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A bstract

Increased competition led contractors and chemical companies to look for potential 

savings at every stage of the design process including the process plant layout. 

Decisions concerning the plant layout may affect the design, operation, production 

organisation, safety and construction of the plant. This work aims at developing 

new quantitative computer-aided methods in order to assist engineers in generating 

optimal process plant layouts to account for multifloor, safety and pipeless operation. 

A lot of research work from chemical and industrial engineers was mainly focused 

on single-floor process plant layout following a variety of approaches without con

sidering the multifloor case in detail. Multifloor constructions though can reduce 

significantly land and operational costs and comply with current requirements for 

more compact plants. In this thesis efficient solution approaches are presented in 

order to solve the multifloor problem by determining the number of floors and the 

spatial allocation of equipment items to floors. A num ber of cost and manage

ment / engineering drivers are considered within the same framework, thus resolving 

various trade-offs at an optimal manner. A wide range of plants, regarding the size 

and the  duty, have been tackled.

A num ber of accidents in chemical plants increased the public awareness and antic

ipation for consideration of safety aspects during early stages of the design process. 

So far, they have been included in a rather simplified way in the process plant layout 

problem and the need for an in depth consideration is evident. Here, two different 

approaches are presented deciding on the allocation of items to the land area, the



number and type of the protection devices installed at the items and the financial 

risk associated with accidents.

The pipeless batch plant problem has only recently a ttracted  the interest of the 

research community. Layout decisions about the allocation of processing stations 

in the land area are very im portant as they determine the vessel transfer times 

and affect the scheduling of both operation of processing stations and movement of 

vessels. In this work, a single-level approach is presented capturing layout, design 

and planning aspects of pipeless plants within the same framework.
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C hapter 1

Introduction

The process plant layout problem involves decisions concerning the spatial allocation

of equipment items and the required connections among them  (Mecklenburgh, 1985).

In general, the process plant layout problem may be characterised by a number of

cost and/or m anagem ent/ engineering drivers such as:

• Connectivity Cost involving cost of piping and other required connections 

between equipment items. In addition, other related network operating costs 

such as pumping may be taken into account;

• Construction Cost: leading to the design of compact plants and particularly

significant in cases such as off-shore platforms. The trade-off between the cost

of occupied area (land) and height (multi-floor plants) must also be considered;

• Retrofit: fitting new equipment items within an existing plant layout;

• Operation: involving scheduling issues (e.g. pipeless plants);

15



Chapter 1. Introduction 16

• Safety: introducing, for example, (constraints with respect to the minimum 

allowable distance between specific equipment items. Trade-offs between con

nectivity, pumping, construction, financial risk and installation of potential 

protection devices will be considered; and

# Production Organisation: facilitating the movements of goods and operators 

through the plant. Frequently, the accom m odation of a specific manufacturing 

pattern  (e.g. the organisation of th e  workforce into team s, working in well 

defined plant sections) may also be of great importance.

Usually, plant layout decisions are ignored or do not receive appropriate attention 

during the design or retrofit of chemical plants. However, increased competition 

led contractors and chemical companies to  look for potential savings at every stage 

of the design process by focusing their research on the facility and process plant 

layout problem. Approaches for both problems were based on heuristics, graph 

partitioning, stochastic optimisation and m athem atical programming techniques as 

described in detail in chapter 2.

During the layout of chemical plants, there is a growing concern about safety aspects 

tha t should be taken into account as they  are usually not considered systematically 

within process layout, design and operation frameworks thus resulting in inefficient 

and unsafe plants. It is anticipated th a t safety aspects should be considered during 

early stages of the design process by using appropriate quantitative indices. This 

will ultim ately enhance the application of detailed hazard and operability study of 

plant equipment item s, tha t is usually a tim e consuming process and also requires
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skilled personnel.

Pipeless batch plants have also recently received some attention as alternative to 

traditional batch plants due to their inherent flexibility (m aterial can potentially 

be transferred between any two processing items - stations). Layout considerations 

have been found to be of particular significance in pipeless plants since the location 

of the processing stations determines the transfer times for the moving vessels. 

Some of the most common limitations of existing methodologies on the above issues 

are the following:

• Problem Representation: This should describe adequately the realistic charac

teristics of the layout problem. The discrete-domain models, which have been 

used quite extensively, are often inadequate as they may provide suboptimal 

solutions or require significant computational resources. In contrast, these 

deficiencies can be alleviated by continuous-domain models, which have only 

recently attracted  some attention for academic interest. Most of these models 

capture only part of the im portant layout issues, use unrealistic assumptions 

(e.g. Euclidean distances) or are applied to single-floor plants;

• Multifloor Plant Layout: This is a more recent approach in order to capture

the new requirements for more compact plants and enclosed structures, the 

use of gravity in m aterial transfer and the reduction of the land area cost;

• Safety Aspects: These are either ignored or considered by simplistic terms (e.g.

minimum distances) particularly during early stages of process plant design.
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In addition, there is usually no account of financial risk and installation of 

potential protection devices; and

• Design and Operation: These should be considered simultaneously with plant 

layout decisions in the case of pipeless plants where there are strong interac

tions between the above issues.

In this thesis, we focus on the above limitations by developing a systematic frame

work for the optimal process plant layout.

1.1 A im s and O bjectives

This thesis aims at developing new quantitative computer-aided methods, which 

will assist process engineers in generating alternative chemical process plant layouts 

with reduced cost and enhanced safety.

The process plant layout problem can be defined as locating a given number of 

equipment items in one or multiple floors so as to optimise a performance criterion, 

subject to a variety of constraints determining orientation, non-overlapping, plant 

area and distances between items. Usually, the performance criterion includes terms 

such as piping cost, pumping cost, land and construction costs, financial risk and 

cost of potential protection devices.

In order to achieve the aim of delivering rigorous m athem atical models and efficient 

solution methods for the plant layout problem, we set the following key objectives:

1 . The development of a unified m athem atical modelling framework addressing
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aspects such as:

• Multi-floor process plant layout;

• Safety; and

• Layout, design and operation.

2. The development of optimisation-based algorithmic m ethods for the solution 

of the resulting mixed integer optimisation problems.

In chapter 2, each of these points is considered in detail.

1.2 T hesis O utline

The rest of the thesis is structured as follows:

Chapter 2 presents a critical view of past work on single and multi-floor facility and 

process plant layout, safe process plant layout and simultaneous layout, design and 

operation of pipeless plants.

In chapter 3, a general m athem atical programming formulation for the multi-floor 

process plant layout problem is presented. The model extends the single-floor work 

of Papageorgiou and Rotstein (1998), which is based on a continuous domain rep

resentation.

In chapter 4, a decomposition approach capable of tackling larger flowsheets, without 

compromising the solution quality, is considered. This approach comprises of smaller 

problems, a master and a subproblem, which are solved iteratively until convergence 

with a given tolerance.



Chapter 1. Introduction 20

Chapter 5 presents a novel solution approach for the multi-floor process plant layout 

problem based on an iterative solution scheme. The new approach comprises of a 

m aster and a subproblem as the decomposition approach, but a separate algorithm 

is followed for the solution of the subproblem.

In chapter 6, two different m athem atical programming approaches - a mixed-integer 

nonlinear programming (MINLP) and a mixed integer linear programming (MILP) 

model - considering the process plant layout with safety aspects are presented. 

Chapter 7 suggests a unified m athem atical framework capturing layout, design, and 

planning aspects within the same framework for pipeless plants.

Finally, chapter 8 concludes the thesis summarising the work th a t has been done 

and outlining possible directions for future work in the area of the process plant 

layout problem.



C hapter 2

L iterature Survey

Plant layout is concerned with spatial arrangement of equipment items and can in

fluence the profitability of the plant (Mecklenburgh, 1985). Equipment items are 

allocated to one floor (single-floor case) or many floors (multi-floor case) considering 

a num ber of cost and m anagem ent/ engineering drivers {e.g. connectivity, opera

tion, land area, safety, construction, retrofit, maintenance, production organisation) 

within the same framework. In order to resolve various trade-offs at an optimal 

m anner, a num ber of computer-aided methods have been developed.

The main research works in facility and process plant layout problems are reviewed in 

sections 2.1 and 2.2 respectively. Works focused on the safety aspects of the process 

plant layout problem are presented in section 2.3. The works related to pipeless 

plants and their layout issues are presented in section 2.4. Finally, in section 2.5 the 

motivation and the scope of this work is clarified in the light of the earlier work in 

this area.

21
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2.1 Facility Layout and L ocation P rob lem

A first extensive approach of the layout problem is given by industrial engineers 

studying facility layout and location problem in Francis and W hite (1974), where 

a given number of departm ents are located in the plane minimising the material 

handling costs subject to location restrictions and departm ent and floor area re

quirements. Comprehensive reviews on the facility layout and location problem are 

presented in Kusiak and Heragu (1987) and Meller and G au (1996).

The most relevant approach for the solution of the single-floor facility layout prob

lem is the Quadratic Assignment Problem (QAP) (Koopmans and Beckman, 1957). 

It is a special case of the facility layout problem as it assumes equal area depart

ments and a priori fixed and known locations. The objective function depends on 

the flows (interactions) and the distances between facilities. Many approaches are 

presented for the solution of the QAP. Lawler (1963) suggests a transform ation of 

the QAP into an equivalent integer linear program which is solved through a branch 

and bound technique. Fortenberry and Cox (1985) consider a heuristic approach 

where the total work flow is first weighted according to closeness rating between 

departm ents and then minimised. Kaku et al. (1991) also present a combination of 

a constructive heuristic method with exchange procedures. Combined methods to 

achieve quantitative and qualitative goals are also suggested (Bazaraa and Kirca, 

1983; Adams and Sherali, 1986). According to Kusiak and Heragu (1987) refor

mulations of the QAP to include unequal area departm ents by breaking them  into 

small equal area grids and assigning large interactions between grids of the same



Chapter 2. Literature Survey 23

departm ent are not proved successful to solve even small examples.

Another approach for the solution of the facility layout problem is based on graph 

theory (Foulds, 1991) which maximises an objective function of weights of the ad

jacencies (arcs) between departm ent pairs (nodes).

Genetic algorithms also solve the problem providing reasonably good layouts (Al- 

Hakim, 2000). The flexibility of interactively modifying produced layouts or flxing 

departm ents is also considered (Kochhar et al, 1998).

Finally, the single-floor facility layout problem is also solved in a continuous plane 

(avoiding the requirement of knowing a priori the potential locations) using either 

mixed integer programming (MIP) models minimising a distance-based objective 

(Montreuil, 1990) or MILP models, by applying a penalty method to an uncon

strained version of the formulation obtaining suboptimal solutions quickly (Heragu 

and Kusiak, 1991).

A limited number of procedures are developed to solve the multi-floor facility layout 

problem. They can be divided in single stage and two-stage methods. In single 

stage procedures, departm ents are allowed to occupy any floor during execution. 

Johnson (1982) presents an algorithm which is likely to split them  across different 

floors and is limited to exchange equal area or adjacent departm ents between floors. 

Bozer et al. (1994) overcome this lim itation by utilising space-filling curves. Both 

works employ search with the steepest-decent method. Meller and Bozer (1996) on 

the other hand, suggest a simulated annealing based search outperforming previous 

methods.
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In the two-stage procedures though, each departm ent is assigned perm anently to 

each floor in the first stage. In the second stage the layout is determined separately 

for each floor. Kaku et al. (1988) solve the first stage as a K-median problem 

(for equal area departm ents) and the second stage as a QAP. Meller and Bozer 

(1997) present two procedures combining m athem atical programming (first stage) 

and simulated annealing (second stage). The second procedure perm it also the 

reassignment of departm ents to different floors. Abdinnour-Helm and Hadley (2000) 

suggest two procedures where the first stage is solved either as an MILP or following 

a greedy randomised adaptive search procedure (GRASP) and the second stage 

with tabu search based heuristics. The second stage procedure in all cases may 

give suboptim al solutions compared to the single stage one, but the run times are 

considerably smaller.

2.2 P rocess P lant Layout P rob lem

Here, we focus on the process plant layout problem where a given number of equip

m ent items are located in the plane minimising the to tal plant layout cost.

In the single floor case, initial approaches are based on heuristic techniques which 

they are efficient from the computational point of view but they do not guarantee 

optim ality of the solution obtained. In Amorese et al. (1977), connection cost is 

minimised by imposing constraints for the non-interference of the areas of influence 

for each unit. The proposed model is solved by proposing a large number of heuristics 

achieving a 2% improvement from the initial layout. Suzuki et al. (1991a) include
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in the objective function preferences on equipment arrangem ents along with piping 

cost. Equipments items are grouped into modules and the modules into sections 

resulting in an MINLP model which is solved by a heuristic approach. Schmidt- 

Traub et at. (1998) develop a new method for the conceptual plant layout problem 

based on heuristic rules, statistical data and new algorithms for the new spatial 

arrangem ent of equipment items as well as pipe routing.

Graph theory approaches are also applied to the problem of organising items into 

sections created by aisles or corridors by representing the equipment and their con

nectivities with an edge weighted graph (Jayakum ar and Reklaitis, 1994). Vertices 

are partitioned into subsets and the total weight of the edges joining vertices from 

different subsets is minimised.

Furtherm ore, stochastic optimisation techniques utilising genetic algorithms are 

proved to  be effective in obtaining good and practical solutions for the enhanced 

process plant layout problem with safety aspects (Castel et al., 1998).

A num ber of m athem atical programming approaches are also suggested including 

MINLP and MILP approaches. In Penteado and Ciric (1996), plant layout as

pects are integrated with safety and economics. A disadvantage of this work is the 

adoption of circular footprints and straight-line connections (Euclidean distances) 

between equipment items. Both assumptions are unrealistic as current industrial 

practices suggest rectangular shapes, in order to allow space for auxiliary instru

m entation, piping and maintenance, and rectilinear (M anhattan) distances as the 

pipes are likely to follow piperacks (Penteado and Ciric, 1996; Papageorgiou and
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Rotstein, 1998).

Continuous domain MILP models to determine optimal location [i.e. coordinates) 

and orientation for each equipment item  are presented in Papageorgiou and Rot

stein (1998). Two alternative formulations are proposed accommodating rectangu

lar equipm ent footprints. One of the formulations is then extended to account for 

the layout organisation into production sections.

An alternative continuous formulation for equipment allocation, utilising a piecewise- 

linear function representation for absolute value functionals is presented in Ozyruth 

and Realff (1999) where equipment orientation is not allowed. The new formula

tion is compared with the one from Papageorgiou and Rotstein (1998) and a hybrid 

formulation is then suggested.

Finally, Barbosa-Povoa et al. (2001) propose an MILP model considering different 

equipment orientation, distance restrictions, different connectivity inputs and out

puts, irregular equipment shapes and space availability. The model is then extended 

to address the existence of production sections.

The multifloor process plant layout problem is a more recent approach in order to 

capture:

• Cases where the land area cost represents a considerable percentage of the 

to tal cost due to the geographical location of the plant site and a possible 

multifloor consideration may potentially reduce the to tal plant layout cost;

• New safety and environmental legislation requirements for more compact plants 

and enclosed structures. By this way, emissions can be monitored and con
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tained more easily; and

• Use of gravity in m aterial transfer to reduce operating costs considerably.

Current research works on this area include the assignment of items of multipurpose 

batch plants to different floors, by taking into account vertical pumping and land 

costs and satisfying a number of preferences (Suzuki et ah, 1991b). Approximations 

of the transportation and floor construction costs are used as the exact distances are 

not calculated. In Suzuki et ai  (1991c), an integer programming model is proposed 

to arrange equipment items of a batch plant in a multi-floor building. Various types 

of preferences are considered and each unit is divided or combined with others into 

“components” and each component is assigned to one of the “positions” on a grid. 

A combination of a graphical heuristic approach and a m athem atical programming 

formulation in order to allocate the units in different floors with no consideration of 

the detailed layout within each floor is proposed in Jayakum ar and Reklaitis (1996). 

The heuristic approach provides an upper bound and the linearised integer nonlinear 

programming (INLP) formulation provides a lower bound to the optimal solution. 

A grid based MILP model is described in Georgiadis et al. (1997), based on space 

discretisation into a set of candidate locations, with each equipment item occupying 

only one location. The objective function to  be minimised was the total pum p

ing, connection and floor construction cost. Georgiadis et al. (1999) adopt a finer 

discretisation to account for equipment items with different sizes allowing them  to 

occupy, potentially more than  one floors. The MILP model determines the coordi

nates of each unit, the to tal piping length and the land occupied.
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Finally, similar to the single floor approach, Barbosa-Povoa et al. (2002) present 

a number of topological characteristics in three MILP models. The first model de

scribes a basic 3D layout model while the second and the th ird  one are extensions of 

the former including multi-floor allocation of items accounting for fixed and variable 

number of floors and height. Flowsheets up to 11 equipm ent items are considered.

2.3 P rocess P lant Layout w ith  Safety  A sp ects

Appropriate decisions on the process plant layout during the design or retrofit of a 

chemical plant may increase the safety of the plant. So far though, safety aspects are 

considered in a rather simplified way by allocating equipm ent items with respect to 

the minimum allowable distances between them . A number of accidents in chemical 

process industries in the last two decades (Khan and Abbasi, 1999) increased the 

public awareness of hazards in industry, thus leading to a need for considering safety 

aspects in more detail within process plant layout and design frameworks. 

Particular attention to safety aspects of the process plant layout problem is given 

through a heuristic approach by Fuchino et al. (1997), where the equipment modules 

are divided into subgroups and then sub-arranged within groups according to safety. 

Then, these sub-arrangements are merged.

Genetic algorithm methods utilising the Mond Index (1995) also solve the problem 

efficiently (Castel et a/., 1998). The Mond Index provides the minimum safety 

distances between the process units and is chosen because of its simplicity and 

availability at early design stages.
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Penteado and Ciric (1996), as mentioned earlier, propose an MINLP model deter

mining simultaneously the process plant layout, the num ber and type of protection 

devices and the financial risk associated with accidents and their propagation to 

neighbouring items, assuming circular footprints of items. This work is based in a 

representation of the risk related to accidents propagating from a source to a target 

item utilising the equivalent TNT method (Lees, 1980).

2.4 P ip e less  P lan ts

New environmental regulations, product specifications and demands and narrow 

profit margins in the last 15 years have forced chemical industries to look for more 

effective ways of production operations to remain competitive. A ttention is now 

focused on the adaptability and flexibility of production operations of new plants or 

revamped existing plants. For example, the flexibility of batch plants on producing 

a large number of products is lim ited because of the need of equipment and piping 

cleaning especially in food and pharmaceutical production.

One promising option is the pipeless batch plants (Niwa, 1993). Their main differ

ence from traditional batch plants is the transportation of m aterial through transfer

able vessels from one processing stage to the other. The vessels may have individual 

built-in carts or may be carried by a shared pool of A utom ated Guide Vehicles 

(AGVs) and their m otion can be free or take place on tracks. In the later case 

the system size, the charge/discharge time and the machine failure rate factor can 

significantly affect the operation of the system (Farling, 2001).
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The processing takes place in processing stations of specific functions. According to 

Niwa (1991) the following 6 processing station types are most oftenly included in 

the batch recipes: (a) mixing; (b) reaction; (c) distillation; (d) extraction/isolation; 

(e) sampling/discharge; and (f) washing station. The same transfer vessels hold the 

m aterial while processing at each station. The elimination of pipework offers great 

flexibility as any m aterial can be transferred in the vessels between two different 

processing stations, offering quick respond to m arket demands. Cleaning performs 

normally in cleaning stations reducing possible extra tim e of cleaning of the stations 

and piping.

The pipeless plant problem have only recently attracted  the interest of the research 

community. A heuristic methodology for the design of single-stage pipeless plants 

is presented by Hasebe and Hashimoto (1991). A solution to the aggregate problem 

of determining the number of transferable vessels and processing stations and an 

evaluation of the pipeless plants considering operational issues is suggested in Niwa 

(1993) and Niwa (1994) respectively. Pantelides et al. (1995) present a system

atic and rigorous approach to the optimal detailed short term  scheduling of pipeless 

plants. The MILP model exploits the flexibility of the plant equipments and ac

commodates recipes of arbitrary complexity. Liu and Me Greavy (1996) present 

a framework which aims to consider and examine the design and the operating 

strategies of pipeless plants emphasising to dynamic analysis and production ar

rangements. Bok and Park (1998) present a short-term  scheduling, MILP model for 

m ultipurpose pipeless plants over a continuous-time domain representation which
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emphasises representation of the various directions of production.

P lant layout involves decisions about the allocation of processing stations in the 

land area thus determining the vessel transfer times and affecting the scheduling 

of both operation of processing stations and movement of vessels. Realff et ah 

(1996) present a simultaneous approach considering design, layout and operation. A 

rigorous decomposition procedure is proposed for the solution of the resulting MILP. 

The layout structure is pre-selected and the model decides the position where each 

station should be allocated (discrete approach). Gonzalez and Realff (1998a) couple 

a discrete event simulator to schedules derived from MILP models and produce and 

compare two different layouts with the same equipment. Then the sensitivity of the 

MILP schedules to random perturbations in processing and travel times is evaluated. 

Gonzalez and Realff (1998b) compare the above MILP schedules to results obtained 

by using local dispatch rules to govern station operation and vessel movement.

2.5 D iscussion

In sections 2.1 and 2.2, the main research works in the facility and process plant 

layout problems were presented. Most applications of the facility layout problem 

consider job shops and assembly facilities. Some of the weaknesses of the methods 

associated with the facility layout problem are the the usual assumptions of constant 

allocation of departm ents to locations and equal area departm ents and also the 

likelihood of splitting departm ents across two or more floors. Therefore, there is a 

need for a separate study of the process plant layout problem due to the additional
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levels of complexity of chemical processing.

There are three basic disadvantages in the approaches presented in section 2.2 for 

the process plant layout problem. The first is the provision of suboptimal solutions 

as many of them  are based on heuristic rules or consider discrete domain mod

els. The second is the non-compliance with current industrial practices by utilising 

Euclidean distances and circular footprints as clearly explained in the works of Pen

teado and Ciric (1996), Georgiadis et al. (1997) and Papageorgiou and Rotstein 

(1998). Finally, many of them  are unable to tackle large flowsheets in reasonable 

com putational times because of the increased model size.

For these reasons, there is a need for new m athem atical formulations and new solu

tion approaches particularly in the more promising and less investigated multifloor 

case to tackle large flowsheets in modest com putational times utilising a continuous- 

domain representation. In chapters 3, 4 and 5 a simultaneous, a decomposition and 

an iterative approach are presented for the solution of the multi-floor process plant 

layout.

Considering safe process plant layouts, there is a need for an approach tha t combines 

process plant layout and detailed risk assessment. In chapter 6, quantitative safety 

evaluation systems like the Dow Fire and Explosion Hazard System (1994), which 

quantifies the expected damage caused by fire or explosion, can be considered in a 

process plant layout problem.

Research work should focus on the development of mixed integer optimisation models 

by incorporating safety aspects within single floor layout problems following realistic
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assumptions. The performance criterion used in these models should include terms 

such as financial risk and cost of protection devices. The financial risk component 

should reflect the consequences of building unsafe chemical plants and can therefore 

be quantified as the expected plant losses in case of accidents due to fire or explosion. 

In chapter 6, a m athem atical formulation considering the above issues by utilising 

the equivalent TNT m ethod (Lees, 1980; A IChE/CCPS, 1989) for the representation 

of the propagation of an accident from a source to a target unit.

Finally in the case of pipeless plants, there is no approach deciding simultaneously 

on the type of the layout and the allocation of processing stations in the land area 

of the pipeless plant. There is a need for a unified m athem atical framework captur

ing layout, design, and planing aspects within the same framework. The resulting 

model should consider all the above components simultaneously thus resolving var

ious trade-offs at an optim al manner. In Chapter 7 a new m athem atical framework 

is presented extending the single-floor work of Papageorgiou and Rotstein (1998), 

which is based on a continuous domain representation, and the aggregate model 

describing the plant operation presented by Realff et al. (1996).
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M ultifloor P rocess P lant Layout - 

A S im ultaneous A pproach

In this chapter, a simultaneous approach for the multifloor process plant layout 

problem is presented. The proposed general m athem atical programming formula

tion extends the single-floor work of Papageorgiou and Rotstein (1998), which is 

based on a continuous domain representation. This type of representation com

pares favourably to the convenient, from the modelling point of view, grid-based 

approaches (Georgiadis et a/., 1997; 1999)) where equipment items are allocated to 

one or more candidate locations because they can guarantee global optimality. The 

MILP formulation determines simultaneously the num ber of floors, land area, floor 

allocation of each equipment item and detailed layout for each floor.

34
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3.1 T he M ultifloor P rocess P lan t Layout P roblem

In the simultaneous approach presented here, rectangular shapes are assumed for 

equipment items following current industrial practices. Rectilinear distances be

tween the equipment items are used for a more realistic estim ate of piping costs 

(Penteado and Ciric, 1996; Papageorgiou and Rotstein, 1998; Georgiadis et ah, 

1999). Equipment items, which are allowed to ro tate  90°, are assumed to be con

nected through their geometrical centres.

Overall, the multi-floor plant layout problem can be stated as follows:

Given:

• A set of N  equipment items and their dimensions;

• A set of K  potential floors;

• Connectivity network;

• Cost data (connection, pumping, land and construction);

• Floor height;

• Space and equipment allocation limitations; and

• Minimum safety distances between equipment items.

Determine:

The number of floors, land area, equipment-floor allocation and detailed layout [i.e. 

orientation, coordinates) of each floor.
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So as to minimise the to tal plant layout cost.

Next, the m athem atical formulation is presented.

3.2 M ath em atica l Form ulation

The indices and param eters associated with the layout problem are listed below: 

Indices

i , j  equipment item

k floor

5 candidate rectangular area

Parameters

fij  1 if flow is from item  i to item  j  ; 0 otherwise

ARs  area of rectangular area s [m^]

C^j connection cost between items i and j  [rmu/m^]

C^j vertical pumping cost between items i and j  [rmu/m]

C^j horizontal pumping cost between items i and j  [rmu/m]

F  C l  fixed floor construction cost [rmu]

FC2  area dependent floor construction cost [rmu/m^]

^ r m u  s ta n d s  for re la tiv e  m oney  u n its
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H  floor height [m]

LC  land cost [rmu/m^]

M  distance upper bound

X s i Y s  dimensions of rectangular area s [m]

ai^(3i dimensions of item i [m]

The formulation is based on the following key variables:

Integer Variables

N F  number of floors

Binary Variables

E l i j ,E 2 i j  non-overlapping binary variables (as used in Papageorgiou and Rotstein; 

1998)

O i 1 if length of item  i is equal to ai [i.e. parallel to x axis); 0 otherwise

Q s  1 if candidate area s is selected; 0 otherwise

Vik 1 if item  i is assigned to floor k; 0 otherwise

Zij 1 if equipment item s i and j  are allocated to the same floor; 0 otherwise

Continuous Variables 

U length of item i [m]

di depth of item i [m]
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Xi^Ui coordinates of geometrical centre of item i [m]

Aij relative distance in y coordinates between items i and j ,  if% is above j  [m]

Bij relative distance in y coordinates between items i and j ,  if% is below j  [m]

Dij relative distance in z coordinates between items i and j ,  if z is lower than j

[m]

F A  floor area [mS]

Lij relative distance in x coordinates between items i and j ,  if z is to the left of j

NQ^  linearisation variable expressing the product of N F  and Qs

Rij relative distance in x coordinates between items z and i ,  if z is to the right of

j  [m]

TDij  to tal rectilinear distance between items z and j  [m]

Uij relative distance in z coordinates between items z and j ,  if z is higher than j

[m]

ymax j^niensions of floor area [m]

3.2 .1  F loor C onstra in ts

Each equipment item should be assigned to one floor:

=  1 \/ ; (3.1)
k
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The value of the Zij variables can be obtained by:

Zij > Vi/c +  Vjk — 1 Vz =  1..N — l , j  =  z +  A: =  1..K (3.2)

Zij < 1 — K'/c +  Vjk Vz =  1..N — =  z +  l . . N , k  = 1..K (3.3)

Zij < 1 +  — Vjk Vz =  1..7V — 1; j  = i 1..N, k = 1. .K (3.4)

Note tha t if two equipment items z and j  are allocated to the same floor (z.e. Vk = 

Vjk) then the corresponding Zij variable is forced to one by constraints (3.2), while 

constraints (3.3) and (3.4) are inactive. On the other hand, if equipment items z and 

j  are allocated to different floors then constraints (3.2) are inactive while constraints 

(3.3) and (3.4) are active and force the Zij variable to zero.

The number of floors, N F ,  is determined by:

% (3.5)
k

It should be added tha t constraints (3.5) will be active for the equipment items 

assigned to the top occupied floor given th a t the N F  variable is minimised in the 

objective function (see section 3.2.6).
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3 .2 .2  E quipm ent O rientation  C onstra in ts

The length and the depth of equipment item i are determined by equipment orien

tation decisions. The effect of equipment orientation is captured as follows:

h = Oil ’ Oi +  • (1 — Oi) V i (3.6)

di — OLi -\- Si ~  U V 2 (3.7)

3 .2 .3  N on-overlapping  C onstra in ts

In order to avoid situations where two equipment items i and j  occupy the same

physical location when allocated to the same floor [i.e. Zij =  1), appropriate con

straints should be included in the model th a t prohibit overlapping of their equipment 

footprint projections, either in a: or y direction. If i and j  are allocated to the same 

floor, then this constraint is depicted in Figures 3.1 and 3.2. Non-overlapping is 

guaranteed if at least one of the following inequalities is active:

Xi — Xj >   ̂ ^   ̂ y  i = 1. .N — l , j  = i \ . . N  (3.8)

Xj — Xi >  ̂ \f i = 1..N — 1, j  = i 1. .N  (3.9)

Vi — Vj ^  —-  y  i = I . .N  — l , j  = i A- I . .N  (3.10)
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item j

I'igui'p 3.1: Avoiding e(;ni[)inent overlapping (x- direel ion)

dj +  (Ij
Y ~

(3.11)

For instance, in Figure 3.1 inetpiality (3.9) is active while in Figure 3.2 inequality 

(3.10) is active. These non-overlapping disjunctive conditions can mathematically 

he modelled by including appropriate “big M” constraints and introducing two ad

ditional sets of binary variables; Ei^j and E2p. Each pair of values (0 or 1) to these 

variables determines which constraint from (3.8) to (3.11) is active.

For every pair (i, j )  such that j  > i and Zp =  1, we have:

If constraint (3.8) is active then :

Ei,j  = 0, E2,j = 0
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item i

item j

Figure 3.2: Avoiding e(|ui])ment overlapping (y- direction) 

constraint (3.9) is active then :

El,j = i ,  F2 -,j = 0

If constraint (3.10) is active then :

El ,j  = 0, E2,j = 1 

If constraint (3.11) is active then :

EEj  =  l jE2ij  = 1

In summary, the non-overlapping constraints included in the model are:

I  -L I-
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x j - X i  +  M - ( 2 - Z i j - E U j  +  E 2 i ^ ) > - C ^  • \ / i  = l . . N - l , j  = i  + l . .N  (3.13)

! / .-% +  M . ( 2 - Z.y +  E l . j - E2.y) >  4 ^  Vz =  = i  +  l..lV (3.14)

!/, -  ÿ. +  M  - (3 -  %  -  E l„  -  E2., ) > Vz =  1 . .7 V - l ,i  =  i +  l..lV (3.15)

where M  is an appropriate upper bound. Note th a t the above constraints are inac

tive for equipment items allocated to different floors {i.e. Zij = 0).

3 .2 .4  D ista n ce  C on stra in ts

The single floor distance constraints presented in Papageorgiou and Rotstein (1998) 

are here extended for the multi-floor case:

Rij — Lij = Xi — Xj V ( i , j )  : fij = 1 (3.16)

Aij -  Bij = y, -  yj \ / { i , j )  : fij = 1 (3.17)

Uij -  Dij = H  - ^ k  • {Vik -  Vjk) V (z ,i) : fij = 1 (3.18)
k

Thus, the to ta l rectilinear distance between items i and j  is given by:

TDij  — Rij T Lij -f Aij T Bij +  Uij +  Dij V (z, j )  : fij — 1 (3.19)
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3 .2 .5  A d d itio n a l Layout D esig n  C onstra in ts

Lower bound constraints on the coordinates of the geometrical centre are included 

in order to avoid intersection of items with the origin of axes:

x , > ‘j  V i (3.20)

Vi > — V i (3.21)

A rectangular shape of land area is assumed to be used and its dimensions are 

determined by:

X i  + j <  V i (3.22)

!/. +  ! <  V I (3.23)

These dimensions are then used to calculate the land area, FA:

F A  =  (3.24)

3 .2 .6  O b jective  F un ction

The objective function of the simultaneous model includes:

• Connectivity cost:
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Vertical pumping cost:

E E

Horizontal pumping cost:

Floor construction cost:

F C l  ■ N F  +  FC2 N F  - F A

• Land area cost:

Overall, the problem is summarised as follows:

[Problem PO]

min E E [C‘,-TD„ + C:-Di, + Ctr(Jiii + Lii + Aij + Bii)]

F F C I  ■ N F  +  FC2 ■ N F  ■ F A F  L C  - F A  

subject to constraints (3.1) - (3.7) and (3.12) - (3.24).

The above problem is an MINLP model because of the non-linearities involved in 

the last two terms of the objective function and in equation (3.24). However, the 

ji^max  ̂ymax variables required for the calculations of F A  can be approximated sim

ilarly to the work presented in Georgiadis et al  (1999). The value of land area.
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F A ,  will be chosen from a set of S  candidate rectangular area sizes, ARs,  with Xs

and Ys  dimensions. Then, binary variables, Qs, are introduced together with the

constraints:

FA = Y,AR, -Q,  (3.25)

E<3» =  1 (3.26)

The values of and variables are forced to coincide with the dimensions

of the selected area size:

=  (3.27)

=  -Q, (3.28)

By introducing the above approximation, the last two nonlinear term s of the objec

tive function now result in bilinear and linear term s, respectively. The penultim ate

bilinear term  can easily be linearised by introducing new continuous variables, NQ^:

fVQ, =  . 0 ,  V 6

defined by:

ÆQ, <  Æ . 0 ,  V s  (3.29)
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= (3.30)

Finally, the linearised problem corresponds to an MILP model which can be sum

marised as follows:

[Problem P]

+ F C 1  • N F  +  FC2 NQ^ F L C  ■ F A

subject to

constraints (3.1) - (3.7), (3.12) - (3.23) and (3.25) - (3.30).

All continuous variables in the formulation are defined as non-negative.

Next, a number of illustrative examples are presented to dem onstrate the applica

bility of the MILP model [Problem P].

3.3 C om putational R esu lts

In this section, the proposed formulation is applied to  a num ber of previously pub

lished examples of process plant layout optimisation. All examples were modelled 

using the GAMS modelling system (Brooke et ah, 1998) coupled with the ILOG 

CPLEX V6.5 MILP optimisation package (1999). All the com putational experi

ments were performed on an IBM RS6000 with a 5% margin of optimality. Five 

alternative sizes per dimension have been used in all examples thus leading to 25
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Coffee

PERCOLATOR

Hot water

SPRAY DRYER

Water
CYCLONE

Dry instant coffee

PRESS

DRYER

Water

Wet coffee grounds

Figure 3.3: Flowsheet for coffee plant

candidate area sizes. It is also assumed here tha t construction dimensions

and are available in multiples of 10 m.  A floor height of 5m is selected for all

examples.

3.3 .1  In sta n t C offee P lan t

The first example studied, is the 5-unit instant coffee plant (see Figure 3.3), intro

duced by Jayakum ar and Reklaitis (1996). Three potential floors are assumed to be 

initially available.

The equipment dimensions are given in Table 3.1. Connection and pumping cost
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data are given in Table 3.2. The floor construction cost param eters, F C l  and F (72, 

are 3330 rmu  and 66.7 respectively, and the land cost param eter, LC, is

66.7 rm u /n F .

Table 3.1: Equipment dimensions for coffee plant

Unit 1 2 3 4 5

di [m] 15^ 1 2  15.8 6.3 9.5

A [^] 3.2 3.2 3.2 6.3 3.2

Table 3.2: Connection and pumping costs for coffee plant

Connection C^j [rmu/m ] Oh [rmu/m] C-/j [rmu/m]

(1,2) 600 2525 25250

(1,3) 800 3783 37830

(2,3) 350 631 6310

(2,4) 400 1879 18790

(4,5) 500 1420 14200

The resulting m athem atical model includes 211 constraints, 64 integer and 74 con

tinuous variables while the optimal layout is shown in Figure 3.4. The optimal 

solution (equipment orientation and location, equipment-floor allocation) is gi\en 

in Table 3.3. As it can be seen, only gravity is utilised for the m aterial transfer 

from unit 1 to 3 and 4 to 5. Also gravity is used for the vertical m aterial transfer
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FLOOR 2

Figure 3.4: Optimal layout for coffee plant - Simultaneous approach

from unit 2 to 3. It should be noted tha t two out of the three initially available 

floors have finally been chosen. The total plant layout cost is 82366 rmu  with the 

following breakdown: 16.8% for connection cost; 26.6% for horizontal and vertical 

pumping costs, 16.17% for land and 40.43% for floor construction cost. The optimal 

land area is 200 _  20 rn, = 10 m). The corresponding CPU tim e is

3.1 5 .

Next, the im portance of considering the number of floors together with other layout 

decisions {e.g. orientation, location) within the same optim isation framework is il

lustrated. First, the number of floors is assumed to be fixed and then the reduced 

M IL? model is solved^. For the single-floor case {i.e. NF=1),  a suboptimal solu

tion of 107497 rm u  is obtained. This solution is 30.5% higher than the two-floor

T o r  these ru n s th e  m arg in  of o p tim a lity  used is 0.1%



Chapter 3. Simultaneous Approach 51

Table 3.3: Optimal solution for coffee plant - Simultaneous approach

Orientation Location Allocation

Equipment k [m] di [m] Xi [m] Vi [m] Floor

1 15.80 3.20 &50 7.90 2

2 T20 3.20 &50 4.70 2

3 1&80 T20 9.50 7.90 1

4 6.30 6.30 4.75 3.15 2

5 &50 3.20 4.75 3.15 1

optimal solution of 82366 rmu.  Moreover, the three-floor optim al plant layout has 

an objective function of 89343 rmu  which is also suboptim al (8.5% higher than the 

optimal value).

The cost breakdown for the single-floor case is: 10.3% for connection cost; 37.2% for 

horizontal and vertical pumping costs, 24.7% for land and 27.8% for floor construc

tion cost. Comparing the above breakdown with the optimal one, it is obvious tha t 

there is a significant increase in operating costs as gravity is not utilised any more 

for m aterial transfer. Land cost is also increased as there is a need for a bigger land 

area to allocate all items on the same floor. On the other hand, floor construction 

cost is significantly decreased as less floors are required. It is worth mentioning 

tha t the three-floor optimal layout is cheaper than the single-floor one showing the 

savings potential of the multifloor allocation.
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Figure 3.5: Flowsheet for ethylene oxide plant

3 .3 .2  E th y len e O xide P lan t

Consider the ethylene oxide plant, derived from the case study presented by Pen- 

teado and Ciric (1996). The plant flowsheet includes 7 units as shown in Figure 3.5. 

The equipment dimensions and the connection and pumping cost data  are given in 

Tables 3.4 and 3.5, respectively. The F C l  and FC2  floor construction cost param e

ters, are 3330 rm u  and 6.7 rm u/m ^, respectively, and the  land cost param eter, LC,  

is 26.6 rmufm"^. Three potential floors are assumed to be available.

Table 3.4: Equipment dimensions for ethylene oxide plant

Unit 1 2 3 4 5 6 7

ai [m] 5.22 11.42 T68 8.48 7.68 2.60 2.40

A [^] 5.22 11.42 T68 8.48 7.68 2.60 2.40
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Table 3.5; Connection and pumping costs for ethylene oxide plant

Connection C^j [rmu/m] Cj/j [rmu/m] Cij [rmu/m]

(1,2) 200 400 4000

(2,3) 200 400 4000

(3,4) 200 300 3000

(4,5) 200 300 3000

(5,1) 200 100 1000

(5,6) 200 200 2000

(6,7) 200 150 1500

(7,5) 200 150 1500

The resulting m athem atical model includes 382 constraints, 100 integer and 103 

continuous variables and is solved in 174 s. The optim al layout is shown in Figure

3.6 comprising two floors. Equipment orientation and location and equipment-floor 

allocation are given in Table 3.6. The total plant layout cost is 50817 rm u  with 

the following breakdown: 23% for connection cost; 32.5% for horizontal and vertical 

pumping costs and 44.5% for land and construction costs. The optim al land area is 

400 =  20 m, =  20 m).

As mentioned earlier, 25 (10m x 10m) candidate area sizes have been used for all 

examples. A finer discretisation of the land area into 100 (5m x 5m) candidate 

areas will give a solution of 50137 rm u  as the land area is reduced to 375 m^. An 

even finer discretisation with 625 (2m x 2m) candidate areas will further reduce the
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FLO O R 2

FLO O R 1

Figure 3.6: Optimal layout for ethylene oxide plant - Simultaneous approach

optimal solution by 5.9% to 47797 rmu.  From the above values, it can be concluded 

tha t there is a significant effect of the land area discretisation on the total plant 

layout cost.

3 .3 .3  B atch  P lan t

This example was first proposed by Georgiadis et al. (1997). It considers the layout 

for an 11-unit batch plant (see Figure 3.7). The problem data  are presented in Tables

3.7 and 3.8. Floor construction cost param eters, F C l  and 7^(72, are 3330 rm u  and 

3.33 respectively, and the land cost param eter, L C , is 66.6 rm u fm ^ .

The problem is solved in 4213 5 and the optimal solution is presented in Table 3.9 

and Figure 3.8. Connection cost represents 26.3%, pumping cost 26.9 % and land
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Table 3.6: Optimal solution for ethylene oxide plant - Simultaneous approach

Orientation Location Allocation

Equipment h [m] di [m] Xi [m] Vi [m] Floor

1- 5.22 5.22 14.29 5T^ 2

2 11.42 11.42 14.29 14.29 2

3 T68 7^8 14.29 14.29 1

4 8.48 8.48 14.29 6.21 1

5 T68 7^8 6.21 6.21 1

6 Z60 2^0 6.21 11.35 1

7 2.40 2.40 3.71 11.25 1

and construction cost 46.8 % of the to tal plant layout cost (37770 rmu).  It should 

be noted tha t three out of five potential floors have finally been chosen with an area 

of 100 _  20 m, =  10 m) for each floor. The size of the model has

significantly increased from the previous 7-unit example as shown in Table 3.13.

Table 3.7: Equipment dimensions for batch plant

Unit VI V2 la lb 2a R2 R4 V5 V6 V5a V6a

ai [m] 5.0 6.0 4.0 6.5 6.0 4.0 4.0 5.0 4.0 2.0 3.0

A M  3.0 5.0 6.0 5.0 3.0 5.5 5.0 3.0 6.0 1.0 2.0
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Figure 3.7: Flowsheet for batch plant 

3 .3 .4  C osm etic-grad e Isopropyl A lcoh o l P lan t

This example was first presented in Jayakum ar and Reklaitis (1994) and considers 

the layout design for a 12-unit plant (see Figure 3.9) manufacturing cosmetic-grade 

isopropyl alcohol. The equipment dimensions are given in Table 3.10. Connection 

and pumping cost data are given in Table 3.11. The floor construction cost param e

ters, F C l  and FC72, are 2331 rm u  and 9.9 rm u jm ^ ,  respectively, and the land cost 

param eter, L(7, is 133.2 rmu/m"^. Four potential floors are initially available.

The simultaneous approach appears incapable of solving this example to optimality. 

However an integer feasible solution was obtained with an objective function value 

of 111074 rmu  (gap of 25.9%) after 10000 5 as shown in Tables 3.12. In order to 

overcome the above difficulty, a new solution approach should be investigated which
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Table 3.8: Connection and pumping costs for batch plant

Connection [rm u/m ] [rmu/m] C/j [rmu/m]

(V I,la) 160 950 9500

(V2,lb) 160 380 3800

(V2,R2) 160 570 5700

(la,2a) 160 570 5700

(la,R4) 160 190 1900

(lb,2a) 160 285 2850

(R2,R4) 160 456 4:560

(2a,V5) 160 456 4:560

(2a,V6) 160 304 3040

(R4,V5a) 160 285 2850

(R4,V6a) 160 285 2850

is capable of tackling flowsheets larger than 11 units.

3.4 C oncluding R em arks

In this chapter, a simultaneous approach for the optim al multi-floor process plant 

layout problem has been considered. A general m athem atical framework has been 

described, which determines simultaneously the number of floors, land area, optimal 

equipment-floor allocation and equipment location {i.e. coordinates and orientation)
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Figure 3.8: Optimal layout for batch plant - Simultaneous approach

so as to minimise the total plant layout cost. The resulting optim isation problem 

corresponds to an MILP model. The applicability of the proposed model has been 

dem onstrated by four illustrative examples. As discussed earlier, there is a trade

off between operating/land cost and floor construction cost which determines the 

optimal number of floors and equipment layout.

A summary of the optimal objective function values and the corresponding CPU 

times for the four examples studied are shown in Table 3.12. The respective model 

sizes (number of equations and integer and continuous variable) are presented in
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Table 3.9: Optimal solution for batch plant - Simultaneous approach

Orientation Location Allocation

Equipment h [m] di [m] Xi [m] Vi [m] Floor

VI 5 3 7.00 &00 3

V2 5 6 2^0 3.00 3

la 6 4 7.00 &00 2

Ib 5 6.5 7.50 3.25 3

2a 3 6 7.00 TOO 2

R2 5.5 4 2.75 3.00 2

R4 4 5 2.00 7.50 2

V5 3 5 7.00 3.00 I

V6 4 6 3.50 3.00 I

V5a I 2 0.50 7.50 I

V6a 2 3 2.00 7.50 I

Table 3.13. It is clear from the above tables tha t there is a significant increase of 

CPU tim e with the example size and the connectivity. In the case of flowsheets with 

more than Il-un its  the resulting model renders is difficult to solve. Therefore, the 

need for the development of efficient solution procedures for the multifloor process 

plant layout is evident and will be investigated in the next two chapters.
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Table 3.10; Dimensions of equipment items for isopropyl alcohol plant

Unit 1 2 3 4 5 6 7 8 9 10 11 12

ai [m] 6.0 7.2 6.0 4.8 4.8 6.0 4.8 7.2 4.8 7.2 6.0 7.2

(3i [m] 4.8 6.0 7.2 6.0 6.0 4.8 6.0 4.8 6.0 6.0 4.8 4.8

Mixer ^ Reactor Scrubber Column Isopropyl-alcohol purification section
Exchanger

WATER
PROPYLENE

PRERUNNINGS

Storage

Desaller

INERTS 87.5 % 100%
ISOPROPYL ALCOHOL

Figure 3.9: Flowsheet for isopropyl alcohol plant
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Table 3.11: Connection and pumping costs for isopropyl alcohol plant

Connection C^j [rmu/m] Ch [rmu/m] C^j [rmu/m]

(1,2) 120.0 939 9390

(2,3) 195.0 789 7890

(2.4) 135.0 909 9090

(3,2) 195.0 789 7890

(4.1) 12.0 42 420

(4,5) 45.0 210 2100

(4,6) 135.0 669 6690

(5,1) 42T 168 1680

(6,7) 135.0 669 6690

(7,8) 165.0 540 5400

(8,9) 90.0 570 5700

(8,11) 2T0 72 720

(9,10) 90.0 420 4200

(10,11) 24.0 72 720

(11,7) 1T5 33 330

(11,12) 36.0 108 1080

(12,1) 12.0 42 420

(12,4) 27.0 66 660
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Table 3.12: Objective function values in rm u

Approach

Example Objective CPU tim e

coffee plant 82366 3.1

ethylene oxide plant 50817 174

batch plant 37770 4213

isopropyl alcohol plant 111074 10000.0 *

* C om putational lim it of 10000 s is used

Table 3.13: Model sizes

Variables

Example Units Constraints Integer Continuous

coffee plant 5 211 64 74

ethylene oxide plant 7 382 100 103

batch plant 11 1198 247 146

isopropyl alcohol plant 12 1241 2^  186



C hapter 4

M ultifloor P rocess P lan t Layout - 

A  D ecom p osition  A pproach

In the previous chapter, a simultaneous approach for the multi-floor process plant 

layout problem has been presented using a general m athem atical programming for

mulation which determines simultaneously the number of floors, land area, floor 

allocation of each equipment item and detailed layout for each floor. The overall 

problem was formulated as an MILP model based on a continuous domain represen

tation.

The simultaneous approach has proven capable of solving flowsheets up to 11-units. 

However, in the case of larger flowsheets, the size of the model increases and the 

problem becomes difficult to solve. Therefore, efficient solution procedures for the 

multi-floor process plant layout problem are required.

In this chapter, we investigate a decomposition approach suitable for larger flow

63



Chapter 4- Decomposition Approach 64

sheets without compromising significantly the solution quality. To reduce the size of 

the model, a decomposition approach is proposed where smaller problems, a master 

and a subproblem, are solved iteratively until convergence with a given tolerance. 

The m aster problem determines the number of floors and the allocation of units to 

fioors and the subproblem the detailed layout of each floor. The problem and the 

basic assumptions remain the same as stated in section 3.1.

Next, the decomposition solution approach is described in detail while its applica

bility is dem onstrated through a number of illustrative examples.

4.1 A  D ecom position  Solu tion  A pproach

In addition to the indices, parameters and variables associated with the layout prob

lem introduced in section 3.2, the following notation is used:

Parameters

6ij connection and horizontal pumping cost approximation param eter [rmu]

Xrik relevant equipment resource utilisation

pj^max maximum value of continuous variable F A  in M aster problem [m^]

Si footprint area of item i [m^] 

r  m aximum number of units per floor 

Ark availability level on resource r for floor k 

Binary Variables
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Wk 1 if floor k is occupied; 0 otherwise 

Continuous Variables

W F Ak linearisation variable expressing the product of Wk and F A  [m ]

In this section, a decomposition solution procedure for the multi-floor process plant 

layout problem is proposed. The approach comprises a m aster problem and a sub

problem.

The m aster problem provides a lower bound to the optimal solution of the original 

problem. The num ber of floors and the allocation of units to floors are determined by 

the m aster problem. Then, the solution of the subproblem provides an upper bound 

to the optimal solution of the original problem and determines the detailed layout 

for every floor. The m aster problem and the subproblem are solved iteratively until 

convergence (crossover of upper and lower bounds), with an acceptable tolerance.

4.1 .1  M a ster  P rob lem

The m aster problem determines the optimal number of floors as well as equipment- 

floor assignment. An approximation of the original objective function is used includ

ing an approxim ation of the connection and the pumping costs based on minimum 

rectilinear distances and the land and floor construction costs. The feasible region of 

the m aster problem essentially constitutes a relaxation of th a t of the original simul

taneous problem [P] as some constraints are left out or approximated thus providing 

a valid lower bound. In particular, the orientation (constraints (3.6) - (3.7)), non

overlapping (constraints (3.12) - (3.15)), horizontal distance (constraints (3.16) -
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(3.17)) and additional layout constraints (constraints (3.20) - (3.23)) are omitted 

while an approximation of the area constraints is used. Next, the m athem atical 

model of the m aster problem is described in detail.

F loor C onstraints

Constraints (3.1) - (3.5) are used as described in section 3.2.1. New integer con

straints are included in the model to relate the number of floors, N F ,  with the new 

binary variables, Wk]

(4.1)
k

A floor can be occupied only if the previous floor is occupied:

T4/& & =  2 ..jf (4.2)

A unit can only be allocated to a floor if tha t floor exists [i.e Wk =  1):

l it  (4.3)

It should be noted tha t if one floor does not exist {i.e. Wk = 0) then constraints 

(4.3) do not allow any equipment item to be allocated to floor k by forcing the 

associated variables to zero.

Also, if floor k exists {i.e. Wk = 1), then at least one equipment item should be 

allocated to it:
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Y , V i k > W k  Vfc (4.4)
i

In addition, each floor may comprise up to a maximum number of units (F) in order 

to simplify the operational complexity of each floor:

t i t  I" ' \/ & (4.5)
i

The above constraints can further be generalised to take into account of limited 

availability of resources as follows:

^rik • Vik < Ark - Wk V r , k  (4.6)

V ertical D istan ce  C onstraints

Vertical distances between equipment items are determined by constraints (3.18). 

Also, minimum horizontal distances are used for approximating horizontal, connec

tion and pumping costs in the objective function.

A rea C onstrain ts

The to tal floor area is always larger than the sum m ation of the footprint areas of 

the units allocated to that floor:

F A > J 2 S , - V , k  y k  (4.7)

In addition, constraints (3.25)- (3.26) (see section 3.2.6) are used.
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O b jective  Function

The objective function to be minimised includes

• An approximation of the connection and (horizontal and vertical) pumping 

costs by using the same cost factors as in the simultaneous model but for the 

minimum possible horizontal distances:

E E + C'y + (C=. + c-”.) • A,-

where param eter 6{j is given by:

=  [^i j  +  ^ ^ j ) -------------------- Ô------------------

• Floor construction cost:

F C l  - N F  A F C 2 - J 2 ^ k  - F A
k

• Land area cost:

. jryl

Overall, the master problem can be summarised as follows: 

[Problem MO]

min

+FC1 ■ N F  +  FC 2 ■ Y .W , , -  C A  + L C  ■ F A
k

subject to constraints (4.1) - (4.7) and

part of chapter 3 constraints [(3.1) - (3.5), (3.18) and (3.25) - (3.26)].
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All continuous variables in the formulation are defined as non-negative.

The above problem is an MINLP model because of the bi-linearities involved in 

the penultim ate term  of the objective function, which can easily be linearised by

introducing new continuous variables, W  F  Ak]

defined by:

. tTk \/ & (4.8)

:> jFb4 -- . ( 1 M/&) V A; (4.9)

where F is given by:

Finally, the linearised problem corresponds to the following MILP model:

[Problem MB]

rrnn ^  ^  Ay +  C y  [/;,■ + +  C ” ) • A i

F F C l  • N F  +  FC2  • Y ^ W F A k  A L C  ■ F A
k

subject to constraints (4.1) - (4.9) and

part of chapter 3 constraints [(3.1) - (3.5), (3.18) and (3.25) - (3.26)].

It is clear tha t the solution of [MR] provides a lower bound to the solution of the 

original problem [P] (presented in chapter 3) as the feasible region of [MR] is simply
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a relaxation of [P] while the objective function constitutes an under-estim ator for 

the original objective function.

4 .1 .2  Subproblem  M o d el

A reduced simultaneous model is used as subproblem. In our case, the number of 

floors, and the allocation of units to floor are given by the solution of the master

problem. The number of floors, N F ,  will now be treated  as a param eter according

to the solution of the m aster problem. As the assignment of equipment items to 

floors is part of the m aster problem, all floor constraints (3.1) - (3.5) can be om itted 

from the model. Similarly, the Zij variables are not necessary and can be treated as 

param eters, while the non-overlapping constraints are only defined for units assigned 

to the same floor. Moreover, vertical distances between units are now known from 

the m aster problem and can be treated as param eters in the subproblem model. 

Note th a t as the number of floors is now a param eter, construction cost is not 

anymore a nonlinear term  in the objective function and therefore linearisation con

straints (3.29) and (3.30) are not required in the model anymore.

In summary, the complete subproblem can now be stated as:

[Problem 5']

X) ^ +  Cij • Dij + ■ [Rij + Lij -h  Aij +  Bij)]

P F C I  • N F  +  FC2 ■ N F  • F A p  L C  ■ F A

subject to
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• Part of chapter 3 constraints:

— equipment orientation constraints(3.6) - (3.7);

— distance constraints (3.16), (3.17) and (3.19);

— additional layout constraints (3.20) - (3.23);

— area constraints (3.25) - (3.28);

• non-overlapping constraints written only for equipment items assigned by the 

m aster problem to the same floor [i.e. Zij =  1):

7. -L / .
x , - X j - ^ M  ■ [EU, E2,,) > V i = I . .N  -  l , i  =  i +  I . .N  (4.10)

I- 1-
Xj — Xi-\- M  • [1 — E l i j  E2ij) >  - V i = 1. .N — 1C = i-\- l--N  (4.11)

y i ~ y j E M • C E E l i j  — E2ij) > — -—  ̂ Vz — 1..fV — 1,j  — z-|- 1..Æ (4.12)

yj ~yiE M • ~  ^  — 2—~ V z  — 1.. vV — 1, j  — i- \- l . .N  (4.13)

The above problem [S] corresponds to an MILP model. As problem [S] constitutes 

a reduced version of the original problem [P], the solution of [S] will provide a valid 

upper bound on the solution of [P].
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4 .1 .3  D eco m p o sitio n  S olu tion  P ro ced u re

Here, a decomposition procedure is described by solving iteratively m aster problem 

[MR] and subproblem [S] until convergence. The following sets and param eters are 

defined for the description of the decomposition algorithm:

At every iteration, all previous integer solutions of the m aster problem are excluded. 

This can be achieved by introducing the following cut constraints in the m aster 

problem at iteration m:

E E Kt - E - E K*,<|c”i + |t/ri-i (4.14)
keu^ (i,k)eu^ keL'S {i,k)eL^

where UC and denote the subsets of Wk variables th a t were at their upper and

lower bounds respectively at the solution of the m aster problem at iteration m. In

a similar way, UC and denote the subsets of Vik variables at their upper and

lower bounds respectively at the solution of the m aster problem at iteration m.

The algorithm will term inate when the current lower, 0^ , and the best upper.

^u,rmn^ bouud of the optimal solution 0  of the original problem objective function

converge with a pre-specified tolerance e or m aximum num ber of iterations

has been exceeded. The optimal solution corresponds to the subproblem solution

with the lowest objective function value provided th a t the problem is feasible.

The decomposition solution algorithm comprises the following steps:

[Algorithm D]

1. Set best feasible solution 0^'^^^ =  +oo. Initialise iterations counter; m := 0.
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2. Set m  := m  I. If m > STOP.

3. Solve m aster problem [MR] (including cuts (4.14)) and get 0^ . If [MR] is

infeasible, STOP.

4. If <  6, STOP.

5. Solve subproblem [S] according to the solution of m aster problem [MR] and

get a valid upper bound 0 ^ . If at any stage the subproblem is infeasible go

to Step 2.

6. If 0 ^  <  0 ^’"̂ *’̂  keep current solution as the best feasible solution and set

7. If < e, STOP. Otherwise go to Step 2.

4.2 C om putational R esu lts

In this section, the proposed solution approach is applied to four examples. All 

examples were modelled using the GAMS modelling system coupled with the ILOG 

CPLEX V6.5 MILP optimisation package. All the com putational experiments were 

performed on an IBM RS6000 with 1% margin of optim ality for the m aster problem 

and the subproblem. The algorithms term inate when the current lower bound (cur

rent m aster problem solution) and the best upper bound (best subproblem solution) 

differ less than 5%. The results from Examples 1 and 2 are compared with those of 

the simultaneous approach, where a 5% margin of optim ality was used to provide
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a measure of the solution quality obtained by both approaches. It should be added 

th a t the th ird  example could not be solved to optim ality with the simultaneous 

approach after a com putational limit of 10000 6.

Again, the land area is chosen from a given set of alternative rectangular area 

sizes. Here, we use five alternative sizes for x and y directions, thus resulting in 25 

candidate area sizes each of them  being 10m x 10m. A floor height of 5m is used 

for all examples.

4 .2 .1  In stan t C offee P lan t

The first example studied, is the 5-unit instant coffee plant (see Figure 3.3). The 

dimensions of equipment items, the connection and pum ping costs and the floor 

and land cost param eters are all given in section 3.3.1. Three potential floors were 

initially assumed. The decomposition approach objective function values for the 

m aster and subproblem for each iteration are illustrated in Figure 4.1. The algorithm 

requires 12 iterations to converge while the optimal solution was obtained aftei 9 

iterations. As shown in Table 4.6, both approaches result in the same objective 

function value. However, the decomposition approach requires half the CPU time 

of the simultaneous approach (see Table 4.7).

The optimal two-floor layout determined by the decomposition approach is shown 

in Figure 4.2. It is worth noting tha t the optimal layouts of both approaches (si

multaneous and decomposition) are equivalent as each of them  can easily be derived 

by an 180° rotation of the layout of each floor. The above degeneracy stems mairdy
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Figure 4.1: Convergence for decomposition approach for coffee process

from the discretisation of the land area. The optimal equipment orientation and 

location are given in Table 4.1.

4 .2 .2  E th y len e O xide P lan t

The second example considers the ethylene oxide plant (see Figure 3.5). All data 

have been presented in section 3.3.2. Both simultaneous and decomposition ap

proaches obtain the same objective function (see Table 4.6). However, it is evident 

from Tables 3.6 and 4.2 and Figures 3.6 and 4.3. th a t degenerate optimal solutions 

were obtained with the same item-floor assignment but different location of equip

ment items. Both approaches select two out of the three initial floors in the final 

solution.

The decomposition approach solves the problem faster than  the simultaneous ap-
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FLOOR 2

FLOOR 1

Figure 4.2: Optimal layout for coffee process - Decomposition approach

FLO O R  2

F LO O R  1

Figure 4.3: Optimal layout for ethylene oxide plant - Decomposition approach
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Table 4.1: Optimal solution for coffee process - Decomposition approach

Orientation Location Allocation

Equipment U [m] di [m] Xi [m] Vi [m] Floor

1 15.80 3.20 10.50 2.10 2

2 T20 3.20 10.50 5.30 2

3 15.80 T20 10.50 2.10 1

4 6.30 6.30 15.25 6.85 2

5 &50 T20 15.25 6.85 1

proach (see Table 4.7), thus illustrating the efficiency of this solution approach. 

Finally, the decomposition approach requires 11 iterations in to tal to converge with 

the second iteration obtaining the best solution as clearly depicted in Figure 4.4.

4 .2 .3  C osm etic-G rad e Isopropyl A lco h o l P lan t

This example considers the layout design for a 12-unit cosmetic-grade isopropyl alco

hol plant (see Figure 3.9). The equipment dimensions and the connection, pumping, 

land and floor construction cost data have been given in section 3.3.4. Four poten

tial floors are initially available. As mentioned earlier and also shown in Tables 4.6 

and 4.7, the simultaneous approach cannot solve this example with a 5% margin of 

optim ality in 10000 5. On the other hand, the decomposition approach solves the 

problem in 4457 s (see Table 4.7) and requires 40 iterations to  converge as shown 

in Figure 4.5 while the twenty first iteration provides the optim al solution (101100
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Table 4.2: Optimal solution for ethylene oxide plant - Decomposition approach

Orientation Location Allocation

Equipment h [m] di [m] Xi [m] Vi [m] Floor

1 &22 5.22 12.32 16.4 2

2 11.42 11.42 12.32 &08 2

3 T68 T68 12.32 &08 1

4 8.48 &48 4.24 &08 1

5 T68 T68 4.24 16.16 1

6 260 2TW &38 16.16 1

7 2.40 2.40 9.38 18.66 1

rmu).  The optimal area is 200 m? per floor. The optim al layout details for the 

decomposition approach are presented in Figure 4.6 and Tables 4.3.

4 .2 .4  M aleik  A nhydride P lant

This new example considers a 14-unit maleik anhydride process, based on a flowsheet 

presented in Meyers (1986). The simplified flowsheet is shown in Figure 4.7 while 

the equipment dimensions are given in Table 4.4. Connection and pumping cost 

data are given in Table 4.5. The floor construction cost param eters, F C l  and FC 2, 

are 3330 rm u  and 6.6 rmujm^^  respectively, and the land cost param eter, TC, is

66.7 rmu/wA.

It is clear from Tables 4.6 and 4.7 that both the simultaneous and decomposition
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approaches cannot solve this example within the pre-specihed tim e lim it of 10000 s 

and optim ality margins for each approach. For the simultaneous approach, we get 

an objective function of 102335 rmu  with a gap of 82.6%. For the decomposition 

approach, the subproblem of the first iteration cannot be solved for an optimality 

margin of 1% and an allocation of items to two floors (8 to the first one and 6 to 

the second). However, an integer feasible solution has been obtained of 53919 rmu  

exhibiting a gap of 32.4%.

4.3 C oncluding Rem arks

In this chapter, an improved solution approach for the optim al multi-floor process 

plant layout problem has been considered based on a decomposition solution scheme. 

The new approach determines the number of floors, land area, optimal equipment- 

floor allocation and equipment location (i.e. coordinates and orientation) so as to 

minimise the total plant layout cost. The applicability of the proposed approach 

has been dem onstrated by four illustrative examples.

The proposed approach compares favourably with the simultaneous approach pre

sented in chapter 3. As shown in Tables 4.6 and 4.7, the decomposition approach 

solves flowsheets of 5 and 7 units (instant coffee plant and ethylene oxide plant, 

respectively) much faster than the simultaneous approach.

Despite though the significant reduction of CPU times and the solution of larger 

examples (see section 4.2.3; 12-unit example) the decomposition approach still ap

pears to have difficulties in tackling larger flowsheets (e.g. 14-unit, maleik anhydride
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plant). The main problem focuses on the solution of the subproblem especially when 

many units are allocated to the same floor (see section 4.2.4). In order to overcome 

this difficulty, an alternative approach should be considered for the solution of the 

subproblem which is investigated in the next chapter.
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Table 4.3: Optimal solution for isopropyl alcohol plant - Decomposition approach

Orientation Location Allocation

Equipment U [m] di [m] Xi [m] Vi [m] Floor

1 4.8 6.0 5.4 3.6 3

2 6.0 7.2 LT8 3.6 3

3 6.0 7.2 1&8 3.6 3

4 4.8 6.0 LT8 3.6 2

5 6.0 4.8 5.4 2.8 2

6 4.8 6.0 15.6 3.0 2

7 6.0 4.8 1&6 2.8 1

8 7.2 4.8 15^ 7.6 1

9 6.0 4.8 9.0 7.6 1

10 6.0 7.2 3.0 6.4 1

11 6.0 4.8 9.0 2.8 1

12 7.2 4.8 4.8 7.6 2

Table 4.4: Dimensions of equipment items for maleik anhydride plant

Unit 1 2 3 4 5 6 7 8 9 10 11 12 13 14

ai [m] 3.0 2.5 4.0 3.0 2.5 4.0 4.5 3.5 3.0 3.0 2.0 4.0 3.5 2.5

A M  4.5 3.5 3.0 4.5 4.0 4.0 3.5 3.0 4.5 3.0 3.5 2.0 3.0 3.5
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Table 4.5: Connection and pumping costs for maleik anhydride plant

Connection C-j [rmu/m] C^j [rmu/m] [rmu/m]

(1.3) 150 300 3000

(2,3) 150 300 3000

(3,4) 50 100 1000

(3,5) 300 600 6000

(4,3) 50 100 1000

(5,6) 300 600 6000

(6,7) 250 500 5000

(6,13) 50 100 1000

(7,8) 280 560 5600

(8,9) 250 500 5000

(8,14) 80 160 1600

(9,10) 250 500 5000

(10,11) 150 300 3000

(10,12) 100 200 2000

(10,7) 30 60 600

(11,12) 150 300 3000

(12,8) 30 60 600

(13,14) 50 100 1000

(14,8) 20 40 400
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Table 4.6: Objective function values in rm u

Example

Approach 

Simultaneous Decomposition

coffee plant 

ethylene oxide plant 

isopropyl alcohol plant 

maleik anhydride plant

82366 82366 

50817 50817

111074 101100 

102335 53919

Table 4.7: CPU times in s

Example

Approach 

Simultaneous Decomposition

coffee plant 

ethylene oxide plant 

isopropyl alcohol plant 

maleik anhydride plant

3.1 1.5 

174.0 37.0 

10000.0 * 4457.6 

10000.0" 10000.0"

C o m p u ta tio n a l lim it of 10000 s  is used
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M ultifloor P rocess P lant Layout - 

A n Iterative A pproach

In the last two chapters, two solution approaches for the multi-floor process plant 

layout problem have been presented. The first one is a simultaneous approach and 

the second one is a decomposition approach. Both approaches determine the number 

of floors, land area, floor allocation of each equipment item  and detailed layout for 

each floor.

The simultaneous approach is capable of tackling flowsheets up to 11 unit. The 

decomposition approach, which comprises a m aster and a subproblem, can solve 

larger flowsheets (up to 12 units) in significant smaller CPU times. In an attem pt 

to solve even larger examples, difficulties appear in the solution of the subproblem 

within 1% margin of optimality. For this reason, there is a need of a new approach 

for the solution of subproblem at each iteration.

86
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In this chapter, a novel solution approach for the multi-floor process plant layout 

problem is presented based on an iterative solution scheme. The new approach 

comprises the same components as the decomposition approach (a m aster problem 

and a subproblem), which are solved iteratively until convergence. However, during 

each iteration a different algorithm is adopted for the solution of the subproblem. 

Next, the iterative solution approach is described.

5.1 A n Iterative Solution  A pproach

In this section, an iterative solution approach is described, which uses the same 

models as the ones described in chapter 4 for the m aster problem and the subprob

lem. The main difference between the decomposition and iterative approaches is the 

solution procedure used for the subproblem. Depending on the size of the example, 

the subproblem is sometimes difficult or tim e expensive to be solved as discussed in 

chapter 4. For this reason, an alternative solution algorithm is suggested by solving 

a sequence of smaller versions of the subproblem with successive fixing of binary 

variables before we solve the complete subproblem and get a valid upper bound, 

0 ^.

The equipment floor assignment has already been determined by the m aster problem. 

The subproblem solution procedure first selects an initial floor; usually the top or 

the bottom  floor. Then, for the chosen floor, an initial set of equipment items is 

selected and the resulting reduced subproblem [S] is solved for these items only. 

Then, the corresponding non-overlapping binary variables (i.e. variables El i j ,E2 i j
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in constraints (4.10) - (4.13)) are fixed to the solution of current subproblem. The 

next subproblem to be tackled augments the previous set of items by inserting new 

ones according to user-defined rules. Here, we simply insert new items th a t are 

connected to items of the previous iterations and are also allocated to the chosen 

floor. A maximum number of new inserted items may be imposed in the solution 

procedure. If none of the remaining items on the floor are connected to the previous 

ones then we solve the subproblem for all equipment items of the chosen floor.

The resulting subproblem will only involve the non-overlapping binary variables of 

the new inserted items with respect to existing ones [i.e. items considered in all 

previous iterations) and new items thus reducing significantly the combinatorial 

nature of the problem. It should also be added tha t although the non-overlapping 

binary variables among existing items are fixed, all remaining continuous variables 

are determined by the optimisation algorithm each tim e a reduced subproblem is 

solved.

The above equipment insertion scheme is repeated until all equipment items of the 

chosen floor are considered. The same procedure is then applied to the neighbour

ing floor while including all previously examined floors in the same model with all 

non-overlapping binary variables fixed. The above procedure is repeated until all 

occupied floors are considered. The last subproblem solved, which involves all plant 

equipment items, gives a valid upper bound, 0 ^ .

The following sets are defined for the description of the iterative algorithm:

Sets
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I  set of equipment items in the plant

Ik set of equipment items in floor k determined by m aster problem

A set of equipment items considered by subproblem

0  set of new equipment items inserted

Next, the iterative algorithm used for the solution of the subproblem is outlined: 

[Algorithm U]

1. Initialise A =  0.

2. Select floor, k.

3. Select initial set of equipment items of floor 0  and set A =  0 .

4. Solve reduced subproblem [S] for A. If A =  /  STOP.

5. Fix non-overlapping binary variables El i j ,E 2 i j  for i^j  G A. If all equipment 

items of floor k are considered {i.e. AC\ Ik = h )  then GOTO Step 7.

6. Insert new equipment items, 0 . Update A; A =  A U 0 . GOTO Step 4.

7. Consider next floor and update k. GOTO Step 6.

Overall, the iterative solution approach uses the same steps as those in Algorithm 

[D] (described in section 4.1.3) but Step 5 of algorithm [D] is now replaced by 

algorithm [U] for the subproblem solution to obtain a valid upper bound, 0 ^ .

As in the decomposition approach, the optimal solution corresponds to the subprob

lem solution with the lowest objective function value.
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Unlike the decomposition approach, the iterative approach cannot guarantee global 

optim ality due to the iterative insertion scheme used in algorithm [U]. However, 

as shown later, the solution quality obtained by the iterative approach compares 

favourably with th a t of the decomposition approach while reducing significantly the 

computational requirements.

5.2 C om putational R esu lts

In this section, the proposed iterative approach is applied to five examples of process 

plant layout optimisation. The first four examples are the ones studied in chapter 4 

while the fifth one is a larger example with 16 equipment items. The GAMS mod

elling system was used, coupled with the ILOG CPLEX V6.5 MILP optimisation 

package. The m aster problem and the subproblem were solved with 1% margin of 

optim ality on an IBM RS6000. The algorithm term inates when the current lower 

bound (current m aster problem solution) and the best upper bound (best subprob

lem solution) differ less than 5%.

All the data for the first four examples have been presented in chapter 3 (instant 

coffee plant and ethylene oxide plant, isopropyl alcohol plant) and chapter 4 (maleik 

anhydride plant) at the respective sections.

5 .2 .1  In stant C offee P lan t

For the 5-unit instant coffee plant (see Figure 3.3), the decomposition and iterative 

approaches give identical objective function values for the m aster and subproblem
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Figure 5.1; Convergence for iterative approach for coffee process

for each iteration as illustrated in Figures 4.1 and 5.1 respectively. The optimal 

two-floor layout is shown in Figure 5.2. It is worth noting th a t the optimal layouts 

for both approaches are equivalent as each of them  can easily be derived by shift

ing appropriately all equipment items along x direction. The optimal equipment 

orientation and location are given in Table 5.1.

5 .2 .2  E th y len e O xide P ro cess

For the ethylene oxide plant (see Figure 3.5), the iterative approach solves the prob

lem in a significantly smaller CPU tim e than the decomposition and simultaneous 

approaches (see Table 5.9), thus illustrating the efficiency of the iterative approach. 

Despite the same value of the objective function as shown in Table 5.8, it is evident 

from Figures 3.6, 4.3 and 5.3 tha t there are degenerate solutions. The optimal so-
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FLOOR 2

FLOOR 1

Figure 5.2: Optimal layout for coffee process - Iterative approach

lution is presented in Table 5.2. The algorithm requires 11 iterations as shown in 

Figure 5.4. It is clear from the same figure tha t the same subproblem solutions are 

obtained by both decomposition and iterative approaches apart from the very first 

iteration.

5.2 .3  C osm etic-G rad e Isopropyl A lco h o l P lan t

For the 12-unit plant manufacturing cosmetic-grade isopropyl alcohol (see Figure 

3.9), the iterative approach outperforms again all previous approaches. As shown in 

Tables 5.8 and 5.9, the approach presented here, solves the problem with a modest 

CPU tim e of 413.7 s vs 4457.6 s for the decomposition approach. The optimal 

solution of the iterative approach (102086 rmu)  is also less than 1% higher than 

the respective one from the decomposition approach. Convergence is achieved in
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Figure 5.3: Optimal layout for ethylene oxide plant - Iterative approach
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Table 5.1: Optimal solution for coffee process - Iterative approach

Orientation Location Allocation

Equipment h [m] di [m] Xi [m] Vi [^] Floor

1 15fl 3.2 7.9 2.1 2

2 3.2 3.2 7.9 5.3 2

3 15fl 3.2 7.9 2.1 1

4 6.3 6.3 12.65 6.85 2

5 9.5 3.2 12.65 6.85 1

93 iterations (see Figure 5.5). The optimal layout details are shown in Figure 5.6 

and Table 5.3. The two optimal structures (see Figures 4.6 and 5.6) differ only 

in the floor allocation of item  11; first floor for the decomposition approach and 

second floor for the iterative approach. Again, the optim al solution comprises three 

constructive floors out of four potential ones and the optim al area is 200 m?.

5 .2 .4  M aleik  A nh yd rid e P lan t

As already mentioned in section 4.2.4, the simultaneous and decomposition ap

proaches cannot solve this example within the tim e lim it of 10000 s (see Tables 

5.8 and 5.9). On the other hand, the iterative approach solves the problem within 

17 iterations while the third iteration obtains the optim al solution (42147 rmu)  as 

shown in Figure 5.7. The optim al layout is presented in Figure 5.8 and Table 5.4. 

The optimal land area is 100 _  ^0 m, =  10 m). Two floors out of
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Table 5.2: Optimal solution for ethylene oxide plant - Iterative approach

Orientation Location Allocation

Equipment h [m] di [m] Xi [m] Vi [m] Floor

1 5.22 5^2 &08 4.00 2

2 11.42 11.42 &08 12.32 2

3 A68 A68 8T8 12.32 1

4 8.48 &48 &08 4.24 1

5 A68 A68 16.16 4.24 1

6 2.60 2 bO 16.16 &38 1

7 2.40 2M0 18.66 &38 1

the three initially available are finally occupied.

5 .2 .5  C is-p o lyb u tad ien e P lan t

Finally, we consider the layout design for a 16-unit cis-polybutadiene plant (Meyers, 

1986). The simplified flowsheet is shown in Figure 5.9, while the equipment dimen

sions and connection and pumping cost data are given in Tables 5.5 and 5.6. The 

floor construction cost parameters, F C l  and FC2^ are 3330 rm u  and 6.6 rmu/m^^  

respectively, and the land cost param eter, T(7, is 66.7

As shown in Table 5.9, only the iterative approach tackles this example within the 

tim e limit of 10000 5 while the corresponding optimal solution is presented in Figure 

5.10 and Table 5.7. The optimal land area is 100. The simultaneous approach
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Figure 5.9: Flowsheet for cis-polybutadiene plant

results in an objective function value of 88767 rm u  (gap of 81.62%) in 10000 s. 

The decomposition approach cannot provide a solution for the subproblem of the 

first iteration with 1% margin of optim ality (objective function value: 51239 rmu  

with a gap of 30.3%). For the iterative approach, a optim al solution of 40602 rm u  

requires 20.7 5 thus clearly illustrating the enhanced efficiency of this approach. 

The convergence between solutions of m aster problem and subproblem is shown in 

Figure 5.11.
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5.3 C oncluding R em arks

In this chapter, one efficient solution approach for the optim al multi-floor process 

plant layout problem have been considered based on an iterative solution approach. 

The proposed approach have been shown to compare favourably with the simultane

ous and decomposition approaches (see Tables 5.8 and 5.9) as it proved particularly 

successful for tackling larger flowsheets (up to 16 units) with modest computational 

requirements.

Similarly to the previous approaches, the iterative approach determines the number 

of floors, land area, optimal equipment-floor allocation and equipment location [i.e. 

coordinates and orientation) so as to minimise the to tal plant layout cost. The 

applicability of the proposed approach has been dem onstrated by five illustrative 

examples.

As it is evident from section 5.1, algorithm [U] of the iterative approach is based 

on two user-defined param eters; selection of initial floor (Step 2) and equipment 

insertion strategy (Step 6). It has been found th a t better com putational performance 

has been achieved by starting by the top floor for all examples except example 5. 

Also, it is worth mentioning th a t the optimal solution was obtained in just a few 

iterations (usually less than 10 iterations) for most of the examples presented, which 

can be adopted for larger and/or more complicating flowsheets.
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Table 5.3: Optimal solution for isopropyl alcohol plant - Iterative approach

Orientation Location Allocation

Equipment U [m] di [m] Xi [m] Vi [m] Floor

1 4.8 6.0 2.4 6.4 3

2 6.0 7.2 7.8 6.4 3

3 6.0 7.2 1T8 6.4 3

4 6.0 4.8 7.8 7.2 2

5 4.8 6.0 2.4 7.0 2

6 6.0 4.8 7.8 2.4 2

7 6.0 4.8 6.2 2.4 1

8 7.2 4.8 5.6 7.2 1

9 4.8 6.0 11.6 7.0 1

10 6.0 7.2 17.0 6.4 1

11 6.0 4.8 14.4 2.4 2

12 7.2 4.8 14.4 7.2 2
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Table 5.4: Optim al solution for maleik anhydride example - Iterative approach

Orientation Location Allocation

Equipment h [m] d; [m] Xi [m] Vz [m] Floor

1 4.50 3.00 4.50 1.50 2

2 2.50 3.50 1.75 5.25 2

3 3.00 4.00 4.50 5.00 2

4 4.50 3.00 3 J5 &50 2

5 4.00 2.50 &00 4.75 2

6 4.00 4.00 &00 &00 2

7 3.50 4.50 &00 7.75 1

8 3.50 3.0 &00 4.00 1

9 3.00 4.50 4.75 4.00 1

10 3.00 3.00 4.75 7.75 1

11 2.00 3.50 2.25 8.00 1

12 2.00 4.00 2.25 4.25 1

13 3.00 3.50 &25 1.75 2

14 3.50 2.50 &00 1.25 1
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Table 5.5: Dimensions of equipment items for cis-polybutadiene plant

Item ai [m] A [m]

1 2.5 2.0

2 2.5 3.0

3 3.0 4.0

4 2.5 2.0

5 2.5 2.5

6 3.0 3.0

7 3.5 3.5

8 3.0 2.0

9 3.5 2.5

10 3.0 3.0

11 2.0 2.0

12 3.5 1.5

13 4.0 1.5

14 3.5 3.0

15 3.5 2.5

16 2.0 1.5
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Table 5.6: Connection and pumping costs for cis-polybutadiene plant

Connection C^- [rm u/m ] Ĉ  - [rm u/m ] C^- [rm u/m ]

(1-2) 175 525 5250

(2.3) 160 480 4800

(3,4) 205 615 6150

(4,5) 205 615 6150

(5,3) 15 45 450

(5,6) 190 570 5700

(6,7) 190 570 5700

(7,8) 190 570 5700

(8,9) 45 285 2850

(9,8) 15 45 450

(9,10) 30 90 900

(10,11) 35 105 1050

(11,3) 25 75 750

(8,12) 140 420 4200

(12,13) 140 420 4200

(13,14) 140 420 4200

(14,15) 140 420 4200

(15,16) 140 420 4200
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Table 5.7: Optim al solution for cis-polybutadiene plant - Iterative approach

Orientation Location Allocation

Equipment h [m] di [m] Xi [m] Vi [m] Floor

1 2.50 2.00 8 J5 6.50 2

2 2.50 3.00 5.75 4.50 2

3 3.00 4.00 6.00 8.00 2

4 2.00 2.50 T50 &00 2

5 2^0 2.50 1.25 &00 2

6 3.00 3.00 1.75 5.00 2

7 3.50 3.50 1.75 1.75 2

8 2.00 3.00 4.50 1.50 2

9 3.50 2.50 7.25 L25 2

10 3.00 3.00 8.50 4.00 2

11 2.00 2TW 8.50 8.50 2

12 3.50 1.50 4.50 0.75 1

13 4.00 1.50 4.50 2.25 1

14 3.50 3.00 4.50 4.50 1

15 3.50 2.50 4.50 T25 1

16 2.00 1.50 4.50 9.25 1
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Table 5.8: Objective function values in rm u

Example Simultaneous

Approach

Decomposition Iterative

coffee plant 82366 82366 82366

ethylene oxide plant 50817 50817 50817

isopropyl alcohol plant 111074 101100 102086

maleik anhydride plant 102335 53919 42147

cis-polybutadiene plant 88767 51239 40602

Table 5.9: CPU times in s

Approach

Example Simultaneous Decomposition Iterative

coffee plant 3.1 1.5 1.5

ethylene oxide plan 174.0 37.0 7.0

isopropyl alcohol plant 10000.0* 4457.6 413.7

maleik anhydride plant 10000.0* 10000.0* 110.0

cis-polybutadiene plant 10000.0* 10000.0* 20.7

C o m p u ta tio n a l lim it of 10000 s  is used
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P rocess P lant Layout w ith  Safety  

A sp ects

The public awareness of industrial hazards in industry has been recently increased 

due to a number of accidents in chemical process industries. This has led to a need 

for an in depth consideration of safety aspects within the process plant layout frame

work during the design or retrofit of a chemical plant, as such decisions can affect 

significantly the safety of the plant. Moreover, protection devices can considerably 

reduce the effect of accidents and the financial risk associated with the source item 

or the propagation of the accident from the source to the target item  and may lead 

to more compact layouts. In this chapter, two different approaches considering the 

process plant layout problem with safety aspects are presented.

The first approach is an MINLP model which determines simultaneously the coordi

nates and orientation of each equipment item  and the num ber and type of equipment

107
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protection devices to be installed at each item. In this model, the risk related to 

accidents propagating from a source to a target item  is represented by utilising the 

equivalent TNT method (Lees, 1980; A IChE/CCPS, 1989) as explained in Penteado 

and Ciric (1996).

The second approach is an MILP model which combines process plant layout and 

detailed risk assessment by utilising the Dow Fire and Explosion Index System 

(1994). Q uantitative safety evaluation systems like the Dow Fire and Explosion 

Hazard System (1994) quantify the expected damage caused by fire or explosion 

and can therefore be considered in a process plant layout problem.

6.1 A n M IN L P Approach

6 .1 .1  P rob lem  S ta tem en t

In the formulation presented here, rectangular shapes and 90° rotation of items, 

rectilinear distances between them  and connection through their geometrical centres 

are assumed in the same manner with the multifloor process plant layout case.

The single-floor process plant layout problem with safety aspects can be stated as 

follows;

Given:

• A set of N  equipment items and their dimensions;

• Connectivity network;
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• Minimum safety distances between equipment items;

• A collection of protection devices;

• Cost data  (connection, equipment purchase, protection device purchase);

• A list of potential events on each unit; and

• An estim ate of the probability of an accident propagating from one unit to the

other as suggested in Penteado and Ciric (1996).

Determine:

• The detailed layout (orientation, coordinates); and

• The safety devices to be installed at each unit.

So as to minimise the to tal plant layout cost.

In this section, an MINLP approach is proposed to determ ine simultaneously the 

above issues.

This model aims at extending a previous continuous domain process plant layout 

model (Papageorgiou and Rotstein, 1998) to include safety aspects as suggested in 

Penteado and Ciric (1996).

6 .1 .2  M a th em a tica l Form ulation

The indices and parameters associated with the safe process plant layout problem 

are listed below:

Indices
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equipment item 

d protection device

Parameters

Cij piping cost between items i and j  [$/m]

Pid protection device cost [$]

minimum distance between units i and j  [m]

M  upper bound for distance [m]

Pi probability of an accident at unit i

financial risk of accidents at item i w ithout any protection device available 

(individual risk) [$]

RFid risk reduction factor when d is installed at i

ai,/3i dimensions of item i [m]

0^', 0 ^  propagation risk parameters

The formulation is based on the following key variables:

Binary Variables

E l i j ,E 2 i j  non-overlapping binary variables (as used in Papageorgiou and Rotstein, 

1998)

Oi 1 if length of item i is equal to ai {i.e. parallel to x axis); 0 otherwise
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Wf- 1 if z is to the right of j ;  0 otherwise

Wfj 1 if z is above j  ; 0 otherwise

Zid 1 if protection device d is installed on item z; 0 otherwise 

Continuous Variables 

li length of item  z [m]

di depth of item z [m]

Xi^yi coordinates of geometrical centre of item z [m]

Aij relative distance in y coordinates between items z and j ,  if z is above j  [m]

Bij relative distance in y coordinates between items z and j  , if z is below j  [m]

Dij to tal rectilinear distance between items z and j  [m]

Lij relative distance in x coordinates between items z and j ,  if z is to the left of j

[m]

Rij relative distance in x coordinates between items z and if z is to the right of

J M

RR^j financial risk related to accidents propagating from item  j  (origin) to unit z 

(target) without any protection device available [$]
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E quipm ent O rientation  C onstraints

The length and the depth of equipment item  i are determ ined by the equipment 

orientation constraints (3.6) - (3.7), as presented in section 3.2.2.

N on-overlapp ing C onstraints

In order to avoid situations where two equipment items i and j  allocate the same 

physical location, non-overlapping constraints (4.10) - (4.13) are included in the 

model.

D istan ce  C onstraints

Distance constraints are used to calculate the absolute distances between two equip

ment items in the x — and y — plane. Constraints (3.16) and (3.17), now written for 

i = I . .N  — 1, j  = i 1. .N are included in the model, in addition with the following 

constraints;

Rij < M  ■ Wfj \f i = 1. .N — 1, j  =  2 +  1..N  (6.1)

< M  . (1 -  W,!") V 2 =  1 . .#  -  1,; =  2 +  1..7V (6.2)

< M . W g  V2 =  l . . # - l , j  =  2-H..A^ (6.3)

%  < M  . (1 -  fyg) V 2 =  1..Æ -  1,; =  2 -k 1 . .#  (6.4)
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Binary variables Wf- and Wfj are introduced to determ ine the | Xi ~Xj  | and | yi — yj | 

values, respectively by forcing one variable for each pair (Rij, Lij) and (A{j, Bij) 

to zero. For instance, if Xi — Xj > 0 then Wfj =  1 is the only feasible value. 

Consequently, Lij =  0 by constraints (6.2) while Rij will be equal to the correct 

value of Xi — Xj by constraints (3.16). On the other hand, if Xi — Xj < 0  then 

Wfj = 0 thus forcing Rij =  0 by constraints (6.1) while Lij will obtain the value of 

Xj — Xi by constraints (3.16). Similar explanation is for the | yi — yj | values.

The to tal rectilinear distance, Dij^ between items i and j  is given by:

Dij =  Rij T  Lij T  Aij +  Bij V z =  1..7V — 1, j  =  z T  l . .A ^  (6 .5 )

Dj^ =  D i j  V z =  1..Æ — l , i  =  z +  1 . . N  (6.6)

A d d ition a l Layout C onstraints

Intersection with the origin of axis should be avoided by introducing constraints 

(3.20) - (3.21).

O b jective  Function

The objective function used is the minimisation of the to tal process plant layout 

cost associated with connection, protection devices and financial risk:

Y,  '  Dij p Y Y  Did • Zid
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+ E 11(1 -  RF., ■ Z„) + E E 11(1 -  R Fi, ■ ZjF,
i d  j i^j d

The piping cost is the first term  in the objective function, where Cij is the unit

piping cost between units i and j  taking into account connection costs and other

related operating expenses [e.g pumping) and fij is a zero-one connection matrix.

The second term  represents the cost of protection devices which are assumed to be

installed only at the source of accidents. These devices can diminish the probability

or the severity of accidents. Pid is the cost of protection device d installed at unit i

which is the origin of the accident and Zjd is a new binary variable to be determined

(1 if protection device d is installed at unit i\ 0 otherwise).

The financial risk is captured by the last two term s of the objective function. Simi

larly to the work presented in Penteado and Ciric (1996), the annual risk is expressed 

as a function of severity and probability of the accident and can be compared to the 

connection and protection devices cost by computing the net present financial risk 

for a given lifetime of the plant and annual interest rate. In particular, the third 

term  corresponds to the risk reduction, when a protection device d is installed at 

equipment i, in the case of an accident at E is the initial risk of accidents at 

item  i without any protection device available and RFid is the risk reduction factor 

when protection device d is installed at item  i. Note th a t for every protection de

vice placed at unit z, the initial risk is reduced by a factor of (1 — RFid)- The last 

term  is associated with the propagation of an accident from item  j  (origin) to unit 

i (target). RR^ij is the financial risk related to accidents propagating from item  j  to 

item i without any protection device available at unit j:
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RR°, = -  AT") +

where param eters , 0? and 0 ^  are determined by applying the equivalent TNT 

m ethod as described in Penteado and Ciric (1996).

The overall problem is formulated as a non-convex MINLP model with non-linear 

objective function and linear constraints. Next, the applicability of this model is 

dem onstrated by an illustrative example.

6 .1 .3  Illu strative E xam ple - E th y len e O xide P lan t

In this section, the proposed MINLP formulation is applied to the ethylene oxide 

plant (see Figure 3.5) derived from the case study presented in Penteado and Ciric 

(1996) which considers three possible accidents: an explosion in the reactor (unit 1), 

in the ethylene oxide absorber (unit 3) and in the carbon dioxide absorber (unit 5). 

The equipment dimensions have been presented in Table 3.4. The probability of an 

accident to occur is 0.008 yr~^ while the initial risk, R'- associated with the destruc

tion of unit 1, 2 and 3 is $202000, $64400 and $49200, respectively (see, Penteado and 

Ciric, 1996). The available protection devices for installation at equipment items are 

shown in Table 6.1. The cost and risk reduction factor for every protection device 

are shown in Tables 6.2 and 6.3, respectively.

The values for parameters $L, are presented in Tables 6.4 and 6.5, respectively, 

while 0 ^  =  The piping cost is 98.4 $/m .

The above MINLP example was modelled in the GAMS system using the DI-
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Table 6.1: Available protection devices

Device Type

d — 1 additional cooling water

d — 2 additional overpressure relief devices

d — 3 additional fire relief devices

d — 4 second skin on reactor

d — 5 explosion protection system on reactor

d — 6 duplicate control system with interlocking flow on reactor

d — 7 duplicate control shutdown system on absorption tower

C O P T + +  system (utilising CONOPT 2.0 and ILOG CPLEX 6.5 solvers). The 

optimal solution is presented in Figure 6.1 and Table 6.6. As expected, the high 

risk equipment items (units 1, 3, and 5) are located far enough from each other so 

as to minimise propagation risk. The total plant layout cost is $244851 with the 

following breakdown: 6.8% for connection, 20.4%for protection devices, 71.8% for 

financial risk from individual units and 1% for propagation financial risk cost. The 

protection devices selected are d — 1, d — 3 and d — 7 for unit 1 and d — 1 for both 

units 3 and 5 which are actually the same as the ones selected by Penteado and 

Ciric (1996).

Table 6.7 and Figure 6.2 show the optimal solution for the case where no protection 

devices can be installed with a total plant layout cost of $334289. In tha t case, there 

is no protection devices purchase cost but there is a 79% increase in the final risk
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Table 6.2: Protection Device Costs

Device Unit 1 Unit 3 Unit 5

d - l 5000 5000 5000

d - 2 30000 20000 20000

d - 3 15000 25000 25000

d - A 65000

d — 5 20000

d — 6 30000 30000

d - 7 20000

cost.

6.2 A n  M ILP Approach

In the previous section, an MINLP approach was presented determ ining simultane

ously the optimal layout and the number and type of equipment protection devices 

and representing propagation risk by utilising the TN T equivalent method.

It would be interesting to investigate an alternative approach where a quantitative 

safety evaluation system is combined with the process plant layout problem. The 

approach presented here, is based on the Dow Fire and Explosion Hazard System 

(1994) to quantify the expected damage caused by fire or explosion. By this way, 

the dangerous equipment items and materials are identified, the distance and area
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COST=$244851
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Figure 6.1: Optimal layout
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Figure 6.2: Optimal layout - No Protection Devices
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Table 6.3: Protection Device Reduction Factor

Device Unit 1 Unit 3 Unit 5

d - l 0 .10 0 .1 0 0 .1 0

d - 2 0.24 0.24 0.24

d — 3 0.25 0.25 0.25

d — 4 0.60

d — 5 0 .20

d — 6 0.32 0.32

d — 7 0.46

of exposure are calculated, the number and type of protection devices to be installed 

are selected and the maximum probable property damage and optim al location are 

determined.

Next, the procedure of the Dow Fire and Explosion Index System (1994) together 

with an illustrative example based on an ethylene oxide plant is described.

6.2 .1  T h e D ow  F ire and E xp losion  In d ex  S y stem

The Dow Fire and Explosion Index System (1994) is a useful tool to identify the 

hazardous equipment {i.e. equipment tha t would likely create or escalate an inci

dent) and make engineers aware of the potential losses in each process area. 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.
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Table 6.4: Param eters

Origin U nitl Unit2 Unit3

Target

Unit4 Unit5 U nit6 Unit7

Unit 1 0.231 0.485 0.205 0.485 0.442 0.489

Unit 3 0.246 0.323 0.345 0.286 0.314 0.223

Unit 5 0.273 0.327 0.225 0.354 0.470 0.279

Table 6.5: Param eters 0?

Origin U nitl Unit2 Unit3

Target

Unit4 Unit5 U nit6 Unit7

Unit 1 82984 807528 30176 613480 37720 2828

Unit 3 16427020 414920 181056 4601084 377200 113160

Unit 5 16427020 539396 6054060 196144 377200 113160

The Fire and Explosion Index, Fi, determines the realistic m aximum loss occurred 

under the most adverse operating conditions and is applicable to processes where 

flammable, combustible or reactive m aterial is stored or processed.

The procedure includes the following steps:

1 . Select the equipment items with the greatest impact on a potential Are or 

explosion (pertinent process units).

2. Determine the material factor, ME), for pertinent process unit i. The material
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Table 6 .6 : Optimal Solution for Example 1

Orientation Location

Equipment h [m] di [m] Xi [m] Vz [^]

1 5.22 5.22 2.61 17.31

2 11.42 11.42 19.19 15.69

3 7.68 7.68 29.14 3.84

4 8.48 8.48 29.14 12.72

5 7.68 7.68 42.61 17.31

6 2.60 2.60 37.47 17.31

7 2.40 2.40 47.65 17.31

factor is a measure of the rate of potential energy release from fire or explosion 

produced by combustion or chemical reaction and is obtained from flamma- 

bility and instability rankings in the Dow Fire and Explosion Index System 

(1994).

3. Determine the general process hazards factor, F E , for pertinent process unit 

z, which considers hazards applicable to most process situations including 

exothermic reactions, endothermie processes, m aterial handling and transfer, 

enclose or indoor process units, access and drainage and spill control.

4. Determine the special process hazard factor, F2^, for pertinent process unit z, 

which considers specific process conditions th a t have caused incidents includ-
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Table 6.7: Optimal solution for example T  No Protection Devices

Orientation Location

Equipment h [m] d: [m] Xi [m] Vi

1 5.22 5.22 21.06 2.61

2 11.42 11.42 21.06 10.93

3 7.68 7.68 4.24 22.47

4 8.48 8.48 4.24 42.74

5 7.68 7.68 21.06 42.74

6 2.60 2.60 9.78 47.88

7 2.40 2.40 4.24 50.38

ing toxic materials, sub-atmosphere pressure, operation in or near flammable 

range, dust explosion, relief pressure, low tem perature, quantity of flammable 

or unstable material, corrosion and erosion, leakage-joints and packing, use of 

flred equipment, hot oil heat exchange system and rotating equipment.

5. Calculate the process unit hazard factor, F3i, as follows:

F î = Fli  • F2i 

Typical values of F3i are within the range of 1-8.

6 . Calculate the fire and explosion index, Fp.

Fi = F3i • MFi
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In Table 6 .8 , an indicative list of Fi values and the respective degree of hazard 

are presented (Dow Fire and Explosion Index System, 1994).

Table 6 .8 : Fire and explosion index values

Fi Index Range Degree of Hazard

1-60 Light

61-96 Moderate

97-127 Interm ediate

128-158 Heavy

159-up Severe

7. Calculate the distance of exposure, (in m), of item  i by:

D? =  0.256 . F;

8 . Determine the Damage Factor, DF{^ which represents the overall effect of fire 

plus blast damage resulting from a release of fuel or reactive energy from 

item  i from the values of MFi  and F3i from literature graphs (Dow Fire and 

Explosion Index System, 1994).

9. Determine the value of the area of exposure, Vf,  of pertinent process unit i 

by calculating the replacement value of the property contained within it (see 

section 6.2.3).

10. Determine the base maximum probable property damage cost, from the 

product of DFi and Vf  (see section 6.2.3).
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11. Determine the actual maximum probable property damage cost, as a func

tion of and the loss control credit factor which is introduced when the 

protection device configuration k is installed on pertinent unit i in order to 

reduce the probability and the magnitude of a particular incident (see section 

6.2.3).

It should be added tha t the Dow Fire and Explosion Index System (1994) can also 

estim ate the maximum probable days outage thus assessing the potential business 

interruption from an incident. However, such estimations are not considered in this 

work.

Next, we apply the above procedure to the ethylene oxide process presented in 

section 6.1.3. In this process, fresh ethylene, purified air and recycled gas enter a 

catalytic plug flow reactor which converts ethylene to ethylene oxide, carbon dioxide 

and water, while a part of ethylene remains unreacted. The hot gases are cooled in a 

heat exchanger and then enter an ethylene oxide absorption column, where ethylene 

oxide is stripped out of the gas stream by water. The scrubbed gas is cooled in a heat 

exchanger and sent to a carbon dioxide absorber. The remaining gases are recycled 

back to the reactor. The carbon dioxide/water stream  is separated in a flash tank 

and the water is recycled to the carbon dioxide absorber through a recycle pump. 

Three possible accidents are considered: an explosion at the reactor, an explosion 

at the ethylene oxide absorber and an explosion at the carbon dioxide absorber. For 

this reason, the pertinent process units (Step 1) are the reactor, the ethylene oxide 

absorber and the carbon dioxide absorber.
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According to the Dow Fire and Explosion Index System (1994), the m aterial factor of 

equipment item z, including a m ixture is approxim ated to the highest material

factor value of the component with concentration higher than  5%. Thus, the MFi  

value (Step 2) is 29 (ethylene oxide value) for both the reactor and the ethylene 

oxide absorber and 24 (ethylene value) for the carbon dioxide absorber.

The general process hazard (Step 3) and the special process hazard (Step 4) factors 

are calculated as shown in Table 6.9 and Table 6.10, respectively.

Table 6.9: General process hazards penalties ( F l i )

General Process Hazards Reactor C 2 H 2 O Absorber C O 2 Absorber

Base Factor 1.0 1.0 1.0

Exothermic Reactions 1.0 - -

Access 0 .2 0 .2 0 .2

F h 2 .2 1.2 1.2

The process units hazard factor (Step 5), the fire and explosion index (Step 6 ), the 

distance of exposure (Step 7) and the damage factor (Step 8 ) for the three pertinent 

process units are presented in Table 6.11. The last three steps of the procedure 

(Steps 9-11) will be clarified later in section 6.2.3.

6 .2 .2  P rob lem  S ta tem en t

Overall, the plant layout problem with safety aspects based on Dow Fire and Ex

plosion Index System (1994) can now be restated as follows:
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Table 6.10: Special process hazards penalties (F2%)

General Process Hazards Reactor C 2 H 2 O Absorber C O 2 Absorber

Base Factor 1.0 1.0 1.0

Toxic M aterial 0.8 0 .8 0 .8

Purge Failure 0.3 0.3 0.3

Flammable Material 0.15 0.15 0.15

Corrosion/Erosion 0.1 0.1 0.1

Leakage 0.1 0.1 0.1

F2, 2.45 2.45 2.45

Given:

• A set of equipment items and their dimensions;

• Connectivity network;

• A list of potential events on each unit;

Table 6.11: Fire and explosion risk analysis system factors

Equipment Item MFi F l i  T 2 , F3{ F{ [m] DF{

Reactor 29 2.2 2.45 5.39 156.31 40 0.87

(7 2 ^ ^ 2 0  Absorber 29 1.2  2.45 2.94 85.26 21.8 0.73

C O 2 Absorber 24 1.2  2.45 2.94 70.56 18.06 0.66
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• A number of potential protection device configurations to be installed on each 

item and the corresponding loss control credit factors;

• Exposure Distance and Damage factors of items; and

• Cost data (connection, equipment purchase, protection device purchase). 

Determine:

• The detailed layout (orientation, coordinates); and

• The safety devices to be installed at each unit.

So as to minimise the total plant layout cost.

The same assumptions as those described in section 6.1.1 are used.

6 .2 .3  M ath em atica l Form ulation

The indices, param eters and variables associated with the layout problem with safety 

aspects have been listed in section 6.1.2. The following additional notation is also 

required.

Indices

Ip set of pertinent items

k protection device configuration

Ki  set of protection device configurations suitable for installation on item i 

Parameters
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Of  purchase cost of item  i [$]

distance of exposure of item i [m]

DFi damage factor of item  i

F l i  general process hazards factor of item i

F2i special process hazards factor of item i

F3i process unit hazards factor of item i

Fi fire and explosion index of item i

MFi  m aterial factor of item  i

Pik purchase and installation cost of protection device configuration k for item i 

[ $ ]

U upper bound for actual maximum probable property damage cost [$]

jik loss control credit factor of protection device configuration k for item i

Binary Variables

Zik 1 if protection device configuration k is installed on item  i] 0 otherwise

^ i j  1 if item j  is allocated within the area of exposure of item i; 0 otherwise

Continuous Variables

Dlf  to tal rectilinear distance between items i and j  if Dij is smaller than  [m]
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total rectilinear distance between items i and j  if Dij is larger than Df [m]

Vf  value of area of exposure of item i [$]

base maximum probable property damage cost for pertinent item  i [$]

Hi actual maximum probable property damage cost for pertinent item i [$]

LtZik linearisation variable denoting the product between Di and Zik [$]

The m athem atical programming formulation presented in this section minimises 

a cost-based objective function subject to equipment orientation, non-overlapping, 

distance, base and actual maximum probable damage cost constraints. These con

straints are described in detail next.

E quipm ent O rientation , N on-overlapp ing and D istan ce  C onstraints

Again, constraints (3.6), (3.7), are included in the model to determ ine equipment 

orientation decisions. Non-overlapping constraints (4.10) - (4.13), lower bound con

straints (3.20) - (3.21) and distance constraints (3.16) - (3.17) and (6.1) - (6 .6 ) are 

also part of the model.

A rea o f E xposure C onstraints

A process unit j  is assumed to  be included in the area of exposure of pertinent 

process unit i if the total rectilinear distance between i and j  is less or equal to the 

exposure distance of 2, as calculated by Step 7 (see section 6 .2 .1 ). To calculate 

the value of the area of exposure (Step 9), we need to introduce new variables.
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Figure 6.3: Damage cost lietweeii source item i and target item j

expressing the distance between i and j ,  if j  is allocated inside/outside 

t he area of exposure of i as illustrated in Figure 6.3. The total rectilinear distance 

will he ecpial to the summation of D'f- and Of f :

(6.7)

where 7  ̂ is the set of pertinent process units. To ensure that only one of D'ff and 

will be non-zero, we introduce new binary variables, together with the 

following constraints:

( 6 .8 )
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I>s“ > (6.9)

Dg" < M . ( l - % )  (6.10)

If item j  is allocated within the exposure area of item i {i.e. D'ff < and = 0) 

then ^ i j  =  1 by constraints (6 .8 ) and (6.10). On the other hand, if item j  is outside 

the area of exposure of item i, ^ i j  =  0 is the only feasible solution thus forcing 

=  0 by constraints (6 .8 ) and by constraints (6.9) while constraints

(6 .1 0 ) are inactive.

Assuming a piecewise linear approximation, see for example Floudas (1990), of the 

damage cost of source item i and target item  j  as a function of their total rectilinear 

distance (see Figure 6.3), the following equation can then describe the value of the 

area of exposure of item i, V f  :

1 / '=  Cf +  n c j  • %  -  § A “ ) V i e  F  (6.11)

If item  j  is located in the area of exposure of i {i.e. Dff  < and — 1) then 

the corresponding part of the second term  of equation (6 .1 1 ) will take a non-zero 

value. If item j  is located outside the area of exposure of item  i {i.e. Dff  = 0 and 

=  0 ) then the contribution of item  j  in the second term  of equation (6 .11 ) will 

be zero. In the next section, the relation of each term  of equation (6 .1 1 ) to the losses 

from an accident in the respective unit and the propagation of the accident to the 

surrounding units is explained in detail.
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M axim u m  P rob ab le P rop erty  D am age C onstraints

According to Step 10 of the procedure described in section 6 .2 .1 , the base maximum 

probable property damage cost for a pertinent process unit z, is the product of 

the damage factor, DFi, and the value of area of exposure of z, Vf.

=  V z e r  (6.12)

The product of the damage factor with the first term  of the exposure area as defined 

in equation (6 .11 ), represents the expected financial losses of an accident on the 

source unit z (individual risk). The product of the damage factor with the second 

term  of (6 .1 1 ) represents the financial losses related with the propagation of the 

accident from item z to the surrounding items (propagation risk). The installation 

of a num ber of protection devices (protection device configuration) on a pertinent 

process units can reduce the probability and the m agnitude of a particular incident 

on the unit. Each configuration is characterised by a loss control credit factor, 

expressing the reduction on the base maximum probable property damage cost. 

Thus, the actual maximum probable property damage cost (Step 11) is given by:

(6.13)
keK,

where ILi is the set of protection device configurations suitable for installation on 

item z and Zik a binary variable determining whether protection device configuration 

k is installed on item  z.

One configuration can be installed per pertinent process unit:
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=  l (6.14)
keK,

Note th a t the “em pty” protection device configuration (i.e. no protection device) 

can also be included as one alternative with loss control credit factor, 7 /̂5, equal to 

one.

O b jective  Function

The objective function to be minimised includes the piping cost, the actual maximum 

probable property damage cost and the cost of protection devices:

E E c, • D„ + y; n. + y; ^  Pi* • %*
i j^i i i kEKi

where Cij is the piping cost between items i and j ,  Pik is the purchase and in

stallation cost of protection device configuration k of item  i. The above problem 

corresponds to an MINLP model which minimises the above objective function sub- 

ject to constraints (3.6) - (3.7), (4.10) - (4.13), (3.16) - (3.17), (3.20) - (3.21), (4.10)

- (4.13) and (6.1) - (6.14). However, the nonlinearities appearing in equation (6.13) 

in the bilinear product of with Zik can easily be overcome by introducing new 

continuous variable, LtZik, defined as:

^Z ik  = ■ Zik

which can be determined by the following constraints:

^Z ik  S: U • Zik V 2 G k G Ki  (6.15)
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v« e  7" (6.16)
/cGAt

where U is an appropriate upper bound for 0°. Constraints (6.13) are now written:

= ' ^  jik • LtZ^k V 2 E 7^ (6.17)
keKi

Finally, the resulting problem corresponds to an MILP model which minimises the 

above objective function subject to constraints (3.6) - (3.7), (4.10) - (4.13), (3.16) - 

(3.17), (3.20) - (3.21), (4.10) - (4.13) and (6.1) - (6.12), (6.14) - (6.17).

6 .2 .4  Illu stra tive  E xam ple R ev is ited

Consider now the example presented in section 6.1.3. The equipment purchase costs 

are given in Table 6.12. As explained in section 6.2.1, the pertinent process units 

are the reactor, the ethylene oxide absorber and the carbon dioxide absorber. The 

available protection devices for installation at equipment items, which are presented 

in Table 6.1, are the same as those proposed by Penteado and Ciric (1996). A 

number of safety device configurations are suggested selecting some of the above 

protection devices and combining their effect to reduce the risk on each one of the 

pertinent process units. The selected devices, the cost and loss control credit factor 

for each protection device configuration are shown in Table 6.13 for the reactor and 

Table 6.14 for the two absorbers.

As before, the example was modelled using the GAMS modelling system coupled 

with the ILOG CPLEX V6.5 MILP optimisation package. All computational exper
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iments were performed on an IBM RS6000 with 0.1% margin of optimality.

Table 6.12: Equipment dimensions and purchase cost

Equipment Purchase Cost

Reactor 335000

Heat Exchanger 11000

C2 H 2 O Absorber 107000

Heat Exchanger 4000

CO 2 Absorber 81300

Flash Tank 5000

Pump 1500

The optim al layout is shown in Figure 6.4 with a to tal cost of $290679. The op

tim al solution (equipment orientation and location) is presented in Table 6.15. As 

expected pertinent process units are located outside each others area of exposure in 

order to avoid large Pti and propagation of an accident from one unit to the other. 

The protection device configuration selected for the reactor, the ethylene oxide ab

sorber and the carbon dioxide absorber are A: — 5, k — 2 and A: — 2, respectively. The 

purchase cost of protection devices represents 24.1% of the to tal cost, the financial 

risk cost 70.6% and the piping cost 5.3%.

Comparing our solution with the one of Penteado and Ciric (1996) where a different 

allocation of units is chosen (see Figure 6.5) and a different optimal protection device 

configuration has been selected (A: — 4 for reactor and A: — 2 for absorbers). Using
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Table 6.13: Protection device data for the reactor

Configuration Devices 'yik Cost

A:- 1 - 1 0

A; - 2 d — 1 0.900 5000

A:-3 d — 3 0.750 15000

k — 4: d — 1, d — 3, d — 6 0.365 40000

k — b d — 1, d — 3, d — 5, d — 6 0.292 60000

k — % d — 1, d — 3, d — 4, d — 5, d — 6 0.117 125000

the same configuration as that of Penteado and Ciric (1996), the total plant layout 

cost is increased to $292345. If we also enforce the relative equipment positioning 

and the same device configuration as th a t of Penteado and Ciric (1996) the total 

plant layout cost is further increased to $292801. Both values are 0.56% and 0.72% 

higher than our optimal solution.

Finally, we solve the case where there is no investment on protection devices. This 

can simply be achieved by selecting configuration k — 1. As expected, the plant 

layout cost is now increased now to $440848 which is 51.6% higher than the optimal 

solution. The optimal layout is shown in Figure 6.6 and in Table 6.16. As it can 

be seen the absence of protection devices force the equipment items to be placed 

further away than the optimal case (see Figure 6.4).
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6 0 *
COST=$290689
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Figure 6.4: Optimal layout
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Figure 6.5: Optimal layout (Penteado and Ciric, 1996)
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Table 6.14: Protection device data for the ethylene oxide and carbon dioxide ab

sorber

Configuration Devices 'yik Cost

k - 1 - 1 0

A: - 2 d - l 0.900 5000

k - Z d - 2 0.760 20000

A; — 4 d — 1, d — 2 0.684 25000

A; — 5 d -  1, d -  7 0.612 35000

k — 6 d — 1, d — 2, d — 7 0.465 55000

6.3 C oncluding R em arks

In this chapter, two alternative approaches have been presented which consider the 

process plant layout with safety aspects.

The first one was a non-convex MINLP model determining simultaneously the pro

cess plant layout, the number and type of protection devices and the financial risk 

associated with accidents and their propagation to neighbouring items. The equiv

alent TN T method was utilised for the representation of the damage function ex

pressing the effect of the propagation of an accident to an neighbour unit. Because 

of the non-convexities in the model, global optimal solution cannot be guaranteed. 

An alternative MILP approach which combines process plant layout with a detailed 

risk assessment method by utilising the Dow Fire and Explosion Index System (1994)
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Table 6.15: Optimal solution

Orientation Location

Equipment k [m] d: [m] Xi [m] Vi [m]

1 5.22 5.22 14.74 2.61

2 11.42 11.42 14.74 20.81

3 7.68 7.68 3.84 31.71

4 8.48 8.48 25.64 31.71

5 7.68 7.68 34.67 22.68

6 2.60 2.60 32.17 38.24

7 2.40 2.40 34.67 38.24

has also been presented.

The 7-unit ethylene oxide plant example has been used to dem onstrate the applica

bility of both approaches.
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Table 6.16: Optimal solution - No protection devices

Orientation Location 

Equipment U [m] di [m] Xi [m] yi [m]

1 5.22 5.22 54.36 37.17

2 11.42 11.42 35.44 16.09

3 7.68 7.68 25.89 3.84

4 8.48 8.48 24.94 24.69

5 7.68 7.68 16.86 34.67

6 2.60 2.60 1.30 37.17

7 2.40 2.40 1.30 34.67

60 £
COST=$440848

□

50 60

Figure 6.6: Optimal layout - No protection Devices



C hapter 7

Integration  o f D esign , Layout and  

P rod u ction  P lanning for P ip eless

B atch  P lants

Pipeless plant is a specific type of batch plants where the transportation of material 

is taking place through transferable vessels from one processing stage to the other. 

The elimination of pipework offers great flexibility as any m aterial can be transferred 

in the vessels between two different processing stations, offering quick response to 

m arket demands. Plant layout decisions about the allocation of processing stations 

in the land area determine the vessel transfer times and affect the scheduling of 

both operation of processing stations and movement of vessels. Realff et al. (1996) 

presented a simultaneous approach considering design, layout and operation. The 

layout structure was pre-selected and the model decided the position where each

141
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station should be allocated adopting a grid-based approach.

There is a need for an approach to determine simultaneously the type of the layout 

and the allocation of processing stations in the land area of pipeless plant. In this 

chapter, a unified m athem atical framework capturing layout, design, and production 

planing aspects within the same framework is presented. This work extends the 

single-floor layout work of Papageorgiou and Rotstein (1998) and the aggregate 

production model describing the plant operation presented by Realff et al. (1996) 

resulting in a new approach based on a continuous domain represention. Finally, all 

the common types of pipeless plant layouts (Circular, Herringbone, Linear) along 

with alternative ones can be selected (see Figure 7.1).

In the next sections, the pipeless plant design, layout and production planning prob

lem is stated and a m athem atical programming formulation is presented together 

with an example.

7.1 P rob lem  D escrip tion

The STN representation as defined in Kondili et al. (1993) is used for the process 

recipe of the pipeless batch plant.

States represent type of m aterial or different conditions of transferable vessels con

sidering m aterial held and are denoted by circles. Tasks represent transform ation of 

input states to output states and are denoted by rectangles. Product deliveries and 

material receipts take place from dedicated storage.

An example of a process recipe is shown in Figure 7.2 (Realff et al., 1996). In
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(b) Linear

(a) Herringbone

(c) Circular

Figure 7.1: Examples of pipeless plants layouts

the first task, the clean vessels are being charged with FeedA  at a charging station. 

Then, the charged vessels are transfered to a reaction station to produce ReactProd.  

After this, there are three options to follow. The first one is to discharge ProdA  to 

a storage tank leaving a clean vessel. The second one is to  blend the vessel content 

with additive A1 at a mixing station, to produce Prodl.  The th ird  option is similar 

to the previous one with additive A2 to be added for blending to produce Prod2. 

Prodl  and Prod2 are discharged to storage tanks from the mixing station at the 

end of the task. In the last task, the dirty vessels are cleaned before re-use.
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Prod A

Clean React
Prod

Charged

\V essely.Vessel

Feed A

Prod 1 Prod 2A2A1

Dirty

Vessel

Reaction

Mixing 1

Cleaning

Charging

Mixing 2

Discharge A

Figure 7.2: Process state-task network

States can represent m aterial discharged in dedicated storage vessels [Prodl, Prod2, 

ProdA),  material feeding processing stations [FeedA, A l ,  A^),  different vessel con- 

ditions(C/ean vessel. Charged vessel. Dirty vessel) or interm ediate products [React

Prod). A number of processing stations should be involved in the plant implementing 

charging, reaction, mixing and cleaning operations. The plant would also need a 

number of transferable vessels of different types covering a wide range of specifica

tions including capacities and m aterial properties.

Overall, the problem can be stated as follows:

Given:

• A tim e horizon;

• A process recipe as STN;

• A set of specialised processing stations. Stations are assumed to require no
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cleaning between tasks;

• A set of transferable vessels of different type v with fixed and known batch 

size. The transferable vessels are assumed to be equipped with their own 

locomotion mechanism;

• A set of stationary storage vessels dedicated to storage material;

• Product demands and the unit sales price;

• Processing times of tasks at all stations in vessels of type u;

• Capital cost of each station and each type of vessel; and

• Transfer operating cost between stations.

Determine:

• Type and number of processing stations and transferable vessels;

• Detailed layout (i.e. orientation, coordinates) of processing stations; and

• Operating production plan.

So as to maximise a suitable performance criterion [e.g. plant profit).

In the formulation presented here, square shapes are assumed for processing stations 

and rectilinear distances between processing stations are used for a more realistic 

estim ate of the transfer time of the vessels.

A number of vessels carrying material to be processed in a processing station is 

allowed to wait before the station. In the same manner, a num ber of vessels carrying
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m aterial processed in a processing station is allowed to wait after the station. Tasks 

may have multiple feed or product states. In the first case, at most  one state can 

reside in the vessel before the task starts. The others are supplied from dedicated 

storage vessels. In the second case, at most  one state  remains in the transferring 

vessel and the rest are deposit in dedicated storage vessels.

7.2 M athem atica l Form ulation

In this section, the m athem atical model for simultaneous design, layout and planning 

of pipeless plants is presented. It should be added tha t the proposed model is 

similar to tha t of Realff et al. (1996) using the same aggregated production planning 

constraints (see below constraints (7.1) - (7.5)). However, the novelty of the work 

lies in the layout model which is based in a continuous domain representation rather 

than a discrete one (Realff et ai,  1996).

A number of sets and parameters are associated with the process recipe (STN), 

plant equipment and process plant layout. These are listed next.

Task i is characterised by:

Ki  set of pairs of processing stations j  and vessels types v in which task i is 

performed

H  tim e horizon [h]

Tijy processing tim e for task f at a station j  in a vessel type u, expressed as an 

integer number of tim e discretisation intervals
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State 3 is characterised by:

Js set of processing stations where state s is consumed

Js set of processing stations where state s is produced

Ts set of tasks consuming state s

Ts set of tasks producing state s

13s unit value of material in state s delivered over the tim e horizon [rmu/m^]

pis amount of state s consumed by task z, expressed as a fraction of the nominal

vessel capacity

amount of state s produced by task i, expressed as a fraction of the nominal 

vessel capacity

Processing station j  is characterised by:

I j  set of tasks performed at station j

Jj  set of candidate stations to be visited by a vessel after station j

C j  capital cost associated with purchase and installation of processing station j  

[rmu]

H j  available tim e horizon for processing station j  [/i]

N v  to tal number of processing stations 

ocj,(3j dimensions of processing station j  [m]
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Transferable vessel of type v is characterised by:

Cy capital cost associated with purchase of a transferable vessel of type v [rmu] 

C'f transfer cost of vessel of type v between two processing stations [rmu/m]

Vy Nominal capacity of vessel of type v [m^]

Process plant layout is characterised by:

9 set of distance sizes

De candidate distance size [m]

j ^ m a x ^  y m a x  climensions of floor a rea  [m]

The following key variables are also introduced:

Binary Variables

Ej  1 if station j  is included in the design; 0 otherwise

El jj i ,  E2jji non-overlapping binary variables (as used in Papageorgiou and Rotstein, 

1998)

Oj 1 if length of station j  is equal to aj  (i.e. parallel to x axis); 0 otherwise

Wjji 1 if stations j  and j '  are included in the design; 0 otherwise

Wjj>e 1 if candidate distance size De is selected; 0 otherwise 

Integer Variables
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total number of vessels of type v which travel from station j '  to station j

carrying m aterial s over tim e horizon

num ber of vessels of type u, holding state s, waiting to be processed by station

j  at the beginning of the tim e horizon

Nsjv number of vessels of type v, holding state s, waiting to be processed by station

j  at the end of the tim e horizon

~N̂sjv num ber of vessels of type v, holding state s, waiting after station j  at the start 

of the tim e horizon

Nsjv number of vessels of type v, holding state 5 , waiting after station j  at the end 

of the tim e horizon

Nf'  number of transferable vessels of type v to be included in the design

total number of batches of task i tha t takes place in vessels of type v at station

j  over the tim e horizon

Continuous Variables 

Ij length of station j  [m]

dj depth of station j  [m]

Xj,yj  coordinates of geometrical centre of station j  [m]

Ajj> relative distance in y coordinates between stations j  and j ' , if j  is above j '  [m]
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Bjjt relative distance in y coordinates between stations j  and j ' ,  if j  is below j '  [m] 

Djjt to tal rectilinear distance between stations j  and j '  [m]

Dl  amount of m aterial 5 delivered to external clients over the tim e horizon [rrP]

Ljji relative distance in x coordinates between stations j  and j ' ,  if j  is to the left

of /  [m]

Rjj> relative distance in x coordinates between stations j  and j ' , if j  is to the right 

of y  [m]

Rl  amount of m aterial 5 received from external sources over the tim e horizon [m^]

5° amount of material s in dedicated storage at the beginning of the time horizon

[rrP]

Ss amount of material s in dedicated storage at the end of the tim e horizon [m^] 

WMsjj'vO linearisation variable expressing the product of Wjjie and 

fjji 0 if binary variable Wjj/ is 1, non-zero, otherwise [m]

7.2 .1  V essel B alances

The same balance equations are included as presented in Realff et al. (1996). The 

total number of vessels is the summation of the vessels waiting before or after pro

cessing at the start of the time horizon, H:
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=  +  (7.1)
5 J

Aggregate balances of the total number of vessels of type v holding material in state 

s and waiting to be processed in the vicinity of station j  over tim e horizon, H,  are 

also included in the model:

+ E - E W v , 3 , j  e  Js (7.2)
j'eJj ie{ijnTs)

According to equation (7.2), the number of vessels of type v, carrying material 5 

and waiting for processing at station j  at the end of tim e horizon, H , equals the 

corresponding number of vessels of type v at the start of the tim e horizon plus 

the total number of vessels of the same type which travelled from other stations to 

station j  carrying material s over the entire tim e horizon minus the to tal number 

of batches of all the tasks tha t took place in a vessel of type v at station j  over 

the tim e horizon. The respective balances for the vessels waiting at station j  after 

processing are:

Nsjv — ^  ^Ijv G Js (7.3)
j 'e(LnJs) ieil^nTs)

On a similar manner, equation (7.3) states tha t the num ber of vessels of type u,

carrying material s and waiting after processing at station j  at the end of time

horizon, H,  equals the corresponding number of vessels of type v at the start of the

tim e horizon minus the total number of vessels of the same type which travelled

from station j  to the stations carrying material s over the entire tim e horizon plus
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the total number of batches of all the tasks tha t took place in a vessel of type v at 

station j  over the tim e horizon.

7 .2 .2  M ateria l B alances

The amount of m aterial held in dedicated storage at the end of tim e horizon H  is 

equal to the amount in storage at the beginning of the tim e horizon plus the amount 

produced and the amount received from external sources over the horizon minus the 

amount consumed or delivered to external clients over the tim e horizon as shown in 

equation 7.4:

•S'. =  5'°+E E  P i s - K - A l . - E  E  P i ^ - V y A l ^  + R l - D l  V .  (7.4)
ieTs ieTs {j,v)eK\

7.2 .3  s ta t io n  O ccupation  C onstra in ts

A selected processing station must be occupied less tim e than  the available time 

horizon:

E  E  < if , • jB, V i  (7.5)
ieij

If station j  is not selected then the corresponding variables are forced to zero. 

It should be noted tha t Hj  can be smaller than than the to tal tim e horizon H by 

appropriate preprocessing depending on process recipe (STN) and initial amount 

availability.
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In order to reduce degenerate solutions for the case of multiple stations of the same

type, the following constraints are included:

Ê , + i  < E,  (7 .6 )

Note th a t the above constraints allow selection of one station only if the previous

one of the same type has been selected.

7 .2 .4  S ta tion  O rientation  C onstra in ts

The length and the depth of processing station j  are determined by orientation 

decisions:

h  — + A ■ {^3 ~  Oj )  i (7-7)

dj = (aj + I3j) ■ E, -  I, V i  (7 .8 )

0 , < E j  Wj  (7.9)

If station j  is not selected (i.e. Ej = 0) then Oj, Ij and dj are forced to zero 

from constraints (7.9), (7.8) and (7.7), respectively. If station j  is selected then 

constraints (7.8) and (7.7) are “transform ed” to constraints (3.6) and (3.7).
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7 .2 .5  N on-overlapp ing  C onstra in ts

To avoid situations where two processing j  and j '  occupy the same physical loca

tion the following constraints are going to be included in the model to prohibit 

overlapping of their stations footprint projections, either in a; or y direction:

(7.10)

x y - x j  + M - ( 2 - W j j , - E l j j .  + E2„,) > h A P  V i  =  l . . N ^  - l , j '  = i +

(7.11)

yi “ 2/1'+ ^ ■ ( 2“ > 2 ~  ^  j  =  1--N^ —

(7.12)

Vi' “  2/j "t" ' (3 “  “  ^ 2,v) ^   ̂ ^  V i  =  \ . . N ^  — / 4- l..A/^

(7.13)

where M  is an appropriate upper bound. Wjji is a binary variable denoting whether 

both stations j  and j '  are included in the design and is defined through the following 

constraints:

W,j ,>Ej  + E j . - l  V i  =  1..A/''-  1 , / =  t +  1..M’'' (7.14)
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j  = - l , j ' =  i + l . .N ' '  (7.16)

Note th a t the constraints (7.10) - (7.13) are inactive when one of the stations j  or 

j '  is not selected in the design {i.e. Wjj> = 0).

7 .2 .6  D ista n c e  C on stra in ts

The relative distances in x- and y- coordinates between stations j  and j '  is given by 

the following equations;

^ j j '  ~~ ^ jj '  ~  ~  ^j' p j  ^ "̂3 (7-17)

3̂3' -  3̂3' =  y3 -  V3' ^ h i '   ̂ J3 (7.18)

Thus, the total rectilinear distance between stations j  and j '  is:

Djj'  — ^33' +  ^33' +  ^33' +  ^33' ~  in '  i c '  ^ '/?■ (7-19)

where (jy  is a slack variable which takes a zero value when both j  and j '  are selected 

{i.e Wjij =  1):

<  M  . (1 -  w , y )  V ; , /  e  J j , ;  <  /  (7 .2 0 )
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V 3, ]' e  J j , /  <  J (7.21)

In the case where either j  or j '  or both are not selected ĵj> is forced to take an 

non-zero value because the distance between the two stations, Djp,  has to be zero 

in order to maximise the objective function described in section 7.2.8.

7 .2 .7  A d d ition a l Layout D esig n  C on stra in ts

Lower bound constraints on the coordinates of the geometrical centre are included 

in order to avoid intersection of stations with the origin of axes:

V j (7.22)

!/, >  Y  V i (7.23)

A rectangular shape of land area is assumed to be used and its dimensions are 

determined by:

Xj + I  <  V j  (7.24)

!/; +  Y  <  y " " "  V i  (7.25)
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7 .2 .8  V essels O ccu pation  C onstra in ts

To ensure th a t the occupation of the vessels of type v does not exceed the total 

available tim e we introduce the following constraint:

+ E v „  (7.26)
3 mi, 3 jsj,

The first term  expresses the vessel occupation tim e during processing and the second

term  represents the transfer tim e between stations^.

7 .2 .9  O b jectiv e  F unction

The overall objective function maximises the difference between revenues and oper

ating and capital costs:

m ax  EA'^:-EEE E -  A - ( E  C r  + E ' ̂ 1 )

where A is an annualisation cost factor. The first term  represents revenues from

product deliveries to external clients and the second one the to tal transfer cost of 

all the vehicles of all types. The last two term s represent the annualised capital 

cost associated with the purchase and installation of station j  (third term ) and the 

purchase of transferable vessels (fourth term ).

The problem maximises the above objective function subject to constraints (7.1) -

(7.26). The above problem is an MINLP model because of nonlinearities in the sec-

vehicle velocity  of I m / t im e  in terval is assum ed
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ond term  of the objective function and the second left hand side term  of constraint

(7.26). However, the distance between the two processing stations can be approxi

m ated as its value can be chosen from a set of candidate distance sizes, D q. Then, 

the binary variable Wjj>e is introduced together with the following constraints:

=  VJ, f  e J ,  (7.27)
e

where Wjjie is 1 if the distance between stations j  and j '  is equal to D q. By in

troducing the above approximation, the second term  of the objective function and 

second left-hand side term  of constraints (7.26) now result in bilinear terms which

can easily be linearised by introducing new continuous variables, WMsjj'vO'

WMsjj'vo =

defined by:

WMsjj'vd C C • Wjj>e V s, u, j  € J s , /  E ( Jj n  Js) (7.28)

V s , v , O J  e  J s J '  G (Jj n  Js) (7.29)
d

where 7/ is a valid upper bound for Wjj'e will take only one non-zero value

if stations j  and j '  are included in the design:

E  V j, j'  e  J„j  < /  (7.30)
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Y ,W „ .e  =  Wy, V j , r  €  J „ j '  < j  (7.31)
e

Constraints (7.26) are now re-written as:

+ E T . D e W M . , y , s < H N ^  V r  (7.32)

Finally, the resulting MILP problem can be summarised as follows:

m a x  EA'^:-EEE E E 'D«.WM,,yw-A(E CfE,+E
s V  s j^Js 9 j  V

subject to constraints (7.1) - (7.25) and (7.27) -(7.32)

All continuous variables in the formulation are defined as non-negative.

Next, one illustrative example is presented to dem onstrate the applicability of the 

MILP model.

7,3 A P ip eless B atch  P lant E xam ple

The process recipe introduced in section 7.2 is considered. The tim e horizon is 

discretised into a number of time intervals of equal duration. Considering a daily 

production (H  = 24k) the overall horizon will be discretised in 96 |  15 m in  intervals. 

All system events are forced to coincide with the interval boundaries. It is desired 

to design a plant producing all products ProdA, Prodl, Prod2 on a daily basis. In 

Table 7.1 the minimum and maximum daily demands are presented as well as the 

unit value added, in relative money units (rm u), including the cost of the consumed 

raw m aterial and utilities.
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Table 7.1: Product D ata

Product Min. Demand [m^] Max. Demand [m^] (3s [rmulnrP]

ProdA 100 130 5.0

Prodl 150 180 5.5

Prod2 150 180 6.0

Twelve processing stations (Im  x Im ) of six different station types suitable for 

the recipe tasks are possible selection in the plant. All station details are shown in 

Table 7.2. The second and th ird columns of Table 7.2 list the suitable tasks th a t each 

station may perform together with the corresponding processing time. The third 

column gives the maximum number of each station type allowed in the plant. The 

last column provides the daily equivalent of the annualised capital cost associated 

with the purchase and installation of processing stations (Realff et al., 1996).

Each type of station differs from the other on its functionality (i.e. type of tasks 

tha t can be carried out in the station) or the processing tim e of a certain task. For 

example, Charger a.B.d Reactor (A) are suitable for different tasks - Charging  and 

Reaction  respectively - and Mixer (A) and Mixer (B) have different processing times 

for the same task [i.e. Mixing 1). Note tha t Mixer fAJ carries out the task faster 

than Mixer (B) but it is more expensive. The two mixing stations [Mixer (A) and 

Mixer (B)) are already multipurpose in functionality as they can be used for more 

than one task.

One type of vessels is selected and a maximum number of 15 vessels is allowed.
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Table 7.2; Processing Stations Data

Station Suitable Processing Maximum Capital

Type Task Time [h] Number Cost [rmu]

Charger Charging 1
2 2 20

Reactor (A) Reaction 1
2

2 60

Reactor (B) Reaction 3
4

2 40

Mixer (A) Mixing 1 1
2

2 70

Mixing 2 1
2

Discharge A 1
2

Mixer (B) Mixing 1 3
4

2 50

Mixing 2 3
4

Discharge A 1
2

Gleaner Cleaning 1
2

2 30

The nominal capacity and the purchase cost of each vessel are 10 and 15 rm u, 

respectively. Finally, a transfer cost of 0.5 rm u /m  is used for the movement of 

vessels between processing stations.

The GAMS modelling system was used, coupled with the ILOG CPLEX V6.5 MILP 

optimisation package. The example was solved with 3% margin of optim ality on an 

IBM RS6000.

The optim al layout is presented in Figure 7.3. In total seven processing stations 

are chosen including 2 Chargers, 2 Reactors of type B,  2 Mixers of type B  and one
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Cleaner First 
Mixer (B)

First First Second
Charger Reactor (B) Mixer (B)

Second Second
Charger Reactor (B)

Figure 7.3: Optimal Layout

Cleaner together with 7 transferable vessels. The optimal location of each processing 

stations is presented in Table 7.3. The maximum demands for all products have been 

m et while the optimal objective function value is 2265.5 rmu.  Table 7.4 presents 

the number of batches of each task taking place at each processing station.

Next, we enforce a herringbone =  2 or = 2) and a linear layout =

1 or =  1) resulting in the layouts presented in Figure 7.4 and Table 7.5 and

Figure 7.5 and Table 7.6, respectively. The optimal objective function value is 2262 

rm u  for the herringbone and 2218 rm u  for the linear case. The above values differ 

less than 3% from the optimal objective function.

The model presented here differs from the aggregate discrete model presented in the 

work of Realff et al. (1996) in the allocation of the processing stations in the land 

area. In the aggregate model, processing stations can be allocated to only 8 pre-
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First 
R eactor (B)

S econ d
Charger

First
Charger

C leaner

S econ d  

Mixer (B)

S econ d  

R eactor (B)
First 

Mixer (B)

Figure 7.4: Optimal Layout - Herringbone Layout

First First First Cleaner Secon d S econ d S econ d
Reactor (B) Mixer(B) Charger Mixer (B) R eactor (B) Charger

Figure 7.5: Optimal layout - Linear Layout
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Table 7.3: Optimal Location

Processing Station Xi [m] Vi [m]

First Charger 0.5 1.5

Second Charger 1.5 0.5

First Reactor (B) 1.5 1.5

Second Reactor (B) 2.5 0.5

First Mixer (B) 1.5 2.5

Second Mixer (B) 2.5 1.5

Cleaner 0.5 2.5

defined positions of a Herringbone layout. In this work, stations can be allocated 

anywhere in the land area as long as their between distance is equal to one of the 

candidate distance sizes D q̂ . An attem pt to increase the available positions in the 

discrete model in order to include all possible locations would increase significantly 

the size of the model.

7.4 C oncluding Rem arks

In this chapter, the integration of design, layout and production planning of pipeless 

plants has been considered. A general m athem atical formulation has been described, 

which determines simultaneously the above issues maximising the difference between

^11 can d id a te  d istance sizes betw een s ta tio n s  have been used
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Table 7.4: Number of batches

Task Processing Station Batch [m^]

Charging First Charger 31

Charging Second Charger 18

Reaction First Reactor (B) 31

Reaction Second Reactor (B) 18

Mixing 1 First Mixer (B) 18

Mixing 1 Second Mixer (B) 0

Mixing 2 First Mixer (B) 12

Mixing 2 Second Mixer (B) 6

Discharge A First Mixer (B) 0

Discharge A Second Mixer (B) 13

Cleaning Cleaner 36

revenues from product deliveries to external clients and the total transfer and an

nualised capital cost. The resulting optimisation problem corresponds to an MILP 

model which have been applied successfully to a literature example.

The model compares favourably to previous approaches (Realff et al. 1996) as it 

decides upon the type of the layout and provides a more flexible way of allocating 

stations in the land area.
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Table 7.5: Optimal Location - Herringbone Layout

Processing Station Xi [m] Vi [m]

First Charger 2.5 1.5

Second Charger 1.5 1.5

First Reactor (B) 0.5 1.5

Second Reactor (B) 2.5 0.5

First Mixer (B) 3.5 0.5

Second Mixer (B) 1.5 0.5

Cleaner 3.5 1.5

Table 7.6: Optimal Location - Linear Layout

Processing Station Xi [m] Vi [m]

First Charger 2.5 0.5

Second Charger 6.5 0.5

First Reactor (B) 0.5 0.5

Second Reactor (B) 5.5 0.5

First Mixer (B) 4.5 0.5

Second Mixer (B) 1.5 0.5

Cleaner 3.5 0.5



C hapter 8

C onclusions and Future D irection s

This thesis has been considered the development of new quantitative experimental 

methods based on mathem atical programming models to assist engineers in gener

ating optimal process plant layouts. A number of m athem atical models and solution 

procedures have been developed for the process plant layout problem to account for 

multifloor, safety and pipeless operation. The key contributions of the thesis are 

summarised in the next section, while section 8.2 considers possible directions for 

future work.

8.1 C ontributions o f th is thesis

8.1 .1  M ultifloor P ro cess  P lan t Layout

The ultim ate goal of this stage was the development of efficient solution approaches 

based on mixed integer optimisation models, in order to determine:

167
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• Number of floors;

• Floor location of each equipment item; and

• Spatial allocation of equipment items tha t have been assigned to the same

floor.

In term s of solution and analysis of the models, three solution approaches have been 

investigated: a simultaneous, a decomposition and an iterative approach.

Sim ultaneous Approach

The outcome has been a general m athem atical programming formulation for the 

multi-floor process plant layout problem, which considers a num ber of cost and 

m anagem ent/ engineering drivers within the same framework thus resolving various 

trade-offs at an optimal manner. The proposed model determines simultaneously 

the number of floors, land area, floor allocation of each equipment item  and detailed 

layout for each floor. The overall problem has been formulated as a mixed integer 

linear programming (MILP) model based on a continuous domain representation 

(Papageorgiou and Rotstein, 1998).

The model minimises the total plant layout cost (connection, pumping, land area 

and floor construction costs) subject to floor constraints (allocate each equipment 

item to one floor and calculate the number of floors), equipm ent orientation con

straints (determine the length and depth of each item ), non-overlapping constraints 

(avoid situations where two equipment items occupy the  same physical location
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when allocated to the same floor), distance constraints (calculate the absolute dis

tances between equipment items) and additional layout design constraint (calculate 

the land and floor area).

The resulting mixed integer optimisation problem is solved at a single-level (sim ulta

neous approach) by using standard branch-and-bound procedures. All decisions are 

considered simultaneously within the same framework and optim ality is guaranteed 

for tractable models. Flowsheets up to 11-units have been solved for the multi-floor 

process plant layout problem.

D eco m p o sit io n  Approach

Here, the overall problem has been decoupled into a m aster and a subproblem, 

which are solved iteratively until convergence. The m aster problem provides a lower 

bound to the optimal solution of the original problem. The number of floors and 

the allocation of units to floors are determined by the m aster problem. Then, 

the solution of the subproblem provides an upper bound to the optimal solution 

of the original problem and determines the detailed layout for every floor. The 

m aster problem and the subproblem are solved iteratively until convergence, with an 

acceptable tolerance. The m aster problem minimises a relaxation of connection and 

pumping costs, the floor construction and the land area costs while the subproblem 

is a reduced simultaneous model. Flowsheets up to 12 items have been tackled for 

the multi-floor problem with this approach.
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Iterative  Approach

In the previous approach, the subproblem is sometimes difficult to be solved, depend

ing on the size of the example. In order to overcome this difficulty, an alternative 

new approach has been suggested where the same models as above are used for 

the m aster problem and the subproblem. An iterative solution algorithm has been 

followed though for the subproblem by solving a sequence of smaller versions of the 

subproblem with the corresponding non-overlapping binary variables fixed to the 

solution of current subproblem. The iterative approach compares favourably to the 

two previous approaches considering the size of examples tackled (flowsheets up to 

16 units for the multi-floor case) and the com putational requirements.

8 .1 .2  Safe P ro cess  P lant Layout

The objective of this stage was to develop mixed integer optimisation models by 

incorporating safety aspects within single-floor plant layout problems.

Two general m athem atical programming formulations have been proposed to con

sider simultaneously single-floor process plant layout and safety aspects. The devel

oped models determine the detailed process plant layout (coordinates and orienta

tion of each equipment item ), the number and type of protection devices in order 

to reduce possible accidents and the financial risk (including risk of accidents at a 

unit and propagation risk of the accidents to other units). Both models are based 

on the work of Papageorgiou and Rotstein (1998) in order to capture rectilinear- 

type (M anhattan) distances and rectangular footprints following current industrial
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practices. The first model (MINLP model) calculates the propagation financial risk 

by applying the equivalent TNT method (Lees, 1980) and the second one (MILP 

model) by utilising the areas of exposure for each item , using the Dow Fire and 

Explosion Index System (1994). The models applicability was dem onstrated by an 

Ethylene Oxide Plant example. For both models, it was shown th a t the installation 

of protection devices at the most dangerous items reduced significantly the total 

plant layout cost despite the purchase cost of extra protection devices.

8.1 .3  S im u ltaneous L ayout, D esign  and O p eration

Here, the plan was the development of a single-level m athem atical model th a t would 

capture layout, design and planning/scheduling aspects suitable for pipeless batch 

plants. The resulting model should consider all components simultaneously thus 

resolving various trade-offs at an optimal manner.

A unified m athem atical framework has been developed considering the above issues 

for pipeless plants based on the continuous-domain model of Papageorgiou and Rot

stein (1998). It is compared favourably to literature representations (Realff et al. 

1996) as it can decide upon the type of layout {e.g. Circular, Herringbone, Linear). 

The model maximises the income from product deliveries by taking into considera

tion m aterial transfer cost and an annualised capital cost of the processing stations 

and the transferable vessels subject to balances on the num ber of vessels and the 

materials held in storage and layout constraints (equipment orientation constraints, 

non-overlapping constraints, distance constraints). The applicability of the model
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has been illustrated with one literature example.

8.2 R ecom m endations for future W ork

The research presented in this thesis has identified a num ber of issues th a t need to 

be further investigated in order to develop efficient optimisation-based algorithmic 

methods for the solution of the complex mixed-integer optim isation problems, which 

result from our recently proposed m athem atical framework for the process plant 

layout problem.

8.2 .1  Itera tive  Solu tion  A pproach

In chapter 5, an iterative solution approach for the multi-floor process plant layout 

problem was proposed outperforming simultaneous and decomposition approaches 

by reducing computational requirements without significant compromise of the solu

tion quality. For the solution of the subproblem, an alternative scheme was applied 

by solving a number of smaller versions of the subproblem. A number of insertion 

rules are followed in order to augment the set of items for which the subproblem is 

solved each time. For example, the inserted new items are connected to the items of 

the previous iteration while a maximum number of inserted items is imposed. When 

all the items of the chosen floor are considered, we are moving to a neighbouring 

floor.

Although the above iterative solution scheme has performed satisfactorily for a num 

ber of examples with flowsheets up to 16 equipment items, further improvement can
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still be achieved so as to allow us to tackle even larger examples of industrial in

terest while m aintaining enhanced quality of the final solution obtained. Therefore, 

further investigation is required to select appropriate initial equipm ent set and inser

tion rules during the solution of the subproblem, which should enhance the overall 

performance of the above iterative approach.

In addition, it is envisaged th a t the above procedure will be enhanced by develop

ing a post-processing phase which should attem pt to improve the solution obtained. 

So, this phase can be analytical or optimisation based which can be applied either 

separately for each equipment item or group of items. After examining all flowsheet 

equipment, the post-processing phase can be repeated until no further improvement 

in the objective function is achieved. The efficiency of the post-processing phase 

should alleviate the computational effort required by the iterative approach by term i

nating the branch-and-bound procedure prem aturely while a series of optimisation- 

based post-processing phases could finally obtain a solution of enhanced quality.

8 .2 .2  CLP and H ybrid  A pproaches

M athem atical programming models tha t include disjunctive constraints, such as the 

non-overlapping constraints in the layout problem, usually make use of big M for

mulations, which frequently suffer from poor linear programming (LP) relaxation. 

However, disjunctions can be treated efficiently by constraint logic programming 

(CLP), which is a discrete optimisation technique tha t is based on implicit enumer

ation and variable reduction through constraint propagation. For this reason the
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scope of solving the process plant layout problem by CLP (commercial and research- 

based) techniques as well as the combination of m athem atical programming (e.g. 

MILP) and CLP techniques should be investigated.

Hybrid solution schemes have successfully been applied to other process systems 

engineering problems with disjunctive constraints such as production scheduling 

Harjunkoski and Grossmann (2002) by combining the strengths of MILP and CLP 

techniques.

8 .2 .3  S ym m etry

As already mentioned earlier in the thesis, the three solution approaches for the mul

tifloor process plant layout problem provided degenerate optim al solutions for the 

instant coffee and the ethylene oxide plants. In the models described in this work, 

several symmetric solutions can be obtained for every example. The number of de

generate solutions increases the computational time for the solution of such problems 

as branch-and-bound solvers can waste useful time to explore alternative symmetric 

solutions. Therefore, ways to reduce the problem sym m etry should be investigated. 

Research should be focused on constructing partial convex hull representations for 

the disjunctive constraints and new selective branch-and-bound schemes.

8 .2 .4  P ip e  R ou tin g

In all the approaches presented in this thesis the assumption of rectilinear distances 

between items has been adopted. A process plant layout issue not considered here
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is the pipe-routing. Pipe routing provides a first pipe design at an early stage of 

the plant design. Although it is not as detailed as the final one it gives a realistic 

routing for the main pipes and most im portant a realistic estim ation of the total 

piping cost which can affect dram atically the allocation of units in the land area. So 

far, pipe routing aspects have received very little attention (Schmidt-Traub et al,  

1998; Burdorf et al., 2002).

A detailed pipe routing consideration may require a redefinition of the position of 

the connectivity inputs and outputs for each item. Here, we assumed connectivity 

through the geometrical centres of the items but alternative inputs and outputs 

should also be considered (see for example Barbosa-Povoa et al. 2001) for more 

accurate representations.
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