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Abstract: The research problem undertaken by the authors of this article concerns the optimization of
the size of the distribution network (the number of warehouses). The authors developed regression
models, which are an alternative to the classical “Square Root law” optimization formula. The models
were built for the two distributions of demand most commonly used in the literature: Gaussian and
Gamma distribution. They allow the calculation of the level of inventory with a given number of
warehouses and the level of stock availability as a measure of logistic customer service. The aim
was to create a useful tool for decision-makers in companies. The models were elaborated on the
base of the simulations carried out for various products (loading parameters, value), sales volumes,
number of warehouses, and different standard deviations. Both regression models were statistically
significant; the coefficients of determination are relevant. A slightly better value was obtained in
the case of Gaussian distribution. The results obtained with the use of the classic “Square Root law”
were in some cases quite similar. However, the type of distribution and the variability of demand,
measured by standard deviation, have a significant influence here. Thus, the authors believe that the
models developed may give more accurate results and that the “Square Root law” formula should
be modified taking into account the characteristics of the demand. After completing the regression
models with cost components, the total costs were calculated for selected cases of product groups
(food, electronics, garments), different levels of the availability of stocks, and different number of
warehouses. As it turned out, centralization may not necessarily be the optimal strategy for the most
expensive goods. Loading parameters are also important, as they have a significant impact on the
costs of storage and, above all, transport.

Keywords: costs of transport; economic efficiency of logistics processes; regression models; simulation

1. Introduction

Determining the amount of stock in the supply chain is one of the optimization
problems in the area of logistics (trade-off situation).

If the number of warehouses is reduced, the inventory level may be, with the same
service level (measured by the availability of inventory for customers), lower than in a
larger distribution network. Although in decentralized distribution, warehouses are located
close to customers, the failure to adjust the level of inventories to the actual demand may
result in a shortage of goods stored in them. This means that it is possible to offer the same
or even a higher level of logistics customer service and reduce the costs of maintaining
inventories in one central warehouse.

The costs of maintaining inventories are related both to the level of inventories in
terms of quantity and their value: costs of money which is frozen in stocks, loans, losses
due to their maintenance, theft, etc. As for storage costs, they are mainly related to the
amount of stored goods and their storage susceptibility. When using warehousing services,
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warehousing costs can be related to the level of inventory in a comparable way to the cost
of maintaining the inventory. However, a company offering warehousing services may
offer discounts to large customers. It can also offer a fixed rate for renting warehouse space.
In addition, for more expensive goods and goods difficult to store, there may be a need to
provide appropriate storage conditions. In the case of these costs, the parameters of the
loads (weight, volume) as well as the method of packaging and the loading units used (e.g.,
pallets) are also important.

In the case of an owned warehouse, the cost structure will be different than in the case
of warehouse services; fixed costs (independent of the stock level) will have the largest
share. However, the degree of the utilization of storage space is important, especially if,
due to centralization, its use will be more efficient than in a decentralized network. The
efficiency of the warehouse operation depends to a great extent on the organization of the
storage and the technologies used both for storing and moving loads in the warehouse
(e.g., combustion or electric trucks).

The solutions used in warehouses, on the other hand, have an impact on the costs as
well as on the level of logistics service, because the efficiency of the warehouse processes also
affects the time to fulfil customer orders. To some extent, it may also affect the efficiency of
transport processes by reducing the waiting time of transport means for loading. Moreover,
there will be fewer manipulations in the case of a central warehouse (reloading, moving
inside a warehouse) than in the case of a network of warehouses.

The efficiency of the logistics processes depends on the distance at which deliveries
are made. However, this impact is not clear-cut, taking into consideration that in the case
of centralization strategy, a given company may decide to use a more efficient transport
solution (transport and handling technology, faster transport, e.g., air). It depends also on
the form of ownership of transport: owned or a hired and whether a company cooperates
with transport companies, forwarding companies, or specialized logistics operators who
are able to deliver small loads frequently, quickly and on time, using their own distribution
network e.g. with the use of cross docking.

Due to the reduction of the number of warehouses, not only the internal costs of
these deliveries may be higher, but also the external costs of transport. However, this
impact is not unequivocal for similar reasons to those mentioned above. The increase of
the efficiency of transport processes in the case of the centralization strategy (e.g., thanks
to the cooperation with logistics operators) may also contribute to lowering the external
costs of transport. External costs are also generated in warehouses and they also may be
lower in a central warehouse, due to the greater efficiency of warehouse operations, less
manipulation, and the use of more efficient technologies.

The issue of the influence of the centralization strategy on the efficiency of logistics
processes and external costs has already been the subject of research by one of the authors
of this article [1]. The considerations presented in this article are based partly on the results
of that research, but are largely an extension of them. The authors have developed a
simulation model that is relatively (compared to many optimization models) an accurate
reflection of the real logistics processes. The model takes into account various parameters
of these processes and various factors of their efficiency. For this reason, this model is very
complex and a possible user would have to have the appropriate knowledge and be trained
in its use. Moreover, such an extensive simulation program requires efficient equipment.

For this reason, based on the simulation results obtained from this simulation model,
the authors developed the regression models that can be useful for making decisions about
the number of warehouses in the distribution network. Such models may allow for the
assessment of the effects of centralization or decentralization of warehousing from the
point of view of both a given company (total costs of logistics processes, profitability) and
the natural environment (external costs of these processes).
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2. Literature Review

According to Kotler [2], inventory management refers to all the activities involved in
developing and managing the inventory levels of raw materials, semi-finished materials
(working progress), and finished good so that adequate supplies are available and the
costs of over or under stocks are low. The first and the most famous model for calculating
the optimal size of a delivery of goods to a warehouse was the formula of the Economic
Order Quantity (EOQ) elaborated by Harris and Wilsons’s in 1913. The EOQ model is a
very popular and successful model for managing the supply chain. Many studies have
been completed about this model [3]. There are many reasons for the popularity of the
model such as simplicity and ease of use, despite its limitations. Its modified versions are
to be used not only to optimize processes in the field of material procurement, but also in
production [4]. Horowitz [5] took into account the inflation rate of the classic EOQ model,
without which the optimal batch size may be drastically underestimated.

The paper by N. Thinakaran et al. [6] contains a survey on the inventory models of
Economic Order Quantity (EOQ) and Economic Production Quantity (EPQ) with a full and
partial backorder condition. Primarily, most of the paper was focused on a full backorder
model or lost sales for the inventory model, with important parameters such as cycle time
varying, stock demand and lot size, and substitutable items.

However, models containing the EOQ formula include a few impractical assumptions,
which simplify the model too much [7]. Lin and Chung [8] take into consideration an
instance with warehouses and additionally query the assumptions of the EOQ model:
“Although the traditional EOQ models are still widely used in industry, practitioners
frequently question validities of assumptions of these models such that their use encounters
challenges and difficulties.”

2.1. Centralization vs. Decentralization Strategies

The effect of the number of warehouses on the stock levels in a distribution network
has been the subject of research for many years. However, the literature on this problem is
sparse. It is generally known that decreasing the amount of stock and, therefore, the imple-
mentation of a centralization strategy favors the reduction of inventory levels throughout
the distribution network and improves the availability of stocks in the warehouses (better
logistics customer service). At the same level of service, when the number of warehouses
is reduced, the level of inventory in the entire network decreases. However, it should be
borne in mind that this formula is only used to calculate the level of the safety margin,
which is only a part of the total inventory [9,10].

On the other hand reducing the number of warehouses results in higher transport costs-
longer transport distances and possibly smaller batches of shipments to end customers,
which is considered the most expensive part of transportation [11,12].

There are a number of works that have dealt with a similar problem, e.g., Miranda
and Garrido [13], who suggest a Lagrangian relaxation-based heuristics with the use of the
subgradient method. Sourirajan et al. [14] took into consideration a supply chain with a
production facility and multiple retailers. Another article that takes into consideration the
costs of transportation is that of D.-]. Lee and I.-J. Jeon [15]. They consider a semi-centralized
inventory system with costs of transportation.

The results of the studies concerning the centralization of stocks vary widely. The
literature presents a wide range of recommendations for various external conditions [16].
Arya et al. [17] suggest that decentralization may prove effective when a firm relies on
the external suppliers and strategically manages inventory, while Daugherty et al. [18]
demonstrate that centralization strategy is conducive to the implementation of innovations
in logistics services. On the other hand, Duan and Liao [19] show that centralized control is
beneficial for supply chains with the unstable demand patterns, and also that centralized
decision-making presents the best solution [20]. Moreover, there are some works that
claim that production quantity, research and development level, and profit are highest if a
centralized and decentralized supply chain exist in parallel [21].
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The industry sector and type of business activity is a very important factor. The
centralized stock method may be effective in businesses, in which inventory maintenance
costs and their storage are extremely excessive, such as in the food business [22]. The
literature rarely refers to the size of companies in relation to the benefits of centralization
of warehousing. According to Pedersen et al. [23] small and medium companies have a
smaller number of resources, but also fewer skills, which translates into smaller benefits
when using warehouse centralization. Schmitt et al. [24] examined both a decentralized and
a centralized storage system in the context of future costs and their changes. They showed
that if there are supply disruptions and the demand is constant, decentralization of storage
decreases the risk and should, therefore, also decrease the costs. The results of these studies
contradict the classical views according to which, when demand is random and supply
is constant, then using storage centralization is the best choice due to the risk-pooling
effect. At the strategic level, the decentralization of storage can also provide a greater
decision-making resilience.

Also other problems were the subject of the conducted research. Yu et al. [25] con-
sidered how the use of different numbers of suppliers is affected by supply disruptions.
Articles by Qi [26] and Sawik [27] address the topic of supplier selection under uncer-
tainty. The aim of the thesis of Petersson and Sturesson [28] was to optimize, with the use
of simulation modelling (in a public transport company), inventory management in the
centralized spare parts warehouse. The findings that were obtained in the article demon-
strated that the storage centralization strategy is more effective than the decentralization
strategy. For the centralized approach, procurement costs as well as storage costs were
found to be higher. Corts et al. [22] compared the arguments for both centralization and
decentralization of warehouses. Centralization reduces fixed storage costs [11], involves
less capital, and reduces the number of warehouse workers. Abrahamsson [29] proved
that inventory centralization does not necessarily lead to longer delivery times, even if
the average distance to customers increases. In addition, inventory centralization enables
more effective quality control and greater inventory visibility [30]. On the other hand, argu-
ments in favor of decentralization mainly relate to advantages in terms of delivery costs
and times [31] and greater closeness to customers.. Furthermore, Axsder [32] wrote that
“in practice, decentralization of control is generally more attractive because a centralized
system requires strategic planning and alignment throughout the chain.” Nevertheless, as
Fleischmann (2016) points out, in applying the Square Root law, we are limited by certain
assumptions [33]. For example, that replenishment of inventory, both cyclical and safety
stock, is done in economic order quantities (EOQ). Despite this, for many years no one has
contested the application of the EOQ method.

2.2. Square Root Formula Limitations

The relationship between the level of safety stocks and the number of warehouses in
the distribution network reflects the “The Square Root Law”, which is presented in the
form of the following mathematical formula [9,10]:

X = Xy | 2
n
11 = number of existing facilities;

1, = number of future facilities;

X1 = existing inventory;

X, = future inventory.

Since the level of the customer service is included (measured by the availability
of inventory), this means that it can also be used to evaluate the impact of warehouse
centralization policies on the level of logistics customer service.

However, in the scientific literature, one can find a critical approach to the applicabil-
ity of the mentioned formula. Considering the different economic sectors, the obtained
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outcomes are highly varied. In the work of Oeser and Romano [34], it was shown that the
formula does not perform well in companies in the manufacturing sector and does better
in companies in the trading sector. Additionally, another paper by this author [35] shows
that it overestimates the savings that result from centralizing warehouses.

First of all, the formula allows the calculation of the level of safety stocks before and
after centralization. On the other hand, in some papers, there is a suggestion that cyclical
stock and safety stock can be considered together [31,33,36,37] and that a significant aspect
for the effective application of this approach is transportation: the quality and the cost of
transportation service [38].

In addition, warehouses may accumulate excess inventory that results from erro-
neous forecasts, and the ability to adjust to actual demand may be higher in the case of
centralization strategies.

Some authors note that the minimization of the external costs could be aided by
a minimal number of warehouses, in the sense of using less of certain resources such
as energy [39]. This impact is not clear. The operation of big and extremely high-tech
warehouses can result in a growing consumption of energy (heating or cooling, lighting,
air conditioning) and growing CO, emission [40]. However, this impact also depends on
certain properties of the building, e.g., the number of doors and windows, insulation, and
efficacy of the heating and cooling system, as well as external factors such as properties of
stored goods and outside temperature [41], the technology used [42], the parameters of the
used equipment (motor power, energy consumption), and also the operating mode, e.g., the
speed of movement in the warehouse and the organization of work in the warehouse [43].

Current analyses show that about 10% of global carbon emissions come from logistics
supply chains. The significant lighting, cooling,+ or heating energy required in storage
accounts for almost 21% of the total logistics costs. According to a study, the total elec-
tricity consumption of warehouse facilities has decreased from 1976 to 2017, influenced
by technological developments that resulted in the production of green equipment (e.g.,
air-circulation, lighting or ventilation systems, etc.) [44].

The reduction of energy consumption is considered to be the most important factor
for reducing external storage costs, which can be achieved, for example, by using the
appropriate equipment in the picking area [45-47].

Milewski [1] developed a simulation model of the total costs of centralization strategies
in both micro (enterprise) and macro (external costs) terms. The results of simulations
indicate that while the effects of a particular strategy may vary, in many cases the influence
on both the efficiency of the logistics processes and the external costs of transportation can
be significant.

This paper presents the results of simulations that are an extension of this model. The
authors conducted tests for more variants and for two types of demand deviations: the
Gaussian and Gamma distributions.

3. Materials and Methods

Using a distribution network model, the authors conducted computer simulations for
various alternatives, the effects of which formed the basis for developing a regression model.
The assumption was that deliveries to warehouses (distributions centers) are performed on
a daily basis, immediately after production.

First of all, in order to develop the regression model, simulations had to be carried out
(using the model mentioned above) to find the relationship between the following variables:

The dependent variable is:

y—Auverage Stocks in the Distribution Centers.
The independent variables are:

x1— Yearly sales;

xp—Standard deviation of average sales in one warehouse;
x3—No. of distribution centers;

x4—Customer service level in distribution centers
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The significant scientific novelty of this article is the presentation of a new methodology
that, through calculations from a computer simulation model, allows for the development
of a simplified multiple regression model for calculating average inventory levels.

Multiple regression is a statistical method of which the main aim is to quantify the
relationship between multiple independent variables and the dependent variable [48].
Even if there is no direct relationship between the variables, one can seek to link them by
means of a mathematical equation that, under certain assumptions, allows one to predict
quantities determined on the basis of knowledge of other variables. Regression is one of
the most commonly used methods when applied to problem solving in technical sciences,
economics, and management [49]. The concept of the developed methodology is presented
in Figure 1.

Building of a
simulation model,
Real world simulation
L parameters
centralization ~ “Detailed™
of DC’s g simulation model
problem u of finding average
stocks in the DC's
Input data
\ Setting initial
parametersand
Forecasts and limitations v ':'"atiles- 1
- Yearly sales
recommendations - No. of- DC's
Simulation - Customer Service

experiments Level

Operation of random
factors, such as:

- demand fluctuation
(Gauss and Gamma
distribution)

Regression model

Simulation results

Identification how
Regression factors affect the
module average stocks in
the DC's

Figure 1. Conceptual framework scheme of simulation modeling with a regression module for
finding average stocks in the distribution centers.

The concept is based on the assumption that from the results obtained by a complex
simulation model, which takes into consideration a large number of variables as well as
random factors, it is possible to obtain a simpler formula to be used in practice by managers.
Such a model (formula) allows one to obtain the answer to what should be the average
level of stocks under given conditions, which would allow managers to easily implement
it in practice. When analyzing real phenomena and processes, even in relatively simple
situations, we are not able to explain them fully. Therefore, when describing interdepen-
dencies between them, we usually use some simplified models of real interdependencies.
By “model” we can, therefore, mean a useful form of presentation of empirical data. When
approaching the process of building a model, we have to accept a certain compromise
between oversimplifying reality and wanting to include too much detailed data. One of
the ways to describe such interdependencies can be the well-known method of multiple
regression, which is used in this paper.

In this paper, the regression approach was used to explain the result of changes in
the independent variables (x; to x4) on the dependent variable (y). Two analyses were
conducted separately for two types of demand modeling in the simulation model: the
model using the Gaussian distribution and the model using the Gamma distribution; these
are the two most commonly used models in the literature for demand analysis [50]. For
the model using the Gamma distribution, all four independent variables were found to be
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statistically significant. Table 1 shows significance tests with effect sizes, p-value, and t-test
for variables xq, X2, X3, and x4.

Table 1. Significance tests for independent variables in a regression model for the Gaussian distribution.

t-Test p-Value

x1— Yearly sales 11.48637 <0.00001

xz—Standa.rd deviation of average sales 2395595 <0.00001
in one warehouse

x3—No. of distribution centers 11.86944 <0.00001

x4—Customer service level in 1.98158 0.048205

distribution centers

Source: Own calculations.

From Table 1, one can observe that all variables in the regression analysis are statisti-
cally significant; the p-values are distinctly smaller than 0.05. Additionally, an assessment
of the significance of the structural parameters was carried out. To check the significance
of structural parameters by, by,..., by, the t-test was used, where the ¢ statistic has a ¢-test
distribution with n-k-1 degrees of freedom.

Null and alternative hypotheses are:

Hoy: b; = 0 (no linear relationship);
Hj: b; # 0 (linear relationship does exist).

The critical region is two-sided with the critical value that we read from the tables,
the t-test distribution for a fixed level of significance, and n-k-1 degrees of freedom. If
the value of t is in the critical region (the calculated value of f > value of ¢ from a table),
then we have to reject Hy in favor of H;. Otherwise, there is no basis to reject Hy. In the
case of structural parameters from Table 1, all values of t are in the critical region; thus, a
relationship does exist.

The regression model for y (average stocks in the distribution centers) is as follows:

y = —10221.2327311 + 0.0027863344633x1 + 16.6820813869x, + 131.355655244x3 + 9865.91831311x4.

A similar situation can be seen in Table 2, which presents significance tests along with
effect sizes for the second case of the analyzed type of demand modeling, the Gamma
distribution. In this case, regression analysis indicated that the set of all variables X3, X, x3,
and x4 is statistically significant.

Table 2. Significance tests for independent variables in a regression model for the Gamma distribution.

t-Test p-Value

x1—Yearly sales 10.35361 <0.00001

xz—Standa.rd deviation of average sales 9210843 <0.00001
in one warehouse

x3—No. of distribution centers 10.6077 <0.00001

x4—Customer service level in _8.60058 <0.00001

distribution centers

Source: Own calculations.

From Table 2, one can observe that all variables are statistically significant; the p-
values are distinctly smaller than 0.05. To check the significance of structural parameters
in the table, there are also t-test values; in each case, they are in the critical region; thus a
relationship does exist.
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The regression model for y (average stocks in the distribution centers) in the case of
the Gamma distribution is as follows:

y = —55738.8618951 + 0.00629264047071x1 + 7.08365631632x, + 795.996410504x3 + 54119.5613891x4.

Furthermore, model verification was carried out to check whether the econometric
models were acceptable. The verification process included:

- The coefficient of determination, R?, is interpreted as the part of the variance of the
dependent variable that can be explained by the variance of the independent variable;

- The properties of residuals (random components) of the regression model: conformity
to normal distribution, occurrence of autocorrelation of model residuals (Durbin—
Watson test);

- The analysis of variance (F-statistic at low p-value). The analysis allows the determi-
nation of the uncertainty associated with the predicted values of the variable, which
may deviate from the average the higher the variance is. The variance as the mean
square deviation of the value of a random variable from its mean value is a measure
of dispersion of possible values of the variable and is an indispensable tool for testing
the significance of the whole equation [49].

The statistical analyses were performed using the STATISTICA package (StatSoft),
assuming a significance level of 0.05. The outcomes are presented in Table 3.

Table 3. Verification of the regression model.

R? 3 p-Value d Durbin-Watson
The Gaussian distribution 0.905694 978.1901 <0.00001 1.9013
The Gamma distribution 0.840391 663.1129 <0.00001 1.8976

Source: own calculations.

It can be seen from Table 3 that the R?> parameter shows that the model using the
Gaussian distribution explains more than 90% of the variation in the average stocks in the
distribution centers, while in the case of the Gamma distribution, it allows explaining about
84% of the total variance. In both cases, the results are statistically significant, as allowed by
the observation of the F statistic along with a low p-value. The analysis of the residuals of
the analyzed models confirmed their validity. The value of the Durbin-Watson test statistic
allows one to conclude that there is no autocorrelation of residuals in the obtained model.

Summarizing these results and the value of the t-test in Tables 1 and 2, it can be
concluded that both regression models are statistically significant; a slightly better value
is obtained by the model created using demand modeling with the Gaussian distribution,
especially the parameter R?, which explains as much as 90% of the variance of the model.

4. Impact of the Centralization Strategy on the Effectiveness of the Distribution

The regression model can then be used to simulate the cost-effectiveness of using a
storage strategy.

Calculations using this model were carried out for three hypothetical products from
the following industries: food, electronics, and clothing; various standard deviations of
demand, and two distributions of demand: Gaussian and Gamma.

First, calculations were carried out, the purpose of which was to check to what ex-
tent the results coincided with the results obtained using the “Square Root” formula
(Tables 4 and 5 and Figures 2 and 3). The starting point is a decentralized system with
nine warehouses.
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Table 4. Changes of levels of safety stocks for the Gaussian distribution with the use of Regression
Model (RM) Square Root Formula (SRF) [pallets].

Yearly Sales [Pallets/Year] 60,000 ?ustf)m.er Se.rv1ce Level 99.15%
in Distribution Centers

Method Stand Dev/Average Number of Warehouses
Sales 9 5 4 3 2 1
RM 15% 2670 2144 2013 1882 1750 1619
SRF 15% 2670 1990 1780 1541 1259 890
RM 30% 4338 3812 3681 3550 3418 3287
SRF 30% 4338 3233 2892 2504 2045 1446

Source: own calculations.

Table 5. Changes of levels of safety stocks for the Gamma distribution with the use of Regression
Model (RM) Square Root Formula (SRF) [pallets].

Yearly Sales [Pallets/Year] 60,000 ?ustf)m.er Se.erv1ce Level 99.15%
in Distribution Centers

Method Stand Dev/Average Number of Warehouses
Sales 9 5 4 3 2 1
RM 115% 6908 3724 2928 2132 1336 540
SRF 115% 6908 5149 4605 3988 3256 2303
RM 30% 7616 4432 3636 2840 2044 1248
SRF 30% 7616 5677 5077 4397 3590 2539

Source: own calculations.

[pellets]
5000

4500
4000 ~
3500 -
3000

2500 ~
S SRF 30%

2 000 o

1500 e

1000

RM 30%

——RM 15%

500 SRF 15%

9 5 4 3 2 1
No of warehouses

Figure 2. Levels of stocks—simulation vs. “Square Root Formula” (Gaussian distribution).
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6 000
5000 1
4000 \ ~
3000 < SRF 30%
2000 - SRF 15%
1000 —o—RM 30%
- T T RM 15%
9 5 4 3 2 1
No of warehouses

Figure 3. Levels of stocks—simulation vs. “Square Root Formula” (Gamma distribution).

In both distributions, even with small standard deviations (15% of the average de-
mand), the levels of safety stocks calculated using the regression model decreased signifi-
cantly with the reduction of the number of warehouses. However, the greater benefits of
centralization are in the Gamma distribution. In the Gaussian distribution, the safety stock
in one central warehouse is 50.1% of the stock in a system consisting of nine warehouses. In
the case of the Gamma distribution, this stock drops to 12.8%. Even greater differences are
visible when the sales fluctuations are greater (the standard deviation is 30% of the average
demand). In the case of Gauss, the stock is only 80.71% (thus, the benefits of centralization
are smaller here). In the Gamma distribution, with greater fluctuations in demand, the
benefits are also smaller, but are still greater than in the case of Gauss, because the safety
stock in the central warehouse is 32.8% of the inventory in the decentralized system.

The results of the calculations of the safety stock level obtained by the regression model
(RM) were then compared with the results calculated using the “Square Root Formula”
(SRF). In the case of the normal distribution with small fluctuations in sales (15% of average
demand), the inventory levels calculated using both methods are very similar, although
the differences between the two become larger with fewer warehouses. Inventory levels
already vary significantly with greater volatility in demand (30% of average demand).
Therefore, it could be concluded that perhaps the Square Root Formula could be used
to calculate the level of the safety margin after some modification of this formula, which
would take into consideration the demand volatility. However, the results were completely
different when the Gamma distribution was in demand. The results obtained with both
methods are most similar to each other, not with small changes in scale (and therefore
unlike in Gauss), but with large changes in sales (Table 5 and Figure 3). Moreover, with
large deviations, the results for Gamma are more similar to each other than for Gauss,
which may give rise to a supposition that the “Square Root law” was perhaps developed
for this type of demand. This issue should be the subject of further research.

The calculated inventory levels can then be used to calculate the total cost of distribu-
tion using the following formula:

Cd=Ctw +Ci + Cw + Cls + Ctc

where:

Cd—The total costs of distribution;
Ctw—Transport costs to warehouses;
Ci—Inventory costs;
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Cw—Warehousing costs;
Cls—The costs of lost sales;
Ctc—Transport costs from warehouses to customers.

The costs shown should be calculated as following:

Ci = Average inventory level x Cost of maintaining inventories x Unit cost of production;
Cw = Average inventory level x Unit cost of warehousing;

Cls = Sales price x Sales volume x (100%-Level of Service);

Ctc = Transport performance [tkm/year] x Freight rate [EUR/tkm] x Distance.

Average inventory level = Cycle Stock + Safety Stock + Excess Stock.
The parameters used in the calculations are presented in Tables 6 and 7. The results of
the calculations for Gaussian are presented in Tables 8 and 9 and Figures 4-9.

Table 6. Parameters for calculations.

Products Food Electronics Garment
Yearly sales [pallets/year] 200,000 200,000 200,000
Items per pallet 500 60 600
Weight of a commodity [kg/item] 1.65 0.90 0.30
Value of a commodity [EUR/item] 0.67 111.86 4474
Transport [EUR/ton/km]
Deliveries to warehouses 0.03 0.49 0.15
Final deliveries to customers 0.07 1.04 0.31
Direct deliveries to customers 0.05 0.84 0.25
Capital costs in inventories 30%
Warehousing [EUR /pallet] 0.22

Source: own assumptions.

Table 7. Distance to Warehouses.

Location Distance [km]
Rotterdam 1
Amsterdam 82
Eindhoven 108
Dortmund 251
Bremen 388
Paris 448
Warsaw 1229
Naples 1846
Lisbon 21,776

Source: own assumptions.

In order to ensure comparability, the same annual demand for 400,000 pallets was
assumed for all product groups. The products, however, differ in terms of volume, weight
and value. Transport rates vary depending on the size of the shipment and the distance.

In the case of cheap food, centralization is not a good strategy. The optimal solution is
four warehouses, regardless of the distribution of demand. The differences between the
costs in the different strategies are not large and the impact of changes in sales measured
by standard deviation is also small.
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Table 8. Total costs of distribution (Gauss) [M EUR/year].

Yearly Sales [Pallets/Year] 60,000 Custf)m?_r S(?rvu:e Level in 99.15%
Distribution Centers

No. of Warehouses 9 5 4 3 2 1
St. dev/Aw. sales Food
115% 16.95 16.71 16.75 17.12 17.75 26.74
30% 17.24 17.00 17.04 17.41 18.04 27.02
St. dev/Aw. sales Electronics
115% 23.33 21.94 21.67 21.70 22.00 30.82
30% 26.95 25.49 25.20 25.16 25.39 34.27
St. dev/Aw. sales Garment
115% 43.29 34.69 33.70 3291 3241 40.81
30% 57.33 46.21 45.11 44.10 43.39 52.00

Source: own calculations.

Table 9. Total costs of distribution (Gamma) [M EUR/year].

Customer Service Level in o
Yearly Sales [Pallets/Year] 60,000 Distribution Centers 99.15%

No. of Warehouses 9 5 4 3 2 1
St. dev/Awv. Sales Food
15% 17.68 16.78 16.70 16.96 17.47 26.34
30% 17.81 16.90 16.83 17.08 17.59 26.47
St. dev/Awv. Sales Electronics
15% 32.53 25.10 23.40 22.01 20.95 28.37
30% 34.07 26.61 24.90 23.48 22.39 29.84
St. dev/Aw. sales Garment
15% 78.96 51.19 44.42 37.92 31.92 34.79
30% 84.93 57.04 50.22 43.61 37.50 40.48

Source: own calculations.

St. dev/Av sales 30%

M EUR/year —e— St. dev/Av sales 15%

30

20

15

10

9 5 4 3 2 1

No. of warehouses

Figure 4. Impact of the number of warehouses and distances of deliveries on the total costs of
distribution (Gaussian distribution, agriculture products).
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Figure 5. Impact of the number of warehouses and distances of deliveries on the total costs of
distribution (Gamma distribution, agriculture products).

M EUR/year —m— St. dev/Av sales 30%
40 —o— St. dev/Av sales 15%

35
30
25 —
20 -
15
10
5

~ _»
"

[

9 5 4 3 2 1
No. of warehouses

Figure 6. Impact of the number of warehouses and distances of deliveries on the total costs of
distribution (Gaussian distribution, electronics products).
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Figure 7. Impact of the number of warehouses and distances of deliveries on the total costs of
distribution (Gamma distribution, electronics products).
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Figure 8. Impact of the number of warehouses and distances of deliveries on the total costs of
distribution (Gaussian distribution, garments).
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Figure 9. Impact of the number of warehouses and distances of deliveries on the total costs of
distribution (Gamma distribution, garments).

A slightly greater impact on sales volatility is visible in the case of electronic prod-
ucts. The optimal number of warehouses is also four, regardless of the size of demand
fluctuations, but only in the case of the Gaussian distribution. In the case of the Gamma
distribution, the optimal size of the warehouses is smaller and, moreover, the influence
of the demand fluctuations is visible; the optimal number of warehouses is three for 15%
of the standard deviation and two for larger deviations (30%). The cost impact of choos-
ing a storage strategy is also greater, which may be influenced by the greater value of
electronic products.

The largest cost differences are visible in the case of clothing; moreover, in the case
of these products, the most profitable strategy is centralization. In the case of Gauss, the
optimal number of warehouses is three when the sales fluctuations are small and two when
the sales fluctuations are larger. In the case of Gamma, these are two and one, respectively.

The results may seem surprising to some extent. It could be expected that the most
favorable centralization strategy would be the most advantageous for the most expensive
(electronic) products. Meanwhile, this strategy has turned out to be beneficial for clothing.
However, these results can be interpreted quite easily. The total costs of distribution are
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influenced not only by the value of goods, but also by cargo parameters that affect the costs
of storage and transport.

The simulations also took into consideration the impact of the presence of excess
inventories resulting from incorrect sales forecasts. If we assume that the excess inventory
for one central warehouse is 15% of inventories and for nine warehouses, 100%, then in all
variants of the type of probability distribution and sales fluctuations, the results obtained
by both methods are very similar. Therefore, it can be hypothesized that the Square Root
Formula was developed for a situation where, in the case of decentralization of storage,
excess stocks increased to a large extent.

The model, after modification, can also be used to calculate external costs, both
transport and storage (Table 10). If the external costs of storage for nine warehouses
account for 50% of the external costs of transport, the total costs of the centralization
strategy would be the lowest in the case of the Gamma distribution, regardless of the
fluctuations in demand (Tables 11 and 12).

According to the latest studies, external transport costs are even lower—[51], so the
cost-effectiveness of the centralized warehousing would be even higher when taking into
consideration the external costs.

Table 10. External unit costs (interbank EURO-4).

Cost A Vehicle
Component <75t 7.5-16 ¢ 16-32 ¢ >32t
[€ct per vkm] 16.28 17.58 17.58 19.59
[€ct per tkm] 4.40 251 2.03 0.75

Source: own calculations based on [52].

Table 11. Total costs of distribution (Gauss) with external costs [MM EUR/year].

Share of External Costs of Warehousing 50%

Customer Service Level in o
Yearly Sales [Pallets/Year] 60,000 Distribution Centers 99.5%

No. of Warehouses 9 5 4 3 2 1
St. dev/Av sales Food
15% 235 22.6 22.5 22.8 23.6 37.3
30% 241 23.3 23.1 234 242 37.8
St. dev/Av sales Electronics
15% 23.7 22.3 22.0 22.1 224 31.5
30% 27.3 259 25.6 25.5 25.8 35.0
St. dev/Av sales Garments
15% 44.6 359 349 34.2 33.7 43.2
30.00% 58.6 47.5 464 454 44.8 545

Source: own calculations.



Appl. Sci. 2022,12, 5152 16 of 20

Table 12. Total costs of distribution (Gamma) with external costs [MM EUR/year].

Share of External Costs of Warehousing 50%

Customer Service Level in o
Yearly Sales [Pallets/Year] 60,000 Distribution Centers 99.5%

No. of Warehouses 9 5 4 3 2 1
St. dev/Av sales Food
15% 214 37.8 36.2 35.1 342 38.2
30% 21.6 38.3 36.8 35.6 34.8 38.7
St. dev/Av sales 0
15% 35.0 457 43.0 404 38.0 40.6
30% 36.6 47.6 449 423 40.0 42.7
St. dev/Av sales Garments
15% 81.4 71.8 64.0 56.3 49.0 47.0
30.00% 87.4 78.0 70.2 62.4 55.1 53.3

Source: own calculations.

5. Results

The research problem undertaken by the authors of this article concerns the optimiza-
tion of the size of a distribution network (the number of warehouses). In the authors’
opinion, the optimization formulas may be too simplified and do not take into account the
complex relations of logistic processes. The alternative is the simulation method, which,
however, requires the use of very complex simulation models, the construction and appli-
cation of which may be too complicated for a potential user who does not have theoretical
background. The intention of the authors was therefore to develop a model that could be a
simple and useful tool for making decisions.

That is why the authors developed a regression model that allows the calculation of the
level of inventory with a given number of warehouses and the level of stock availability as
a measure of logistic customer service. This model is an alternative to the classical “Square
Root law” formula. Such a model (after taking into account the costs) can be used to
calculate the total costs and, consequently, to determine the optimal number of warehouses
in the distribution network. The optimization criterion is the minimal total costs, including
the costs of logistics processes (costs of maintaining inventories and warehousing, transport)
and the costs of lost sales, which result from the level of customer logistics service. It also
allows the calculation of the impact of the warehousing centralization strategy on the
external costs of the logistics processes.

First, the simulations were carried out for various products (different loading parame-
ters, values), sales volumes, number of warehouses, for the two distributions of demand
most commonly used in the literature—Gaussian and Gamma distributions—and with
different standard deviations. Both regression models were statistically significant; the
coefficients of determination were relevant. A slightly better value was obtained in the case
of the Gaussian distribution.

In both distributions, even with small standard deviations (15% of the average de-
mand), the levels of safety stocks calculated using the regression model decrease signifi-
cantly with a reduction of the number of warehouses. However, there are greater benefits
of centralization in the Gamma distribution (stock are reduced by over 92%) than in the
Gaussian distribution (below 40%). Slightly smaller savings for Gamma are obtained
when the demand fluctuations are greater (standard deviations—30%), but they are still
significant (—83.61%) and still better than in Gaussian distribution (—24.22%).

This can be interpreted as follows - that the warehousing centralization strategy
is effective when demand is relatively less stable. On the other hand, apparently when
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changes in demand are large, the cost of maintaining inventories in both strategies increases.
However, even in this case centralization is beneficial.

The results of the calculations of the safety stock level obtained by the regression
model (“RM”) were then compared with the results calculated using the “Square Root
Formula” (SRF). According to the “Law of the Square Root”, the reduction in the level
of inventories during centralization should amount to —66.67%. This is more than in the
regression model for the Gaussian distribution but less than in the Gamma distribution.

6. Conclusions

The simulation results show that the type of distribution and the variability of demand,
measured by standard deviation, have a significant influence. Thus, the authors’ conclusion
is that the models developed may give more accurate results and that the “Square Root For-
mula” should be modified taking into account the characteristics of the demand. However,
when the excess inventories resulting from inaccurate demand forecasts were included
(100% for nine warehouses and 15 for one central warehouse), the results obtained with
both methods (simulation and optimization) were similar for all variants. It can therefore
be concluded that the classical formula of the “Square Root” was probably developed for
such a (specific) situation. Actually, a negative consequence of decentralization of storage
may be an excessive level of inventories. It is easier to forecast demand at the level of a
central warehouse serving a larger market than for local markets, as evidenced by case
studies of companies that have implemented such a strategy.

Finally, after completing the regression models with cost components, the total costs
were calculated on selected cases of product groups (food, electronics, clothes) and the
number of warehouses with the lowest total costs was found.

The models developed by the authors (simulation and regression) and simulations
and calculations carried out with their use allow the identification of several interesting
relationships. Optimizing the size of a distribution network can actually have a significant
impact on a company’s profitability. Cost savings ranged from —24.3% to —37.5% for Gaus-
sian distributions and were even greater for Gamma, from —33.7% to —59.3%. However,
as it turned out, centralization may not necessarily be the optimal strategy for the most
expensive goods (high inventory maintenance costs and lost sales). Loading parameters
are also important, as they have a significant impact on the costs of storage and, above
all, transport.

The results of the simulations proved that it is profitable to conduct research on meth-
ods of optimization of the distribution network. However, instead of creating a complex
mathematical model that would reflect in great detail the complex interconnecting relation-
ships, parameters of logistics processes, and the efficiency of these processes, regression
models can be used.

7. Recommendations

It is difficult to state at the present stage of the research what is the actual usefulness
of the “Square Root law” and whether it can be modified. Perhaps several formulas should
be developed for, e.g., different demand probability distributions. The simulations were
performed for various standard deviations of demand. It can be seen that the type of the
demand distribution is an important factor. Therefore, the authors suggest that extensive
research should be conducted on the variability and predictability of demand for various
products in different markets. This problem in itself, namely, what the actual distribution
of the demand is for different types of consumer goods, is very interesting, not only in
connection with the problem of optimizing the distribution network. Knowledge on this
subject would be useful in the development of optimization or simulation models to solve
various problems in the field of logistics.

Another aspect that should be considered is the quantity of an order. In the simula-
tions carried out by the authors, it was assumed that the goods are sent to distribution
warehouses immediately after production, so the delivery is sized to the daily demand. If
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they were first collected prior to shipment in order to be consolidated, then the sizes of
shipments should also be included in the regression model.

Secondly, the model should be able to take into account excess stocks resulting from
wrong forecasts in the case of a decentralized distribution network. The share of this type of
inventory, however, can only be assessed by a given user, because it is an individual matter
in a given company, resulting, e.g., from the specificity of a given product or the market in
which a given company operates, as well as from ineffective methods of inventory control.

The authors would like to emphasize strongly that the idea of their study was not
to criticize the "Square Root" formula. The simulation or regression methods have the
advantage that it allows taking into account various factors and calculating the total
inventory (i.e. the size of the delivery sizes and excess inventory), and not only the safety
stock, as it is in the "Square Root" formula. The law of the "square root", however, was
very important in the history of science, because it drew attention to a very interesting
relationship between the number of warehouses and the level of stocks. It was also an
inspiration for the research undertaken by the authors.

Author Contributions: Data curation, D.M. and T.W.; Formal analysis, D.M. and T.W.; Investigation,
D.M. and T.W.; Methodology, D.M. and T.W.; Software, D.M.; Visualization, T.W.; Writing—original
draft, D.M. and T.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Milewski, D. Total Costs of Centralized and Decentralized Inventory Strategies—Including External Costs. Sustainability 2020,
12, 9346. [CrossRef]

2. Kotler, P. Marketing Management, 2nd ed.; The Millennium Edition; Prentice Hill of India: New Delhi, India, 2002.

3. Teng, ].T. A simple method to compute economic order quantities. Eur. J. Oper. Res. 2009, 198, 351-353. [CrossRef]

4. Cardenas-Barron, L.E. The economic production quantity (EPQ) with shortage derived algebraically. Int. J. Prod. Econ. 2001, 70,
289-292. [CrossRef]

5. Horowitz, I. EOQ and inflation uncertainty. Int. J. Prod. Econ. 2000, 65, 217-224. [CrossRef]

6. Thinakaran, N.; Jayaprakas, J.; Elanchezhian, C. Survey on Inventory Model of EOQ & EPQ with Partial Backorder Problems.
Mater. Today Proc. 2019, 16, 629-635.

7. Alfares, HK. Production-inventory system with finite production rate, stock-dependent demand, and variable holding cost.
RAIRO Rech. Opér. 2014, 48, 135-150. [CrossRef]

8.  Lin, S; Chung, K. The optimal inventory policies for the economic order quantity (EOQ) model under conditions of two levels of
trade credit and two warehouses in a supply chain system. Afr. J. Bus. Manag. 2012, 6, 7669.

9.  Maister, D.H. Centralisation of Inventories and the “Square Root Law”. Int. J. Phys. Distrib. 1976, 6, 124-134. [CrossRef]

10. Tatom John, A. Optimal inventories: The Square Root rule and profit maximization. Econ. Ing. 1976, 14, 190-200. [CrossRef]

11.  Croxton, K.L.; Zinn, W. Inventory considerations in network design. J. Bus. Logist. 2005, 26, 149-168. [CrossRef]

12.  Chopra, S.; Meindl, P. Supply Chain Management: Strategy, Planning and Operation; Pearson Education: Upper Saddle River, NJ,
USA, 2007.

13. Miranda, P.A.; Garrido, R.A. Incorporating inventory control decisions into a strategic distribution network design model with
stochastic demand. Transp. Res. Part E Logist. Transp. Rev. 2004, 40, 183-207. [CrossRef]

14. Sourirajan, K.; Ozsen, L.; Uzsoy, R. A single-product network design model with lead time and safety stock considerations. IIE
Trans. 2007, 39, 411-424. [CrossRef]

15. Lee, D.-].; Jeong, .-]. Regression approximation for a partially centralized inventory system considering transportation costs.
Comput. Ind. Eng. 2009, 56, 1169-1176. [CrossRef]

16. Treiblmaier, H. Optimal levels of (de)centralization for resilient supply chains. Int. J. Logist. Manag. 2018, 29, 435-455. [CrossRef]

17.  Arya, A,; Frimor, H.; Mittendorf, B. Decentralized procurement in light of strategic inventories. Manag. Sci. 2015, 61, 578-585.
[CrossRef]

18. Daugherty, PJ.; Chen, H.; Ferrin, B.G. Organizational structure, and logistics service innovation. Int. J. Logist. Manag. 2011,
22,26-51. [CrossRef]

19. Duan, Q.; Liao, W.T. Optimization of replenishment policies for decentralized and centralized capacitated supply chains under

various demands. Int. . Prod. Econ. 2013, 142, 194-204. [CrossRef]


http://doi.org/10.3390/su12229346
http://doi.org/10.1016/j.ejor.2008.05.019
http://doi.org/10.1016/S0925-5273(00)00068-2
http://doi.org/10.1016/S0925-5273(99)00034-1
http://doi.org/10.1051/ro/2013058
http://doi.org/10.1108/eb014366
http://doi.org/10.1111/j.1465-7295.1976.tb00387.x
http://doi.org/10.1002/j.2158-1592.2005.tb00197.x
http://doi.org/10.1016/j.tre.2003.08.006
http://doi.org/10.1080/07408170600941631
http://doi.org/10.1016/j.cie.2008.06.005
http://doi.org/10.1108/IJLM-01-2017-0013
http://doi.org/10.1287/mnsc.2014.1908
http://doi.org/10.1108/09574091111127543
http://doi.org/10.1016/j.ijpe.2012.11.004

Appl. Sci. 2022,12, 5152 19 of 20

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

Jonrinaldi; Zhang, D.Z. An integrated production and inventory model for a whole manufacturing supply chain involving reverse
logistics with finite horizon period. Omega 2013, 41, 598-620. [CrossRef]

Li, Q.; Liu, Z. An investigation on research and development cost reduction and channel strategies in competing supply chains.
Int. ]. Ind. Eng. Comput. 2014, 5, 387-394. [CrossRef]

Corts, N.F,; Herbert-Hansen, Z.N.L.; Larsen, S.B.; Khalid, W. The degree of inventory centralization for food manufacturers. Prod.
Eng. 2019, 13, 21-32. [CrossRef]

Graungaard Pedersen, S.; Zachariassen, F.; Stentoft Arlbjern, J. Centralisation vs de-centralisation of warehousing: A small and
medium-sized enterprise perspective. J. Small Bus. Enterp. Dev. 2012, 19, 352-369. [CrossRef]

Schmitt, A.J.; Sun, S.A.; Snyder, L.W.; Shen, Z.].M. Centralization versus decentralization: Risk pooling, risk diversification, and
supply chain disruptions. Omega 2014, 52, 201-212. [CrossRef]

Yu, H.; Zeng, A.Z.; Zhao, L. Single or dual sourcing: Decision-making in the presence of supply chain disruption risks. Omega
2009, 37, 788-800. [CrossRef]

Qi, L. A continuous-review inventory model with random disruptions at the primary supplier. Eur. J. Oper. Res. 2013, 225, 59-74.
[CrossRef]

Sawik, T. Selection of resilient supply portfolio under disruption risks. Omega 2012, 41, 256-269. [CrossRef]

Petersson, S.; Sturesson, S. Centralization of Inventory Management for Spare Parts—A Case Study on its Performance Compared
to the Current Inventory Control System at Arriva DK. Master’s Thesis, Division of Production Management, Lund University,
Lund, Sweden, 2014.

Abrahamsson, M. Time-based distribution. Int. |. Logist. Manag. 1993, 4, 75-84. [CrossRef]

Teo, C.P; Ou, J.; Goh, M. Impact on inventory costs with consolidation of distribution centers. IIE Trans. 2001, 33, 99-110.
[CrossRef]

Das, C.; Tyagi, R. Role of inventory and transportation costs in determining the optimal degree of centralization. Transp. Res. Part
E Logist. Transp. Rev. 1997, 33, 171-179. [CrossRef]

Axséer, S. A simple decision rule for decentralized twoechelon inventory control. Int. J. Prod. Econ. 2005, 93, 53-59. [CrossRef]
Fleischmann, B. The impact of the number of parallel warehouses on total inventory. OR Spectr. 2016, 38, 899-920. [CrossRef]
Oeser, G.; Romano, P. An empirical examination of the assumptions of the Square Root Law for inventory centralisation and
decentralization. Int. J. Prod. Res. 2016, 54, 2298-2319. [CrossRef]

Oeser, G. What's the Penalty for Using the Square Root Law of Inventory Centralisation? Int. J. Retail Distrib. Manag. 2019, 47,
292-310. [CrossRef]

Milewski, D. Problem of optimal delivery sizes in a logistics system of a manufacturing enterprises. In Proceedings of the BAI
International Conference on Business and Information, Bangkok, Thailand, 4-6 July 2011.

Milewski, D. Simulation as a way of optimizing a delivery size: Impact on the profitability of an enterprise. Sci. J. Marit. Univ.
2019, 59, 92-99.

Mellin, A.; Wikberg, A.; Vierth, I.; Karlsson, R. Internalisation of External Effects in European Freight Corridors; International Transport
Forum Discussion Papers: Paris, France, 2013.

Matthews, H.S.; Hendrickson, C.T. The Economic and Environmental Implications of Centralized Stock Keeping. J. Ind. Ecol.
2003, 6, 71-81. [CrossRef]

Ries, J.M.; Grosse, E.H; Fichtinger, J. Environmental impact of warehousing: A scenario analysis for the United States. Int. J. Prod.
Res. 2017, 55, 6485-6499. [CrossRef]

Rai, D.; Sodagar, B.; Fieldson, R.; Hu, X. Assessment of CO2 emissions reduction in a distribution warehouse. Energy 2011, 36,
2271-2277. [CrossRef]

Tappia, E.; Marchet, G.; Melacini, M.; Perotti, S. Incorporating the environmental dimension in the assessment of automated
warehouses. Prod. Plan. Control 2015, 26, 824-838. [CrossRef]

Makris, P.A.; Makri, A.P,; Provatidis, C.G. Energy-saving methodology for material handling applications. Appl. Energy 2006, 83,
1116-1124. [CrossRef]

Carli, R.; Dotoli, M.; Digiesi, S.; Facchini, F; Mossa, G. Sustainable Scheduling of Material Handling Activities in Labor-Intensive
Warehouses: A Decision and Control Model. Sustainability 2020, 12, 3111. [CrossRef]

Boenzi, F.; Digiesi, S.; Facchini, F.; Mummmolo, G. Electric and LPG forklifts GHG assessment in material handling activities in
actual operational conditions. In Proceedings of the IEEE International Conference on Service Operations and Logistics, and
Informatics, Bari, Italy, 18-20 September 2017; pp. 127-132.

Boenzi, F,; Digiesi, S.; Facchini, F.; Mossa, G.; Mummolo, G. Greening Activities in Warehouses: A Model for Identifying
Sustainable Strategies in Material Handling. In DAAAM International Scientific Book, Proceedings of the 26th DAAAM International
Symposium, Zadar, Croatia, 21-24 October 2015; Katalinic, B., Ed.; DAAAM International: Vienna, Austria, 2015; p. 16. ISBN
978-3-902734-07-5. ISSN 1726-9679. [CrossRef]

Facchini, F.; Mummolo, G.; Giorgio, M.; Digiesi, S.; Boenzi, F; Verriello, R. Minimizing the Carbon Footprint of Material Handling
Equipment: Comparison of Electric and LPG Forklifts. J. Ind. Eng. Manag. 2016, 9, 1035-1046. [CrossRef]

Johnson, R.; Wichern, D. Applied Multivariate Statistical Analysis; Prentice-Hall: Englewood Cliffs, NJ, USA, 1982.

Trzepieciniski, T. Zastosowanie regresji wielokrotnej i sieci neuronowej do modelowania zjawiska tarcia. Zesz. Nauk. Wyzszej
Szkoty Inf. 2010, 9, 31-43.


http://doi.org/10.1016/j.omega.2012.07.001
http://doi.org/10.5267/j.ijiec.2014.4.004
http://doi.org/10.1007/s11740-018-00872-1
http://doi.org/10.1108/14626001211223946
http://doi.org/10.1016/j.omega.2014.06.002
http://doi.org/10.1016/j.omega.2008.05.006
http://doi.org/10.1016/j.ejor.2012.09.035
http://doi.org/10.1016/j.omega.2012.05.003
http://doi.org/10.1108/09574099310805000
http://doi.org/10.1080/07408170108936811
http://doi.org/10.1016/S1366-5545(97)00019-7
http://doi.org/10.1016/j.ijpe.2004.06.005
http://doi.org/10.1007/s00291-016-0442-2
http://doi.org/10.1080/00207543.2015.1071895
http://doi.org/10.1108/IJRDM-05-2017-0108
http://doi.org/10.1162/108819802763471799
http://doi.org/10.1080/00207543.2016.1211342
http://doi.org/10.1016/j.energy.2010.05.006
http://doi.org/10.1080/09537287.2014.990945
http://doi.org/10.1016/j.apenergy.2005.11.005
http://doi.org/10.3390/su12083111
http://doi.org/10.2507/26th.daaam.proceedings.138
http://doi.org/10.3926/jiem.2082

Appl. Sci. 2022,12, 5152 20 0f 20

50.
51.

52.

Krzyzaniak, S. Miedzy teoria a praktyka zarzadzania zapasami. Logistyka 2009, 1, 21-25.

Maibach, M.; Schreyer, C.; Sutter, D.; Van Essen, H.P.; Boon, B.H.; Smokers, R.; Schroten, A.; Doll, C.; Pawlowska, B.; Bak, M.
Handbook on Estimation of External Costs in the Transport Sector; CE Delft: Delft, The Netherlands, 2008.

Schroten, A.; van Essen, H.; van Wijngaarden, L.; Sutter, D.; Andrew, E. Sustainable Transport Infrastructure Charging and
Internalisation of Transport Externalities: Executive Summary; CE Delft: Delft, The Netherlands; INFRAS: Zurich, Switzerland, 2019.



	Introduction 
	Literature Review 
	Centralization vs. Decentralization Strategies 
	Square Root Formula Limitations 

	Materials and Methods 
	Impact of the Centralization Strategy on the Effectiveness of the Distribution 
	Results 
	Conclusions 
	Recommendations 
	References

