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Sustainability concerns in manufacturing

Challenges
Increasing costs
Scarcity of energy, resources, and material

Manufacturing sector major contributor to the UK economy
The third largest sector
Over 11% of the national economy
Over 8% of total UK employment

Transition to a low-carbon economy
Energy considerations for resource efficient manufacturing
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Background

F2|STsd |Cmax , Energy

Multiple products

Different running speeds

Two machine sequence
dependent permutation
flowshop problem

Conflicting criteria: Cmax
and total energy
consumption (TEC)
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Flowshop scheduling with sequence dependent setups

Two machine sequence dependent flowshop problem
A variation of TSP
Can be solved for Cmax with Johnson’s algorithm if the
setup times are not sequence dependent

Survey on scheduling problems with setup times / costs [1]
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Energy consumption

Minimizing Total Energy Consumption and Total
Completion Time [2]
Energy consumption characteristics driven by task flow in
machining [3]
Energy consumption model and energy optimization in
manufacturing [4]
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Multiobjective Genetic Algorithms

Multicriteria scheduling [5]
Application of GA on scheduling problems with multiple
objectives [6, 7, 8]
Multi-objective optimization by means of GAs [9, 10]
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Parameters

N = number of jobs; j = 1, . . . ,N
M = number of machines; i = 1, . . . ,M
pij = processing time of job j on machine i
vl = processing speed factor (same for all machines:

slow, normal, fast)
sijk = sequence dependent setup time of changing

over from job j to job k on machine i
π = a very large number
convl = conversion factor for processing speed (con-

verts time to energy unit depending on speed)
idleconvi = conversion factor for idle time on machine i
r = iteration controller
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Positive variables

cij = latest completion time of job j on machine i
fcj = setup and completion time correction for the

first job on second machine
idlei = idle time on machine i
TEC = total energy consumption
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Binary variables

fj =

{
1 if job j is the first job,
0 otherwise.

xjk =

{
1 if job j is scheduled any time before job k ,
0 otherwise.

tjk =

{
1 if job j is scheduled immediately before job k ,
0 otherwise.

yijl =

{
1 if job j is processed at speed l on machine i ,
0 otherwise.
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Objective function and timing constraints

min Cmax (1)

c1j ≥ p1j/vl × y1jl + s1jj × fj ∀j ∀l (2)

π × (1− fj) + fcj ≥ s2jj − c1j ∀j (3)

c2j ≥ c1j + fcj + p2j/vl × y2jl ∀j ∀l (4)

π × fk + π × (1− tjk ) + cik ≥ cij + pik/vl × yikl + sijk × tjk
∀i ∀j ∀k ∀l j 6= k (5)

cmax ≥ c2j ∀j (6)
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Balance constraints

∑
j

fj = 1 (7)

∑
l

yijl = 1 ∀i ∀j (8)

∑
k

tjk = 1 ∀j j 6= k (9)

∑
j

tjk = 1 ∀k j 6= k (10)
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Energy constraints

idlei = cmax −
∑

j

∑
l

pij/vl × yijl (11)

TECr =
∑
i,j,l

convl × pij/vl × yijl +
∑

i

idlei × idleconvi (12)

TECr ≤ TECr−1 − ε (13)
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Chromosome structure: 2D [11]
Job string: J1 J2 ... Jn
Speed on Machine 1: y11l y12l ... y1nl

Speed on Machine 2: y21l y22l ... y2nl

Based on non-dominated sorting [10]
Elitist strategy
Genetic operators

Order cross-over for recombination
Inversion, insertion, and swap operators for diversification
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input : Search parameters
output: A nondominated set

Let time counter t = 0;
Initialize search parameters;
Let {Elite Set} = ∅;
while t < tmax do

Perform nondominated sorting and niching;
Select individuals for mating pool ;
From mating pool, generate new generation using genetic operators;
Let current generation = new generation;
Identify F 1 = nondominated frontier of current generation;
Let {Elite Set} = {Elite Set} ∪ F 1;
Refine {Elite Set};
Let t = t + 1;

end
Report {Elite Set};
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Population size = 4× N
Maximum execution time = 5× N seconds
Crossover rate = 0.7
Inversion rate = 0.10
Mutation rate = 0.10

Insertion rate = 0.80
Swap rate = 0.20

Initial population is generated randomly
Approach for fine tuning: Compare the result of MOGA
with CPLEX frontier
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Data example

N: 4
M: 2
L: 3

pj1: 8 6 9 4
pj2: 1 5 5 9

vl : 1.2 1 0.8
Convl : 1.5 1 0.6
IdleConvi : 0.05 0.15

S1jk :

9 19 15 6
11 17 16 6
5 3 8 4
8 4 7 16

S2jk :

6 10 1 7
4 7 7 4
9 9 7 2
10 1 5 7
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Initial runs: MOGA (35 sec); MIP (2610 sec)
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Contribution

Mathematical formulation for inclusion of energy
consumption in the F2|STsd |Cmax

Lower bound on Cmax

1 pCLB
max

ij = pij/v1 + max(sijk ∈ S)
2 Run Johnson’s algorithm to find CLB

max

Lower bound on TEC
1 pCUB

max
ij = pij/v3 + max(sijk ∈ S)

2 Run Johnson’s algorithm to find CUB
max

3 idleCUB
max

i = CUB
max −

∑
i
∑

j pij/v3

4 TECLB =
∑

i,j conv3 × pij/v3 +
∑

i idleCUB
max

i × idleconvi
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Test with real problem: Biscuit Manufacturer

Core markets: United Kingdom, Netherlands, France, Belgium,
Ireland

Size: >5K employees

Strategy: minimize impact on the environment
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Test with real problem: Biscuit Manufacturer

Baking oven: a traveling conveyor belt 18 biscuit wide, 80m long

Energy to bake one tonne of biscuits may change by up to 25%

Line process rate which may be driven by pack size
Changeovers (ie milk to plain chocolate) pause the process
Level of waste
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Cmax a measure of service
TEC a measure of sustainability
Facilitation of trade-off analysis

Outlook
Comparison of MOGA with CPLEX on various problems
Lower Bounds on Cmax and TEC
MOGA as a decision support tool for trade-off analysis
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