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ABSTRACT

Goal: The main purpose of this work is to develop several production planning models for one of
bottle grade PET production plants (in Turkey) under different scenarios by considering different
levels of inventory (no stock and different levels of safety stocks), different energy sourcing
alternatives (natural gas/coal or both) and production throughput (different lot sizes).
Design/Methodology/Approach: Deterministic multi-product multi-period single level mixed
integer linear programming model is presented. The model is implemented for the above defined
scenarios. We have also considered the total emission produced for different energy alternatives.
Results: The models for the different scenarios have shown that significant performance
improvements can be achieved by changing the parameters/policies of the production. The best
model obtained has yielded 6.6% of profit improvement and 6.9% of cost reduction.

Limitations of the investigation: Planning horizon of this work could cover the data of years 2014
to 2018. However, the actual data employed for this study is limited with one year due to unavailability
of further data. In addition to this, improvement of current production planning approach of the plant
by implementation of proposed model is one of the objectives of this study to see success rate of
model. Though, this couldn't be realized. We hypothetically tested the improvement provided by the
proposed model, therefore we can't analyze the actual improvement.

Practical implications: Interactions among optimal results obtained by running model with different
scenarios and their effect on selected performance variables are the main contribution of this work.
Similar methodology could be used at other PET resin manufacturing plants or alternatively the
production facilities having similar type of continuous manufacturing processes to find their optimal
levels of inventory, production throughput and proper choice for energy sourcing alternative.
Originality/Value: The research on the production planning for PET resin industry by considering
the different scenarios (levels of inventory / energy sourcing alternatives/ production throughput) is
novel as far as we know, and therefore the approach used in this study is expected to be useful for
other similar plants.

Keywords: PET Resin; Continuous Multi-grade Production; Production Planning; MILP; Capacitated
Lot Sizing.

1. INTRODUCTION

Production planning can be defined as the planning of the resources (such as quantity of
raw materials, human force, etc.) that will be transformed into products, by satisfying the
customer requirements efficiently and economically (Tsutsumi et al., 2020; Valencia et al., 2019;
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Jang et al., 2020; Pochet, 2001) for a given period of time. The main goal of these plans are to
find a way of balancing the tradeoff amongst economic targets (such as cost minimization or
maximization of profit) and consumer satisfaction target (Pochet and Wolsey, 2006). It is not easy
to achieve and maintain customer satisfaction. In order to realize this goal, the company must
cope with different challenges. One of these challenges is the competition between other
companies which are in the same market and offer common types of products and services
(Cunha et al., 2018). This kind of competition forces companies to adjust both their production
strategies regarding their resources and the planning of their operations (Liu et al., 2007).
Distribution of resources to comply with orders and physical constraints such as plant capacity
and storage facilities is the main challenge and a key to demand-driven operation (Tousain and
Bosgra, 2006). Production plan have a critical role in the success of company, if it is efficient
(Chan et al., 2015). The production management philosophies/approaches of a company can be
easily seen in the production plans. If the plans are constructed based on no inventory we can
understand that the approach is a variety of lean production even it is not referred corporately.
Therefore, a production plan should always describe what the desired level of inventory and the
throughput are. The production quantities which is known as lot sizing is determined to optimize
some performance criteria (Karimi et al., 2003). This problem considers the tradeoff among the
costs which share most of expenses generally (setup and inventory holding costs) to determine
the least cost of a production plan for machines or production facilities in order to meet the
demand for each item (Melega et al., 2018). Making the right decisions in lot sizing will affect
directly the system performance and its productivity, which are important for a manufacturing
firm’s ability to compete in the market (Karimi et al., 2003). Problems could be solved for basic
requirements (minimize cost, maximize profit) and much more complex cases. If a suitable lot
sizing model which is determined to solve problematic issues could be developed and applied
for a production facility, visible improvements could be seen soon. There would be economical,
social and environmental benefits according to problem scope and obtained results.

There are numerous examples of real-world applications of lot sizing problems. Enormous
savings in cost or increase in profit can be obtained with these practices. Plastics industry (and
PET production as one of the plastics types) is among these areas. One of the applications on
plastic industry is given in Van Wassenhove and De Bodt (1983). It is about injection moulding of
a plastics production plant. Optimization of production in bottle grade PET resin plant is target
of model considered in this study. Some of the recent studies on bottle grade PET resin are given
in Liberopoulos et al. (2010) and in Hatzikonstantinou et al. (2012). Production scheduling of a
PET resin plant according to defined quality range is argued on these articles. These kind of
optimization activities are applied extensively in several corporations as a part of normal
production or service process. The lot sizing problem can be handled as a different problem for
continuous production like PET resin manufacturing while equivalent items requires no
intermediate setups and this continuous sequence is called a lot (Brahimi, 2004). In this regard,
we consider developing production planning alternatives under different scenarios for one of
bottle grade PET production plants in Turkey (located in Gaziantep). This plant meets 47.5% of
total bottle grade PET production amount of Turkey alone.

PET resin production process is a chemical production process based on conversion of
raw materials and additives into end-products. In this regard, setups are the operations
performed to changeover the grades which are very unlikely in the most manufacturing
facilities. Grade changeovers are necessary to supply variety of products punctually, however
these are undesirable because one changeover could cover excess time and it may causes
high variability in end-product properties (Liberopoulos et al., 2010). It is apparent that the
number of setups undesirably increases if there is not a suitable production plan. Even the
setup itself is not considerably costly, these transitions (changeover creates a warm up period)
results in production of second class products (they are sold with a lower price). In this respect,
the production plan developed in this work considerably decreases the number of setups and
this leads increase in revenue.

The main purpose of this work is to develop several production planning models for one
of bottle grade PET production plants (in Turkey) under different scenarios by considering
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different levels of inventory (no stock and different levels of safety stocks), different energy
sourcing alternatives (natural gas/coal or both) and production throughput (different lot sizes).
We determined the system level objective as to maximize profit.

2. LITERATURE REVIEW

Lot-sizing is a part of production planning in which the production periods (or quantities)
are fixed a priori according to placement of an order, or the setup, start-up, or changeover of
a machine (Belvaux and Wolsey, 1998). Since there are various types of production systems,
several authors classify the lot sizing problems according to system characteristics. Jans and
Degraeve, (2008) classify the lot sizing problems consistent with their time scale, demand
distribution and provided time horizon. Brahimi et al. (2017) extends this classification and
consider the characteristics provided in Table 1. This classification enables the researchers to
focus on a certain class of the problem. The performance of one type may not be same for
another as shown by Florim et al. (2019).

In this paper, we use the classification approach of Brahimi et al. (2017) partially to identify
the components of the system considered in this study. These components are as follows:

Table 1. Lot sizing problems: Main branches and parameters included in these branches

Parameter Classifications
Information Degree Deterministic, Stochastic
Horizon Finite, Infinite
Time Scale Discrete (Small or Large Time Periods), Continuous
Number of Items Single-item or Multi-item
Number of Levels Single-level or Multi-level

Setup related (Startup, Reservation), Inventory related (Holding, Backorder,

Relevant Costs . : .
Lost sales), Capacity related (Regular hours, Overtime, Sub-contracting)

Resource Constraints Number (Single-resource, Multi-resource), Type (Constant, Variable)
Service Policy Demand satisfied on-time, Backorder, Lost sales, Sub-contracting
Time Consuming Setup time (ST) (minor or major ST), Processing time (Zero, Constant,
Activities Variable), Lead Time, Transportation Time

Minimize costs, Maximize service level, Smoothing of production load,

Objectives Maximize profit

Source: Brahimi et al. (2017).

Information Degree: This can be defined as if uncertainty is mentioned in models or not
(Glock et al., 2014).

Horizon: Planning horizon can be defined as the time period which related problem
determines (Diaz-Madrofiero et al., 2014). It could be supposed to be variable, finite or infinite
(Brahimi, 2004).

Time period/scale: There are two types; big time bucket problems and small time bucket
problems. Small time buckets problems have short production periods like several hours.
Big time bucket problems consist of longer time periods such as few days or weeks
(Brahimi et al., 2006). The model considered in this work is a big bucket model while planning
horizon is one year. Months are accepted as the discrete time periods.

Number of products and number of levels: There are two types for these class; single-
item or multi-item and single level or multi-level. Single-level and multi-level problems is
considered based on production stages (Diaz-Madrofiero et al., 2014). The problem given in
this paper consists of multi item products (there are three end-products) while production line
is single level (the chemical reaction is a continuous process and there is no assembly).
The details of solution approaches to this type are not given here due to space limitations.
For details, readers are suggested to see: Bahl et al. (1987); Karimi et al. (2003); Jans and
Degraeve (2008); Buschkuhl et al. (2010); Diaz-Madrofiero et al. (2014).
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Relevant costs: These include three types of costs: Setup related costs, Inventory related
costs and Capacity related costs. Setup related costs linked to setups on production facility.
This cost type can be defined as different variations according to model (start-up cost,
reservation cost). Inventory related costs include holding costs (generally referred as the costs
of capital equivalent to specified inventory quantity), shortage costs (backlog costs) and lost
sales. Capacity related costs are related to using different capacity levels (normal or
additional). Production throughput is directly associated with manpower generally, so if
capacity changes workforce level must change to balance requirements (overtime costs,
subcontracting costs, hiring/firing costs) (Brahimi, 2004). The details of solution approaches to
this type are not given here due to space limitations. For details, readers are suggested to see:
Brahimi (2004), Jans and Degraeve (2008), Brahimi et al. (2017).

Resource constraints/capacities: This type of problems refer to the capacities of the
available resources in the production system. Restrictions of available resources could
determine how production process must be designed. These kind of constraints may increase
the complexity of the production planning models, but enable more realistic models.
Constraints related to inventory limitations, supply of parts and raw materials from suppliers,
productive resources such as machines and workforce and transportation resources are
identified among these (Diaz-Madrofiero et al.,, 2014). Model considered in this study is
capacitated. The most important constraint of our model is production capacity constraint.
There are certain unit consumption of raw and additive materials for producing one unit of
end-product and these figures used as unit consumption parameters on model. Resources
used in model (raw material, additive material, utility and energy resources) are limited by
maximum production and processing capacity. Productive resource limitation is related with
maximum production and processing capacity. The details of solution approaches to this type
are not given here due to space limitations. For details, readers are suggested to see: Sung
and Chang (1986); Drexl and Haase (1995); Hung and Hu (1998); Karimietal. (2006);
Brandimarte (2006); Erromdhani and Rebai (2017).

Service Policy: To make the models more realistic, several extensions related to demand
can be identified (Diaz-Madrofiero et al., 2014). Both single-item and multi-item problems with
backlogging extension are reviewed in Kiicikyavuz and Pochet (2009). Multi-item problem with
backlogging extension is examined in (Karimi et al., 2006). Backlogging with safety stock for an
uncapacitated model is given in Loparic et al. (2001). In this work, we have used the service
level variable as defined by (Boulaksil, 2016).

Nature of demand: Demand is one of the typical parameters of production planning
models. If demand levels are known exactly, it is called deterministic, otherwise it can be
termed stochastic (Diaz-Madroiiero et al., 2014). Demand is assumed as deterministic on the
model considered in this study. The demand is forecasted by considering the data of the
previous year.

Time Consuming Activities: These include transportation time, lead time, setup time,
processing time per unit, and production speed (Brahimi, 2004). According to problem scope,
one or more of these defined activities can be used in model.

Objectives: Objectives can be varied consistent with problem and model. There can be
single objective or multiple objectives. Maximizing profit and minimizing total cost are among
the most common objectives mentioned in literature. Different objectives based on
maximization or minimization can be defined (maximizing service level, minimizing
environmental impact etc.). Other different possible objectives are not given here due to space
limitations. For details, readers are suggested to see: (Williams, 2013).

3. PROBLEM DEFINITON AND METHODOLOGY

PET resin production process is based on conversion of additives and raw materials
toward end-products by chemical reactions. Production process is basically a chemical
production process; hence production logic is different from traditional MRP. There are certain
unit consumption rates of raw and additive materials (consumption quantity per one ton of
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end product) for producing different end-products. Average unit consumption rate for utility
resources and average unit carbon emission generation rate are derived from the actual
production data of previous year. Carbon emission is also calculated to show the direct effect
of energy alternatives.

We should introduce to products of this production plant before going into details.
The plant produces three different grades of end-products: 0.76 1V, 0.80 IV and 0.84 IV. The main
difference between these end-products is the value of intrinsic viscosity (IV). IV is linked with the
length of the polymer chains. If the IV value increases, the polymer chain length increases, and
as a result, the end-product hardness rises (Liberopoulos et al., 2010). 0.76 IV grade of product
is primarily used for water bottles. 0.80 IV and 0.84 IV grade of products are used for carbonated
soft drink bottles. In this paper, these quality variants are named as “grade of the product”.

Unit prices and purchase costs are calculated by considering the average values of 2016
production. We assume there is no inflation or price fluctuation. Two main raw materials, four
additive materials and three utility resources (electricity/cooling water/energy resource) are
considered in the model.

As mentioned earlier in the introduction section, we have implemented our models under
different scenarios. Initially, we have considered three different energy alternatives; natural
gas/ coal / both (equally weighted). The second type of scenarios considers different capacity
alternatives. We have used numerous capacity alternatives starting from the possible
minimum (600 tons/day) to possible maximum (725 tons/day). We have changed the
constraints in our model to show the different alternatives. It has been realized that, it is
essential to keep the production rate between 655 tons/day and 725 tons/day not to face with
backlogs.

The third type of scenarios is based on different stock policies. It is known fact that, excess
production is seen as one of the resources of waste and less stock (if possible zero stock) has
been a desirable policy solution in most of the production systems (Hofer et al., 2012). On the
other hand, it is nearly impossible to forecast the exact demand and we could have serious
backlogging cost in the peak time of demand. Subsequently, it is becomes a logical alternative
to keep the stocks in a rational level. It can be stated that there is a tradeoff between expected
service level by safety stocks and inventory holding cost. Optimum inventory policy must balance
these two points (Radasanu, 2016). In our work, we have used the Equation (1) to calculate the
safety stock. The Equation (1) is known to be a good option if there is deterministic
replenishment time and stochastic consumption rate.

Safety Stock =op * SF * (%) @)

where:

op: Standard deviation of demand;

SF: Service level factor;

LT: Lead time;

T: Time used to calculate standard deviation of demand.

SF (z score) is found from standard normal distribution table along with expected service level
percentage.

Reorder Point = Lead Time Demand + Safety Stock (2)

Safety stock calculations are based on the demand predictions obtained with ARIMA method.
Three alternatives are designated for different safety stock policies. We have assumed three different
service level rates (the measure of the meeting the demand) for safety stock calculations. Since
customers demand different products among all, we have calculated the share of product types
(product 1, 2 and 3) among all sales for the years between 2014 and 2016 as depicted in Table 2.
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We assume that the share of demand for each product type will be the average rates given in Table 2
for our model. In the first and the second alternatives, we plan to meet the 90% and 95% of customer
demands (service levels) equally for all product types. Even we know that higher service level is more
desirable it also increases the inventory holding cost. Therefore, we have created the third alternative
(hybrid) to meet the demand %95, %85 and %90 for types 1, 2 and 3 respectively as previously done
by Radasanu, (2016).

Table 2. The demand distribution (share in total) by the product types (2014-2016)

Demand Rate For All Production Grades

Year Product Types
0.76 IV (Product 1) 0.801V (Product2) 0.841V (Product3) Total
2014 58.5% 17.4% 24.1% 100%
2015 56.8% 9.0% 34.3% 100%
2016 58.5% 11.3% 30.1% 100%
Average Rate 57.9% 12.6% 29.5% 100%
Supposed Service Level 95.0% 85.0% 90.0%

Source: The authors themselves.

We use the mixed integer linear programming to solve the problem defined in this work.
Modeling lot sizing problems with mixed integer programming with some extensions of
original problem (start-up, changeover, number of setups) is given in Belvaux and Wolsey
(2003). Different cases from chemical industry using MILP is mentioned in Kallrath (2000) and
Kallrath (2002). While resources for production are limited in our case, we can categorize our
model as capacitated. Since, the resin production takes place in one stage, we classify our
model as a single-level problem. Problem types, extensions and different cases of production
planning by using MIP can be seen in (Pochet and Wolsey, 2006). In addition, we define some
performance variables to measure success of model implementation. These criteria are widely
used both in academic studies and on an industrial scale. Critical success factors for project
and process management is reviewed by (Ferreira et al., 2019) and key parameters for the
analysis stage of operations is reviewed by (Grillo et al., 2018). Although focal points of these
articles are different from this paper, a similar reasoning has been done.

The model components are as provided in the subtitles below:

Defined sets

The product types (IV grade) are represented with ‘J'. The unit time is accepted as one
month. Time variable is represented with ‘T". Sets are as given in Table 3.

Table 3. Sets of model

J Grade of the product, indexed by j, ] = {1, 2, 3} ={0.76, 0.80, 0.84}
T Time (Month), indexed by t, T={1, 2,3,4,5,6,7,8,9,10,11, 12}
Source: The authors themselves.

Model parameters

Demand, safety stock and M value (is considered as a big number) are as given in Table 4.
Unit cost and prices are given in Table 5. Unit raw material usage (consumption) parameters
are given in Table 6. End product demand is represented as Dr. Calculated safety stock
quantity is represented as SSy. M value is maximum monthly production amount in model.

TABLE 4. PARAMETERS-1

Dy Production demand per period, te T, j €]
SSy Safety stock per period, teT,j €]
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M Very big number
Source: The authors themselves.
Table 5. Parameters-2 / Unit cost and prices
REV Sales price
Cr Fixed setup cost
Cp Production unit cost
CsspL Safety stock overstock deficit unit cost
Csswmi Safety stock shortage deficit unit cost
Cs Backlog penalty unit cost
Cri Raw material-1 unit purchase cost
Cr2 Raw material-2 unit purchase cost
Capp1 Additive material-1 unit purchase cost
Capp2 Additive material-2 unit purchase cost
Caop3 Additive material-3 unit purchase cost
Capp4 Additive material-4 unit purchase cost
Cun Utility-1 unit cost
Cu2 Utility-2 unit cost
Cus Utility-3 unit cost

Source: The authors themselves.

Table 6. Parameters-3 / Unit consumption rates of required materials

ResR; Consumption of raw material-1 per one unit of product j

ResR, Consumption of raw material-2 per one unit of product j
ResADD; Consumption of additive material-1 per one unit of product j
ResADD, Consumption of additive material-2 per one unit of product j
ResADDs Consumption of additive material-3 per one unit of product j
ResADD, Consumption of additive material-4 per one unit of product j

ResU; Consumption of utility-1 per one unit of product j

ResU, Consumption of utility-2 per one unit of product j

ResUs Consumption of utility-3 per one unit of product j

COEp Generation of carbon emission as t per one unit of product j

Source: The authors themselves.

Raw material consumption variables

Variables representing the consumption of required materials (raw materials, additive
materials and utility resources) are as given in Table 7. Total material consumption and total

material cost is calculated by using these variables.

Table 7. Raw material consumption variables

ResRaw1y Raw material-1 usage per period, teT, j €]
ResRaw2y Raw material-2 usage per period, t€T, j €]
ResAdd1y Additive material-1 usage per period, t€ T, j €]
ResAdd2y Additive material-2 usage per period, teT, | €]
ResAdd3y Additive material-3 usage per period, teT, | €]
ResAdd4y Additive material-4 usage per period, teT, | €]
ResUti1y Utility-1 consumption per period, t€T, j €]
ResUti2y Utility-2 consumption per period, t€T, j €]
ResUti3y Utility-3 consumption per period, t€T, j €]

ByProdEmissionr,

Carbon emission generation per period, teT,j €]

Source: The authors themselves.
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Decision variables

Decision variables used in our model is given in Table 8. In addition to the commonly used
variables such as production quantity, inventory quantity and binary variable; backlog
quantity, utilization rate and service level are added in model in order to show the operational
efficiency. Safety stock overstock, safety stock shortage and safety stock variation variables
are added to model for modified inventory equation.

Table 8. Decision variables

X7 Production in period t by grade j, teT, j €]
Sy Net inventory in period t by grade j, teT,j €]
SSPLy, Safety stock overstock in period t by grade j, t€T,j €]
SSMly Safety stock shortage in period t by grade j, teT,j €]
DSSy) Safety stock variation in period t by grade j,t €T, j €]
By Backlog in period t by grade j, te T, j €]
UTILy Average utilization rate in period t by grade j, teT, j €}
SLy Average service level in period t by grade j, teT,j €]
\& Binary variable in period t by grade j, t€ T, j €]

Source: The authors themselves.

Objective function

The main objective is to maximize the total profit. Objective function (given in Equation 3)
is simply the subtraction of total cost from total revenue.

max Y.} Z{(Rev * XT]) — (ZIZ{(SSPLT] * Csspp, + SSM1py % Csspp + Bry * Cp + Ypy % Cp + Xpp % Cp +
ResRaw1y; * Cgy + ResRaw2g; * Cry + ResAdd1yy * Cpppy + ResAdd2ry * Cpppy + ResAdd3yp; *
Cappz + ResAdd4r; * Cypps + ResUtily; * Cyy + ResUti2r; * Cy, + ResUti3r; * Cys ) (3)

Equations and constraints

Equation (4) shows that production quantity cannot exceed upper boundary as
symbolized as ‘big M’ value. Production depends on production decision as per planned
demands. If production occurs in that period by grade j the binary variable takes the value of
1, otherwise it is equal to 0.

Xy SM*Yy, Vjeld,VteT (4)

Equation (5) and (6) express the monthly upper bounds for production. Production
quantity cannot surpass maximum bound. M value is equal to maximum bound.

Xy <M Vjed,VieT 5)
M = Max Monthly Production Capacity (6)

Equation (7) and (8) expresses monthly and annual (or sum of related periods) limits of
production capacity. Equation (7) is the constraint for monthly production, Equation (8) is for
all production in all of the periods in planning horizon.

T
> Xy < Max Monthly Production Capacity Vjeld,Vtel (7)
1
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TJ
Y3 X7y < Max Production Capacity ( Total Number of Periods) ¥ jeJ,Viel (8)
11

Equation (9) and (10) shows that at the start of the first period there is no product
inventory and backlog. Equation (11) expresses annual (or sum of related periods) boundary
of inventory quantity. Maximum storage capacity depends on the availability of space in the
storage area and storage silos.

Sy =0,T=1 Yjed (9)
Ry =0,T=1 VjeJ (10)
TJ
> > Sr; < Max Storage Capacity Vjed,Vtel an
11

Equation (12) shows inventory balance equation.

SSPLy_; ; =SSMIy_; ;+Br;+Xp; = Dy +DSSy ;+ SSPLy ; —SSMIy ; ¥ je J,VteT (12)

Equation (13) shows netinventory. Equation (14) shows safety stock variation. Constraints
(15) and (16) expresses that demand must be greater than backlog quantity and safety stock
must be greater than safety stock shortage quantity.

Syy =SSPLy; +SSp; — SSMIy Vjed,Vtel (13)
DSSyy =SSp.;—SSr_;4 Vjeld,Vtel (14)
Dy ;2Br Vjed,VteT (15)
SSr ;2 SSMIy ; Vjed,Vtel (16)

Equation (17) shows total utilization rate. Service level percentage is shown in
equation (18). Equation (19) shows total number of setup times.

Constraint (20) shows non-negativity restrictions on the variables. Constraint (21) shows
binary restriction on binary variable.

I Xr
UTIL; ; = : *100 Vjed,Vtel (17)
’ Max Production Capacily( Total Number of Periods)
B
SLy, _100—100*[”] Vjed, Vtel (18)
T,J
TJ
TOTSETUP; ; =Y. 3 Yr 4 Vjed,Vtel (19)
11
Xpys Spys SSPLy ;. SSMIy 5, Ry 20 Vjeld, VteT (20)
Yy €{0,1} VjeJ,Vtel 21
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4. RESULTS AND DISCUSSION

Implementation of model

A comparative study is conducted by considering three different factors (inventory,
capacity and energy) with different levels (policies) as presented in Table 9. Demand data
is extracted from forecasted demand data for all grades of products for 2017. Inventory
policy consists of different safety stock decisions which are determined according to the
supposed service levels. Capacity policy depends on changing variables when capacity
increases regularly. Energy policy is defined according to the selected energy source.

The proposed model in this study was written in GAMS. CPLEX which is integrated
with GAMS (v 23.5) was used as the solver. We attempted to solve our models with
different solvers, however we have chosen the CPLEX due to its significant performance.
168 different models were implemented for testing all possible policy alternatives.
We have found feasible solutions for all of these models. In 116 of these models, we did
not see significant backlog. Presented model and results were debated with the
management team of this production site and findings obtained from this study were
found realistic by them consistent with the planning data. Objective function of model was
verified by the outcomes in other words.

Table 9. Scenarios considered in this work

Main Criteria Categories

Demand Data Forecasted Data

Safety Stock Decision-0 (No Safety Stock)

Safety Stock Decision-1: 90% Service Level for All Grades

Safety Stock Decision-2: 95% Service Level for All Grades

Safety Stock Decision-3: Different Service Level Rates for All Grades

Inventory Policy

Capacity Policy Production Throughput: Low (655 t/d) to High (725 t/d)
Energy Resource: Only Natural Gas
Energy Policy Energy Resource: Both (Natural Gas and Coal) by 50% usage

Energy Resource: Only Coal
Source: The authors themselves.

Since total profit is our objective function, it is desired to be high as much as possible.
On the other hand, we try to keep the total cost, total product inventory and generated carbon
emission amount at the minimum level. We also want to keep the production size and
utilization rate at optimum levels.

Forecasting demand and accuracy

Forecasting accuracy is crucial for production planning. Although the estimation
may not exactly accurate, it is highly for required for planning. Time series forecasting
use historical data as the basis of estimating future outcomes. Holt-Winter (HW) and
ARIMA methods are used in this study since the test data showed that they produce
higher accuracy when compared to other forecasting methods (traditional methods like
moving average method, regression analysis etc.).

We have used Root Mean Squared Error (RMSE), Mean Absolute Error (MAE) and Mean
Absolute Percentage Error (MAPE) as the error metrics of two forecast methods.
The performance of two forecasting methods is as given in Table 10 for all product types
(grades). Since smaller error values are preferable, we see that ARIMA method produces
the less error for all product types.
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Table 10. Comparison of different forecasting errors by product grade and forecasting method

Forecast Error Product Grade

Forecast Method . Average

Metric 0.761V 0.80IV 0.841V All

RMSE 1.27 0.92 1.18 0.93 1.08

ARIMA MAE 0.94 0.85 0.95 0.71 0.86

MAPE 0.09 0.28 0.18 0.04 0.15

RMSE 1.34 2.90 1.79 1.57 1.90

HW MAE 1.21 2.59 1.59 1.26 1.66

MAPE 0.12 0.92 0.29 0.06 0.35

Source: The authors themselves.

RESULTS

Model results and the actual situation in the plant (real results belong to 2017 year)
are compared and it is seen that significant improvements can be achieved. Increase in
any variable is shown by +% and decrease in any variable is shown by -%. You can see
the findings in Table 11 and Table 12. The results given in table 11 are the average values
of the two best models obtained from selected energy resource. Model results contains
objective function, total cost, production and inventory quantities, different cost shares
and other performance variables (utilization rate and inventory turnover rate) values.
We have seen that the best results can be obtained if the 37 alternative for safety stock
is chosen and only natural gas or both natural gas and coal are used as energy resource.
Actual situation in the plant can be seen in Table 12.

Table 11. Best results (improvement rate by percentages) with forecasted demand data

Energy Resource

Performance Variables

Natural Gas Natural Gas + Coal
Production Capacity / t/d 725 725
Objective Function: Total Profit / % 6.6 5.4
Total Cost/ % -6.9 -6.6
Revenue / % -3.9 -3.9
Total Production Quantity / % -3.9 -3.9
Total Net Inventory Quantity / % -28.3 -28.5
Total Average Inventory Quantity / % -28.2 -28.4
Total Safety Stock Overstock Quantity / % -649.4 -663.9
Total Number of Setups / % -136.1 -136.1
Utilization Rate Average Value / % -14.1 -14.1
Safety Stock Overstock cost / % -19.0 -21.3
Setup Cost/ % -136.1 -136.1
Production Cost / % -3.9 -3.9
Total Raw Material Cost / % -3.6 -3.6
Total Additive Material Cost / % -8.3 -8.3
Energy Cost/ % -245.4 -161.8
Total Utility Cost / % -103.0 -89.3
Total Generated Emission / % -245.2 -161.9
Annual Inventory Turnover Ratio for all Production / % 19.1 19.3
Annual Inventory Holding Time for all Production / % -23.6 -23.9

Source: The authors themselves.
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Table 12. Comparison of real data and best optimal results

FORECASTED VALUES: FORECASTED VALUES:

DEMAND DATA REAL VALUES ARIMA ARIMA
ENERGY SOURCE NATURAL GAS + COAL* NATURAL GAS NATURAL GAS + COAL
WITHOUT BACKLOG ~ WITH BACKLOGAND  WITH BACKLOG AND
INVENTORY POLICY AND SS* <s <s
SAFETY STOCK DECISION SS-0 SS-3 SS-3
PRODUCTION CAPACITY POLICY / t/d CHANGEABLE* 725 725
OBJECTIVE FUNCTION / Total Profit/ M $ 75.6 80.9 79.9
Total Cost/M $ 298.2 278.8 279.8
Revenue /M $ 373.8 359.8 359.7
Total production quantity / 103t 249.2 239.8 239.8
Total net inventory quantity / 103 t 24.8 19.34 19.30
Total average net inventory quantity / 103t 2.1 1.6 1.6
Total average inventory quantity of grade j; / 103t 1.2 1.0 1.0
Total average inventory quantity of grade j>/ 103t 03 03 03
Total average inventory quantity of grade j3/ 103t 0.6 04 04
Total safety stock overstock quantity / 10%t 13.0 1.7 1.7
Total safety stock shortage quantity / 103 t 0.0 1.6 1.6
Total backlog quantity / 103t 0.0 0.0 0.0
Total number of setups 85 36 36
Utilization rate average value / % 1034 90.6 90.6
Service level average value / % 100.0 100.0 100.0
Safety stock overstock cost/ M $ 0.62 0.52 0.51
Safety stock shortage cost/M $ 0.00 4.80 4.80
Backlog cost /M $ 0.00 0.00 0.00
Setup cost/M $ 0.01 0.00 0.00
Production cost/M $ 1.25 1.20 1.20
Total raw material cost/ M $ 258.7 249.7 249.7
Total additive cost/M $ 9.35 8.64 8.64
Utility-2 (Energy) cost/ M $ 10.9 32 42
Total utility cost /M $ 283 13.9 14.9
Total generated carbon emission / t 0.06 0.02 0.02
Total demand /103t 2374 236.5 236.5
Annual inventory turnover ratio for all production 118.7 146.8 147.0
Annual inventory turnover ratio for production of grade j 108.6 131.8 132.2
Annual inventory turnover ratio for production of grade j, 150.1 1371 1371
Annual inventory turnover ratio for production of grade js 124.8 193.6 193.6
Annual inventory holding time for all production / day 3.1 25 25
Annual inventory holding time for production of grade j; / day 34 2.8 2.8
Annual inventory holding time for production of grade j, / day 24 27 27
Annual inventory holding time for production of grade j; / day 29 1.9 1.9

Source: The authors themselves.

Performance variables shown with the sign with * in Table 12, means that these are not exactly
as described in proposed model. Energy source is ‘Natural Gas + Coal’ but these sources were not
used equally. There was not backlog issue according to provided information. Capacity policy was

also determined to produce maximum throughput generally, but it was not a regular process.

Before comparing the model alternatives, we have to mention about the model names.
The model name “FOR + BOTH + SS3" represents the model using both energy resources at the same
time and using SSs alternative for inventory policy. Model name as “FOR + NG + SS3" represents the

model using only natural gas for energy and using SS; alternative for inventory policy.
We can summarize the obtained improvements for different scenarios as follows:
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1. Improvement in the objective function value (total profit), total cost and revenue can
be seen in Figure 1. The improvement in the total profit and the total cost inversely
proportional to each other. However, decrease in the total cost does not decrease much if
capacity is changed from 655 tons/day to 675 tons/day. Profit improvement increases after a
change in 655 tons/day capacity to 675 tons/day capacity. Rate of increase is almost constant
after 670 t/d capacity. Improvement rate of revenue and total cost are negative. Thus it is
possible to make profit by increasing the capacity. Improvement in revenue is negative since
only necessary amount of production is allowed.

Improvement % - Total Profit, Total Cost and Revenue
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Figure 1. Improvement % / Total Profit, Total Cost and Revenue
Source: The authors themselves.

2. Comparison of improvements in objective function (total profit), total cost and revenue
value for the models considering the natural gas and both resources as the energy
resource is presented in Figure 2. It is obvious that use of natural gas as an energy
resource is more advantageous in terms of cost and profit.

Comparison of Improvements by Different Types of Models: Profit, Total Cost and Revenue

Improvement %
8,0 - Objective
Function / Total
6,0 Profit
4,0

- Total Cost

Improvement %
o
=}

FOR + BOTH + SS-3 FOR + NG + SS-3
Model Type

Improvement %

m Improvement %
-2,0 - Revenue
-4,0

Figure 2. Comparison of Improvements by Different Types of Models: Profit, Total Cost and Revenue
Source: The authors themselves.

3. Improvement in the total production amount and total average inventory amount can be

seen in Figure 3. Best improvement for average inventory is found for 675 tons/day
capacity.
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Improvement % - Comparison of Total Production Quantity and Average Inventory Quantity per
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Figure 3. Improvement% versus Comparison of Total Production Quantity and Average Inventory
Quantity per Capacity
Source: The authors themselves.
4. Comparison of improvements for total production quantity, total inventory quantity and
total overstock quantity is as shown in Figure 4. Decrease of production quantity,
inventory quantity and overstock quantity is almost same on both of models.
Comparison of Improvements by Different Types of Models: Total Production Quantity, Total
Inventory Quantity and Total Overstock Quantity = Improvement % -
Total Production
-3,9 0,0 Quantity
-100,0
-3,9 mImprovement % -
o _ Total Inventory
S 39 2000 ¢ Quantity
< €
= -300,0
g-3,9 g mImprovmenet % -
e -400,0 o Total Overstock
£-3,9 g Quantity
= -500,0 =
-3.9 -600,0
-3,9 -700,0
FOR + BOTH + SS-3 FOR + NG + SS-3
Model Type

Figure 4. Comparison of Improvements by Different Types of Models: Total Production Quantity, Total
Inventory Quantity and Total Overstock Quantity
Source: The authors themselves.

5. Capacity is chosen as much as possible (725 t/d) in order to reduce the utilization rate.
Utilization rate is calculated as 103.4% due to low value of maximum capacity (660 t/d)
and higher production quantity is expected than assumed maximum production
according to the real results of 2017 year. Utilization rate is one of the key performance
variables of production: production efficiency increases proportionally with it. However
utilization rate must be lower than 100% to keep better production conditions and handle
immediate demands properly. Efficient capacity utilization is one of the expected results
of optimal production plan. Total production volume reduction rate is 3.9%. Utilization
reduction rate is 14.1%. Total number of setups reduction rate is 136.1% for both models.

6. Improvement percentage of utilization rate is seen on Figure 5. Utilization rate decreases
by increasing capacity.
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Improvement % - Comparison of Utilization Rate and Total Production Quantity per Capacity
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Figure 5. Improvement % / Comparison of Utilization Rate and Total Production Quantity per Capacity
Source: The authors themselves.

7. Comparison of improvement rates of total production size, total number of setups and
utilization rate is seen on Figure 6. Change of production amount and utilization rate
could be seen from primary axis and change of number of setups could be seen from
secondary axis. Total number of setups has dropped to a great extent with the help of
optimal plan for all models. Improvement rates of both models are almost the same.

Comparison of Improvements by Different Types of Models: Total Production Quantity, Total Number
of Setups and Utilization Rate
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Figure 6. Comparison of Improvements by Different Types of Models: Total Production Quantity, Total
Number of Setups and Utilization Rate
Source: The authors themselves.

8. Production cost reduction rate is 3.9%. Setup cost reduction rate is 136.1% for both
models. Total raw material cost reduction rate is 3.6%. Total additive material cost
reduction rate is 8.3%. Total utility resource cost reduction rate is 96.2%. It can be said
that the implementation of the model is beneficial in terms of cost reduction especially
for setup cost and utility cost. Findings can be seen on Figure 7, 8, 9 and 10.

9. Improvement percentages of total cost, production cost, raw material cost and additive
material cost is shown in Figure 7.
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Improvement % - Cost Types per Capacity
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Figure 7. Improvement % versus Cost Types per Capacity-1
Source: The authors themselves.

10. Comparison of improvement rates of various cost types is seen on Figure 8 and Figure
10. The most remarkable achievements are seen on setup cost and total utility cost.
Improvement rate obtained from results on production and material costs (raw and
additive) is more modest than utility cost and setup cost.

Comparison of Improvements by Different Types of Models: Production Cost, Raw Material Cost and
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Figure 8. Comparison of Improvements by Different Types of Models: Production Cost, Raw Material
Cost and Additive Cost
Source: The authors themselves.

11. Improvements in total utility cost, energy cost and energy consumption is as shown in
Figure 9. High level of improvement for all cost types is achieved.
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Improvement % - Cost Types per Capacity
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Figure 9. Improvement versus Cost Types per Capacity-2

Source: The authors themselves.

12. Comparison of improvements in setup cost, total utility cost and energy cost is depicted
in Figure 10. Total utility cost decreases dramatically, but the cost of energy included in
the cost of utility falls considerably. Reduction rate of energy cost is higher than total
utility cost. Reduction rate of total utility cost and energy cost is higher on model using
natural gas as energy resource than model using both energy sources as energy resource.

Comparison of Improvements by Different Types of Models: Total Utility Cost and Energy Cost
0
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-300,0
FOR + BOTH + SS-3 FOR + NG + SS-3
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Figure 10. Comparison of improvements for different scenarios (Total Utility Cost, Energy Cost and
Setup Cost)
Source: The authors themselves.

13. Relation between generated carbon emission and production size can be seen in

Figure 11. Improvement in generated carbon emission is similar to improvement rate in
production quantity.
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Improvement % - Comparison of Carbon Emission with Total Production Quantity per Capacity
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Figure 11. Improvement % / Comparison of Carbon Emission with Total Production Quantity per
Capacity
Source: The authors themselves.
14. Comparison of improvement in energy cost, energy consumption and total generated
carbon emission is as depicted in Figure 12. Decrease of energy cost, energy consumption
and total generated carbon emission are almost the same on both models and reduction
rates are higher on model using natural gas as energy resource. The results are striking,
decrease of energy cost, energy consumption and total generated carbon emission is very
high even on model using both energy sources as energy resource.
Comparison of Improvements by Different Types of Models: Energy Cost, Energy Consumption and
o mImprovement % -
Total Generated Carbon Emission Energy Cost
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Total Generated
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g
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Figure 12. Comparison of improvements by Different Types of Models: Energy Cost, Energy
Consumption and Total Generated Carbon Emission
Source: The authors themselves.

15. Improvement in inventory turnover ratio of total production amount increases after
production capacity reaches 655 t/d capacity and decreases after production capacity
reaches 675 t/d as it can be seen in Figure 13. Improvement of inventory turnover ratio
of product grade j, and js reach their peak values when capacity reaches to a definite
point (660 tons/day for product grade j, and 670 tons/day for product grade js) and
become constant during regular capacity increase.
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Improvement % - Inventory Turnover Ratio per Capacity
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Figure 13. Improvement % / Inventory Turnover Ratio per Capacity
Source: The authors themselves.

16. Comparison of improvement in the inventory turnover ratio for total production and for
product grades is shown in Figure 14. Improvement in inventory turnover ratio of all
product grades significantly increases except of product grade j,. Results obtained from
both models are the same. This also shows that there is no direct relationship between
energy resource and inventory holding time when the same demand data is used.
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Figure 14. Comparison of Improvements by Different Types of Models: Inventory Turnover Ratio
Source: The authors themselves.

17. Improvement rate trend of inventory holding time is seen on Figure 15. Inventory
turnover ratio and inventory holding time is inversely proportional between each other.
When inventory turnover ratio is high, inventory holding time is low meantime.
Improvement rate trend of inventory holding time is almost opposite of the trend seen
in Figure 16.

18. There is a peak value on inventory holding time trend on different capacity values for all
production grades (655 tons/day for ji, j, and total production and 660 tons/day for js).
Improvement in inventory holding time of product grade j; and j; reach their minimum
values when production capacity reaches to a definite point (660 tons/day for product
grade j, and 670 tons/day for product grade j;) and become constant during regular
capacity increase.
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Figure 15. Improvement % / Inventory Holding Time per Capacity
Source: The authors themselves.
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19. Comparison of improvements in inventory holding time for total production and for
product grades separately shown in Figure 16. Improvement in inventory holding time of
product grades significantly decreased except “product grade j,". Results obtained from
both models are the same. This also shows that there is no direct relationship between

energy resource and inventory holding time when the same demand data is used.
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Figure 16. Comparison of improvements by different types of models: Inventory Holding Time
Source: The authors themselves.

Evaluation of results and discussion

Applications of lot sizing are carried out in various industrial areas. Different benefits are
obtained from results according to related problem or target. Benefits obtained are briefly
reviewed according to their specific categories on (Diaz-Madrofiero et al., 2014) and most of real-
world applications which were published in INFORMS are listed on (Chen et al., 2011). There are
some studies which include more developed structure to reach more than one target in literature.
A work leans on aggregated production planning considering cultural environment (Kazan, 2018),
another work which contains integrated planning model aims to schedule production and work
shifts detailed (Teksan, 2011) and a dissertation on production planning model of an ice cream
factory (Bude, 2008) are among these studies. Results can be evaluated between these works,
because even if models of these problems are different for most points, they are in the same class
of production planning problems and they have many similarities.

Improvements obtained from this study could be summarized as below:
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1. The objective of model is to maximize profit. Profit has increased by 6.0% and total cost
has reduced by 6.8% according to results obtained. Profit is equivalent to 5.4 M $ and cost
reduction is equivalent to almost 20.0 M $. According to list of published real-world
applications, this value is not lower than these savings (Chen et al., 2011).

2. Direct and indirect effects of suggested plan are seen obviously on obtained results.
Energy consumption, generated carbon emission amount and energy cost decreases
significantly and it is the direct effect of plan. Total production quantity reduced
consequently excess production is minimized and these are the indirect effects of the
plan. The importance of the energy source is vital to carry out that kind of production
plan, too. There are three alternatives for energy source. Best option is natural gas owing
to least emission generation and cheapest price in terms of use of energy source. Coal is
the worst alternative for both economic and environmental views. Energy consumption,
energy cost and generated carbon emission amount reduction rate is 203.6%. Different
cost shares and environmental impact are also examined on (Kazan, 2018). Objective of
one of the recent studies is evaluate the potential of strategies to promote green
corridors (reduce CO, emission) of soybean exports (Péra et al., 2019).

3. Operation with high capacity is more advantageous than low capacity. Because demand
fluctuations can be handled better and inventory storage is reduced with that strategy.
Additionally utilization rate could be decreased to have a margin for controlling
immediate production orders. Capacity is chosen as much as possible (725 t/d) in order
to reduce utilization rate. Efficient capacity utilization is one of the expected results of
optimum production plan. Total production volume reduction rate is 3.9%. Utilization
reduction rate is 14.1%. It reduces from 103.4% to 90.6%. Reduction rate of total number
of setups is 136.1% for all models. Utilization is one of the less studied topics for lot sizing.
(Erenay et al., 2015) contributes one of these works and goal of this article is modeling a
stochastic capacitated lot sizing by trials between capacity and utilization.

4. Thereis a tradeoff between expected service level by safety stocks and inventory holding
cost. Most favorable inventory policy is modeled to balance production principles and
market requirements. Third alternative for safety stock is chosen for inventory policy
because expected consumer service level is obtained with more flexible way. As said by
the results obtained, even if there is particular amount of stock in every period, inventory
turnover ratio increased and inventory holding time reduced. Inventory policy used for
production plan is successful except of product grade j,. Annual inventory turnover ratio
increment rate is 19.2% and annual inventory holding time reduction rate is 23.7%. Total
net inventory quantity reduction rate is 28.4% and inventory overstock quantity reduction
rate is 656.6%.

5. CONCLUSIONS

This work could be defined as an implementation of a basic production planning model
to one of the bottle grade PET manufacturers in Turkey deeming sustainability. Sustainable
manufacturing is the creation of manufactured products through economically-sound
processes that minimize negative environmental impacts while conserving energy and natural
resources according to definition given on (United States Environmental Protection Agency,
2017). Results obtained from model prove that optimal production plan is useful for not only
economic objectives but also environmental approaches. It could be possible when
production plan is integrated with sustainability. Even that kind of integration is on basic level
in our model, visible improvements obtained from the proposed model.

Also methodology used in this work can be useful for similar type of works, because
comparative analysis of implemented models could reveal which model is more functional for
different scenarios and with the help of this much more efficient aggregated large-scale
production plans could be projected. In addition to this, studies have been carried out on the
forecasting which has great importance in planning. Proper forecasting method is chosen and
consequently much reliable results are obtained. Those outcomes show that this work can be
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implemented notably at another PET resin plants as well as other factories using similar
production processes with help of the suggested model. On the other hand simulation could
be preferred rather than mathematical modeling on future works in order to see which
method is more useful. There is limited research about this area, so it could be helpful for
other real-world applications especially on PET resin production plants.
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