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Abstract

Rapid increase in urban population has createaé¢led for the development of efficient Decision Supsystems
(DSS) guiding municipal planners to mitigate urbsprawl, pollution and waste generation, unsustdnab
production and consumption patterns. To ensureasiadile urban planning, a DSS must provide not amly
optimal planning solution based on input assumgtidsut must also help to identify concrete city lidraes,
determine available resources (e.g., land and grsegrces) and highlight any implementation comstsa It must
support the creation of flexible interactive scéomifor urban development and their realistic repreation in an
urban context.

This paper presents a Waste-to-Energy Decision @u@ystem (WTEDSS) that identifies the optimalddarm
deployment strategy for waste-to-energy infrastmedt under future uncertain operational conditiansl then
directly assesses its feasibility and integratioio ian urban environment using 3D visualizatione WHTEDSS is
designed as an interactive and analytical wasteagement planning tool integrating four modulesadatalytics,
optimization, simulation and a user-friendly gragai interface. Emphasis is placed on the developraed
integration of the optimization module and 3D urls@mulation, which provides users with decisionp based
on 3D visualized optimum facilities deployment daihe optimization module receives calibrated dath solves
a model based on inputs obtained from the userfaa®. The simulation platform developed in Unify Brovides a
friendly real-world environment for studying anddemstanding the facility deployment process oweetand space,
while also considering uncertainty.

Keywords

Waste-to-energy, optimization, decision supportesys Unity, game-based platform

1. Introduction

The amount of municipal waste produced around tbddnais accelerating along with the rapid rise opplation
and industrialization. According to the World BardportWhat a Waste [1], solid waste generation by the world’'s
cities will increase from about 1.43 billion tonsrpyear in 2012 to about 2.43 billion tons per yiea2025, and the
number of people living in cities by 2050 will bgual to the population of the whole world in 2000aste is a by-
product of urbanization. To avoid “urban-miningf’i$ urgent and necessary for cities to improve igipal waste
management (MWM) performance with effective systemg efficient strategies.

Besides the challenge of increasing waste volumbgruplanners also face the problem of sustairgdlelopment.
An unsustainable waste system may pass the impagiste disposal on to the next generation, anebjitires more
resources than the waste system can produce owiit§2]. To ensure the sustainability of MWM systerapecial
attention has been paid to waste-to-energy (WT&)rtelogies [3]. WTE technologies convert non-realpts waste
to useable heat, electricity, fuel, bio-energy andhpost products, simultaneously solving the wasteease and
fossil energy exhaustion problems [4]. When maldegisions for long-term deployment plans, municigahners
should not only focus on technology selection,dsb consider economic factors (fixed capital copgrating cost
and revenue of recovered resources), social infleida.g. system safety, land use) and environmestscts (e.qg.
emissions, energy production) [5]. Thus, a WastErergy Decision Support System (WTEDSS) for WTE
infrastructure configuration is instrumental andaial for municipal planners to achieve sustaindhi&M systems.

Decision support systems (DSS) are computer-baggdications that perform information analysis, syst
modelling and simulation to help users make degssiéor the past decade, DSS and similar integiafednation
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systems have been widely developed and applidteinifferent sub-regions of MWM systems, such agiapDSS
to determine the location of electrical and elatitavaste treatment plants [6] and vehicle routangl scheduling
programs for waste collection [7]. As urban plashénvolvement in MWM mainly focuses on siting wast
treatment facilities [2], an intelligent DSS shouidt only provide spatial information about candédaites for
present use, but also the long-term strategieti®ffdcilities at each site to ensure sustainableldpment. The
WTEDSS introduced in this paper provides optimaiglderm configuration and adapts to flexibility fnoan
economic point of view, as it considers locatiotype of technology, environmental impact and numsroost
factors. To provide the most practicable optionutban planners, the WTEDSS is specifically realldiariented
with a 3D city simulation module that provides amgabased decision-making environment and visualires
optimal solution in a real-world model. The WTED&Snprises four modules and is integrated as atigast and
easy-to-use application.

The rest of the paper is organized as follows. &cti®n Error! Reference source not found., background
information about WTE and related DSS are introdu&ectiorError! Reference source not found. presents the
framework of the WTEDSS and its technical platfantegration. SectiorError! Reference source not found.
presents the user flows with subsystems functitesliand the findings and discussions can be fau&action 5.

2. Background of waste-to-energy and related decision support systems

WTE is the process of generating energy via varitreatments of waste. Widely applied WTE treatment
technologies include gasification, anaerobic digas{AD), composting and incineration [1]. To cheafie most
appropriate WTE technology to deploy, urban plasneeed to resolve the conflict of being cost-effector
environmental friendly. For example, incineratioancsignificantly reduce waste volume (up to 90%)t the
combustion process may produce serious polluté@x( SO2 and dioxin) [1]. Most WTE infrastructurean be
deployed at both backyard (on-site) and large-s¢afesite) waste treatment facilities (WTFs). Fselected
technologies, urban planners face a problem of evhad when to deploy WTFs associated with WTE @tfteture
capacity. For example, centralized off-site fai@htbenefit from economies of scale associated wgthstruction
costs, but have increased transportation costgmugkions. In contrast, decentralized on-site ifasl contribute to
the local area and reduce transportation costs.ieficty the optimal deployment strategy involves tiple
disciplines and consideration of technical, envinental and economic factors. Due to this complexitgre exists
a need to develop and apply DSS for MWM planning.

Since 1996, many intelligent MWM DSS have been psaal and developed based on the SAS and MATLAB
platform, which can perform complex data analysis tmay lack Ul design options for application depghent.
Chang et al. (1996) [8] developed a DSS for wastgaling and incineration facilities based on SRBrucci et al.
(2003) proposed a DSS for various possible wastgrrent infrastructures using MATLAB. This DSSqmets the
final MWM system configuration with a set of binadgcision variable values [9]. A DSS that inclugesnulation
techniques can better evaluate the performancgstérms and configuration and assist decision makeashieve
the most appropriate strategy. ReFlows, which wapgsed by Abeliotis et al. (2009) [10], simulatee material
and financial flows of the MWM system and allowsamnation of the effects of different strategiegFRws
provides a user interface in an Excel spreadsheett@nscribes the rules and calculations in MATLABe
spreadsheet interface allows high transparenclyeofitodel calculations, but users may be confuseatidogomplex
model and have input issues. Yao et al. (2013) Hsthblished the MWM DSS using MATLAB. The system
outputs are displayed as a table, bar chart, astdldition of municipal solid waste (MSW) and aglulting from
incineration visualized in a 2D map. Comprehensslyigem output is the key for decision makers ia gapport.
2D graphic methods for data visualization usedraditional DSSs can help decision makers understiatd
characteristics and the effects of a strategy,&@D approach with realistic models is the complena 2D
graphic methods. The 3D approach has advantages presenting the geographical environment, trariapon
routes, spatial relationships between facilitied #reir status information [12]. WTEDSS used thdtyangine to
create a 3D real-world environment platform, anthisgrated with an optimization module to provaieulation in

a gamification interface.

Most existing DSSs primarily focus on mathematioaldels, and so few consider the usage of the sudterad user
operations. However, planners and decision makemg not have a thorough understanding of the overall
mathematical model and optimization process, aadabk of instructions and visualized informatioayntause the
DSS to be too complicated for users to operateortemporary and real-world oriented DSS shouldgirstee the
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data, optimization model and simulation in a frigndraphical user interface, provide a long-termatstgy and
visualize the result in a comprehensible manner.

3. Waste-to-ener gy decision support system

WTEDSS is designed to assist decision makers téewehan optimal long-term waste management planning
strategy, including candidate sites selection, netdgy selection, transportation scheduling and 8/ Heale
(decentralized on-site and centralized off-sit@bbem solving.

3.1. System framework and technical platform

WTEDSS consists of four main components: data éicalyoptimization, simulation and graphical ussterface
(GUI). Figure 1 shows the complete framework of VIDES with the modules and their integration methdde
four modules are integrated seamlessly as a simpleeliable WTEDSS. The information gathered fribra user
interface (UIl) is stored in the system and senbttter modules. The data analytics module perfortatstcal
analysis and sends the calibrated data to the matiimn module and simulation platform. The optiatian module
calculates the optimum strategy with the model sews the optimum solution to the Ul and simulaptatform.
Then the solution and calibrated data will be \iged in 2D Ul with charts and tables, as well asai 3D
simulation environment. WTEDSS also generates arte the optimum output for the user.

<:>[ Graphical User Interface XAML |5 ]

Data analytics CsV file
Embed EXE
Prihen E|J—IE

Simulation / \ Optimization
Calibrated data 1LOG
L
Y pipes €

Optimum Solutions

Figure 1: Framework of WTEDSS

WTEDSS is a standalone Windows application builthwthe .NET framework 4.5 using Windows Presentatio
Foundation (WPF). The appearance of the applicatias created by using Extensible Application Markup
Language (XAML), combined with a managed programlagguage (C#) to implement its behavior. Such
technology facilitates the integration of a graphiaser interface (GUI) and other application lagemponents,
which greatly increases the efficiency of Ul deystent and reduces maintenance costs as well.

Each subsystem is developed based on a differggihenwith each engine having its specialty ancerisal
techniques for the specific module. Each subsysteWITEDSS is designed to be able to perform its éuictions
in isolation, while also being able to be integdatend work as one system. The data analytics stdmsyis built
based on Python. Python has strong statistics supmol powerful data visualization libraries, whibbklp the
subsystem to perform high level data analysis gmduehically visualize data. We used the CPLEX optinifor the
optimization subsystem. The CPLEX optimizer is ghhperformance mathematical programming solver fiBM,

and its fundamental algorithms enable the subsydtesolve optimization models quickly and accurat@lhe
simulation subsystem was developed using a comalegeime engine called Unity (or Unity 3D). Unitysha
strong organized library written in C# and can leldyed on multiple platforms, which is neededifdegration
with other modules. The main advantages of Pytli,EX and Unity compared to similar software are fRET
framework environment support with a comprehenBbmry for development and applicability for commial use.

3.2 Integration of the subsystems

Integration of the data analytics subsystem isi@drout by an open-source language that suppoitts INET
framework and Python libraries, namely IronPythdhe Ul of the data analytics subsystem was desigvitda
XAML script and linked with its code-behind (C# gis). The C# scripts can execute the Python scfipt data
analysis through the use of IronPython librariebe Tntegration of the optimization model that mathécally
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addresses the optimal deployment plan for wastgnrent facilities is carried out with the use of &#ipts. The
optimization model is resolved with the use of th®@G CPLEX Solver library. The optimization subsgst Ul was
designed with XAML and interactively connects wikle model parameters to present the resolved olpsiohation.

The simulation subsystem is integrated by exportitegexecutable file (.exe) from Unity and then edding the
executable file as a child process in the mainesystThe simulation subsystem uses pipes for irtegss
communication (IPC) with the main system. A pipaisnidirectional data channel that can connectpgwmaesses,
which commonly used for sharing data between pemef windows. For the optimization subsystem daiz

analytics subsystems, their Uls were created imth&n system and communication can be easily imghted in

the system through the model controller.

4. User flows and subsystems of WTEDSS

One specific objective of this work is to optimi?éTFs configuration, thus defining the period, looat WTE
infrastructures and capacity that should be deployidhe user flows presented in Figure 2 show hosv ubker
receives decision support in WTEDSS. The urbanngarirstly needs to estimate the amount of wastdéd
managed, and can then find a strategy to optirhizéransportation and disposal process.

Ve N\
1\ Start Y, NO
Input parameters
View details of (enter from Ul or Run Optimal solution
data analysis import CSV file) optimization valid?
Step 1 Step vES
Update and view
ConstruTt optimum plan in 3D Go to simulation
manual plan platform platform?
Step 3 NO

rerens] s gor /(o)
{ )
plan evaluation and export CSV file N /

Figure 2: User flows of WTEDSS

Step 1: Data analytics

The data analytics module is designed to providereent overview and future predictions of wastenaggement
related data, such as the waste amount (by sec&s, and waste type), numerical cost (land ude tcassportation
cost and penalty for emission) and population. Witlcombination of geographic and socioeconomic, dhta
WTEDSS produces dynamic and comprehensive graphsssist municipal planners to understand the waste
generation pattern and management scheme. Thisiewers implemented by analyzing and visualizingrent
data, and predictions can be implemented by vizsinglithe results from the forecasting model basedsage trend
data or historical data. The development data &oalynodule is currently under development; moreitewill be
available in future work. Figure 3(a) shows theadatalytics Ul for waste distribution in Singapore.

Step 2: Optimization

With the knowledge from data analytics, users aady to construct a deployment strategy with theessary
parameter inputs. To achieve the waste managenysiéns objective, mixed integer non-linear programgni
models are established to minimize the “absolutgfeeses over the long-term WTFs configuration [TI3]ese
“absolute” expenses are represented as the diffesebetween the total costs (installation cost@etation cost
associated with WTF unit capacity, which can begpessively deployed during the lifecycle) and rexes (from
recovering waste-to-energy or materials). In thiswy the main decision variables include locati@misWTF,
selection of technologies types and their capagitteansportation schedule and waste allocatiom fregaste
producers to WTFs. This decision-making is subjeatertain constraints, e.g., (1) the capacity dgplent at each
candidate site is progressive and it cannot becestithrough time, (2) at each time step waste eaasBigned and
transported only to one WTF of sufficient capaeihd (3) the total installed capacity cannot exdbedand space
limitation at each candidate site. Figure 3(b)vehdhe Ul of the optimization subsystem in the casa small
region with 10 food courts. The WTFs and WTE intfinasture related data are collected from usersalkag GIS
information about candidate sites and waste cadlegboints. The user can import a CSV file into Hystem to
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avoid the larger workload of input. The optimizatisubsystem outputs a strategy with important patara and a
detailed deployment plan, including technology ésdinits, the treated waste amount and its squeceear.
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Figure 3: User interface for each module

Step 3: Simulation

After the optimization subsystem outputs the optiotnfiguration, the user may update the simulatiatform.
WTEDSS provides a simulation game environment smialize the planning process and optimization smuflro
bring the optimal strategy into real-world practitiee simulation subsystem uses real geographatal to simulate
the region for the urban planner to have a bigupgcbf the region they are managing. The simulagitatform
visualizes roads and buildings with their addresard names displayed, and can also receive gedgahph
information about waste collection points and WTitEssfrom the main system and visualize them in3Decity for
simulating transportation routes. These functidss anable the simulation module to evaluate dffierscenarios
based on the information.

The simulation platform receives the optimal allima plan and the user can view this plan in thecBlp The user
can view the optimal configuration for each yead amderstand how the WTE infrastructures units hasen

progressively deployed. Figure 3(c) shows the guméition of site 2 in year 2, which has 1 truck &ndnits of

WTE infrastructures deployed; the user can furthedify the number of units and trucks, and the geancan be
sent back to the optimization subsystem for redafmn. A truck goes to a specific waste collectpmint according
to the transportation route from the optimizatidanp A dashboard for each WTF indicates the relatémmation,

such as the allocated waste amount, used capacitgraission factors for a specific year. The useralso find the
plan overview in the plan info panel, and a minipni@athe lower right corner shows the site locationa 2D map.
These functionalities can also be applied in theuahplan, where users can deploy WTE infrastrestumits and
trucks by themselves over the planning horizon. Thenual plan function facilitates independence betw
subsystems, allowing the user to examine theirgéand obtain the most practicable one. Manual gardtions can
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be saved and evaluated by the simulation engire:tha performance is presented in the resultsRaule 3(d)).
The results tab visualizes the optimization solutamd information from the simulation module in goehensive
charts. It can also be used for comparisons of eaghario, which will be implemented in future work

5. Conclusion

A prototype WTEDSS designed to assist decision-msake drawing up the long-term optimal configuratiof

waste treatment facilities has been developed. WH&EDSS considers several unit processes, includiagte
collection, transportation and treatment technoloflye subsystems of the WTEDSS are developed derelit

engines and then integrated, which allows the sibrys to be operated separately to increase tHeapm’'s

flexibility. The intuitive Ul and simulation platfen enable users who lack an adequate scientifikgraand to
retrieve information and receive decision suppbtiture development directions include a more adedngD

simulation platform with a powerful engine to erebiulti-scenario examinations in a real-world eorinent and a
national level optimization and data analytics tmoprovide detailed analysis and decision support.
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