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a b s t r a c t

Many manufacturing companies in China currently are suffering from a Rolling Blackout policy for the
industry electricity supply which means that the government electricity is cut off several days in every
week resulting in manufacturing companies illegally starting their own diesel generators to maintain
production. However, the private generation of electricity is more polluting and costly than the gov-
ernment supplied resource. Thus, the increased price of energy and the requirement to become more
environmentally sustainable exert substantial pressures on manufacturing enterprises to reduce energy
consumption for cost saving and to become more environmentally friendly. Scheduling of less energy
consumption critical operations during Rolling Blackout periods can help minimise the negative effect of
this policy. This is a multi-objective optimisation problem as production due dates cannot be ignored and
cost is not directly proportional to electricity consumption anymore. Optimal scheduling even of rela-
tively small production orders is clearly beyond the capability of manual tools or common single
objective scheduling optimisation methods. Therefore, a multi-objective scheduling optimisation
method has been developed which includes reducing electricity consumption and its related cost as part
of the objectives in addition to total weighted tardiness. This research focuses on classical job shop
environments which are widely used in the manufacturing industry in China and the rest of the world. A
mathematical model for the tri-objectives problem that minimises total electricity cost, total electricity
consumption and total weighted tardiness has been developed. A specific heuristic has been devised for
investigating how the Rolling Blackout policy affects the performance of existing scheduling plans. This
heuristic can also be used as a remedial measurement by plant managers if they do not have access to
multi-objective optimisation tools. The Non-dominant Sorting Genetic Algorithm has been used as the
basis for solving the optimisation problem. Case studies based on four modified job shop instances have
been studied to show the effectiveness of the proposed heuristic and the algorithm.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Themanufacturing industry is one of themost important energy
consumers and carbon emitters in the world. For instance, every
year in China, manufacturing consumes around 50% of the entire
electricity produced (Tang et al., 2006), and generates at least 26%
of the total carbon dioxide emissions. In order to reduce the carbon
emission and balance the time-based unevenness of electricity
demand, a Rolling Blackout policy is promulgated to industry
electricity supply in some areas of China. This means the

government electricity is cut off several days in every week for a
specific company. This policy creates huge difficulties to
manufacturing companies since their production can be signifi-
cantly limited by the resulting lack of electricity to power their
production machines. For some companies, up to 1/3 of their pro-
duction capacity can be lost. To recover their production capacity,
some companies illegally start their own diesel generators. This
increases their electricity costs as the cost of this privately gener-
ated electricity is twice as high as the government supplied
resource. The original intention of implementing the Rolling
Blackout policy is to reduce emissions. Ironically, it results in the
wide generation of private electricity which is more emission
intensive. Based on the above discussion and the background of
increasing price of energy (Kilian, 2008), a new objective for many
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manufacturing companies in China is to reduce electricity con-
sumption and cost during production as well as ensure quality and
customer satisfaction when the Rolling Blackout policy is
implemented.

The challenge they face is that as a result of the Rolling Blackout
policy, minimising electricity consumption and cost while main-
taining their order due dates, has become a none trivial triple
objective optimal scheduling problem. Finding even close to
optimal solutions is much beyond the capability of commonly used
single objective methods which only consider the time domain.
Furthermore, specific heuristics to consider the implications of the
Rolling Blackout during scheduling have not yet been investigated.
Hence, there is a clear need to first of all understand the potential of
applying operational research methods to solve this problem.
Secondly, simple heuristics should be defined to aid practitioners
with improving the optimality of their schedules even without
lengthy multi-objective optimisation which is often beyond the
capabilities and skill sets of average small to medium sized
companies.

Previous research by (Mouzon and Yildirim, 2008; Shrouf et al.,
2014) confirm that operational research methods are providing an
effective approach to reduce the energy consumption and its
related cost to manufacturing companies by improving their pro-
duction schedules. This is especially true in the mass production
environments as production schedules are less complex yet any
improvement can have a large effect due to large production vol-
umes (Gutowski et al., 2005). Job shop type manufacturing envi-
ronment are far more common but also inherently more complex
due to larger product variety and diversity resulting in more
complex material handling requirements. Consequently, optimis-
ing schedules for such environments is more challenging especially
if multiple objectives need to be considered.

A very large number of small to medium sized companies in
China operate a job shop production environment. Hence, the job
shop has been selected as focus of this research. A general model of
the tri-objective job shop scheduling problem that consider mini-
mising total electricity cost (TEC), total non-processing electricity
consumption (NPE) and total weighted tardiness (TWT) when the
Rolling Blackout policy is applied (Electricity Consumption, Elec-
tricity Cost and Tardiness-EC2T) has been proposed in this paper for
the first time. To solve this problem, the influence that the Rolling
Blackout policy exerts on the existing scheduling plans of
manufacturing companies needs to be understood first. To achieve
this, a new heuristic has been developed to adjust existing sched-
uling plans to fit the government electricity supply time frame
when the Rolling Blackout policy has been applied. This heuristic
can also be used as a remedial measure for plant managers which
enable them to minimise their TWT deterioration. A comparison
between the adjusted and original schedules can demonstrate the
policy's influence on TWT. In the adjustment scenario, the use of
private electricity is forbidden to illustrate the worst case effect on
schedules. Comparatively, the other solution for the manufacturing
companies is to use the private electricity to maintain the existing
scheduling plans when the policy is applied. It can be expected that
the electricity cost will increase in this scenario since the private
resource is more expensive. Based on the aforementioned two
scenarios, it can be expected that, at least one of the schedule's
performance indicator will be adversely affected (TWT or TEC),
whether private electricity is used or not during the government
electricity unavailable periods. This is the motivation for devel-
oping compromised scheduling plans to realise the trade-off be-
tween TWT and TEC. To solve this problem, the Non-dominant
Sorting Genetic Algorithm (NSGA-II) (Deb et al., 2002) has been
adapted for achieving the tri-objective optimisation of the EC2T
problem with new encoding method for the first time.

In the remainder of the paper, following the background and
research motivation in Section 2, the mathematical model of the
EC2T is presented in Section 3. Then the procedure of the developed
adjustment heuristic is presented in Section 4. A scheduling plan
comparison experiment is presented in this section to investigate
the influence that the Rolling Blackout policy exerts on existing
schedules. In Section 5, a new encoding schema as well as crossover
and mutation operators are provided to solve the EC2T and a case
study is presented to demonstrate the effectiveness of the algo-
rithm for the research problem.

2. Background and motivation

The amount of reported research in the area of scheduling with
environmentally-oriented objectives is currently small but
increasing. The most relevant studies were conducted by Mouzon
(2008) and He et al. (2012). Based on their work and the
approach developed by Kordonowy (2003) which individually
considers the total energy used by each stage of machining pro-
cesses, Liu et al. (2014) have further divided the electricity con-
sumption of each machine tool into two components: the non-
processing electricity consumption (NPE) and processing elec-
tricity consumption (PE) for scheduling optimisation. NPE is asso-
ciated with machine start-up, shut-down and idling. The electricity
consumed when a job is processed on a specific machine can be
defined as job related processing electricity consumption (JPE),
including the basic power consumption of machine tools, i.e. idle
power, the runtime operations and the actual cutting consumption.
Thus, PE is the sum of all the JPE on a specific machine. The JPE for
the processing of each job can be considered to be a constant in a
given manufacturing system provided that there are only single or
the same type of machines for each operation. In this case, it has
been proved by Liu et al. (2014) that by adjusting scheduling plans
in a basic job shop only the total NPE can be reduced.

Based on the above, the current electricity saving methods
(ESMs) at the manufacturing system level include: Sequencing,
Turn Off/Turn On and Process Route Selection (PRS). The
Sequencing method reduces the non-processing time of the ma-
chines in the system by changing the order of jobs on a machine.
This reduces the idle electricity consumption of the system. The
Turn Off/Turn On method (Mouzon, 2008) looks for opportunities
to save electricity by turning off a machine tool when it becomes
idle for a sufficient period of time. The Sequencing and Turn Off/
Turn On can be applied to any type of manufacturing system to
reduce the NPE provided that the start-up and shut-down times
and energy requirements of the machines do not exceed the op-
portunities for saving. Comparatively, PRS is only applicable to
workshops with alternative routes. It can reduce both PE and NPE
by choosing different processing routes for job. Its ineffectiveness in
workshops without alternative routes or having identical alterna-
tive routes for jobs, for instance, the job shop environment limits its
range of application. Dispatching rules, a genetic algorithm and a
greedy randomised adaptive search procedure have been proposed
by Mouzon et al. (2007) and Mouzon (2008) to optimally use the
aforementioned three methods to reduce both total NPE and PE for
single machine and parallel machine environments. He et al. (2012)
used PRS to decrease both total PE and total NPE for a flexible job
shop environment. In addition, Bruzzonea et al. (2012) developed a
method to modify the schedule of the jobs in flexible flow shops in
order to adjust to the maximum peak power constraint. Subaï et al.
(2006) consider energy and waste reduction in hoist scheduling
problem of the surface treatment processes without changing the
original productivity. Research considering the electricity price
pattern as constraint, thereby achieving the cost saving is scarce.
Herrmann and Thiede (2009) considered the use of operational
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