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Abstract— Dealing with industrial risks is a major issue in the design, management and control of production 
systems. However, the analysis of why and how risks should be taken into account does not seem to be considered as a 
global question by researchers, who have mostly focused on specific problems, such as stochasticity or uncertainty. 
The aim of this article is to point out the importance of risk management and control at a more global level during the 
design of production systems. More particularly, we discuss opportunities to design facility layout solutions that 
contribute to avoid, prevent, or reduce certain types of industrial risks taken in the broad sense (flow risks, reliability 
risks, quality risks, safety risks, environment risks, etc.). We discuss the kinds of risks that such facility layout 
solutions would allow considering. We address the issue of how to represent risks so that they could be taken into 
account, and we review existing academic and industrial approaches that are close to this topic. We show that 
approaching risks with facility layout solutions is a promising research direction that is worth more investigation. 

Keywords— Facility layout design, industrial risk 

I. INTRODUCTION

Everyone working with industrial environments is perfectly aware that production systems are subjected to various types of 
risks that can yield important consequences, typically in terms of safety, costs, performance or customer satisfaction (e.g. 
delivery time and quality) [1]–[3]. Consequently, at every stage of the design of a production system, the question of how risks 
can affect the normal operation of the system turns out to be an issue considered as extremely important by most decision 
makers. Facility layout is known to be an important aspect in the design of these systems and has been addressed in numerous 
research works [4]–[8]. However, the analysis of why and how risks should be taken into account does not seem to be 
considered as a global question by researchers, who have mostly focused on specific problems, such as stochasticity or 
uncertainty (see for example the survey related to layout research by Drira et al [4]).  

The aim of this article is to point out the impact of risks at a more global level. In this respect, it is necessary to identify the 
types of risks that need to be taken into consideration and to be analyzed, as well as the types of consequences that they can 
have on the system. This can allow improving our understanding of how considerations related to risk can be better taken into 
account in the definition and the solving of facility layout design problems. Therefore, in section II, we present an overview of 
industrial risk management. We introduce a classification of industrial risks, describe the risk management process, and 
address the issue of how to model and represent risks so that they could be identified, analyzed, assessed, and controlled. 
Section III overviews the main research topics in FLPs. Section IV discusses the kinds of risks that facility layout solutions 
would allow taking into account through reviews of existing academic and industrial works focused on industrial risk 
management. This section particularly shows that relatively a few research effort addressed the topic of industrial risk 
management while addressing FLPs. Finally, we discuss research perspectives and show that approaching some kinds of risks 
with facility layout solutions is a promising research direction that is worth investigating. 

II. INDUSTRIAL RISK MANAGEMENT: AN OVERVIEW

Production systems evolve in a highly competitive, uncertain and changing environment, where it is necessary to make 
decisions in dynamic conditions to cope with the occurrence of various types of expected as well as unexpected events. The 
lack of information about such events (nature, likelihood of occurrence and downstream consequences) and inadequate 
decision making may disturb the pre-established organization and settings of a production system, thus making it deviate 
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positively or negatively from its expected objectives, behavior, performance and/or quality of service. Expected or unexpected 
events, uncertainty, disturbances, disruptions, consequences, impacts and many other terms gather to characterize an industrial 
system faced with situations of risk. Related literature shows that risk definitions are multiple and differ depending on the field 
of application and the purpose of the study [9], [10]. In order to standardize risk vocabulary, the International Standards 
Organization suggested the ISO 31000:2009 standard, where a risk is defined as “the effect of uncertainty on objectives” [9], 
[11]. An effect is a positive or a negative deviation from expectations. Objectives are the expression of different goals (e.g. 
financial, environmental, technical, legal, related to health and safety, etc.) that a production system should reach while 
satisfying constraints at different levels (project, product, process, department, organization, etc.) and decision horizons (e.g. 
operational, tactical, strategic). This section introduces a general description of the main types of risks that a production system 
may be faced with and that are closely related to FLPs (cf. section A), discusses risk models and representations (cf. section B) 
, and describes general approaches to risk management (cf. section C). 

A. Classification of risks 

Many authors proposed classifications to the various kinds of risks that can threaten a production system [12]–[14]. We are 
particularly interested in those risks that are closely related to facility layout problems due to their influence on layout 
solutions. These risks mainly include supply chain risks, risks related to production resources, and risks related to quality, 
health, safety, and environment. 

1) Supply chain risks 

Supply chain risks are related to the management of internal and external flows of parts and products of production 
organizations. They are related to operational, tactical and strategic problems that can occur between a production system and 
its suppliers, subcontractors, and/or customers. Examples of such problems include (but are not limited to) fluctuations and 
uncertainty of demand, uncertainty about routings, processing times and work in progress, untimely deliveries, over costs, and 
deliveries that do not meet quality, health, safety and/or environmental requirements [15]. Supply chain risk management 
(SCRM) is the established discipline that proposes tools, methods and frameworks to identify, analyze, assess, and control 
risks in supply chains [13], [16], [17]. As it will be discussed in more detail in section IV, appropriate facility layout solutions 
can alleviate some kinds of supply chain risks, especially those related to variability and uncertainty of demand and flows.  

2) Risks due to production resources  

Risks due to production resources are related to availability and reliability of production equipment, including machines, 
tools and processes (failures, breakdowns or blockages) and/or human resources (errors; absenteeism) [18]. Several works are 
interested in studying the relationship between human errors and equipment failures on the one hand, and major risks (fire, 
explosion, floods, etc.) and occupational health and safety accidents on the other hand [19], [20]. The theory of reliability has 
emerged as the discipline in maintenance engineering that studies risks of unavailability and unreliability of production 
equipment [21]. As it will be discussed in more detail in section IV, appropriate facility layout solutions are needed to take into 
account risks of unavailability of production equipment, reliability requirements (e.g. need to integrate active or passive 
redundancy), and specifications to ease maintenance operations (e.g. extra lanes or space to facilitate access to equipment, to 
introduce new equipment, or to move old equipment).  

3) Quality risks 

Quality risks are defined as “the susceptibility of a manufacturing establishment to fail to comply with good manufacturing 
practices, which increases the likelihood of outgoing product quality defects” [22]. There exists a vast literature on quality 
management, much of which focuses on identifying and defining constructs associated with Quality Management programs 
[23] to ensure availability and reliability of raw materials, parts, and/or products and to avoid problems, such as inventory 
shortfalls, expiry dates, deviations from requirements and specifications, etc. The International Standards Organization (ISO) 
proposed a standardized Quality Management System (ISO 9001 series) to specify policy, procedures and instructions, in a 
quality handbook, enabling firms to produce the same quality every time. The standard also focuses on the customers, their 
demands and satisfaction of their specifications and requirements. As it will be discussed in more detail in section IV, facility 
layout solutions should cope with some kinds of quality risks, particularly those where manufactured parts and products need 
some rework (backtracking) to fix some types of defects. 

4) Environmental Risks 

Environmental risks correspond to actual or potential threats of adverse effects on living organisms and natural 
environment by toxic substances, such as effluents, emissions, wastes, resource depletion, etc., arising out of an organization's 
activities. Many environmental management systems have been developed to manage an organization's environmental 
programs in a comprehensive, systematic, planned and documented manner. For example, ISO 14000 is a family of standards 
for Environmental Management Systems (EMS), environmental and EMS auditing, environmental labeling, performance 
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evaluation and life-cycle assessment. Many authors have developed environmental management approaches, tools and 
techniques to address specific environmental threats [24]. As it will be discussed in section IV, facility layout design can yield 
to environmental friendly solutions, reducing for example noise and air pollution.  

5) Occupational health and safety (OHS) risks 

Occupational health and safety (OHS) risks are related to problems, situations and events that can threaten the safety, 
health and welfare of whoever might be affected by the workplace environment (suppliers, customers, employees, relatives, 
etc.). Specific occupational health and safety concerns vary greatly by sector and industry [25]. Several international standards, 
guidelines, and legislations were developed for occupational health and safety, such as the BS OHSAS 18001 standard, which 
is the internationally recognized assessment specification for occupational health and safety management systems [26]. It is 
worth noting that the BS OHSAS 18001 is compatible with the framework of the ISO standards series. ISO 9001 Quality 
Management Systems, ISO 14001 Environmental Management System, and BS OHSAS 18001/18002 complement each other 
and form an integrated system [23], [27]. Each component of the system is specific, auditable, and accreditable by a third party 
after review. Within this integrated framework, many authors have developed OHS risk management tools and models based 
on historical data and established shop floor procedures and know-how [28]–[30]. Particularly, inherent safety design is one of 
the disciplines that focus on taking into account OHS risks during the early stages of design of industrial facilities [28], [31], 
[32]. 

B. Risk modeling and representation 

Several approaches were proposed to model and represent risks in order to allow their analysis and quantitative 
assessment and enable further decision-making. This section briefly describes the main frameworks that allow modeling, 
analyzing and assessing risks. For a more extensive and general review of risk modeling and optimization, interested readers 
can refer to [33]. 

1) Structural models of risks  

Structural models of risks try to establish, find and represent relationships between causes, consequences and impacts of 
risks. Such models are useful to understand context of occurrence, conditions and scenarios of evolution of risks. Examples 
of structural representation models stem from works on enterprise risk management [34]–[36] and business process 
management [37], [38]. They include event and fault tree analysis models [39] and Failure Mode Effect and Criticality 
Analysis [40]. 

2) Risk indexes 

There have been several theories and attempts to quantify risks. Despite the existence of numerous different risk 
quantification methods, the most widely accepted one states that risk level or magnitude is equal to rate (or probability) of 
occurrence multiplied by the impact of the event. The severity of this level is assessed according to an adopted severity scale. 
The choice of this scale is often subjective, and is based on decision makers' expertise. The Dow Fire and Explosion Index is 
widely used for risk assessment and safety evaluation [1]. This index determines the realistic maximum loss occurring under 
the most adverse operating conditions and is applicable to processes where flammable, combustible or reactive material is 
stored or processed. It is based on historic loss data, the energy potential of the processed materials in the chemical plants and 
the current application of loss-prevention practices. Several approaches, such as FMEA (Failure Mode and Effect Analysis), 
DMRA (Decision Matrix Risk Assessment), PRAT (Proportional Risk-Assessment Technique), QADS (Quantitative 
Assessment of Domino Scenarios), etc., allow mathematical representation and use of risk indexes [28], [41].  

3) Risks as stochastic processes 

The principle is to analyze risky situations through a combination of probability analysis and graph theory. Each situation 
is defined by a set of nodes and arcs. The nodes represent the system variables or states and the arcs symbolize the 
conditional dependencies (cause–effect relationships) among the variables or transition probability among states (for 
stochastic processes). Then, a conditional probability is associated to each node according to the observation of some 
variables and the prior knowledge of decision makers. Bayesian networks and Markov chains [42] are among the most 
famous approaches that deal with this type of risk analysis. 

4) Stochastic simulation 

Stochastic simulation traces the evolution of variables that can change stochastically (randomly) with certain 
probabilities. A stochastic model creates a projection based on a set of random values. Outputs are recorded and the 
projection is repeated with a new set of random values of the variables. These steps are repeated until a sufficient amount of 
data is gathered. In the end, the distribution of the outputs shows the most probable estimates as well as a frame of 
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expectations regarding what ranges of values the variables are more or less likely to fall in. Discrete event simulation and 
Monte Carlo simulation are among the most famous stochastic simulation methods that allow representing and evaluating 
some kinds of risks [43]–[45].  

5) Risks as optimization models 

In such models, risks are taken into account within a mathematical optimization framework. Risks are taken into account 
within one or several objective functions to be optimized, or as constraints to be satisfied [46]–[49]. The objective functions 
include probabilities of occurrence of events and reflect the impacts of risks (generally in terms of financial impacts, such as 
costs, penalties, etc.) on the production system. Constraints reflect requirements (e.g. legal, technical, environmental, 
financial, etc.) that need to be satisfied. 

6) Risks as fuzzy numbers 

Risk management relies on the assessment of detrimental events (e.g. failures, disruptions) to prioritize them according to 
one or more severity criteria so that most critical risks are handled first. Fuzzy logic allows dealing with uncertainty and 
processing risks as fuzzy linguistic terms, fuzzy ratings and fuzzy arithmetic operations [50], [51]. 

C. Risk management process and approaches 

Given the multitude and the diversity of risks threatening a production system, a risk management process should be 
adopted based on four main steps: identification, analysis, assessment and control. 

Risk identification deals with characterizing events and situations that can potentially cause damage to a production 
system. This step is based on tools (e.g. checklists, what-if scenarios, audits, etc.), methods and approaches to investigate risks 
in a preventive manner. Several authors developed approaches that include a risk identification step, such as CREA [28], 
HACCP, HAZOP [52], [53], ARAMIS [54], I-RISK [30], etc.  

Risk analysis is the step in which experts try to establish cause and consequence relationships between events and 
situations that may lead to potential damage. This step can be achieved using tools and methods, such as Root Cause Analysis 
(RCA), Fault Tree Analysis (FTA), Event Tree Analysis (ETA), cause and effect (Ishikawa) diagrams, Failure Modes and 
Effects Analysis (FMEA), etc., in order to explain risky situations and anticipate all detrimental scenarios.  

Risk assessment is related to the evaluation of risks, which includes estimation of likelihood, frequency, gravity, and 
impact of occurrence of detrimental events and their downstream consequences. Numerous approaches have been proposed to 
evaluate risks (e.g. [54]–[56]) and domino effects [57].  

Risk control includes tools, methods and approaches to anticipate, avoid, eliminate, reduce, mitigate, transfer and/or accept 
risks. Risk control relies on risk assessment to prioritize risk according to one or more severity criteria so that most critical 
risks are handled first. Preventive/Proactive control approaches mainly focus on finding ways to anticipate, eliminate, and/or 
reduce risks before their occurrence. Reactive control approaches mainly focus on monitoring risks during activity execution, 
detecting and identifying adverse events and scenarios, and finding ways to react to risks by eliminating, and/or reducing them 
after their occurrence. Hybrid approaches include preventive and reactive control measures [28].  

In this paper, we consider that certain types of risks can be addressed by facility layout solutions as part of a 
preventive/proactive approach. Therefore, section IV highlights the need for appropriate tools, methods and approaches to 
identify, analyze and assess risks from a facility layout point of view, so that a facility layout solution contributes to control 
some kinds of risks in a preventive manner. 

III. FACILITY LAYOUT PROBLEMS 
Facility layout problems (FLPs) have received a great attention in research and practice due to their impact on the 

organization and performance of manufacturing systems [4]–[6], [58]–[60]. FLPs consist in finding assignments of facilities 
(e.g. machines, cells, warehouses, departments, etc.) to locations in a plant area in such a way that one or more objectives of 
performance are optimized and one or more constraints are satisfied. There exists a variety of FLPs, depending on several 
features, including plant morphologies, facilities to be placed, objectives to be optimized, constraints to be satisfied, and the 
time horizon to be considered. Layout designs allow taking into account several manufacturing system characteristics. Such 
characteristics include change and variability in product variety and volume, diversity and complexity of facility shapes and 
dimensions, constraints due to material handling systems, and to pick up and drop off locations. Layout designs also allow 
coping with existence or absence of flexibilities and requirements related to part/product routing, such as backtracking, 
bypassing, and existence of redundant manufacturing possibilities or alternative routings. Drira et al. [4] provide a 
comprehensive description of the different kinds of FLPs, and a recent survey of different solution methodologies. Singh & 
Sharma [6] provide a review of different modeling and solution approaches of FLPs. Moslemipour et al. [5] provide a recent 
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review of intelligent approaches to design dynamic and robust layouts in flexible manufacturing systems. In the following, we 
review different particular features of FLPs. 

A. Product features 

The layout design generally depends on the product types (continuous flow, such as in chemical industries, or discrete flow, 
such as in manufacturing industries), product variety and production volumes. In manufacturing industries, Drira et al. [4] 
distinguish four types of organization, namely fixed product layout, process layout, product layout and cellular layout.  

In fixed product layout, the different resources are moved to perform the operations on the product, which has a fixed 
position, meaning that it does not move within or between production facilities. This type of layout is commonly found in 
industries that manufacture large size products, such as ships or aircrafts.  

Process layout groups facilities with similar functions together (resources of the same type). This organization is often 
reported to be suited when there is a wide variety of products.  

Product layout is used for systems with high production volumes and a low variety of products. Facilities are organized 
according to the sequence of the successive manufacturing operations.  

Cellular layout groups machines into cells to process families of similar parts. Cellular layout problems consist in finding 
the best arrangement of machines within each cell and in arranging cells on the factory floor.  

In continuous flow industries, such as petrochemical industries, Papageorgiou [1] uses the name of process plant layout 
and emphasizes that layout is an important part of the design or retrofit of process plants. It involves decisions concerning the 
spatial allocation of equipment items and the required connections between them. Equipment items are allocated to one floor 
(single-floor case) or many floors (multi-floor case) considering a number of management or engineering drivers, such as 
connectivity (piping, pumping), construction (optimization of occupied area and height), and safety (installation of potential 
protection devices). 

B. Plant morphologies 

In FLPs, facilities to be placed include circulation lanes/aisles, safety and clearance areas, and production resources, such 
as departments, production lines, cells, equipment, machines, storage buffers, and material handling systems. Several general 
plant shapes and dimensions were considered, including regular (generally rectangular) and irregular (generally polygon) 
morphologies (cf. Figure 1). Lee & Kim [61] suggested four shaping algorithms to modify shapes of departments from an 
irregular shape (e.g. polygon) to regular (rectangular) shapes. Within the plant shape, the material handling system influences 
the arrangement of facilities. More particularly, the single row FLP (cf. Figure 1.a.) is defined as an FLP where facilities must 
be arranged along a straight line (single row) and where products generally circulate in only one direction [62]. Several shapes 
may be considered from this basic situation, such as straight line, semi-circular or U-shape. The multi-row layout (cf. Figure 
1.b.) involves several rows of facilities, where parts can move between facilities from the same row and/or from different rows. 
The unidirectional loop layout problem (cf. Figure 1.c.) deals with allocating facilities to locations around a closed ring 
transportation network that usually corresponds to a conveyor system on which parts are transported in only one direction [63]. 
The open field layout (cf. Figure 1.d.) corresponds to situations where facilities can be placed without the restrictions or 
constraints that would be induced by such arrangements as single row or loop layout.  

 
Figure 1. Examples of plant morphologies [4]. 

C. Backtracking and bypassing 

Backtracking and bypassing are two particular movements that can impact the flow of the products in flow-line layouts. 
Backtracking is the movement of a part, from one facility to another preceding it in the sequence of facilities in the flow-line 
arrangement. Bypassing occurs when a part skips some facilities during its moving towards the flow line arrangement [4]. 

(c) 
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D. Time horizon 

FLPs differ with respect to the time horizon that is considered for the placement of facilities. Static FLPs usually refer to 
single period planning problems, where demand is known or can be forecasted in advance, and where production resources 
have to be arranged so as to satisfy demand while optimizing one or many objectives. Usually, a relatively long time horizon is 
considered, on which demand can be assumed stable (no significant fluctuation or change on demand) and no new types of 
products (requiring new machine capabilities and routings) will be introduced. Such assumptions are generally due to heavy 
industrial installations that are not modular and with high limitations on flexibility (due to type of energy supply and inter-
connection between components for example). Decision makers cannot afford changing their locations as (or when) desired, 
unless complete system re-engineering is considered. 

Dynamic FLPs (DFLP) usually involve multiple planning periods on which some kind of change is considered. Change 
includes expected fluctuation of demand over time, fluctuation of equipment availability/reliability, and/or introduction of new 
(or removal of old) product families and/or production resources. The DFLP problem is to find a layout that is robust over 
multiple periods, or to find a relocation plan (a sequence of layouts) that best fits the expected changes [64]. As it will be 
discussed in section IV, most references on DFLPs address changes in product flow quantity between facilities.  

The reduction of product life cycles and the need to rapidly react to market changes require designing layouts that are more 
flexible, modular and easily reconfigurable. In reconfigurable FLPs, the changes that occur in a production cycle (e.g. change 
in products, routings, production volume or commissioning and de-commissioning of resources) are either unexpected or only 
known slightly ahead of the start of the new production cycle. The production equipment is assumed modular, flexible, 
relatively lightweight, and with loose inter-connection, which enables its (almost real-time) relocation as (and when) needed to 
suit the current production environment and requirements [65]–[70]. 

E. Objectives of performance  

Typical objectives of performance are related to the movement of parts between facilities and to the relocation of facilities. 
In manufacturing industries, researchers and practitioners often seek to optimize one or several criteria related to the 
management of flows, such as the material handling flow, the equipment flow and/or the information flow [51]. Management 
of material handling flows includes concerns about the optimization of the movement of materials and parts through the 
facility, such as minimizing total material handling cost, total travel times, and/or total travel distances. Management of 
equipment flows refers to the assessment of requests of proximity, constraints of distance, or requirements of circulation lanes 
between many facilities, or expectations of future introduction of new manufacturing technologies and equipment into the 
plant. Management of information flows is related to the nature and frequency of communications between facilities [4]. 

In process industries, Papageorgiou [1] emphasizes that tradeoffs between connectivity, pumping, construction, financial 
risk and installation of potential protection devices are necessary. Connectivity costs involve the cost of piping, pumping and 
other required connections between equipment items. Minimizing construction costs leads to the design of compact plants and 
involves tradeoffs between the cost of occupied area (land) and height (multifloor plants). Connectivity and land costs increase 
as the distance between equipment items increases. Financial risk component cost decreases as equipment items are put far 
apart or by installing extra protection devices. While protection devices are necessary to eliminate accident escalation, their 
cost should be taken into account. 

F. Constraints 

Several types of constraints were considered in the literature, some of them are hard constraints that have to be satisfied 
(due to technical specifications of equipment or safety reasons for example) and some of them are more related to preferences 
of decision makers.  

Area constraints. The total area available for the placement of all facilities (e.g. plant or shop floor area) must be superior 
or at least equal to the sum of areas dedicated to each single facility. Facilities to be placed on the plant surface may have 
homogeneous areas (all facility areas have identical shape and dimension), in which case the problem is generally known as 
equal area FLP. However, if the facilities have heterogeneous areas (facility areas have different shapes and dimensions), the 
problem is generally known as unequal area FLP [71]. 

Positioning constraints. In a workshop, some locations have to be dedicated to functional areas, such as poles, pillars, 
frames, circulation aisles and pathways, to maintain the overall structure of the workshop. Other areas have to be allocated to 
resources other than machines, such as storage buffers, warehouses, security zones, etc. These areas are closed to the 
placement of machines, and circulating products cannot overpass them. These restrictions on the positioning of machines are 
called positioning constraints. The positioning constraints also include the constraint of non-overlapping of machines, their 
orientation, their lengths, the clearance between them, as well as pick-up and drop-off (P/D) locations from which parts enter 
and leave facilities. 
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Proximity constraints. For reasons of good operation, convenience or safety, equipment manufacturers usually recommend 
distance allowances (minimum and maximum distance) between an equipment and its neighborhood. The distances between 
the various resources belong to intervals of possible values and are not subject to free choice. These intervals define proximity 
constraints that should/have to be met. 

Budget constraints. The rearrangement costs must not exceed an available budget, usually defined in terms of monetary 
units. 

G. Formulations of FLPs 

An FLP can be formulated either as a discrete or as a continuous problem. In the discrete formulation, the plant floor is 
divided into locations with identical shape and area, like a grid made of rows and columns, where a location is an intersection 
between a row and a column and which can hold a facility. If facilities have unequal areas, they can occupy more than one 
location. In the continuous formulation, equipment can be placed anywhere on the surface of the workshop (which is no longer 
divided into locations), provided that any two equipment do not overlap [72]. 

H. Mathematical models of FLPs 

Different kinds of mathematical models were suggested to model FLPs [4], [6]. Depending on the manner in which the 
problem is formulated, (discrete or continuous), the formulation can lead to a Quadratic Assignment Problem (QAP) or to 
Mixed Integer Programming (MIP), which are the most commonly encountered in the literature. In each case, a few authors 
have argued that the available data may not be known perfectly, and have suggested formulations that take uncertainties into 
account, including fuzzy formulations [73]. 

I. Solution approaches 

Many solution approaches exist in the literature to solve FLPs. Sangwan [74] highlights three categories of layout 
approaches: quantitative, qualitative and multi-criteria. Quantitative approaches minimize quantitative objectives, such as the 
material handling cost. However, models based on quantitative objectives have not been accepted by the researchers to solve 
the real world problems as the input data required by these models is to be exact. Unfortunately, in real world, this data is 
uncertain and vague, and a number of non-quantifiable questions remain, which must be considered in making the transition 
from a pure model to a practical solution. In qualitative approaches, the objective is to maximize the closeness rating between 
facilities by considering qualitative factors, such as safety, flexibility, noise, dirt, odor, etc. The main problem faced in 
qualitative approaches is the method of scoring, which is based on pre-assigned numerical values for different closeness ratings 
but does not consider the flow data. Facility layout problems cannot be solved accurately through intuition alone, and 
quantitative approaches should not be dismissed in favor of a completely qualitative approaches. This generated the interest of 
researchers towards multi-criteria approaches, which seek to satisfy multiple objectives, such as the overall integration of all 
the functions, minimum material movement, smooth workflow, employee satisfaction, safety, flexibility etc. for the better 
design of layouts. Moslemipour et al. [5] provide a recent review that classifies existing approaches in terms of exact methods, 
heuristic algorithms, intelligent approaches (including meta-heuristics and artificial intelligence based approaches), and hybrid 
algorithms.  

IV. INTEGRATING RISK CONCERNS INTO LAYOUT SOLUTIONS 
In this section, we examine how facility layout solutions can help take into account some kinds of industrial risks from an 

operations management and control perspective.  

A. Supply chain risks 

Many researchers were interested in studying the impact of variability, uncertainty, impreciseness and vagueness on the 
quantitative flow data considered for the design of facility layouts. Sangwan [74] notes that the flow data is based on forecasts, 
which are typically made several years before plant operation. Forecast data includes only estimates about the amount of 
various types of material flow and cost of moving the various types and size of material, which may not be exact when plant 
becomes operational. Several authors reviewed applications of fuzzy set theory to deal with variability, uncertainty, 
impreciseness and vagueness in forecasting [75] and in the subsequent design of facility layout solutions [76], [77]. Kulturel-
Konak [73] reviews approaches to uncertainties in facility layout problems. The author distinguishes two approaches to design 
robust and/or flexible facilities, i.e. designs that do not radically degrade with production changes. The first approach is the 
dynamic facility layout problem (DFLP), which considers several production periods in an environment where material flow 
between departments changes over time, and facility layout arrangements are determined for each period by balancing material 
handling costs with the re-layout costs involved in changing the layout between periods. The biggest difficulty in DFLP has 
been to estimate future production patterns and condense them into a few discrete scenarios. The second approach is the 
stochastic FLP in which product mix and demand are assumed to be random variables with known parameters (e.g., expected 
value, variance, covariance and routing information of products and unit material handling costs). The single period stochastic 
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FLP is different from DFLP since product demand is stochastic in the former rather than only subject to known changes from 
period to period as in the latter. 

B. Risks due to production resources 

Sangwan [74] states that some of the reasons for the fuzziness in flow data in modern manufacturing environments include: 
functional interrelationships between the factors are not well defined; Equipment breakdowns, rejects, reworks and queuing 
delays; Flexibility factors generally cannot be measured precisely and modeled mathematically; and general vagueness in 
defining flexibility. System reconfiguration has appeared as a paradigm that allows changeable functionality and scalable 
capacity by physically changing the components of the system through adding, removing or modifying machine modules, 
machines, cells, material handling units and/or complete lines. In the literature, the researchers addressed several types of 
events and changes that call for reconfiguration:  

• Changes in production volumes. Such changes are known as a scalability problem. They refer to fluctuation in 
demand and to variation in product quantities [65]–[70], [78]; 

• Changes in functionality. Such changes are known as a convertibility problem. They refer to modification, upgrade, 
or introduction of new product or process functionalities or capabilities [79]; 

• Changes in requirements. Such changes refer to modification of customer needs in terms of technical specifications 
and demands. The problem is then to find configurations that best meet those new requirements [80]; 

The authors tackled these changes according to different perspectives.  

• From a manufacturing system planning perspective, authors are generally interested in determining a sequence of 
configurations that best meets change over several periods of time [78], [79]. 

• From a system engineering perspective, authors are interested in finding configurations that best meet some 
customer requirement specification [80]. 

As it will be discussed in our conclusion, only a few authors considered changes in resource reliability and/or 
availability and suggested solutions that allow using system flexibility to manage disruptions, disturbances and risks based on 
a monitoring and control perspective and in a reactive manner [81].  

C. Quality risks 

Quality risks occur when a manufacturing system fails to comply with good manufacturing practices, which increases the 
likelihood of outgoing product quality defects [22]. This happens due to major challenges, including a maturing workforce, 
excessive scrap, rework, lack of coordination, poor delivery performance, and a general lack of technical processes and product 
understanding [82]. In manufacturing industries, equipment breakdowns, rejects, defects, and reworks may require 
backtracking and bypassing, which impact the flow of the products. Drira et al. [4] highlight several procedures that were 
presented for dealing with and minimizing backtracking but no procedure was suggested in the literature for addressing 
bypassing. Elmaraghy et al. [83] emphasize that the ability to predict the probability of errors caused by human involvement 
can provide the system designer with insights as to the required skill levels, training programs, job design, tasks assignment, 
work organization as well as options for modifying the system design to achieve better quality results. The authors develop a 
model to assess the probability of human errors in RMSs, based on tasks characteristics, work environment, as well as worker 
capabilities using the multi-attribute utility analysis.  

D. Environmental risks 

In chemical industries, many references focused on determining dispersion models to estimate exposure concentrations and 
then determine risks (in terms of probabilities) of injuries and death. However, the weather is difficult to model because of 
parameters, such as atmospheric condition, wind direction and speed, temperature, and humidity, which are stochastic in nature 
[84]. Deterministic [85] as well as stochastic [2] approaches were suggested to solve the facility layout problem with toxic 
releases. The stochastic approach considers micrometeorological effects on the toxic dispersion phenomenon (including 
calculation of random data to get probability distribution of the damage in toxic releases), whereas the deterministic approach 
is based on the worst-case scenario, formed by a low wind speed, stable atmospheric conditions, and non-terrain obstructions. 
However, both deterministic and stochastic approaches may suggest large unpractical separation distances between releasing 
and occupied facilities [86]. Distances between facilities might be reduced if the concentration is decreased, in which case a 
mitigation system should be used. Mitigation systems are devices used in real process plants to decrease the concentration 
during toxic dispersions. The selection of a mitigation system strongly depends on the mitigating fluid and the fluid to mitigate. 
Mitigation systems are also selected based on the type of accident. In [84], the authors optimize facility layouts with toxic 
releases by incorporating three mitigation systems in the layout model to decrease separation distances between facilities. 
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E. Occupational health and safety (OHS) risks 

From the safety viewpoint, plant layout is largely constrained by the need to maintain minimum safe separation distances 
between facilities [87]. Solving the plant layout based on risk analysis has initially considered the possibility of explosion 
accidents where risk is modeled as a function of the distance between the probable explosion point and the affectation points 
[84]. An old work has presented a graph-based algorithm to produce optimal partitioning to allocate units in different sections 
where values on edges reflect safety costs [88]. Adequate separation is often done by grouping facilities of similar hazards 
together. The concept has been extended to include other buildings, such as control rooms, so that a facility refers to the 
portion of land surrounded by streets where units and people are located [2]. However, space among facilities is limited and 
will increase the capital costs (more land, piping, etc.) and operating costs as units are separated. If future plant modifications 
are anticipated, which might impact separation distances, consideration should be given to employing larger initial separation 
distance and applying protection devices. Therefore, it is essential to determine minimum distances at which costs can be 
integrated in the plant layout optimization [3]. Current works on FLPs considering OHS risks focus on inherent safety design 
methodologies [31], and on domino effect reduction [89]–[91].  

V. DISCUSSION AND CONCLUSION 
This article discussed issues related to the design of facility layout solutions that contribute to avoid, prevent, or reduce 

certain types of risks taken in the broad sense (reliability, quality, health and safety, demand, environment, etc.). Despite the 
importance of dealing with industrial risks in the design of production systems, our literature review shows that the analysis of 
why and how risks should be taken into account does not (yet) seem to be considered as a global question by researchers, who 
have mostly focused on specific problems, such as stochasticity or uncertainty. We still notice a lack of frameworks and 
approaches that deal with industrial risks in an integrated and a more generic way while designing facility layout solutions. 
Integration is related to the risk management process and refers to the necessity to develop approaches that allow both 
identification, analysis, assessment and design of facility layout solutions that take into account the outcomes of previous steps. 
Genericity is related to the types of risks and refers to the necessity to develop approaches that allow considering 
simultaneously several types of risks. Our analysis shows that two main types of risks seem to be well covered in literature, 
which are risks related to flows of parts and materials (including fluctuation of demand), and risks related to environment, and 
occupational health and safety. However, other types of risks, such as reliability of resources and quality of products (i.e. in 
case of reworks) are yet under covered. New approaches should be developed that consider equipment availability and 
reliability, take into account possible interactions between production resources (e.g. interference, etc.), and evaluate risks in a 
multi-objective way. Promising research directions are still worth exploring. In the following, we provide two particularly 
interesting research directions.  

A. Dealing with risks of change in design requirements 

The design of facility layouts is a complex activity that is primarily aimed at finding efficient layout solutions that satisfy a 
set of multiple and various requirements, related to various aspects and components of an organization or system, including 
personnel, operating equipment, storage space, materials-handling equipment, and all other supporting services. Requirements, 
and the way they are expressed, specified, maintained, updated, and eventually changed highly influence the layout decisions, 
solution methodologies and quality of solutions [8]. However, during its lifetime, a manufacturing system has to cope with 
change in requirements. Such adaptation is necessary for example to accommodate introduction of new products and families 
of products, introduction of new (or retrofitting of old) equipment, evolution of regulations and safety requirements, markets 
fluctuations, new technologies, etc. Unfortunately, two problems still need investigation: (1) Existing works lack 
methodologies and tools that allow tracing the evolution of requirements, assessing the risks of change of requirements on 
layout design, and relating modification of requirements to subsequent required adaptations of corresponding layout solutions. 
(2) Most of the research effort is directed towards developing facility layout design methodologies and solutions that are 
specific to some kind of problem. Researchers usually identify inputs and outputs of a particular problem, formulate it in terms 
of objectives of performance and constraints and suggest a specific algorithm to solve it. Their attention is mainly focused on 
assessing the performance of their algorithms and on benchmarking them against other approaches. More research effort is 
needed to design approaches that can adapt algorithms to take variation and change of requirements into account. 

B. Dealing with risks of change in system availability/reliability at execution time 

Many researchers have developed dynamic and reconfigurable approaches to design facility layout solutions that take 
change into account. Most of these approaches are preventive and off-line approaches that rely on optimization models to 
develop a layout that is robust over multiple periods, or to find a relocation plan (a sequence of layouts) that best fits the 
expected changes. Consequently, changes are mainly related to variation of product flow quantity between facilities, and 
changes are “expected”, meaning that they are not monitored on-line. There is still a lack of approaches that allow (1) 
Monitoring and controlling change on-line, based on a reactive manner; (2) Considering other types of change, particularly 
change in equipment reliability and availability over multiple periods. 
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