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Abstract
This paper reports a new multi-item planning and scheduling problem in a job-shop production system with the consideration of energy consumption. A mixed integer linear programming is proposed to integrate planning and scheduling with the consideration of energy
aspect. In this study a new operational constraint is considered in the tactical level because
of the huge interest given to energy consumption and its strong link existing with production system. To evaluate the performance of this model, computational experiments are
presented, and numerical results are given using the software CPLEX and then discussed.
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Introduction

significantly reduce its ecological footprint, reduce
its production costs and increase its productivity,
thereby creating sustainable competitive advantages.
Environmental management is a framework established by an organization to improve its environmental performance by integrating environmental considerations into strategic decision-making and risk
management.
Energy is a daily need that the industry, economy
and well-being of any population depends on its safety, durability and accessibility. However, the rising of
energy cost is one of the important factors associated with increased production costs at manufacturing
facilities, which encourages decision-makers to tackle
this problem in different manners. Indeed, manufacturing plants are facing increasing pressure to reduce
their carbon footprint, driven by concerns related to
energy costs and climate change.

Over the last decades management of production systems has received a great attention. It is divided into three levels, on the strategic one, it has
been proved how production systems should be designed to maximize the long-term profit [1–3]. On
the medium-term level, the literature has studied the
possibilities to modernize the production equipment
and decrease the setup costs, lead times and expand
available capacities of production [4–7]. On an operational level, researchers have developed methods
that support companies in utilizing a given production equipment as efficiently as possible [8, 9].
However, the production of a good or service
is the stage in life cycle where the ecological footprint is greatest. By producing a good in an environmentally responsible way, the company is able to
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The potential to reduce energy costs can lie in
increasing the energy efficiency (EE) of production
processes and management approaches [10]. For example, reducing non-production modes to improve
energy efficiency [11]. This improvement has a positive effect on ecology [12]. It also has a significant
effect on minimizing the total production costs. Although, this reduction is an important factor, it is
certainly not the only factor involved. Energy cost
reduction can also be achieved by moving from on
peak to off-peal energy tariff rates [13]. In fact, production planning defines the production process then
it selects the available technologies and equipment
needed. Energy is an expensive resource that is becoming scarce and energy consumption is considered
a primordial factor that need to be addressed in production planning because of the increasing of population and the variation of demand. Actually, improving production efficiency, minimizing makespan,
reducing production costs, and reducing energy consumption according to [8, 14] are among the most
important production scheduling problems in the job
shop.
Based on this observation, we attach great importance to the energy aspect, which can be translated
at each level of decision-making. To do this, we propose a new mathematical formulation that allows us
to consider in the objective function the energy cost
consumption required for each product during each
period. Our main objective is to define a production
plan feasible at operational level that minimizes the
total production cost with the consideration of energy one.

Model of production planning
and scheduling with environmental
aspects-literature review
Nowadays, climate change concerns us and environmental protection represents a major and important issue. Indeed, this is reflected in several forms in
particular the reduction of energy consumption. Recently, several works and conferences on environment
and energy have been held. It was strongly recommended to focus on minimizing energy consumption
and greenhouse gas emissions for industries and integrating the energy aspect. Indeed, decisions at the
supply chain level are related to the duration of planning horizons, particularly long term, medium term
and short term. In this study, we focus on the integration of the energy aspect, more specifically energy consumption in production system. Indeed, there
is a classification according to the level of decisionmaking: strategic, tactical and operational.
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Strategic level
The strategic level concerns the location of
plants, the creation of a new product, the determination of capacity, the abandonment of a product and
the choice of transport modes. Several researchers
have focused on three areas: economic, social and environmental. In particular [15] who proposed a Mixed
Integer Programming (MIP) to maximize profit and
minimize greenhouse gas emissions in order to assess
the environmental impact of plant premises and determine the best locations for them.
Similarly, [16] has proposed a model that minimizes greenhouse gas emissions and optimizes the
cost generated. The main objective is to determine
the optimal number of plants, their capacities and
their environmental protection rate. Based on the
same objective [17, 18] have also developed models
with the goal to minimize gaz emissions and the total production cost. On the other hand [19, 20] have
focused on all the three components. The proposed
MIP minimize production costs for storage, recycling
and distribution, consider greenhouse gas emissions
and ultimately aim to improve the quality and standards of supply chain life. For the multi-objective
case, [21] proposed a model that calculates the optimal number of warehouses to be opened while minimizing the costs resulting from transport and the
opening of new warehouses.
Tactical level
At the tactical level, it is about the allocation
of resources, the acquisition of new equipment, lot
sizing and recruitment. [22] proposed a model that
calculates lots to be produced by limiting the periods of carbon emissions. As for [23, 24], they have
added to the same model other different means to integrating this aspect, in particular cumulative, global and over the periods of the production horizon.
For [25–27] they added a new constraint on carbon
emissions to the previous models. In addition, [28]
has integrated the carbon release for lot-sizing into
the mathematical model. For the bi-objective case,
[29] proposed a model that minimizes greenhouse
gas emissions resulting from production and production costs. The classic problem of “Economic Order
Quantity (EOQ)” was mentioned by [30] taking into account gas emissions as well as [31] reformulated
the same problem for the multi-objective case.
In addition, [32] has added new constraints on gas
emission through transport and production start-up
and [33] has proposed an extension of the EOQ. The
objectives of this model are to minimize the overall
cost and emissions of gases.
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Management and Production Engineering Review

Operational level
At the operational level, decisions are made regarding the scheduling of tasks, manpower and stock
balancing. At this level, several research projects
have integrated the energy aspect into their models
[34–39]. There are some works that have considered
energy in terms of cost and others in terms of consumption.
Integration of energy cost
at the operational level
In recent years, consumer and professional demand has increased exponentially. According to several studies, electricity demand in Europe will increase by an average of 56% by 2050 with an annual growth rate of 1.1%. Currently, households consume 12% to 14% of electricity and in 2050 it is
estimated at 23%. This represents a remarkable increase and an imminent danger, hence the importance of following well-controlled demand response
programs.
Demand response programs are economically and
environmentally responsible strategies that aim to
balance demand with supply while limiting energy.
These programs reduce energy consumption, operating and investment costs, and carbon emissions. [34]
has divided the demand response programs into two
categories: Price driven and event driven.
Price driven is a strategy used in the industrial
sector where the cost of energy consumption is included in the total cost of production, so that an
increase in energy costs leads to an increase in total
production costs. Indeed, companies organize their
production in such a way as to minimize electrical
costs. This category is divided into two types: Time
Of Use (TOU) and Critical Peak Pricing (CPP).
For TO the electricity costs are fixed in advance
at each period and they only change twice a year.
To reduce the electricity cost, industries move their
energy consumption to the least expensive periods
(OFF-PEAK).
For CPP it is similar to the TOU, except that
there are a few critical peak days where the electrical cost is very low.
For the 2nd category event driven, companies
that aim to minimize their energy consumption in
face of climate change, degradation and disruption
are rewarded.
The works are classified according to the types of
production systems and price driven categories.
• Single machine
[35] has developed a linear model that minimizes the
costs associated with the condition of the machine
Volume 10 • Number 1 • March 2019

and the electrical cost. The model was solved by genetic algorithms.
• Parallel machine
[36–38] have developed an MIP that reduce energy
costs and have been solved by commercial solvers
and for good quality solutions a hybrid algorithm
has been proposed. For the parallel machine case,
[39] also presented a model for scheduling problem
under energy constraints with maximum and minimum limits.
• Job shop
For this type of workshop [40, 41] have proposed a Zero-one Nonlinear Programming Problem
(ZONLP) program that reduces electricity consumption and costs in the first case and the power demand
in the second case at each peak period. The models
were solved by metaheuristics and SBB solvers. Other authors have also treated this type of workshop
using TOU as a response program such as [42–47].
For the job-shop, [48] have proposed a bi-objective
MIP model that reduces carbon emissions and the
end date of processing.
• Flow-shop
In the article of [49], the authors proposed a model
that takes into account the time and condition of the
machine with the variation of the electrical cost. As
for [50, 51], they proposed a Mixed Integer Nonlinear Programming (MINLP) that reduces power demand and electrical cost and solved their model by
the commercial solver (LINGO).
The Critical Peak Pricing program was also mentioned in some works. Especially for the flow-shop,
[14] have developed two models that aim to minimize carbon emissions and task delays. For their
resolution, the authors proposed a “Non-dominated
Sorting-based Genetic Algorithm II (NSGA-II)”.
Similarly [52] have proposed a MINLP that integrates energy costs into production costs. The resolution of this model is done with the commercial
solver (LINDO).
Integration of energy consumption
at the operational level
Several research studies have integrated the energy aspect into their models. In this section we discuss
the works that considers energy in terms of energy
consumption. For a flow-shop, [53] proposed a MIP
with power limitation constraint that aims to minimize makespan and delay. This model was solved
by CPLEX and then Randomised Neighbourhood
Search.
For a single machine, [54] proposed a MIP with
the objective of reducing the end date of treatment
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Management and Production Engineering Review

and energy consumption. The MIP was solved by genetic algorithms. [14] have developed a model with
two different objectives. First, minimize the total
processing end time and second, minimize greenhouse gas emissions. The second objective is translated by the product between energy consumption
and a parameter that estimate this consumption in
terms of carbon quantity. An NSGA-II algorithm has
been developed to solve the problem.

Definition and modelling
According to the literature review conducted previously, we note that several researchers have taken an interest in the energy aspect as a component
whose economic and environmental impacts are powerful, particularly in terms of energy costs, consumption, carbon emissions, greenhouse gas emissions and
so on.
Based on this observation, we plan to integrate
this energy aspect into the planning level in order to
ensure a compromise between the production plan
and scheduling. Because one of the major problems
in production system is the consideration of planning
and scheduling as independent axes and the recklessness of important operational constraints during
planning.
With respect to the breakdown presented previously, which consists of classifying the work according to cost or energy consumption. We are particularly interested in the cost, more precisely the cost
of the energy consumption of each resource at each
production period.
Thus, our main objective is to propose a mathematical model that integrates the maximum of operational constraints into the planning of the production system for a single-level job-shop production
system.
Indeed, the originality of this new model lies in
the consideration of the new energy aspect at the tactical level. This means integrating the cost of energy
and resource consumption into each production period and implicitly considering the cost of electricity
consumption of each machine in periods T .
Contextualization
In this part we consider a planning and scheduling problem for the job-shop system with consideration of the energy cost in the multi-product case.
We plan the production of N products on M machines and T periods. We don’t allow stock between
machines.
Each period T is characterized by a duration, a
demand and a consumption cost.
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We assume:
Several products can be produced per period.
Forecasts are known in advance.
Machines have finite capacities.
A machine only produces one product at a time.
The power required by the system is related to the
maximum power, which must not exceed a limit.
• A machine can only start producing a quantity if
it already exists at the output of m − 1.
In order to describe the proposed mathematical
model, we use the following notations:
•
•
•
•
•

Indices
i: Product indices.
k: Ressources indices.
l: Periods indices.
Decision variables
Xil : Quantity to produce from product i in period l.
Yil : A setup variable that is equal to 1 if the product
i is made in period l (Yil > 0), 0 otherwise.
Ii,l : Positive inventory level of product i at the end
of the period l.
Elmax : The power required by the system during the
period l = 1...T .
Parameters
Cip : Production cost per unit of product i.
Ciinp : Inventory cost per unit of product i.
Cjs : Setup cost per unit of product i.
Di,l : Demand of product i at period l.
capal : Length of period l (capacity available).
αik : resources k consumed by product unit i (machines).
βik : Consumption of fixed resources k by product
unit i.
capakl : Available capacity of resource k at period l.
Li : Lead time of the product i.
O: All operations.
Oi,m,l : Operation of the product i to be manufactured on the resource m at period l.
i(o): Product associated with operation o.
l(o): Period associated with operation o.
puo : Operating time of the operation O per unit of
the product i(o).
So : Setup time of the operation O per product unit
i(o).
r(o): Availability date of the operation O.
d(o): Desired end date of operation O.
A: Set of operation pairs in the product range
(O, O′ ) ∈ A means that operation O precedes operation O′ in the operating range.
L: All the last operations in the operating ranges.
F : All the first operations in the operating ranges.
E: All the pairs of operations that must be produced
on the same resource.
Volume 10 • Number 1 • March 2019
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S(y): All operations associated with the sequence y.
(o, o′ ) ∈ S(y): The operation o precedes the operation o′ in the sequence of a resource.
M : Number of resources.
θl : Power Cost per period l = 1...T .

Mathematical modelling
The proposed mathematical model is defined as
follows:
Min
N X
T
X

(Cip · Xi,l + Ciinv · Ii,l + Cis · Yi,l )

i=1 l=1

(1)
+

T
X

θl · Elmax .

l=1

Subject to:
−
Iil+ = Iil−1
+ Xi,l − Dil f orall; i, l,
X
r(ofc ) +
(Pou Xi(o),l(o) + So Yi(o),l(o) )

(2)

c∈C

l(olc )

≤

X

(3)

Cl ∀ c ∈ C(y),



l(o)−li(o)

l(o)−1

X

X

r(o) = max 

Cl ,

l=1

l=1



Cl  ∀ o ∈ F ∩ L,

r(o) = 0 ∀ o ∈
/ F ∪ L.

(10)
(11)

Constraint (8), ensures that the first operation of
the range must start on a date guaranteeing the respect of the obtaining time. Constraint (9), ensures
that the last operation of each range is available from
the start date of its associated period.
Constraint (10), defines the available date of
transactions as the first and last operations in the
manufacturing range. Constraint (11), is added to
formalize the definition. Constraint (4), of the model
links decision variables (lot size and setup variable).
Constraint (5), relates the variable resource requirements k of reference i to the quantity produced
from the item i in period l and the fixed resource
requirements k of reference i to the setup variable of
product i in the period l. They mustn’t exceed the
available capacity of resources k at period l. Constraints (6) and (7) define the domain of the decision variables Xi,l , Iil+ , Iil− , they are continuous,
non-negative and Yil is a binary variable.

Resolution approach

l=1

Xi,l ≤

T
X
l=1

N
X
i=1

αi,k Xi,l +

N
X

Dil

!

Resolution methods found in the literature
Yil ,

βi,k Yi,l ≤ capakl ∀ i, l, k,

(4)

(5)

i=1

Xi,l , Iil+ , Iil− ≥ 0 ∀ i, l,

(6)

Yil ∈ {0, 1} ∀ i, l.

(7)

The objective function (1) minimizes the total
cost of production and considers the consumption of
electric power at each period. Constraint (2), is the
inventory balance equation for the mono level case.
Constraint (3), indicates that the sum of the execution and start times of operations on a path must
end before the end date of the last operation of the
path.
The new variable r(o) is defined as follows:
l(o)−li(o)

r(o) =

X

Cl ∀ o ∈ F,

(8)

l=1

l(o)−1

r(o) =

X

Cl ∀ o ∈ L,

l=1
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(9)

In this section we present some of the resolution
methods found in the literature to solve this type of
problem for a job-shop system.
This kind of problem of integrating planning and
scheduling of production system with the consideration is NP-difficult especially for a job-shop.
In comparison, studies on the job shop scheduling problem (JSSP) with energy-saving objectives
appear to be limited [14, 55]. In fact, most production systems that allow machine speed scaling belong to the mechanical manufacturing industry and
they normally adopt the job shop layout instead of
flow shop. In recent years, meta-heuristic algorithms
have become popular optimization methods for solving the JSSP [56–61].
[62] proposed a model for a job-shop with an energy consumption threshold not to be exceeded. The
objective is to propose the best sequencing by considering the energy threshold, the consumption of
operations and the duration of the peak consumption. The objective function minimizes the time required to complete all operations. The resolution of
the model was done using the commercial CPLEX
solver. [63] studied in their paper a new mathematical model of energy-efficient scheduling that takes in93
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to account productivity, energy efficiency and noise
reduction with a flexible rotation speed for a jobshop. The proposed model was solved by genetic algorithms. [64] studied a scheduling problem in a jobshop with the energy cost as an objective to minimize, while respecting the traditional constraints of
this problem but also a certain power limit. The authors plan to solve this model by approximate methods.

cially for medium and large instances. It therefore
becomes necessary to use approached methods.
Table 1
Experimental results.
Job-shop
3×3

Number
of problems CPU in (s)
solved on 5
5
<1

Production cost
in (Monetary unit)
8155

3×5

5

4

18490
145092

3 × 10

5

<1

Numerical results

5×3

5

<1

9560

In this section we present the results obtained
by solving our mathematical model first by an exact method such as Branch and bond integrated in
CPLEX commercial solver in version 12.6. Using an
HP PROBOOK Intel CORE i5 personal computer
with 8 GB of RAM and 64-bits operating system.
CPLEX is an optimization software tool that was
developed by Robert Bixby and then marketed by
IBM after its purchase by ILOG in 2009. It allows
to develop optimization models and create applications that improve results. It is a development environment capable of creating projects and models as
well as accessing data through different sources. It also contains several programming interfaces that help
users plan, schedule and manage resources efficiently.
For our resolution, the periods, their duration,
the number of products and machines as well as the
cost of power for each period are generated randomly. For the rest of the parameters they are generated
according to a uniform law. For the cost of power in
each period it takes real values θl ≈ U (1, 19.8) and
is expressed in $/KW.
The resolution time (CPU) in seconds is limited
to one hour and 5 different scenarios have been run
for each problem.

5×5

5

600

59326

5 × 10

5

>3600

7×7

0

>3600

7 × 10

0

>3600

10 × 5

0

>3600

10 × 10

0

>3600

15 × 5

0

>3600

15 × 15

0

>3600

Analysis and discussion
We note in Table 1 that for small workshops such
as 3 × 3, 3 × 5, 3 × 10, 5 × 3 and 5 × 5, CPLEX is able
to find optimal solutions before 1 hour of calculation
time. And the 5 different scenarios executed were
solved without any constraints.
For example, for 3 × 3, 3 × 10 and 5 × 3 job-shops
the production costs given in less than 1 second respectively are 8155, 145092 and 9560 monetary units.
While for medium and large-scale problems, the commercial solver IBM ILOG CPLEX is no longer able
to generate solutions.
Table 1 shows that by increasing the size of the
problem, the CPU increases considerably. Indeed, for
this type of problem, exact methods remain ineffective because they do not allow optimal solutions to
be found within reasonable calculation times, espe94

Conclusion and perspectives
This article proposes a new modulization of planning and scheduling of production system with the
consideration of energy cost. We considered a jobshop system for the multi-product case. According
to the literature review performed, this study has
not been done before. However, the main originality
of our model lies in the consideration of a new operational aspect at the tactical level, particularly the
energetical one. Because one of the major problems
of production system is the consideration of planning
and scheduling separately. And the non-integration
of the meaningful operational constraints at the tactical level, leads to the incoherence between planning
and scheduling. However, the integration of energy
cost remains a new operational aspect that has never been considered before. It allows to ensure the
feasibility of the production plan at the operational
level.
Therefore, we integrated energy cost into each
production period and implicitly consider the energy
consumption of each machine in periods T. Our main
objective is to find a compromise between the production plan and scheduling in order to minimize the
total production cost. In the other hand, the resolution review has shown that this NP difficult problem
has not been very handled for its complexity.
Thus, first we solved our model using CPLEX
that is an optimization software that allows to evaluate the optimality of the problem considered and
distinguish its degrees of complexity. It uses exact
methods for its resolution as Branch and Bound and
Volume 10 • Number 1 • March 2019
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Branch and Cut. The experimental results shown in
table 1 demonstrate that it is efficient for short instances as job-shops 3 × 3, 3 × 5, 3 × 10, 5 × 3 and
5 × 5. The total production costs given for the 5 cases
resolved are very satisfactory. For the job-shop 3 × 3
the total production cost is 8155 monetary units and
by increasing the period from 3 to 5 the production
cost become 145092. Also, for the job-shop 5 × 3, the
total production cost found in less than one second is
9560 and for 5 × 5 it becomes 59326 monetary units
found in 600 seconds.
In the other hand, by increasing the problem size
and planning horizon of 10 and 20 periods, CPLEX
become unable to generate solutions. The only explication for this reaction, is the great demand in terms
of memory for solving big size problems.
From this observation, we plan to use approached
methods, in order to solve our problem, for their effectiveness in proposing the best possible solution
even without any guarantee of optimality, such as
genetic algorithm and taboo search. Also, we plan to
integrate more operational constraints during planning in order to ensure a good compromise between
production plan and scheduling.
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[32] Dinçer Konur, Carbon constrained integrated inventory control and truckload transportation with heterogeneous freight trucks, International Journal of
Production Economics, 153, 268–279, 2014.
[33] Bozorgi A., Pazour J., Nazzal D., A new inventory model for cold items that considers costs and
emissions, International Journal of Production Economics, 155, 114–125, 2014.
[34] Goldman C., Reid M., Levy R., Silverstein A., Coordination of energy efficiency and demand response,
Ernest Orlando Lawrence Berkeley National Laboratory, Environmental Energy Technologies Division, LBNL-3044E, January 2010.
[35] Shrouf F., Ordieres-Mere J., Garcia-Sanchez A.,
Ortega-Mier M., Optimizing the production scheduling of a single machine to minimize total energy
consumption costs, Journal of Cleaner Production,
67, 197–207, 2014.
[36] Mir Saman P., Seyyed A-T., Razmi J., Credibility based fuzzy mathematical programming model for
green logistics design under uncertainty, Computers
& Industrial Engineering, 62, 2, 624–632, 2012.
[37] Moon J-Y., Shin K., Park J., Optimization of
production scheduling with time-dependent and
machine-dependent electricity cost for industrial energy efficiency, The International Journal of Advanced Manufacturing Technology, 68, 1–4, 523–
535, 2013.
[38] Castro P., Harjunkoski I., Grossmann I., New
continuous-time scheduling formulation for continuous plants under variable electricity cost, Industrial
& Engineering Chemistry Research, 48, 14, 6701–
6714, 2009.
[39] Artigues C., Lopez P., Haı̈t A., The energy scheduling problem: Industrial case-study and constraint
propagation techniques, International Journal of
Production Economics, 143, 1, 13–23, 2013.
[40] Fernandez M., Li L., Sun Z., Just-for-Peak buffer
inventory for peak electricity demand reduction of
manufacturing systems, International Journal of
Production Economics, 146, 1, 178–184, 2013.
[41] Wang Y., Li L., Time-of-use based electricity demand response for sustainable manufacturing systems, Energy, 63, 233–244, 2013.
[42] Luo H., Du B., Huang Q.G., Chen H., Li X., Hybrid
flow shop scheduling considering machine electricity
consumption cost, International Journal of Production Economics, 146, 2, 423–439, 2013.
Volume 10 • Number 1 • March 2019

Management and Production Engineering Review
[43] Castro P.M., Harjunkoski I., Grossmann I.E., Optimal scheduling of continuous plants with energy constraints, Computers & Chemical Engineering, 35, 2,
372–387, 2011.
[44] Xing Y., Yusuf O., Zechun H., Yonghua S., A review on price-driven residential demand response,
Renewable and Sustainable Energy Reviews, Elsevier, 96(C), 411–419, 2018.

tiple objective genetic algorithm, IEEE Transactions
on Engineering Management, 59, 4, 585–597, 2012.
[55] May G., Stahl B., Taisch M., Prabhu V., Multiobjective genetic algorithm for energy-efficient job
shop scheduling, International Journal of Production Research, 53, 23, 7071–7089, 2015, doi:
10.1080/00207543.2015.1005248.

[45] Solding P., Petku D., Mardan N., Using simulation
for more sustainable production systems – methodologies and case studies, International Journal of
Sustainable Engineering, 2, 2, 111–122, 2009.

[56] Spanos A.C., Ponis S.T., Tatsiopoulos I.P., Christou I.T., Rokou E., A new hybrid parallel genetic
algorithm for the job-shop scheduling problem, International Transactions in Operational Research,
21, 3, 479–499, 2014.

[46] Brundage M-P., Qing C., Yang L., Guoxian X.,
Jorge A., Energy efficiency management of an integrated serial production line and HVAC system,
Automation Science and Engineering, IEEE Transactions, 11, 3, 789–797, 2014.

[57] Goncalves J.F., Resende M.G., An extended Akers
graphical method with a biased random-key genetic algorithm for job-shop scheduling, International
Transactions in Operational Research, 21, 2, 215–
246, 2014.

[47] Castro P., Sun L., Harjunkoski I., Resource – task
network formulations for industrial demand side
management of a steel plant, Industrial & Engineering Chemistry Research, 52, 36, 13046–13058, 2013.

[58] Zhu Z.C., Ng K.M., Ong H.L., A modified tabu
search algorithm for cost-based job shop problem,
Journal of the Operational Research Society, 61, 4,
611–619, 2010.

[48] Yu Zheng H., Wang L., Reduction of carbon emissions and project makespan by a Pareto-based estimation of distribution algorithm, International
Journal of Production Economics, 164, 421–432,
2015.

[59] Zhang R., Wu C., A neighbourhood property for the
job shop scheduling problem with application to hybrid particle swarm optimization, IMA Journal of
Management Mathematics, 24, 1, 111–134, 2013.

[49] Moon J.-Y., Park J., Smart production scheduling
with time-dependent and machine-dependent electricity cost by considering distributed energy resources and energy storage, International Journal of
Production Research, 52, 13, 3922–3939, 2014.
[50] Babu C.A., Ashok S., Peak load management in
electrolytic process industries, Power Systems, IEEE
Transactions, 23, 2, 399–405, 2008.
[51] Ashok S., Peak-load management in steel plants,
Applied Energy, 83, 5, 413–424, 2006.
[52] Bego A., Li L., Sun Z., Identification of reservation
capacity in critical peak pricing electricity demand
response program for sustainable manufacturing systems, International Journal of Energy Research, 38,
6, 728–736, 2014.
[53] Bruzzone A., Anghinolfi D., Paolucci M., Tonelli F.,
Energy-aware scheduling for improving manufacturing process sustainability: a mathematical model for
flexible flow shops, CIRP Annals – Manufacturing
Technology, 61, 1, 459–462, 2012.
[54] Yildirim M-B., Mouzon G., Single-machine sustainable production planning to minimize total energy
consumption and total completion time using a mul-

Volume 10 • Number 1 • March 2019

[60] Zobolas G.I., Tarantilis C.D., Ioannou G., A hybrid
evolutionary algorithm for the job shop scheduling
problem, Journal of the Operational Research Society, 60, 2, 221–235, 2009.
[61] ChenGuang L., Jing Y., Jie L., WenJuan L., Evans
S., Yong Y., Sustainable performance oriented operational decision making of single machine systems
with deterministic product arrival time, Journal of
Cleaner Production, 85, 318–330, 2014.
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