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Abstract

This paper presents a procedure for selecting, evaluating, and ranking the key performance indicators (KPIs) in the context
of warehouse systems. The method aims to help warehouse managers identify and prioritize KPIs most relevant to their
business objectives and performance goals, ultimately driving continuous improvement in warehouse performance. The
paper provides three main scientific contributions: (i) a selection composed of 70 KPIs extracted from the analysis of 203
scientific articles and clustered according to their business and sustainability objectives, (ii) a KPI ranking based on four
different metrics measured analyzing 585 scientific papers from Scopus and, finally, (iii) a fifth metric, measured trough
a survey submitted to 15 industrial experts from as many different Italian companies, that is added to improve the ranking
system. As a part of the method applied to a case study, the paper provides a comprehensive review of the current scientific
literature and industrial sector state of the art on warehouse KPIs. This article proposes an overview of the most used KPIs
in research and industry, a support for understanding formalizing definitions, and a guide on how they can be measured and

used to manage warehouses.

Keywords Performance measurement system - Warehouse - Logistics - Sustainable supply chain - Key performance

indicators - Scopus

1 Introduction

Warehouses allow regulating the company’s flow of goods,
both inbound and outbound. It consists of handling and
storing equipment and products, and both human and capi-
tal resources are involved. We can identify five main pro-
cesses carried out within it: (i) receiving, (ii) transfer and
storing, (iii) accumulation, (iv) sortation, (v) order picking,
(vi) cross-docking, and (vii) shipping. The first involves the
arrival of loading units in the warehouse. Subsequently,
the items are transferred to the appropriate area and stored,
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accumulated, sorted, and finally picked and shipped or tra-
versed through a cross-docking area [1].

Warehouse operations management can be very complex
and plays a critical role in order to avoid inefficiencies that
can be reflected throughout the production process. Suffi-
cient space is needed in order to optimize stock handling
and cart movement, and loading and unloading procedures.
Generally, the operation that requires the most significant
workforce commitment and so has the highest cost is order
picking [2]. For all these reasons, warehouse management
represents a fundamental part of the internal organization
of a company’s supply chain. In recent years, it has become
necessary to find solutions that allow improvements in the
performance of the entire production chain. In this regard,
several works have been developed that analyze the key
performance indices (KPIs) used to evaluate the operations
performed and improve their performance.

Sustainable warehouses provide a storage management
service that satisfies customers by trying to produce as lit-
tle environmental impact as possible and by operating in a
socially responsible manner. Climate change is one of the
greatest threats of the twenty-first century and, as such, is of
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concern to both companies and the public. For this reason,
companies are looking for solutions that limit greenhouse
gas emissions into the atmosphere in any process (e.g.,
by promoting green logistics). In fact, in recent years, the
concept of sustainability has evolved profoundly to ensure
the availability and quality of natural resources (environ-
mental sustainability); the quality of life and safety of citi-
zens (social sustainability); and the economic efficiency of
businesses (economic sustainability). For example, while
energy consumption and consequent emissions have con-
tinually increased, transportation and storage are perceived
as essential drivers of environmental pollution in global sup-
ply chains. It is estimated that about 2.8 billion tonnes of the
overall GHG emissions, which is equivalent to about 5.5%
of the total GHG emissions, are caused by the logistics and
transport sector [3]. According to this idea, a fundamental
open point in the research is to create models to estimate the
impact of each Industry 4.0 enabler on supply chain sustain-
ability [4]. The trend towards environmentally friendly ware-
house management practices has gained significant impor-
tance in recent years, with increasing research attention
towards the concept of “Green Warehousing.” This approach
emphasizes reducing energy consumption and emissions in
the handling and storage of inventory, thereby minimizing
the environmental impact of warehouse operations [5, 6].
However, it is also essential to consider the economic and
social aspects of warehouse management. The concept of
“Lean Warehousing” focuses on maximizing efficiency and
productivity while minimizing waste and non-value-added
activities [7]. A more sustainable approach to warehouse
management requires a comprehensive performance meas-
urement framework that considers not only environmental
factors such as pollutant emissions and energy savings but
also worker conditions and ergonomics of tasks. It is crucial
to strike a balance between environmental, economic, and
social sustainability in warehouse management to achieve
optimal outcomes for all stakeholders involved; however, to
date, there are no standardized methods for assessing social
sustainability [8].

The purpose of this paper is twofold. Firstly, it aims to
present a quantitative evaluation method and a proposed
ranking procedure to assess the most used KPIs in the con-
text of warehouses. These approaches will help warehouse
managers and operators to identify and prioritize KPIs that
are most relevant to their business objectives and perfor-
mance goals. Secondly, this paper provides a comprehen-
sive review of the current state of the art in scientific and
industrial literature on warehouse KPIs. By analyzing and
synthesizing existing research and industry reports, this
paper seeks to provide a quantitative overview of the most
important KPIs for warehouses, their definitions, and how
they can be measured and used to drive continuous improve-
ment in warehouse performance.

@ Springer

The concept of employing quantitative metrics to evalu-
ate research articles within a systematic literature review
represents an emerging and, as of now, not widely adopted
practice. Traditionally, systematic literature reviews have
relied on qualitative assessments and expert judgments to
gauge the relevance and quality of research articles. By lev-
eraging metrics, the scientific community can establish a
more transparent and data-driven approach, enhancing the
rigor and reproducibility of results.

We reach the proposed aim through three stages. First,
we extracted a set of main KPIs from the literature. Second,
we conducted a second query on the articles to assess the
occurrences of KPIs and validate their relevance. Finally, we
created several metrics to rank the founded KPIs according
to different criteria, such as their popularity, impact, and
ease of measurement. This method allowed us to identify
the most important KPIs in the context of warehouses and
provide guidance on how to use them to improve warehouse
performances. By following this structured approach, ware-
house managers and operators can identify and prioritize
the KPIs that are most relevant to their business objectives.

The present work is structured as follows. Section 2 con-
tains a literature review of similar work in other areas and
focuses on warehouse systems. In addition, some literature
gaps are described, and this paper’s primary purpose is pre-
sented. Section 3 is dedicated to the applied KPI discovery,
dataset creation, and metric selection procedure. Section 4
presents the indicators found with their definition and a
ranking of the indicators according to the metric presented.
Finally, in Section 5, there are the conclusions with a focus
on the future perspectives and limitations of this paper.

2 State of the art and research gaps

According to Roberts’s Measurement Theory, when a phe-
nomenon is studied, it is possible to define an empirical rela-
tional system like U = (A, R, O), in which A = {q;} is the
set of all possible instances of the phenomenon; R = {r;}
and O = {o,} are respectively the sets of possible empiri-
cal relations and operations on A. A relational system like
B = (N, S, P), where N is a set of numbers (N, R, Q, etc.),
S is a set of mathematical relation (<, >, =, etc.) and P is
a set of mathematical operations (+, +, X, etc.), is called
numerical relational system [9]. The term “to measure”
means creating a map of an empirical relational system in
a numerical relational system, keeping all the relations and
operations real. A measure is a homomorphism of A into
N and an isomorphism of R into S and O into P [9]. It also
is possible to make a homomorphic map of an empirical
relational system without the isomorphic map of relations
and operations. This map could be called an indicator [10].
A performance indicator is a numeric value that represents
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a complex empirical phenomenon to evaluate performances
giving insights to the management office. The elementary
data gathered by sensors or operators must be aggregated
into valuable tools representing system performance [11].
The use of indicators is strictly linked to three different aims:
(1) to assess the current status of a process in order to com-
pare it with a benchmark, (ii) to continuously monitor the
progress of a particular process in a specific time frame, and
(iii) to evaluate the impact of a particular strategy or change
by measuring the KPI in two different moments. A graphical
representation of these three purposes is displayed in Fig. 1.

In the past few years, some scholars have focused their
research on performance in order to provide an extensive set
of sustainability KPIs that can be used as a valuable tool in a
particular field of knowledge. One of the most used approach
to pursue this aim is the systematic analysis of literature.
For instance, [12], through literature analysis, discovered
55 sustainability indicators. It arranged them into five differ-
ent clusters and ranked them based on their usefulness and
practicality. At the same time, in [13], the authors proposed
several indices to study the environmental, economic, and
social sustainability for additive manufacturing product and
process development. Another example is [14], in which
the authors extracted 787 indicators to analyze eco-design
processes from the scientific literature. It is possible to find
similar works aiming to develop a framework to support
the definition of a complete set of indicators applicable in
warehouse performance analysis. Johnson and McGinnis
proposed a data envelopment analysis (DEA) approach to
assess the warehouses compared to an efficient frontier.
In their work, a warehouse is represented as a system that
transforms inputs like labor, space, equipment, and inventory
into outputs, like the piece lines, the pallet lines, the case
lines, revenue, and value-added services [15]. Staudt et al.
performed a literature review for the purpose of finding the
most used performance indices. They defined four categories
of direct, measurable KPIs: time, cost, quality, and produc-
tivity, and a general indirect measurable KPI cluster. The
indirect group contains indicators like flexibility, customer
perception, and value-added [16]. A recent scientific trend is
to study warehouses with a sustainable outlook. Torabizadeh

et al. proposed 33 different sustainability indicators and clus-
tered them into six distinct groups: (i) warehouse operation
performance, (ii) economic performance measurement, (iii)
resources, (iv) emission waste and environmental commit-
ment, (v) labor practice and decent work, and (vi) product
responsibility and society [7]. In contrast, Faveto et al., in
their article, focus on the triple bottom line and the three
aspects of sustainability: social, environmental, and eco-
nomic [17]. It is also possible to find indicator definitions in
articles aiming to study particular warehouse logic or strat-
egies. Gu et al., in their work, proposed a wide selection
of scientific papers that calculate the travel time and other
indicators analytically according to different warehouse
technology [18].

Despite the number of cited studies, a significant scien-
tific gap is still evident. In different geographical or sectoral
contexts, the indicators are not homogeneous, although they
are intended to represent the same phenomena. Sometimes
an indicator with the same name is calculated and used for
entirely different purposes. Other times the same indicator is
named differently according to the context. For instance, in
[19], storage costs and holding costs are used as synonyms,
while in [20], the storage costs are incurred in introducing
the load unit inside the warehouse, and in [21], the holding
costs are sustained in maintaining the load unit stored in the
warehouse. The standard ISO 22400 has the scope to cre-
ate a conventional set of KPIs in the manufacturing field.
However, such a norm does not present a section related to
the logistic management of the warehouses. The primary
purpose of the present work is to start a scientific debate on
the realization of a broadly accepted performance measure-
ment system in warehouses using the sustainability triple
bottom line as a general reference.

3 Method of the framework

The main phases of the framework are (i) the KPI discovery
phase, explained in the first subsection of this chapter and
consisting of defining the KPI list under analysis, (ii) the KPI
evaluation phase according to the scientific literature, (iii) the
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corresponding evaluation phase based on the know-how of
a manufacturing companies’ sample, respectively, discussed
in the second and in the last subsections of this chapter, and,
finally, (iv) the creation of a single ranking of all the selected
KPIs according both evaluations. Figure 2 generally describes
the proposed framework to obtain a quantitative evaluation,
in this case, a rank, of the KPI inherent in the target sector.

The first phase of KPI discovery consists of performing a
query in an available DB of textual documents inherent to the
desired industrial sector. In this case, the Scopus DB is used to
extract scientific papers regarding warehouse systems exam-
ple such documents by applying different criteria to extract a
sample that is processable by available analytical techniques. In
this work, the model is processed by reading each manuscript
by a human, and for this reason, the best sample is the one that
maintains the distributions of the population from which it is
sampled and is as small as possible. According to the require-
ment, two different criteria are applied: one according to quality
requirements regarding scientific papers defined by the authors
and a second that consists of random sampling to mitigate any
bias introduced by the human by choosing the quality require-
ments of in the first sampling criteria. From the processing of
that sample, therefore, all the KPIs present in the sample are
extracted in order to obtain the list of KPIs to be evaluated in a
quantitative manner by extracting different metrics with which
to rank those KPIs: in other words, creating a system of KPIs
to evaluate the KPIs selected in the discovery phase.

The other two parallel steps consist of creating adequate
metrics to evaluate how much the discovered KPIs are used

113 Paper:

: 90 scanned
499 Papers _ Quality 14 out-of-scope
sampling 9 not-found

Search on Scopus
“TITLE (Autom* AND Warehouse)”

| Random

113 scanned
10 out-of-scope

in the scientific community and the industrial sector. The
KPI evaluation in scientific literature consists of perform-
ing a query in a scientific DB where Scopus, in this case, is
almost the only choice, and a sampling of the results of this
query to obtain a sample processable by available analytical
techniques: in this case, a single quality criterion is used.
Note how in this phase, it is necessary to use a scientific
DB so as to measure the relevant metrics, whereas in the
previous phase of KPI discovery, this is not necessary, and
it is possible to use different sources to select the KPIs to be
evaluated, e.g., if present, a reasonable method is to consider
the KPIs listed by ISO or other documents on national and
international standards. Once the documents with which to
assess the KPIs have been identified, the various metrics
defined are measured for each KPI simply by reading the
manuscripts and counter-checking the presence or absence
of the KPIs in question; other methods are not used in this
work and are discussed in the section regarding future work.
Finally, the evaluation of KPIs in Italian enterprises consists
of measuring metrics defined on the basis of the results of
surveys submitted to several employees of logistics compa-
nies, manufacturing plants that employ warehouse systems
in their production lines, or manufacturers of such systems.

3.1 KPldiscovery
The identification of the most important KPIs for auto-

matic warehouses starts with a systematic literature review
from the database Scopus. The literature suggests that Web

S—
203 Papers

Phase of
KPIs discovery

sampling
123 Papers 1 not-found 3
70 KPIs
Search on Scopus
1 metric — KPIs E lPha.se O.f Ind TITLE (warehouse) AND NOT TITLE-
s Evaluation in Industry ABS-KEY (“data warehouse™)
l 15 Experts
KPIs rr?gtrlcs Final ranking
definition
585 scanned
73 out-of-scope
232 not-f./duplicated
not-./duplicate 585 Papers 890 Papers
Phase of Qualit
4 metrics [ KPIs Evaluation in Scientific sam lirz]
Literature pTing

Fig.2 Method flowchart: the green phase represents the KPI Discovery (3.1), the blue phase the KPI Relevance Validation (3.2), and finally, the

red phase the KPI Evaluation through Metrics Definition (3.3)
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of Science and Scopus stand out as the most valuable data-
bases, with a focus on Life Sciences, Physical Sciences,
and Technology. Web of Science is known for its selectiv-
ity, whereas Scopus offers a more comprehensive cover-
age. It is worth noting that nearly all the journals in Web of
Science are also indexed in Scopus. In fact, Scopus boasts
66.07% more unique journals compared to Web of Science
[22]. Nevertheless, it is important to emphasize that Sco-
pus primarily includes journals considered of high value.
Therefore, our decision to opt for Scopus reflects a balance
between selectivity and the preservation of valuable con-
tributions. To extract the most comprehensive number of
documents without including off-topic articles, we define
the following query: “TITLE (autom* AND warehouse)”
on Scopus (https://www.scopus.com/). This query allowed
us to find papers with a focus on automated and auto-
matic warehouses. Searching the same keywords inside the
whole abstract would extract too many documents without
a clear focus. Therefore, we limited the query to the title.
In June 2020, the query retrieved 499 different articles.

To obtain and analyze the KPIs used in the extracted
articles, we performed a sampling method based on two
criteria: (a) quality papers selection and (b) random papers
selection. An article, in order to be considered of high
quality, i.e., to be classified in the category (a), must sat-
isfy at least one of the following three conditions: (i) the
paper is published in a journal classified as Q1 or Q2, (ii)
the paper is published in a journal with a Scimago Journal
Ranking (SJR) greater than 0.5, or (iii) the paper has at
least 14 citations. The documents that satisfy this condi-
tion are 113 out of 499, representing 22.6% of the total
volume. The documents belonging to the second group
(b) are selected by a random sampling performed on the
remaining 386 papers. The random group is composed of
124 documents that are 25% of the initial quantity (499).

After selection, the papers to be analyzed are 236, but
some of them are not possible to get or read (e.g., without
English translation), while some others are considered “out
of scope” because they are not referring to an automatic or
automated warehouse, but to topics like a data warehouse.
From the high-quality group (a), we excluded 14 papers
from the topic and 9 whose full text was not available. From
the randomly sampled group (b), we excluded 10 papers out
of topic and 1 whose full text was not available.

This analysis allows us to extract the 70 KPIs. We start
from this set of indices and search them on a broader sample
to validate and integrate them with other missing indicators.

3.2 KPI relevance validation
The second objective of this work is to extract a sufficiently

big enough database about the use of warehouse KPIs in
order to create an evaluation and ranking system. To extract

a comprehensive sample of articles focused on warehouse
systems, we define the following query: TITLE (warehouse)
AND NOT TITLE-ABS-KEY (“data warehouse) on Sco-
pus (https://www.scopus.com/). This query allowed us to find
papers with a focus on warehouses. Searching the same key-
word (warehouse) inside the whole abstract would extract too
many documents without a clear direction. Therefore, we lim-
ited the query to the title. We also decided to avoid all these
articles containing the keyword “data warehouse” in their title
since it was evident from different analyses, we conducted
that the central part of the out of our scope articles was in
the computer science domain. In November 2020, the previ-
ous query retrieved 4402 different articles. We performed a
sampling method based on quality criteria. An article, in order
to pass the quality filter, must satisfy at least one of the fol-
lowing three conditions: (i) the paper is published in a journal
classified as QI, (ii) the article is published in a journal with
a Scimago Journal Ranking (SJR) greater than 0.5 or (iii)
the article has at least 50 citations. The filter extracted 890
articles, 20% of the total sample. These articles were scanned
and analyzed in order to pursue two different purposes: (a) to
calculate the frequency of the 70 primary indicators already
collected previously on a more significant sample and (b) to
find new indicators to be included in this analysis.

The 890 articles were assigned to two parallel groups
of engineering students to be analyzed manually (each
student oversaw 35-50 documents). After carefully read-
ing the paper, each student identified and highlighted the
presence or absence of the 70 given indicators within the
article to simplify the review process, and the obtained
result was recorded in a shared Excel document. A second
aim of the student analysis was to find and report new KPIs
not included in the base set. Finally, another student’s task
was to identify any off-topic research (e.g., articles about
warehouse insects) and report them. Of the 890, 232 docu-
ments were classified as duplicates or not found. Usually,
duplicates were old versions of papers already analyzed, like
errata, or editorial and notes, while the ones not found were
articles whose full text was not available. Another 73 were
identified as off-topic or out of scope, i.e., unrelated to the
topics studied. Finally, the analyzed articles were 585, about
13% of the total extraction. Once all articles were analyzed,
we moved on to a review process. In the first phase, we
merge the two results obtained. The papers were examined
in parallel by the two groups. Therefore, it has been funda-
mental to compare the results of the two analyses to gather
them in one. In 17 instances, KPIs identified by one student
did not match those found in the analysis of the duplicate
copy of the same paper. In these cases, we re-examined the
articles. Next, a sample review of 585 papers was conducted.
A total of 363 articles and their indicators were reviewed,
randomly selected from all the papers present, and if some
errors were found, they would be corrected.
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3.3 KPI evaluation through metrics definition

In the pursuit of evaluating the effectiveness and compre-
hensiveness of various indicators, the focus is placed on a
dual set of metrics. The goal of these metrics is to assess the
usefulness of the indicators from different points of view
to try to extract a set that can be considered complete. We
have proposed two sets of metrics: (i) objective and (ii) sub-
jective: while objective metrics are based on the frequency
in scientific manuscripts, subjective metrics are based on
a qualitative assessment of the ease of use and on a survey
conducted in different Italian companies.

3.3.1 Scientific KPI evaluation

The first metric is the relative frequency f, calculated by
dividing the absolute frequency f{' of a generic indicator §
by the total number of the analyzed papers K (585).

_s
-

X ey

fy

The second metric is a citation-weighted frequency based
on the number of citations of the article in which the indica-
tor is contained. B? is a Boolean value equal to one if the ith
indicator is present in paper k and zero otherwise, while C,
is the number of citations of the kth article.

e X CB
L= 2)
Zk=1 Ce

The third metric considers the singularity of indicators
used in a research article, where M, represents the num-
ber of different indices present in the kth paper. The logic
behind this index is that if a KPI is always used alone, it has
a precise purpose and can provide knowledge without other
indicators. When the frequency f3"" is equal to 1 means that
it is always used singularly in every article.

K
fwm _ Zk:l B? (3)
s = K 9’
X MB]

The last metric is based on the year of publication of
the paper. Each article is identified by a decimal number
between 0 and 1, denoted by A, that represents the age of
the kth article. A, is calculated as:

Yk — Ymax
Ay = ———, 4
Ymin ~ Ymax @
where y, .. is the year of the most recent publication, 2021
in our case, and y,;, is the year of the older publication
decreased by a unit, in our case, 1946. A, is then used as a
discount factor in order to calculate a new frequency that

@ Springer

assigns a larger value to a more recent occurrence than an
older one.

K 9
_A.B
v _ _Zk—lK e 5)

In this way, we provide a discount rate to the occurrences.
If an indicator is present in an article published in 2021, the
presence would be worth 1. This value will decrease linearly
to a minimum value of 0.0134 given to the occurrences in
the articles published in 1947.

3.3.2 Industrial KPI evaluation

All the metrics that have been presented so far have an objec-
tive value. However, they lack contact with the industrial
world; for this reason, we have created a survey to be submitted
to experts working in the logistics sector. In about 6 months,
we have collected the answers of 15 people representing both
SME:s and big corporate firms, whose warehouses vary from a
minimum of 48 m? to a maximum of 36,000 m>. Each respond-
ent had compiled a first section in which the company is
described, mainly information about the company size, ware-
house size, number of SKUs managed, the primary function
of the warehouse, etc. In a second phase, they have assigned a
value of importance from O to 5 to the 70 indicators constitut-
ing the basic set. The perceived importance metric (sg) of the
indicator 9 is calculated through a simple arithmetic average
of the answer QS obtained by the N respondents.

N
§ = Zn:l Qg (6)
3 N ’

4 KPI selection

The 70 selected indicators are categorized into three clusters
following the triple bottom line (TBL) structure. The TBL is a
framework that evaluates a process from three distinct points
of view of sustainability: social aspects, environmental aspects,
and economic aspects. According to this theory, an organiza-
tion should be able to perpetuate its activities over time con-
cerning the environment and society by generating profit [11].
Inside the three clusters, other subcategorization was made
depending on the nature of KPIs. The economic cluster, as
we expected, is the biggest one, with 52 different indicators
(almost 80% of the total). Environmental and Social Cluster
have similar dimensions, 10 hands are clustered as environ-
ment-related, and 8 indicators are clustered as Social related.

The following paragraphs describe each KPI cluster.
For each KPI, the unit measure, the questionnaire-based
perceived importance (Q), the relative frequency (R), the
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Table 1 Generic performances

KPI Definition Unit (0] R C N Y

Bottleneck rate Bottleneck rate is the maximum reachable system throughput [1/h]  2.60 0.04 0.04 0.14 0.03

Capacity flexibility Capacity flexibility is a qualitative index that refers to the ability to adjust  [1] 373 0.14 0.13 0.14 0.12
the total production capacity in any period with the option of utilizing
contingent resources in addition to permanent resources

Critical WIP Critical WIP measures the maximum number of ULs handled when the [1] 2.60 0.01 0.02 0.07 0.01
warehouse throughput reaches the bottleneck rate

Inventory turnover The inventory turnover is calculated by dividing the cost of goods by the [1] 4.07 0.11 0.08 0.12 0.09
average inventory in the same period, and it measures the rate at which
inventory is sold or consumed and replaced

Machine collision Machine collision indicates the number of collisions between automated [1] 2.07 0.03 0.02 0.12 0.03
guided vehicles in a certain period

Number of failures The number of failures is the absolute number of system failure that needs [1] 2.67 0.03 0.04 0.12 0.02
extraordinary maintenance

Object misplacement Object misplacement is the percentage of tasks performed in wrong posi-  [%] 3.27 0.01 0.00 0.11 0.00
tions: load unit stock in the wrong location or items retrieved from the
bad warehouse cell

Peak utilization Peak utilization is the system utilization when the number of items man- [%] 2.60 0.02 0.01 0.11 0.02
aged by the system is more than the critical value, i.e., they are enough
to make the system work at its bottleneck rate

Picking accuracy [23] Picking accuracy measures the percentage of items picked correctly during [%] 3.47 0.06 0.12 0.12 0.05
a time shift

Positioning accuracy Positioning accuracy measures the number of items correctly placed in the [%] 3.40 0.05 0.05 0.09 0.05
warehouse during a storage activity during a time shift

Receptivity The receptivity index consists of the total number of load units that can be  [1] 3.60 0.09 0.18 0.12 0.08
stored in the warehouse, i.e., its storage capacity

Resource utilization [24] Resource utilization measures the % of the time in which resources [%] 353 0.11 0.12 0.10 0.10
(humans, vehicles, etc.) perform operations

Selectivity The selectivity is measured as the number of directly reachable ULs [%] 333 0.01 0.01 0.11 0.01
divided by the receptivity, and it measures how it would be easy to per-
form a retrieval task in the warehouse

Shelf occupation The shelf occupation measures the space occupied only on the shelves and %) 340 0.03 0.03 0.08 0.03
not in all the storage areas

Stock balance The stock balance index represents the overall balance of stock volume [1] 2.80 0.05 0.04 0.11 0.04
inside the warehouse. It is calculated as a weighted sum of the differ-
ence. The index grows with an increase in system ill balance

Throughput [25] The throughput represents the number of ULs/orders processed in the unit  [UL/h] 3.20 0.23 0.34 0.12 0.20
of time

Travel distance [26] Travel distance is the total distance travelled by the piker or the vehicle [m] 3.00 0.27 0.36 0.14 0.24
to move between the input/output point of the warehouse to the storage/
retrieval point located in the warehouse

Unoccupied space The unoccupied space index is the ratio between the total volume of the [%] 3.07 0.05 0.08 0.09 0.05
warehouse and the space occupied by the items

Unprocessed order Unprocessed order indicates the percentage of lost orders by mistakes in [%] 3.33 0.03 0.03 0.11 0.03
each time span

Vehicle capacity Vehicle capacity measures the carrying capacity of vehicles (can be meas- [kg] 3.20 0.07 0.09 0.14 0.06
ured in kg or in standard unit load)

Warehouse exposition ratio  Warehouse exposition measures the percentage of the warehouse dedicated [%) 247 0.02 0.02 0.10 0.02

to exposition (i.e., walkable by customers). It is based on the principle
that space allocated for exposition can generate revenue, while space
given for storage is a cost
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citation-weighted frequency (C), the singularity indicator (S),
and finally, the yearly weighted frequency (Y) are reported.

4.1 Economic KPIs

The indicators of this cluster refer to the economic value
created by the organization. In particular, they indicate the
warehouse’s performances that directly influence the com-
pany’s costs and profit. Inside this group, we subcategorized
the indicators into four separated subclusters: (i) generic
performances (Table 1), (ii) time-related performances
(Table 2), (iii) cost-related performances (Table 3), (iv) and
ICT performances (Table 4).

4.2 Environmental KPIs

The environmental performances are clustered into two dif-
ferent groups. The first set describes the warehouse system
as an environment per se, i.e., the atmosphere in which the
human resources operate, and the items are stored. The first
cluster is called Warehouse Environmental Measures, and it
is displayed in Table 5.

At the same time, the second group contains meas-
ures of the direct impact that the system has on the

Table 2 Time-related performances

environment: like energy consumption and pollutant emis-
sions (Table 6).

4.3 Social KPIs

Based on activities concerning social sustainability and ISO
26000 [35], companies are responsible for considering their
impact on their human resources and the human society in which
they are immersed. Not many indices have been found in the lit-
erature for this category. The ones we found mainly measure the
operator’s safety and how much the warehouse system is based
on human work or automation labor practice, decent work, and
social responsibility indicators are reported in Table 7.

It is interesting to note that the experts interviewed found
indicators analyzing human resources such as Human Uti-
lization, Human Activity Time, and Human Error relevant.
The most important indicator, according to the experts, is
Inventory Turnover. This indicator is more financial than
operational, and it is able to quickly provide insight into the
rotation of goods and possible inventories. Data from the
questionnaires also revealed the importance of safety in the
workplace (machine and work safety). Finally, we mention
energy consumption as the only indicator related to envi-
ronmental sustainability. The three frequencies, R, C, and

KPI Definition Unit Q R C S Y

Charging platform Av [f there are electric vehicles in the warehouse, the charging platform Av. meas-  [%] 2.13 0.01 0.01 0.08 0.01
ures the % of the time the charging platforms are not in use

Charging time Charging time is the average time a vehicle must spend in the charging platform [s] 2.07 0.02 0.01 0.08 0.01

Cycle time [27] Cycle time is the total time required to complete a loading/unloading operation  [s] 3.00 0.16 0.22 0.12 0.14

Inventory time Inventory time is the time required for the detection, enumeration, and descrip-  [days] 3.07 0.03 0.03 0.09 0.03
tion of individual objects present at a given time in the warehouse

Lead time [28] Lead time is the time the intercurrent between the order received by the supplier [days] 3.67 0.19 0.19 0.15 0.17
and to order arrival at the retail location

Order Elabor. time Order elaboration time is the time needed to elaborate the order and start to [1] 3.33 0.05 0.08 0.10 0.04
perform all the subsequent activities

Packing time Packing time is the time it takes to perform the packaging activity before ship- [s] 2.53 0.02 0.01 0.10 0.02
ping the order

Picking time [23, 29]  Picking time is the time it takes to pick up a single item in the warehouse [s] 3.20 0.18 0.27 0.13 0.16

Planning time Planning time is the time to schedule the storage/retrieval activities after the [s] 2.67 0.05 0.05 0.10 0.05
system elaborates the order

Queue waiting time The queue waiting time indicates the average time a UL must wait before being  [s] 2.53 0.07 0.07 0.10 0.06
in a standing-by position

Retrieval time [30] Storage time is the time needed to retrieve the UL from the location where it is [s] 3.00 0.08 0.12 0.09 0.07
stored

Storage time [30] Storage time is the time needed to allocate the UL in the location where it has to  [s] 2.87 0.07 0.05 0.10 0.06
be stored

Task time Task time is the time required to complete a grasping operation on a given shelf  [s] 2.13 0.05 0.05 0.10 0.04

Travel time [26, 31] Travel time is the total time needed by the piker or the vehicle to move between [s] 293 0.29 040 0.13 0.25
the warehouse’s input/output point to the storage/retrieval point located in the
warehouse

Warehouse Av Warehouse availability indicates the percentage of time during the 24-h day that [1] 3.60 0.08 0.07 0.13 0.07

the warehouse is active for storage/retrieval or picking activities
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Table 3 Cost-related performances

KPI Definition Unit (0] R C S Y

Direct labor cost Direct labor cost is the cost of activities directly involved in the production of  [€] 3.20 0.11 0.08 0.13 0.09
the finished products

Holding cost Holding cost is the daily cost to maintain units stocked (e.g., energy consump- [€/day] 2.60 0.27 0.30 0.18 0.23
tions, refrigeration, depreciation, insurance)

Indirect labor cost Indirect labor cost is not direct labor cost but is the cost of ancillary opera- [€] 2.60 0.05 0.07 0.14 0.04
tions that makes the business possible

Inventory cost [32, 33] Inventory cost is an aggregate cost generally composed of ordering cost, hold-  [€] 320 0.19 0.19 0.15 0.16
ing cost, shortage cost, and replenishment cost

Maintenance cost Maintenance cost indicates all the costs due to warehouse maintenance [€] 3.67 0.05 0.05 0.14 0.05

Management cost Management cost indicates all the costs due to general warehouse management [€] 347 0.10 0.06 0.12 0.08

Retrieval cost [20] Retrieval cost is the cost needed to retrieve the UL from the location where it [€] 2.67 0.04 0.06 0.09 0.03
is stored

Space cost Space cost includes all the costs sustained for maintaining the area in which [€] 293 0.10 0.09 0.13 0.09
the warehouse system’s infrastructure is built

Storage cost [20] Storage cost is the cost needed to allocate the UL in the location where it has  [€] 3.07 0.14 0.12 0.12 0.12

to be stored

Y do not exhibit excessively different results. These three
classifications are able to depict the focus that research has
in the area of warehouse analysis. The most studied indica-
tors are those related to Travel Time and Travel Distance.
This fact is not surprising as research often concentrates
on algorithms to find the best route to reach the unit load
in the warehouse. Along with these, Picking, Cycle, and
Lead Time are also important. A second particularly prolific
area of research is devoted to warehouse cost minimization,
especially Holding and Inventory Costs through stock man-
agement. Throughput is a well-known KPI and is often used
to compare different warehouses’ performances. Finally, we
cite Space Occupation as an essential indicator of environ-
mental sustainability. More efficient and compact ware-
houses should be preferred over wider ones requiring more
space. Lastly, particularly interesting is the result obtained
from the uniqueness metric. In this group, we have very

Table 4 ICT performances

particular indicators linked to environmental sustainability.
This may show that studies that aim to analyze warehouse
environmental performance rarely combine environmental
KPI with economic performance and vice versa. In addition,
articles specializing in environmental sustainability perfor-
mance seem to focus on a small set of indicators compared
to other analyses.

4.4 Indicator ranking

This section presents the indicators ranked for the five ana-
lyzed metrics: Q, R, C, U, and Y. Table 8 displays the nine
top-ranked warehouse indicators according to the five metrics.

Finally, the three KPIs with the highest aggregated score
for the seven clusters have been identified. To compute
an aggregated rank for the KPIs with the five metrics, we

KPI Definition Unit Q R C S Y

Algorithm reliability Algorithm reliability measures the reliability of the information system, which [1] 0.00 0.13 0.12 0.15 0.11
can be calculated as the absolute number of errors generated by the system in
a given time frame

Bar/QR code reliability Bar/QR code reliability indicates the reliability of the object identification [11 3.33 0.01 0.00 0.12 0.01
system by barcode or QR code. Errors can be measured in terms of incorrect
erased codes or misidentifications

Image Rec. speed Image Rec. speed measures the speed of the automated system to find by image [ms] 2.13 0.00 0.00 0.06 0.00
recognition the items in the warehouse

Response latency Response latency is a measure of information system latency. It measures how [ms] 2.73 0.07 0.06 0.15 0.06
long it takes, from when the request is entered into the system to when the com-
mand is sent to the automated system or worker

Solver iterations Solver iteration is a measure of the information system indicating how often the  [ms] 0.00 0.15 0.14 0.14 0.13

algorithm must iterate to arrive at the optimum (e.g., minimum path, nearest

object, etc.)
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Table 5 Warehouse environmental measures

KPI Definition Unit (0] R C U Y
Barometric pressure Energy recovery is the amount of energy regenerated in a defined time [kWh/day] 2.20 0.03 0.01 0.13 0.02
thanks to systems like kinetic breaks
Humidity Passive consumption is the average power consumption when the system is  [kWh/day] 2.80 0.05 0.03 0.17 0.04
on but inactive
Pollutant/dirty Conc Area occupation represents the proportion of the area used to store items,  [%] 320 0.02 0.01 0.21 0.02
with the space for the passage of operators and vehicles to pick and
handle items
Roof temperature Pollutant emission calculates the environmental footprint of the warehouse. [CO,eq/day] 2.80 0.01 0.01 0.16 0.01
It can be computed in CO,eq emitted
Temperature Energy consumed by the warehouse [kWh/day] 320 0.12 0.11 0.18 0.10
Table 6 Emission, waste, and environmental commitment indicators
KPI Definition Unit Q R C U Y
Energy consumption [34] Energy consumed by the warehouse [kWh/day] 3.67 0.09 0.07 0.15 0.09
Energy recovery [27] Energy recovery is the amount of energy regenerated in a defined time [kWh/day] 2.73 0.02 0.01 0.15 0.02
thanks to systems like kinetic breaks
Passive consumption Passive consumption is the average power consumption when the [kWh/day] 2.67 0.01 0.00 0.18 0.01
system is on but inactive
Pollutant emission [34] Pollutant emission calculates the environmental footprint of the ware- [CO,eq/day] 2.67 0.04 0.02 0.16 0.03
house. It can be computed in CO,eq emitted
Space occupation Area occupation represents the proportion of the area used to store [%] 347 0.16 0.19 0.12 0.14
items, with the space for the passage of operators and vehicles to
pick and handle items
Vehicle autonomy Vehicle autonomy measures the percentage of time that vehicles oper-  [%] 240 0.03 0.02 0.11 0.03
ate tasks without operator supervision
Table 7 Labor practice, decent work, and social responsibility indicators
KPI Definition Unit Q R C U Y
Activity automation [36] Activity automation is a qualitative indicator representing the degree of [1] 327 0.07 0.11 0.12 0.06
automation of a warehouse
Human activity time Human activity time is a measure of the automatization of the warehouse. It %] 3.87 0.04 0.03 0.12 0.03
is calculated as the % time of tasks performed manually
Human error Human error is a qualitative index measuring the number of errors commit-  [1] 3.73 0.05 0.06 0.11 0.04
ted by human resources during tasks. It can be determined as the number
of errors in a specific period
Human utilization Human utilization measure the utilization of human resources [%] 3.93 0.05 0.05 0.11 0.05
Machine safety Machine safety is a qualitative indicator measuring safety in automated [1] 3.87 0.02 0.01 0.11 0.02
machines. It can be quantified as the number of accidents reported in each
time period caused by machine failures
Noise Noise is a measure of the quality of work [dB] 2.67 0.02 0.00 0.14 0.02
Operators per Area Operators per Area measures the number of operators per m2, it indicates [1/m2] 3.53 0.04 0.03 0.11 0.03
eventual overcrowding of specific areas, and it is a measure of the quality
of work
Work safety Work safety is a qualitative indicator measuring safety in the work environ-  [1] 3.67 0.08 0.08 0.14 0.07

ment. It can be calculated as the number of accidents reported in each
period
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Table 8 Top 9 indicator ranking

Fig.3 Ranking of the three
most valuable KPIs for each
category

Questionnaire (Q)

Rel Freq (R)

Cit Freq (C)

Unicity (U)

Yearly Freq (Y)

Inventory turnover

Human utilization

Human activity time

Machine safety

Capacity flexibility

Human error
Work safety
Lead time

Energy consumption

Travel time
Travel distance
Holding cost
Throughput
Lead time
Inventory cost
Picking time
Area occupation
Cycle time

Travel time
Travel distance
Throughput
Holding cost
Picking time
Cycle time
Lead time
Inventory cost

Space occupation

Pollutant/dirty Conc
Passive consumption
Holding cost
Temperature
Humidity

Roof temperature
Pollutant emission
Inventory cost
Response latency

Travel time
Travel distance
Holding cost
Throughput
Lead time
Picking time
Inventory cost
Area occupation
Cycle time

0.75-

0.25-

0.00-

. Cost Related Performances

. Emission, Waste, and Environmental Commitment Indicators

. Generic Performances

. ICT Performances

Travel Time =
Holding Cost -
Throughput =

Travel Distance =

Labour Practice. Decent Work and Social Responsibility Indicators

Lead Time -

Picking Time ~
Inventory Cost -

Space occupation =
Capacity Flexibility =

. Time Related Performances

. Warehouse Environmental Measures

1 1 1 1 1 1 1
@ 7] c c ] >
S P 'E' 6 < O
= E= = o <
T © & @ T = @9
T © E © £ © &
a [ = < el Qo -
£ £ 2 5 5 £ 9
o g 5 =2 < g 2
@« o 2 = o
> s 8 &
o F=E ) a
5 37 8
e <
w
KPIs

Human Utilization =

Humidity =

Pollutant Emission =

Pollutant/Dirty Conc. =
Algorithm Reliability =

@ Springer



308 The International Journal of Advanced Manufacturing Technology (2024) 130:297-310

normalize them by dividing each value by the maximum
value found using the formula:

™ max(M,)

where 1\_4,-k is the value of the i th normalized metric for the
k th warehouse indicator. According to Yu et al. [37], the
proposed approach stands out as the most effective means
of normalizing positive values because it preserves both the
minimum and maximum values, as well as the relative dif-
ferences between elements in the series. Consequently, it
allows us to scale all metrics within the range of 0 to 1,
where O signifies the highest quality and 1 represents the
lowest quality, and finally, we compute the arithmetic aver-
age. The result of this final ranking is represented in Fig. 3.

It is interesting to note that at the top positions with very
high scores, classic performance metrics related to time,
cost, or warehouse efficiency are predominant, while envi-
ronmental or social performance indicators, besides being
fewer in number, are also less used both in scientific research
and in industrial environment.

5 Conclusions and future works

In conclusion, this paper has presented a framework mainly
based on a quantitative evaluation and on a ranking procedure
for analyzing the most used KPIs in the context of ware-
houses. Through a comprehensive analysis of the scientific
and industrial literature, we have identified the most impor-
tant KPIs and their definitions and provided guidance on how
to measure and use them to improve warehouse performance.

Overall, this paper provides a valuable contribution to the
field of warehouse management by providing a structured
approach to evaluating KPIs and highlighting the importance
of continuous performance improvement. By implementing
the proposed evaluation method and ranking procedure,
warehouse managers and operators can effectively monitor
and improve their warehouse performance to achieve their
business objectives.

During the second step of our warehouse KPI analysis,
we identified several KPIs that were not included in the pro-
posed ranking procedure presented in this paper. However,
we believe that these KPIs are still important for an overall
view of a warehouse measurement system and should be
included in future studies. Incorporating these KPIs into
the evaluation method and ranking procedure will provide
a more comprehensive understanding of warehouse perfor-
mance and help warehouse managers and operators iden-
tify areas for improvement. Examples of such KPIs include
shortage costs, replenishment costs, and ergonomics.

@ Springer

The first indicator, shortage costs (sometimes it can be
found as penalty costs [38]), aims to evaluate the effect of
stock out. It represents costs incurred due to backlogging or
delivery penalties for incorrect timing. Only in the case of
contractual penalties does this mean an actual expense for
the company, but more often, it is an opportunity cost whose
estimation is particularly complex. According to [39], most
researchers assume that during the stockout phase, the short-
ages were either. However, in practice, some devoted potential
consumers are ready to wait for these shortages, while others
can be more impatient and search for the goods elsewhere.

Replenishment costs are the costs incurred for the procure-
ment of new items. Replenishment costs, holding costs, and
shortage costs constitute inventory costs (presented in Table 3).
These three costs include various sides of the same coin. It is
necessary to demand large orders to lower the replenishment
cost. However, implementing this strategy impacts holding
costs (especially in the case of perishable products). A proper
balance between order size and frequency decreases the chances
of stockout and, thus, shortage costs. A heuristic application of
an efficient replenishment strategy can be found in [40].

Another interesting KPI is ergonomics. Warehouses,
particularly picking activities, require a significant human
workload, so keeping track of workers’ good physical condi-
tion is critical. In [41], an optimization model for picking is
proposed to find the best solution for a storage location prob-
lem that minimizes the cycle time and the work discomfort.
They estimate a measure of the work discomfort based on
location factors (e.g., picking level, section number, and type
of bin) and product factors (e.g., quantity, mass, and volume
of the product to pick). While in [42], the authors evaluate
the physical fatigue of workers through an analysis of spinal
load performed in a lab environment.

A potential improvement for the current article would be
to define all 70 key performance indicators (KPIs) proposed
using the approach outlined in ISO 22400. This approach is
focused on optimizing management performance by providing
a detailed description, including its relevant scope (e.g., work
unit, work center), a mathematical formula used for calcula-
tion, the unit of measurement, range of values, and a trend to
assess whether the results are satisfactory or not. Incorporat-
ing this approach would enhance the clarity and accuracy of
the KPIs proposed in the article and make it easier for manag-
ers to understand and apply them in their own organizations.

Two main further improvements to the framework could
be made. Firstly, alternative sources could be used for the KPI
discovery phase, e.g., an industrial source, to increase the
relevance and applicability of the KPIs proposed. Secondly,
the validation and ranking of the KPIs could be enhanced by
involving a larger sample of industrial experts and conducting
more extensive and detailed interviews to gather their opin-
ions and insights. These improvements would help to ensure
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that the KPIs identified are comprehensive, relevant, and reli-
able and would enhance the overall quality of the study.

Another type of improvement to the framework is the
application of text mining and natural language process-
ing (NLP) techniques to detect KPI references in a generic
document, for example, a scientific manuscript. For exam-
ple, the KPIs in the document can be evaluated using term
frequency-inverse document frequency (TF-IDF) [43] using
different types of NLP techniques already discussed in other
scientific works [44]. A not discussed output of the analysis
described in this paper is creating a collection of scientific
manuscripts in PDF format where the KPIs identified by
human processing analysis are highlighted. This database
is a resource that habilitates the use of supervised machine
learning methods to obtain a KPI detection model in a docu-
ment. Therefore, a comprehensive future improvement is
using both supervised and not supervised methods to auto-
matically identify KPIs in a text-based document.

Finally, an interesting qualitative future work is the
introduction of the industry 5.0 concepts in the KPI clas-
sification. This work includes a classification based on
different sustainability criteria, and this is a fundamental
step in evaluating and classifying KPIs in terms of sus-
tainability, human-centrality, and resilience of the system
where this KPIs set is applied.
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