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ABSTRACT2

The rapid growth of online shopping has increased customer demand for efficient logistics3
and last mile delivery. Parcel lockers (PLs) offer a promising solution by integrating digital4
technology with secure parcel handling, reducing delivery bottlenecks and traffic congestion5
while optimizing personnel utilization and improving efficiency. We conduct a systematic6
review of the literature on PL research, with a particular focus on its impact on cost7
reduction, operational efficiency, and sustainability. Most existing research on PL networks8
is heavily concentrated on determining optimal locations and developing efficient routing9
strategies. That said, some scholars have also explored other operational challenges, such10
as incorporating dynamic factors and diverse delivery capabilities into PL systems. This11
study identifies research gaps, such as the lack of empirical studies on mobile PLs and12
their integration with other urban logistics systems, and offers directions for future research.13
These findings contribute to understanding the potential of PL systems in advancing more14
efficient and sustainable last mile delivery solutions.15
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1 INTRODUCTION

Logistics service providers (LSPs) are at the forefront of innovative services ranging from instant17
delivery to next-day delivery, with challenges particularly focused on the last mile delivery phase.18
The last mile delivery problem, which is the final distance for goods from the delivery center to19
the customer’s hands, is often considered the most challenging and resource-intensive stage (see,20
e.g., Suguna et al. (2021); Demir et al. (2022)). It presents complex challenges, such as higher cost21
(Olsson et al., 2019), strict time restrictions (Ghilas et al., 2016), efficiency bottlenecks (Liu et al.,22
2020), traffic congestion (see, e.g., Li et al. (2021); Liu et al. (2023)), parking space requirement23
(Savelsbergh and Van Woensel, 2016), and various environmental issues (Ranieri et al., 2018). To24
reduce the complexity of last mile delivery on both customers and LSPs, researchers focus on new25
technological innovations and solutions, including network optimization (Deutsch and Golany,26
2018), drone delivery (see, e.g. Chen et al. (2025); Bakach et al. (2022)), autonomous driving27
technology (Sorooshian et al., 2022), and integration with other transport capacities from different28
resources (e.g., crowdsourcing) (see, e.g. Ghaderi et al. (2022); Stokkink et al. (2024)).29

In recent years, parcel lockers (PLs) have attracted significant interest from both academics30
and practitioners, reflecting their increasing strategic importance in addressing last mile delivery31
challenges. PLs have become central to urban logistics and sustainability discussions and frequently32
appear on policy agendas worldwide, particularly in densely populated regions. Despite this33
growing attention, considerable debate persists in the existing literature on the actual operational34
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benefits, environmental effectiveness, and user acceptance of these technologies. Several studies35
demonstrate clear benefits, including reduced operational costs, decreased emissions, and improved36
delivery reliability. In contrast, others highlight potential drawbacks, such as underutilization and37
increased vehicle miles in sparsely populated areas. Such contradictions underscore the need for38
a comprehensive synthesis of existing research to clarify these uncertainties and inform future39
investigations. Thus, gaining insight into these dynamics can offer valuable perspectives for both40
practical applications and theoretical development in logistics.41

PLs have emerged as a key innovation that has transformed the storage and retrieval of securely42
packaged parcels within specified size limits. The concept of PLs can be traced back to Asia nearly43
two decades ago (Tang et al., 2021), and it has undergone a remarkable evolution to the current44
intelligent and multifaceted system. PLs meet the changing needs of users by capturing the features45
of modern logistics by combining digital technologies with secure delivery mechanisms. PLs also46
expand their utility beyond traditional delivery services, including cold chain logistics, payment47
collection, and return handling. Over the years, the types of PLs have also evolved, including48
stationary, mobile (Peppel and Spinler, 2022), and autonomous mobile variants (Orenstein et al.,49
2019). From a service interaction perspective, PLs can also be classified as attended and non-50
attended systems. Attended lockers require interaction with service personnel at a designated pickup51
location, such as retail counters or postal agencies (e.g., (Niemeijer and Buijs, 2023; Corejova52
et al., 2022; El Moussaoui et al., 2022; Liu et al., 2021)). In contrast, unattended lockers, such as53
APLs, enable fully self-service operations, often accessible 24/7 (Lagorio et al., 2020). Despite54
their operational and behavioral implications, comparative research between these two service55
models remains scarce in the existing literature. By improving package delivery efficiency, reducing56
operational costs, and providing consumers with more flexible package retrieval options, PLs57
become an important service to reduce delivery failures, minimize package theft (or damage), and58
ultimately improve service standards and customer satisfaction in the logistics sector (Du and Wang,59
2022). Additionally, these systems play a crucial role in reducing greenhouse gas (GHG) emissions60
and urban traffic congestion.61

The first modern application of PL technology was introduced in Germany in the early 2000s by62
Deutsche Post DHL, called ‘Packstation’ (Niederprüm and van Lienden, 2021). This was followed63
by France in 2005 and gradually spread to other parts of Europe. A similar automated package64
delivery system entered the US and UK markets in early 2006. In 2011, major Chinese logistics65
companies, such as Cainiao Network, Hive, and ZTO Express, started adopting this technology66
in their networks (Smiota, 2022). In 2015, PL technology was promoted throughout the world,67
especially in large cities in Asia and Europe (DHL, 2023). In recent years, PLs have undergone68
significant improvements in terms of design and features. Their new designs and features make69
collecting or returning packages safer and easier. For example, new models use solar energy (DHL,70
2023), showing that they can work well in different locations and aim to provide users with a better71
experience. These ongoing improvements mean that PL technology is becoming more practical and72
can be better incorporated into delivery networks.73

Given the increasing importance and applicability of PLs in last mile delivery, it is important to74
understand and comprehensively assess their impact. To guide the structure and analysis of this75
review, we draw upon established constructs in last mile logistics theory. The last mile is recognized76
as the most complex and cost-intensive segment of delivery logistics, often evaluated through77
three critical lenses: operational efficiency, sustainability impact, and technological adaptability78
(Lim et al., 2016). We integrate this with the Triple Bottom Line (TBL) framework (Elkington and79
Rowlands, 1999), which conceptualizes sustainable logistics as balancing economic, environmental,80
and social objectives. These frameworks justify the three cornerstones of our review: operational81
challenges, sustainability impact, and AI-enabled innovation in parcel locker systems. This research82
highlights the need for a comprehensive literature review to describe current developments and83
outline future directions for studies. Therefore, the contributions of this research are threefold: (i)84
mapping an overview of the current research landscape of PLs; (ii) exploring the similarities and85
gaps between academic research and practical application of PLs; and (iii) identifying the research86
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gaps that lay the groundwork for future investigations into innovative PL solutions. This paper87
is structured as follows. Section 2 introduces the research methodology, providing details on the88
systematic literature review. Sections 3 - 5 present the findings of the descriptive and thematic89
analyses. Given the descriptive and thematic analyses, research gaps are found and future research90
directions are summarized in Section 6. And finally, section 7 provides the concluding remarks.91

2 REVIEW METHODOLOGY

This section outlines the steps of a systematic literature review, following the PRISMA guidelines,92
which enhance clarity by defining research questions, assessing a broad literature base, and estab-93
lishing inclusion and exclusion criteria. Meta-analysis within PRISMA can provide a comprehensive94
view by integrating data from multiple studies. Our study employs a systematic review approach95
based on evidence for PLs and follows the six-step process outlined by Durach et al. (2017) to96
ensure the reproducibility of the research methodology.97

The first step in conducting a systematic review is formulating the research questions. The research98
questions are formulated as follows. (RQ1) What specific operational problems related to PLs are99
being analyzed?; (RQ2) What are the sustainability impacts of PLs on last mile delivery?; and100
(RQ3) What artificial intelligence technologies can be utilized in PL solutions? In the second step,101
the potentially relevant literature is identified by developing inclusion and exclusion criteria for102
the main characteristics of the study. In the third step, search engines and strings were selected.103
The study opted for four databases with extensive coverage of the relevant peer-reviewed literature,104
including Emerald Insight, Scopus, Web of Science, and ScienceDirect. In this study, Scopus was105
selected as the primary database for its wide coverage and strong analytical tools, making it ideal for106
bibliometric analysis. While ScienceDirect offers full-text access mainly to Elsevier publications, it107
also includes content from selected smaller publishers. However, Scopus provides broader indexing108
and advanced search features essential for systematic reviews. Keywords were combined to form a109
series of strings for use in database searches. Since the study focus is on PL solutions for last mile110
delivery, the search strings are specifically designed to select relevant papers for overlap between111
PL and last mile delivery. The time frame for the literature search was set from January 2017112
to March 2025. This period captures the most recent advancements in PL technologies and last113
mile delivery strategies, particularly following the rapid digitalization and e-commerce growth114
during and after the COVID-19 pandemic. The chosen window allows the review to reflect both115
pre-pandemic foundations and post-pandemic innovations in PL systems. During this process, there116
are no restrictions on journals, disciplines, or publication dates, provided that the search strings are117
applied to the title, abstract, and keyword fields.118

(“locker” OR “parcel locker” OR “smart locker”) and (“last mile delivery” OR “city logistics”119
OR “urban logistics” OR “urbanisation” OR “innovation” OR “operations research” OR120

“transport*” OR “supply chain operation”)121

The first search was conducted without criteria restrictions, resulting in a total of 4,717 items,122
including 211 in Emerald Insight, 665 in Scopus, 717 in Web of Science, and 3,124 in ScienceDirect.123
After the first search stage, an initial search was performed as the fourth step. This search included124
the removal of duplicates, non-journal articles, and articles outside the specified time range. In total,125
1,768 relevant articles were identified. To achieve an acceptable level of precision and reduce subject126
bias in applying the inclusion/exclusion criteria (Step 2), two investigators performed a double127
screening process to verify reliability throughout the process as the fourth step. They independently128
performed preliminary and full-text screenings and then recorded decisions at each screening round.129
The selection of articles was checked against the criteria, then the results were compared and130
discussed, and finally the disagreements were resolved as they arose (Toorajipour et al., 2021).131
Articles that met the preliminary screening criteria entered the full-text screening stage. At this stage,132
the researchers conducted a detailed review of the full text to verify whether the inclusion criteria133
were met, while also excluding articles that did not meet the requirements. The number of articles134
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selected for analysis and synthesis was reduced to 86 after applying the consensus criteria. In the135
fifth step, the articles were analyzed and synthesized after choosing the most relevant studies. Based136
on the purpose of analysis and synthesis, the methodology integrated quantitative and qualitative137
components (Denyer and Tranfield, 2009). The results of this study are then presented in the form138
of tabulations and discussion in the following three sections.139

3 FINDINGS FROM DESCRIPTIVE ANALYSIS

This section presents the descriptive analysis of the reviewed publications.140

3.1 Descriptive profile of the literature141

To gain insight into the development of PL research over time, an analysis is performed to142
explore the years of publication of journal articles during the literature review period. According143
to subfigure (a), all articles were published between January 2017 and March 2025. Most of the144
identified articles are quite recent, as 20 were published in 2023, and 20 in 2024. More than 66%145
of the articles were published in the last three years. In recent years, there has been significant146
academic interest in the field of PLs. Subfigure (b) illustrates the geographic distribution of selected147
studies. Europe and East Asia (particularly China and South Korea) represent the most active148
research regions in PL development, while emerging markets in South America and Africa remain149
underrepresented.150

To further understand the intellectual structure of the PL research community, a co-citation151
network was constructed based on author-level references using ResearchRabbit. Subfigure (c)152
visualizes the citation relationships among the most influential authors in the field. The node size153
reflects the number of citations, while the edge thickness indicates the strength of cocitation between154
two authors. As shown in the network, several key contributors, such as Deutsch and Golany (2018);155
Lin et al. (2020); Sawik et al. (2022) and Orenstein et al. (2019) emerge as central nodes, reflecting156
their significant influence in shaping PL research, particularly in optimization modeling and last157
mile logistics applications. The clusters formed around these authors indicate thematic cohesion158
in specific topics, such as cost-minimization routing, mobile PL deployment, and integration with159
smart urban logistics. Recent contributors (e.g., Di Gangi et al. (2023); Ranjbari et al. (2023a);160
Zang et al. (2023)) reflect a growing interest and diversification of research topics in the field. The161
citation network further illustrates the intellectual connections and evolving citation patterns within162
the literature on PLs.163

This review categorized the studies by clustering similar methods and distinguishing them from164
others. As illustrated in subfigure (d), modeling is the most prevalent research method in PL studies,165
used in 52 articles. This highlights the importance of mathematical frameworks for understanding the166
dynamics of PL systems and forecasting future changes. The widespread adoption of the modeling167
approach suggests that constructing theoretical models for complex systems is crucial for guiding168
decision-making and optimization strategies. For example, Sawik (2024) integrated operational169
modeling with a multi-criteria decision-making framework based on the Analytic Hierarchy Process170
(AHP) to evaluate various delivery methods (e.g., private logistics, crowdsourcing) and determine171
the optimal combination in terms of cost, quality, flexibility, and sustainability.172

The simulation methodology, used in six papers, is important for testing and assessing the173
operational efficiency of PLs. It enables researchers to replicate the workflow of PLs in a controlled174
virtual setting, thus mitigating real-world risks and costs. Consequently, simulation has become175
an essential tool for evaluating the functionality of PL operations. Moreover, the combination of176
modeling and simulation methods is used to investigate complex real-world cases in eight papers.177
By integrating optimization or mathematical programming with simulation, researchers can offer178
insights that simplify the comprehension of complex systems’ evolution over time or under varying179
conditions. In addition, it enables dynamic analysis that single methods may not provide. Through180
this type of research, managers can also make decisions that are not only theoretically but also181
validated through simulation. For example, managers can ensure a robust strategy for resource182

Frontiers 4



Zhang et al. Parcel locker solutions for last mile delivery

(a) Distribution of publication year (b) Geographic distribution

(c) Author co-citation network (d) Distribution of research methods

Figure 1. Overview of literature characteristics.

planning and budgeting. This combined method highlights the value of hybrid research approaches183
in providing a deeper understanding of the PL ecosystem. Similarly, the experiment methodology184
is used in the literature and cited in 13 papers. For example, Ranjbari et al. (2023a) combined a185
pre-test–post-test control group experiment with a difference-in-differences approach to analyze186
the causal effects of vehicle delivery and waiting times. The results confirm the environmental and187
efficiency benefits of parcel locker technology. Wang et al. (2018) and Ngan et al. (2025) used188
structural equation modeling (SEM) to analyze factors affecting customer intention. Furthermore,189
the multinomial logit model is also used as an experimental tool to explore PL demand (de Oliveira190
et al., 2017), carbon emissions (Niemeijer and Buijs, 2023), and profit (Kundu et al., 2025). Recently,191
Leung et al. (2023) integrated regression method with geospatial analysis to explore the spatial192
and temporal growth of PLs, providing insights into how urban form, population density, and193
accessibility factors influence the distribution and expansion patterns of PL networks over time.194

The case study approach has also been employed in four articles, without being combined with195
other research methods. These studies offer real-life examples for PL systems to examine various196
aspects ranging from market management (Hoang et al., 2019) to customer value (Vakulenko197
et al., 2018), spatial distribution (Liu et al., 2021), and PL coverage (Lyu and Teo, 2022). We also198
note that two review papers have addressed the topic of PLs, although their focus differs from199
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the present study. Mohri et al. (2024a) explored adoption and effectiveness of alternative delivery200
points (ADPs). Their analysis focused on how the success of ADPs depends on interdependencies201
between geographic location, consumer behavior, retailer integration, and infrastructural support. In202
another study, Janinhoff et al. (2024a) systematized and evaluated academic research on out-of-home203
delivery (OOHD) in last mile logistics. OOHD refers to any delivery method where parcels are204
delivered to a location outside the consumer’s home, such as parcel lockers or parcel shops. They205
found that OOHD can improve delivery success rates, reduce costs, and emissions, particularly in206
dense urban areas. However, its adoption is highly context-dependent, influenced by factors such as207
consumer preferences, accessibility, and network design.208

3.2 Distribution of study focus areas209

Studies explore the operation of PLs from various perspectives, including company, consumer,210
city, country, and environment. Meanwhile, some studies combine multiple perspectives. From211
the companies’ perspective, most studies focus on optimizing cost and delivery efficiency. PLs212
are introduced to complement or replace traditional last mile delivery methods. They help reduce213
delivery time, failure rates, and costs, while also improving the overall profitability of the delivery214
process. Companies also pay close attention to the design of the PL, including the optimal size215
and configuration of the PL (Ranjbari et al., 2023b), the long-term viability design of the PL216
compartment structure (Kahr, 2022), and the optimal capacity of the PL (Raviv, 2023). In addition,217
several studies discuss the PL network and coverage, including the optimal selection of PL locations218
and the construction of a modular PL network (see e.g., Zou et al. (2024); Gayen et al. (2023)).219

Several research studies examine flexibility and convenience from the consumer’s perspective.220
These investigations focus on improving consumer satisfaction with the delivery process and221
increasing the frequency of PL usage considering various factors, including consumer demands222
(Rossolov, 2023; de Oliveira et al., 2017), the selection of different delivery methods (El Moussaoui223
et al., 2022; Iannaccone et al., 2021), the preferred distance for PL usage, acceptance levels (Wang224
et al., 2018), and the social impact of PL (Pinchasik et al., 2023). These consumer-based studies225
employed surveys, data modeling, and other analytical methods to enhance consumers’ satisfaction226
with the delivery process and the frequency of PL usage. In addition, Vakulenko et al. (2018)227
investigated the value created for consumers to better understand the customer experience and the228
perceived pros and cons of using PLs for collecting and returning parcels. In their study, Kundu229
et al. (2025) employed a value-based choice framework to identify the trade-offs that consumers230
make among economic, functional, emotional, epistemic, and social values. Their analysis revealed231
that consumers prefer home delivery due to its reliability and cost advantages.232

Only a few studies have addressed the impact of PLs at the city or national scale, examining233
their effects on entire countries or regions. For example, Corejova et al. (2022) focused on the234
development of the APL network and the establishment of pick-up and drop-off points in Europe235
and the V4 countries1. They identified countries with sufficiently developed networks by comparing236
their development in terms of population and region. They also explored the relationship between237
the network and customer satisfaction with the delivery process. In another study, Hoang et al.238
(2019) analyzed management practices in the traditional retail market in the UK. They also identified239
the challenges to practice and assessed the impact of different management structures on operational240
success, using PL services as an example. Their research offers valuable insights for policymakers,241
operators, and researchers focused on local management and economic development. The study242
highlights that PL systems represent a crucial delivery solution for urban logistics.243

Leung et al. (2023) evaluated the spatial and temporal growth of the Australia Post Express244
delivery locker system in Queensland. They assessed the frequency of locker usage, identified245
patterns in user collection times, and examined factors influencing PL usage. In a recent study,246
Ma et al. (2024) evaluated how spatial characteristics affect the performance of PL networks247
through spatial analysis. They found that high-density, mixed-use, and transit-proximate areas248

1 The V4 countries refer to the Visegrád Group: the Czech Republic, Hungary, Poland, and Slovakia
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yield the best PL performance. In addition, Seghezzi et al. (2022) guided logistics and e-commerce249
stakeholders to optimize last mile delivery operations by evaluating the cost effectiveness of using250
PL in different geographical settings. They compared the cost of home delivery with the PLs.251
Later, Wang et al. (2024) investigated the strategic implications of Collection and Delivery Point252
(CDP) network sharing among competing LSPs. Using a game-theoretical model and numerical253
analysis, the authors assess whether and under what conditions it is beneficial for LSPs to share254
CDP infrastructure collaboratively.255

Some studies combine different perspectives by looking at both companies and consumers. For256
example, they examine the delivery process from the provider’s point of view while also considering257
the convenience of the end users (Grabenschweiger et al., 2021). These works often focus on factors258
such as delivery distance (Oliveira et al., 2022; Liu et al., 2023; Schwerdfeger and Boysen, 2022;259
Hong et al., 2019) and types of services offered (Kötschau et al., 2023). They also explore challenges260
such as the location of PLs under uncertain consumer demand (Mancini et al., 2023; Rabe et al.,261
2021) and evaluate operating costs on the company’s side alongside the experience of the consumer262
(Wang et al., 2022a; Ranjbari et al., 2023a). Furthermore, some research considers the relationship263
between companies and the environment, going beyond cost-effectiveness to assess sustainability264
factors such as emissions and traffic congestion (Sawik et al., 2022).265

3.3 Analysis on operational problem types266

This subsection focuses on the operational problems of PLs. As categorized in Figure 2, there are267
66 articles focused on operational problems within the 86 related literature.268

Figure 2. Operational problems (OPs) categorized by PL types.

Forty-eight articles focus on APLs. Among them, the location problem is the main research269
direction (thirty-four papers). Instead of focusing on the location problem (twenty-four papers),270
researchers have also combined location problems with other operational problems (10 papers).271
They include location with layout problems (Kahr, 2022), capacity problems (Raviv, 2023), and272
pricing problems (Zhang et al., 2023b). From the customer perspective, researchers have combined273
customer choice prediction problems (Lin et al., 2020) and uncertain demand problems with APL274
location problems (Mancini et al., 2023). In addition, extensive research on location and network275
design is also conducted (Oliveira et al., 2022; Sawik et al., 2022). Fifteen papers have studied the276
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related routing problems for APLs. Wang et al. (2022a)’s research studied both the location problem277
and the routing problem of APLs. In addition, several studies examine various aspects of APL278
delivery, including flexible PL delivery (Orenstein et al., 2019), coverage-based delivery strategies279
(Vukićević et al., 2023), deliveries involving conflicting time windows (Zang et al., 2023), and the280
overall delivery process (Di Gangi et al., 2023). Zou et al. (2024) focused on the network design of281
PLs, while Faugère and Montreuil (2020) investigated the design of APL systems. Ranjbari et al.282
(2023b) further explored the optimal sizing and configuration of APLs.283

The research on MPLs is less extensive than that on APLs. Researchers mainly focus on MPL284
location (Schwerdfeger and Boysen, 2020; Wang et al., 2020) , and routing problems (Ensafian285
et al., 2023). Li et al. (2021) and Liu et al. (2023) studied MPL location and routing problems286
simultaneously. Some studies also integrate both types of PL, addressing challenges such as PL287
service design (Schwerdfeger and Boysen, 2022) and facility location (Kötschau et al., 2023).288

4 FINDINGS FROM THEMATIC ANALYSIS FOR OPERATIONAL PROBLEMS

This section analyzed the research methods involved in answering RQ1. We conducted a detailed289
thematic analysis of three research methodologies related to PL operational problems: modeling,290
simulation, and simulation-optimization.291

4.1 Modeling studies in PL research292

Table 1 provides a detailed overview of the problems addressed and the solution approaches293
adopted in the literature. This part focuses on modeling-based studies, summarizing key aspects294
such as research objectives, data characteristics, problem types, modeling approaches, and solution295
methods.296

Table 1 Summary of modeling-focused publications.

Reference Objective Data Operational
Problem

Modeling
Approach

Solution Approach

Hong et al. (2019) Distance D RP TSPTW Two-phase algorithm
Orenstein et al.

(2019)
Cost, Penalties S FPLD MILP Petal heuristic, saving

heuristic, Tabu
search

Enthoven et al.
(2020)

Cost D RP MIP ALNS

Faugère and
Montreuil
(2020)

Efficiency,
Asset
utilization,
Customer
satisfaction

S Design LBDP-FC,
LBDP-MT

OA

Lin et al. (2020) Locations D LP, CCP MNL, MILP QT-LA
Schwerdfeger and

Boysen (2020)
Fleet size D LP MIP GH

Wang et al. (2020) Cost S LP RO, ILP CP, BB
Grabenschweiger

et al. (2021)
Cost D RP VRPHLB MHSM, ALNS, IFFD

Iannaccone et al.
(2021)

Customer
choice

D – DCM, MDF MWTP estimation

Li et al. (2021) Cost D LP, RP MIP HCWH, EHCWH
Schaefer and

Figliozzi (2021)
Location

strategy
D – Geographical tools,

cluster analysis
KDE, hierarchical and

K-means clustering
Yu et al. (2021) Cost D RP TSP DSPS

Continued on next page
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Continued from previous page
Reference Objective Dataa Operational

Problem
Modeling

Approach
Solution Approach

Che et al. (2022) Coverage,
Overlap, Idle
capacity

D LP MOOM TA-NSGA-II approach

Dos Santos et al.
(2022)

Cost, Distance D RP MILP OA

El Moussaoui et al.
(2022)

Customer
choice

D – ML algorithms Decision tree, random
forest, Naive Bayes,
KNN, OA

Ghaderi et al.
(2022)

Delivery
success rates,
Detours

D LP Novel model Two-phase algorithm

Kahr (2022) Economic
performance,
Long-term
viability

S LP, layout ILP Benders decomposition

Lin et al. (2022) Profit S LP TLM, BNL, MNL MICQP
Peppel and Spinler

(2022)
Cost, Emissions D LP MNL, MILP –

Schwerdfeger and
Boysen (2022)

Cost S PLSD MIP MSH, TS

Seghezzi et al.
(2022)

Compare
solutions

D – Analytical cost
models

–

Wang et al. (2022a) Cost D LP, RP MIP BP
Wang et al. (2022b) Cost, Distance S LP RO LP
Boschetti and

Novellani (2023)
Cost, Time D RP TSP BC

Dell’Amico et al.
(2023)

Distance D RP MILP BC

Di Gangi et al.
(2023)

Time D DP CC GA

Ensafian et al.
(2023)

Cost D RP MILP ABSM

Gayen et al. (2023) Location S LP DHq-ROFS AO based on AA
Mancini et al.

(2023)
Customers

number
S LP, LUD SPM OA

Pinchasik et al.
(2023)

Cost, Traffic,
Emissions,
Societal cost

S RP DDM OA

Raviv (2023) Cost S LP, capacity MILP DTMC, PWLA
Rossolov (2023) Demand D – RUM, DCM, BNL –
Vukićević et al.

(2023)
Time D CDP MILP VNS

Yang et al. (2023) Profit S LP BP GA
Zang et al. (2023) Cost D DPCTW MILP GH, BC, VNS
Zhang et al.

(2023b)
Profit S LP, pricing CO MPCC

Zhang et al.
(2023a)

Cost D LAP MILP –

Stokkink et al.
(2024)

Profit D RP, pricing IP Column-and-Row
Generation
Algorithm

Zhu et al. (2024b) Time D RP MILP VNS
Janinhoff et al.

(2024b)
Cost D MT-VRPDO MILP ALNS

Continued on next page
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Continued from previous page
Reference Objective Dataa Operational

Problem
Modeling

Approach
Solution Approach

Wyrowski et al.
(2024)

Profit D RP MILP Gurobi

Wang et al. (2024) Cost S RP, recourse
strategies

Two-stage
Stochastic
Programming

SAA

Li et al. (2024) Strategic
collaboration
between
LSPs

D Game-
theoretical
model

Nash Equilibrium –

Peppel et al. (2024) Cost D RP MILP Greedy heuristic
Zhu et al. (2024a) Distance D LDDP 2-stage MIP BC
Zou et al. (2024) Cost D LP, resource

allocation
2-stage resource

problem
GRASP

Ozyavas et al.
(2025)

Cost D LP, RP Multi-objective
MILP

BP

Kötschau et al.
(2025)

Cost D MHDPL MILP ILS

Korkmaz et al.
(2025)

Cost D LP, RP ILP ILP-based
decomposition
heuristic

Mohri et al. (2025) Cost D PBC, OD MIP Lagrangian Relaxation
Yu and Anh (2025) Cost D RP EVRP-TW-PR-CL LNS
Rose et al. (2025) Customer

adoption
D Regression ANOVA –

D: Deterministic; S: Stochastic; HC: Hierarchical Cluster analysis; RP: Routing Problem; TSPTW: Traveling Salesman
Problem with Time Window; FPLD: Flexible PL Delivery; ALNS: Adaptive Large Neighborhood Search; LBDP-FC:
Fixed-Configuration Locker Bank Design Problem; LBDP-MT: Modular Tower Based Locker Bank Design Problem;
OA: Optimization Algorithm; CCP: Constrained Combinatorial Problem; QT-LA: Quadratic Transform with Linear
Alternating algorithm; GH: Greedy Heuristic; RO: Robust Optimization; CP: Cutting Plane method; BB: Branch-and-
Bound; VRPHLB: VRP with Heterogeneous Locker Boxes; MHSM: MetaHeuristic Solution Method; IFFD: Iterative
First-Fit Decreasing; DCM: Discrete Choice Modeling; MDF: Market Demand Forecasting; MWTP: Marginal Willingness
to Pay; HCWH: Hybrid Clarke and Wright Heuristic; EHCWH: Enhanced Hybrid Clarke and Wright Heuristic; KDE:
Kernel Density Estimation; DSPS: Dijkstra’s Shortest Path Search; MOOM: MultiObjective Optimization Model; TA-
NSGA-II: TAguchi method and Non-dominant Sorting Genetic Algorithm II; TLM: Threshold Luce Model; BNL:
Bi-Nomial Logit model; MICQP: Mixed-Integer Conic Quadratic Program; PLSD: PL Service Design; MSH: Multi-Stage
Heuristic; TS: Tabu Search; BP: Bilevel Programming; BC: Branch-and-Cut; DP: Delivery Process; CC: Constrained
Combinatorial problem; GA: Genetic Algorithm; ABSM: Adaptive Backtracking-Simulated annealing Metaheuristic;
DHq-ROFS: Dual Hesitant q-Rung Orthopair Fuzzy Set; AO based on AA: Aggregation Operators based on Aczel-Alsina
triangular norms; LUD: Locations under Uncertain Demand; SPM: Stochastic Programming Model; DDM: Data-Driven
Modeling approach; DTMC: Discrete-Time Markov Chain; PWLA: PieceWise Linear Approximation; RUM: Random
Utility Modeling; CDP: Collection and Delivery Points; VNS: Variable Neighborhood Search; DPCTW: Delivery
Problem with Conflict Time Windows; CO: Convex Optimization; MPCC: Mathematical Program with Complementarity
Constraints; ND:TableNotes Network Design; SAA: Sample Average Approximation; LAP: Location Assignment
Problem; PBC & OD: Probabilistic Behavioral Choice models with an Operational Design problem; GRASP: Greedy
Randomized Adaptive Search Procedure; LDDP: Locker-Based Drone Delivery Problem; MHDPL: Mobile Home
Delivery Parcel Locker problem; ILS: Iterated Local Search; MT-VRPDO: VRP with Delivery Options and Multiple
Trips; EVRP-TW-PR-CL: Electric Vehicle Routing Problem with Time Windows, Partial Recharges, and Covering
Locations; LNS: Large Neighborhood Search.

As presented in Table 1, 31 modeling studies focus on optimizing PL operations, addressing297
objectives ranging from cost reduction to improvement of revenue and efficiency. The complexity of298
modeling approaches can be categorized into stochastic methods (fourteen papers) and deterministic299
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methods (thirty-eight papers). This distribution suggests that researchers primarily focus on deter-300
ministic system factors when addressing problems such as route optimization and location selection.301
In contrast, stochastic elements, reflecting uncertainty and randomness, receive comparatively302
less attention. Most existing research focuses on modeling static processes, implying that models303
are developed under fixed and predetermined environmental conditions. Although this approach304
is practical for addressing standardized problems, the operational environment of PL systems is305
inherently complex and dynamic, influenced by numerous unpredictable factors. Consequently,306
static models may struggle to fully capture and represent these real-world fluctuations in practice.307

Common operational challenges addressed in the literature include routing (15 papers), location308
(19 papers), capacity (one paper), and coverage (one paper). In addition, several studies focus on309
designing and expanding the coverage of PL networks. Faugère and Montreuil (2020) explored the310
PL design to improve its efficiency and utilization. The adopted modeling methods, such as random311
utility models, discrete choice models, SEMs, and MNL, help to describe and predict the behavior312
of the system accurately. The modeling methods for most operational problems are MILP, MIP, and313
ILP. Some studies extend the basic TSP by adding time windows to the model, making the model314
closer to realistic situations (Hong et al., 2019). In El Moussaoui et al. (2022)’s study, they applied315
related machine learning models to analyze customer choices. As an exact algorithm, branch-and-316
cut (Dell’Amico et al., 2023; Boschetti and Novellani, 2023) and branch-and-price (Wang et al.,317
2022a) algorithms are mainly used. Various approximation algorithms are also proposed, including318
heuristics, metaheuristics, and machine learning algorithms.319

4.2 Simulation studies in PL research320

Table 2 presents several simulation studies on PL systems that employ multiple modeling ap-321
proaches to address various problems. Simulation studies can test and optimize policies without322
actually running the system by simulating complex operating environments. This approach is a323
highly flexible, cost-effective, and powerful tool for understanding and improving systems. Three324
articles focused on APL, while one publication explored the application of MPL. Simulation re-325
search mainly focuses on dynamic systems (three papers) and is primarily developed for operational326
problems.

Table 2. Summary of simulation-focused publications.
Reference Objective Data Operational

Problem
Modeling Approach Solution Approach

Rabe et al. (2021) Cost, Demand S LP SDSM, CFLP MCS
Liu et al. (2023) Fleet size, Distance,

Service delay
S LP, RP MILP, HQM K-means clustering,

Global and local
search, dynamic route
adjustments

Ranjbari et al. (2023b) Environmental and
logistical
challenges

S SC DES-QTC Simulation of various
configurations, PMA,
OC

Mohri et al. (2024b) Beneficiaries, social
and behavioral
implications

D - PS QA, CA, Stakeholder
analysis

Gutenschwager et al.
(2024)

Carbon emissions D - Discrete Event
Simulation

Benchmarking

Rosca et al. (2024) Operational
efficiency

D - ABS, MCS

SDSM: System dynamics simulation model; CFLP: Multi-period capacitated Facility Location Problem; MCS: Monte Carlo
Simulation; HQM: Hybrid Q-learning-network-based Method; SC: Size and Configuration problem; DES-QTC: Discrete Event
Simulation with Queuing Theory Concept; PMA: Performance Metrics Analysis; OC: Optimization Criteria; PS: Probabilistic
Simulation algorithm; QA: Quantitative Analysis; CA: Comparative Analysis; ABS: Agent-Based Simulation.
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For optimization problems, various types of methods are used, including SDSM combined with327
multi-period CFLP (Rabe et al., 2021), DES-QTC (Ranjbari et al., 2023b), MILP, and HQM (Liu328
et al., 2023). In another study, Liu et al. (2023) applied K-means clustering, global and local329
search methods, and dynamic route adjustment procedure. In their study, Mohri et al. (2024b) used330
three types of analysis to discover the social and behavioral implications of beneficiaries. This331
includes QA, CA, and stakeholder analysis. To investigate the environmental impact of APLs and332
HD, Gutenschwager et al. (2024) developed a discrete-event simulation to model delivery routes333
and calculate CO2 emissions based on vehicle types, delivery frequencies, and customer retrieval334
patterns. To analyze whether different factors affect the performance of the APLs, Rosca et al. (2024)335
evaluated the performance of the APLs through a novel hybrid approach combining Agent-Based336
Simulation and Monte Carlo simulation. The authors developed a simulation model that represents337
agents, including couriers, lockers, and customers, utilizing randomization to reflect real-world338
variability. They found that APLs significantly reduce delivery times, operational costs, and failure339
rates, particularly in densely populated urban areas. APLs also perform best when demand is high340
and the density of the locker is sufficient.341

4.3 Simulation-optimization studies in PL research342

Table 3 presents simulation–optimization studies to highlight how proposed methods are applied343
to address the operational challenges of different PL types.344

Table 3. Summary of simulation-optimization focused publications.
Reference Objective Data Operational

Problem
Modeling Approach Solution Approach

Deutsch and Golany
(2018)

Profit S LP 0-1 ILP Three-phase algorithm

Redi et al. (2020) Cost D LP ILP SA, HO
Oliveira et al. (2022) Distance D LP, Network P-median problem Scenario-based

simulations
Sawik et al. (2022) Profit, Cost, Delivery

failure
D LP, Network Mathematical

programming
AnyLogic Software,

CPLEX Solver
Yu et al. (2022) Cost D LP VRPSPDPL SA
Alves et al. (2023) Cost S - ABM Simulation techniques
Kötschau et al. (2023) Efficiency, Customer

service
D LP MIP, HLLP Simulation for validation

Pang et al. (2024) Profit S SPSP SPSP using normally
distributed demand

Scenario-based
simulations

SA: Simulated Annealing; HO: Heuristic Optimization; ABM: Agent-Based Modeling; HLLP: Heterogeneous Locker Location
Problem; SPSP: Single-Period Stochastic Profit modeling

The simulation-optimization method can be applied in practical research to deal with complex345
problems in the PL system. These methods enable researchers to evaluate potential improvements346
by simulating and analyzing various operational scenarios and strategies. For example, using opti-347
mization models and sophisticated simulation algorithms, researchers test different configurations348
and operation strategies to discover the most cost-effective or optimal solutions to service efficiency,349
(Redi et al., 2020; Yu et al., 2022). Simulation optimization can also be used to investigate different350
strategies. For example, to investigate how collaboration can be established between operators351
with locker resources and those without, Pang et al. (2024) developed a single-period stochastic352
profit maximization model. The model explicitly defines the profit functions and optimal decision353
variables for two types of LSPs: asset-based and non-asset-based LSPs. By incorporating four354
different cost structure scenarios into the mathematical model and performing simulations, the study355

Frontiers 12



Zhang et al. Parcel locker solutions for last mile delivery

compares the feasibility of cooperation under varying cost conditions. The findings suggest that PL356
sharing can improve both logistics efficiency and profitability.357

5 A THEMATIC EXPLORATION OF SUSTAINABILITY ASPECTS IN PL
SYSTEMS

To answer RQ2, this section aims to synthesize the literature related to sustainability and the current358
academic perspective on the impacts of PL on sustainability. Sustainability is a complex and multi-359
dimensional concept that has been extensively debated in academic literature. Brundtland (1987)360
defines sustainable development as the development that meets the needs of the present without361
compromising the ability of future generations to meet their own needs. We frame sustainability362
through three interrelated dimensions, based on the widely accepted “triple-pillar” model (Purvis363
et al., 2019). Table 4 summarizes the published works from environmental, economic, and social364
perspectives.365

Following the coding and thematic analysis of the reviewed literature, this study identifies that366
APL research primarily focuses on aspects of economic sustainability, particularly cost–benefit367
analysis (30 articles) and operational efficiency (14 articles). In terms of environmental sustainability,368
seven studies address the reduction of GHG emissions, while 25 focus on environmentally related369
operational practices. Social sustainability studies on APLs are primarily centered around customer370
choice and demand (22 articles), accessibility and convenience (7 articles), user adoption and371
satisfaction (11 articles), and the development of locker networks (17 articles). In contrast, research372
on MPL remains relatively limited. However, existing studies exhibit trends similar to those373
observed in APL research. Specifically, seven articles explore MPL cost–benefit dynamics, and four374
investigate operational efficiency. The social sustainability dimension of MPLs is less explored,375
with only a few studies addressing customer choice and demand (4 articles), accessibility and376
convenience (2 articles), and impacts on regional transportation (3 articles).377

5.1 Economic sustainability378

Sustainability has become a must for all economies worldwide (Seuring and Müller, 2008).379
Economic sustainability refers to the ability of PL systems to generate long-term financial viability380
without compromising social or environmental welfare. It includes considerations such as lifecycle381
cost analysis, resilience to demand fluctuations, and equitable access on different scales of businesses382
(Jeronen, 2023). From an economic sustainability perspective, most studies focus on the logistics383
company’s point of view, although some research also examines it from the perspective of various384
beneficiaries.385

5.1.1 Cost-benefit analysis386

Researchers have studied the economic sustainability of PL based on cost-profit analysis, focusing387
on cost optimization and improvement of profitability. These studies aim to reduce operational388
and delivery costs while improving overall economic benefits through strategic deployment and389
technological innovation. Recent research has focused on optimizing PL costs using various390
models and strategies. Wang et al. (2022b) used robust optimization models to meet uncertain391
demand while minimizing operating costs. Rabe et al. (2021) optimized APL systems to determine392
optimal locations and balance service quality with operating costs. A number of studies, including393
Dell’Amico et al. (2023), Enthoven et al. (2020), Redi et al. (2020), and Yu et al. (2022), focused394
on minimizing transportation and delivery costs by developing models and strategies for optimal395
routing and placement, addressing problems such as pick-up and delivery with time windows,396
two-echelon VRP with locker facilities, and VRPSPDPL.397

Several studies have proposed optimization methods to improve urban parcel delivery systems,398
each with distinct modeling approaches and problem settings. For example, Ranjbari et al. (2023b)399
employed a discrete event simulation combined with the queueing theory concept (DES-QTC) to400
configure PLs in residential buildings, focusing on optimizing the size and configuration of the PL.401
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Table 4. Overview of publications focusing on sustainability
PL
type

Dimension Perspective Description No. of ar-
ticles

APL Economic Stakeholder Asset utilization 3
Beneficiaries 3

PL company Cost-benefit analysis 30
Delay
Labor utilization (courier) -
Operational efficiency 14
Time management 4

Environmental Emissions GHG reduction 10
Operational practice - 25

Social Customer Accessibility & convenience 7
Access time 1
Adoption and satisfaction 11
Choice and demand 22
Equity in access 1
Travel distance (to collect/drop parcels) 3
Safety & security 1
Service provided (additional service) 1
Societal damage costs 1
Penalties (for long-time not picking up) 1
Value 2

Region Network level 17
Rural planning 1
Traffic 4
Urban planning 3

MPL Economic Stakeholder Asset utilization -
Beneficiaries -

PL company Cost-benefit analysis 7
Delay 1
Labor utilization (courier) 1
Operational efficiency 4
Time management -

Environmental Emissions GHG reduction 2
Operational practice - 2

Social Customer Accessibility & convenience 2
Access time 1
Adoption and satisfaction -
Choice and demand 4
Equity in access -
Travel distance (to collect/drop parcels) 1
Safety & security -
Service provided (additional service) -
Societal damage costs -
Penalties (for long-time not picking up) -
Value -

Region Network level -
Rural planning -
Traffic 3
Urban planning -

Note: “–” indicates that no relevant studies were identified for this category during the review period.

Wang et al. (2022a) introduced a MIP model to determine pickup station locations while jointly402
minimizing station opening, routing, and delivery vehicle costs. Zang et al. (2023) proposed an exact403
branch-and-price method to coordinate PL delivery with service time windows in dense urban areas.404
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Boschetti and Novellani (2023) developed a TSP-based optimization model that integrates UAVs and405
lockers to reduce the total delivery and pickup time. In another study, Grabenschweiger et al. (2021)406
introduced the VRP with heterogeneous locker boxes (VRPHLB) constraints, minimizing routing407
and compensation costs under contractual limitations. These studies collectively demonstrate that408
different modeling techniques from heuristic to exact approaches can address specific aspects of409
PL optimization, including location, routing, temporal constraints, and hybrid fleet configurations.410
Mohri et al. (2025) placed the PLs in a public transport station through which small and lightweight411
packages are assigned to passengers to carry out the delivery. In another study, Peppel et al. (2024)412
designed a Multinomial Logit Model and estimated the route costs. Their research demonstrated413
that MPL integration leads to additional cost savings of 8.7%. In Korkmaz et al. (2025) research,414
they used MPLs that are placed by electric vehicles. They found that the total cost is reduced by415
up to 4.52% for companies in the trilateral collaboration scenario with a single warehouse and by416
up to 7.32% in the trilateral collaboration scenario with multiple warehouses. A number of studies417
optimized PL costs by building optimal locker networks. For example, Deutsch and Golany (2018)418
improved the delivery efficiency and cost effectiveness by determining the optimal number, location419
and package size of PLs. Peppel and Spinler (2022) developed a methodology for the design of the420
APL network, achieving cost savings of up to 11%.421

Although less general, some research on profit optimization specifically targets PLs. Yang et al.422
(2023) explored how investment budgets affect expected profits, building a two-layer programming423
model to optimize the location of smart community PLs to maximize the profit of third-party424
suppliers. Sawik et al. (2022) optimized APL facility locations to maximize profits and minimize425
costs. Studies comparing home delivery and PL provide valuable information for stakeholders426
considering the transition or integration of these systems. Seghezzi et al. (2022) found out that PL427
offers lower delivery costs and investment requirements compared to home delivery, regardless428
of the implementation area. Zhang et al. (2023b) reduced last mile delivery costs by encouraging429
customers to choose self-service instead of home delivery, thereby improving profitability and430
service efficiency. In general, PLs offer numerous opportunities to optimize economic sustainability,431
ranging from cost control to enhanced profitability, thereby promoting greater efficiency within the432
logistics industry.433

5.1.2 Operational efficiency434

The operational efficiency of PLs is related to direct costs and benefits, as well as improving435
the long-term sustainability and competitiveness of the logistics system through technology and436
innovative services. In evaluating usage patterns and operational efficiency studies, researchers437
analyze different aspects of PLs. For example, Leung et al. (2023) analyzed trends and seasonal438
variations in PL use. They observed peak usage during holidays and peak hours during weekdays,439
highlighting the impact of consumer behavior on PL use. Consumer preferences are another primary440
academic interest. El Moussaoui et al. (2022) identifies factors influencing consumer choice of CDPs.441
They provided insights to optimize delivery services based on consumer behavior. Lin et al. (2020)442
integrated customer choice into the design of the locker network to improve delivery efficiency.443
Dynamic positioning strategies also contribute to enhancing PL efficiency. Schwerdfeger and444
Boysen (2020)’s study optimized the MPL by adjusting the positions, allowing flexible placement445
to improve service coverage. In addition, technological integration has improved the operational446
efficiency of PL.447

Researchers have advanced urban logistics efficiency through various approaches, including448
facility location, route planning, customer preferences, innovative delivery solutions, network design,449
multimodal collaboration, and performance evaluation. Studies on delivery preference and PL450
routing have also contributed to improving urban logistics systems. Enthoven et al. (2020) integrated451
customer preferences into their model to improve logistics efficiency. Zang et al. (2023) focused452
on minimizing delivery and pick-up costs while adhering to time constraints, improving systems’453
efficiency and effectiveness. Innovative and combined delivery methods, such as crowdsourced or454
MPLs with PLs, have also been explored. Ghaderi et al. (2022) and Stokkink et al. (2024) optimized455
crowdsourced delivery, while Kötschau et al. (2023) analyzed MPL deployment. Kötschau et al.456
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(2023) and Liu et al. (2023) improved service flexibility and efficiency in delivery systems, with the457
former arguing for the benefits they offer, and the latter identifying critical factors in MPL-based458
systems and implementing dynamic routing strategies. The researchers also analyzed operational459
efficiency from a network design perspective, such as optimal locker configuration (Faugère and460
Montreuil, 2020) and strategic insights (Grabenschweiger et al., 2021). In addition, Lyu and Teo461
(2022) examined the efficiency of the locker alliance network to determine the optimal density462
and coverage for Singapore. In Peppel et al. (2024) research, they combined home delivery, APLs,463
and MPLs to determine optimal delivery patterns that minimize total cost while meeting customer464
demands. Janinhoff et al. (2024b) pointed that flexible allocation of lockers and home delivery can465
improve the delivery success rate and route density, which can increase resource utilization and466
operational efficiency.467

5.2 Environmental sustainability468

Environmental sustainability denotes the capacity to maintain or improve environmental health,469
through efficient resource usage, emission control, and long-term ecological impact (Morelli, 2011).470

5.2.1 Emissions reduction471

PLs can reduce the driving distance and time required in the traditional delivery process, effectively472
reducing GHG emissions. Traditional delivery methods often necessitate multiple attempts to reach473
homes or offices, resulting in increased traffic congestion and higher emissions. Using PLs, deliveries474
can be centralized, and consumers can pick up their parcels. The innovative delivery process can475
reduce the round-trip and driving mileage of the delivery vehicles.476

Niemeijer and Buijs (2023) examined the carbon impact of the pick-up points, finding that the477
potential for net positive effects of carbon emissions is most significant when the pick-up points478
are established in urban environments. Janinhoff et al. (2024b) stated that the use of PL can479
significantly reduce the carbon footprint of service providers. Pinchasik et al. (2023) estimated that480
CO2 emissions could be reduced by 13-32% by replacing home delivery with PLs. In another study,481
Peppel and Spinler (2022) developed a methodology for designing a PL network that minimizes482
emissions and costs during delivery and collection, with findings showing that PLs have a positive483
impact on reducing emissions in urban areas (up to 2.5%), but can generate additional emissions484
in less populated areas (4.6%). Based on a simulation-based comparison analysis, Gutenschwager485
et al. (2024) stated that PLs can reduce carbon emissions by about 60% in high-density urban areas.486
In another study, Ozyavas et al. (2025) used PL as both the collection and transfer points. Designing487
a multi-level distribution network reduces the distance of home deliveries while minimizing total488
delivery costs, thereby significantly reducing carbon emissions. Peppel et al. (2024) showed that489
integrating MPLs leads to extra CO2e emissions savings of up to 5.4%.490

5.2.2 Operational practices491

Logistics companies can manage delivery and storage processes more efficiently by utilizing492
PLs, thereby improving operational efficiency and environmental sustainability. This is achieved by493
adjusting delivery plans based on actual demands, consolidating orders to reduce idle and half-load494
situations, and combining different delivery capabilities with lockers to enhance efficiency and495
flexibility. Several studies have investigated how enhancing PL operational practices can improve496
environmental sustainability. Janinhoff et al. (2024b) designed intelligent delivery networks to497
compare different delivery options, finding that integrating orders for PLs significantly reduced498
delivery costs. Ranjbari et al. (2023b) guided for determining the correct locker size and configura-499
tion, highlighting that the proper setup can reduce the workload of building managers and minimize500
environmental challenges in dense urban areas. Redi et al. (2020) included locker facilities in the501
routing problem to improve efficiency and reduce costs. Kahr (2022) proposed an optimization502
framework to design the structure of the PL compartment. Their results suggest that small and503
medium size compartments are more effective in meeting customer needs.504
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Combining EVs and PLs can address the challenge of the last mile carbon footprint. Vukićević505
et al. (2023) showed that the integration of EVs with PLs reduced delivery failures and increased506
the efficiency of energy use. Oliveira et al. (2022) explored integrating freight services with public507
transport infrastructure, reducing externalities of urban freight by placing PLs at public transport508
nodes. Enthoven et al. (2020) combined PLs and freight bikes to improve the sustainability of the509
urban delivery network, reducing traffic congestion and pollution. Wang et al. (2022a) optimized510
locker locations and delivery plans for GVs, while Zang et al. (2023) explored optimal coordination511
between door-to-door and locker deliveries in conflicting time windows. Ghaderi et al. (2022)512
presented a novel crowdsourced LMD problem using PLs as exchange points, reducing trip detour513
times and improving delivery success rates by up to 5%. Stokkink et al. (2024) considered PLs as514
transfer stations for crowdsourcing delivery system, the overall service level and revenue increased515
by about 30%.516

Innovative delivery methods involving lockers have also been explored. Zou et al. (2024) designed517
a lock-and-drone delivery system where trucks transport parcels to lockers and drones complete518
the final delivery. This innovative delivery system significantly improved delivery speed and cost519
efficiency. Li et al. (2021) developed a system in which couriers collaborate with MPL to expand520
depot coverage and reduce the number of depots needed. Di Gangi et al. (2023) linked transportation521
services to last mile delivery using PLs, demonstrating improved delivery on small islands through522
integration with naval services. Boschetti and Novellani (2023) analyzed a delivery routing system523
that combines drones, lockers, and traditional trucks, offering various delivery modes to customers.524
Yu et al. (2022) formulated VRP for simultaneous pickup and delivery with PLs, considering home525
and PL delivery modes. Dos Santos et al. (2022) integrated PLs with occasional couriers(OCs),526
showing that OC usage positively impacts transportation costs and distance traveled by the dedicated527
fleet, especially when using larger capacity lockers. In response to the locker-based drone delivery528
system, Zhu et al. (2024b) studied how to minimize task completion time (makespan) while meeting529
all customer needs.530

5.3 Social sustainability531

With rapid urbanization and the exponential rise of e-commerce, PLs have moved beyond simply532
optimizing traditional delivery models. They now function as an essential infrastructure to improve533
the efficiency of urban logistics and to support socially sustainable development. A central aspect of534
this role involves the promotion of social sustainability to ensure equitable access, inclusive service535
design, and the creation of public value through the deployment of PLs. Specifically, this involves536
ensuring user safety, operational convenience, and improved service availability, particularly for537
underserved or vulnerable populations (Purvis et al., 2019).538

539

5.3.1 Adoption and satisfaction540

Customer adoption and satisfaction with PLs are crucial to promoting social sustainability. These541
indicators directly influence the shopping experience and indirectly support environmental protection542
and community development. Yang et al. (2023) built a BP model to optimize the location of smart543
PLs in the community, showing that improving user satisfaction with PLs is both a market strategy544
for companies and a key part of profit strategies. Ranjbari et al. (2023a) used a pre-test and545
post-test control group experiment framework and a difference-in-difference analysis framework546
to analyze PL potential to improve convenience and social acceptance. They found that up to547
96% residents were satisfied with the PLs. Hong et al. (2019) developed a routing algorithm for548
on-demand logistics services, enhancing the ability to solve optimization problems and ensuring549
high customer satisfaction through effective route optimization. Faugère and Montreuil (2020)550
developed an optimization model for PLs to maximize customer satisfaction, thus improving service551
efficiency and promoting environmentally friendly logistics practices. Hu et al. (2024) identified552
what motivates consumers to adopt smart food lockers during public health crises. They found553
that perception of health risk, social norms, and perceived usefulness are key drivers. Rose et al.554
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(2025) investigated how the structure of the information and the characteristics of the consumers555
influence the adoption of PLs. The findings reveal that gain-framed messages are more effective556
than loss-framed ones, especially for consumers with high environmental concern and low risk557
aversion. Innovation also plays a moderating role. Several studies have employed SEM frameworks558
to assess user usefulness and convenience in the usage of PL (e.g. Jang et al. (2024); Ngan et al.559
(2025). Jang et al. (2024) explored to understand what influences the intention of consumers to560
adopt APL systems under pandemic conditions. They found that consumers’ intention is driven by561
ease of use, usefulness, security, and health-related factors. Through a survey in Vietnam, Ngan562
et al. (2025) extended the model of unified acceptance and technology use (UTAUT) to identify563
the factors that influence consumers’ intention to use smart parcel lockers. Then, they used the564
covariance-based SEM (CB-SEM) framework to explain the psychological and behavioral factors565
that influence the intention of consumers to adopt PLs. They showed that performance expectancy,566
effort expectancy, social influence, innovation, and compatibility have a positive effect on users’567
intention, while perceived risk has a negative effect.568

5.3.2 Accessibility and convenience569

PLs offer customers flexible parcel collection options, allowing them to pick up parcels at their570
convenience, which is particularly beneficial for those with irregular schedules. By improving571
accessibility and convenience, PLs contribute positively to individual quality of life, community572
well-being, environmental protection, and economic development. Schaefer and Figliozzi (2021)573
studied Amazon locker locations in Portland, Oregon, finding that PLs tend to be located in574
mixed-use areas, improving accessibility for a large part of the population. El Moussaoui et al.575
(2022) analyzed CDPs’ potential locations to improve convenience for e-consumers, providing576
logistics companies with insights for more personalized services. Vukićević et al. (2023) argued that577
PLs could significantly increase the comfort of the recipient by reducing failed delivery attempts.578
Oliveira et al. (2022) explored integrating lockers with public transport infrastructure to provide579
accessible and equitable services, particularly in small and medium-sized cities. Gayen et al. (2023)580
used a multi-criteria group decision-making method to select optimal PL locations, finding that post581
offices are ideal due to their centrality and accessibility.582

5.3.3 Equity in access583

Equity in access ensures that everyone, regardless of their economic status or residence, can584
easily use PL services. This is particularly important for residents in remote or resource-poor areas,585
as it helps improve overall social well-being. Schaefer and Figliozzi (2021) emphasized that the586
current location of Amazon PLs in the US could be improved to cover traditionally under-served587
populations, ensuring equitable access for all community members, especially in remote areas. Easy588
access to logistics services can significantly improve the quality of life, particularly in the delivery589
of essential health products, educational materials, and necessities. By ensuring equitable access,590
PLs help reduce social inequalities and promote inclusive growth.591

5.3.4 Regional impact on city and rural planning592

The application of PLs in urban and suburban planning plays a vital role in promoting social593
sustainability by enhancing urban transportation, optimizing land use, supporting regional economic594
development, promoting social inclusion, and fostering environmentally sustainable development.595
Lachapelle et al. (2018) explored PL development, site characteristics, and regional location596
characteristics in five South East Queensland cities and discussed the impact on the planning of597
urban and transportation dominated by cars. Their study highlighted the importance of documenting598
and evaluating PL locations to ensure optimal integration with urban and transport planning. Leung599
et al. (2023) conducted empirical research on the usage of PL in Australia, finding that usage patterns600
are closely related to the pace of life of urban residents. They presented novel empirical findings of601
the spatial and temporal use patterns of PLs, which contribute significantly to urban mobility and602
sustainability goals. Seghezzi et al. (2022) compared PL and home delivery in urban and rural areas.603
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They pointed out that the benefits of PL were more significant in rural areas, providing reliable and604
economical logistics solutions that support social and economic development in populated regions.605

5.4 Discussion606

PLs not only provide consumers with convenience, but also have a significant impact on the urban607
economy, the environment, and social development. This highlights the key role of PL solutions in608
supporting the future of sustainable development. At the economic level, cost-profit analyses reveal609
various strategies for optimizing operating costs and profitability. In terms of operational efficiency,610
research emphasizes the integration of technology and innovative services, which improve the overall611
effectiveness and responsiveness of logistics systems. Regarding environmental sustainability, PLs612
significantly reduce GHG emissions by minimizing travel distance and time, helping to protect the613
environment. By optimizing the delivery and storage process through technological integration and614
innovative operations, PLs reduce waste and improve resource use efficiency. As a green logistics615
practice, PLs offer companies an effective path to more environmentally friendly logistics operations.616
In terms of social sustainability, PLs improve the accessibility and convenience of delivery services,617
particularly by providing broad community coverage. These analyses of current academic research618
support the utility of PLs as an effective last mile delivery solution and highlight their potential to619
drive sustainability strategies.620

6 RESEARCH GAPS AND FUTURE RESEARCH

Combining the descriptive and thematic analysis, the existing literature was examined in detail and621
assessed from two key research perspectives: operational challenges and sustainability impacts.622
However, within the scope and search criteria adopted in this review, limited evidence was found623
regarding the third research question, which focuses on the application of AI technologies to PL624
solutions. Acknowledging these limitations, this section presents an exploratory discussion of the625
identified gaps, suggests plausible reasons for their occurrence, and outlines directions for future626
research. It is important to note that the literature reviewed in this study was limited to specific627
databases and search criteria (e.g., Scopus, Web of Science). As a result, the limited representation628
of certain topics may reflect methodological constraints rather than a definitive absence of existing629
research. Future systematic reviews employing broader or alternative search strategies may uncover630
additional relevant studies and provide more comprehensive insights.631

6.1 Operations632

In recent years, PL operations have attracted growing academic and practical interest. However,633
several gaps in the existing literature remain, which limits a comprehensive understanding of the634
full potential and challenges associated with PL systems. First, while many studies emphasize635
cost reduction through the integration of technology and optimization of PL locations and delivery636
routes, there is a lack of review on the long-term economic benefits and potential risks of these637
strategies, particularly in terms of reliability and robustness under uncertain demand conditions.638
More research is also needed on the dynamic behavior of PL systems. Existing studies largely639
address spatial and temporal dynamics and uncertain consumer demand, but offer limited insight640
into how urban mobility can be effectively integrated with environmental sustainability goals.641

Although some research has investigated the location problem of PLs and examined location642
strategies and their operational implications, a comprehensive analytical framework is still lack-643
ing. Moreover, the integration of PL systems with public transportation infrastructure remains644
underexplored. Although some studies have evaluated the placement of CDP in public venues such645
as supermarkets, service stations, and post offices to better understand e-consumer preferences646
(El Moussaoui et al., 2022), more work is needed to assess the broader implications of this inte-647
gration for system efficiency and accessibility. Within our literature search parameters, current648
research predominantly emphasizes the distribution and usage patterns of PLs in urban contexts,649
whereas relatively few comprehensive analyses were found explicitly addressing rural deployment650
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and utilization. This observation does not mean that such research is completely missing, but it651
shows that more studies are needed on rural and regional differences. In particular, comparing652
results across different cultures could be a useful direction for future research.653

Most research on PL has focused on APL, particularly in the context of location optimization.654
Although MPLs offer a promising alternative for last-mile delivery, existing studies primarily focus655
on optimizing MPL delivery routes. Comparative analyses between MPL and APL remain limited656
and underexplored. Moreover, the lack of differentiation between attended and non-attended PL657
models in existing literature may contribute to the limited development of preference-based models658
(such as Structural Equation Modeling) and structural design frameworks. Future research should659
explicitly distinguish between these service modes to explore their implications for user behavior,660
operational efficiency, and system design. Finally, existing studies have discussed the physical661
attributes and modular design of PLs to suit different environments and user needs, but more662
exploration is needed in terms of innovative design. To enhance the efficiency of PL operations,663
several avenues for optimization and innovation can be explored. Future research should focus664
on resource scheduling, location selection, intelligent design, consumer demands, and integration665
with urban infrastructure to maximize the benefits of PL systems. Optimal resource scheduling and666
location selection for PL systems need further exploration.667

Given the limitations related to the selection criteria, database coverage, and keyword specificity668
of this review, certain operational topics were found to be relatively underrepresented. These include669
dynamic relocation and MPL scheduling, integration with public transportation infrastructure, and670
systematic assessments in rural or underserved areas. This does not imply a complete absence of671
scholarly work in these areas, but points to the need for more empirical, interdisciplinary, and672
policy-oriented research to address these emerging operational challenges.673

Moreover, although many studies present advanced optimization frameworks for PL operations,674
including location planning, routing efficiency, and service clustering, a disconnect often persists675
between these models and the practical challenges of real-world deployment. Effective implementa-676
tion requires considering regulatory constraints, stakeholder coordination, infrastructure limitations,677
and varying levels of technological readiness. Therefore, future research should focus on develop-678
ing adaptive and scalable operational strategies that respond to diverse urban contexts and policy679
frameworks, supported by empirical validation in actual logistic systems.680

6.2 Sustainability impact681

Although PLs have shown potential for delivery efficiency, there are still significant gaps in682
understanding their broader economic, environmental, and social impacts on sustainability.683

In terms of economic sustainability, although many studies have focused on the cost optimization684
and profitability of PL systems, there is a lack of systematic research on multidimensional cost-685
benefit analysis and long-term economic impact. Most studies conduct a cost analysis from a686
single perspective and lack a comprehensive life cycle cost analysis, including initial investment,687
technology upgrades, maintenance, and operational costs. In addition, there is a lack of research on688
cost changes under uncertain demand and market fluctuations. Existing research focuses primarily689
on reducing operating and delivery costs through technology integration and optimizing PL locations,690
but lacks an assessment of long-term economic benefits and potential risks. For example, there is691
insufficient research on maintaining low costs in the long term under various market conditions and692
limited analysis on the applicability to enterprises of different sizes.693

For environmental sustainability, research has focused mainly on the impact of PLs on GHG694
emissions and operational practices, while there is limited in-depth analysis of energy efficiency and695
resource utilization. Although environmental benefits such as reduced GHG emissions and optimized696
resource utilization have been discussed in several studies, systematic and long-term environmental697
impact assessments of PL systems across diverse urban contexts remain relatively limited in the698
existing literature reviewed here. Specifically, the long-term impact of PLs on improving urban699
quality of life and promoting sustainable urban development has not been thoroughly confirmed700
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through empirical data. This suggests that future research could offer valuable insights by conducting701
longitudinal evaluations of environmental effects across different urban and regional settings.702

While social dimensions such as customer convenience, service safety, and user satisfaction703
have been addressed to some extent in existing studies, the literature identified within this review704
generally prioritizes economic and environmental impacts more extensively. A deeper and broader705
exploration of social values, especially through systematic empirical studies, appears to be limited706
in our selected literature. Therefore, future research efforts are encouraged to expand the scope and707
depth of investigations into these social dimensions to fully capture the multidimensional benefits708
of PL systems. The extent to which PL systems contribute to improving quality of life has not been709
thoroughly evaluated. Few studies have addressed the fairness and accessibility of PLs in different710
socioeconomic groups, and research on their application in low-income communities and remote711
areas is still insufficient. Furthermore, the application of PL in nontraditional retail industries has712
received relatively little scholarly attention. Current research focuses primarily on the retail and713
e-commerce sectors, with comparatively fewer studies exploring the use of PL in areas such as714
second-hand goods trading, drug delivery, and library services.715

It is important to reflect on why certain sustainability-related dimensions, particularly those716
concerning long-term environmental assessment, equitable access, and nontraditional service717
applications, appear underrepresented in the literature we reviewed. This gap may be attributed in718
part to our focus on operationally oriented peer-reviewed studies and the defined database search719
strategy, which may have excluded interdisciplinary or policy-oriented work outside of the main720
logistics outlets. Furthermore, the novelty of some of these dimensions (e.g., the use of PL in721
second-hand markets or marginalized communities) suggests that empirical research is still in its722
early stages of development. Rather than interpreting these omissions as evidence of a complete723
lack of academic attention, we see them as an opportunity for future investigations to explore these724
under-examined, yet crucial, facets of PL sustainability.725

6.3 AI applications726

The application of AI technology in PL systems has been mainly limited to models and algorithm727
optimization, with fewer practical applications and empirical case studies. There is a lack of728
comprehensive empirical research on how to better integrate AI technology into existing logistics729
systems, as well as its effects and challenges in actual operations. In terms of dynamic monitoring730
and real-time adjustment of PL delivery network layouts, relevant application research on AI731
technology is still in its initial stage, with a lack of in-depth discussion on its practical effects732
and long-term impact. For demand forecasting and resource optimization management, although733
many studies focus on how to use AI technology for effective management, more verification is734
needed regarding the adaptability and reliability of these technologies in complex and uncertain735
environments. Additionally, although AI technology is used to optimize user experience, there736
is limited research on personalized demand analysis and service optimization for different user737
groups, and a lack of systematic evaluation and empirical research on AI’s role in improving user738
satisfaction, usage frequency, and overall service quality.739

Future research should focus on integrating AI into existing logistics systems and validating740
its impact through real-world applications. By combining AI technology, PLs can intelligently741
and dynamically adjust their storage space to accurately match the needs of various users. This742
design strategy can significantly improve the user experience while also promoting environmental743
protection and resource conservation, aligning with principles of sustainable development. Such744
design innovations can lead to a more intelligent, humane, and environmentally friendly development745
of PL systems.746

First, beyond the addition of mobile or foldable designs, AI-based intelligent recognition technol-747
ogy could be introduced, allowing PLs to automatically identify and classify packages of different748
sizes. This design would reduce the error rate of manual operation and improve PL efficiency.749
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Moreover, by analyzing usage data with AI algorithms, future predictions on the number and size750
distribution of packages could help optimize storage space allocation in advance.751

Second, a more user-friendly interactive interface can be designed to further enhance the user752
experience. For example, using a touchscreen or mobile app, users could query package storage753
locations, estimated retrieval times, and other information in real-time, as well as schedule pickup754
appointments and use QR codes for pickup. For special user groups, such as the elderly and disabled,755
features like voice prompts and large font displays can ensure accessibility.756

Future research should also explore the combined application of queueing theory and AI technol-757
ogy. Queueing theory provides a theoretical basis for optimizing service processes and reducing758
waiting times, while AI technology enhances system flexibility and responsiveness through intel-759
ligent prediction and real-time adjustments. For APLs, AI can monitor and manage PL usage in760
real time, dynamically adjusting service strategies to improve operational efficiency. For MPLs,761
AI technology, combined with queueing theory, can optimize dynamic scheduling and location762
selection, ensuring sufficient service capabilities in high-demand areas and meeting diverse user763
needs.764

The scarcity of empirical research and practical applications observed in supporting AI-based PL765
systems requires a critical examination of the root causes of this research gap. This phenomenon766
may be attributed in part to our methodological focus on the operational logistics literature, which767
may systematically exclude AI-related research rooted in human-computer interactions, information768
systems, or behavioral disciplines. Furthermore, the application of AI in PL systems, especially769
in environments where real-time optimization and personalized services are required, remains an770
emerging research boundary, with theoretical claims often preceding practical implementation771
and empirical verification. We therefore interpret this as having no academic focus, but rather an772
opportunity to conduct interdisciplinary research promptly that can bridge the paradigms of logistics,773
AI, and human-centered design.774

Beyond theoretical model development, future research should place greater emphasis on empirical775
studies that reflect the perspectives of diverse stakeholders, including logistics service providers,776
local governments, urban planners, property managers, and end-users. A detailed understanding777
of their goals, constraints, and incentives is essential for the practical implementation of PL778
systems. Furthermore, evaluating PL deployment under real-world conditions, such as within779
existing regulatory frameworks, physical space limitations, and cost–benefit considerations, can780
help bridge the gap between academic models and practical feasibility. A stakeholder-driven and781
context-sensitive research approach will provide more insight into adoption barriers, operational782
challenges, and effective strategies for sustainable integration.783

7 CONCLUSIONS

This literature review has provided a comprehensive overview of current research on PL solutions784
for last mile delivery. It also addresses key operational challenges, sustainability implications, and785
the emerging role of AI in improving PL systems. Through a systematic review of existing studies,786
it becomes clear that PLs represent a promising solution for addressing some of the complexities of787
last mile logistics. More specifically, PLs offer important advantages such as improved delivery788
efficiency, lower operational costs, and increased customer satisfaction. In addition, they contribute789
to broader sustainability goals by reducing GHG emissions and reducing urban traffic congestion.790

The operational problems associated with PL are mainly focused on optimizing its location,791
delivery routes, and integration within existing logistics networks. Most studies on PLs have792
explored location optimization, especially with the aim of minimizing costs, improving delivery793
efficiency, and reducing delivery failures. In addition, a limited number of studies have examined794
other key operational challenges, such as dealing with stochastic demands, addressing capacity795
constraints, and integrating PL with various delivery systems. Although progress has been made796
in these areas related to PL, particularly through mathematical modeling and simulation, future797
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research should emphasize more dynamic approaches capable of capturing real-time variables in798
both urban and rural environments.799

The sustainable impacts of PL are multifaceted and include economic, environmental, and social800
aspects. Economically, PLs have shown the potential to optimize logistics costs and increase801
profitability. Cost-benefit analyses indicate that PL systems can streamline delivery operations by802
centralizing drop-off points and minimizing failed delivery attempts, thus reducing vehicle mileage,803
fuel consumption, and overall delivery times. The operational efficiency of the PL system, especially804
through the strategic placement of lockers and the integration of advanced technologies, improves805
the scalability and sustainability of last mile logistics networks. This review also emphasizes806
the environmental benefits of PL systems, primarily by reducing GHG emissions and improving807
resource efficiency. PL systems substantially reduce the environmental impact of last mile logistics808
by consolidating deliveries into fewer trips. However, the magnitude of these benefits varies809
depending on geographic and demographic factors, with greater environmental advantages typically810
observed in urban areas compared to rural regions with lower population densities. From a social811
sustainability perspective, PLs improve convenience and accessibility for consumers by offering812
flexible and secure parcel retrieval options, a feature that is increasingly important in the era of813
e-commerce. In addition, the PL system supports equitable access to logistics services, especially in814
urban areas experiencing traffic congestion and delivery bottlenecks. Despite these benefits, more815
research is necessary to fully understand the potential of PL in low-income and low-density regions.816

The application of AI in PL is still in its early stages, yet the optimization potential of AI tech-817
nology for PL systems is considerable. AI can be used for demand forecasting, route optimization,818
and dynamic locker allocation based on real-time demand patterns. In particular, machine learning819
algorithms can improve the user experience by predicting consumer preferences, thus optimizing820
locker locations and capacity as needed. Additionally, AI enables the design and adaptation of821
interactive PL interfaces tailored to user requirements, promoting flexibility and broad applicability822
of PL solutions.823

Overall, PLs represent a transformative solution to the challenges of last mile delivery, with824
operational, sustainability, and technological advantages. To address operational challenges in terms825
of layout, capacity, and routing, PL systems have proven to be economically and environmentally826
sustainable while providing greater convenience for consumers. As urban populations grow and827
e-commerce continues to expand, the role of PL systems in building resilient and efficient logistics828
networks will become increasingly important. Continued innovation, particularly in the integration829
of AI, user interface development, and system scalability, will be essential to fully realize the830
potential of PLs across various geographic and socio-economic settings.831
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