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Abstract

The object of the thesis is to develop a simple approach or heuristic for managing
various types of uncertainty within a chemical production/inventory system. Later the
company can use it to minimize the total cost at any required Cycle Service Level (CSL)
under variable demand and production reliability. To solve this problem, we will base
historical data to estimate the distribution type, the average demand and the standard
deviation for the production line and initially assume that some factors like holding cost,
penalty cost, demand and lead-time affect the production/inventory policy. Then, based
on the above data and assumptions we build a model in Excel and then simulate some
cases where change variables input. The model then is verified by Geert-Jan van Houtum
Methodology. Finally, we will carry out the outcome analysis to capture the essence or
insights of the multi-echelon problem.
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Chapterl Introduction

Many chemical or continuous production operations must manage multiple serial
processes where the product from one stage is an input to the next stage. The
manufacturing stages also have some certain production reliability. This means that
inventory is needed in each stage in case the upstream stage is down. The total costs in
the production process are comprised of inventory holding costs and penalty costs when a
supply shortage occurs. Therefore, a good inventory policy is required to determine how
much inventory to keep in each stage in order to minimize the total costs while meeting a
specified certain Cycle Service Level (CSL).

Figure 1 is a typical four-echelon several production/inventory system in a

chemical plant with variable supply, demand and production uncertainty.

ol e

Material

Intermediate Intermediate Intermediate Final
Product 4 Product 3 Product 2 Product
¥ \ 4 y A 4
Customer Customer Customer Customer

Figure 1: Four-echelon Production Process of a Chemical Plant
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Inventory is typically stocked at four tanks in a supply chain and the varieties of
stock will include raw material, semi-finished products and finished products to distribute
to different clients. As it is difficult to balance production and demand variability in the
different stages of the supply chain, there is a need for managers who control all the
products in multi-echelon network to have a simple and easy method to make daily plans.

In order to simply the problem, in this thesis we will examine a two-echelon serial
system as Figure 2. The stochastic demand, lead time and supply will be considered as

variables and their impact will be studied.

Infinite 1, \ / 1 _Customer

~N (M, G)

v

\
<n

[

Figure 2: The Considered Two-echelon Serial Inventory System

In this system, we set the raw material from outside infinite and it flows to Stage
2 (S2) for the first production. Then product after S; flows to Stage 1 (S;) as raw material
for the second production and the product after S; is the final product for customer. The
customer demand ~ N (u, o) obeys the normal distribution with mean u, standard
deviation o. We define / as Lead Time to supply Production 2 to Stage 1 and [; as Lead
Time to supply final production to customer.

Chapter 2 summarizes the current research on multi-echelon inventory policies.

We discuss three important methodologies: Clark-Scarf (1960), Axsater (2006) and
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Geert-Jan van Houtum (2004). We compare the limitations of application in multi-
echelon production/inventory environment.

Following the Literature review, Chapter 3 describes the Geert-Jan van Houtum
Methodology to be used for the simulation verification. This methodology closely
examines two-echelon model and provides a modeling procedure, analysis, computation
issues and further extensions. The second part briefly introduces some ideas about
simulation. As the simple closed form analytic solutions are not possible to solve this
complex multi-echelon issue, a simulation is used to assess the situation and provide
practical solutions which can be used for a company’s daily operations.

Chapter 4 discusses the results of the simulation modeling. Four cases are
simulated: 1) deterministic lead time, 2) stochastic lead time with normal delays, 3)
stochastic lead time with longer delays, and 4) stochastic lead time with more frequent
and shorter delays. The outcomes are analyzed and the insights which can be used by the
company to determine the production/inventory policies are presented.

Finally, Chapter 5 summarizes what we have done in this research study including

the general conclusions, highlights of the work and areas for research extensions.
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Chapter 2 Base-stock Policy for Multi-echelon: Literature Review

This chapter introduces an overview of three important methodologies in the
multi-echelon topic: Clarf-Scarf (1960), Axsater (2006) and Geert-Jan van Houtum
(2004). The overview includes their research focus, model details, application scope and
calculation issues.

The earliest module used for solving multi-echelon inventory is found in Clark-
Scarf (1960) where they describe how to determine safety stocks in a serial multi-echelon
inventory system. This method is exact for the serial systems and can be considered as a
decomposition technique which decomposes the total costs into holding cost and penalty
cost for each echelon.

Clark and Scarf start the research from a single installation model. After a
sequence of purchasing decisions is made at the beginning of a number of regularly
spaced intervals, the total costs in term of holding cost and shortage cost over the period
is given by the following equation:

hx +p [, (t- X)®(t) dt; x>0
L{&x)=
pf, (t- 0P dt; x<=0

where x: the stock unit on hand at the beginning of the period
h: unit holding cost
p: unit shortage cost

&(t): the demand function during the period
14



In the equation, hx refers to the holding cost for one echelon which is determined
by unit holding cost and stock unit and the part p fxoo(t - x)®(t) dt refers to the penalty

cost which is unit shortage cost times by total shortage unit.

The following assumptions are made:

e Demand is only from the lowest installation (installation 1) - Customer in the

system;

e The purchasing cost and shipping cost are linear and there is no setup cost.

e A linear holding and shortage cost will be operative at the lowest installation

(installation 1).

e Each echelon backlogs excess demand.

In the model, their purpose is to find an optimal policy for an inventory problem
with n periods remaining, which is the purchasing policy to minimize the total discounted
cost. The minimizing value is the optimal purchase quantity for the given stock
configuration and they assume that all excess demand is backlogged until the necessary
stock becomes available.

Then they turn attention to the multiple-installation model with finite time horizon
and stochastic period demand. In the first step they consider the most downstream
installation which is facing the Customer demand, and the shortages at the next upstream
installation cause stochastic delays. Of course, the stochastic delays will imply certain
additional costs which are evaluated and added as shortage costs for determining an
optimal policy for the next upstream installation.

Finally, Clark and Scarf conclude that the above expression is a convex function

of X, so that the optimal policy for the second echelon will be (S, s) policy, where S is
15



inventory stock of up-to- level, s is the safety stock. They also described how for more
than two echelons, that is the same procedure can be followed.

Axsater (2006) used Clark-Scarf (1960) to study a simple two-echelon serial
system which is based on 1) periodic review, 2) continuous period demand at echelon 1 is
normally distributed and independent across periods, 3) demand that cannot be met
directly from stock is backordered, 4) supply to echelon 2 from outside is infinite, and 5)
standard holding and backorder costs but no ordering or setup costs.

The purpose is to minimize the total expected holding and backorder costs per
period. They consider the holding costs for stock on hand at the echelons. They do not
include the expected holding costs for units in transportation from echelon 2 to echelon 1.
These costs are not affected by the control policy.

Then they generalize the model to more than two echelons. The additional costs at
echelon 2 due to insufficient supply are used as the shortage costs at echelon 3, etc. It is
also easy to generalize to a batch-ordering policy at the most upstream echelon. For two
echelons and normally distributed demand, the exact solution is relatively easy to obtain,
but in a general case the computations can be very time consuming.

They also note that the Clark-Scarf approach can be used for assembly systems
such as component assembly. In fact, Rosling (1989) has demonstrated that an assembly
system can be replaced by an equivalent serial system when carrying out the
cdmputations. Chen and Song (2001) generalized the Clark-Scarf model to demand
processes where deﬁands in different time periods may be correlated.

Based on Clark and Scarf’s research, Geert-Jan van Houtum studied the serial,

two-echelon system with linear inventory holding and backordering costs and with the

16



minimization of the average costs over an infinite horizon. Figure 3 shows the serial, two-

echelon system:

Intermediate Final

Raw
product product

Material:

o0 12

>\ S2 :\\51/’ » D,

h, hi+hy,p

Figure 3: The Serial, Two-echelon Production/Inventory System

m the above system, they considered the raw material from outside is infinite and
flows to Stage 2 (S;) for the first production. Then inteﬁnediate product after S, flows to
Stage 1 (S;) as raw material for the second production and the product after S is the final
product for customer. The customer demand in a given single period ¢ is denoted by D;.
They also defined I, as Lead Time to supply Production 2 to Stage 1 and /; as Lead Time
to supply ﬁﬂal production to customer, and h;, h; are unit holding cost in Stage 1 and
Stage 2 respectively. To simplify the problem, they assumed that there is no penalty cost
between S; and S; but a penalty cost due to demand shortage for customer. Therefore, the
intermediate product in Stage 2 shall only involve holding cost (unit cost 4,) and final
product in Stage 1 shall involve total holding cost (unit cost 4;+ k) and penalty cost (unit

cost p).

17



They assume that the following events happen in each period in this sequence:
e at each stage, an order is placed;
e the orders arrive;
e demand occurs;
e inventory holding and penalty costs are assessed.

The following term definitions are used in this methodology:

e Echelon: the chain under consideration is called the echelon. For example,
Echelon 1 consists of stock point 1, Echelon 2 consists of stock point 2, stock
point 1, and pipeline in between, etc.

e Echelon stock (echelon inventory level): all physical stock at a given stock
point plus all materials in transit to or on hand at any stock point downstream
minus eventual backlogs at the most downstream stock point. Echelon stock
of echelon 1 is called echelon stock 1, and is the same as Installation stock 1.
Echelon stock of echelon 2 is also called echelon stock 2.

e Echelon inventory position: the echelon stock at a stock point plus all
materials in transition to the stock point. If we assume that a stock point never
orders more than what is available at the next upstream stock point, the
echelon inventory position is equal to the echelon stock plué all materials on
order.

It is clear that the first two events occur at the beginning of the period, and

sometimes the order of these two events could be interchanged; the last event takes place

at the end of a period and the demand may happen anywhere in between.

18



If II is used as the set all possible ordering policies and G (x) as the average costs
of ordering policy for all & € T1, our problem to achieve optimality can be solved by

~ minimizing the total costs function G (xr). In other words, our objective is to find an
ordering policy under which the average costs per period are minimized. Therefore, the
total costs including holding costs and penalty costs at the end of the period under

consideration are equal to:
hy(xz —x1) + (hy + ho)xy* + pxy’
where x;: customer demand
x2: demand from Echelon 1
Also, x*=max{ 0,x} andx =max{ 0,-x }=-min{ 0,x },x€R.
So the total costs can be rewritten as following:
=hy(xa — x1) + (hy + ho)x, "+ p X1’
=hy(x2—Xx1) + (hy + ho)x; + (p + by + hp) X1
=hxo+hixi+(p+h +hy) x4

The item hx; is the holding costs attached to echelon 2 (also called echelon 2
costs), and hyx; + (p + h; + h) x1 is the costs attached to echelon 1 (also called echelon
1 costs). The item hx; is the holding costs attached to echelon I and (p + h; + hy) is the
shortage unit cost including penalty cost, holding costs in Echelon 1 and 2, and x; is the

shortage unit for customer demand.

19



In order to solve the problem, Clark and Scarf set a base-stock policy as the
ordering (or replenishment) policy. A base-stock policy can be denoted by (y1, y2), where
¥1, ¥2 € R refers to the desired order-up-to level for the echelon 1 & 2 inventory position.
Therefore, the total costs for the policy (y;, y2) including holding costs and penalty costs

at the end of the period are equal to:
Gy, y)=h(y2— 2+ D p)
+h;(y1i—EBi—-(l; + u) + (p + h; + hp) EBy
where B;: the shortage units at stock point 1
By: the shortfall units for customer demand

In summary, Clark and Scarf (1960) studies a serial, multi-echelon inventory
system with linear inventory holding and backordering costs. Firstly, they introduced the
concept and defined some terms of echelon stocks. Then they derived the optimality of
base stock policies and the derivation of the decomposition result in a dynamic

programming framework.

Axsater (2006) is based on Clark-Scarf (1960) and develops a computation
method for optimal policy. The difference is that Clark-Scarf (1960) considers a finite
time horizon while Axsater (2006) assumes an infinite horizon. However, the
computation solution provided by Axsater (2006) can be very complicated and time

consuming, thus is not easy for business use.

20



In comparison, van Houtum (2004) which also is based on Clark-Scarf (1960)
considers a serial, two-echelon system with a linear inventory holding and backordering
costs over an infinite horizon. The analysis for the two-echelon case contains all essential

elements and also the computation is relatively simple.

21



Chapter 3 Methodology, Modeling and Simulation

This chapter first presents the Van-Houtum Model which is close to our problem
and relatively easy to compute, thus we use it to verify the simulation results. Then we
introduce the concept of base-stock policies and how to obtain the results. In the final
section, we generally describe the model, building procedure and how to carry out the

simulation.

3.1 van-Houtum Model

As the production/inventory systems in a chemical plant can be considered as

| multi-echelon systems with linear inventory holding and backordering costs over an
infinite horizon, we apply Van-Houtum’s methodology and computation procedure to
determine inventory placement. We start by describing a model for a simple, serial, two-

echelon system as Figure 3 which was first introduced in Chapter 2.

Raw Intermediate Final

Material: product product

> L A'\]/ I » Dy,
LN\ N\ J

' B4

h2 h] + h2, P

v
N

Figure 3: The Serial, Two-echelon Production/Inventory System
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We consider a supply chain with two stages and a single product produced to
stock. We call the upstream stage Stage 2 and the downstream stage Stage 1 and both
stages consist of a production step, a transportation step, or a network of those steps, with
a stock point at the end of the stage. In order to simplify the problem, we assume that
Stage 2 is fed with infinite raw material and produces an intermediate product which is
stored in stock point 2; Stage 1 produces a final product which is stored in stock point 1.
External demand only occurs for the final product from customer.

We consider the time horizon as infinitely long and the time is divided into
periods of equal length. The length of each period is assumed to be equal to 1 and the unit
could be hour, day or week, etc. We first define the echelon inventory position of a stock
point as its echelon stock plus all materials in transit to the stock point. For example, the
echelon inventory in position 1 equals the echelon stock 1 plus transiting material to
echelon 1, the echelon inventory in position 2 equals the echelon stock 2 plus transiting
material to echelon 2.

The value of the product at Stage 1 is higher than Stage 2. From Chapter 2 we can
understand that the total costs comprise with two parts: Echelon 2 attached total holding

cost haxz, Echelon 1 attached holding cost h;x; plus penalty cost (p + h; + hy) x;.

3.2 Base-stock Policies Introduction

In order to solve the business problem, we should set a base-stock policy as the
ordering (or replenishment) policy which can be easily understood and used by

companies. The brief procedure to obtain the policy is as follows:

23



1. If we denote (yi, y2) as the inventory policy, where y;, y2 € R. y; is the
desired inventory level for Echelon 1 and y; is the desired inventory level

for Echelon 2.

2. Then we set G (y1, y2) as the function of the average costs for a base-stock
policy (y1, y2). As we know from Chapter 2, the total costs includes
holding costs in Echelon 1 & 2, and penalty cost in Echelon 1, which can

be written as following:

G (y1, y2) =hoXz + Xy + (p + hy + o) X1

where h;: unit holding cost in Echelon 1
h: unit holding cost in Echelon 2
x;: demand from customer for Echelon 1
x2: demand from Echelon 1 for Echelon 2
p: unit penalty cost for Echelon 1
x;: shortage unit of customer demand

The first term hyx; is the holding costs attached to echelon 2, and the
second item h1x1 is the holding costs attached to echelon 1 and (p + h; +

hy) X1 is the penalty cost when x1- is unfulfilled units for customer.

If the base stock policy (Si, S;) is the optimal base-stock levels at Echelon

1 and Echelon 2, the total costs equals to

24



G, S2)=hS;+hS;1+(p+h; +h) St

As the optimal policy which is the minimum cost function, (S;, S) should

satisfy:
{ G'S)=g:(S)=0
G'(51,82)=g(51,82) =0

3. We can use Newsboy characterizations to carry out the calculation and

obtain the value of S;.
P{B"=0} =(p+hy)/(p+hi+hy)
Bo™ = (Diguz, w0si2en — S1)*

Bo" is the shortfall for customer demand which is the demand during the
lead time 1; minus S;. The probability of no shortfall can be calculated by

Newsboy approach (p + hy) / (p + hj+ hy).

4. Apply again Newsboy characterizations to calculate the optimal base-

stock level Sy :
 P{By=0} =p/(p+h+hy)

< Bi=(Dy,w0s21—(S2-S1)*

+
- Bo=(B1 + D12, 0+12411 — S1)

We assume that stockpoint 2 can always deliver and the value S1 is equal to

25



(p + h2)/(p + hi+ hy). When determining S», the full system is considered and the value

for S;isequal top/(p + hi+ hy).

In summary, we can follow the above procedure to obtain the basestock policy
which is the optimal inventory policy for the serial, two-echelon inventory system
basestock policy. In this methodology, we derive a decomposition result and present

Newsboy characterizations to determine the optimal basestock levels.

3.3 Computation Procedure

Through the above methodology, we can obtain the optimal policy (S;, S;) and then
get the optimal total costs G (S, S2) accordingly. However, there is a simpler
approximate procedure that is still accurate enough to use in business. As above
discussed, the optimal base-stock level S; follows the Newsboy characterization and can
be determined by P (B =0 ) =(p + hy) / (p + hy+ hy). For any S; the probability P

Bo?)=0 could be approximated as following procedure:

1. First determine the property of Customer demand: the mean = (1;+ 1) u;

V25, and o is the standard deviation of the

the standard deviation = (1;+ 1)
demand distribution.

2. Find a suitable distribution configuration for Dy, 10412411

3. Determine P {B” =0} =P{Dipx, 0 <S:1}

4. Next we will determine the optimal base-stock level S;. We can use the
Newsboy characterization to calculate by P{ By = 0} =p/(p+h;+hy).

When S;> S;, the probability P{ By = O} may be approximated as following:
26



. First we should determine the property of Customer demand. The mean =

125, and o is the standard deviation of

I u and the standard deviation = (1)
the demand distribution.

. Find a suitable distribution configuration for Dy, (+12.1.

. Determine the first two moments of B;.

. Determine the first two moments of Bi+ Dig412, w+12411. The mean = EB; +
(1;+1) p, the standard deviation = (Var(B;) + (1; + 1) 6%)'?, and o is the
standard deviation of the demand distribution.

. Find a suitable distribution configuration for B1+ D12, w0+12411.

Determine P{ By = 0} = P{ Bi+ Digsig, 1012411 < Sl} .

3.4 Modeling and Simulation

In many cases, a process is so complex that it can’t be solved by using some

equation or simple methodology. So that building a model and running simulation is

often used for achieving a solution.

A simulation is a computerized version of the model which is run over time to

study the implications of the defined interactions. Simulation process is an iterative

development: first develop a draft model, simulate it, learn from the simulation, then

revise the model, and continue the iterations until the goal is achieved.

For our simulation of the multi-echelon inventory system, we will follow the

below procedure to build and develop the model and carrying out case simulations

accordingly:
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. Setting of Scope and Objectives: Find the base-stock policy to achieve the
minimum cost at some certain Cycle Service Level (CSL);

. Gathering of Data: As the model is a theoretical model which will be
applied in broad production lines, we don’t need the specific data from the
company, just make some reasonable assumptions and use general data.

. Building, Verifying and Validating the Model: According to the
production process, we build a model with Microsoft Excel, and then run
an initial base case simulation. The results shall be verified using optimal
approach based on Clark-Scarf Model. If we satisfy the verification, more
case simulations will be run as sensitive analysis.

. Output Analysis and Results: After all case simulations, we will compare
with the results and carry out the sensitive analysis in order to see how
each variable affects the outcome.

. Conclusions and Direction of Future Work: Then we will get conclusions
which will be used to establish a base-stock inventory policy. Finally, the

future work shall be provided in order to improve the model.

3.5 Summary

This chapter discussed the methodology to be used for computing the base-stock

policy to solve the problem faced by the company, and provided the computation

procedure with details. Finally, this chapter presented the modeling and simulation

procedure from how to set scope and objectives, gathering data, building and verifying
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model, to analyze results and find conclusions and insights. Next, this heuristic method

and procedure is applied to modeling and simulation to solve the problem.
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Chapter 4 Model and Case Simulations

4.1 Modeling Procedure

Based on the initial data and information provided by the company, we start from
a two-echelon model. In order to simplify the model, we first make some assumptions
then create the model in Excel accdrding to the company’s inventory/manufacture line.

Then the model is expanded with more variables and complication.

4.1.1 Two-echelon Model

The supply chain for the chemical plant is very complex system involving multi-
echelon, multi-stage and multi-uncertainty problem, which also affect each other.
Therefore, we adopt a spiral approach by solving a simple model first then adding

complexity. Starting from a simple model, we focus on two-echelon model as Figure 4:

RM Tank Process 2 Product 2 Tank Process 1 Product 1 Tank

Figure 4: Simplified Two-echelon Production Process

where RM Tank - Raw Material Tank
Oru: Shipped Out Amount of Raw Material from RM Tank to
Process 2
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Dporu:

Dpop:

]21

SSz .
021

Drypr:

112

SS]Z
0]2

Dcrr:

Raw Material Demand from Process 2
Product 2Demand from Product 2 Tank

Flowed In Amount of Product 2 from Process 2 to Product
2 Tank

Safety Stock of Product 2 in Product 2 Tank

Shipped Out Amount of Product 2 from Product 2 to
Process 1

Product 1Demand from Product 1 Tank

Flowed In Amount of Product 1 from Process 1 to Product
1 Tank

Safety Stock of Product 1 in Product 1 Tank

Shipped Out Amount of Product 1 from Product 1 to
Customer

Product 1Demand from Customer

The following assumptions are made in this two-echelon stage:

Demand for Product 2 from Echelon 1 flows into downstream production line as

the raw material and the rest is kept in Tank 2 as safety stock inventory.

There is no Customer demand existing for Product 2 and the only Customer

demand is for Product 1 (end-product).

For Product 1, if there is enough in Tank 1 the Customer demand will be fulfilled

and the required amount will be transported to Customer and the rest is kept in

Tank 1 as safety stock inventory. If there is not enough in Tank 1, the demand

will be backordered and fulfilled in the future as soon as there is surplus left in

Tank 1 after fulfilled Customer demand in that period.
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During real production in this chemical plant, the most critical issue is the
production reliability. From the information provided by a chemical plant, we note that
the equipment reliability and the downtime duration for each echelon can be considered
as identical in order to simplify the problem. Based upon the above assumptions, we took

the following steps to build a model in Microsoft Excel:

1. We simulated 200 years operation at the daily level. The lead time variability was
simulated via a Monte Carlo method. We also assume that the Lead time = 1 day
if the production line runs well without downtime, therefore in our model the

stochastic Lead time obeys the below distribution:

o Probability of no production downtime : 85%
. Probability of production downtime <1 day: 90%
o Probability of production downtime <2 day: 95%

. Probability of production downtime <3 day: 100%

2. From the random simulation, we obtain the production lead time probability for
each echelon then figure out the lead time date distribution. If one stage is down,
there is no production at that stage, which means that the plant manager has to use
the safety stock in the inventory tank as next stage’s raw material or end-product
for Customer.

3. For Product 1, if there is enough in Tank 1 the Customer demand will be fulfilled

and the required amount will be transported to Customer and the rest is kept in
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Tank 1 as safety stock inventory. If there is not enough in Tank 1, the demand
will be backordered and fulfilled in the future as soon as there is surplus left in
Tank 1 after fulfilled Customer demand in that period.

4. Raw material supply for Stage 2 is infinite.

5. Customer demand for Product 1 at Stage I obeys normal distribution ~ N (u, ©),
where p is the average demand and o is the standard deviation. Based on this
distribution, we randomly generate the demand by using Monte Carlo method
with Microsoft Excel.

6. The inventory tank capacity is 5000t, thus in the model we assume a range from
500t to 5000t (100% full) as safety stock in inventory tank for each echelon, then
combine the safety stocks for Echelon 1 and 2 to run the simulations. The results
are CSL (cycle service level), FR (fill rate) and TC (total cost) for each inventory
combination.

7. Finally, we will run one lead time deterministic case and three stochastic cases
through which we can obtain insights and general guidelines for the company in

order to manage the daily manufacture and operations.

In Stage 1, the demand for product 1 (Dcr;) will be shipped from product 1 tank to
Customer. Dcr; obeys Normal distribution with the mean of 1000 ton/day and standard

deviation 100 tons. The coefficient of variable is 0.10.
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All unfilled Customer demands are backordered and will be fulfilled as long
as there is surplus (after the Customer demand in that period has been fulfilled)
in product 1 tank in the future.

Product 1 is produced by process 1 and stored in product 1 tank. The supply
of product 1 (Seir1) subject to both the production capability (S;) and
equipment reliability of process 1. The production capability S, is 1600 tons.
The equipment reliability obeys different distributions that will be specified
below.

We assume that the cost of product 1 equals US$15000/ton. The carrying cost
is 0.2%/$/year. There are 365 days per year. So the holding cost of product 1
(hy) equals (150008/ton*0.2$/$/year)/(365 days/year) = 8.22 $/ton/day.

Penalty cost of product 1 (P;) equals 1000 $/ton/year or 2.74 $/ton/day.

In Stage 2:

There is no Customer demand for product 2. The demand for product 2 (Deyr;)
only comes from downstream production (production 1) that uses product 2 as
raw material.

All unfilled demands are backordered and will be fulfilled as long as there is
surplus (after the Customer demand in that period has been fulfilled) in
product 2 tank in the future.

Product 2 is produced by process 2 and stored in product 2 tank. It is subjected

to both the production capability (S,) and equipment reliability of process 2.
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The production capability S, equals 1600 tons. The equipment reliability
obeys different distributions that will be specified below.

We assume that the cost of product 2 equals 10000 $/ton. The carrying cost is
0.2$/$/year. There are 365 days per year; the holding cost of product 2 equals

(10000$/ton*0.2$/$/year)/(365 days/year) = 5.48 $/ton/day.

4.2 Simulations and Insights

In order to find how each variable affects the base-stock policy, we run four sets

of simulations as following:

Case 1 (Deterministic Lead time): In this case, we assume that there is no
equipment down time. This is the simplest case with deterministic lead time
and the result can be verified by van Houtum method to ascertain the
correctness of the simulation. In this case, the lead-time for both echelons
equals 1 day.

Case 2 (Stochastic Lead time): in this case, we change the deterministic lead-
time to stochastic lead-time. The equipment reliability equals 85%. Of the
remaining 15%, it will be down for 1 day in 10% of the total case and 2 days
in 5% of the total case. As the lead-time is 1 day when there is no down time,
the lead-time for both echelons obeys P{Lead Time <1, 2, 3} = {85%, 95%,
100%}.

Case3 (Stochastic Lead time): For Case 3, we keep the equipment reliability
unchanged (85%) but prolong the equipment downtime to 2 days. i.e. of the

rest 15% of the downtime, it will always be down for 2 days. As the lead-time
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is 1 day when there is no down time, the lead-time for both echelons obeys
P{Lea Time <1, 2, 3} = {85%, 85%, 100%}.

; Case4 (Stochastic Lead time): Based on Case2, we reduce the equipment
reliability to 75% but shorten the equipment downtime to 1 day. i.e. of the rest
25% of the total time, it will always be down for 1 day. As the lead-time is 1
day when there is no down time, the lead-time for both echelon obey P{Lead

Time <1, 2, 3} = {75%, 100%, 100%}.

In summary, the characteristics of four cases as following:

Lead Time Deterministicor Lead Time Lead Time Lead Time

Config. Stochastic =1 day =2 days = 3 days
Case 1 Deterministic 100% 0% 0%
(No downtime)
Case 2 Stochastic 85% 10% 5%
(Base)
Case 3 Stochastic 85% 0% 15%
(Longer)
Case 4 Stochastic 75% 25% 0%

(More Frequent)

Table 1: Four Simulation Cases

4.2.1 Overview of Notation

S;: Stage 1 order up to level
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S>: Stage 2 order up to level

S: Total order up to level in Stage 1 & 2,S=S1+ S,

h;: Inventory holding cost parameter for stage 1

hy: Inventory holding cost parameter for stage 2

p: Penalty cost parameter

I: Production lead-time if the equipment runs properly
E(D): Expectation of customer demand over lead-time 1

o: Standard deviation of customer demand over lead-time 1

M1: Moment 1, the specific S; higher than which the CSL/FR start to

continuously increase.

M2: Moment 2, the specific S; higher than which the CSL/FR start to

continuously decrease.

M3: Moment 3, the specific S; higher than which the CSL/FR start to remain

relatively stable.
4.2.2 Insights on Cycle Service Level

Below are Cycle Service Level (CSL) curves for Case 2 (base), Case 3 (longer)

and Case 4 (more frequent) when S = 2800t, 2600t and 2400t:
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Figure 5: CSL Chart when S = 2800t
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Figure 6: CSL Chart when S = 2600t
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Figure 7: CSL Chart when S = 2400t

4.2.2.1 How does the Distribution Configuration Affect CSL

As shown in figure 5, 6 and 7, we simulate with different lead-time distributions

and S levels, and in all three cases the service level starts a continuous, obvious increase

when S, is higher than 900. But when S is higher than 1200, the CSL will reach a

relatively high level and keep very stable because there has been enough safety stock in

stage 1 to cope with customer demand level and demand uncertainty already and higher

S1 can’t help to improve CSL too much.

In the last section, we defined M1 as the specific S; higher than which CSI/FR

start to continuously increase and M3 as the specific S higher than which CSL/FR start
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to remain relatively stable. So, here we can say that M1 =900t and M3 = 1200t. As E(D)
equals to 1000t and o equals to 100t, we can tentatively assume that M1 = E(D) - ¢ and
M3 = E(D) + 2c. Then we change the demand level E(D) and demand uncertainty ¢ to
test our conclusion.
We use Case 2 as an example and chan ge variable of the demand distribution to
carry out the sensitive analysis:
¢ Scenario Al ~ N(800,100): E(D) = 800t, ¢ = 100t.
* Scenario A2 ~ N(1000,200): E(D) = 1000t, 5 = 200t.
® Scenario A3 ~ N(800,300): E(D) = 800t, 5 = 300t.
For each scenario, we collect the simulation data and then put all three curves for

S =2800t, 2600t and 2400t into one chart as shown below:

Scenario Al: Demand ~ N(800,100)
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Figure 8: CSL Curves when S = 2400t, 2600t and 2800t for Scenario A1
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From the above figures, we can find out that the M1 change to 700 (M1 = E(D) -
o = 800 - 100), 800 (M1 = E(D) — o = 1000 - 200) and 500 (M1 = E(D) — ¢ = 800 - 300),
and M3 change to 1000 (M3 = E(D) + 26 = 800 + 200), 1400 (M3 = E(D) + 20 = 1000 +
400) and 1400 (M3 = E(D) + 20 = 800 + 600) respectively.

Using the same method, we can also find out the point that the CSL start to
decrease: M2 =S - (E(D) + o).

So we can make the conclusion that given S, to achieve high CSL, we should at
least ensure that S; is no less than E(D) + 2o and S; is no less than E(D)+ o. If S is lower

than the sum of E(D) - ¢ and E(D) + o, raise S; as high as possible.

4.2.2.2 How does the Production reliability Affect CSL

Then we study the change of lead-time distribution and its affection on CSL.
Firstly we compare Case 3 (longer) with Case 2 (base), i.e. study its affection on CSL if
the léad-time distribution is changed from the base case (Case 2) lead time distribution
P{LT =1, 2,3} = {85%, 10%, 5%} to longer downtime (Case 3) lead time distribution
P{LT =1,2,3} = {85%, 0%, 15%}, i.e. the equipment reliability keeps unchanged but if
the equipment is down, it will need more time to be recovered.

The average lead-time increases from 1.2 days (85%*1+10%*2+5%*3=1.2) to
1.3 days (85%*1+0%*2+15%%*3=1.3) or by 8.3%. The minimum and maximum service
level in Case 2 is 56.88% and 73.51%. The maximum is 29% higher than the minimum.
The minimum and maximum of service level in Case 3 is 59.47% and 65.63%. The
maximum CSL is only 10% higher than the minimum one. We can find out that if down

time is long, the distribution configuration does not affect CSL too much.
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Secondly, we compare Case 4 (more frequent) with Case 2 (base), i.e. study its
affection on CSL if the lead-time distribution is changed from the base case (Case 2) lead
time distribution P{LT =1, 2, 3} = {85%, 10%, 5%} to more frequent but shorter
downtime (Case 4) lead time distribution P{LT =1, 2, 3} = {75%,25%.,0%}, i.e. the
equipment reliability is lower but it can be recovered soon.

The average lead-time increases from 1.2 days (85%*1+10%*2+5%*3=1.2) to
1.25 days (75%*1+25%*2+0%*3=1.25) or about 4.2%. The minimum and maximum of
service level in Case 2 is 56.88% and 73.51%. The maximum is 29% higher than the
minimum one. The minimum and maximum of service level in Case 4 is 57.6% and
70.37%. The maximum is 22% larger than the minimum one. We can see that if lead-time
is short, different distribution configuration of S will affect CSL dramatically.

We also build another scenario which is called scenario A4 to verify this insight:
we changé the lead-time distribution from P{LT =1, 2, 3} = {85%, 10%, 5%} to P{LT =
1,2,3} ={50%, 50%, 0%} and reduce the E(D) from 1000t to 600t. The average lead-
time increases from 1.2 days (85%*1+10%*2+5%*3=1.2) to 1.5 days

(50%*1+50%*2+0%*3=1.5) or by 25%.
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Scenario A4: Demand ~N(600, 100),
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Figure 11: CSL Curves when S = 2400t, 2600t and 2800t for Scenario A4

The minimum and maximum of service level in case 2 are 56.88% and 73.51%.
The maximum is 29% higher than the minimum one. The minimum and maximum
service level in scenario A4 is 49.35% and 88.44%. The maximum is 79% higher than the
minimum one.

So we can conclude that allocating S following the principles mentioned in
previous section is particularly important in a production process with short but relatively

frequent downtime, which is the current situation our sponsor company faced.

4.2.3 Insights on Fill Rate
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Below are Fill Rate (FR) charts for Case 2 (base), Case 3 (longer) and Case 4

(more frequent) when S = 2800t, 2600t and 2400t:

S =2800t
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Figure 12: Fill Rate (FR) Curves when S = 2800t
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Figure 13: Fill Rate (FR) Curves when S = 2600t
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S = 2400t
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Figure 14: Fill Rate (FR) curves when S = 2400t

From the figures above, we can find out that the curves in Case 2 and Case 4 have
almost the same trend except the average fill rate of Case 4 is slightly lower than that of
Case 2, which is caused by the lead-time distribution. So here we analyze Case 2 and

Case 4 together and then move on to Case 3.

4.2.3.1 Two moments with Shorter Downtime (Case 2 and Case 4)

From figure 12, 13 and 14 we can see that FR will keep a relatively high level if
we can guarantee both S; and S; higher than 1100t. As long as this minimum requirement
satisfied, different distribution configurations of S will not affect the FR too much. But if
S; or S; is lower than 1100t, the FR will decrease obviously with the decrease of S, or S,.

After some simulations we also find out that this key point is always slightly higher than
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E(D), o or different lead-time distribution does not affect this insight. Below are the

results of the simulations with different lead-time distribution, E(D) and o and followed

with our analysis.
We use Case 2 as an example and change variable of the demand distribution to

carry out the sensitive analysis:

® Scenario B1 ~ N(800, 100): E(D) = 800t, ¢ = 100t.

e Scenario B2 ~ N(1000, 100): E(D) = 1000t, 6 = 100t.

e Scenario B3 ~ N(1000, 200): E(D) = 1000t, ¢ = 200t.

e Scenario B4: we change the lead-time distribution from Mll=1,2,3)=

{85%, 10%, 5%} to P{LT =1, 2, 3} = {75%, 25%, 0%} .

For each scenario, we collect the simulation data and then put all three curves for

S=2800t, 2600t and 2400t into one chart as shown below:

Scenario B1: Demand~N(800,100)
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Figure 15: FR Curves when S = 2400t, 2600t and 2800t for Scenario B1
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Figure 16: FR Curves when S = 2400t, 2600t and 2800t for Scenario B2
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Figure 17: FR Curves when S = 2400t, 2600t and 2800t for Scenario B3
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Scenario B4: P{LT=1,2,3}={75%,25%,0%}
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Figure 18: FR Curves when S = 2400t, 2600t and 2800t for Scenario B4

We can conclude that when the downtime is relatively short, to achieve high FR,
we should at least guarantee both S; and S, higher than E(D). As long as this requirement
satisfied, different distribution configurations of S will not affect the FR too much. But if
S10rS; is lower than that the minimum requirement, the FR will decrease obviously with

the decrease of S; or S,.

4.2.3.2 Turning Point in cases with Longer Downtime (Case 3)

From case 3 we can see that FR decreases with the increase of S; with given S.
But there is an abrupt decrease in FR when S, is less than 1700t. We will try to find out

what factors cause this.
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Firstly we see whether the demand will affect. We change the demand from

~N(1000,100) to ~N(800,100). We call this scenario B5 and the chart is as below:

Scenario B5: Demand~N(800,100)
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Figure 19: FR Curves when S = 2400t, 2600t and 2800t for Scenario B5

We can see that there is still an abrupt decrease in FR when S, is less than 1700,
So it is not caused by demand. Then we change the o to see whether it is the root cause.
We base on scenario B5 and change o from 100t to 200t to get scenario B6. There is a

similar abrupt decrease. The chart is shown below:
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Scenario B6: Demand~N(800,200)
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Figure 20: FR Curves when S = 2400t, 2600t and 2800t for Scenario B6

The FR still abruptly decreases at 1700t and o is still not the root cause. After
some simulations we suspect that maybe it is caused by the restriction on productive

capacity. We change the capacity from 1600 to 2000 and run the simulation again. The

result confirmed our suspicion.

The chart is as below. We call it scenario B7.
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Scenario B7: capability =2000
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Figure 21: FR Curves when S = 2400t, 2600t and 2800t for Scenario B7

From chart above and other charts in this section, we can conclude that FR
decreases with the increase of S; with given S. So when the downtime is relatively long,

we will always prefer to keep a high S,.

4.2.4 Insights on Total Cost

Below are Total Cost (TC) curves for Case 2 (base), Case 3 (longer) and Case 4

(more frequent) when S = 2800t, 2600t and 2400t
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Figure 23: Total Cost (TC) Curves when S = 2600t

53




S =2400t
8, 000
7, 000 i"!—
*g ’-—I.-.f’.--\ A ,I’
O 6,000 /
et
8
S
5, 000
e
4, 000
3,000 4—
’\ p_— v v
2, 000 | !'.'.'.'!', | .
2% 25%  29%  33%  38%  42% 46% 50% 54% 58% 63% 67% 71% 75% 7981
L ——(Case 2 —8—(Case 3 Case 4 ]

Figure 24: Total Cost (TC) Curves when S = 2400t

The total costs include penalty cost and holding cost. Holding cost = S;*h; +
S»*h,. Because hy is higher than h,, the holding cost will increase with the increasing
percentage of S;. So if the reduced penalty cost brought by incremental safety stock in
Stage 1 cannot offset the incremental holding cost, we will prefer keep less in Stage 1. On
the contrary, if more safety stock in Stage 1 can save penalty cost that is higher than the
incremental holding cost, we will prefer keep more in Stage 1.

As we defined, M1 refers to the safety stock in Stage 1 after which the CSL/FR
starts to increase. M2 refers to the safety stock in Stage 1 after which the CSL/FR starts
to decrease. So the point with the lowest cost must between M1 and M2. We call this
point a “sweet spot”. At sweet spot (hi-hy)*x = p*y*E(D) or y/x = (hi-hy) / [p*E(D)]. (x

is incremental of S, y is increment of FR)
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Then we’ll see how to find out the sweet spot. According to the formula, it
depends on the holding cost of Stage 1 (h;), holding cost of Stage 2 (hy), penalty cost (p)
and increment of FR (y). In production, we can get h;, h; and p easily. The only problem
is how to get y. We have already provided some principles in previous sections.

But sometimes the calculation result of the point with lowest cost is slightly
different from the simulation result. This is because our step in the simulation is not small
enough (100 each step in our simulations), and also there are many random numbers in
our simulations that bring some uncertainty.

As we can see from above charts and our analysis, the point with the lowest cost
always appears between M1 and M2. And if comparing the three charts in this section we
can also see that more safety stock does not guarantee lowest cost necessarily. If the
saving on penalty cost cannot offset the incremental holding cost, the total cost will be

even higher.

4.2.5 Insight and Instruction
Summarizing analysis above, we can have some insight and preliminary
quantitative instructions for our sponsor company.
1. If the objective is to achieve high CSL, the company should ensure S;
higher than E(D) + 20 and S, higher than E(D) + o. If there is a constraint on S,
company should at least guarantee S; higher than E(D) — o or as high as possible.
So generally speaking, company should place more stock in stage 1 (closer to
customer) to achieve high CSL. This principle is particularly important in a

production process with short but relatively frequent downtime.
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2. If the company wants to achieve high FR, it should follow different
principles based on different lead-time distributions. When the downtime is
relatively short, the company should at least guarantee both S; and S; higher than
E(D). As long as this requirement satisfied, different distribution configurations of
S will not affect the fill rate too much so the only way is to increase S if the
company want to achieve higher FR. When the downtime is relatively long, we
will always prefer to keep a high S, i.e. the point of the uncertainty.

3. The point with the lowest cost always appears between M1 and M2. So if
the company wants to find out this point, it can firstly determine several S
considering company strategy, tank capacity etc. and then narrow down the scope
to from M1 to M2. Then we can do the simulations only for the points in that

scope to find out the point with the lowest point.

4.3 Verification by van Houtum’s Methodology

In order to verify the above simulation, we use Van Houtum Methodology to
check whether our simulation results are accurate. First, we consider Scenario-1 whose

inputs as following:
e Supply from Echelon 2 to Echelon 1 = 1300 ton/day.
e Customer demand for Echelon 1 = 1000 ton/day.

e No Customer demand for Echélon 2.

We calculate the Cycle Service Level (CSL) based on different inventory

combination in Echelon 1 (S;) and Echelon (S,). The outcomes as following:
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sS1 1000t | 2000t | 3000t | 4000t | 5000t

1000t | GSS | GONSE | OWmd |  BEEEE
2000t | GG | foWed | poEed| oo | NN |
3000t | | Dol BN BON| DN
gooot | NN | DN BN
5000t | ioi | DN | BN BN BN

Table 2: Computation result of Cycle Service Level (CSL)

The red-highlighted data mean that Cycle Service Level (CSL) under those
inventory combinations in Echelon 2 and Echelon 1 is below the average. The green-
highlighted ones mean that CSL under those inventory combinations is above the average.

From the results, in general we can say that CSL increases with the inventory
level going up. It is clear that below 3000t CSL increases dramatically with the inventory
level going up, but when inventory level beyond 3000t, CSL becomes much flat. That
means when CSL reaches a certain point, it will be more difficult or need much more
efforts to increase CSL comparing with below that certain point.

For Scenario-2, the condition is:

e Supply from Echelon 2 to Echelon 1 = 1200 ton/day.
e Customer demand for Echelon 1 = 1000 ton/day.

e No Customer demand for Echelon 2.

Then we input above data to run the simulation, the results are:
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sS1 1000t | 2000t | 3000t | 4000t | 5000t

1000t |GOMSA | BOISSH |  GOMEA 67.4% |
2000t | [S%d | IO | 2 oWee | fOmeA| M |
3000t | NN | DN | OEEN| DOEBN| OO |
qo00t NN | DN BN B 2B
soo0t | NN | BEEEN| NN BOEN| BN

Table 3: Computation result of Cycle Service Level (CSL)

As stated in Scenario-1, the red-highlighted data mean that Cycle Service Level
(CSL) is below the average; the ones green-highlighted mean that CSL under those
inventory combinations are above the average.

In general, CSL increases with the inventory level going up, but the point moves

forward to 2500t.
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Chapter 5 Review and Conclusions

Here we will summarize the work done in this thesis: 1) the summary of the work
we have done including problem identification, literature review, and modeling and case
simulations, 2) the highlights of some significant characteristics of this work, 3) Future

work.

5.1 Summary of Work

In this thesis, we first introduce the problem which is experienced by many
production companies with multi-echelon process line: how to manage this
production/inventory system involved some variable? Especially, in business companies
need a simple method which is easy to understand and apply during manufacture and
operation. Then we start to review the previous literature research on the multi-echelon

subject.

As the production/inventory systems in the chemical plant which we are working
for can be considered as multi-echelon systems with linear inventory holding and
backordering costs over an infinite horizon, we apply Houtum’s methodology and

algorithm to figure out the base-stock inventory policy.

There are four variables involved in the process 1) supply including external and
internal, 2) customer demand, 3) lead time and 4) production reliability. There are all
varying along time (day, week or month). Therefore, we need to make simulations in
order to closely examine the real situation. Four simulation cases are completed

considering different variable combinations:
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1) Case 1 (Deterministic): {LT=1, 2, 3 day(s)} = {100%, 0%, 0%},
2) Case 2 (Base): {LT=1, 2, 3 day(s)} = {85%, 10%, 5%},
3) Case 3 (Longer): {LT=1, 2, 3 day(s)} = {85%, 0%, 15%},

4) Case 4 (More Frequent): {LT=1, 2, 3 day(s)} = {75%, 25%, 0%}.

Next we verify the simulation results to check whether the simulations are correct.
Finally, Section 5.3 presents the insights and the conclusions which can be used by the

company to determine the production/inventory policies.

5.2 Highlights of the Work

After the above research on the multi-echelon production/inventory process, we
think that the following contributions are significant to be highlighted for the company

and the industries:

e This thesis presents a typical solution to solve the real problem faced by industries,
which is simulation the actual situation as near as possible and then verify the
outcomes by recognized methodology.

e We first identify the problem and find four variable to be discussed and figure out
their affect on the problem individually, throu gh. which we could obtain the
insights and provide recommendations to the company accordingly.

e A simplified computation spreadsheet based on Excel is developed for the
company and its supply chain team can use it to manage the production line in

order to achieve the optimal inventory/production policy.
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5.3 Recommendations for Future Work

As the limited time and resources, some work still has not been done in our nine-

month research thesis. Hereby we give some recommendations for the future work:

e Add customer demands for intermediate product and attempt to figure out the
product distribution configuration: how much sell to demanded customers, how
much keep in tank as inventory and how much flow to next echelon for process.

e Run more simulation cases to find the insights on the production rate, inventory
tank capacity, and additional value after downstream process, etc.

e Expand the heuristic procedure from two-echelon to three-echelon and four-

echelon.
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