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Abstract: In recent years, there has been a rising interest in improving energy efficiency and saving energy cost in the
production scheduling because of the environmental concerns and energy cost. In this paper, we propose a mathematical
optimization model that is designed to achieve energy-aware production scheduling for the general type of manufacturing
setting where multiple jobs need to be processed on multiple machines. Considering energy charge based on time-based
electricity price and demand charge based on peak power demand that are common practice of utility company to charge
electricity bills for commercial and industrial consumers, the proposed optimization model can be formulated to minimize
electricity bill. The key idea of the proposed model is to adjust production schedule in terms of the assignment and the
deployment of each job in response to time-based electricity price while reducing peak power demand. Specifically, the
proposed optimization model can be formulated to determine production schedule to adjust overall electricity power
consumption while being aware of the power consumption pattern of each job, which can be extracted and formalized in a
stage-wise fashion based on the nature of process. In particular, the proposed model can be formulated as a mixed integer linear
program that can be solved by general purpose optimization package. To validate the proposed model, numerical experiments
are conducted, and the results show that production schedule can be properly adjusted to reduce energy cost.

Keywords: Energy-Aware Production Scheduling, Time-Based Electricity Price, Demand Charge, Mixed Integer Linear
Program

1. Introduction and Literature Review

In the next several decades, energy consumption will continue rising in the world (EIA, 2014). The industrial activities
are the responsible for spending 37% and 33% of the total energy in the world and the United States respectively (Energy
Information Administration, 2012; Park et al., 2009). Climate change caused by increasing energy consumption and CO2
emission becomes growing serious environmental concerns. On the other hand, in terms of the economic perspective, cost of
energy plays an important role in the final price of products and consequently affects the profit of companies. Regarding the
environmental and economic concerns, there have been a significant effort to improve energy efficiency in the industrial sector,
especially in manufacturing systems, for the purpose of reducing the negative environmental impacts and energy cost.
Specifically, the rapid advance in network and information technologies, e.g., Internet of Things, and the expansion of
modernized electric power grid infrastructure, e.g., smart grid, create an opportunity to achieve energy-efficient and energy-
aware production.

The researchers have addressed the energy efficiency of the manufacturing systems in several aspects. One of the
interesting directions of the researches in this subject is trying to develop an energy-aware production plan that aims to reduce
energy consumption or energy cost. Since electricity is the major source of energy for the production systems, most of the
researches in this area have considered this kind of energy. Based on current practices, electricity bills of industrial customers
will be charged based on two primary components: energy charges and demand charges. Energy charges will be billed based
on the total amount of energy used during a billing period, and the customers need to pay at a $/kWh rate. Most of the utility
markets consider time-dependent electricity price and offer Demand Response (DR) programs to calculate the energy charge.
DR is defined as changing the electric usage by the customers from their normal consumption pattern in response to changes
the price of electricity provided by the market over the time (Albadi & El-Saadany, 2007). The other factor of electricity cost,
demand charge, will be paid based on the maximum usage on a short interval (usually 15-minute or 30-minute) during a billing
period, and will be billed based on a $/kW basis. Motivated by the opportunity to reduce energy cost by adjusting electricity
consumption to reduce peak power under demand charge and avoid peak price while participating in demand response (DR)
program, there have been studies that focus on developing optimization models tailored to energy-aware production scheduling
in various settings. Schulz et al. (2019) propose a multi-objective optimization model for the hybrid flow shop scheduling
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model which minimizes the energy cost in a time varying electricity price environment beside other objectives. Shrouf et al.
(2014) consider the single machine scheduling problem and developed an optimization model to reduce energy cost in the real
time pricing mechanism. Luo et al. (2013) develop a new ant colony algorithm for hybrid flow shop scheduling to minimize
electricity cost under time-of-use (ToU) pricing.

Parallel machine is one of the most famous scheduling models in which a set of parallel machines that operate the
same operation are processing a set of jobs. In this model, it is assumed that there is no precedence between jobs and splitting
the jobs is not allowed. Traditional parallel machine scheduling problems aim to improve production efficiency such as
makespan (Li et al., 2011) and tardiness (Yalaoui & Chu, 2002) while in recent years the researchers have considered energy
efficiency objectives in this model. Abikarram et al. (2019) propose a mathematical model for the parallel machine scheduling
problem in order to minimize the electricity cost under the real time pricing and demand charge. Che et al. (2017) present an
energy-aware unrelated parallel machine scheduling model to reduce the electricity cost under the ToU pring. They formulate
the problem as mixed-integer linear programming (MILP) model and develop two heuristic algorithms to solve the large scale
problems. Zeng et al. (2018) develop a bi-objective optimization model for the uniform parallel machine to simultaneously
minimize the number of machines that are used in the process and reduce the electricity cost under time varying pricing. As
another studies related to the energy-aware parallel machine we can mention the paper of Wang et al. (2018) and Moon et al.
(2013).

All of the aforementioned papers consider a constant power demand pattern during the process of each job. However,
in some cases in real world, the process consists of stages and each stage has different power demand that has been neglected
in the existing papers. To utilize this characteristic in scheduling model, in this paper, we propose an energy-aware scheduling
model for the unrelated parallel machine problem to minimize the electricity cost based on the stage-wise power consumption
pattern. In our proposed model, both of the energy charge (time-dependent) and demand charge are considered to compute the
electricity cost. Figure 1 shows a schematic form of stage-wise power demand pattern. In this figure, the blue line shows the
actual power consumption during a process. As can be seen, the process can be divided into three separate stages with different
consumption rates and durations.
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Figure 1. Actual and simplified power consumption

In order to use the consumption pattern in the mathematical model, we simplify it in such a way that the consumption
rate of each stage is constant value. Therefore, the power demand pattern of each job is defined based on the duration and
consumption rate of its stages. In figure 1 the red dash-line indicates the simplified version of the power demand. To get the
simplified form of power demand, the average of the actual power demand of each stage is assigned to each stage. Also, for the
duration of each stage, we round the actual duration. It is clear that the processing time of each job is the summation of the
duration of all stages. The extracted simplified power demand pattern will be used in the mathematical modeling of the
scheduling problem. The rest of this paper is organized as follows: In section 2, we define the problem, describe the assumptions
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and formulate the mathematical model. In section 3, a numerical experiment is conducted. Finally, the conclusion and future
works are explained in the section 4.

2. Problem Definition

In this section we propose an MILP formulation for the energy-aware identical parallel machine scheduling problem
with stage-wise power demand. In this problem, it is assumed that there are N’ number of jobs to be processed on NM number
of machines by the end of the planning horizon (one day). There is no precedence relation among the jobs and ach job can be
assigned to any machine. Each machine can process only one job at a time and the preemption is not allowed (once a machine
starts processing on a job, it must complete the process without interruption). Each job consists of some stages and the
processing time and power demand related to each stage on all the machines are the same. All the jobs are available at the time
zero and there is enough time to complete all the jobs by the end of the planning horizon. The aim of this model is minimizing
the electricity cost which includes the energy charge and demand charge. In this model, the planning horizon is divided into
some equal time periods and an energy price rate is assigned to each time period to calculate the energy charge. Therefore, any
demand response program that offers a time-dependent electricity price can be utilized in our proposed model. On the other
hand, the demand charge is computed based on the highest peak demand in a 30-minutes interval during the day.

The notations of the mathematical model are as follows:

. Indices:

o m: Index of machine, m €{1,...,NV}

o s Index of stages, s €{1,...,N5}

o t,k: Indices of time units, t,k €{1,....NT}

. Parameters:

o NM: Number of machines

> N’ Number of jobs

> NS: Number of stages

o NT: Number of time units in a planning horizon
o M: Big number

o TD: Total duration of jobs

> Ds: Duration of the stage s of jobs

o CDs: Cumulative duration of stage s—1 of jobs
o UPs: Power demand of the stage s of jobs

o C¢: Unit cost of energy charge at time t

o C™Ma: Unit cost of demand charge

* Decision Variables:

° Xmt: Binary variable where xm (= 1 if a job starts at the beginning of time t on machine m; xmt = 0, otherwise.
o y¢: Continuous variable denotes the total power demand (by all machines) at time t (W)
o p™; Continuous variable for peak power demand (W)

As our proposed model is discrete time period, we define index t to indicate the time periods. To import the stage-
wise power consumption pattern to the mathematical model, we use the parameters Ds and UP;, that indicate the duration and
power demand of stage s respectively. The MILP formulation of the proposed energy-aware scheduling model is as follows:

NT
minz = Z Ciy, + Cmaxpmax (D)
t=1
s.t.
t+TD—1
M(1—xp,) = Z Xk vt,m (2)
k=t+1
xm t <1 Vt,m (3)
t
Xmik =0 vm 4
t=NT-TD+2
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NT NM

D e =N 5)
t=1m=1

S NM NT
Ve = Z Z UPS( Z xm,k) =N vt (6)
s=1 m=1 k=t—(Ds+CDg)+1

Pmax Z Yt Vt (7)
Xme € {0,1} vt,m,p (8)
Prax Yt 2 0 vt 9

In this mathematical formulation, the objective function minimizes the total electricity cost. The first term of the
objective function computes the energy charge by multiplying the power demand of each time unit by the corresponding energy
charge rate and the second term computes the demand charge based on the peak demand and demand charge rate. Constraint 2
ensures that there is no overlap between the jobs (e.g. each machine just operates one job at each time). Constraint 3 ensures
that each time and on each machine, at most one job can be started. Constraint 4 enforces that no job can be processed after end
of the planing horizon. Constraint 5 guarantees that all the jobs should be processed before end of the planing horizon.
Constraint 6 calculates the amount of power consumption in each time unit. Constraint 7 computes the demand charge.
Constraints 8 and 9 define the decision variables.

3. Numerical Experiment

In this section a numerical experiment is conducted to illustrate the solution based on our proposed approach and
investigate the impact of demand charge on the solutions. Our proposed model can be applied in all kind of time-dependent
electricity price (ToU, Day-ahead, etc.). In this numerical experiment, the real data of the ToU pricing for the Texas state (May-
Oct) (Wang & Li, 2015) that is also includes the demand charge is used. This ToU pricing has two blocks, on-peak and off-
peak hours. On-peak hours are from 13 to 21 with 4.5 cent per kW/h and off-peak hour are from 21 to 13 and the rate is 1.7
cent for each kW/h. Also, the demand charge rate is equal to $7.9 for the highest peak demand in an interval during billing
period. Since our planning horizon is one day and the demand charge is assigned to the entire billing period (one month), the
demand charge rate is divided into 30 (the number of days in a month). A problem is generated to be solved by our proposed
model to minimize the electricity cost under the ToU and demand charge pricing. This problem consists of 3 machines and 14
jobs. The jobs and machines are identical and each job has three stages. Table 1 shows the value of processing time and power
demand of each stage of the jobs. As the jobs and machines are identical, the processing time and power demand of all the jobs
on all the machines are the same.

Table 1. Processing times and power consumption rate of each stage of the job

Stage 1 Stage 2 Stage 3
Processing time (10 m) 5 10 7
Power (W) 400 230 350

The mathematical model is coded in IBM ILOG CPLEX 12.8.0 and run on a system with Intel 17 3.4GHZ processor
with 16GB RAM and the problem is solved to find the optimum solution. The total electricity cost is 73.63 cents (41.94 cent
energy charge and 31.69 cents demand charge). The Guantt charte of the solution, the ToU pricing and the overall power
demand related to the solution are shown in the Figure 2. As can be seen, the model avoids the peak-hours and sets the
processing time of the jobs in the off-peak hours with lower electricity cost to reduce the energy cost.
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(c)  Overall power consumption pattern

Figure 2. Sampled power demand patterns and production scheduling for the instance with 4 machines and 13 jobs
under ToU pricing

As another analysis, we solve the problem without the demand charge to investigate the impact of the demand charge
on the solution. All the other information is the same as the previous problem, just the demand charge rate is removed. In figure
3, the comparison between power consumption of two solutions (with and without the demand charge) is shown. As can be
seen, the peak demand of the solution without the demand charge is higher than other solution. The peak demand in previous
solution was 980 W while in second solution is 1200 W that shows 22% increase in the demand charge. The reason of this
difference is that when we consider the demand charge, the model tries to reduce the maximum power demand (by avoiding
the overlap of the jobs) in order to decrease the demand charge.
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Figure 3. Comparison of the solution with and without demand charge
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4. Conclusion and Future Works

This study investigated the energy-aware scheduling problem by considering the stage-wise power demand pattern.
The objective of the proposed model is to reduce the electricity cost under demand charge and time-dependent rates. In this
problem, a set of identical Jobs should be completed of a set of parallel identical machines and the goal is finding the best
assignment of jobs to the machines and deploy time of jobs regarding the objective function. We proposed a stage-wise power
demand pattern in which the process of the job is divided into some stages (based on the nature of the process) and consider
different power demand and duration for each stage. We showed that how to turn the actual power demand pattern of jobs into
the stage-wise pattern and use it in the mathematical model. The model was formulated as an MILP model. A numerical
experiment was conducted that indicated the ability of the model to avoid the peak hours (to reduce the energy charge) and
maximum power demand (to reduce the demand charge). For the future works, we can utilize this approach in other scheduling
models (e.g. flow shop, job shop, etc.)
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