
 

 
 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

 

 

DEPARTMENT OF ENGINEERING MANAGEMENT 

Design of a chemical batch plant with parallel production lines: 
plant configuration and cost effectiveness 

 

Floor Verbiest, Trijntje Cornelissens & Johan Springael 
 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

 

 

UNIVERSITY OF ANTWERP 
Faculty of Applied Economics 

 

City Campus 

Prinsstraat 13, B.226 

B-2000 Antwerp 

Tel. +32 (0)3 265 40 32 

Fax +32 (0)3 265 47 99 

www.uantwerpen.be  

 

http://www.uantwerpen.be/


  

 

 

 

FACULTY OF APPLIED ECONOMICS 
 

 

 

 

 

 

 

 

 

 

 

DEPARTMENT OF ENGINEERING MANAGEMENT 
 

Design of a chemical batch plant with parallel production lines: 
plant configuration and cost effectiveness 

 

Floor Verbiest, Trijntje Cornelissens & Johan Springael 

 

RESEARCH PAPER 2016-008 
MAY 2016 

 
 
 
 
 

University of Antwerp, City Campus, Prinsstraat 13, B-2000 Antwerp, Belgium 

Research Administration – room B.226 

phone: (32) 3 265 40 32 

fax: (32) 3 265 47 99 

e-mail: joeri.nys@uantwerpen.be  

 
The research papers from the Faculty of Applied Economics 

are also available at www.repec.org  

(Research Papers in Economics - RePEc) 

 
 

 

D/2016/1169/008 

mailto:joeri.nys@uantwerpen.be
http://www.repec.org/


Design of a chemical batch plant with parallel
production lines: plant con�guration and cost
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University of Antwerp, Prinsstraat 13, 2000 Antwerp, Belgium

May, 2016

Abstract

We present a model for the design of multiproduct batch plants extended with
parallel production lines. �e proposed model serves as a basis for strategic capa-
city decisions and is formulated as a MILP model. First, we introduce the concept
of parallel production lines into existing plant design models and optimise the
assignment of products to these lines, together with the number and size of the
equipment, by minimising, at �rst, only capital costs. Furthermore, we focus on
the mutual in�uence between the design and the objective function. �is ob-
jective function is not only de�ned as the minimisation of capital costs, but is
extended with setup and operating costs. �e applicability of our model is il-
lustrated with an example, where we compare the traditional single line design
model with our introduced parallel lines model. We �nd that the presence of par-
allel production lines is bene�cial when setup costs are included. Moreover, the
incorporation of operating costs a�ects volume-wise asset utilisation per batch.

Key words: chemical batch plant, plant design, parallel production lines.

1 Introduction

1.1 Research context
Increasing pressure on supply chain performance forces production companies nowadays
to take appropriate strategic decisions on plant design and production strategies. We
focus on such decisions for chemical batch plants in a �ow shop environment in par-5

ticular. Batch plants are typically equipped with tanks, reactors, etc. in which all the
∗corresponding author
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input material is treated for a certain period of time and then passed on to the next op-
eration (and equipment) (Rippin, 1983). So these plants are, unlike continuous plants,
able to produce products in �nite quantities. Consequently, these plants are suitable
to cope with multiple products, varying demand and short product life-cycles (Turton10

et al., 2013).

�e design of chemical batch plants considers plant con�guration (i.e. number, size
and connectivity of equipment) and the related batch sizes of the di�erent manufac-
tured products. �is design problem has been studied since the ’70s. Loonkar and15

Robinson (1970) calculated the optimal equipment sizes for a single product batch
plant with one production line. �e objective of this nonlinear program was to min-
imise capital investment via iteratively solved algebraic equations. By extending this
model to a batch plant producing di�erent products, two major production envir-
onments are considered in literature: multiproduct and multipurpose plants. In a20

multiproduct plant, all products are processed following the same processing steps in
the same sequence, also o�en denoted as a �ow shop, and usually di�erent products
are produced one at a time. In a multipurpose plant, di�erent products may take dif-
ferent routes, referred to as a job shop, and thus products following di�erent paths
can be produced simultaneously (Biegler et al., 1997). Among the pioneering work25

on multiproduct plants, Sparrow et al. (1975) solved the design problem, with parallel
equipment per processing stage, by both a branch-and-bound method and a heuristic
approach. Grossmann and Sargent (1979) formulated this problem as a mixed-integer
nonlinear programming problem (MINLP), which was later reformulated as a linear
problem (MILP) by Voudouris and Grossmann (1992). �e model discussed in this pa-30

per is built on these mathematical programming models. Other multiproduct design
models were extended for semicontinuous- and intermediate storage equipment, but
still consider a single production line (Knopf et al., 1982; Takamatsu et al., 1982; Modi
and Karimi, 1989). A recent review on the design of these plants is presented by
Barbosa-Póvoa (2007). �e aim of the aforementioned design problems is to minimise35

capital costs, however other costs have been included as well: e.g. the minimisation of
energy costs (Knopf et al., 1982) and of environmental impact (Dietz et al., 2006). Some
articles consider pro�t maximisation and include, besides capital costs, also e.g. raw
material, disposal (e.g. Moreno and Montagna, 2007; Corsano et al., 2007) and main-
tenance costs (Pistikopoulos et al., 1996; Goel et al., 2003).40

Plant design and the operational use of the plant are highly interwoven and should
therefore be de�ned simultaneously. A�er all, anticipating on the operational use of
the plant in the design phase can have large economic impacts (Rippin, 1993). �ere
exist a number of articles on the operational use, i.e. the scheduling aspect, of batch45

plants. However, the majority of these papers assume a given design. �ese works
include both cyclic and short-term batch scheduling problems. �e former kind of
problems assume a campaign-mode of operation, whereas in short-term scheduling
problems production may occur at arbitrary points in time. We refer to recent review
papers on short-term batch scheduling (Floudas and Lin, 2004; Méndez et al., 2006;50

Harjunkoski et al., 2014) and an example of cyclic scheduling (Fumero et al., 2014)
for more details. �e few articles that also optimise the design of the plant consider
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a campaign-mode of operation. Besides single product campaigns, which are (im-
plicitly) assumed in the previously mentioned articles on plant design, Birewar and
Grossmann (1989, 1990) introduced multiple product campaigns and combined sizing55

and production scheduling. More recently, the combination of designing and cyclic
scheduling via multiple product campaigns has been studied e.g. by Corsano et al.
(2007) using a heuristic solution method and by Fumero et al. (2013) solving a MINLP
model extended for parallel machines in each stage of the production process.

1.2 Contributions60

�e contributions of this paper are twofold. �e �rst contribution concerns the design,
where we extend the existing design models for a multiproduct batch plant, operating
in single product campaign mode, with parallel production lines. Our second contri-
bution involves the introduction of additional cost components, besides capital costs
of the plant. �ese costs re�ect the performance a�ribute ’cost e�ectiveness’ which65

refers to the costs associated with the production process. Of course, the goal is to
produce in a cost e�ective manner or, in other words, to minimise the overall costs.
Moreover, we will investigate the mutual in�uence between the newly introduced
parallel lines and the extended objective function.

70

We include the concept of parallel production lines, i.e. speci�c lines over which total
production will be divided and that may be dedicated to particular products or product
families, in the design models. Comparable parallel lines appear in academic literat-
ure on short-term scheduling in chemical batch plants (e.g. Cerdá et al., 1997; Méndez
et al., 2001; Chen et al., 2002; Hill et al., 2016). However, the number and capacities of75

equipment units are given. To the authors knowledge, no multiproduct design prob-
lem has included parallel production lines so far.

Concerning the objective function, we consider capital or investment costs but we
also include setup costs and product batch-related operating costs.80

Capital costs �ese costs are associated with the acquisition or installation of equip-
ment. In order to correctly sum up this cost with the other cost components, the one
time initial capital expenditure is converted into a uniform cost per production hori-
zon (Jelen et al., 1983).

Setup costs Regarding the setup costs, we distinguish two components: a �xed85

startup and contamination cost. �e startup cost is incurred for every equipment unit
every time a product campaign starts and represents the cost of se�ing the equip-
ment parameters to the required level (such as temperature and pressure), preparing
the in�ow of ingredients, performing quality tests, etc. In our model, this is a �xed
equipment independent cost per campaign, only determined by the product that is90

produced. �e contamination cost, on the other hand, depends on the combination of
products produced on the equipment units. In practice, products with similar char-
acteristics are o�en grouped into product families. As products of the same product
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family require the same treatments, pipeline connections, etc., it is preferred to pro-
duce them on the same equipment. Consequently, equipment will be dedicated to95

these products (product families). In order to accomplish this dedication, the con-
tamination cost is formulated as a penalisation for manufacturing products from a
di�erent family on the same equipment.

Operating costs In this paper, this cost accounts for labour, use of utilities, etc.
per batch of every product. Because of the variable character of this cost component,100

i.e. dependent on the number of batches, production of the demand in the least number
of batches is favoured. A consequence of minimising this operating cost is an increase
in volume-wise asset utilisation per batch. Time-wise asset utilisation, on the other
hand, will be lower, and thus idle time will occur. However, this phenomenon can
provide a welcome bu�er for small unforeseen events. �e idea of bene�ting from this105

idle time also appeared in the work of Sahinidis and Grossmann (1991) on scheduling
on continuous production lines. In that article, the idle time is used to produce new
(additional) products.

2 Chemical batchplantwith parallel production lines

2.1 Description110

In a chemical batch process, there is typically one or more bo�leneck stage. In gen-
eral, such a stage involves a di�cult and/or long operation that o�en requires capital
intensive equipment. As this bo�leneck controls the pace of the entire system, sub-
optimal use of this equipment slows down the entire process. A possible consequence
is accumulation of work-in-progress before the bo�leneck or idle time in the non-115

bo�leneck operations to avoid these build-ups (Stevenson, 2011).

In the literature on chemical batch plant design, there are several design options repor-
ted to eliminate or reduce such a bo�leneck: the introduction of parallel equipment
per stage and/or intermediate storage between stages (Biegler et al., 1997). Indeed,120

the aforementioned design options lead to shorter cycle times, hence more batches in
smaller and thus cheaper equipment. In practice, we observe another design option
that is frequently used in chemical plants, namely the installation of parallel produc-
tion lines (Hill et al., 2016). �ese parallel lines are installed on one production site
and operate independently but simultaneously with each other. Each line consists125

of all stages and hence products may be produced on one or multiple lines. As total
production volume is now divided over these lines, products no longer need to share
all equipment, which may reduce the required size and/or number of the expensive
bo�leneck stages. For the same reason, a decrease of the total startup cost can be
expected as well. On top of this, when products with similar characteristics (product130

families) are produced on the same equipment, the result may be that equipment/lines
are completely dedicated to these product families and high contamination costs can
be avoided. So, setup costs will be limited to the startup costs.
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2.2 Problem characteristics and assumptions
�e chemical batch process considered in this paper is a multiproduct sequential pro-135

cess. Production is represented by a �ow of batches and there is no spli�ing or mer-
ging so that material balances need not to be speci�ed, as is the case for the more
complex network-represented processes. For a more detailed description of the dif-
ferent topologies, we refer again to papers on batch scheduling (e.g. Floudas and Lin,
2004; Méndez et al., 2006; Harjunkoski et al., 2014).140

We base our assumptions and mathematical model on that described by Sparrow et al.
(1975) and used the linearisation technique introduced by Voudouris and Grossmann
(1992). We consider P products i that are to be produced over J stages j, where every
stage performs an operation. �e demand for every product (Qi ) and the total pro-145

duction horizon (H ) are known upfront, as well as the characteristic size factors (Si j )
and the �xed batch processing times (τi j ). �e size factors correspond to the charac-
teristic size of equipment needed at stage j to produce unit mass of product i . �e
batch processing times are the durations of the operations in stage j for product i and
are independent of the product batch size. Further assumptions are:150

1. Production process/recipes are known upfront;
2. Unlimited access to raw materials;
3. Only batch equipment is explicitly considered;
4. Zero-wait policy between the batch stages;
5. Overlapping mode of operation;155

6. At most N identical parallel equipment per stage (nj ), operating out-of-phase
(see Fig. 1, stage 1);

7. Cycle time of product i is the longest processing time over all stages: max
j=1, ..., J

τi j/nj

(see Fig. 1);
8. Deterministic demand and process parameters.160

In the linearisation of Voudouris and Grossmann (1992), the equipment sizes are lim-
ited to certain discrete sizes. �is results in the additional assumption:

9. Discrete set of S equipment sizes vs for all stages j to choose from.

As the operational use is inherently present in the design problem, we assume a single
product campaign mode of operation for every production line. �is implies that total165

demand of every product is manufactured before switching to the production of an-
other product (Biegler et al., 1997). As illustrated on Figure 1, all the batches of product
1 are produced before switching to product 2. Moreover, demand for every product is
due at the end of the planning horizon, so there are no intermediate due dates. �is
operation mode facilitates the operational use as no explicit sequencing nor speci�ed170

start and end times are needed (Applequist et al., 1997).
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Figure 1: Illustration of single product campaigns, parallel equipment operating out-
of-phase and cycle times for a single production line (Adapted from Biegler et al.,
1997)

2.3 Mathematical model
In this section, we present our mathematical model for the batch design problem ex-
tended with parallel production lines. �is extension involves the introduction of the175

line dimension (l ) as an index in the variables and the constraints.

2.3.1 MINLP model

We assume that all products i are allowed on all lines l , and the number of lines (L) is
given upfront. Since production of these products can be split over lines, the amounts
produced (ql i ), number of batches (nl i ) and time spent on product i (θl i ) become line
dependent. �is leads to the following MINLP design problem when minimising only
capital costs c jsn :

min


L∑
l=1

J∑
j=1

S∑
s=1

N∑
n=1

c jsnyl jsn


s.t.
Design constraints:

nl i >
S∑
s=1

N∑
n=1

ql iSi j

vs
yl jsn ∀l , i, j (1)

S∑
s=1

N∑
n=1

yl jsn = 1 ∀l , j (2)

Horizon constraints:

θl i >
S∑
s=1

N∑
n=1

τi j

n
nl iyl jsn ∀l , i, j (3)

P∑
i=1

θl i 6 H ∀l (4)
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Demand constraint:
L∑
l=1

ql i = Qi ∀i (5)

Boundaries:

yl jsn , tl i ∈ {0, 1} ∀l , i, j, s,n (6)
ql i 6 Qitl i ∀l , i (7)
nl i 6 Mitl i ∀l , i (8)
θl i 6 Htl i ∀l , i (9)
tl i 6 ql i ∀l , i (10)
ql i ,nl i ,θl i > 0 ∀l , i (11)

where c jsn = nα jv
βj
s , yl jsn is a binary variable indicating whether or not stage j of

line l has n equipment units in parallel of size s and tl i is indicating if product i is
produced on line l or not. Furthermore, we have included Mi as an upperbound on
the number of batches for every product i . �is upperbound is formulated as:

Mi =
QiS

max
i j

v0
∀i

Indeed, the maximum number of batches occur when the total amount (Qi ) has to be
produced in the smallest available tank (v0), taking into account the largest size factor
Smax
i j per product.180

Objective function �e objective of this MINLP problem is to minimise capital
costs. Capital costs increase in a nonlinear manner with increasing volume of the
equipment units, where α j and βj are stage dependent cost factors. �e nonlinearity
is captured with a power law expression where the exponent (βj ) is smaller than one
for every stage j. An example of this behaviour is shown in Figure 2. Furthermore, for185

the purpose of this paper, we assume that the conversion to a uniform cost per horizon
is already done. Hence, this cost represents a depreciation cost and an interest, as cash
is being tied up in equipment (Jelen et al., 1983).

Design constraints For every stage j of every line l the capacity of the equipment
vs should be large enough to hold a batch of every product i , multiplied by its size190

factor. Incorporating the discrete set of sizes gives Eq.(1). Eq.(2) states that for every
stage on every line a number of units with one particular size is chosen.

Horizon constraints Total time spent on every product i on line l (θl i ) corresponds
to the number of batches per product multiplied by the time necessary to complete one
batch, i.e. the cycle time (Eq.(3)). As explained in Section 2.2, and illustrated on Figure195

1, this cycle time is the period of time between two consecutive batches of product
i . As parallel equipment per stage operate out-of-phase, the cycle time depends on
the number of equipment per stage. Finally, total production time per line should not
exceed the allowed production horizon (Eq.(4)).

7



40
0

60
0

80
0

1,
00

0

1,
20

0

1,
40

0

1,
60

0

1,
80

0

2,
00

0

2,
20

0

100

150

200

Equipment sizes (in l)

v
β j s

=
v

0.
70

s

Cost function

Figure 2: Nonlinear cost function

Demand constraint �e production of product i split over multiple lines l should200

sum up to the demand (Eq.(5)).

2.3.2 MILP model

�e multiple choice character of discrete sizes and parallel units enables linearising
the aforementioned model. �e two bilinear products of continuous and binary vari-
ables (ql i · yl jsn and nl i · yl jsn ), in Equation (1) and (3) respectively, are replaced with
two new variablesZl i jsn andWl i jsn and corresponding additional constraints (Glover,
1975). �is results in the transformation of our MINLP model into the following MILP
model:

min


L∑
l=1

J∑
j=1

S∑
s=1

N∑
n=1

c jsnyl jsn


s.t.
Design constraints:

S∑
s=1

N∑
n=1

yl jsn = 1 ∀l , j (12)

Rewrite (1) with the newly introduced variable: Zl i jsn = ql iyl jsn .

nl i >
S∑
s=1

N∑
n=1

Si j

vs
Zl i jsn ∀l , i, j (13)

and add extra constraints:

Zl i jsn 6 Qiyl jsn ∀l , i, j, s,n (14)
Zl i jsn 6 ql i ∀l , i, j, s,n (15)
Zl i jsn > ql i −Qi (1 − yl jsn ) ∀l , i, j, s,n (16)
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Horizon constraints:
P∑
i=1

θl i 6 H ∀l (17)

Rewrite (3) with the newly introduced variable: Wl i jsn = nl iyl jsn

θl i >
S∑
s=1

N∑
n=1

τi j

n
Wl i jsn ∀l , i, j (18)

and add extra constraints:

Wl i jsn 6 Miyl jsn ∀l , i, j, s,n (19)
Wl i jsn 6 nl i ∀l , i, j, s,n (20)
Wl i jsn > nl i −Mi (1 − yl jsn ) ∀l , i, j, s,n (21)

Demand constraint:
L∑
l=1

ql i = Qi ∀i (22)

Boundaries:

yl jsn , tl i ∈ {0, 1} ∀l , i, j, s,n (23)
ql i 6 Qitl i ∀l , i (24)
nl i 6 Mitl i ∀l , i (25)
θl i 6 Htl i ∀l , i (26)
tl i 6 ql i ∀l , i (27)
ql i ,nl i ,θl i > 0 ∀l , i (28)
Zl i jsn ,Wl i jsn > 0 ∀l , i, j, s,n (29)

�is linearisation enables us to use available MIP/LP solvers (here Gurobi 6.5 is used)
and solve it up to optimality.

2.4 Illustrative example: parallel production lines205

We illustrate the implementation of parallel production lines with the following ex-
ample. We need to design a chemical batch plant that needs to produce 8 products
with a given demand within a given production horizon. �e production process for
all products consists of 3 operations, performed in 3 stages. All input data is given in
Table 1. As can be seen from this table, the operation in stage 3 is the longest and has210

also the most expensive equipment (given by α and β), so it can be considered as the
bo�leneck of the entire production process.
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Table 1: Process and demand data
Product demand Qi (x 1,000 in kg)

prod 1 prod 2 prod 3 prod 4 prod 5 prod 6 prod 7 prod 8
500 250 150 300 400 420 275 175

Processing time τi j (in h)
stage 1 3.2 3.1 2.0 2.5 1.9 2.8 1.8 3.5
stage 2 2.0 1.6 2.3 3.0 2.2 3.2 4.0 2.8
stage 3 8.6 11.5 7.0 8.3 12.3 9.4 10.6 6.8
Size factor Si j (in l/kg)
stage 1 1.3 1.0 1.2 1.1 1.3 1.4 1.6 1.8
stage 2 1.4 1.5 1.1 0.9 1.0 1.2 1.5 1.3
stage 3 1.0 1.6 1.3 1.7 1.0 1.6 1.2 1.1

Horizon H (in h) = 6,500
Set S of discrete sizes vs (in l) = {400, 600, 800, 1,000, 1,200, 1,400, 1,600, 1,800, 2,000, 2,200}
Cost coe�cients α j = {150, 200, 450} and βj={0.25, 0.45, 0.70}

�e solution of this example when minimising only capital costs is shown in Table 2.
�e le� panel (case 1) gives the optimal solution when there is only one production215

line. �e right panel (case 2) shows the optimal design for a plant with 3 production
lines. We assume that each line consists of the same 3 stages, so the processing times
and size factors given in Table 1 are applicable for all the 3 lines.

All numerical results are obtained using the Gurobi Optimizer 6.5 (Gurobi, 2016) on220

an Intel(R) Core i7 - 5600U CPU, 2.6 GHz computer and a visual overview is given in
Appendix B.

Table 2: Solution at minimum capital cost: design of plant with one line (case 1) and
three lines (case 2)

Case 1: one production line Case 2: three production lines

Capital costs = 250,990 Capital costs = 253,584
line 1 line 2 line 3

size (numb) size (numb) size (numb) size (numb)
stage 1 2,200 (2) stage 1 1,400 (1) 2,200 (1) 2,200 (1)
stage 2 2,200 (2) stage 2 1,400 (1) 2,000 (1) 1,600 (1)
stage 3 1,600 (3) stage 3 1,000 (1) 2,200 (1) 1,600 (1)

Product assignment for case 2: ql i (x 1,000 in kg)
prod 1 prod 2 prod 3 prod 4 prod 5 prod 6 prod 7 prod 8

line 1 500 0 0 0 0 0 169 6
line 2 0 126 150 300 0 420 0 0
line 3 0 124 0 0 400 0 106 169

Problem size case 1: 826 var.(90 bin.var.); 2,236 const., solved in 0.06 s
Problem size case 2: 4,686 var.(294 bin.var.); 13,220 const., solved in 256.4 s

As can be seen from Table 2, the capital costs are slightly higher for the case with
parallel lines. When we look into more detail to the cost structure, we notice an225

increase in the costs of stage 1 and 2 in case 2 as there is more equipment (6 instead
of 4 units; 19,830 vs 14,823), but, on the other hand, there is a small decrease in the
costs of the dominating bo�leneck stage, stage 3 (233,754 vs 236,166). �is decrease
is explained by the nonlinearity of our cost function and we refer to Figure 2 for a
visualisation. In total, the decrease is o�set by the increase and capital costs are higher230

in case 2. �e lower panel of the table gives the optimal distribution of production
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over the 3 lines. For this example, production of product 2, 7 and 8 is split over 2 lines
while the remaining products (1, 3, 4, 5 and 6) are manufactured on one line.

3 Cost e�ectiveness: setup costs
In this section, we implement the twofold setup cost. �is setup cost is a �xed produc-235

tion cost, i.e. a cost that is not dependent of the volume or number of batches (Jorissen
et al., 2013), per product per horizon.

3.1 Startup costs
�e preparation of each equipment unit at the start of every product campaign i is
modelled as follows:

P∑
i=1

L∑
l=1

J∑
j=1

S∑
s=1

N∑
n=1

nCstart
i yl jsntl i

where Cstart
i is a line and stage independent startup cost and tl i is the binary vari-

able indicating whether or not product i is produced on line l . If tl i equals one, all240

the equipment units of line l , given by n · yl jsn , have to be con�gured for producing
product i .

We have linearised this nonlinear cost component in order to incorporate it into our
MILP model. Suppose the number of equipment per line is modelled via the integer
variable NEl , then the product tl i · NEl = Vl i and:

NELBl tl i 6 Vl i 6 NEU B
l tl i ∀i, l

NEl − NEU B
l (1 − tl i ) 6 Vl i 6 NEl − NELBl (1 − tl i ) ∀i, l

with LB and UB respectively the lower and upper bound on the number of equipment
per line. �ese boundaries can be easily calculated, as the minimum and maximum
number of equipment units per stage and the number of stages per line are speci�ed
beforehand. �e startup costs are now:

P∑
i=1

L∑
l=1

Cstart
i Vl i

3.2 Contamination cost
As stated, the contamination cost represents a penalisation for producing products
from di�erent product families on the same equipment/line. To steer for grouping of
similar products, we formulate this cost as follows:

L∑
l=1

P−1∑
i=1

P∑
i′=i+1

Ccont
ii′ (tl itl i′ )NEl

11



withCcont
ii′ a symmetric cost matrix indicating if product i and product i ′ belong to the245

same product family or not. �e product of the two binary variables tl i and tl i′ rep-
resents the assignment of product i and i ′ to line l . If these two products i and i ′ are
from a di�erent product family and manufactured on the same line, an additional cost
is incurred per equipment unit as every unit is contaminated. Otherwise, if they are
from the same family (Ccont

ii′ = 0) or if they are produced on a di�erent line (tl itl i′ = 0),250

the additional cost is zero.

�e formulation of this contamination cost is related to the transition cost described
in the aforementioned article of Sahinidis and Grossmann (1991) on scheduling on
continuous production lines. In that article, there is a transition from product i to255

j if product j is being produced immediately a�er product i was being produced on
the same line and is modelled through binary products. In our case, within the as-
sumptions of our model, i.e. production in a single product campaign mode and thus
without explicit sequencing, this cost should be interpreted as an indication of how
well similar products are grouped together. �e more products with di�erent char-260

acteristics are produced on the same equipment, the higher the contamination. Of
course, when there is only one production line to produce all products, there can be
no grouping or dedication. As a consequence, the contamination, and thus the pen-
alisation, is high. Parallel production lines allow for a reduction or in the ideal case
for a circumvention of this contamination cost when lines are completely dedicated265

to product families.

Again, we used classical linearisation techniques to eliminate the product of two bin-
ary variables. We introduced the new binary variable Xl ii′ and the corresponding
constraints:

Xl ii′ = tl itl i′

and

Xl ii′ 6 tl i ∀l , i = 1 . . . (P − 1), i ′ = (i + 1) . . . P
Xl ii′ 6 tl i′ ∀l , i = 1 . . . (P − 1), i ′ = (i + 1) . . . P
Xl ii′ > tl i + tl i′ − 1 ∀l , i = 1 . . . (P − 1), i ′ = (i + 1) . . . P

�e product of Xl ii′ · NEl = Ul ii′ is linearised in the same manner as explained in the
previous Section 3.1. �e linear contamination cost is:

L∑
l=1

P−1∑
i=1

P∑
i′=i+1

Ccont
ii′ Ul ii′

3.3 Illustrative example continued: Setup costs
We continue our illustrative example from the previous section where we had to pro-
duce 8 products on a single line (case 1) and on 3 lines (case 2). As we are now not270

only considering capital costs, but also setup costs, the advantage of installing parallel
production lines becomes clear.
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3.3.1 Startup costs

�e line and stage independent startup costs included are shown in Table 3.

Table 3: Startup costs
Startup costs C start

i
prod 1 prod 2 prod 3 prod 4 prod 5 prod 6 prod 7 prod 8
2,750 1,800 2,000 3,150 3,200 2,500 3,800 4,000

Table 4 gives the optimal solution for the two cases when startup costs are included.275

For case 2, it seems optimal to use only one line for every product. So although using
multiple lines is allowed, all products are only produced on one line so that only once
per product a startup cost is incurred. In addition, as not all products have to share all
equipment, total startup costs are lower than is the case for a single production line.
Furthermore, we notice again for case 2 an increase in capital costs of stage 1 and 2280

compared to case 1 (21,133 vs 7,412). �is increase is larger than was the case in our
example with only capital costs (Table 2), because there are now 6 equipment units
in stage 1 and 2 (case 2) instead of 2 (case 1). However, the decrease in costs of stage
3 for the case with parallel lines is also larger (235,907 vs 256,463). It even outweighs
the increase of stage 1 and 2 so that total capital costs are, in this example, lower with285

parallel lines than without.

Next, we compare the change in capital costs of the two cases with the previous ex-
ample (see again Table 2). For case 1, as a result of the minimisation of the startup
costs, the number of equipment decreased in comparison with the results in Table 2 (5290

instead of 7 tanks). �is is at the expense of larger bo�leneck tanks which outweigh
the decrease in number of equipment units, leading to an increase in capital costs. �e
capital costs for case 2 increased as well, but only slightly in comparison to Table 2.
�is is because there was only a re-assignment of products to lines in order to have
only once a startup cost per product, leading to a small increase in the capital costs of295

all 3 stages. So, for this example, the in�uence of the startup costs on the equipment
choices is larger for case 1 than for case 2.

Table 4: Solution at minimum capital and startup cost: design of plant with one line
(case 1) and three lines (case 2)

Case 1: one production line Case 2: three production lines

Total costs = 379,875 Total costs = 326,639
(Capital: 263,875 + Startup: 116,000) (Capital: 257,039 + Startup: 69,600)

line 1 line 2 line 3
size (numb) size (numb) size (numb) size (numb)

stage 1 2,200 (1) stage 1 2,200 (1) 2,200 (1) 2,200 (1)
stage 2 2,200 (1) stage 2 1,800 (1) 1,800 (1) 2,200 (1)
stage 3 1,800 (3) stage 3 1,800 (1) 1,400 (1) 1,600 (1)

Product assignment for case 2: ql i (x 1,000 in kg)
prod 1 prod 2 prod 3 prod 4 prod 5 prod 6 prod 7 prod 8

line 1 0 0 0 0 400 420 0 0
line 2 0 0 0 300 0 0 275 175
line 3 500 250 150 0 0 0 0 0

Problem size case 1: 827 var.(90 bin.var.); 2,237 const., solved in 0.08 s
Problem size case 2: 4,713 var.(294 bin.var.); 13,319 const., solved in 505.8 s
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3.3.2 Sensitivity analysis startup costs

As discussed in the previous section, the incorporation of startup costs into the ob-
jective function can have an impact on the design decisions. In this section, we will300

look at the impact of di�erent levels of startup costs on the optimal design, or equi-
valently on the capital costs, for a single line and for 3 lines. We assumed that the
input data shown in Table 1 remained constant.

In Figure 3a, the case of a single line, the startup costs are zero at the �rst iteration and305

then increase gradually with 150 for all products for 20 times. As we are particularly
interested in the impact of the total startup costs on design, we assumed startup costs
the same for all products. �e startup costs �rst increase for 5 iterations without a
change in design. However, at iteration 7, it is be�er to change the design (increase
the capital costs from 250,990 to 263,875) so that startup costs are reduced (36,000 in-310

stead of the expected 50,400). For the remaining iterations, the capital costs remain
constant and the design corresponds with the one shown in the le� panel of Table 4.

We performed the same analysis for the case with 3 parallel lines and the results
are shown in Figure 3b. We start again with no startup costs and then gradually315

increase these costs with 150 for 20 iterations. �e �rst solution is again identical to
the situation when there are only capital costs (253,584; case 2 of Table 2). When we
include startup costs, we notice immediately a redistribution of the products over the
3 lines: instead of 3 products, there is only one product le� that is produced on 2 lines.
For the 7 remaining products, there is only 1 line per product used. �is leads to a320

small increase in capital costs (253,680 vs 253,584). From then until iteration 9, startup
and total costs increase linear and capital costs are constant. However, at iteration 9,
it is be�er to install larger tanks (capital costs increase to 257,039), in order to have
only once per product a startup cost. Indeed, from this point on, all products are only
manufactured on one line per product.325
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Number of iterations
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s

(a) Single line

5 10 15 200

1

2

3

·105

Number of iterations

Capital costs
Total costs

Startup costs

(b) Multiple lines
Figure 3: Sensitivity analysis of startup costs

Comparison of Figure 3a and 3b shows that for our example the impact on the capital
costs is lower in the case with multiple lines. As each line had already 1 equipment
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unit per stage from the beginning, the amount of equipment can not be reduced as
was done in the case with a single line.

3.3.3 Contamination costs330

Assume the 8 products to be manufactured belong to two product families.

Pf 1 = {1, 3, 4, 5, 8}
Pf 2 = {2, 6, 7}

We have included the following symmetrical contamination cost matrix:

Ccont
ii′ =



1 3 4 5 8 2 6 7
1 0 0 0 0 0 7, 100 5, 500 7, 500
3 0 0 0 0 0 6, 400 6, 250 6, 750
4 0 0 0 0 0 6, 600 6, 000 6, 800
5 0 0 0 0 0 6, 000 6, 150 6, 900
8 0 0 0 0 0 6, 750 6, 000 6, 400
... ... ...



Table 5: Solution at minimum capital, startup and contamination cost: design of plant
with one line (case 1) and three lines (case 2)

Case 1: one production line Case 2: three production lines

Total costs = 865,375 Total costs = 360,326
(Capital: 263,875 + Startup: 116,000 (Capital: 282,626 + Startup: 77,700 + Cont: 0)

+ Cont: 485,500)
line 1 line 2 line 3

size (numb) size (numb) size (numb) size (numb)
stage 1 2,200 (1) stage 1 2,000 (1) 1,200 (1) 1,400 (1)
stage 2 2,200 (1) stage 2 2,200 (1) 1,200 (1) 1,000 (1)
stage 3 1,800 (3) stage 3 1,600 (1) 1,200 (2) 1,000 (1)

Product assignment for case 2: ql i (x 1,000 in kg)
prod 1 prod 2 prod 3 prod 4 prod 5 prod 6 prod 7 prod 8

line 1 500 0 150 300 0 0 0 0
line 2 0 250 0 0 0 420 275 0
line 3 0 0 0 0 400 0 0 175

Problem size case 1: 827 var.(90 bin.var.); 2,237 const., solved in 0.05 s
Problem size case 2: 4,881 var.(378 bin.var.); 13,907 const., solved in 961.1 s

As can be seen from Table 5, the number and sizes of equipment for case 1 are identical
to the ones found in Table 4, hence capital and startup costs remained the same. �e335

high contamination cost indicates that the penalisation is high. As was discussed in
Section 3.2, when there is only one production line, dedicating equipment to products
(product families) is not possible and additional treatments have to be performed
either way. In case 2, we can avoid these extra tasks which allows us to conclude that
parallel production lines are bene�cial when products can be grouped into product340

families. From the product assignments shown in the lower panel, we notice a re-
arrangement of the products over the lines so that product families are produced to-
gether. �is results in an increase in capital and startup costs as this more steered
assignment does not correspond with the optimal free assignment of products to lines
(see Table 4).345
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4 Cost e�ectiveness: operating costs
Finally, to take into account the variable production cost, we add the following oper-
ating cost to the objective function:

L∑
l=1

P∑
i=1

Coperatnl i

Minimising this operating cost corresponds to minimising the number of batches, or
equivalently maximising the batch sizes. Fewer batches imply lower operating costs
and, as a result, also a higher volume-wise capacity utilisation per batch. �is volume-
wise utilisation was calculated as (Bl iSi j )/vs for every product on every stage, with350

Bl i = ql i/nl i . As fewer batches are needed to produce total demand of every product,
idle time will occur. Hence, time-wise asset utilisation will be lower but as stated in
Section 1.2 this can be seen as a positive side-e�ect.

In the third and last continuation of our example, we include the operating cost per355

batch. More speci�cally, we are interested in the in�uence of these costs on the
volume-wise asset e�ciency for the case with parallel lines (shown in Table 6). It
was found that for every line there is at least one product for which there is still a
range of batch sizes allowed within the installed equipment. When including the op-
erating costs, the number of batches are forced to the minimum. Hence, the batch360

sizes are maximised, leading to a 100 % utilisation for every product for at least one
stage. Or in other words, when these operating costs are included, the upper volume-
wise utilisation percentage of the range is considered. Moreover, this reduction in
number of batches involves a shorter total production time for every line (i.e. before
the end of the production horizon of 6,500 h).365

Table 6: Volume-wise equipment utilisation per line in %
Line 1 Total Line 2 Total Line 3 Total

prod 1 prod 3 prod 4 Vol. prod 2 prod 6 prod 7 Vol. prod 5 prod 8 Vol.
stage 1 93.1-100 73.8 51.8 75.8 62.2-62.5 87.5 100 84.5 92.2-92.9 98.9 95.0
stage 2 91.2-97.9 61.5 38.5 67.4 93.4-93.8 75.0 93.8 85.4 99.3-100 100 100
stage 3 89.5-96.2 100 100 98.4 99.6-100 100 75.0 92.7 99.3-100 84.6 94.4
Total horizon: 6,294 h - 6,500 h Total horizon: 6,492 h - 6,500 h Total horizon: 6,467 h - 6,500 h

Problem size line 1: 370 var.(90 bin.var.); 845 const., solved in 0.05 s
Problem size line 2: 370 var.(90 bin.var.); 845 const., solved in 0.06 s
Problem size line 3: 278 var.(90 bin.var.); 566 const., solved in 0.06 s

5 Conclusion
In this paper, the design of a chemical batch plant equipped with parallel production
lines is studied. We have formulated both an MINLP and MILP model so as to minimise
costs. �is objective function includes, besides capital costs, startup, contamination
and operating costs. �ese additional cost components re�ect the performance a�rib-370

ute ’cost e�ectiveness’. We compared the single line design model with our parallel
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production lines design model for the di�erent cost components. �e results indicate
that the presence of parallel lines allows for a reduction in total costs when startup
costs are included as not all products have to share all equipment any more. Also,
the dedication of these lines to product families lowers total setup costs by avoiding375

high contamination costs. Furthermore, while minimising operating costs, volume-
wise asset utilisation is optimised within the bounds of the optimal equipment sizes.
�is generates spare time, which can be used as a small time bu�er improving reliab-
ility. In future research, we will investigate other performance a�ributes besides cost
e�ectiveness, such as reliability, �exibility, etc.380

Appendices

A Nomenclature

Table 7: Nomenclature.
Indices
i products (P )
j stages (J )
l lines (L)
s discrete sizes (S)
n number of equipment in parallel (N )
Parameters
Si j size factor of product i in stage j
τi j processing time of product i in stage j
Qi total amount to produce of product i
H horizon, total available production time
vs tank size s
Mi upperbound on number of batches of product i
α j , βj cost coe�cients of stage j

c js capital costs of stage j with size s (α jv
βj
s )

Cstart
i startup costs of product i

Ccont
ii′ contamination costs between product i and i ′

Coperat operating costs
Variables
Continuous:
ql i amount produced on line l of product i
nl i number of batches on line l of product i
θl i total time spent on product i on line l
Zl i jsn product of ql i · yl jsn (linearisation)
Wl i jsn product of nl i · yl jsn (linearisation)
Discrete:
NEl number of equipment units on line l
Vl i product of tl i · NEl (linearisation)
Ul ii′ product of Xl ii′ · NEl (linearisation)
Binary:
yl jsn if stage j of line l has n equipment units in parallel of size s
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tl i if product i is produced on line l
Xl ii′ product of tl i · tl i′ (linearisation)

B Visual overview of the example

(a) Capital costs (b) Capital and Startup costs (c) Capital, Startup and Con-
tamination costs

Figure 4: Overview design decisions for a single line with (possible) parallel equip-
ment per stage, including di�erent cost components

(a) Capital costs (b) Capital and Startup costs (c) Capital, Startup and Con-
tamination costs

Figure 5: Overview design decisions for 3 parallel lines with (possible) parallel equip-
ment per stage, including di�erent cost components
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