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Abstract

Internationalization of markets and climate chamgeoduce multifaceted challenges
for modern supply chain (SC) management in theysddigitalisation era. On the
other hand, Automated Guided Vehicle (AGV) systemase reached an age of
maturity that allows for their utilization towardackling dynamic market conditions
and aligning SC management focus with sustaingbdiinsiderations. However,
extant research only myopically tackles the suatality potential of AGVs, focusing
more on addressing network optimization problentslass on developing integrated
and systematic methodological approaches for primignaconomic, environmental
and social sustainability. To that end, the prestudy provides a critical taxonomy

of key decisions for facilitating the adoption of5& systems into SC design and
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planning, as these are mapped on the relevan¢gitcatactical and operational levels
of the natural hierarchy. We then propose the $hadtée Supply Chain Cube (S2C2),
a conceptual tool that integrates sustainable S@agement with the proposed
hierarchical decision-making framework for AGVs'.alkket opportunities and the
potential of integrating AGVs into a SC context lwihe use of the S2C2 tool are

further discussed.

Keywords. automated guided vehicles, sustainable supply nchmanagement,
literature taxonomy, decision-making framework, taumable supply chain cube

(S2C2) tool

1. Introduction

Internationalization of markets along with sustaiity concerns stemming from
regulatory schemes, business stakeholders and mm@nsuenvironmental awareness
underpin the adoption and exploitation of flexitdad automated systems across
supply chain (SC) operations (European Commiss2®15; Ventura et al., 2015;
Verdouw et al., 2016). To that end, Automated Gdidehicles (AGVs) are being
integrated into existing manufacturing systemshesy tprovide a range of benefits
across economic, environmental and social sustdilyadimensions (Craig and Dale,
2008; Kannegiesser et al., 2015; Wu et al., 20b6)ding (i) increased productivity
(Negahban and Smith, 2014), labor cost savings d@and Grasman, 2009), (ii)
reduced energy consumption (Acciaro and WilmsmeR®15) and emissions

(Geerlings and Van Duin, 2011), and (iii) enhansafity (Duffy et al., 2003).



Firstly, AGVs are generally related to significaited capital investment costs
(Peterson and Michalek, 2013); nevertheless, AGXs/igge a greater economic
potential due to their lower maintenance expeneditaompared to conventional
vehicles and their capability to function on a 2B8&is with minimum labor cost and
human intervention. Additional cost savings derfvem the associated improved
safety and the resultant reduction in accidentgh bor vehicle drivers and for
pedestrian workers, as for instance forklift acoideoccur in a frequency of one per
three days (Bostelman, 2009). Labor cost savingsmor the reduction of overtime
labor payments is also promoting cost savings (@amad Grasman, 2009; Kumar
and Rahman, 2014). Furthermore, efficient and &¥fecuse of AGVs increases
productivity in logistics operations and extends 8ervice level of the entire SC.
Particularly, AGVs are reported to decrease theveigl time of passengers’ baggage
to airport drop-off areas to 20-30 sec (Kalakowlet2015) and improve the service
time of cranes in container terminals by almost A8#élareh et al., 2013). Secondly,
the environmental sustainability ramifications o&5¥s in SC operations are more
evident and basically relate to the reduced eneamsumption, specifically for the
case of electric-powered AGVs (Lyon et al.,, 2012telPson and Michalek, 2013).
AGVs generate reduced atmospheric emissions ofckRaNatters and Greenhouse
Gasses like C®and NQ (Schmidt et al., 2015), while further minimizingnpty-
travel distances (Choe et al., 2016). Thirdly, distinct contribution of AGVs refers
to the social impact and the improvement of humafetg (Bostelman et al., 2014;
Duffy et al., 2003). The use of manual forklifts logistics is considered among the
most frequent causes of accidents. Notably, Sabattial. (2013) discuss that during
the period 1998-2007 more than 3 million work aeaqid in the European Union

(EU) were related mostly to transport and warehcagerities. The main reasons



include errors caused by forklift drivers and blisdots present in manufacturing
environments. To that end, the creation of ergosonorkplaces where people can
cooperate and interact with machinery, the creatibskilled jobs, and the use of
AGVs in hazardous environments are also considerelis context (Gomez et al.,

2015; Shukla and Karki, 2016).

In this vein, the estimated number of global AG\éteyn installations for logistics
was 2,564 in 2014, recording an increase by 29%penad to 2013, while projections
for the period 2015-2018 point to 13,300 AGV systefimternational Federation of
Robotics, World Robotics 2015). Primarily, AGVs pide automated loading,
transportation, and unloading capabilities; hen@gnnsectors of application include
container terminals, manufacturing plants, warebBsumaterial handling systems and
service industries (Fazlollahtabar et al., 201584lidatively, in 2012 the Amazon, the
largest Internet-based retailer in the United Statequired the warehouse robot
maker Kiva Systems and deployed 15,000 AGVs acdddsof its proprietary
warehouses with the aim to reduce delivery lea@gsimnd increase customer service
levels (D' Andrea, 2012). Furthermore, the 2016 éviat Handling Industry (MHI)
report documents the prevalent utilization of AGMsSCs with 51% of the 900
surveyed professionals reporting the catalytic rolerobotics and automation on
disruptively shaping competitive advantages for 8@s (MHI, 2016). Moreover,
33% of the survey participants expressed theirdviviterest in pursuing tactical
investments on AGV systems over the forthcomingri@fths’ period. Moreover, the
“Pan-Robots” project (http://www.pan-robots.eu) ded under the EU 7th
Framework Program is a prominent paradigm demdirsgrahe public interest on

supporting research and development initiatives @odoting advancements on the



field (Sabattini et al., 2013). In brief, the praj@ims at developing highly automated
logistics systems to support future smart industrie terms of manufacturing

flexibility, cost, energy efficiency, and acciddnte operations.

Overall, the proven capability of AGVs to securestainable performance in a SC
context at strategic, tactical and operational Ileveotivates novel research in the
field (Giret et al., 2015). However, the sustaitigbramifications of AGVs in a SC
management context receive disparate attentionamedonly myopically tackled,
while grounded theories that ratify and supportetaboration of AGV systems in a
cradle-to-grave network perspective do not yetteXis this effect, this study maps
the existing research issues on a comprehensiugefvark for the incorporation of
AGVs in SC management following the natural hiehgrof the decision-making
process. In particular, the aim of this study isdaress a number of critical issues for
all involved stakeholders, such as potential inwesst involved regulators and
decision-makers, by attempting to answer the fahgwesearch questions (RQs):
a) RQ1l: What is the role of AGVs in digitalized manttiZring and smart
distribution systems?
b) RQ2: Which decisions should be made on the st@téactical and operational
levels for incorporating AGVs into SC network opgeras?
c) RQ3: Which regions of the SC ecosystem provide stadpportunities for

incorporating AGVs into the SC?

2. Resear ch methodology
According to Rich (1992), a taxonomy is a spea&ssification scheme that allows

for the systemic integration of the general sintikes between scientific publications



for a specific topic in a hierarchical fashion.pgractice, taxonomy aims at classifying
studies with interconnected findings in a struaiusgay to explore any existing
natural relationships and further comprehend th@utonary connection between
them (Tranfield et al., 2003). Indicatively, Hedd¢R010) comments thata“
hierarchical taxonomy is a kind of controlled vocabulary in which each term is
connected to a designated broader term (unless it is the top-level term) and one or
more narrower terms (unless it is a bottom level term), and all the terms are

organized into a single large hierarchical structure”.

As previously stated, the objective of this manyscis to integrate AGVs into
sustainable SC management through synthesizing ledge from peer-reviewed
literature. To that end, not merely a single AGM\egarization framework is
provided, but rather the focus is on an in-depseaech for unveiling sustainability
related decision variables and identify intercotio®s among sustainability issues
and the SC management ecosystem. To ensure a bkightific output, the
methodological approach includes two (2) phasgditérature identification, and (ii)
decision-making framework development. An introdugtsection for defining the
AGVs' characteristics precedes the methodologicellyais for providing better

insights to the identification of the AGVs' scope.

2.1 AGVstechnical description

AGVs are used to a diversified field of applicagahat is expanding over time. The
business sectors of interest include container iters) flexible manufacturing
systems, warehouses, agriculture, military openatitiealth management, mines and

many more (Vis, 2006).



The numerous types of AGVs and the multiple embeddestems can explain the
variety of the fields of applications (Ullrich, 2BJ1 Vehicle types include forkilifts,
unit loads, tows, clamps, hybrid vehicles and austoade vehicles with
specialization to the field of application. The AG)art categories that can be
identified at hardware level include (i) the veklsImechanical parts (frame, steering
controls, motors and transmission systems, speeigbose robotic parts), (ii) the
electronic parts and the electrical parts (cenmalcessing unit, microcontroller,
sensors and electrical system) and (iii) the poswrrce (electric, diesel, liquefied
petroleum gas, biofuels and hybrid methods). THeveoe architecture implements
the vehicle's business logic namely the planniagting, scheduling and dispatching
technigues and the navigation systemwhich is cjoseinnected to the steering
controls. Steering controls include differentialvdrg with two independently moving
wheels, use of a steered wheel control and combieelniques. The navigation
systems can be divided into two main categorig@gdih following techniques (wire,
tape, laser markers), and (ii) free ranging AG\&s€l guidance with triangulation,
inertial, natural features, vision, geoguidance GR$House GPS and combinations of
the above). The software management system carerteal; hierarchical or fully

decentralized in order to provide the maximum nmobbflexibility.

AGVs' can vary from vehicles with manual contrads fiuman drivers and supportive
autonomous systems to fully autonomous unmannedclesh In the conducted
research all the AGV categories were included amcexclusion was made as the

focus was on the identification of the sustain&piiamifications of AGVs.



2.2 Literatureidentification

The developed framework is a synthesis of artiokéseved from four (4) databases,
namely: (i) Scopus, (ii) Science Direct, (iii) Assation for Computing Machinery
Digital Library, and (iv) Emerald Insight. The refed databases offer a broad range
of highly accredited management and engineeringnsific journals with special

focus on sustainability issues (Ahi and Searcy 3201

The appropriate literature identification phasektptace from June 2015 to February
2016 with the reviewing process being really intemdy means of the quantity of the
returned results. Additionally, the analysis wastrieted to journal papers written in

English language, while all papers were counterod@to increase consistency.

At a first level, Boolean searches were conductdguas main search keywords the
terms “Automated Guided Vehicle”, “Intelligent Automous Vehicle” (IAV),
“Autonomous Vehicle” and the corresponding acronyraegher separately or in
combinations (Milch and Laumann, 2016). The lakieywords were inserted in the

“Title”, “Keywords” and “Abstract” search fields dhe online databases’ interface.

Furthermore, additional search keywords were ugedrder to bound the research
area and focus on research efforts that clearlpcass with the sustainability
ramification of AGVs. The refined search keywordisberated at this stage include:
“Automated Guided Vehicles”, “Autonomous Vehicles'Sustainable”, “Supply
Chain”, “Environment”, “Economic”, “Social’, “Govemental”, “Effective”,
“Efficient”, “Cost”, “Accident”, “Hazard” further ncluding derivatives. The research

did not consider the Transportation and conventiohaomotive Industry thus



excluding the keywords “Passenger cars”, “Freighhgportation”, “Electric cars”.
Finally, existing literature was further supplenezhby cross-referenced publications
provided by individual journals and publishers feupplementing the literature
taxonomy. Notably, the authors found that the snahkality concept is mainly studied
from 2009 onward. Especially, references aboutasuebility issues at the level of
manufacturing operations, scheduling and contrellianited prior to 2011 (Fang et
al.,, 2011). What is more, AGVs have been only rdgeadopted in large-scale
commercial applications thus highlighting new reskaavenues in the SC
management field (D'Andrea, 2012). In this contétg study covered all relevant

publications from 2009 to 2016.

Conclusively, following a high level of abstractitime reviewed AGV literature was
clustered into three high level categories, i.eeltFof Application”, “System Design
Issues” and “System Architecture” (see Table 1),omer to identify and better
understand the structure of the research field wsedit as a guide to the decision-

making framework.

[Table 1 about here]

2.3 Decision-making framewor k development

The provided decision-making framework was devealog@ough a three (3) tier
abstraction process (see Figure 1). Tier #1 indudeee key methodology processes:
() identification of the AGV schemes to impose eaxh at specific areas, (ii)

identification of the decision variables used ie taxonomy’s publication list, and



(i) examination of the cross-references of theeged papers to expand the search

scope in the elaborated databases.

In addition, Tier #2 aims at the creation of the\A@Berature categorization scheme,
the creation of the decision variables list, arnel élktension of the list with the use of
cross-references from the selected papers. Bridilg, #2 refers to the structural
organization of the literature search results aoadthte actual clustering of the

identified decisions.

Finally, Tier #3 represents the most demanding pathe actual work performed
including the selection of the databases, the baayowith specific keywords and
phrases, and the development of the publicatiots lisxder review. First level
screening includes a thorough reading of the tile, abstract and the keywords. In
case the publication under review meets the relseabpectives, the methodology
proceeds with the study of the publication as alevlaod on the occasion this stage is
successful, the publication enters into the taxgnaifp at any time, the publication
does not meet the required objectives the nextigatldn is selected from the list.

This process was actually repeated for the alatbeementioned databases.

The present study aims at highlighting the contrdyuof AGV systems to sustainable
SC management. Hence, a large number of publicatwas excluded from the
analysis in case the decision variables were matrigl connected to the sustainability
context. Although, many AGVs' optimization-orientstlidies refer to the economic
viability of the system, the economic ramificatisias considered to be out of the

research scope, except for the case it was the poggose of the publication.

10



Figure 1. Research methodology flowchart.

24 AGVsintheliterature

By February 15, 2016, a total of 39 articles weadentified and included in the
taxonomy. The annual allocation of the publicatiopgesents a continuously
increasing trend for the sustainable context of A&/ systems. Especially, in 2016
the results are encouraging as the already availabtks account for the 70% of the
total publications in 2015. Figure 2 also presenpessimistic projection for 2016. To

the authors' perspective, the depicted trend \eitidone mainstream.

Figure 2. Distribution of publications by year.

Likewise, the distribution of the papers by jourmlllustrated in Figure 3. Notably,
collected journals cover a wide variety of sciaatéreas highlighting the disperse
nature of the use of AGVs. Nevertheless, the tstion is quite uneven given that
the “Journal of Cleaner Production” accounts fog trast majority of the articles
included in the taxonomy, indicating the dominamierof the journal in the rapidly

advancing field of sustainability.

Figure 3. Distribution of publications by journal.

As a next step, all collected articles were systerally clustered according to the

specific sector or industry, as depicted in Figdre'he majority of research efforts

(36%) refers to container terminals, while the ej®al manufacturing industry

11



gathers the 31% of the reviewed publications. Faurtthe agriculture, energy, health,
material handling, and transportation and mininggas embrace an equal 5% of the
case works under study. Few studies focus on tipicapon of AGVs on mass

consumption markets, high technology products aedatitomotive industry.

Figure 4. Distribution of publications by sector or industry

3. Hierarchy of decision-making process

The design, planning and management of sustairedfityent SCs that embrace AGV
systems entails complex decision-making procedsaseixtend across the strategic,
tactical and operational levels. AGVs combine tfieroconflicting elements of cost,
flexibility and adaptability; hence they could mmmie the internal vulnerability of a
SC and increase agility in individual organizatioparticularly in a network economy

context.

In Table 2 the inclusive hierarchical decision-nmgkframework is provided for the
design, planning and management of sustainablel8@sgh adopting and exploiting
AGV technologies in order to overcome the repelionss of classical supply
networks’ operations in the modern digitalisatioa.el'he provided framework is by
no means a rigid model including an exhaustive distll relevant decisions, but
rather acts as a collection of decisions that thihas have identified as part of their

on-going research.

With reference to the hierarchical levels, strategiecisions concern all SC

stakeholders who are interested in developing eslior investing in AGVs that

12



achieve crucial goals concerning sustainabilita ilong-term horizon. At the tactical
level, SC management is related to medium-termsa®ts that convert strategies into
actions short-term decisions at the operationallenplement actions in several SC

echelons.

[Table 2 about here]

Following the triple-helix sustainability model, the following three subsections the
authors discuss all the decisions involved in thrategic, tactical and operational

levels of the natural hierarchy along with a taxogof related research efforts.

3.1 Economic sustainability

Decisions at the economic sustainability dimensioncern all stakeholders that are
interested in investing/developing AGV systems thatuld support SC network

functionality and foster sustainability operatiorf economic sustainability

ramifications prevail in the developed SC decisioaking framework. Table 3

exhibits the matching of the critical decisions hwithe relevant research efforts
properly taxonomized. In the subsections that Wlldhese decisions are further

discussed.

[Table 3 about here]

3.1.1 Decision-making at the strategic echelon

Strategic level decisions include feasibility amsady justification of investment and

overall costs, and identification and utilizatiorf celevant Key Performance

13



Indicators (KPIs). Kavakeb et al. (2015) providstady of IAVs in port container
terminals and comment the capabilities of bettemenserability and increased
containers’ pick up/drop loading performance. Hamglland logistics cost in
container terminals accounts for up to 50% of titaltterminal operation cost. The
authors' simulation results reveal that IAVs amagls as efficient as normal AGVs,
but their intelligent features increase precisiormaterial handling and significantly
improve terminal performance. In addition, Kumad &ahman (2014) demonstrate
the sustainability impact of RFID-enabled processngineering for the case of linens
department at the Parkway Group hospitals in Siagaprhe study results indicate
that RFID technology and AGVs in clean linens pesteg reduce overall costs by
$140 per day (including reduced staff cost andsa laf 12 linens per quarter), while
AGVs further reduce idle time in few processes 0965 Particularly, the authors
develop a cost model that includes analytical pasameters of all vehicles (AGVs,
IAVs), capital expenditure, operational cost (w&ges, energy cost, etc.). Both the
aforementioned works document the utilization omudation modeling for
conducting feasibility analyses and assessing tfmmamic sustainability of AGV
applications in the systems under study. Kavakelalet(2015) use the Flexsim
Container Terminal simulation tool for conductinigatete event simulations, while

Kumar and Rahman (2014) elaborate the ARENA so#vaara simulation tool.

Simulation techniques are also crucial for the wheit@ation of the workspace layout
design (Ganesharajah et al., 1998; Leriche e2@l5). The established facility layout
often creates bottlenecks on the AGVs’ movemengsic, proper decision-making
assist in identifying potential bottlenecks andrpotes specific modifications that

provide added value to the installation. Indicdgiy&eriche et al. (2015) illustrate the

14



use of a new logistics system in the port of patHavre in France. The logistics
system consists of an intermediate multimodal teamhiserving as a hub for
consolidating traffic with the hinterland. Simutati objectives include economic
validation of the new logistics system, improvemehbrganizational aspects, sizing
of resources needed and pedagogically communicafitime new logistics system to
various stakeholders. The new layout provides ggvihrough the consolidation of

containers and services along with the use ofgramd electric trucks.

Following the facility layout design, special focusust be addressed to the
determination of vehicle type and fleet size. Baraple, Gosavi and Grasman (2009)
determine the optimal capacity of a single AGV nfanturing system with a closed

loop simulation model of the system by using a Ggpmming language based
discrete event approach. The authors argue thatsAi@sfease systems' throughput
and reduce inventory. The decision variables ineltred inventories at machine level
and the capacity of the single AGV. Results sholofacost savings and that the
increase in AGV’s capacity beyond a certain poioeginot result in any further

reductions in the total system inventory. Parr@nal Meech (2011) who prove an
anticipated reduction in labor costs of about 5-5@%e to the utilization of a

driverless system also support minimization of fabosts. Especially, the authors
compare the performance outputs of an autonomagsiy@ manual haulage system.
The elaborated KPIs concern system productivitgi@abor, maintenance and fuel

consumption), tire wear and truck useful life.

The utilization of information and data sharing f&GVs' communication,

cooperation and coordination for realizing the fbustage of industrialization

15



(Industrie 4.0) is attracting the increasing acadeamd research interest. To this
effect, Wang et al. (2016) focus on the verticagnation in industries and provide a
framework for constructing the architecture of asnfactory. In addition, the authors
describe the operational mechanism of the propasghuitecture including: (i) smart
shop floor artifacts, and (ii) big data analytithe framework is further demonstrated
for the case of the prototype smart factory productsystem called “German
Research Centre for Artificial Intelligence” in Isarslautern, Germany, that
elaborates a flexible conveying system with interaging AGVs. Finally, the authors
discuss technical challenges and benefits relat@dsimart factory, while they further
suggest that Industrie 4.0 can assist in establisbustainable production modes to
tackle the global manufacturing challenges. Furtioee, Essers and Vaneker (2014)
propose a hierarchical data-centric, distributed alecentralized manufacturing
control system for promoting interoperability andoperation between robotic
systems and humans interacting in the same enveotrithe authors use different
types of interfaces to develop appropriate dattibligion service systems according
to the safety level and the reliability needed; deenfacilitating effective
communication between heterogeneous machines, yamamilc reconfiguration and
mass customization of production. Thereafter, ssnadihd personalized batch size
productions can promote the reduction of investnoaists by switching from large

equipment to flexible robotic technologies.

Finally, Matsuda et al. (2012) propose a multi-agerented digital factory to support
different production planning scenarios in virtuadanufacturing systems. The
proposed Information Technology (IT) tool is funtheplemented for the case of an

autonomous assembly line of two mobile phones. duthors demonstrate that the

16



provided IT platform supports the economic sustailitg assessment of alternative

industrial production settings from both factorygroduct perspectives.

3.1.2 Decision-making at the tactical echelon

At the tactical level, Negahban and Smith (20149vjute a detailed review of
simulation methods applied in manufacturing systemd identify cost generation
functions. Especially, the authors’ classificationludes three main cost sources, i.e.
manufacturing system design, manufacturing systgmerasion and simulation
languages. The authors conclude that simulationanufacturing system design and
operation is expected to be continuously evolviagfdster competiveness in the
manufacturing sector, as it is an important paithefglobal economy. Except for the
industrial manufacturing sector, resent trends recigion agriculture focus on the
elaboration of highly automated and cooperatingiclet to improve farming
efficiency and productivity. To that end, Reinaaét (2015) examine the growth of
robotic technologies in agriculture and focus omiser fully autonomous intelligent
vehicles. The authors discuss that multi-sensomcgmtion systems increase the
ambient awareness of agricultural vehicles opegatin crops. Particularly,
stereovision, light detection and ranging, radamd ahermography sensors are
evaluated on the farm field while different comliioas are also considered.
Experimental results indicate the effectivenesthe$e innovative methods in reliably

detecting ground obstacles and therefore prevearnpal accidents.

Furthermore, Franke and Lutteke (2012) developesmall-scale low cost AGV

prototype to realize flexible and cost efficient egmece-flow for industrial

applications. The low cost vehicle prototype ocespa camera for surveying the

17



facility layout of the plant and distinguishes w&bs, destinations and obstacles in
order to plan the AGVs’ paths. The central systanthus able to recognize the
vehicles’ trajectories and apply shorter manufactucycle times whilst increasing
accuracy and quality. They argue that AGVs candugpped with onboard sensors in
order to be more autonomous. In addition, Shukla ldarki (2016) argue that the
main motive fueling the adoption of automated rabt@chnologies is the increase in
productivity in tandem with efficiency improvemenscost and in the triplet Health,
Safety and Environment (HSE). Typically, remoteperated ground and underwater
automated vehicles function in challenging and rdma#s environments by using
sensors to gather real time data during operatiblesice, the authors identify the
determination of sensor types that lead to the aalu of related cost, as a crucial

decision-making parameter.

3.1.3 Decision-making at the operational echelon

The operational level decisions mainly concern #HW&Vs' operating space.
Operational decisions include the determinationdpatching policies and the
implementation of control techniques (positioninggcalization, navigation and
routing) along with the determination of advancedhesiuling. Determination of
efficiency criteria from an economic sustainabilipspect is also a common
referenced decision variable in the literatureidatively, Leite et al. (2015) identify
the increase in efficiency using simulation and deda for the toothpaste industry. In
addition, Reina et al. (2015) present recent treimdsagriculture that regard
cooperation amongst vehicles that improve effiggemthereas Shukla and Karki
(2016) state the increase in productivity with teenultaneous cost efficiency

improvement with the use of remotely operated Jekigground and underwater

18



vehicles). Moreover, Luo and Wu (2015) discuss ¢hst ramifications related to
operations effectiveness in automated containenitels through contemporarily
tackling the issues of vehicle scheduling and doetastorage. Specifically, the
authors provide an integrated mixed-integer prognarg model for the minimization
of ships’ berth time through determining dispatchrales of AGVs and yard cranes’
allocation, while simultaneously taking into accbwwoth loading and unloading
operations. The study results indicate that forlkmze (i.e. 5-25 containers) yards
the proposed modeling approaches can provide rpanal solutions, a case that is
not valid for large size instances (i.e. 25-200 tamrers), hence necessitating the
application of heuristic methods. Carlo et al. @0%eview the current trends,
developments and literature on transport operatiom®ntainer terminals, which are
critical in supply chains and they propose a cfasdion scheme for transport

operations in container terminals.

Notably, Luo and Wu (2015) suggest that for theeaafdarge container terminals the
ships’ berth time increases significantly with thanber of quay cranes due to traffic
congestions and conflicts. Additionally, Choe et €&016) propose an online
preference-learning algorithm that allows for thgnaimic adaptation of AGVsS’

dispatching rules with response to real-time chaggsituations. The authors
validated their algorithm through investigating teets of experiments with various
discharging and loading scenarios concluding thanhost of the cases the learning
time is less than 1 sec, which is sufficiently shor real-time processing in the
context of AGV dispatching. Furthermore, the effigemess of the proposed algorithm
is tested compared to other methods available teralure. Ventura and Rieksts

(2009) propose a dynamic programming algorithm tackling the idle AGVS’
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positioning issues in unidirectional single loogtgyns and minimizing transportation
costs. The authors provide a polynomial time atbari for: (i) minimizing the

maximum response time of multiple vehicles subjeatestrictions on time available
for AGVs to complete all of the delivery requestsidg a shift, and (ii) determining
the optimal set of AGVs' dwell points at certainckpup and drop-off station
locations. Finally, the authors illustrate the amiility of the proposed algorithm
through an indicative numerical experimentation atoding that the average

utilization percentage of an AGV is inversely prapmal to the number of AGVs.

Dang and Nguyen (2016) discuss the scheduling enobdf mobile robots and
machines in flexible manufacturing systems, esfigdra case the automated devices
have to interrupt preemptive tasks in order to guenf multiple non-preemptive
transportation actions. To that end, the authoveldg a generic heuristic algorithm
to minimize the time required by the production amnansportation tasks, while
contemporarily satisfying a number of precedencestaints. The applicability of the
proposed dynamic programming algorithm is demotedrahrough a numerical

experimentation.

Finally, Ganesharajaha et al. (1998) enumeratadivantages that AGV systems can
offer including increased flexibility, better spacsilization, reduction in overall
operating cost, and easier interface with otheoraated systems. Their survey paper
focuses both on design and operational issuestls# in AGV systems and concern
Operational Research and Management Science rbsearé&low path design issues
include fixed Pickup and drop off (P/D) points, ieéte P/D points, single loops,

unidirectional and bidirectional, segmented flowhsaand virtual flow paths for free
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ranging paths. The fleet sizing is determined kgheinistic and stochastic analytical
methods, simulation methods and by analyzing differenvironments. Operational
issues vary significantly according to the facildyout and involve single line, single

loop and complex networks.

3.2 Environmental sustainability

Growing world population, continuing industrialimat and climate change trigger
consumers’ environmental sensitivity and purchaslegsions (Tsolakis et al., 2014),
thus affecting the profitability of SCs. The pleta®f studies in the field confirms the
several environmental benefits emerging from thiezation of AGVs, especially for
the case of logistics operations and distributlonTable 4 the nature of the hierarchy
of decision-making process is presented with rédeenvironmental sustainability,
while providing the taxonomy of papers relevanttie design and planning of

modern SCs embracing AGV systems.

[Table 4 about here]

3.2.1 Decision-making at the strategic echelon

At the strategic level, Dawal et al. (2015) explohe relation between Advanced
Manufacturing Technology (AMT) practices (includifgGVs) and environmental
sustainability initiatives with the competitive madacturing capabilities for the
Malaysian automotive industry. They found that ¢heare positive effects of
sustainable environmental initiatives on the mactufang capabilities of SMEs. The
authors elaborated a cross-sectional survey amgigat data from 83 SMEs, while 16

industrial visits were also scheduled. The findin§the pair wise correlation analysis
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indicate that the majority of Malaysian automotS®ES have implemented AMT
practices (50%) and have adopted sustainabilitetises (80%) resulting in the
development of the following manufacturing capaiei: production flexibility,

product quality, innovation, and cost reductions.

Furthermore, Matsuda and Kimura (2013) apply thgtali eco-factory approach for
assessing diverse production scenarios and thuseetie increased productivity and
sustainability performance of actual manufacturisgstems through energy
management and control policies. The whole strectof a digital eco-factory
(machines, AGVs, products etc.) is simulated ireotd assist the production system
designers, machining tool manufacturers and vendois the manufacturing industry
to make decisions into a sustainability contextrétoer, Shukla and Karki (2016)
prepared a technical review of robotic systems useaxfshore oil and gas industries
outlining major the current HSE challenges and sypkaccidents in the sector, thus
fueling a serious debate to governments, academiatonmentalists and industries.
To that end, the authors also propose the use lodtioovehicles as a means to
concurrently increase productivity, improve costicedncy and effectively tackle

HSE concerns in the offshore facilities of theamt gas industries.

Additionally, the management of energy consumpisothe focal topic of Acciaro et
al. (2014) as they discuss the trend among poltoaities towards adopting energy
management strategies for coordinating and raiiingl energy demand in port
operations. Especially, the authors study the Eeanpport of Hamburg, Germany,
and comment the port’s pilot project regarding tise of certified green energy for

the electrification of its AGVs for reducing GHG m&sions, noise levels and costs.
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The study findings suggest that AGVs can offer gpesfficiency gains that lead to
the improved economic and environmental sustaiitlperformance of ports, thus
enhancing their global competitiveness. In the sama, Acciaro and Wilmsmeier
(2015) discuss the challenges related to energgiesfty along maritime logistics
chains. The authors provide a short review on #&tiag literature and underline the
need for shipping stakeholders and container pathaaities to adopt modern
technological solutions to promote energy effickeaad environmental sustainability

in their operations.

Finally, Fuc et al. (2016) argue that most of tiraes economic aspects of the
adoption of electric vehicles are taken into coesation while environmental
consequences are overlooked. The authors worked thveé ISO 14044 and the
IMPACT 2002+ methods for life cycle impact assessimend their focus was on
internal transport. The conditions used are closindse of the actual exploitation of
forklifts to evaluate vehicles environmental pathmt Results show that using electric
forklifts has a significantly smaller environment@hpact compared to liquefied

petroleum gas and diesel forklifts.

3.2.2 Decision-making at the tactical echelon

At the tactical level of the natural hierarchy, thelection of AGVs’' charging and

refueling methods is highlighted by Schmidt et (@015). The authors provide a
seminal study that confirms the economic, enviromialeand technical advantages of
battery powered AGVs (B-AGVs) compared to the dipssvered counterparts,

through examining the real case study of the Alenmer Container Terminal in

Germany. A major conclusion is that in the futurd8Vs can develop even more
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efficient as environmental legislation becomes nstriegent. Furthermore, Geerlings
and Van Duin (2011) analyze the development of @hauwlogy for monitoring
energy consumption and the resulting CO2 emisdamthe container terminal in the
port of Rotterdam in the Netherlands. The propasediel shows that by adopting
specific terminal layouts it would be possible éaluice generated CO2 emissions by
nearly 70%. Similarly, Leriche et al. (2015) useemtgbased simulation in the Le
Havre port in France to illustrate that by usingctiic powered vehicles annual
savings of 500,000 tones of CO2 could be achieWokeover, at tactical level
Schmidt et al. (2014) study the sustainability ohtzolled charging concepts applied
to commercial fleets of AGVs operating in closednsport systems. The authors
analyze data gathered at the port of Hamburg, Geymahere an electric vehicle
fleet is utilized for loading and unloading contiships. The authors investigate
three (3) alternative charging strategies: (i) mping energy procurement, (ii)
trading load-shifting potential on control markedsd (iii) applying a combination of
the previous two. The study findings indicate tkia¢ adoption of any charging
strategy provides economic benefits with the prospe reductions in operational
costs accounting for more than 65% compared t@dlse of utilizing diesel-powered

vehicles.

In the same vein, Hopf and Mdller (2015) study ¢hergy and resource consumption
efficiency in manufacturing sites in daily planniagd operational activities. The
authors apply a state-of-the-art energy informasigstem in the context of a digital
factory and use energy cards to provide energywopson details about all the parts

in a manufacturing system, hence fostering energgsemption visibility and

24



optimization. In their use case scenario, theygate electrical AGVs as low energy

vehicles, which can minimize energy consumption.

3.2.3 Decision-making at the operational echelon

At the operational level, the determination of @fncy criteria, the determination of
dispatching policies and the determination of sahled policies based on

environmental decisions are frequently referenced the related literature.

Indicatively, Xin et al. (2014) study the improvemeof the environmental

performance of container terminals under the camaitbn that energy consumption
needs to be reduced to promote sustainability. &bthors use a hierarchical
controller to determine time windows that maximihe space for energy efficiency
and introduce a benchmarking system for contairemdhng in an automated
container terminal. Following, Xin et al. (2015byopide a methodology for

determining the trajectory of interacting machinlest transport containers between

the quayside area and the stacking area in an atg#dnsontainer terminal.

Moreover, Lee et al. (2015) make a comparativeuatan in container terminals in
order to promote reduction in energy consumptioth iamprove operating efficiency.
Port operators experience high pressures by consug@ernments and businesses
to reduce their ecological footprints through radgcthe total number of cycles in
daily operations. To that end, Lee et al. (2015 asalytical models to examine
single and dual cycle operational modes of quapesaAGVs and yard cranes and
analyze both operating and energy efficiency patareeThe authors state that dual

cycle strategies achieve 42.2%, 37.9% and 0.42%ctmohs in the number of
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required cycles for quay cranes, AGVs and yard esamespectively, compared to

single cycle mode.

3.3 Social sustainability

Social sustainability is related to the autonomoatire of AGV systems along with
their capability to cooperate with humans and tHemctioning environment to

promote reductions in the number of work accideetsninimize human errors and to
effectively explore feasible scheduling and routsodutions in real time. Remarkably,
the aforementioned positive social impacts areh&rrtaugmented in case one
considers the capability of AGVs to operate on & Zdasis. Table 5 exhibits the
matching of the social SC decisions, with the ralgvresearch efforts properly

taxonomized.

[Table 5 about here]

3.3.1 Decision-making at the strategic echelon

At the strategic level, Martin-Soberon et al. (20%dudy the concept of automation
solutions in port container terminals and providenathodology facilitating the
selection of existing technologies and processe€ngineering for the effective
design of terminal operations. This results in $tendardization of performance and
service levels, the elimination of uncertainty @sponse times and the reduction in
operational costs and human errors. In additioa, abthors discuss the advantages
and disadvantages of planning a port container it@nautomation system, while
emphasizing on the resulting social sustainabiigsnifications. Leite et al. (2015)

examined different simulation scenarios for thethipaste industry in Brazil and they
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support that the use of AGVs increases efficienag aninimizes hazards and
accidents by reducing human errors. The authorgestigsimulation as an effective
decision-making tool for improving manufacturingppesses and guarantying quality
and agility in production. In addition, Duffy et d2003) developed an internet based
virtual simulation environment in order to improfeeility design and reduce hazards.
The use of specific KPIs —errors, injury compermsgtilost work time, severity of
error, cost of training, improved potential for umance savings— assisted the authors
in quantifying risk mitigation by understanding thealth, safety and ergonomic
requirements of the workspace. The authors claahttie fundamental elements of a
virtual factory that may trigger realistic induslists’ perceptions include employees,

movement and communication among workers, sound/sA@nd illumination.

Lee and Leonard (1990) tackle the significant issiyjeb creation and the widespread
belief that AGVs could jeopardize job positionseTduthors state that AGVs promote
a gradual transformation in the nature of the humarkplace through changing the
working environment and the occupational structutadicatively, machine

monitoring is crucial in AGV supervision thus prdiig impetus for the creation of
skilled jobs and improved ergonomics for workerstlfe end, everything depends on
people as technology itself cannot guarantee thmdyation outcomes; hence
necessitating the utilization of information andtadaharing for communication,

cooperation and coordination between humans andhimes Furthermore, Kriger et
al. (2009) study the intimate cooperation betweenkers and automated intelligent
machines for improving the efficiency of complexogesses. This cooperation can
minimize the social and economic costs of workteglanjuries (i.e. lower back pain,

spine injuries etc.) by applying ergonomic measui3Vs are characterized as ready
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to make one-step forward with the advance of ed@ats and autonomous navigation

systems.

Kabe et al. (2010) examine the introduction of dtéads and regulations to improve
human and robot operator’s safety. The authorsgreze the significant benefits of
service robots in the social culture and the inhiedangers that occur in the human-
robot interaction. Three basic guideline categaoaiesrecognized: (i) Category A that
involves the types of communication protocols amuootgptic systems, (ii) Category
B that refers to the AGVs used in industrial envireents, and (iii) Category C that
identifies the rescue type robots. The authors esigthe development of a system

guideline or a regulatory scheme for service rabots

3.3.2 Decision-making at the tactical echelon

At the tactical level, Gazquez et al. (2016) sttldy use of autonomous and semi-
autonomous vehicles in farming environments ancergreuses in order to control
pests and crop diseases. The safety improvemeat®rdranced with the use of
sensors as agricultural environments can becommafhlafor human health under

certain conditions. For example, toxic pesticidaa be applied without the human
presence, while they are efficiently and securabtributed to the farming area

without the elaborating skilled labor. Moreover,ife et al. (2015) examine the
evolution of robotic sensors in agriculture andu®®n semi or fully autonomous
intelligent vehicles to improve efficiency and dgferhe authors discuss that multi-
sensory systems increase the ambient awarenesggiailtural vehicles operating in

crops thus allowing safe driving in crop fields. eTlstudy findings indicate the

effectiveness of sensory systems in reliably detgground obstacles.
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Gbomez et al. (2015) perform an analysis of optichizeajectories in terms of
clearance, smoothness and execution time underdwamamaintenance operations
like transportation of equipment for storage, rbfsinment and repair. Particularly,
the authors examine transport scenarios for AGVgHe planning of operations in
the International Thermonuclear Experimental Reatbocated at the Cadarache
facilities in the south of France. Transport operst for the contaminated
components require precise and accurate simultagks in order to identify hazards

and propose safety improvements.

3.3.3 Decision-making at the oper ational echelon

Notably, mining is one of the few non-industriat&es identified as energy intensive.
Therefore, climate change concerns and governmegubties imposing carbon
emissions taxes encouraged stakeholders in impgyosmergy efficiency of mines
with the loading and hauling operations presentthg highest potential for
improvements. In this context, Awuah-Offei (20163adiss that autonomous dump
trucks increase energy efficiency by removing thenan factor or by even assisting
operators in making optimal decisions. The autliocsis on the role of operators in
achieving social efficiency performance for thediog and hauling operations in the

mining sector.

Moreover, Reina et al. (2015), argue that reseehds in agriculture include
cooperating vehicles that increase safety levelsltiMsensory perception systems
increase the ambient awareness of agriculturalcleshithat operate in open crop

fields.
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4. Resultsand critical discussion

The analysis has clearly demonstrated that therpocation of AGV systems in SC
management is a rapidly evolving research field doethe evident positive
sustainability impacts. In the subsections thatoWwla summary and a critical
discussion of the main findings of our on-goingesh is presented. Furthermore the
sustainable supply chain cube (S2C2) acts as aeptuma tool that integrates
sustainable SC management with the provided hieiGlc decision-making

framework for AGVSs.

4.1 Key findings

Figure 5 illustrates the allocation of the reseamgbrks to the sustainability

dimensions, among which the economic ramificatiohsAGVs are mostly (49%)

investigated in a SC context. Furthermore, enviremtal and social components
represent 30% and 21% respectively of the exissitoglies in the related body of
literature. The results confirm that although AGds have direct economic (i.e. both
temporal and monetary) implications that affect 8&works’ configuration and

responsiveness (Bilge et al., 2006; Roh et al.4204everal environmental benefits
emerge due to optimized vehicles’ routing schedsfggcifically for the case of

electric powered AGVs (Schmidt et al., 2015). Iniéidn, AGVs are associated with
apparent social benefits (Bostelman, 2009; Salbattinal., 2013) that are often

obscure or irrelevant to operations in traditiosigbply networks.

Figure 5. Distribution of publications by sustainability demsion.
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Furthermore, Figure 6 depicts that the preponderafs%) of the reviewed
publications, concerning the elaboration of AGVwadods sustainable SCs, refers to
strategic issues. The corresponding research dogpses on high-level aspects of
the investigated value chains including capitalemgtures (Schmidt et al., 2015),
warehouse and port layout design etc. Following,36% of the studies is classified
to the operational level of the natural hierarctiys further confirming that for the
specific case of AGVs the strategic decisions airtaekling operational challenges
and creating additional opportunities for SC effemtess improvements (Kumar and
Rahman, 2014). Decisions at the tactical level lemited (20%) focusing on the
assessment and application of intermediate intéiuento effectively embed AGVs

in common SC operations.

Figure 6. Distribution of publications by level of hierarchy

Overall, the analysis demonstrates a lack of rekeafforts on AGVs’ exploitation
across the entire spectrum of SC operations, Ibaerautomated systems are mainly
used in the logistics operations focusing on wamskananagement and distribution
and on the manufacturing division. Especially, tlesearch results confirm that
although port authorities undoubtedly constitute tiiain stakeholder to have actually
realized the exploitation of AGVs (Choe et al., @0Xin et al., 2015a,b), several
other sectors that share common operational cleaistots, like
logistics/dispatching/scheduling/planning issues, rw recognizing the potential of

automated systems in their SCs (Bocewicz et al420
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Furthermore, it is hard to identify in the litereguany refering to commercial AGV
products and to key decisions for adopting thens@s is hard to identify in the
literature. Moreover, simulation is used as thenranl for analyzing information
utilization and data sharing. Finally, identificatiand utilization of appropriate KPIs
for accounting and assessing the environmental ¢tapaf interventions in SCs is

embedded to the industries’ digitalisation process.

4.2 Sustainable supply chain cube

Except for providing insightful statistics, the peoof the provided taxonomy is to
document the gaps in the existing body of litematinat could highlight opportunities
for integrating AGVs into the sustainable SC mamnaget field. First, the rather
limited yet rapidly increasing number of researohtabutions on AGVs is identified.
In fact, it is evident that published works relatidsustainability ramifications of
AGVs across SC levels have increased significadtlying the last five years,
indicating the emerging significance of automatidnsshaping SCs within the
forthcoming digitalisation era. However, the anaysf the studies in an integrated
SC context is rather challenging as AGVs are onyppically considered at different
SC levels of operations, thus preventing a compraikie evaluation of sustainability.
Furthermore, the majority of studies focus on thenémation of scheduling
algorithms and experimental investigation of comgap AGV systems within a
setting. Therefore, only a subset of publicatioefens to real case studies and

provides a vision about the applicability of AGVsSCs.

Up to this end, the sustainability triple-helix frawork is used as a roadmap for

developing the proposed AGV hierarchical decisicakimg framework. Conversely,
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it is a challenging issue to present a tool thaiudeents the incorporation of AGVS’
sustainability related decisions within the comp&& management framework. To
this effect, the authors of the present studytifiethe key regions that offer research
opportunities to academicians and practitioneradopting AGV systems to a SC

ecosystem, by considering the proposed hierarcbeakion-making framework.

The SC ecosystem is often represented as a culieeithree-dimensional space
(Shapiro, 2000). The SC cube originally includedndiional (purchasing,
manufacturing, transportation and warehousing),ti@pdvendors, facilities and
markets) and inter-temporal (strategic, tacticpkrational) planning dimensions. The
functional dimension was further discussed at tkenSatrix context (Meyr et al.,
2002) and included procurement, production, distrdn and sales levels in order to
integrate the material flow across the SC. In aoldjtthe building blocks of the SC
cube were later proposed as the FAMASS (FORAC Aechire for Modeling Agent-
based Simulation for Supply chain planning) methogical framework for analyzing
requirements (Santa-Eulalia et al., 2012) and ifi@ng the possible planning and
control functions of a typical SC. Furthermore,ASVs act as entities planned to
perform part or the entire spectrum of SC procesgdis a degree of autonomy,
execution has also to be considered as an intgretexhplanning dimension to allow

for the future consideration of automated systectnfaboration capabilities.

To that end, the sustainable SC cube is propos@duseful tool for integrating and
implementing AGV systems into a SC context. Theezathe proposed tool could be
used for also highlighting market opportunities #®&V systems. Regarding the

structure of the cube, the three axes represenhgibasic SC level of operations, i.e.
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procurement, manufacturing, distribution, sala} tliie involved SC stakeholders, i.e.
vendors, facilities, clients, customers, and (tie level of the decision-making
natural hierarchy, i.e. strategic, tactical, operal and execution. Each building
block of the cube represents: (i) a well refereneggon in the extant literature, (ii) a
gap identified as a mature region for the incorporaof AGV systems, or (iii) a gap
identified as a non-mature region. Figure 7 illasds the sustainable SC cube
proposed as part of our research. This study gledehtifies the great opportunities
for applying AGVs at the sales/customer and clienel, thus establishing novel
interaction patterns between clients and custont@rally, mature regions for the
incorporation of AGVs can be found at strategic taudical levels and involve all the

SC stakeholders at all the operational levels.

Figure 7. Sustainable supply chain cube (S2C2).

5. Conclusions

In recent years, globalization has imposed majooméguration options for modern
SCs to address sustainability requirements stemritorg environmental changes,
detailed regulatory schemes and increasing vaitialml demand quantity and quality
profiles (Manzini et al., 2015). Experts and compdeaders identify internal and
external drivers that lead to corporate sustairtgbiCorporations are recognizing
their pivotal role towards sustainability and slibumake efforts to apply
organizational, holistic changes as this could em&estainability into companies’
systems (Lozano, 2012). In this context, the us&@¥s in digitalized manufacturing
and smart distribution systems can promote sudiditya(\Wang et al., 2016).

Especially, the use of environmental friendly amtbanated transfer and distribution
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equipment is among the most dominant trends inytedamart manufacturing
environment due to low operational costs and geffatiency. From the authors' point
of view, AGVs are at a maturity stage of developtnand can dominate in
production, manufacturing and material handlingesebs. The study reveals the
heterogeneous nature of AGV systems along withr theplication in specific
operations. AGVs can efficiently and effectivelyndoict daily manufacturing and SC
related processes, functioning autonomously amdaperation with other AGVs, and
interacting with human working capital. AGVs' emyddility must be strongly
referenced within the sustainability context as ythean tackle economic,
environmental and social sustainability challenJesthe best of our knowledge, this
is the first review paper that directly connectstaunability issues to the deployment

of AGVs within a SC management ecosystem.

Taking into consideration the SC perspective, faper provides a critical literature
taxonomy on AGVs' decision-making in multiple pration sectors, including
strategic, tactical and operational echelons ofrtheiral hierarchy. Specifically, the
findings of the taxonomy indicate the following igists. Existing efforts mainly refer
to the economic ramifications of AGVs in SCs anaastonally to environmental
aspects. Social sustainability aspects stemming fitke adoption of AGVs in SC
management are rarely discussed. The obtainechisdmghlight that AGVs shape a
novel research field among practitioners, as ameaging number of companies is
interested in adopting automated systems for emhgnoorporate efficiency and
sustainability performance. To that end, the pregosamework aims at supporting
corporations to consider AGV systems in a systematnner, through identifying

and classifying a set of strategic, tactical an@raponal decisions for designing
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sustainable SCs. Finally, the paper presents tl&2 3@ol for identifying gaps and
overlaps of key issues tackled by the existing aede efforts, thus revealing

opportunities for additional research.

5.1 Limitations

The present work must take into account the linatest deriving from the selection
process of research efforts included in the taxgnohime authors excluded a large
number of publications relevant to AGV systemsasethe decision variables where
not clearly connected to the sustainability condahy AGVs' publications consider
optimization algorithms thus making inferences tee teconomic sustainability
dimension. To that end, it should be stated thated@bonomic ramifications were
conceived to be out of the research scope in tesewere not the main research aim

but rather just the outcome of an optimization athm.

Furthermore, all types and categories of AGV bagekicles are included at the
current research as the main interest of the asith@s the sustainability context.
Different fields of applications require specialrpose vehicles ranging from fully
autonomous unmanned vehicles to manually driveni-aatonomous vehicles.
Although the inclusion of all vehicles leads to engral-purpose decision making
framework, it lacks specialization that may be icait for emerging fields of

applications.

5.2 Discussion beyond state-of-the-art

AGVs have reached an age of maturity and can allek ta the digitalisation of the

SC from cradle-to-grave by promoting the use obhstic approach to the existing
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body of knowledge. The authors envision the pragmfsinformation technology,
industrial robots, service robots and logistic egst in a SC sustainability context
with high visibility. Moreover, digital SCs and smhananufacturing are paving novel
research avenues where the use of automation wittldser than ever to the final
consumer needs. In this context, the authors withgrily focus their future research
efforts on the areas that are less referenceckifitérature, namely:

* at the economic sustainability dimension on the imimation of energy
consumption, defective parts (crapped units orctege units) and semi-
structured products,

 at the environmental sustainability dimension one tenvironmental
accountability from the SC partners and the minatian of waste, and

» at the social sustainability level on the continglguchanging labor scheme
due to the AGV and robotics penetration and omtiremization of nuisance

at the levels of noise, vibrations and harshneggineral.

Notably, the governmental sustainability level ax/ironmental regulations must
also be included in future research (Schmidt et24l15) where researchers should
focus on the creation of widely accepted stand@ndss section of suppliers, clients,
academia and government) and to assess taxatientives for the adoption of AGVs
in the markets enhancing commitment to sustainaid@ufacturing and corporate

social responsibility.

Further research will also consider the use ofyfalitonomous, intelligent vehicle

fleets acting as multiagent systems in containemiteals (Kavakeb et al., 2015;

Leriche et al., 2015), in manufacturing (Matsuda & mura, 2013; Negahban and
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Smith, 2014) and in agriculture (Gazquez et al. 520Reina et al., 2016).
Environmental friendly AGVs acting as intelligengemts can assist manufacturers
and practitioners in minimizing cost, increase bty and avoid single points of
failure while working on a 24/7 basis in a labaemsive and accident free workplace.
Fully autonomous unmanned vehicles, an emerging tgp AGVs should be
independently examined in order to understand theage and capabilities, and

smoothly incorporate them to the SC context fonprbng sustainability.
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Table 1. High level AGV literature categorization.

Automated Guided Vehicles high level categorization scheme
'Fieldof Application ~ SystemDesignlissues ~ System Architecture

Container terminal Facility layout Centralized
Flexible manufacturing systen Transportation network Hierarchical
Warehouse management Vehicle requirements Decentralized
Material handling Control systems

Automotive manufacturing Software management system
High technology products

Agriculture

Mines

Health management system
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Table 2. Hierarchical decision-making framework.

Sustainability Framework of Supply Chain Decisions |

v’ Determination of capital v’ Determination of environment v" Adoption of workforce

requirements and vehicles’ strategic goals safety targets
operating costs v Establishments of energy v Selection of information and
v Adoption of feasibility analysis management and control data sharing systems for
v/ Selection of information and data policies human-machine
sharing systems for vehicles’ v’ Selection of information and communication, cooperaticon
communication, cooperation and  data sharing systems for and coordination
coordination exchanging environmental daiv’ Introduction of standards to
v’ Adoption of production and v Determination of vehicles’ fue regulate vehicle operators’
productivity improvements types safety
v Design of vehicles’ operating v Identification and adoption of v' Creation of skilled jobs,
facility layout corresponding KPIs improve ergonomics for
v’ Determination of vehicles’ type ar workers
optimal fleet size v Identification and adoption
v Minimization of labor costs of corresponding KPls

v Identification and adoption of
corresponding Key Performance
Indicators (KPIs)
v’ Determination of maintenance v’ Selection of vehicles’ v |dentification of

operations and relates costs charging/refueling strategy opportunities for sensors’
v’ Determination of sensor types an(v” Establishment of emissions’ applicability to improve
relevant costs targets workforce safety
v Adoption of tools environmentv” Adoption of tools for
assessment monitoring and assessing
potential hazards
v Ensuring economic efficient v/ Ensuring environmental v Ensuring social efficient
performance efficient performance performance

v’ Application of vehicles’ control v Determination of dispatching
(navigation, routing) and flexibility operations based on

techniques environmental criteria

v’ Determination of dispatching v’ Determination of scheduling
operation based on economic techniques based on
criteria environmental criteria

v/ Determination of scheduling
techniques based on economic
criteria
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Table 3. Economic sustainability decision variables.

Economic Sustainability

Determination of capital Acciaro et al. (2014); Dawal et al. (2015); Esserd Vaneker
requirements and vehicles’ (2014); Kabe et al. (2010); Kavakeb et al. (20K5}iger et al.
operating costs (2009); Kumar and Rahman (2014); Leite et al. (20lL&)iche et al.

(2015); Martin-Soberon et al. (2014); Schmidt e(2015)
Adoption of feasibility analysis Duffy et al. (2003); Kavakeb et al. (2015); Leiteaé (2015);
Leriche et al. (2015); Matsuda and Kimura (2013gahban and
Smith (2014)
Selection of information and Acciaro and Wilmsmeier (2015); Essers and Vaneket4); Kriiger
data sharing systems for et al. (2009); Martin-Soberodn et al. (2014); Wahgle(2016)
vehicles’ communication,
cooperation and coordination
Adoption of production and Kriger et al. (2009); Lee and Leonard (1990); Mdsésand Kimura

productivity improvements (2013); Matsuda et al. (2012); Negahban and Sraiti4)
Design of vehicles’ operating  Choe et al. (2016); Duffy et al. (2003); Ganeshérajpal. (1998);
facility layout Gosavi and Grasman (2009); Leriche et al. (2018ga¥ban and

Smith (2014); Shukla and Karki (2016); Wang e{(2016)
Determination of vehicles’ type Carlo et al. (2014); Choe et al. (2016); Essers aameWer (2014);
and optimal fleet size Ganesharajah et al. (1998); Gosavi and Grasmar@(2K@abe et al.
(2010); Kavakeb et al. (2015); Leite et al. (201%¢gahban and
Smith (2014); Parreira and Meech (2011); Ventuih Rieksts
(2009)
Minimization of labor costs Gosavi and Grasman (2009); Parreira and Meech 2011
Identification and adoption of  Acciaro and Wilmsmeier (2015); Acciaro et al. (2D1@hoe et al.
corresponding Key Performanc (2016); Kavakeb et al. (2015); Kumar and Rahman42Qleite et
Indicators (KPIs) al. (2015); Parreira and Meech (2011)
Determination of maintenance Duffy et al. (2003); Negahban and Smith (2014)
operations and relates costs

Determination of sensor types Franke and Litteke (2012); Kriiger et al. (2009)td et al. (2015);
and relevant costs Reina et al. (2015); Shukla and Karki (2016)

Ensuring economic efficient Gosavi and Grasman (2009); Kumar and Rahman (20&#4§ et al.

performance (2015); Parreira and Meech (2011); Reina et al. §20dentura and
Rieksts (2009)

Application of vehicles’ control Carlo et al. (2014); Franke and Litteke (2012);é eital. (2015);

(navigation, routing) and Negahban and Smith (2014)

flexibility techniques

Determination of dispatching Carlo et al. (2014); Ganesharajah et al. (1998);aKek et al. (2015)

operation based on economic  Luo and Wu (2016)

criteria

Determination of scheduling Dang and Nguyen (2016); Ganesharajah et al. (19&)ez et al.

techniques based on economic (2015); Kavakeb et al. (2015); Shukla and Karkil@0Q) Wang et al.

criteria (2016)
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Table 4. Environmental sustainability decision variables.
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Environmental Sustainability

Determination of environmental strategic
goals

Establishments of energy management &
control policies

Selection of information and data sharing
systems for exchanging environmental di
Determination of vehicles’ fuel types

Identification and adoption of
corresponding KPIs

Selection of vehicles’ charging/refueling
strategy

Establishment of emissions’ targets

Adoption of tools for assessing
environmental strategies

Ensuring environmental efficient
performance

Determination of dispatching operations
based on environmental criteria
Determination of scheduling techniques
based on environmental criteria

Dawal et al. (2015); Matsuda and Kimura (2013); Ku
and Karki (2016)

Acciaro and Wilmsmeier (2015); Acciaro et al. (214
Awuah-Offei (2016); Matsuda and Kimura (2013);
Matsuda et al. (2012); Xin et al. (2015b, 2014)
Acciaro and Wilmsmeier (2015); Leriche et al. (2015

Fuc et al. (2016); Geerlings and Van Duin (201 Byré&ra
and Meech (2011)

Acciaro and Wilmsmeier (2015); Acciaro et al. (2p14
Awuah-Offei (2016); Dawal et al. (2015); Fuc et al.
(2016); Geerlings and Van Duin (2011); Matsuda and
Kimura (2013); Xin et al. (2015b, 2014)

Schmidt et al. (2015, 2014)

Geerlings and Van Duin (2011); Leriche et al. (2015

Hopf and Muller (2015); Leriche et al. (2015)

Acciaro and Wilmsmeier (2015); Awuah-Offei (2016);
Géazquez et al. (2016); Xin et al. (2015b, 2014)

Lee et al. (2015); Xin et al. (2015b)

Lee et al. (2015); Xin et al. (2015b, 2014)



Table5. Social sustainability decision variables.
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Social Sustainability

Adoption of workforce safety
targets

Selection of information and data
sharing systems for human-machi
communication, cooperation and
coordination

Introduction of standards and
regulations to improve
human/operators safety

Creation of skilled jobs, improve
ergonomics for workers
Identification and adoption of
corresponding KPIs

Identification of opportunities for
sensors’ applicability to improve
workforce safety

Adoption of tools for monitoring
and assessing potential hazards

Ensuring social efficient
performance

Duffy et al. (2003); Ganesharajah et al. (1998jtd et al. (2015);
Martin-Soberdn et al. (2014); Shukla and Karki @01

Essers and Vaneker (2014); Kruger et al. (2009%;dred Leonarc
(1990); Shukla and Karki (2016)

Awuah-Offei (2016); Kabe et al. (2010); Kruiger kt(2009)

Duffy et al. (2003); Kruiger et al. (2009); Lee drebnard (1990)
Duffy et al. (2003);

Géazquez et al. (2016); Reina et al. (2015); Shukthkearki
(2016)

Duffy et al. (2003); Gémez et al. (2015)

Awuah-Offei (2016); Duffy et al. (2003); Kriger &t (2009);
Leite et al. (2015); Reina et al. (2015)
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Highlights (for Review)

e The use of Automated Guided Vehicles (AGVS) in supply chains (SCs) is
discussed.

» A critical taxonomy of extant research for utilizing AGVsin SCsis offered.

» Direct ramifications of AGV systems on SC sustainability are examined.

* A hierarchical decision-making framework for AGVs in sustainable SCs is
provided.

* The Sustainable Supply Chain Cube tool for promoting SC sustainability is
proposed.



