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ABSTRACT: The explicit consideration of inventory holding costs for the strategic design
of supply chains has not been sufficiently addressed in scientific literature. A possible
cause is that usually supply chain optimization models are deterministic and linear
or mixed-integer linear, while forecasting methods and inventory control systems are
stochastic and non-linear. It is clear, however, that inventory costs might have a
significant impact on optimal supply chain configuration and on distribution systems
expansion or contraction. This article presents a practical strategy that considers an
item-by-item inventory control system by means of a Monte Carlo simulation model as a
starting point to include inventory holding costs in a supply chain optimization model.
Three strategies to include inventory costs in the objective function were analyzed:
The Square Root Law (SRL), the potential functions that relate average inventory with
warehouse throughput, and the estimation of average inventories by simulation. The
results suggest that the SRL should not be used unless unusual assumptions hold and
that potential functions are a very good approximation to consider inventory costs for
supply chain configuration.

RESUMEN: La consideración explícita de los costos de mantenimiento del inventario
para el diseño estratégico de cadenas de abastecimiento no ha sido suficientemente
abordada en la literatura científica. Una posible causa es que usualmente los
modelos de optimización de cadenas de abastecimiento son determinísticos y lineales o
enteros-mixtos lineales, mientras que los modelos de pronósticos y sistemas de control
de inventarios son estocásticos y no-lineales. Es claro, sin embargo, que los costos
de inventario pueden tener un impacto significativo en la configuración óptima de la
cadena y en situaciones de expansión o contracción de sistemas de distribución. En
este artículo se presenta una estrategia práctica que considera el sistema de control
de inventarios a nivel de ítem a través de un modelo de simulación Monte Carlo como
punto de partida para incluir los costos de mantenimiento del inventario en un modelo
de optimización de la cadena. Tres estrategias para incluir los costos de inventario en
la función objetivo del modelo fueron analizadas: La Regla de la Raíz Cuadrada (SRL),
las funciones potenciales que relacionan el inventario promedio con el flujo en una
bodega y la estimación de inventarios promedio por simulación. Los resultados sugieren
que la SRL no debería utilizarse a menos que se cumplan supuestos inusuales y que
las funciones potenciales son una muy buena aproximación para considerar costos de
inventarios en la configuración de cadenas de abastecimiento.

1. Introduction

The effect of inventory costs on the strategic design
of supply chains has not been fully studied. Network
optimization models frequently exclude inventory
decisions and costs [1]. Several works that deal with
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network design do not consider inventory holding costs for
decision making [2, 3].

The supply chain inventory problem is twofold. First,
supply chain optimization models are often deterministic
while demand forecasting methods and inventory control
models are stochastic. Second, optimization models for
supply chain design are mostly linear or mixed-integer
linear whereas demand forecasting and inventory control
models are almost always non-linear.

It is common to findmulti-period supply chain optimization
models that consider inventory decision variables in
balance constraints with or without specified inventory
policies, such as prior setting of safety inventory. For
example, an inventory policy may be to hold, at the end of
each time period, a specified percentage of the expected
demand of the next time period. Examples of these
modeling strategies can be found even in recent works
such as [4].

Determining how inventory levels fluctuate when a
supply chain expands or contracts is not straightforward.
As stated in [5], the problem is that the impact of the
consolidation or expansion of supply chain inventory
locations on overall supply chain inventory depends
on the specific inventory control rules applied at each
location. Since these rules are normally applied on
an item-by-item basis and a company may be holding
hundreds or thousands of items at each location, in
practical applications, the problemmight be cumbersome.
Therefore, one way to deal with this difficulty is to find
expressions, known as ‘turnover curves’, that relate
average total inventory with warehouse throughput in a
practical way [5–8]. Some of these curves propose linear
and potential relationships that will be further applied
here. In addition, extensive simulation experiments to
determine turnover curves for different inventory control
systems are presented in [8]. However, no supply chain
optimization model was formulated in these articles.

Several authors have taken into account inventory costs
in supply chain design. In a typical example, the authors
formulate a non-linear-mixed-integer model to design a
distribution network with a plant or central warehouse,
regional warehouses, and retailers or demand zones. A
single product and an (s, Q) inventory control system are
considered, yielding a non-linear objective function. The
model is solved using a Lagrangian relaxation procedure
and the sub-gradient method [9].

A mixed-integer supply chain optimization model that
considers inventory costs using the Square Root Law
(SRL) is formulated in another work [10]. In general,
the SRL establishes that the inventory at N locations is

equal to the inventory at one location multiplied by the
square root of N . According to the authors, as a result
of the level of aggregation used in network design, the
assumptions behind the SRL are justified in this case.
The authors conclude that, when considering inventory
costs in supply chain design, the optimal number of
warehouses is reduced in comparison with approaches
that do not consider such costs. Another contribution of
this research is that network configuration for C items
might be different from that for A and B items because the
demands of the former are normally more erratic. This
suggests that, when analyzing the effect of inventory costs
in supply chain design, it is important to consider items
with different coefficients of variation of demand as is the
case in practice.

Other papers such as [1] present applications of
inventory control and simulation models connected
to supply chain optimization models to configure a
large sporting goods supply chain. The authors apply a
nonlinear relationship between inventory holding costs
and warehouse throughput, similar to the one provided by
[5]. However, the authors linearize this relationship with
a piecewise linear function using binary variables. In the
present article, on the contrary, the relationship is kept
as nonlinear and global optimization solvers are applied
to solve the resulting nonlinear optimization models.
In addition, the authors apply systems dynamics to
simulate forecasting and inventory control systems. In this
work, a Monte Carlo discrete simulation model is applied
tomimic the inventory control system used at warehouses.

Although the Economic Order Quantity (EOQ) underlying
assumptions are very difficult to satisfy in practice,
some works such as [11] apply it for the supply chain
expansion/contraction analysis. Indeed, the authors
conclude that most companies do not satisfy the
assumptions for the SRL to be applicable and refer
the reader to the turnover curves [5, 6, 8].

The centralization effect is commonly described by
the SRL in the literature [12]. In this work, the author
considers the case where warehouses are replenished by
full truck loads (FTL) or by less than full truck loads (LTL)
and when a fill rate to fulfill is specified. In these cases,
the author claims that the SRL should not be used because
the EOQ and its assumptions do not apply. (s,Q) and (R, s,
S) policies are analyzed and the author considers the cycle
stock and the safety stock together, that is, the total stock.
The author found that the total stock varies approximately
linearly with the number of warehouses for both inventory
policies and for the FTL and LTL modes of transportation.

The contribution of this article is oriented towards
applied research. In supply chain design, as stated
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before, there is not an accepted and direct strategy to
consider inventory costs explicitly in optimization models.
Therefore, a simulation / optimization scheme to deal with
this problem is proposed next.

2. Methodology

The supply chain under study is shown in Figure 1. Eight
finished products are supplied from two sources that
may be own plants or external suppliers. The supply
chain includes three potential warehouses to be opened
according to the results of the model. The warehouses
ship finished products to 10 customers; each of them
must be distributed from only one warehouse (single
sourcing). The instances solved are carefully generated
from realistic data based on a supply chain in the Valle del
Cauca, Colombia.

The problem is to determine adequate ways to estimate
total average inventory and the impact of inventory holding
costs at warehouses on supply chain configuration. In
order to do this, it was necessary to simulate the inventory
control system applied at each open warehouse. Since
the simulation model is a close representation of reality,
the total average inventory in the supply chain is assumed
to be very accurate and it can be used for comparison
purposes with othermore aggregated inventory estimation
strategies applied in the literature.

To determine optimal or near-optimal supply chain
designs, a non-linear mixed integer optimization model
was also formulated. Details of the inventory simulation
and the optimization models are next explained.

Figure 1 Supply chain under consideration

2.1 A Monte Carlo simulation model for the
inventory control at warehouses

Since total average inventory at each warehouse and in
the whole supply chain are highly related to the inventory
control systems applied by a company [5], the best way to
estimate inventory holding costs is to explicitly consider
such inventory control systems. A Monte Carlo simulation
model was thus designed to represent the inventory
control systems applied in the warehouses of the supply
chain considered.

The model simulates a joint, periodic inventory control
system (R, Si) applied at each warehouse. This type
of inventory control system is commonly applied in
the region. Customer demands for eight products are
randomly generated each independently of the others;
these demands are assumed to be normal for six of the
products and erratic with no specified distribution for
two additional products. This demand approach produces
a wide variety of demand patterns with coefficients of
variation ranging from around ten percent to near 180%.
The erratic demand is generated in two steps, first
defining whether or not a positive demand will occur from
a Bernoulli distribution and then generating the value of
such demand from a normal distribution. The probability
of having or not positive demand may be specified in the
model, yielding a desired level of intermittent demand.

Since the optimization model considers single sourcing
from warehouses to customers, the simulation model
can assign each customer to any warehouse to represent
any optimal or near-optimal solution. This is done
by means of a binary parameter that can be selected
by the user, according to the solution provided by the
optimization model. Once the customer allocation
to warehouses has been done, the simulation model
estimates average inventories (cyclic, safety and total) at
each open warehouse.

The simulation model comprises four types of
spreadsheets: basic data spreadsheets; spreadsheets
to simulate demand of each product by customer;
spreadsheets of demand consolidation at each warehouse
by product; and spreadsheets that calculate consolidated
total and safety inventory, total annual demand, and
inventory turnover at each warehouse. The latter
spreadsheets were built in units of product, in tons,
and in monetary units, providing the information to
compare total inventory in the supply chain according to its
specific design produced by the optimization model. The
simulation model comprises the following assumptions
and features:

• The model simulates daily demand of eight products
for ten customers during a year, then consolidates
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each product’s daily demand at three warehouses
according to the binary parameter described above,
and finally yields aggregated inventory indicators at
each warehouse for the whole year. The model
assumes a review interval R = one week and a
constant Lead Time L equal to three days.

• When a customer is assigned to a specific warehouse,
all the products that the customer requires are
assumed to be fully handled by the warehouse.
Therefore, the model consolidates the demands of
each product from all the customers to be served
by each warehouse by summing their individual
demands. Each product’s consolidated average
demand and its corresponding standard deviation are
thus calculated theoretically and by means of the
simulation model. First, assuming that demands
are independent, average demand is the sum of the
individual demand means and its variance comes
from the sum of the individual variances. Second,
average demand and its standard deviation are
directly calculated from the consolidated demand
data. The results show that these two approaches are
very similar, as expected. It is important to note that
demands and their corresponding standard deviation
are calculated in product units, tons and currency
units to be used in further calculations.

• In the spreadsheets that consolidate all customers’
demands by product at each warehouse, an (R, S)
inventory control system for the specific product is
simulated. The basic variables and equations used for
the simulation are described next.

Initial inventory

It is necessary to establish an initial inventory for each
product at each warehouse to avoid artificial stockouts at
the beginning of the simulation. Since the Lead Time L is
set to three days, the initial inventory is calculated to satisfy
demand over that period. Therefore, initial inventory is
calculated as given in Equation 1. Parameters µdaily and
σ1daily are the mean and the standard deviation of product
daily demand, calculated from the 365 simulated days; k
is the safety factor corresponding to a specified level of
service of 97.5% (probability of not having a stockout at
each review cycle).

Initial Inventory = µdailyL+ kσ1daily

√
L (1)

On-hand inventory and net inventory

Beginning with the initial inventory, the on-hand inventory
for each day t is then calculated by using Equation 2.
The maximum function is necessary because the on-hand
inventory cannot be negative. On the other hand, the net
inventory at the end of day t can be negative and it is simply

calculated as the on-hand inventory at the end of day t
minus the cumulative stockouts at the end of the same day.

On− hand Invt =

max{On-hand Invt−1 +Orders-Receivedt−
CumStockoutt−1 ; 0} (2)

Stockouts and cumulative stockouts

Daily stockouts are calculated by means of Equation 3.

Daily Stockoutt =

max{Demandt −On-hand Inventoryt−1−
Orders Receivedt ; 0} (3)

The maximum function indicates that, when the available
quantity of products is greater than the demand, the
stockout is equal to zero. Since it is possible that stockouts
occur for two or more successive days, it is necessary
to calculate cumulative stockouts so that the on-hand
inventory can be correctly calculated from Equation 2 to
further compute net inventory. Here, the model assumes
that cumulative stockouts are never greater than the
order size to receive or, equivalently, that the aggregated
demand of products at warehouses is not extremely
erratic. In addition, the simulation model assumes that all
the stockouts are covered when a new shipment arrives,
that is, stockouts are considered as backorders.

Pending orders and inventory position

Since the model considers a review interval R = 7 days
and a constant Lead Time L = 3 days, each order from
the supplier or plant is considered a pending order until
the order arrives at the warehouse three days after it
was issued. The model thus considers these pending
orders to calculate the inventory position at the end of
each day as On-hand inventory + On-order stock −
cumulative stockouts, all at the end of the day.

Average safety inventory

The authors in [13] define safety inventory as the average
net inventory just before a shipment arrives. The
simulation model contains all the information to estimate
safety inventory as the average of the net inventory the day
before a shipment is received at the warehouse.

Average total inventory

The average total inventory at each warehouse is a key
indicator to consider in supply chain design and is one of
the objectives of the simulation model described above.
Since the simulation model produces the evolution of daily
inventory over time, the total average inventory can be
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estimated as the area under the inventory curve versus
time divided by the total time. This area is estimated by
summing the areas of the daily trapeziums and dividing
by 365 days. In order to achieve the correct calculation
to estimate inventory holding cost, the on-hand inventory
must be considered as well as the units received when a
shipment arrives.

In the spreadsheets that consolidate all customers’
demands by product at each warehouse, the theoretical
values of average safety inventory and average
total inventory are also included. Moreover, the
order-up-to-level S is calculated based on the traditional
equations for the periodic inventory control system (R,
S). This S value is then used to generate the order size at
each review interval as the difference between S and the
corresponding inventory position.

The last spreadsheets applied in the simulation model
are those that consolidate total inventories by product
at each warehouse. The inventories are aggregated in
units, in weight units (tons), and in currency units ($).
The spreadsheet that consolidates aggregate safety and
total inventories by product in tons at each warehouse is
also used to estimate average total demand and average
inventory turnover at the warehouse. The latter is then
used to estimate average total inventory in the supply
chain optimization model when considering the SRL.

2.2 A supply chain optimization model

An optimizationmodelwith single sourcingwas formulated
for the design of the supply chain depicted in Figure 1.
Themain objectives of this standardmodel were to analyze
the impact of inventory holding costs in the design of
the supply chain and to determine good approaches to
explicitly consider inventory holding costs in the model.
Since themodel considers the products aggregated in tons,
no set of products is defined. Details of the model are
explained next.

Sets

P = Set of plants or suppliers (index i)

W = Set of warehouses (index j)

C = Set of customers (index k)

Parameters

PCi = Production or purchase cost from each plant or
supplier ($/ton)

FCj = Fixed operating cost at each warehouse
($/year)

DEk = Average demand of each customer (ton/year)

TCWij = Transportation cost from each plant or
supplier to each warehouse ($/ton)

TCCjk = Transportation cost from each warehouse
to each customer ($/ton)

N = Number of warehouses to be opened

To estimate inventory holding costs, the following
parameters are also defined:

v = Average product value for items held in stock
($/ton)

r = Carrying charge for items held in stock ($/$.year)

Decision Variables

Xij = Flow of products from each plant or supplier to
each warehouse (ton/year)

Zjk = Binary variable equal to 1 if warehouse j
satisfies the demand of customer k; 0, otherwise.

Wj = Binary variable equal to 1 if warehouse j is to be
opened; 0, otherwise.

Objective Function

The model seeks to minimize total costs as shown in
Equation 4.∑

i,j

PCiXij +
∑
i,j

TCWijXij

+
∑
j,k

TCCjkDEkZjk +
∑
j

FCjWj

+ Inventory costs (4)

Constraints

Warehouse capacity is shown in Equation 5.

∑
k

DEkZjk ≤

(∑
k

DEk

)
Wj ∀j (5)

Equation 6 shows the flow balance at each warehouse.∑
i

Xij =
∑
k

DEkZjk ∀j (6)

Customer allocation to just one warehouse is shown in
Equation 7. ∑

j

Zjk = 1 ∀k (7)
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The number of warehouses to be opened is represented in
Equation 8. ∑

j

Wj ≤ N (8)

Variable definition appears in Equation 9.

Xij ≥ 0 ∀i, j; Zjk,Wj binary ∀j, k (9)

The objective function in Equation 4 minimizes total
average logistics costs given by the sum of production
or purchase costs, transportation costs, fixed costs at
warehouses, and inventory holding costs. The latter
are to be considered in different ways which will be
described later. Constraints in Equation 5 allow the
model to allocate warehouses to customers only for
open warehouses and control the maximum capacity of
each warehouse. Constraints in Equation 6 represent
the product flow balance at each warehouse. Equation
7 ensures that each customer is allocated to exactly
one warehouse. The constraint in Equation 8 manages
the number of warehouses to be opened and, finally,
constraints in Equation 9 are variable definition.

2.3 Strategies for considering inventory
holding costs in the supply chain

The inventory holding costs in the objective function given
in Equation 4 can be considered in a number of ways. To
calculate these costs, the total average inventory held in
the supply chain must be estimated. The three approaches
applied here to estimate the total average inventory in the
supply chain were the following:

• The SRL, early proposed by [14] and applied by [10].

• The expressions given in [5] that relate total average
inventory in awarehousewith its throughput (turnover
curves).

• The total average inventory in the supply chain given
by the simulation model, which is supposed to be the
most reliable average inventory estimation since it
comes from the actual item-by-item inventory control
systems applied at each warehouse.

First, the SRL uses Equation 10, where IN is the estimated
average total inventory whenN warehouses are operating
and I1 is the estimated average total inventory when just
one warehouse is open.

IN = I1
√
N (10)

To estimate I1, the throughput through a single warehouse
is easily determined by the total supply chain expected
demand and the average inventory turnover is estimated
by means of the simulation model. Finally, to approximate

the average inventory holding cost when N warehouses
operate, Equation 11 is applied.

InventoryHoldingCostN =
TotalSupplyChainDemand
AverageInventoryTurnover vr

√∑
j

Wj
(11)

The average unitary value v of products held in inventory
is also estimated by the simulation model and r is the
carrying charge, which is determined by the organization.
Note that the number of opened warehouses N is equal
to the sum of the binary variables Wj , leading to a
non-linear optimization model. The authors in [10] apply
the SRL to estimate inventory holding costs in a supply
chain optimization model that also considers opening
a number of warehouses. They reformulate the binary
variables to open/close warehouses in such a way that
their resulting model is a mixed-integer linear model,
which can be optimally solved. Their model can also be
solved by initially considering all logistics costs without
including inventory costs and opening N = 1, 2, 3, ...,M
warehouses (where M is the maximum number of
warehouses that can be opened). The inventory holding
costs, calculated by the SRL, are then added to the
resulting optimal objective functions, to finally find the
correct optimal supply chain configuration by selecting
the outcome with the least total logistics costs. Another
way to solve the original non-linear model is by means
of a global commercial optimizer such as BARON. When
applying all the previous approaches to solve the model,
the same solutions were consistently obtained. Therefore,
commercial non-linear solvers were selected to solve all
subsequent non-linear models, as shown below.

For the second approach, the potential expression
proposed in [5–8] and shown in Equation 12, was applied.
In this potential function, a and b are constants to
be determined by least-squares regression and Fj

represents the warehouse j throughput. Equation 12
is valid in any warehouse of a given supply chain [5].
Therefore, this equation can be applied for different values
of the total inventory I in function of the throughput F
in a single warehouse and for different warehouses with
different average total inventories and throughputs.

TotalSupplyChainInventoryI =
∑
j

aF b
j (12)

The last strategy to estimate inventory holding costs is to
apply the simulation model described above. Since this
model handles the real inventory control system at the
product level applied at each warehouse, it gives the most
reliable measure of inventory levels for any supply chain
configuration. These measures are used afterwards for
comparison purposes among the three approaches. The
interactions of the Monte Carlo simulation model with the
optimization model are summarized in Figure 2.
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Figure 2 Interactions between the Monte Carlo simulation model and the optimization model

3. Results and discussion

The described methodology was applied in a hypothetical
supply chain in the Valle del Cauca, Colombia (Figure
1), based on a careful generation of instances from real
data. First, the spreadsheet of the simulation model that
consolidate total inventories by product in tons at each
warehouse was used to find suitable constants a and b in
Equation 12.

By assigning all customers to one warehouse and
varying all demands’ average and standard deviation in a
systematic way, the graph in Figure 3 was obtained. A total
of 30 replications were used in the simulation to estimate
each pair of values for average total inventory and average
throughput. Note that the coefficient of determination
was R2 = 0.9835 in contrast to R2 = 0.9614 that was
obtained by using a linear function. Consequently, the

equation subsequently used in the optimization model was
I = 0.024F 0.9307, where F was estimated in each case
through the sum of average demands for all products and
customers. In the optimization model, the throughput Fj

was replaced by the inbound flows to each warehouse j,
using the sum of variables Xij from all sources i, and
finally summing the inventory for all open warehouses
in the supply chain, according to Equation 12. In this
regard, it is better to use the continuous variables Xij

instead of the binary variables for customer allocation Zjk

because the latter complicate the solution process. It is
important to observe that the above-mentioned expression
considers the total inventory at each warehouse without
differentiating between cycle and safety stock, a more
suitable detail for practical applications.

Table 1 illustrates the results of the optimization model
when applying each of the three approaches to consider
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Figure 3 Relationship between average total inventory and average throughput in a warehouse

holding inventory costs for the configuration of the supply
chain in the objective function (4). Only the average values
are shown because the coefficients of variation of customer
demands are very low when they are aggregated in tons.
For the 10 customers considered, these coefficients of
variation fluctuated from 0.94% to 1.99%. In addition, the
coefficient of variation of total average inventory holding
cost was as low as 0.45%, as a result of the simulation
model that replicates the inventory control systems for the
two open warehouses given by the optimal supply chain
configuration from the optimization model. Consequently,
the average values shown in the table are enough to draw
some conclusions without considering statistical test of
hypotheses.

Firstly, for the typical supply chain considered in this
study, the average total inventory holding cost given by
the simulation model is considered the most accurate
of the three approaches, because it replicates the
actual item-by-item inventory control systems applied in
warehouses. Therefore, this inventory cost is used as a
reference value. The SRL overestimated total average
holding costs by 32.5% and total average logistics costs
by 7.6%. In contrast, these costs only differed from the
ones given by the potential function in 3.6%. Accordingly,
as most authors agree, the SRL is a rough approximation
of inventory holding costs in a distribution system and

should not be used for supply chain strategic configuration
purposes unless very specific conditions apply [11, 12].

Secondly, although the open warehouses and their
allocation to customers are the same for the three cases
in Table 1, all of these were run with a carrying charge
r = 0.20 $/$.year. When the model was run using a
variable carrying charge r from 0.00 to 0.40 $/$.year and
the potential function was used, no change in the optimal
supply chain configuration occurred. However, for the
same range of r values, when the SRL was used in the
objective function, the configuration of the supply chain
changed from two opened warehouses to just one when
r = 0.24 $/$.year. This result suggests that possible
decision problemsmay arise if the SRL is applied in supply
chain design.

Thirdly, when the solver KNITRO was used to solve
the model with the SRL, it did not find the global solution.
Instead, when using the BARON solver in the Neos
Server, it reached a better solution that was 1.3% lower.
There were significant differences between the two
solutions because the solution given by KNITRO opened
one warehouse, while the other solver opened two
warehouses. A similar result was obtained when running
the case for the potential function. In this case, the solver
BARON reached a solution that was 0.85% lower than the
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Table 1 Results of the optimization model considering inventory costs

Approach used
Number of
open warehouses

Total freight
and fixed
costs ($/year)

Total average
inventory holding
costs ($/year)

Total average
logistics costs
($/year)

The typical SRL
[Equation 11]

2 1,167,192,114 475,401,381 1,642,593,495

The potential function
I = 0.024F 0.9307 2 1,167,192,114 345,709,946 1,512,902,060

The average total
inventory given by
the simulation model

2 1,167,192,114 358,755,028 1,525,947,142

Table 2 Results of the optimization model using the solver BARON for a high v value with the potential function I = 0.024F 0.9307

Carrying
charge r
($/$.year)

Number of
open warehouses

Customer
allocation to
warehouses

Total freight
and fixed
costs ($/year)

Total average
inventory holding
costs ($/year)

Total average
logistics costs
($/year)

0.00 2 Type 1 1,167,192,114 0 1,167,192,114
0.02 2 Type 1 1,167,192,114 345,261,566 1,512,453,680
0.04 2 Type 1 1,167,192,114 690,523,132 1,857,715,246
0.06 2 Type 1 1,167,192,114 1,035,784,699 2,202,976,813
0.08 2 Type 1 1,167,192,114 1,381,046,265 2,548,238,379
0.10 2 Type 1 1,167,192,114 1,726,307,831 2,893,499,945
0.12 2 Type 2 1,183,277,210 2,052,600,673 3,235,877,883
0.14 2 Type 2 1,183,277,210 2,394,700,785 3,577,977,995
0.16 2 Type 2 1,183,277,210 2,736,800,897 3,920,078,107
0.18 2 Type 2 1,183,277,210 3,078,901,009 4,262,178,219
0.20 2 Type 2 1,183,277,210 3,421,001,121 4,604,278,331
0.22 2 Type 2 1,183,277,210 3,763,101,233 4,946,378,443
0.24 1 Type 3 1,328,291,410 3,955,208,646 5,283,500,056
0.26 1 Type 3 1,328,291,410 4,284,809,367 5,613,100,777
0.28 1 Type 3 1,328,291,410 4,614,410,087 5,942,701,497
0.30 1 Type 3 1,328,291,410 4,944,010,808 6,272,302,218

one obtained by KNITRO. The difference here was only
the assignment of one customer to a different warehouse
because both solvers opened the same two warehouses.

Another sensitivity analysis was done by increasing
the mean product value v in $/ton and using the potential
function. The original value v was relatively low and in
reality, it is feasible to find much higher v values. For this
reason, v was significantly increased and the model was
run again varying r from 0.00 to 0.30 $/$.year. The results
are shown in Table 2.

Several conclusions can be drawn from Table 2. First,
estimating a suitable carrying charge r value is very
important in supply chain design. Different realistic r
values might produce different customer allocation to
warehouses or different supply chain configurations. For
this reason, a common practice that uses a rough estimate
of r should be disregarded. Second, the differences
in supply chain configurations can be as simple as the

customer allocation to warehouses such as the change
from Type 1 to Type 2 (r = 0.12), where a customer
begins to be served by a different warehouse and thus
transportation costs increase. Changes can also be more
significant (such as the case for r = 0.24), where one
warehouse is closed and the other one must supply all
customers, again increasing transportation costs. All of
these results suggest that including holding inventory
costs in supply chain optimization by using simulation or
potential curves is worth it.

4. Conclusion

A Monte Carlo simulation model to replicate warehouse
item-by-item inventory control systems and an
optimization model to configure a typical supply chain
were formulated in this study. The main objective of these
models was to analyze different strategies for including
inventory holding costs in the objective function of the
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model. Although some results given by the simulation
model can be estimated from theoretical equations,
approximating those values for different supply chain
configurations proved to be useful. Moreover, a simulation
model can be more effective when considering stochastic
lead times and perhaps other inventory control strategies
that cannot be described through theoretical equations.

Since the average inventory costs approximated by
the simulation model are considered as the most
accurate, they were used to evaluate the performance
of the SRL and of the potential functions proposed by
[5–8], which relate average total inventory with warehouse
throughput. The results suggest that the SRL should
not be used to estimate inventory costs, unless very
uncommon assumptions hold, because the SRL generally
overestimates inventory costs and could yield suboptimal
supply chain structures. In contrast, the potential
functions that relate warehouse inventory and throughput
yielded similar results to the ones given by the simulation
model. Therefore, estimating and using these curves
to analyze supply chain or distribution expansions or
contractions is expected to be a good practice.

It is likely that, for larger instances than the ones
solved in this study, some solution problems arise.
Although global optimization solvers such as BARON may
be helpful, further research is needed to design efficient
heuristic or meta-heuristic solution procedures. In any
case, considering inventory holding costs for supply chain
optimization in a more detailed way should be routinely
used by practitioners.
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