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Abstract 
Companies’ productivity is critical in contemporary warehouse environment to maintain efficiency and competitiveness 
within their supply chain. Warehousing operations are well known for their impact on the overall supply chain and need 
to be wisely managed. Among those activities, allocation planning and layout design are some of the most important 
concepts in practice. Current research tends to emphasize homogeneous environment, which leaves heterogeneous 
and non-standard cases with less attention, even today. This paper aims to review the literature regarding warehouse 
allocation planning and layout design methods that could suit practical industry problems, with a focus on heterogene-
ous and non-standard spare parts. It also aims to describe the current trends in these fields. Following a literature review 
methodology, a total of fifty-seven articles were reviewed to identify the methods developed and used. The reviewed 
papers were also investigated in order to identify research gaps and future directions. The analysis concluded that more 
research is needed to better understand and optimize heterogeneous and non-standard spare parts environments in 
terms of allocation and layout design. More practical case applications also remain a gap to address.

Article highlights 

•	 This article evaluates 8 concepts/parameters related 
to warehouse allocation operation. This is to ensure 
a deep analysis of heterogeneous and non-standard 
parts presence in literature.

•	 A research gap is identified regarding heterogeneous 
and non-standard parts in warehouse allocation and 
layout design methods in the scientific literature.

•	 This article evaluates 3798 scientific papers over a 
20-year timeframe. From this, we present 57 methods 
and 8 gaps in scientific literature.
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1  Introduction

Faced with stiff economic and international competition, com-
panies need to become truly efficient in warehouse operation 
planning to fulfill their mission and remain productive [59]. 
Nevertheless, in real-life situations, optimizing warehousing 
layout design and allocation is often a challenge to achieve 
a feasible solution [88], as different factors may be difficult to 
overcome [85]. Moreover, 90% of warehouses in the world are 
still managed manually or with low-level automation [50]. The 
recent changes in global uncertainty and risk on the supply 
chain that Covid-19 imposed is a good example of a factor 
which had a real impact on warehousing systems [76]. Fur-
thermore, customer behavior and preferences can change 
at any moment and logistics should be able to keep pace 
[46]. Thus, a robust warehouse layout design and an efficient 
internal product allocation process enhance the probability of 
success [24]. [31] highlighted three priorities for optimal man-
agement systems, involving reduction of the use of sheets to 
keep track of the operations performed, to manage real-time 
inventory needs, and to maintain high productivity levels.

In this article, we perform a literature review that focuses on 
warehouse layout design and allocation planning methods. 
We focus on heterogeneous spare parts which suits practi-
cal industry problems. [6, 44, 75, 88] all deplored the lack of 
literature on the practical effect of real-life features on ware-
housing operational planning activities. Many challenges arise 
with heterogeneous parts and real industrial constraints. [13] 
suggested an increase in the complexity of warehouse han-
dling activities. [75] highlighted the difference in complexity 
for heterogeneous parts characteristics and their impact on 
warehousing and maintenance inventory. Specific interest in 
evaluating spare parts in such industrial realities is clear. In fact, 
the aftermarket business model and operational realities are 
completely different than in industrial production in relation 
to the uncertainty factor [75]. Thus, a focus on these aftermar-
ket spare parts becomes evident to increase the understand-
ing on this subject and determine storage needs and capac-
ity. [110] From an economic perspective, spare parts play a 
critical role in the value for the customer and enterprise. This 
increases the need for further research on this matter since 
this subject still seems to best in its infancy.

The objective of this study is therefore to highlight 
the most promising methodologies and approaches that 
could suit such environment. To achieve this goal, con-
cepts related to warehouse operations planning from the 
last 20 years (2000 to 2022) were analyzed to answer the 
following four research questions in relation to specific 
keyword sets. For each keyword iteration, one or more 
of those elements such as non-standard/heterogeneous, 
trends, practical case studies, and upcoming technologies 
were analyzed in the initial screening:

RQ1 Which methods were developed to improve pro-
ductivity in warehouse allocation planning?
RQ2 Which methods were developed to improve pro-
ductivity in warehouse layout design?
RQ3 Which methods were proposed to improve pro-
ductivity in warehouse regarding allocation and layout 
design simultaneously?
RQ4 Which methods were used to increase productivity 
for practical case studies, especially for heterogeneous 
non-standard parts environment?

To answer these questions, we used a set of specific key-
words. For each keyword iteration, one or more of those 
elements such as non-standard/heterogeneous, trends, 
practical case studies, and upcoming technologies were 
analyzed in the initial screening.

Trends and emerging practices were also examined during 
the analysis. The investigations showed that smaller and more 
frequent transactions occur in warehouses [31]. Also, prod-
uct allocation planning regarding handling constraints for 
workforce security management seems to be on the rise [86]. 
Another concept in self-storage warehousing with customer 
choice appears as a contemporary issue [113].

The remainder of this paper is as follows. Section 2 
summarizes the main concepts of warehousing and oper-
ational planning. Section 3 describes the methodology 
used in this paper. Section 4 presents the answers to the 
research questions and some recommendations. Section 5 
concludes the paper.

2 � Preliminary concepts

This section presents some preliminary concepts about 
warehouse layout design and allocation planning.

2.1 � Layout desing

Warehouse layout design typically focuses on the position-
ing of docks, reception, racking location, racking height, and 
slots dimensioning. [46] described warehouse design activities 
as the physical layout, the storage equipment, the handling 
equipment, automation solutions, information systems, labor, 
and activities to determine. Physical layout can be described 
as the aisle and lane configuration, the stacking height, 
while storage, and handling equipment, including racking, 
forklift, and carousel. [93] tries to solve a warehouse design 
for a block stacked warehouse. They determined the lane 
depth, stages, and temporary additional capacity which is of 
dynamic nature. Thus, a lack of flexibility and capacity which 
evolve dynamically can have a major impact on the system 
[21]. [36] proposed a review of warehouse layout design meth-
ods and identified five decisions as follows: overall structure, 
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department layout, operation strategy, equipment selection, 
sizing, and dimensioning. They also introduced the impor-
tance of benchmarking and analytical operations for a bet-
ter performance evaluation. [96] investigated the warehouse 
layout problems and concluded on the utility of the cube-per-
order index (COI). [63] presented a literature review that looks 
at designing warehousing systems with a focus on order pick-
ing. [107] presented a review for optimal warehouse designs 
with case study applications. They focused on average order 
picking and total traveled distance for determining the design.

Sometimes layout design needs to be reviewed to be more 
efficient, as redesigning might be more suitable and less 
expensive than building a new warehouse. [26] suggested 
how to redesign production layout for real case scenarios with 
a dedicated storage method. [5] followed the redesign layout 
planning for a systematic layout planning usable on real case 
studies. Another approach for real cases is considered by [81]. 
They evaluated different warehouse layouts by comparing a 
classic layout design with other general layout concepts like 
fishbone, class-based, shared storage, dedicated, and random. 
[43] utilized the warehouse design dedicated policy for a real 
case study. [67] followed the redesign by proposing layout 
changes and handling methods for a real case raw material 
storing process. [69] presented a case study with limited space 
situation and for warehouse layout design in a specific auto-
mobile material supplier. Their main objective was to design 
two warehouse layouts to fulfill the company storage assign-
ment. They followed a class-based approach. [40] presented a 
design methodology for converting regular warehouses into 
different zones. [84] resolved a warehouse layout design for a 
real case problem while mixing allocation techniques such as 
ABC class-based storage. [51] worked on the design of a multi 
warehouse inventory model with the rain optimization algo-
rithm. They also presented the concept of optimal replenish-
ment policy (ORP). Figure 1 presents a dynamic cross-docking 
layout design for easy picking.

2.2 � Storage, product allocation, and slotting

Storage, product allocation, and slotting all refer to the capac-
ity and ability to put items correctly in a specific place. [37] 
specified that one of the most important things in warehouse 
operations planning relates to the storage and allocation of 
products to the right storage positions. [31] explained that 
SKU and storage zones, including strong correlation together, 
should be the closest possible to each other. [48] described 
slotting as the operation to find the best location to keep an 
SKU inside the storage zone. Thus, many problem-solving 
algorithms or methods related to allocation were developed 
over the years. Here is a non-exhaustive list of allocation prob-
lems or methods one can find in the literature: the multi-layer 
allocation problem (MLAP), the storage location allocation 
problem (SLAP), the class-based storage location allocation 
problem (CBSLAP), dedicated storage, random, closest, far-
thest, ABC class, forward reserve, and zoning. SLAP is derived 
from the more general location allocation problem (LAP). [14] 
studied storage and stacking in the marine transportation 
industry. The objective was to stack sea cans in a fixed stack 
with limited height while the stacks had to be at a workable 
distance from the cranes. [57] focused on stacking goods for 
a real case study in container stacking in ports which they 
defined as the stack loading problem (SLP). [64] described the 
MLAP problem as a variation of the SLAP problem, including 
multiple floor levels for bins in the warehouse. In other words, 
the MLAP differs from the general SLAP by adding another 
dimension in the storage with floors and height. [104] fol-
lowed the class-based storage location but used a constrained 
clustering method as well. To achieve their results, the COI 
index was used. [33] also followed the class-based storage 
method for a real case study. [19] worked on order picking in 
a multi-level rack warehouse with a class-based storage pol-
icy. In their paper, they pointed out important factors to take 
into consideration like the material handling system, product 
characteristics, demand trends, and the turnover rate. They 
also regrouped the storage assignment policies in three main 
groups which are random storage, dedicated storage, and 
class-based storage. [3] wanted to optimize storage classes via 
a minimum travel cost. They ranked location with frequencies, 
arrivals, and demand. [108] also presented a class-based stor-
age with a finite number of items. They concluded that using 
more classes is not always better. [11] investigated the CBSLAP 
in more depth with a class-based storage location assignment 
overview of policies and classification. Their classification for 
storage policies separated the SLAP problem between dedi-
cated and shared storage, dedicated storage being linked to 
parts number, turnover rates, COI, and correlated items while 
shared policy being separated between class-based and hap-
hazard. [32] tried to solve the general assignment problem by 
including worker capabilities. [45] used a genetic algorithm to 
solve a multi-objective storage allocation. [98] interacted with Fig. 1   An illustration of a dynamic picking zone model
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the intelligent storage allocation with multiple objectives. 
They used class-based with fixed location and worked with 
flood management. Forward reserve is another option for 
storage and allocation. [100] presented a forward reserve stor-
age strategy for customer order mixed with class-based crite-
ria. The objective was to measure customers’ order response 
time and the overall system capacity in an AS/RS situation. 
A forward pick area can be described as a warehouse within 
a warehouse. It can help to stock the most popular items in 
small amounts to reduce the main picking zone [9]. It can then 
be replenished with bigger reserve storage.

3 � Research methodology

To find the most promising methods that could suit practi-
cal industry problems related to allocation planning and 
layout design, especially for heterogeneous spare parts, 
a literature review approach called a conservative search 
and screening methodology. This approach is a reliable 
methodology that could be easily repeated by any reader. 
In fact, the methodology is used in other papers. [23, 36, 
90] Also, to the best of our knowledge, no other papers 
were evaluating heterogenous environment even at a low 
importance concept which represent a large gap between 
the literature and the practical world. Thus, a conserva-
tive and screening approach was more adequate to clearly 
address the research question. The process together with 
the number of articles identified in the steps is illustrated 
in Fig. 2.

3.1 � General Methodology

The first step of the method involved defining the research 
questions. To identify promising methods that would be 
useful in the real world, especially when dealing with non-
standard space parts, the questions to investigate were 
defined. The objective was to find papers related to alloca-
tion planning, layout design or both concepts simultane-
ously. The last question is concerned about practical case 
studies and heterogeneous/non-standard environment.

The second step involved determining the keywords, 
the research databases, the source types, the language 
considered, and the years of publication. We investi-
gated different combinations of keywords related to 
the variability of warehouse operations concepts. Thus, 
we first separated those concepts as follows: “warehouse 
allocation planning”, “warehouse layout planning”, “non-
standard shelf layout or warehouse variable layout or 
warehouse adaptable layout”, “warehouse operational 
planning”, “warehouse limited storage capacity”, “non-
standard or heterogeneous or diversified spare parts”, 
“warehouse capacity utilization”, “warehouse total 

storage capacity or warehouse storage capacity”, “ware-
house storage management”. Then, a mix of keywords 
to identify previous literature reviews was searched: 
“literature review and warehouse allocation”, “literature 
review and warehouse layout design”, “literature review 
and warehouse operational planning”. All keywords set 
iterations evaluated the best articles related to the main 
concepts of this research which are non-standard/het-
erogeneous, trends, practical case studies, and upcom-
ing technologies.

The research database “Compendex” and “Inspec” were 
the ones selected as being recognized as useful tools in 
the field of engineering and operations management. To 
limit the number of papers to examine, a focus on scientific 
journal papers was determined and English was the only 
language considered. Only papers published from 2000 to 
2022 were considered from an evolutionary perspective 
of how the current subjects evolved through time while 
detecting the new trends emerging from such subjects. 
The reason for the diminution in the number of papers 
between the metasearch and the search strategy is related 
to the keywords sets which involved a focus on allocation 
or layout design concepts. All the papers with a focus on 
other main concepts such as picking, routing, automation 
technology or shipping were eliminated from the search. 
This reduced the number of papers from 3798 to 138.

The third step involved conducting an initial screening 
by looking at the titles and abstract to determine whether 
the articles were relevant for this study or not. Once again, 
articles focusing on concepts other than allocation and 
layout design were excluded, as well as purely theoretical 
studies considering a perfect homogeneous environment. 
This decreases the number of papers to be reviewed in the 
next step to 84.

The following step encompassed a full-text screening. A 
total of 57 papers were finally kept for the literature review.

Metasearch

•Define Metasearch 
•Number of papers : 3798

Search 
strategy

•Define search sets of keywords
•Number of papers : 138

Ini�al 
screening

•Titles and abstract screening, remove duplicates
•Number of papers : 84

Full text 
screening

•Full text, remove irrevelant ar�cles
•Number of papers : 57

Fig. 2   Conservative search and screening methodology



Vol.:(0123456789)

SN Applied Sciences           (2023) 5:378  | https://doi.org/10.1007/s42452-023-05608-0	 Review

4 � Results and discussion

4.1 � Descriptive results

Figure 3 presents the number of reviewed papers per year. 
We can see that research on warehouse allocation and lay-
out design concepts has increased in recent decades and 
that 85% of the literature reviewed has become available 
since 2010.

Figure 4 shows the total number of papers based on 
the country of affiliation of the first author. All the coun-
tries with at least 3 papers reviewed are shown within 
this figure. Figure 5 describes the number of articles by 
journals in ascending order when at least 2 articles were 
published in them. The International Journal of Produc-
tion Research, the International Journal of Advanced 
Manufacturing Technology, and the European Journal of 
Operational Research are the most frequent journals in 
the field. Figure 6 describes the number of papers look-
ing at the two main concepts together (allocation and 
layout design) per year. Table 1 is related to the number of 
papers per methodology. Simulation methodology refers 
to research including a simulation model and/or the use 

of simulation software. A literature review methodology 
refers to a paper in which the research core is concerned 
with presenting the literature and papers related to the 
specific concepts of a scientific field. Analytical method-
ology refers to research papers including a mathematical 
model or a heuristic. Analytical represents mathemati-
cal models including algorithmic models that normally 
look for an exact solution and optimization model. Heu-
ristics models are also included. A qualitative method-
ology refers to research papers describing conceptual 
frameworks, questionnaires, or factual data. Most of the 
reviewed papers used mathematical models to identify an 
optimal solution. Only a few articles exploiting heuristics 
were found. Table 2 presents the concepts studied in this 
research according to degree of popularity (number of 

Fig. 3   Statistics concerning the papers reviewed per year

Fig. 4   Papers distribution of publications based on first author’s 
country

Fig. 5   Papers reviewed according to the name of journals

Fig. 6   Papers reviewed per year based on the main concepts (allo-
cation and layout design) considered in this study

Table 1   Type of methodology per year

Number of papers per methodology

Methodology approach Number of articles Percentage

Simulation 5 0.09
Analytical 43 0.75
Literature review 5 0.09
Qualitative/ Conceptual 4 0.07
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papers and their overall percentage on the total numbers 
evaluated).

4.2 � Research questions

This part presents all relevant findings in relation to the 
research questions investigated.

4.2.1 � Question #1

4.2.1.1  Which methods were developed to improve produc‑
tivity in warehouse allocation planning?  The first research 
question was related to warehouse allocation planning 
and the current approaches and methods available in 
the literature to solve this problem, especially regarding 
non-standard, heterogeneous environments. In [85] an 
architecture for product allocation planning with compat-
ibility and safety constraints and with an IoT-based ware-
house. A proposed multi-agent architecture for PAP with 
compatibility constraint was described. [86] focused on a 
product allocation planning (PAP) problem with handling 
constraints within a case study. The constraints evalu-
ated were the weight and the shape. The model followed 
a zero–one quadratic assignment. They brought some-
thing new as the Covid-19 handling constraints which 
add additional challenges to operational planning. Their 
modeling led to 24% reduction in picking distance by 
implementing ABC clusters and odd shaped constraints. 
[98] described a dynamic programming approach for the 
SLAP problem. The main objective was to enhance order-
picking with good storage location in a dynamic perspec-
tive. [111] mixed IoT, integrated production planning, 
and warehouse storage assignment for a practical case. A 
linear programming model minimizing the total produc-
tion cost and warehouse operations was presented. [80] 
followed the same thinking with an integrated model for 
warehouse and inventory planning. They also evaluated 

the capacity restrictions in inventory planning. [61] pro-
ceeded in a separate direction with a class-based storage 
assignment over life cycle picking patterns. The model was 
based on a mixed-integer linear programming (MILP) pat-
tern. They introduced product popularity (consumption 
level) as the main characteristic for an SKU storage level. 
The more popular it was, the closer to floor level it had to 
be. [55] focused on the optimization of warehouse stor-
age capacity with a dedicated storage policy. Moreover, 
this paper aimed to determine the space requirements 
under a dedicated storage policy. Thus, they used a non-
linear programming model to minimize the cost of space 
used in the warehouse. [58] evaluated beyond static sce-
narios with a dynamic storage assignment with product 
affinity and ABC classification. They proposed a case study 
to show the usefulness of such a scenario. Their method 
used a product affinity-based heuristic with a quadratic 
assignment problem. [41] created a model for storage 
arrangement and reallocation in storage operations. The 
model proposed a heuristic algorithm for storage reallo-
cation. [70] aimed to maximize the storage space avail-
ability inside a chaotic warehouse via a heuristic for the 
SLAP problem in a multi-level case. Their method was 
also usable for determining the right timing for reloca-
tion. [3] checked the allocation problem for the unit-load 
warehouse and tried to optimize it via storage classes. The 
focus of the paper was on describing a potential solution 
for practical cases. The method was solved with linear pro-
gramming. [38] evaluated the impact of storage space on 
storage policy performance in a unit-load warehouse. The 
study also found that class-based storage performs better 
than turnover-based policy. [99] pointed out that litera-
ture normally evaluates single-period instead of multiple-
period for orders in warehouse. Thus, warehouses should 
rather be seen as a dynamic place which needs to evolve 
over time. The proposed innovative way for warehouse 
storage allocation evaluated the entry-item-quantity and 
then sorted all SKU. [104] followed a constrained clus-
tering method for class-based SLAP in a warehouse. The 
originality of such method lies on the constrained cluster 
and in the practical storage constraints evaluated. They 
used the COI index for grouping and sub-grouping and 
then found results with a heuristic assignment model. 
Multiproduct slot allocation heuristic was the main object 
in [10]. The objective was to minimize storage space 
with such a heuristic. The model linked to a real industry 
case and showed good results with a dedicated storage 
policy. [108] discovered an interesting correlation that 
more classes in a class-based allocation strategy are not 
always better. Their research evaluated the class-based 
storage with a finite number of items in a SLAP problem. 
They found that 3 to 8 classes were normally sufficient to 
obtain near optimal solutions. [102] also evaluated class-

Table 2   Papers reviewed by concepts

Concepts studied in the selected papers

Concepts Number of 
papers

Percentage 
(%)

Trends/Emerging practices 7 12
Layout design 31 54
Storage, allocation, slotting 32 56
Both (allocation and design) 9 16
WMS, big data 12 21
Management/human resources 3 5
Non-standard/heterogeneous parts/

environment
4 7

Practical cases 18 32



Vol.:(0123456789)

SN Applied Sciences           (2023) 5:378  | https://doi.org/10.1007/s42452-023-05608-0	 Review

based storage policies for the allocation problem. This 
time, the focus was on optimal dimensions for multi-deep 
storage systems instead of standard warehouse. This is 
related to AS/RS automated storage systems. Once again, 
the utilization of class-based strategies was relevant. [47] 
looked at large distribution centers for their storage loca-
tion assignment heuristic based on slot selection and fre-
quent itemset grouping. They evaluated a new dimension 
of SKU by integrating itemset grouping, which led to bet-
ter agglomeration of parts in a smaller slot. [29] worked 
on the SLAP problem with order picking optimization in 
the automobile industry. They solved it with a class-based 
policy and batching and routing problems via an integer 
programming model. In [59] a linear programming and 
decision-making model was presented to improve ware-
house utilization. The objectives were to find the best 
decision for storage racks with box placement.

4.2.2 � Question #2

4.2.2.1  Which methods were developed to improve produc‑
tivity in  warehouse layout design?  The second question 
focused on the warehouse layout design concept, with 
a focus on non-standard, heterogeneous environments. 
Layout design modeling for a real world just-in-time 
warehouse was presented in [42]. They proposed another 
perspective for layout design related to just-in-time 
warehouse instead of a traditional one. [66] used a par-
ticle swarm optimization algorithm for the multiple-level 
warehouse layout design problem. The paper proposed 
solutions such as orientation of storage racks and the 
overall configuration. For non-conventional warehouse 
design, [30] discussed a heuristic comparative assess-
ment for unit-load warehouse. They used the FlexSim 
software to present a simulation of different designs. [16] 
proposed solutions to determine slot sizes in a unit-load 
warehouse. The purpose of this paper was to go beyond 
the equal height slot generally found in the literature 
and to present different slot size possibilities in one solu-
tion. [78] tried to enhance manual order picking areas 
via the design of the layout structure. Their model mini-
mized the travel distances in the picking area with paral-
lel structure. Another possibility with warehouse models 
is self-storage warehouses. Thus, [113] described a design 
for self-storage warehouse with customer choice. They 
used a customer choice model to evaluate the probabil-
ity of purchase. This model was a mixed-integer model 
solved with the branch-and-price algorithm. A guideline 
was proposed by [83] for developing a design in a case-
picking warehouse. The main objective was to determine 
guidelines for good design in manual case-picking ware-
houses. [79] explained how to estimate optimal ABC zone 
sizes in manual warehouses. They presented the benefits 

of ABC class-based storage policy for SLAP problems. 
The zoning experiments were compared between one to 
three zones (20/30/50) patterns. [103] investigated a fuzzy 
multi-level warehouse layout problem. A tabu search was 
utilized and presented a good steppingstone for the lay-
out problem. [73] mixed the determination of warehouse 
layout and control policies in their paper. [39] studied the 
uncertainty theory method in relation to the multi-level 
warehouse layout problem. Uncertainty factors were 
included, and two different models’ scenarios were eval-
uated. [94] followed a different path with the imperfect 
staggering in product inflow with queuing theory. The 
paper explored the block stacking layout problem with a 
model of the imperfect staggering effects. [6] discussed 
a structured approach for warehouse design. The paper 
of [15] related to economic and ergonomic performance 
measures helped to understand the rack design for the 
warehouse layout design problem. [17] focused on the 
fishbone warehouse design with vertical travel. The paper 
presented a three-dimensional design with a fishbone 
layout. Another point in layout design is to manage the 
deep lane storage system layout. [1] proposed an itera-
tive decision-support model for this problem with block 
stacking storage environment. A simulation and the ana-
lytic hierarchy process for decision support systems were 
presented in [76]. The focus was on air cargo warehouse 
capacity design. Thus, they tried to integrate a practi-
cal case study with a complex simulation. The question 
between automated or manual storage systems was the 
subject of [110]. The authors proposed insights for man-
agers to select the most appropriate storage systems. [91] 
wanted to optimize layout for a three-dimensional order 
picking warehouse. Their work helped to determine lay-
out warehouse while determining the depth and number 
of levels of such a warehouse. On a more global note, [23] 
presented the major changes in the last years in terms of 
warehousing. This paper encompassed the new trends 
and technologies and gave insights concerning what is 
happening nowadays. [92] evaluated the design of an 
order-picking warehouse with vertical travel and space 
sharing. The warehouse was a single block rack-based and 
the model integrated practical case data.

4.2.3 � Question #3

4.2.3.1  Which methods were proposed to improve produc‑
tivity in warehouse regarding allocation and layout design 
simultaneously?  Regarding the study of both concepts 
simultaneously (allocation and layout design), only a few 
publications were found. Those articles mainly focused on 
reviews or general models. In [13], assembly kits were an 
important variable to determine warehouse layout design 
and assignment procedure. The main difference with pre-
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vious research was based on the physical attributes of the 
parts evaluated and their occurrence in assembly kits. In 
[24], an overview of the problems found in layout design, 
storage assignment, and order concepts of warehouse 
operational planning such as zoning was proposed. They 
described many advantages of good practices in ware-
house operational planning, such as transportation/
production economies, reduced lead time uncertainty, 
increased customer service, and satisfied changing mar-
ket conditions. Another review was found in [35]. The 
review based on warehouse operations enhanced the 
reader’s knowledge on various operations planning prob-
lems, including the layout design and allocation problem. 
[105] tried to minimize operating costs in a picker-to-part 
warehousing system. From this, an evaluation on multiple 
concepts from warehouse operational planning (WOP) 
was developed, which included allocation and layout 
design. The paper proposed an algorithm determining 
the number of zones, bins, and racks. [97] integrated an 
optimized fishbone warehouse layout with a SLAP prob-
lem and a picker routing. With those 3 concepts from WOP, 
they proposed a 3D layout design with a turnover-based 
assignment for allocation. In another spectrum, [34] incor-
porated human factors in order picking planning. [13] 
designed diagonal cross-aisle warehouses including a 
class-based storage assignment strategy. They worked on 
a non-traditional model such as diagonal cross-aisle with 
unit load and compared their results with a traditional and 
random one. In [90], the design of efficient order picking 
systems with a planning combination was studied. The 
main objective was to show which combination policies 
could be used for such problem.

4.2.4 � Question #4

4.2.4.1  Which methods were used to  increase productiv‑
ity for  practical case studies, especially for  heterogeneous 
non‑standard parts environment?  For the last question, 
the literature related to practical case studies and heter-
ogenous non-standard spare parts (SKU) was evaluated. 
However, a few numbers of articles on non-standard spare 
parts were found while practical case studies appeared 
to be a little more frequent. [30] worked on a heuristic 
for non-conventional warehouse designs. The fishbone 
design seemed to be the most effective method in terms 
of warehouse designs [13]. worked on assembly kits with 
variable parts and physical attributes. They looked for 
solutions to agglomerate the assembly kits parts in cor-
ridors and to create such a kit in a single warehouse cor-
ridor. Part categorization was the main procedure for such 
a solution. Then, one could determine the warehouse cor-
ridor and structure afterwards. [78] focused on the limited 
storage capacity problem found in some warehouses. 

They proposed an optimal policy for multi-item systems 
with stochastic demand and backlogged shortages. The 
solution was an inventory model for multiple products. 
[75] worked on maintenance inventory allocation with 
heterogeneous part characteristics. The paper helped 
to better understand dynamic demand in non-standard 
parts systems for specific maintenance with aeroengine. 
They used an ABC-VED matrix for the classification of dis-
tinct categories. [12] considered a non-traditional ware-
house with a diagonal cross-aisle design.

In [86], the case study analytical model was related to 
a PAP problem with handling constraints in the retail sec-
tor and with manual order-picking operations. The model 
developed a shape parameter linked with data to distin-
guish non-conventional parts against standard ones. [42] 
evaluated the just-in-time warehouse real-world practi-
cal case with the layout design model problem. The case 
study was in the retail industry. [16] compared data from 
different distribution centers in the industry. A key part of 
their study was the evaluation of slot sizes in warehouses. 
From this, one could evaluate different slot sizes in a non-
standard environment. For the automotive industry cases, 
[29] proposed a solution for the SLAP problem and order 
picking optimization. The solution showed that proximity 
for storage location is the main factor to minimize the total 
travel time in assembly warehouses. [113] evaluated a self-
storage in Rotterdam for the design of self-storage ware-
houses with customer choices. The paper included layout 
design and a real case study for a specific non-standard 
warehousing aspect in self-storage. [111] proposed an IoT 
assisted case from a food company for warehouse storage 
assignment and integrated production planning. With the 
beverage industry, [1] from a block stacking warehouse 
presented a way to design and manage deep lane storage 
system layout. This helped in minimizing the storage space 
and time inefficiencies.

In their simulation, [76] worked in the air cargo ware-
house capacity design. This case study gave insights 
concerning how to minimize the cost while enhanc-
ing the performance in a highly dynamic environment. 
[58] looked at a general case study on dynamic storage 
assignment including product affinity and ABC classifica-
tion. [3] evaluated their method with a third-party logis-
tics provider and a unit-load warehouse. They proposed 
an approach to optimize storage classes for this kind of 
environment. The method used the layout information 
and the product flow. They found that random allocation 
is the best choice in highly dynamic environment with few 
allocation bins available at any time. The busier the more 
random the allocation should be since emergency allo-
cation tends to increase drastically traveling time inside 
the warehouse. [101] worked with the steel supply chain 
in a highly dynamic and look-like SKU environment. Their 
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method was based on a managerial optimization with 
RFID warehouse. Thus, the allocation and retrieval pro-
cess could easily enhance its productivity with proper RFID 
system implementation [10]. validated their multiproduct 
slot allocation heuristic with a real industrial case. Even 
if the main purpose of the paper did not directly involve 
a practical case implementation, their heuristic aiming at 
minimizing storage space using a dedicated storage policy 
meant it seemed to be possible to implement in real life. 
The constrained clustering method for class-based SLAP 
by [104] followed the same reality as in the previous paper. 
The main purpose of the paper was not directly related to 
a case study. However, this article tended to obtain satis-
factory results for practical issues.

Figure  7 presents a resume of the analyzed paper 
related to the main criteria of this study.

4.3 � Discussion 

In this section, we discuss the approaches and methods 
found when conducting the review and their application 
to solve practical cases. A discussion focusing on the gaps 
identified as well as the opportunities and trends observed 
is also proposed.

4.3.1 � Warehouse allocation methods

Based on the allocation methods reviewed in this paper, 
the most common elements considered by the authors 
were the following ones:

1.	 Determining an SKU classification
2.	 Considering ABC class within the SKU classification
3.	 Allocating block-unit warehouse (standard location)
4.	 Minimizing traveling time for SKU picking/slotting
5.	 Using the shortest path algorithm for allocation

One of the interesting methodologies proposed in the 
literature is the forward area where the warehouse storage 
location is split between a large warehouse containing all 
the SKUs and a smaller more convenient zone in the for-
ward area. A main challenge identified when reviewing 
allocation solutions resides with the homogeneous stand-
ard evaluation. Most companies are not always standard in 
their operations and SKU dimensions. Thus, the literature 
should focus more on flexible warehouse storage solutions 
with different widths and sizes. More research should be 
done with methodologies suitable for unconventional 
items (heterogeneous) size problems.

4.3.2 � Layout design discussion

The literature reviewed highlighted that designing stor-
age zones and rack dimensions were the main elements 
studied by the authors. Nevertheless, the methods typi-
cally involved static solutions. There seems to be a lack 
of research on flexible layout design. Most of the layout 
design-oriented research also focused on classic rack 

Fig. 7   Summary categorization of the analyzed papers
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layout problems with general, same-size SKUs. However, in 
practical case situations, SKUs of various sizes and dimen-
sions can be handled. More research could certainly be 
conducted for evaluating the impact of SKUs characteris-
tics with non-standard or variation in dimensions, evaluat-
ing the impact of dynamic factors over time, the impact 
of e-commerce/mass customization, as well as the impact 
and productivity of non-conventional layouts (e.g., cross-
docking, JIT, heterogeneous parts).

Also, workforce behavior and management cannot be 
neglected to fully implement new designs, e.g., the impact 
of heavyweight SKUs on potential injury for a worker. 
Some possibilities for future research could include evalu-
ating managerial and workforce variables in WOP research, 
including union or work restriction realities in algorithms 
and simulation models, and evaluating the impact of 
unconventional temperature environment on well-being 
and performance.

The Covid-19 epidemic showed how dramatically such 
events could impact the overall practice and realities in 
warehousing. The crisis has shaken the foundation of 
many concepts such as lead times and security stocks. [31] 
reported important changes over the years in warehous-
ing activities. Among them, smaller and more frequent 
transactions [23, 89]. This reality drastically increases the 
operations planning because of the volume increase of 
purchase orders and leads to more come and go for the 
pickers inside the warehouse. Another reality is an increase 
in item returns. This can be seen with e-commerce [23]. 
[89] dug into the emerging practice due to the recent 
change in order number and the increasing “just-in-time” 
demand from customers. In terms of time, [82] explained 
that companies should be able to complete customer 
orders in less than 24 h for more than 98% of overall order. 
[46] talked about the increasing complexity for inventory 
management where workforce seems to need to develop 
new capacities and understanding of warehousing activi-
ties. [51] made a three-decade literature review about 
warehouse research. Their results showed that the emerg-
ing keywords in terms of warehousing are related to auto-
mated & intelligent warehousing such as integrated WMS, 
application of industry 4.0, and AI sensors. [55] presented a 
case study to design and describe an application of Inter-
net of Things (IOT) in the industry 4.0 era. [21] made a lit-
erature review presenting flexible automated warehouses. 
In terms of emerging technologies, dynamic/flexible auto-
mation is an important part of it. In this matter, flexibility 
can be interpreted as giving more opportunities to adjust 
to market changes such as e-commerce, customization, 
and just-in-time. Automation can be defined as the tech-
nology that processes tasks without human workforce or 
assistance. Emerging technologies presented in [21] are 
Internet of things (IOT), cyber-physical systems (CPS), 

Big data, artificial intelligence (AI), and cloud computing. 
The future of warehousing is slowly converging to fully 
automated systems and unmanned procedures. One 
should determine which level of automation is required 
to be effective and depending on the resources. There is 
an opportunity for future research to look at automation 
levels and the impact on productivity and cost, the mini-
mum automation level to adopt in a specific warehouse, 
cross-automation on multilayer warehouses, including the 
impact of human workforce on floor levels and automatic 
picking on floor levels, dynamic and flexibility related 
to automation, as well as methodologies for automated 
implantation in practical case studies.

4.3.3 � Mixed concepts

As stated in RQ3, some of the papers in this review inte-
grated both concepts of warehouse allocation and lay-
out design. However, most of the papers were literature 
reviews, explaining the concepts and presenting what has 
been done so far. Only one paper included an analytical 
model for a potential solution with a practical case and 
only one with a non-standard environment. There seems 
to be a necessity to conduct more research on both con-
cepts supported by practical case studies. The reasons for 
such low interest in this matter are still unknown.

4.3.4 � Practical cases and non‑standard

During the analysis, practical case studies were found in 
the literature. However, most of the time, practical cases 
meant that some data from a real warehouse were inte-
grated to a mathematical model to generate results. Those 
results do not necessarily confirm whether the implemen-
tation of such a solution is suitable for real-life practical 
cases. Moreover, some papers proposed high-level algo-
rithms that probably only a few companies could use, and 
which would necessitate skilled workforce and/or a signifi-
cant implementation cost. More research could thus look 
at practical case implementations involving allocation and 
layout design methods.

4.3.5 � Future research directions and gaps

Based on the papers investigated, future research direc-
tions and gaps to fill in the literature could be summarized 
as follows.

1.	 Workforce satisfaction and well-being increase overall 
productivity in warehouses. New or adapted methods 
could therefore be proposed to consider this key ele-
ment in heterogeneous environment and make the 
comparison with the standard one. This could increase 
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the understanding of productivity related to specific 
environment [34, 86].

2.	 Non-conventional environment such as cold stor-
age and heated warehouses affects workers’ behav-
ior inside warehouses. New management/human 
resources research mixed with allocation planning or 
layout design in those kinds of environments could 
increase productivity. To the best of our understand-
ing, no research evaluates those impacts while mixing 
them with new innovative productivity solution [85].

3.	 Implementing solutions to practical real-life case stud-
ies increases the value for industry and enhances the 
research opportunity in the warehouse operations 
field. New adapted methods should be proposed to 
limit the gap between theoretical models and real-life 
applications that, most of the time, are stated in the 
literature [16, 30, 39].

4.	 Combined concepts solutions give a faster and more 
flexible way of solving problems for managerial teams. 
Most of the papers propose one concept without evalu-
ating the overall warehouse activities for practical case 
scenarios. This could lead to improvement in one con-
cept but cause problems for other ones. Thus, evaluating 
the impact of one warehouse operational concept on 
another could give a better understanding on opera-
tions correlation in real-life cases. As shown in the results, 
few papers really evaluate more than one concept and 
even fewer integrate them to practical situations, which 
presents an important gap in the literature.

5.	 Non-conventional or heterogeneous warehouse types 
such as cross-docking, heterogeneous, and JIT envi-
ronment are not uncommon in the industry. How-
ever, as shown in the results, few studies are related 
to those. New methods and approaches could be pro-
posed with those elements in further research.

6.	 The Covid-19 pandemic created drastic changes in 
terms of warehousing health and safety concerns 
regarding workforce protection in recent years. 
Research should investigate those impacts on real-life 
industry with new approaches regarding this topic [76].

7.	 Data-driven operations and automated solutions, ena-
bled by Industry 4.0 technology, are an upcoming reality 
for warehousing systems [21, 27, 55]. They are expected 
to play a critical role in increasing warehousing efficiency. 
Thus, future research could study the impact of this evo-
lution in modern warehousing methods using real case 
studies to facilitate their implementation. Future research 
could also include the effect of combining such technolo-
gies with sustainable practices on resources consump-
tion and long-term warehouses productivity.

8.	 As warehouses may play a role in ensuring more resil-
ient supply chains, some research could be conducted 
to identify the new warehouse allocation and layout 

design techniques to adopt so as to build resilience and 
increase the overall effectiveness in warehouse systems.

5 � Conclusion

This paper presented a methodological literature review 
for warehouse allocation and layout design methods in 
general and for heterogeneous and non-standard spare 
parts in particular. The main objectives were to find rel-
evant information regarding methodologies and con-
cepts in that field of study and one of which could be 
implemented in practical cases.

The main findings were related to the lack of non-het-
erogeneous and non-standard environments concerning 
warehouse allocation and layout design methods. We find 
that very few papers integrated those concepts and even 
fewer with practical applications. At present, the literature 
is mainly composed of mathematical models looking at one 
specific concept such as layout design or allocation. A few 
papers try to integrate both concepts together and most 
of the time they do it from a literature review perspective.

The limitations of this paper reside in the specific 
keywords and sets involved. This could lead to differ-
ent results if any other keywords were to be added or 
removed in subsequent research. The time frame can also 
limit the results. Another specification is the possibility 
that some research papers are not included in the final 
version due to initial screening keywords elimination.

We believe that future research might and will focus on 
emerging technologies and automatization in WOP related 
to allocation and layout design for productivity enhance-
ment. It might be an interesting opportunity to mix emerg-
ing technologies and automation with management poli-
cies and workforce. More research on the impact of Covid-19 
health issues with WOP is another opportunity for future 
research. As previously stated, the lack of practical case stud-
ies remains a challenge for future research. Also, it would 
be of great interest to include a bibliometric-based scientific 
approach for a better understanding of the evolution of this 
research field with spare parts and heterogeneous compo-
nents. Finally, we also believe that more complex algorithms 
and mathematical models will evolve with emerging tech-
nologies and hopefully evaluate non-standard environments 
from a practical implementation perspective.
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Appendix

The following tables (Table 3, 4, 5 and 6) describe the main 
findings and method in relation to the previous questions. 
One can find the evaluated articles with their most impor-
tant information.

Table 3   Summary of papers analyzed based on question #1

Article Main findings and method

[85] PAP/CC and IoT-based warehouse. Evaluate and minimize risk of accident in allocation planning. Mathematical model
[86] PAP with handling constraints for practical case study. Mathematical model
[98] Dynamic approach for SLAP. Mathematical model
[111] SLAP and integrated production planning with IoT case. Mathematical model
[80] Inventory planning with integration levels. Mathematical model
[109] Storage in multi-zone storage. Mathematical model
[75] ABC-VED part classification for part allocation
[61] Class-based storage assignment modeling with life cycle picking. Mathematical model
[54] Storage capacity optimization with dedicated storage. Mathematical model
[58] Dynamic storage assignment with product affinity and ABC class. Mathematical model
[41] Storage arrangement and reallocation for storage management model. Mathematical model
[70] SLAP in chaotic warehouse with random storage. Heuristic model
[3] Storage classes optimization in unit-load warehouse. Mathematical model
[101] Management for dynamic SKU in RFID warehouse management in the steel supply chain. Conceptual with model
[38] Space consumption in storage policy for unit-load warehouse. Mathematical model
[99] Storage allocation with EIQ method and sequential pattern mining. Mathematical model
[106] SLAP in automated warehouse. Conceptual approach
[10] Multiproduct SLAP to minimize storage space. Mathematical model
[104] SLAP with constrained clustering method for class-based policy. Algorithm model
[108] Determining number of classes in class-based storage warehouse. Mathematical model
[101] Dimensioning multi-deep storage with class-based policy. Mathematical model
[47] SLAP based on slot selection and frequent itemset grouping in large distribution centers. Heuristic model
[29] Storage location assignment in the automotive industry with ABC class. Mathematical model

http://creativecommons.org/licenses/by/4.0/
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Table 4   Summary of papers analyzed based on question #2

Article Main findings and method

[42] Layout design model for practical case just-in-time warehouse. Mathematical model
[66] Particle swarm optimization algorithm for multi-level warehouse layout design. Mathematical model
[30] Heuristic on non-conventional warehouse designs (Flying-V). Mathematical model
[16] Determine slot sizes in unit-load warehouse. Mathematical model
[74] Layout structure design of manual order picking areas. Optimization model
[113] Design of self-storage warehouse with customer choice. Mathematical model
[83] Design guidelines for case-picking warehouse. Set of guidelines and procedure
[79] ABC zone sizes in manual warehouses. Simulation and model
[103] Fuzzy multi-level layout. New model and algorithm
[73] Simultaneous determination of warehouse layout and control policies. Design methodology with a 

simulation model
[39] Multi-level warehouse layout problem with uncertain information. Uncertainty theory method
[94] Queuing in block stacking layout related to imperfect staggering. Optimization model
[6] Systematic method for warehouse design. Literature review
[15] Rack layouts analytical model with ergonomic impacts. Mathematical model
[17] Fishbone layout design with vertical travel. Mathematical model
[2] Warehouse layout capacity expansion. Optimal solution with algorithm
[1] Design and manage block unit in deep lane layout. Mathematical model
[76] Air cargo warehouse capacity design. Simulation and conceptual approach
[110] Automated or manual storage decision. Managerial insight and qualitative concept
[91] Three-dimensional warehouse layout optimization. Mathematical model
[23] Warehouse design and management. Literature review
[105] Layout design to minimize operating costs in picker-to-part warehouse. Algorithm model

Table 5   Summary of papers analyzed based on question #3

Article Main findings and method

[13] Determining part cluster for assembly kits, allocation and layout corridor design
[24] Literature review on order picking in relation to layout design and allocation
[97] Mix of layout design, storage allocation and picking in a fishbone warehouse. Optimization algorithm
[35] Warehouse operation review. Literature review
[34] Human factors in warehouse. Literature review and framework
[59] Linear programming and decision-making model for warehouse. Analytical hierarchical process and TOPSIS. Approach 

and mathematical model
[92] Layout design with vertical travel and space sharing and storage policy. Mathematical model
[12] Diagonal cross-aisle design with class-based storage. Mathematical model
[90] Literature review with multiple concepts on warehouse operations such as picking, layout and storage. Literature review
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