Figure3-21(a)d (c) shows the system performance and demand mechanisms when the total
operating periods fall facilitieg (B 1 ) and were varied. From Figu8e1(a), the total
costs did not show a distinctive pattetren the total number of operating periods was
increased. The costs began to increase with the total operatingfadiBgoo, the started
to reduce slightly. Meanwhile,was slightly increased when the total number of operating
periods allowgefor the system was greater than 80%as slightly increased when the total
number of operating periods allowed were increased until 80%, after which it begun to reduce
when the allowance was greater. Interestingly, the changes for the tlftetalcossis(
and® ) were obvious whehe allowance for the total operating periods was at 80%. Most
likely, the system required 80% or more to ensure that the service level was maintained at 95%.
A further explanation about this claim ismgiveFigure3-21(b) and (c), where the total
operaing facilities (grey bar chart) were increased when the total operating periods allowed
was greater than 80%. From Figg#&d(b), when the total number of operating periods
allowed was less than 80%, feveeilities were operating. When fewer facilve®

operating, the amount of demand served (dark blue line) was less than 95%. Hence, more
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demand could be expected to move within the network. This can be seen &2Bjgure
where the pattern for mement of demand, i.e., the demand in the quew& (inle) and
demand moving to another facijitprange line) were increased so as to ensure that 95% of

the demand was served.

This section has highlighted the involvement of decmsikears in contriohg the
operating periods péacilityj or forthe entire systemds operatio
facilities might want to be closed on certain days. If deniskans want to reduce the total
number of operating periods across the entire systempdtferming this analysis is
important to foresedn¢ demand configuration within the system network. We can say that
the model is highly sensitive to the upper bound of the total number of operating periods, but

less so tb . The model only reactedh@n became large.

From the four analyses of thection (sectioB5), the numerical experiments were focussed

on the relationships between the demand configurations that were affected by th& value of
the decision variable costs, the totaloitydavels and the total number of operating facilities.

A discussion of the effect of the upper bound for the amount of demand that can leave the
system (i.eB) on system performance, especially on the amount of demand served and the
amount of deman@aving, is also included. It can be concluded thatoihespd model is

highly sensitive tothe valueBoshnd it s particul ar constraint
costs are directly linked to the cost of the decision variables, for instastengly related

to the total number of operating faieiit Meanwhile, the capacity constraint is strongly related

to demand circulation within the facility network, either through transfers between periods or
through transfers between faesitDetails on the numerical results for these analyses can be
found inAppendix 3(B)The model was also tested on different datasets. The results obtained
were close to the ones we discussed in this section. Details of the numerical results can be
found in Appendix 3(C). Meanwhillae analyses for the singlgective model were also

conducted, the results of which can be found in Appendix 3(D).
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3.6 Conclusion

A mathematical model for reorganising interrelated and intercofmabted that focussed

on operations and demand circulation, was introduced in this chapter. The proposed model
utilised the CLSP model and further modified into a-paultd modelA stepby-step

derivation process was outlined. The illustration for solving the model wasdiese

other possible solutions were also discussed. In general, the model could be solved using
CPLEX 12.6. To test t he omstHeestefissaken @ polvddthel i t i e s
proposed model were investigated through appropriate exdimn@lesmputational times

required to solve the model using several datasets of varying sizes were analysed, and it was
found that the computational times insegbadandT increased. We also analysed the model
sensitivity analysis. It was found thattioelel was highly sensitive to the upper bound on

the amount of demand leaving the networB)(@esideB, the mechanism of demand within

the facility netwdérwas controlled by the costs of the parameters, limitationsasnatet

of demandeaving theystem and the capacity allowance.

Following on from this work, the application of the mpeitiod model developed is
illustrated using two case studies aviferent demand characteristics and system operations.
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CHAPTER 4: APPLICATION OF THE MULTI -PERIOD
MODE L TO HOUSEHOLD WASTE RECYCLING
CENTRES (HWRC) IN SHEFFIELD

As discussed in previous chapters, the locatfaaildiesplays amnportant role in strategic
planning activitie@Bruno et al.2014)in both public and private sectors. In some cases,
external factordetermining the locational choices for dacititiesmight changever time,
such as the introduction of new policies, technology or the needs ofAsistiiexisting
facilties night not be able to provide adequate seri@ogsnez & Lim, 201,2hus affecting
the optimality of the associatecatmrs. In the previous chaptermultiperiod model was
introduce¢ suchmodel utilises concayterived from a vemnyellestablishedlass of muki
period problemsin configuring the flow of demand across interrelatedcanhected
facilities andrme-peiiods. The proposed model can be usederto solve redife problems
arising across a variety of sectdtds chapter focusses on the reorganisafiomaste
management facilities, with specific references tdoteeholdWasteRecyclingCentres
(HWRC) managed by Sheffield City Couf@ilen the type of facility under investigation,
this chapter alstevelops spatial interaction modalorder to deal with demand allocation
to each recyclintacility. Results relating to the reorganisatibid&RC operations are
discussed, including benefits poigntial risks; such results@mpared to a reorganisation

plan hypothesised by tthecisioamakers (&effield City Council)

4.1 Introduction to Waste Managenent

Changes in lifestyle, the increagomulation living in urban asealong withdevelopments

in industrial needs are just some of the factors contributing to the increase in the amount of
waste produced. Proper management of solid waste is ajlegahest in many countries

(Dai et al., 20153nd such management is a challenging p(Beess 208) Types of waste

have changed, as aerials, chemicaland substancegtilised in industrial production;

therefore, thehallengeposed by thevasteananagement cydiave increased

Figure4-1 compares the fiwgear averager municipal waste generated per person in
the EU countries betgn 2012 and 2011 the samealatafor the UK. The average waste
generated by the EU countries shows a decreasing trend between 201 2hervee264,4t
subsequently increased from 2015 atsvafFhe UK, on the other hand, has shown a
consistent increasj trend since 2012, and by 2016 the average waste generated was on a par

with that of the EU. Increase in municipal waste production is considered normal for an urban
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region due to the growth population and in economic activity in such reff@mak et al.,
2012Hoornweg et al., 2013, 2018)is indicates that the UK islensely urbaniseduntry

with a growing economy, as evident by the increase in average waste @eneyataty
basisThis alsccalls for better waste treatmeantorderto ensure a cleanand sustainable
environment antetter air qualittMendes et al., 2013; Laurent et al., 2014; Rodrigues et al.,
2018)
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Figure4-1: The average municipal waste generated per capita (in kilograms) in the EU countries in comparison
to the waste generated per capita in the UK (Saurostat, 2017)

4.1.1 Waste Management in the UK

Waste management is a key element in establishing a sustainable environment in the face of
challenges such as population growth, increased affluence, and diminishiregoatcesl
Consequently, Britistotal Authorities are expected to achieve landfill diversion targets where

at least 50% of waste (including paper, plastic, metal, textiles, biodegradable wastes and green
wastes) can be-used and recycled by 2020. InUle the Department of Environment

Food and Rural Affairs (DEFRA) bears the responsibility for waste management. This
responsibility is further delegated to | ocal
LAs will either be recycled, sentatadfill, or incinerated. HWR@rethe faciliiesprovided

by councils for the management of special wastes that are not generally collected through the
typical kerbside syster@ach facilities are pivotal in oradeencourage the transitionvards

a circular economwhere virtually noaste is sent to landfill or incineral2@FRA classifies

waste into four major categorid®e Householdvaste, Commercial and IndustC&l)

waste, Construction, Demolition and Excavation @b&E), ard ot her waste. The
wasteggenerally coafrom mining, agriculture, forestry and fislsector{DEFRA, 2018e)

Figure4-2 shows that in 2@ more than 50% of the waste collectecclaasified aSD&E,

14% was household waste, 14% C&I wastehamdrhaining 13% from other sources.
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C&l,19% CD & E, 61%

Figured-2: Percentages of waste collected in the UK in 2016 (SdEiF€®A, 2018d)

From the waste collectet%wasrecycled24% wasent to landfill13% vastreated and
releaed into water bodie8% were backfilled8% wasrecorered as energy and sent to
incineation (DEFRA, 2018d).

Figure4-3 illustrées the concept of a waste hierarchy was introduced by the EU Waste
Framework DirectivéEuropa, 2008and adapted by the Waste (England and Wales)
Regulatiosin 2011 to minimise the amount of waste disposed.

Prevention
Re-use

Recycling

Other
recovery

Disposal

Figure4-3: Waste disposal hierar¢(B\eFRA, 2011)

Avoiding the creation of waste istian priorityfor all(either for the industrial or for
the public)followed by esuring that the majority of waste generated canusedeor
repaired. For example, electrical items could be sent for repair rather than for disposal. If
neither can be heved, then attempts should be made to reegske extracting useful
resourcewhich can be employed for the production of other gdodexample, lower grade
paper could be generated by recycling paper waste.

However, the continuing cuts imélingto the public sector mean that th&s are
facing inceasing challenges in terms cokteffective provision of essential services
(Widdowson et al., 2015; Smith & Bolton, 2018 result is that in many LAs, HWRCs are
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facing the risk aflosureSee, for example, reports about closuf@sfardshire (reported by
Sproule, 201%nd Hampshire (reported Ngal, 2016and the rduction in opening hours
in North Yorkshire (reported IBrest, 201@ndBuckinghamshir@arino, 2018)

The following are some of the kpyestions that need to be answered whs@ssing

thesuitability of &lWRCnetwork to current demand trends

OWhat makes people visit a particuladHWRC?
OWhich of the HWRCs is the leash visited?
OWhat will be the impact on the rest of thevexdyifliegywing centre A i$ closed?

4.1.2 Treating SbWastes

England is predicted to have insufficient landfill capacity in the near future, anabherther

the cost of dealing with the waste problem in the UK is estimated to reach £47 million per
year(Liu et al., 2018%po0lid waste management is a billiton dollar industry for most
industrialised tians,hencet is cruciafor any countryo recycle and reu@gellyrck et al.,

2011) Recycling has become one of the main issues related to environmentatioconserv
(Gamba & Oskamp, 1994f which the recycling of household waste accounts for a huge
proportion(Chu & Chiu, 2003These daygublic awarenesstimeimportance of recycling

has been raisiryie to the growth of @ronmentalssuessuch as global warmimgrbon
emissiorand sea pollutioRecycling is deemed to be the key to reducing the amount of waste
sent tolandfill. Indirectly, this will reduce environmental pollution and methane emissions
(Abbott et &, 2011)Reuse of waste includes using sed¢@rdl items or remanufacturing
(recycling). This has resulted in arfieendly method of waste handlias well as generating
income(Gellynck et al., 2011Additionally, recycling is an important part of the circular
economy that benefits both the econonaythe environmergt.. Smith & Bolton, 2018)he
recycling and the reuef disposed items is undertaken by the responsible authority, either by
reselling it to the manufaty, which contributes to the financial structure of the respective

organisation, or as donations to charity shops.

Recycling is part of reverse logigWright et al.2011) Figure4-4 illustrates how
recycling activitiegepart of the system network that is gl of the supply chain progess

which include the 6forwardd and O6rever sebo
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Figure4-4: Distribution of items in the recycling network

Focussing on the ©6r everdaghédalroogfer te the actigitiesa s s h «
happen after the sales sté@everse Logistics Association, .nTth)s involve the service

provided to the customers after the saled) agustomer service, repairs and maintenance
services. For instance, Sony Interactive Entertainment provides affordatakesfservice

to repair and reuse the PlayStation consolesjnecase of expiry of thearranty date

(DEFRA, 2018c)

4.2 Recycling in the UK

The UK government intends to move to a #esste economy, which metrese should be

no net production of waste (DEFRA, 281in order to achieve this objective, tbncepts

of reduction, reise and recycling are central. The desire for waste recycling can be generally
considered from the perspectives of both econoihiecdlogical factgrerhich are captured

in relevantegislatior(Fleischmann et al., 199%)the UK, it is the_As statutory duty to

collect household wagWwRAP, 2016)

The management of household waste in the UK is based etea $ystem, composed
of Waste Collection Authorities (WCAs) and Waste Disposal Authorities (WDAs). Both tiers
can be combined as Unitary Authorities (UAs). WAEAsisually under the controleof
borough or a district council. They are responsible for the regular collection of household
waste while WDAs are responsible for managing the waste collected by WCAs. However, not
all items are disposed of or collected/BAs. Through the 1967 Civic Anities Act, local
authorities must provide waste facilities known as Civic Amenity (CA) sites for the public to

dispose of other forms of waste. These sites accept household waste delivered by the public,
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with limitatiors on the quantityandon thetype d items thathe authorityis prepared to
acceptThe facilitiegre free to public i.e. sharge for any disposal of waste materialse
appliedasthey ardundedthrough local taxatiofWRAP, 2016)The role of CA sitekas
changed over the years as more items can be reaycieutlyGuch faciligs ar&kknown as
HouseholdWasteRecyclingCentres (HWRCs) which mainly consist afrop-off areas
equipped with waste disposal contaifWeste, 2013HWRCsare provided by the WDAs

for residents in larger regions, such as counties or wards, to dispose of their bulky recyclable
waste, again without charey waste that weitgover 25 kg and/or waste that does not fit
into the household bins provid@dontrolled Waste Regulations, 1288)be classified as

0 b ul k ysuch itemsarincludeWEEEs, textilesfurniture (for example, mattregsasd
alsogarden waste. Theems may be prohibited from direct collection due to logistical
difficulties. Statistically, about 65% of househldgposed of bulky items ovet2amonth
period in 56%o0f the case$]WRCswere the preferratisposal methourran et 812007)
Besides managing the HWRCs and managing the waste collected froliMAS Asealso
responsible tonanagdhe waste disposal facilities such as landfill sites. dtieeences
between WCAs and WDAs are discussédbgtt et al(201) andCole(2014)

The total recycled waste that was collected in England in the 2017 was about 22.4 million
tonnes, of which 44.4% (about 9ifiom tonnes) was household w#BEFRA, 2018d)n
2016/17, household waste recycling eatexss English local authorities ranged frtf#to
65% (L. Smith & Bolton, 2018These variations were probably caused by the ingentive
promoted by the LAs themselvaspromoting recycling amg the public. For instance,
Newham London Borough Coundield haeddldie nigowead:
This is caused by the dense population in the borough, high diversity level, and small amount
of garden waste collected by the Caualtihs contributesat the low recycling ratéSlow,
2017)

Householdvast e are coll ected either by O6privat
by otherservicesmanaged by private organisatidriee composition othis recyclable
household waste is illustrated in Figt6eThe highegtercentagef waste being recycled is
that of paper and card (38.8%), followed by glass (19.6%), and other combinations of materials
(15%). The items leasint for recycling are tidas (at 2.5%})hisis probably due to their
highre-usageralue (for exmple, they can be remade into other textile items or donated to
charity).
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Figure4-5: Composition of household waste materials ¢8®EFRA, 2018b)

Focussing on CA sites wastes collection, Hdiitkistrates the fact that waste being
deposited at CA sites continuously increased between 2013 and 2@jt&|ybracsiced in
2017(DEFRA, 2018a)This shows that the awareness of the need to reduce, recyele and re
use has increased over time. Medavthe reductioexperienced in 2017 is probably related
to the fact thatewerCAshave been inperaton due to budget cyteowever there areo

official figurepublishedby DEFRArelated to thigvhich can support this correlation
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Figure4-6: Total of household waste collected from CAs (or HWRCs) (FaitFdeA, 2018a)

4.2.1 Problems Faced by Councils in Managing HWRCs

Household waste is collected from a number of places, in€Adin@n averagephsehold

waste from CA sites generally shows a year on year incbemmnien2017herewasaslight
redution (Figure4-5). Suchdecrease in 20iwasprobably caused by the reduction in the
overall opening hours oécycling facilities, i.e., closure of recycling points and several
HWRCs.In Englandasreported byWRAP (2012bd in 2010/11, therevere 734 siteshis
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number was reduced ®7sitesn 2013/14 (WRAP2016) There are no further updates on
these figures; however, the trend does not seem to baadtbeed.

HWRCs are one of the public services provided by LAs for residents to properly manage
waste, while at the same time increasing recycling reyebnérés an act of good practice
that is significantly influenced by a willingness to pagi@patet al., 2003; Barr, 20843
accessibility to appropriate facilities to dBsor, 2007)At the same time, waste is a by
product of human activieriathamby, 201th)jat contains a mixture of several types of
materials. This makes the process of reorganising and separating the collected waste somew
challenging. Thus, it is neceskarthe public to receive adequate instructions to ensure that
the waste they dispose of can be recf{ghed, 1998Cole et al., 201The top two councils
and boroughd.e. East Ridingf Yorkshire and Rochfoid Essexin terms of recycling rates
2017 showed that through proper management and udippption, most household waste
canin fact be recycld&low, 2017)

Recycling is an act involving both padtig® providers and users. Achieving efficient
waste collection and separation involves not telyseirs but also other parties sschied
trained staff and the local authori{®aphores et al., 2006; Sidique et al., Piidjo the
financial pressure causedbgiget cutd_As need to find more efficient ways to manage their
HWRCs. However, the public i€n@asingly expecting more from HWRCs in terms of a
broader range of materials accepted for recyclingamell staff and a more enjoyable site
servicdWRAP, 2016)hus, good customer service is one of the crucial eleanenturing
an efficient ash wellmanaged HWRC. Staff training is also needed to increase motivation.

Increasing gblic awareness of recycliagalso help to increase recycling rates.

The performance of a HWRC is measured through its recycling rates-wsat site
surveygWRAP, 2016Recycling rates are influenced by the materials accepted for recycling,
the locatin and layout of the HWRC, and the assistance and service provided by their staff
(WRAP, P16) WRAP(2016)noted that diversified recycling portfolios attracted users to go
to specific HWRGCsalongwith useiffriendly, splHevel designs, whigisohave a positive
impact on recycling rates. Other factors that can boost recycling grasaitevel access
to deposit recycling materials, whilst clear signage with quathlayg increases site
accessibility and reduces disruptidanningham and Conroy (20p6)ntedout that vehicle
movements and usersd commer cictbbeponsideredt s ar e

in the design of HWRCs. For example, in the case of Bristol Avenueir\BR¢ckpoql
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el ectronic signalling sy stmésnhave heenrintraleceéde ct i n

making the site more attractive to potential (Sarsiingham and Conroy, 2006)

Even though HWRCs are dedicated to household waste, a certain acooumies€ial
waste can nevertheless be found at HWRCs, generally varying from(\Woo®&éd4d et al.,
2004)Thi s might increase the si aceandffecitbengest i
recycling rates of these sites. Various programmes have been impierinentede waste
recycling rates. For example, a collaboration between major retailers and the Waste and
Resources Action Programme in 2005 to produce and infphemvegrackaging technologies
(Jamasb & Nepal, 201@f a result of whicF0.26 of UK packging waste can now be
recycled and recovel@EFRA, 2018eRecycling or reuse ratebuky waste from HWRCs
stronglydependon the type and condition of the buasteor an example, hard furniture
re-use rates are betweed 94%, while soft furhire reuse rates are betweendl30%
(Alexandeet al, 2009) Almost 60% of users dispose of their bulky waste at H{EZRCzn
et al., 2007and apprrimately 35% of this waste is reusable, either being in good condition
or requiring only slight repai(8VRAP, 2012a)Reuse of bulky items is not only
environmentally friendly but also brings social benefits through the commmudis or ¢ h e
groupso®6 participation in ter ms gdheredpmpd oy i n ¢
of such itemg¢Sharp & Luckin, 2006)

The collection and transport of recyclable materials account® 80%%f the solid
waste management bud@#tat, 999. There is no monetary incentive for households to
minimise the amount of waste they produce or to increase their recycliBgdgétuts
contributeto low recycling ragg(Smith & Bolton, 2018Jiscal masures introduced to
improve recyclingerformance have been directedAa rather than householddfsbbott
et al., 2011Yhis includes managing centres with a suitable number of staff anatithre cre
of an optimal schedule. Failure to properly manage HWRCs could lead to permanent site
closure.The insufficient number of recywj facilitiess one of the many reasons for the
increase in the number inilgping case@Nebb et al., 2006; Smith, 20&8ich indirectly
results in an increased cost of disposing of waste in landdiipgiftyis the illegal dumping
of wase, and which often causes environmental pollutiofippilyg has increased
considerably over the years. Figtfshows the totahcidents per yeahe composition of
the waste being ftipped over a period of five years from 2012 until 2017 is shé&wgure
4-8. The major contributor here is household waste (about 67%), whichdzaety 8%
since 2015/6.

1



Chaptet: Application of the MrdtiiotModel to HWRC in Sheffield

12 9.06 0.42 10.11 9.98

10 8.58 .

x 100000

Total FlyTip Incidents
oON MO

2012/13 2013/14 2014/15 2015/16 2016/17 2017/18
Year
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Figure4-8: Composition of waste in4ipping inaddents(SourceDEFRA, 2018b)

The highest total incidem®rereportedn 2016/17In that yearDEFRA reported that the
estimated total of costlated to thelearancef such incidentwas £57.7 milliofon aveage

of £58 per incidentindthe enforcementostwas£16 million 6n average of £33.75 per
enforcement(DEFRA, 2017)In the same report, the most common enforcement action
taken by local authorities ig thne related to thesuing finesthe numbeof total fines for

the 2016/17year shows a decrease; however, thieatobunt of fine€£{23,000 for 1,318
caseprepresents an increase from 2015/16 figures (1,838 fines issued).

The proper management of HWRCs is cruCiese facilities not onacept and
recycle thepecial discarded materials, but they also assist in the transition towards a circular
economy. Even though many recycling site improvements can be madéauitimg in
financial cost, as highlightgdWRAP (2016here are nevértless some authges who are
considering closing HWRCs due to financial pressures. For example,8,in 201
Buckinghamshire County Couptdnned to reduce their operating houompletely close

one or two of its recycling sites, even though theasetasell usedMarino, 2018)t is
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apparent that, in most of the cases, Local Authorities lack adequate planning tools in order to
identify rationalisation plans which, if implementeald ceturn some rfancial savings

without compromising the ability of the HWRC system to provide an adequate service level
to users.

As such, in order to bridge this gap, and provide a useful tool to Local Autherities, t
following section describes #uaptation and ingmentation of th multiperiod model for
facility networks rationalisation introduced in the previous chatitecése of the HWRC
network of SheffielBased on the current problems faced by the council in managing the
HWRC networkpur model is capbdbof reorganising facility network by ensuring that a

required service level can be provided to users even in presence of budget cuts.

4.3 Sheffieldd Brief Background and the Current HWRCs

Sheffield isa townin the Yorkshire and Humbermyren; specifically is in the county of

South Yorkshire. It is the si¥thar gest <city in the UK and is
previous focus on the steel industry, though it currently hodmesrse seof industries

ranging froomanufacturigto call centreDet ai | s of Sheffi el dds de
and its area are given in Tableand Figure-9.

Table4-1: Demographic information

Population 556,058
Census of agélnder 25 231,75E
25049 149,764
500 64 88,841
65079 61,488
80 and over 24,210
Number of wards* 28
Number of districts* 206
Number of households 229,922

Data gathered from National Statistics (2016) wgb#ite for National Statistics, 2016)
*Notes: as in Figuse9
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Figure49: Shef fieldds wards (source: SheMaps)el d 2016 Ci

Figure4-10 Map of Sheffield showing HWRC locations

Sheffield City Counds responsible for the management of the waste cycle in the city, in
collaboration with its main contractor (the French Mi¢Blia); itcurrently providesnd
manages five HWRCs. The site locations are as shown i-Eiguard specifically are at
Longley AvenueBeighton Road, Blackstock Road, Deepcar and GreavedBésides
catering for 0 n osucmadilittesah lmewsed thspoasedbmatesiadstthat,

are not accepted in kerbside collection or at neighlbbdurdycling pointshiscan help in
handling potentially hazardous and-t@tceat waste.

From Figurel-10, it can be seen that Longley Avenue is located towards the centre of
the city council ds area coverage, whil e the
borders. In paitular, Greaves Lane, Deepcar, Blackstock Road and Beighton Road are near
to the edge of the counci | 0 by residents who live y , and
outside the Sheffield City Council area. This is illustrated irdFig(a¢ where, f@xample,
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Beighton Road is easily accessed byShefiield City Council districts such as the
Swallownest ward (which belongs to the Rothertvamc( area), which is also only four
minutes away. Likewise, some of the districts in the Tankersley vadwrds(vmainaged by
Barnsley Council) are just four minutes away from Greaves Lane (as it can be seen
Figure4-11(b)).

| = -
) fi‘ EeNs -
/
e S S
/ raves L HRC

(a) Distance between Beighton Road Recycl (b) Distance between Greaves LReeycling
Centre and Swallownest Centre and Tankersley

m

Figure4-11: Distances between HWRCs and the areas that aaathorsed by Sheffield City Council.

The amount of wastébased on weight) received by the five HWRCs in Shisffield
providedin Table4-2. The highest percentage of items depositegressented lgcyclable
items; residuals and brick rubble are disposedsiohilar amounts. The highest percentage
of recglable materials received by HWRCs was inl2Q1ilfisreduceddightlysubsequently
The percentage of brick rubble deposited continued to increase until 2011, but then reduced
in 2012. In contrast, tipercentagef nonrecyclable waste (amount ofcheal)deposited by
HWRCs®& users continued to reduce wuntijl 201
thisshows that users need to be more aware of the items that can be deposited at an HWRC.

Theaverage composition of materials depositedfattShee | d s HWRCs i n 201
Figured-12.

Table4-2: Percentage of different materials deposited at all HWRCs in Sheffield fro202Q08oue:
Sheffiedl City Council, 2012)

Materials Received 2008 2009 2010 2011 2012 Average
Total Recyclables 56.5% 57.5% 58.0% 57.0% 55.1% 56.8%
Brick Rubble 246% 249% 25.7% 27.8% 25.4% 25.7%
Total Residuals 189% 17.5% 16.3% 15.2% 19.6% 17.5%
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CRT's4.14% Large WEEE1.64% _pjasterboar®.86%
Shoes0.14%
Mixed Lampg.0196" 2L VIEEE Paper/Card7.39% s0-14%
Textiles
Fluorescent 1.01% Scrap Metab.90%

Household Tubes0.12%
Batteries0.03%

Plastic0.52% \

Mixed Wood
28.25% Green 38.59%

Aluminium 0.06%
Bric a Brad).53%
Oil, 0.28%
Non ferrous0.04%

Wood Viridor 0.70%
Fridges0.77%

Lead Acid
Batteries0.31%

Glass0.31%

Figured4-12 Composition of the recyclable of household waste received by all five HWRCs in Sheffield in 2012
sourceSheffield City Couilc2012)

The highest proportionf waste being recycledrépresented bgreenwaste(38.59%),
followed by mixed woods (28.25%), whilst a#wyclablenaterials being deposited account
for less than 10% of the total. This is probably becausb¢henaterials besides greens and
mixed woods are collecthdoughthewheelie binprovided by the coweil or disposed of at

local recycling pointsence explaining the small amount deposited in all HWRCs.

The operational days for each HWRC vary, ieilegerational hours are dependent
on the season. TH#H2&indicates that the fayynmiestibn operatesioa b | e
a particular day.ongley Avenue operates seven days a week, the Blackstock Road and
Beighton Road centres operate six @aysek, while Greaves Lane and Deepcar operate for
five days a week. The schedule ensures that fdagaakers can find at least two operational
centres. The operating hours for all centres are between 10.00 a.m. and 6.00 p.m. in the

summer and 10.@0m. until 4.00 p.m. in the winter.

Table4-3: The scheda of HWRC

HWRC / Day Monday Tuesday | Wednesday | Thursday Friday Saturday Sunday
Beighton Rd a a a a a a
Blackstock Rd a a a a a a
Deepcar a a a a a
Greaves Lane a a a a a
Longley Avenue a a a & a a a
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The recyclable items that can be received by each HVERCThe recycling portfolio
(types of materials accepted) at the curreniwvéigee recycling centr@s gathered from
Sheffield City Councif reported in Tabk4.

Table4-4: Recyclingortfolio (types of materials accepted) for each HWRC

HWRC Recycling portfolio
Beighton Road 23
Blackstock Road 26
Deepcar 23
Greaves Lane 24
Longley Avenue 22

These figures show that even though the Longley Aveeyabngentre operates seven days
a week, the range of recyclable items it acegpite limited compared to the other oesit
For instance, the only centre that can receive household chemcekey Avenue, but this

centre does not accept matedafgtainingasbestof/EOLIA, n.d.)

Table4-5and Figurd-13 represent the user distition per day and the proportion of
users per hour for all the HWRCs in Sheffield. The distribution is based on data gathered from
the city council, where on average déineount of usamprocessebly all HWRCs per week is
14,069. e lowestamount of ugs is reportedon a Wednesdaywhenonly two recycling
centreqre @en (yellow shaded bésee Tablé-5). Meanwhile, the highastount of user
isreportedbn a Sunday (blue shaded dege Tabld-5). The preferred time for useo visit
recycling entres is during the morning sesdimner amounts of visits are repottedards
noon, with an increase in théd@3.0pm interval. The amount of userstarts to decrease

from 3.00pnuntil the facilities are closed.

Table4-5: The average percentage of users visiting HWRCs per day per period (from 10 a.m. until 6 p.m.)

. Average Average percentage of visits per day

Ul percentag , TOTAL

Hours period, of visits Mon Tues | Wed | Thurs Fri Sat Sun
t per hour | 0.1615| 0.1008| 0.0916| 0.1451| 0.1552| 0.1643| 0.1815| 1.0000
10008 1100 1 0.1441 | 0.0233| 0.0145| 0.0132| 0.0209| 0.0224| 0.0237| 0.0262( 0.1441
11008 1200 2 0.1437 | 0.0232| 0.0145| 0.0132| 0.0208| 0.0223| 0.0236| 0.0261| 0.1437
12000 1300 3 0.1393 | 0.0225| 0.0140| 0.013 | 0.0202| 0.0216| 0.0229| 0.0253| 0.1393
13000 1400 4 0.1350 | 0.0218| 0.0136| 0.0124| 0.0196| 0.0210| 0.0222| 0.0245| 0.1350
14000 1500 5 0.1399 | 0.0226| 0.0141| 0.0128| 0.0203| 0.0217| 0.0230| 0.0254| 0.1399
15000 1600 6 0.1299 | 0.0210| 0.0131| 0.0119| 0.0189| 0.0202| 0.0213| 0.0236| 0.1299
16000 1700 7 0.1002 | 0.0162| 0.0101| 0.0092| 0.0145| 0.0155| 0.0165| 0.0182| 0.1002
17000 1800 8 0.0679 | 0.0110| 0.0068| 0.0062| 0.0099| 0.0105| 0.0112| 0.0123| 0.0679
TOTAL 1.0000 | 0.1615| 0.1008| 0.0916| 0.1451| 0.1552| 0.1643| 0.1815| 1.0000
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Figure4-13 Rate of user per day

Figurest-14(a)d 4-14(d) show the distance between each district and each HWRC and
illustrate the reachability of each HWRC in each diBlrictlata was provided by Sheffield
City Council. The darker the shade, the greater the reachability of the recycling sites from the
didrict. For example, from Figutd4(@@), the HWRC in Beighton Road is locateéle south
eastern areaf Sheffieldhence the surrounding wards are darker realaaor whilst wards
that are located further north atewn inlighter red Travel timebeween each wamhd
each HWRC can be found in Appendix 4(A).

(a) Distanceto Beighton Rd (b) Distanceto Blackstock Rd

(c) Distancéto Deepcar (d) Distancd to Greaves Lane

84



Chaptet: Application of the MrdtiiotModel to HWRC in Sheffield

(e) Distanceto Longley Avenue

Figured-14 Travel dstance between each district and each given H8dRfce: Sheffield City Coun2012

From Figured-14, hypotheticallthe users of each district have the access to the nearest
HWRC. However, the allocation of users to each HWR@s anondictatorial assignment;
users are free to go to any centre that they.efeover, there is no mechanisnirfacking
access a&ites and determining the origin of us&s such, there is lack of information about
the origin of users. For these readogi®re implementing the meperiod model described

in Chapter 4, there is the need to formulate a meuhfanidescribing thprocess ruling the
choice of the HWRC facility by usetse Tollowing section shows how the spatial interaction
model can be utilised to capture user flow from a given ward to each HWRC.

In this chaptethe termd u s er 6 weapsl aucsee dt éim the déscriptionaoh d
the model, in order to better descthmtackledoroblem.

4.4 Adapting the multi-period model tothe HWRC Problem

4.4.1 Compatibility of HWRC Problems with the Proposed Model

Due to a lack in financial resources, Sheffield City Counndeithtéo undertake a
rationalisation of the HWRC facilities netwopleratingwithin its boundarie?ossibly

reducing operating hours, downsizing (or even closing) existing faoditi@saining

HWRCs would then be expected to provide sufficientseriico Shef fi el dds r e
reason, our proposed mydériod model is a suitable chdaeassishgthe Council in the
reorganisation of its HWRC operatida.explained previoysthis section begins with the

explanation of the mechanism asgptl for thallocation of users to each HWRC.
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4.4.2 User llocation facility

HWRCs the recycling facilities provided by the council for users to dispose of their recyclable
materials. This séce is free and available to anyone that resides within theldSG&ff

Council authorised area. Users are free to visit any preferredégaititjess of the area they

live in Hence, it is important teproduce the mechanism which guidese referénces in

their choice of HWRCSimilarly toBaotai (2015)a short surveywas conductedmong
Sheffieldds residents to investigasureeyt he pr e
guestionsra reportedin Appendix 4(B)Such survey will be utilised in order to calibrate the
functioning the spatial interaction mod#tails of the survey, of the designed spatial

interaction model and of its reliability are discussed in the following.

4.4.2.1Prefereh@el Using the Survey

The survey focussed on user satisfaction with their experience of using the recycling points
and centres. The target respondents were app
volunteer lists. There were 504 respondentsngimmh e sur vey 6s questions,

two questions in whidre relevant to this specific stwdyich are:

1. Respondent preference rankings for each HWRC
2. Attractiveness factofar the selectioof the preferred HWRC.

The first question is considee this sectio, while the second was used in order to build the

attractiveness function for tigatial interaction model.

The first question asked respondents who reside in any of the 28 wards in Sheffield to
rank their preferences of HWRC using kingrof between 1 and 5, whérd 6 r epr esent e
the most preferredentreandos6  tlehse preferre@®uch responses were then utilised to
compute the quota of demand originating from each ward for each HWRC (as also shown in
Appendix 4(C)); this perceg¢aan be interpreted as the probability that an user from a given
ward will access one of the facilities. Results of this @moeshswn Tabk6. On average,
the highest percentage for the preferred centre was Blackstock Road (29.9%), followed by
Longley Avenue (26.4%), Beighton Road (23.2%), Greaves Lane (11.1%) and lastly, Deepcar
(9.4%).Derived fom Table4-6, thenumber of wards for which eadhWWRC is the most
preferred option is indicated in Tablg
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Table4-6: User distribution percentages per HWR@vey

. Beighton  Blackstock Greaves Longle

: Wards Igd Rd Dz pey Lane Ave%ug
1 Arbourthone 22.50% 56.30% 11.30% 1.30% 8.80%
2 Beauchief 27.90% 55.70% 4.30% 1.40% 10.70%
3 Beighton 51.10% 30.00% 5.60% 1.10% 12.20%
4 Birley 50.00% 38.30% 1.70% 0.00% 10.00%
5 Broomhill 16.10% 32.60% 9.10% 5.70% 36.50%
6 Burngreave 0.00% 13.30% 3.30% 23.30% 60.00%
7 Central 29.10% 45.50% 8.20% 5.50% 11.80%
8 Crookes 14.30% 16.10% 9.60% 9.30% 50.70%
9 Darnall 54.00% 26.00% 2.00% 2.00% 16.00%
10 Dore and Totley 32.20% 56.70% 6.10% 2.80% 2.20%
11 East Ecclesfield 1.30% 0.00% 13.80% 53.80% 31.30%
12 Ecclesall 20.30% 53.40% 3.40% 2.90% 20.00%
13 Firth Park 8.00% 8.00% 6.00% 18.00% 60.00%
14 Fulwood 19.30% 25.70% 7.00% 8.30% 39.70%
15 Gleadless Valley 24.30% 60.00% 2.90% 5.00% 7.90%
16 Graves Park 21.30% 53.80% 3.80% 12.50% 8.80%
17 Hillsborough 11.50% 8.80% 20.00% 12.30% 47.30%
18 Manor e Castle 16.70% 50.00% 3.30% 0.00% 30.00%
19 Mosborough 60.00% 30.00% 6.30% 1.30% 2.50%
20 Nether Edge 17.00% 53.50% 11.00% 6.50% 12.00%
21 Richmond 54.00% 36.00% 2.00% 2.00% 6.00%
22 Shiregreen 16.70% 16.70% 7.80% 12.20% 46.70%
23 Southey 6.00% 24.00% 8.00% 14.00% 48.00%
24 Stannington 2.20% 2.20% 18.90% 23.30% 53.30%
25 Stocksbridge 2.70% 0.90% 60.00% 20.00% 16.40%
26 Walkley 15.00% 19.00% 10.00% 10.00% 46.00%
27 West Ecclesfield 0.00% 0.00% 16.00% 54.00% 30.00%
28 Woodhouse 55.00% 25.00% 3.30% 3.30% 13.30%
AVERAGE % OF

EACH WARD PER 23.20% 29.90% 9.40% 11.10% 26.40%
HWRC

Table4-7: Frequency of usersd HWRC preferen

HWRC Frequency
Longley Avenue 10
Blackstock Rd 9
Beighton Rd 6
Greaves Lane 2
Deepcar 1

Out of 28 wards, users from 10 wards choose LongleyeAasrtheir preferred place to
dispose of recyclable items. This was followed by users of nine wards choosing Blackstock
Road, six wards choosing Beighton Road and only two wards choosing GreaVhe Lane
least preferred HWRC was Deepcar, with usersotb8tlge and Upper Don being the only
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wards choosing to use this facility. This is probably because the location of the recycling centre
is far awayfrom other wards and has poor accessifiliy.estimated amount of usgrer
HWRC using the survesyshevnin Appendix 4D).

4.4.2.2Preference Levels Using Spatial Interaction Model

There are four important elements in the spatial interaction model: the attractiveness factor,
the distance between each pagin-destinationparameters to be calibrated andigmand

generated by eacohgin.

The attractiveness of each recycling cebitreis based on several factors, hence let

)] "Qw , wherew is the normalised value of each attractiveness fautQis the

factor ds nvargge indanuforraula isAised tadind

w b 1 2y
As evidenced by the survey, the attractiveness factor for a HWRC was based on proximity to
the potential ser, centre organisation, operating hours, recycling portfolio and recycling rate.
Proximity is part of thgeneral formulation ofspatial interactiomode hence onlywio of
the factors that influence an attractiveness level of g, gigarly each WR C &sycling
portfolio and its number of containers, are used in this study. Recycling rates and centre
organisation were relaxed as these were considered part of the recycling portfolio. Meanwhile,
using operating houesuld introduce somegical prblems, as the objective of the study is

to redesign the network, possibly modifying the operating hours of each HWRC

Table4-8: The attractiveness score for each recycling centre

q
|
HWRC ()) Number of Recyclable IF=
containers k= 1) materials (k= 2)
Beighton Road 0.92 0.88 0.90
Blackstock Road 1.00 1.00 1.00
Deepcar 0.50 0.88 0.69
Greaves Lane 0.58 0.92 0.75
Longley Avenue 0.83 0.85 0.84
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The next variable is the travel time betwesneardrecycling centre pair. The travel time
between a given ward to eaclychag centre was gathered thanks to data provided by
Sheffield City Council, as indicated in Appendix 4(

It wasassumed that the valueSdf| andi were constant over tim@nd equal to
1, as in most of standard applicatidr® allocation aisersat eachvardi per timet to each

HWRC (or facility), or'Q is based othe spatial interaction model

0 2QQi o
M)

Q o—
B v 0QNi o

where the value @fcan be calibrated based in such a way to minimise the difference between
the actual and the estimated (subasgd) distribution of userstla¢ HWRCs. Thé&xcel

was used to calculate the distribution of users from teaalyiven fality j. The value of

was varied between 1.0 and 3.0 using a step of 0.01. To determine the thaiaksolute
difference between the actual distributiomsers that was gathered from the survey (values

in Table4-6), and the predicted distribution of users was used. #itfuteghlights the
absolute differences perFrom this calibration, the best vdtren, corresponding to the
smallest differend®tween distributions was wimen1.59. Fixingnat 1.59the percentage

of demand from each ward attracteéddh HWRC is reported in Ta#i@.

Average percentage errol

5.0
1.00 120 140 160 180 200 220 240 260 280 3.00

Figure4-15 The change in absolute difference of ske distribution determined from the survey and
value estimated with the variatiom eélues
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Table4-9: Attractiveness score fser of wardfor each facility

. Beighton  Blackstock Greaves Longle

: Wards Igd Rd DeEfesEr Lane Ave%ug
1 Arbourthone 15.30% 67.10% 3.50% 4.00% 10.10%
2 Beauchief 20.00% 55.30% 5.60% 6.80% 12.40%
3 Beighton 78.20% 11.00% 2.30% 3.20% 5.40%
4  Birley 42.30% 41.10% 3.50% 4.60% 8.60%
5 Broomhill 15.40% 32.50% 9.70% 10.20% 32.10%
6 Burngreave 9.90% 12.30% 6.10% 8.10% 63.70%
7 Central 15.70% 45.50% 6.80% 7.40% 24.70%
8 Crookes 15.00% 25.90% 12.40% 12.30% 34.40%
9 Darnall 31.30% 25.00% 7.80% 11.40% 24.50%
10 Dore and Totley 20.40% 44.60% 8.20% 9.20% 17.60%
11 East Eccle#ld 9.00% 7.90% 15.40% 36.80% 30.80%
12 Ecclesall 18.50% 38.80% 9.40% 9.90% 23.40%
13 Firth Park 7.80% 8.10% 8.00% 12.10% 64.00%
14 Fulwood 17.60% 27.40% 13.40% 11.80% 29.80%
15 Gleadless Valley 8.60% 77.70% 2.80% 3.10% 7.80%
16 Graves Park 16.60% 5880% 5.40% 5.80% 13.30%
17 Hillsborough 11.20% 12.60% 17.30% 12.90% 46.00%
18 Manor e Castle 29.30% 37.40% 5.70% 7.70% 19.80%
19 Mosborough 63.10% 20.00% 3.80% 4.90% 8.20%
20 Nether Edge 17.00% 44.40% 8.00% 8.40% 22.20%
21 Richmond 42.50% 34.90% 4.30% 6.00% 12.30%
22 Shiregreen 13.80% 12.80% 12.60% 19.90% 40.90%
23 Southey 6.40% 7.10% 11.60% 17.60% 57.30%
24 Stannington 13.40% 15.10% 17.40% 14.30% 39.90%
25 Stocksbridge 4.70% 4.80% 64.90% 15.00% 10.70%
26 Walkley 14.90% 19.70% 11.00% 11.20% 43.20%
27 West Ecclesfield 3.70% 3.80% 12.50% 67.30% 12.60%
28 Woodhouse 70.20% 13.00% 3.40% 4.80% 8.60%
AVERAGE % OF

EACH WARD PER 23.20% 22.56% 28.74% 10.46% 12.38%
HWRC

Table4-9 highlights the percentage distribution of usens each ward to each faility j.

The maximum preference valaeeach wards indicated in bojdilso, the last row of the
table reports the overdistribution of users across the facilifib® most preferred recycling
facility was Blackstock Road (28.74%ghwh the prerred site foten wards (Arbourthone,
Beauchief, Broomhill, Central, Dore and Totley, Ecclesall, Gleadless Valley, Gaves Par
Manor Castle and Nether Edge). The next preferredmgdgdility was Longley Avenue
(strongly attracting residents frBurngreave, Crookes, Firth Park, Fulwood, Hillsborough,
Shiregreen, Southey, Stannington and WaRBlagkstock Road and Longhkvenue were
probably preferred due to their accessibility from all wards. Thadbktrgreferred recycling
facility was Beigbn Road, which residents of Beighton, Birley, Darnall, Mosborough,
Richmond and Woodhouse preferred to use. Only two walelsqate¢o use the HWRC in
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Greaves Lane, which were East Ecclesfield
residentshiose of Stocksbridge, used Deepcar as their preferred recycling facility. From these
figures, it was concluded that resideinégach ward prefer to use recycling facilities that are
within a reasonable distance; for example, Blackstock Road and Lamgieyarerlocated

in the middle of Sheffield and are clearly easily accessible to the surroundimgewards.

estimated amount ogesper HWRC using the spatial interaction model as in Appddyix 4(

The following section focusses on a comparison ofgmeésr found using actual data
(from the survey) to those predicted using the spatial interaction model.

4.4.3 Resultsomparis@urvey vs Spatial Interaction Model

The results are arranged and discussed in three parts:

71 Difference between the actual perceraaderedicted percentage (Figut6).

1 Composition of useiisat each facility(Figurest-17 to 4-21) and the differenced
each composition per HWRC using actual and predicted percentagé-2Bgure

1 The average difference between the actual @pdettictedmount of usarin each
HWRC (Tablel-10and Figurd-23).

4.4.3.1Distribution of Users to Each Ward iFaciégch

The difference between the surveyed and the predicted distribution of users for each ward for
each HWRC is shown Figukd6. This was obtained simply as the difference between the
expected preference level (as reported in4-8pénd the aal preference level (as reported

in Table4-9). The average of the absolute differences between the distributions was found a
5.86%, whit shows that the spatial interaction model was able to predict user preferences in
terms of their choice of recyclifagility with reasonable accuracy. For example, the spatial
interaction model over predicted the users of the Beighton Road facilif§6ey. Zhe
relatively good accessibility that Beighton users had to other recycling facilities, for example
BlackstockRoad and Longley Avenue, could have contributed to theredection. The

largest undgorediction was for users from Darnall goinghto Beighton Road recycling
facility, at 22.07%. Probably high of accessibility in teBns ofg h t oaperaRrg@wisd s
(operates-@ays a weekhd distancketween Darnall and HWRC of Beighton Road (i.e. less

than 15 minutes) causid@a r n a | lo §ist this septne mistetd.
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Figured-16 Difference between tkarveyed and predicted user distributions for each HWRC

4.4.3.2Composition of Users i at Each Facility |

FiguresA-176422hi ghl i ghest denogensdeanch HWRC. Mo s t
users are from Beighton (11.8%), followed by Woodhouse (10.7%)sbocbtyh (9.8%).
However, most of Blackstock Roadds wusers are
the chart in Figuréd-17, the perentage of users from several wards in this centre are very
similar, which means users of Blackstock Road arebéetessievery part of Sheffield. This

is probably because the centre is in the central area and acderdowggsible by a large

numbe of wards. The highest percentage of Deepcar users were from Stocksbridge and Upper
Don ward, at 22.4%. This islie expected as Deepcar is located within this ward. Greaves

Lane, on the other hand, is accessible to the residents of West Eccle3¥glarfti9East

Ecclesfield (10.7%). Thus, these figures are predictable. The percentage of users attending
Greaves Lanfrom other wards was, on average, less thartb§svas probably due to the

time required to reach this centre being longer than &araghtres. Lastly, the majority of

users of Longley Avenue were from Burngreave (9.6%). However, the associated use
distribution is similar to that for Blackstock Road, which indicates that this centre is easily

accessible from any users in Sheffied.
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Figure4-17: Beighton Rd predicted users
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Figure4-22 Difference between actual and predicted at all five HWRCs
Meanwhile, the average difference between actual (surveyed) and predicted (spatial interaction
model ) of wuser compositions at al/l HWRCs wa

resideny at each HWRC is illustrated in Figt#2. From this figure,éhighest overestimate
is 5%; for the distribution of users of Beighton ward to Beighton Road recycling centre. Even
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through the HWRC at Bei ght on R fodtheiuseofl oc at
this HWRC was less than expected due to theyneaycling facility located at Blackstock

Road, which can also be easily reached by users from Beighton. The spatial interaction model
underestimates the number of people from East felclesing the Greaves Lane facility by

6.6%. Thisis predictalsle nce East Ecclesfield is one of

(Greaves Lane facility location) and is located a long way from other recycling facilities.

4.4.3.3Comparison of AveragBigsdutions at each HWRC

Table 4-10 gives the average percentager distribution at each HWRC. The average
difference between the survey and the model was found as 0.9%. The spatial interaction model
overestimates users at Blackstock Road by onlgrid2%ngley Avenue by only 0.5%, which

was probably because theae centres are highly accessible from the majority of wards, and

so there may be respondents that reside more than the threshold distance away but who
nevertheless prefer to use thesereenMeanwhile, thepatial interaction model slightly
underestimasthe amount of usarat Beighton Road (0.5%), Deepcar (1.0%) and Graves
Lane (1.3%)Resultsshow that, overall, the spatial interaction model reproduces in a very
accurate way the ugeeference rankingr the HWRCs, and the ovenadlerattracted by

each centr& he first preference is Blackstock Road, followed by Longley Avenue, Beighton
Road, Greaves Land and, lastly, Deepcar. Hig3reompares the actual and predicted
distribution per HWRC.

Table4-10 The difference between the actual and predicted distributions at each HWRC

Percentage Percentage

distribution of  distribution of . Absolute Average of
. . Difference .
HWRC usersusing usersusing — BBA difference absolute
survey SIM* =| BOA difference
(A (B)
Beighton Rd 22.6% 23.1% -0.5% 0.5%
Blackstock Rd 28.7% 29.9% 1.2% 1.2%
Deepcar 10.5% 9.5% -1.0% 1.0% 0.9%
Greaves Lane 12.4% 11.1% -1.3% 1.3% ’
Longley 25.9% 26.4% 0.5% 0.5%
Avenue

*spatial interaction model
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35.0%
30.0%

25.0%
20.0%
m Actual
15.0% _
10.0% Predicted
0.0%

Beighton  Blackstock Deepcar Greaves Lane Longley
Road Road Avenue

Percentage caimount of user

Figure4-23 Percentage distribution of users at each HWRC, based on actual (survey) and predicted numbers

Coherently to the spatial interaction model, it can be seaseitsathooddWRCfaciliies

not just becae of thedistancdactor, but alsobecauséased on an attractiveness factor
(based, in the model, tre number of waste containers and the recycling portfolio provided
at each HWRCValues obtained from theasgial interaction model for the user allocations
will be implemented & in the proposed modiel orderto generate the demand for HWRC
services from each electoral wattimithe facility networkihe next section focussas

refinement of the proposed model to suit the reorganisation of HWRC.

4.5 Multi -Period Model Refinements

The constraints and the objective function of the npoolebsed in Chaptemwdere modified
in order to apply the model to the reorganisatidtVdRC ogeratiors. Before conducting

any modification, the assumptions used for the HWRC case stianaoelgw:

1. The operating periods for all HWRCs are on a weekly basis, seven days a week.
2. The time periods for each HWRC are on an hourly basis and operaté&d fr
a.m.- 6 p.m., per day. By 6 p.m., all facilities are closeal| asdrs need to be

sered.

From both points, it is necessarylitodethe overall time periodin several timatervals,
to ensure the operation per facjlisyperformed on aadly basis

4.5.1 Refinement 1: Creating a Range within T

Let the set of timperiods forT be dividedinto macro and micro periods. Figdr24
illustrates this concept, where the mperad represents the number of days per week, and

the micreperiod represes the number of operating periods per day.
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|

~

Time-period

Figure4-24 lllustration of macraand micreperiods

From Figured-24, a general picture of the situation can be demonstrated, which is presented
in Figure4-25. Let,W be the set number of magueriods, indexed lly  p838wv & andH

be the length per mia-period or number of micyperiods per mac#eeriod. It is assumed

that the length of each magqreriod is identical. The general concept of Aparrods \()

and micreperiodsfl) is presented in the Figyrgs.

macreperiod(days)
A

|/<_ w= Day 1, length —3 w= Day
| o p ‘ 0 ¢ “ 0 O
|b w= Day 2, lengtlii >|< WZV Day 3
EEEEEEEEE Y
| €&—o w= Day W, lengthH —>
...... 0 Ow p p‘c‘) Ow p c“ 0 w0 |

\ J
Y

micro-periods (operating periods)
Figure4-25 lllustration of macrand micreperiods irH andw

Therefore, the range for operations per day is@adm p  puntil0 "OUsing this range,

further refinements toconstraints can be introduced.

1. No user cametransferedbetween days.
2. No facility can be reopened if it has been closed during a day.
3. A minimumnumber ofoperating periods per day and pegkwe
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4.5.2 RefinemeénhiNo User can Transfer Between Days

We considerkthe operation of givenfacilityj is a daily basi$his condition resembles the
reallife situation, where at the end of the day there is no user allowed to wait in a queue.
Therefore, th initial and final valwd users waiting in a qudoeeach dily operationi, (as

introduced in Chapter Ajust beequal td units. Therefore, in general:

i MU p VO ph 00

4.5.3 RefineméniReopening of the Facility is Restricted to a Daily Basis Only

To ensure reopeningrestricted to a dailyabis onlythe range for constraibt W was
refined. This only allows facifitp reoperon the following dagnce they have been clased

The modified version of ®:) QA onN Yis:
W whN "y v p 00 pHOOA O N @
The constraint indicates that once fagilgyclosediuring a given dait will remain closed

for the rest of a given dayOriginally, the notatonaf 6 @ n wi s chaniged to 0

(i.e.w W) to set arearly opening time and early closing time for each facility

4.5.4 RefinementMinimum Operating Periods Per Day and Per Week

In order toobtain ealistic optimal schedsieninimum operating periods pay and per
week arémposedor a facilityj. Thisis done in ordeto ensurehat results suggested by the
model are feasible and compatible withwedtl scenarios, in which, due to figedt
reasondacilitesneed to observe niimum standard operating timés instace, schedules
suggesting the facility to be openedjustor two hours per day might not be feasible due to
constraints on human resourégscall constraint{) from chapter 4:

w ] Noo

where thigonstraintimits the number of operating periods per fagdify . Lef| be

the minimum number of operational periods per week for a given;fadiitgtraint (4.9)
is then changeod:
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w () .
W < 1 nNiaQ o
11 ¢TI 0V Q
where the total operating periods for a given faaditgither at a minimumjof  or O.

Further refinements to limit the operational periods per day for a giver veeikty
determined. To do this, constrainl® was modified to:

@ TN ' woNr e

which indicates the @itoperational periods per day for a given fadslitynited taB
Similar reasoning can be given in creating a limit for the total number of operational periods

per week, and thegjuation above can thus be further modified. Let be theminimum

number of operational perigoksr day, or else complete closure for a day.

w Q" W o
w = 1 NIQWHONWS8
vy Tt €™M 0VQ Q
4.6 Multi -period Model for HWRC Facility

For this case studye setsparameter and decision variables for the model are as follows:

Sets
0 = the set of facility locatiorisdexed byandk, wherd BE = p&3 s& E
Y = the set of timgeriods, indexed bywherd 0  p83¢e
Parameters
5 _ cost of operating a faciljtior a single period(which can be assumed
~  constant)
- h h = assigned cost for each decision made, whenelicates the cost of
-k serving one user, indicates the cost of transferring one user to the 1
period,- indicates the cost of losing one user-anthdicates the cost
of seving extra amount of usérom other facilities.
| = weights omprovidefs side
t = capacityevel of facility at locatigmluring a period
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W = amount of usarrequiring a serviee facility] during a periotl

0 = predetermined binary integer to indittaepossibility for users noove

from facilityj to facilityk during period
1 = maximum operating periods per
1 = minimum number of operational periodsjper week
1 = minimum number of operational periodsjpar day

B = upper bound of amount of usézaving system

Decision variables

o _ P QOO0 TGN @I KA 6 @) Q1 R Q

Tt €I 0QlQ

i = non-negative decision variable representing the user transferred to t
period at a facility at locatipst the end of a periad

Y = user transferreoetween andk during a period

a = user chosen teaveat each facility at locatipduring a periotl

n = user served at each facility at locatiomning a periotl

For the HWRC case study, theltrcomponentnodel was usdyy assuminthecost on the

provided side, ok consist of the operational cosis , the cost to serve a unit of demand

- and the cost when a unit of demand leave the systemAssumehe cost on the

demand side, @5 consists of the cost when a unit of demand be in the queuand the

cost when a unit of demand move from fagiigyfacilityk - . Therefore,
) 6w - n - a
W -0 - Y o

Thus, the modified objective function is:

0 Qe | 66 - n -a p | S0 - Y 6

(4-1)
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The objective function {B indicates the total operational costs for the entire system,
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W
n
£/ QI Q

€™M VQI Q

L7 O on Y

4-2)

4-3)

(4-4)

(4-5

(4-6)

47

(4-9)

(49

(4-10

(4-11)

(4-12)
(4-13

concerning costs on both sides: phevide and the uséyg52) is the mass balance

constraint. Constraint-@ ensures thateh user is either servedeaves the system at the

end of the timgeriod, while () ensures that the unserved users are limig;tthis

constraint expresses the required service level which the provider wants tq%ghieve

guarantees that tlanount of usarserved is whin the capacity of the facility. Constraints
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(56) and (57) I i mi t u s e ropeftiomfacilitesmonly Cosstraints (B) and
(59) ensure the total operating periods for a daalityj are withinan acceptable range.
(5-10) restricts reopeningf a givenj; once the facility is closed (e.g., within a day), it will
remain closed.{B) ensures no user in the queue at the beginning and at the end of the day.
Decision variable$ ftii  and"Y are positive integers-18) andw is a binaryariable
(5-13).

For this chapter, the allocation of users from waréackfacilityj was based ahe
previously describegatial interéion model, wheres the index of the set of userdbons,
| "Q p&B@ The results obtained in section 5.4.3.2 werdaudetermine the amount of

usestrying to access eadhVRC.

The following section tests the modified model by varying tliceatest@arameters.
All the calculations used to solve model, including the sensitivity analysis and application
to the HWRC problem, were conducted using CPLEXoh2o8mputer with a memory of
8.0 GB RAM, a 2.50 GHz processor and the Windows 10immgpeyatem.

4.7 Sensitivity Analyses

4.7.1 Description of Tetdrnoss

Numerical analyses were carried out to assess the effects of varying the cost parameters
- ,- ,- and- . The size of the problem was set=atl, T = 15 W = 3 andH = 5.

Users at eaglpert,  were set to be a discrete uniform distribution function, buf leasch

o L B : . : .
adistinctive utilisation rate—. The capacity levél, was set to 10 units for akt all times.

Details of the dataset usede:

Table4-11: Datasets used in each analysis

Parameters Range
@ =[195, 105, 75, 135]
T = [150, 150, 150, 150]
Utilisation rate b BB— =[130%, 70%, 50%, 90%], average = 85%
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For this analysis, travel times from a given fatdityven facilitk were:

pTTITX PP X
00l = X PTUOT @ pao

pp 0 PTTT W

X po W PTTT

where rows represent the initial fagjlégd each column represents the distance from a given
facilityj to agiven facilitjk. 1000units were set to forbid movement to the same facility
From the distance data, were generated. It was assdirthato is 1 if the travel time
between two facilifys less than 10 minutes, and 0 otherwise. As result, jsens go tq.

andjs, users gt can go tg: andjs, users gt can go td. andjs, and users ajecan go tg:

andjs. It was assumed that the movement was identical for all. im#ge meantime, the
weight for theprovidef si