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Innovative solutions in last mile delivery: concepts, practices, challenges, and 
future directions
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aDivision of Engineering Management and Decision Sciences, College of Science and Engineering, Hamad Bin Khalifa University, Ar- 
Rayyan, Qatar; bDepartment of Analytics, Operations and System, Kent Business School University of Kent, Canterbury, UK

ABSTRACT
In the last decade, e-commerce has been growing consistently. Fostered by the covid pandemic, 
online retail has grown exponentially, particularly in industries including food, clothing, groceries, 
and many others. This growth in online retailing activities has raised critical logistic challenges, 
especially in the last leg of the distribution, commonly referred to as the Last Mile. For instance, 
traditional truck-based home delivery has reached its limit within metropolitan areas and can no 
longer be an effective delivery method. Driven by technological progress, several other logistic 
solutions have been deployed as innovative alternatives to deliver parcels. This includes delivery 
by drones, smart parcel stations, robots, and crowdsourcing, among others. In this setting, this 
paper aims to provide a comprehensive review and analysis of the latest trends in last-mile 
delivery solutions from both industry and academic perspectives (see Figure 1 for overview). We 
use a content analysis literature review to analyse over 80 relevant publications, derive the 
necessary features of the latest innovation in the last mile delivery, and point out their different 
maturity levels and the related theoretical and operational challenges.
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Introduction

From steam engines to the present cyber-physical sys-
tems, the world is evolving rapidly into what is referred 
to as the Fourth Industrial Revolution or Industry 4.0. 
These current technologies facilitate advancements in 
urban areas through modelling and prediction, where 
logistics plays an integral role. However, logistics is 
currently facing major issues in the urban environ-
ment. Delivery vehicles used by many suppliers are 
a major cause of air pollution. According to (Dablanc, 
Diziain, and Levifve 2011), trucks used by delivery 
companies in Paris cause between 15% and 20% of 
overall vehicular congestion and nearly 60% of total 
emissions. Additionally, researchers have highlighted 
that these companies operate inefficiently, and thus 
accumulate suboptimal mileage (Jiang and 
Mahmassani 2014). The authors of (Fan et al. 2009) 
have claimed that temporal dimensions are not effec-
tively incorporated in route planning. The inaccessibil-
ity of vehicles to parking slots in congested urban 
areas is another reason for their inefficiency (Boussier 
et al. 2011). In the mobile world of Industry 4.0, custo-
mers require that suppliers make deliveries in a short 
time, which requires efficient and flexible logistics.

All logistical operations associated with delivering 
goods and parcels to customers’ households are 
known as last mile delivery, which has been described 
in literature as the most expensive, inefficient, and 

polluting part of the supply chain (Olsson, Hellström, 
and Pålsson 2019). There are five main challenges faced 
in last mile delivery according to (Boysen, Fedtke, and 
Schwerdfeger 2021), which are presented in Figure 2.

Increasing volume of shipments

Driven by the two mega-trends – urbanisation and 
e-commerce – demand has been rising for last mile 
delivery services. Urbanisation led to massive popula-
tion increases in urban areas. Some studies have esti-
mated that by 2050, around 6.3 billion people, i.e. 
approximately 70% of the global population, will be 
living in big cities (Bretzke 2013). In 2018, e-commerce 
itself grew by 23.3% worldwide (Coppola 2021). The 
growing number of online orders has consequently 
increased the number of parcel deliveries. For example, 
research in Germany (Brandt 2019) has shown that by 
2023, 4.4 billion parcels will be delivered annually com-
pared to the 1.69 billion shipments in the year 2000. 
Another study (Stevens 2019) showed that in the USA, 
Amazon will deliver approximately 6.5 billion parcels in 
2022, compared to the 3.5 billion delivered in 2019.

Sustainability

More delivery vehicles are needed to meet the volume 
increase of shipments, which will have negative impacts 

CONTACT Adel Elomri aelomri@hbku.edu.qa Division of Engineering Management and Decision Sciences, College of Science and Engineering, 
Hamad Bin Khalifa University, Ar-Rayyan, Qatar

SUPPLY CHAIN FORUM: AN INTERNATIONAL JOURNAL 
https://doi.org/10.1080/16258312.2023.2173488

© 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.  
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by- 
nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or 
built upon in any way.

http://orcid.org/0000-0003-1605-9800
http://orcid.org/0000-0002-8750-2470
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/16258312.2023.2173488&domain=pdf&date_stamp=2023-02-06


on the environment, health, infrastructure, and will 
increase congestion. This rapid expansion results in 
urban transport congestion, which in turn affect the 
wellbeing of citizens living in urban areas (Arroub 
et al. 2016). Higher customer awareness and new gov-
ernmental legislations have pressured delivery services 
to provide an environmentally friendly and sustainable 
service (Hu et al. 2019). For example, an increase of 60 
self-collection lockers can result in avoiding 193 tons of 
carbon emissions annually (Stevens 2021).

Costs

Traditional delivery trucks are costly. A case study from 
Finland has shown that traditional delivery by vans 
costs from 2€ to 6€, based on the density of the area 
(Punakivi et al. 2001). In addition, the cost of delivery 
increases with traffic congestion and lack of parking on 
busy streets. Delivery drivers face uncertainties 

regarding allowed parking areas, exact customer 
addresses and customer availability (Ulmer and 
Streng 2019). According to (Song et al. 2009), research 
reported between 12% and 60% first-time failed deliv-
eries due to customers not being home for long peri-
ods. This is a consequence of lifestyle and cultural 
changes, such as the increase in employment rates of 
women and single-person households. Alternative 
solutions for deliveries, such as unattended deliveries 
and self-collection by customers, are of great benefit 
and help in reducing delivery costs.

Time pressure

The growth of e-commerce has directly led to 
a massive increase in the volume of delivered par-
cels. Many online businesses and retailers have also 
intensified efforts to provide customers with next- 
day or same-day deliveries (Yaman, Karasan, and 

Figure 1. Overview and Graphical Abstract.
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Kara 2012; Dablanc et al. 2017). To this end, last mile 
delivery activities need to operate under very tight 
deadlines. The volume of online orders for deliveries 
also varies throughout the week, the peak being 
Monday (Poggi et al. 2014); as well as over the year 
due to seasonal sales (Boysen, de Koster, and 
Weidinger 2019). Therefore, last mile deliveries deal 
with workloads that are stochastic and significantly 
vary over different periods. Modern approaches to 
such deliveries thus need to be both flexible and 
scalable.

Ageing workforce

The ageing workforce in urban areas has created 
a shortage of personnel in the field of parcel delivery, 
which is a physically demanding field (Peterson 2018).

The recent boom in e-commerce has greatly pro-
moted the advancement of technologies related to 
logistics (Yu et al. 2017). A high-quality, responsive, 
and professional delivery process boosts customer 
and retailer satisfaction (Li et al. 2006), especially in 
the final stage of the parcel delivery process, where 
the only human interaction takes place for the custo-
mer. Human interaction is reduced or eliminated with 
self-service alternatives such as parcel lockers or deliv-
ery through autonomous vehicles (drones or robot- 
assisted deliveries) (Narayanan, Chaniotakis, and 
Antoniou 2020).

This research seeks answers to the following ques-
tions: What are the recent innovative trends in the field 
of last mile delivery, and how do they function? What 
are some gaps in the relevant literature, and what are 
the areas that need to be further investigated in future 
work from an operations research perspective? 

A similar review by (Mangiaracina et al. 2019) looked 
at how innovative solutions in last-mile delivery 
affected efficiency in B2C e-commerce. Following 
a systematic review, they identified major innovative 
solutions and how they might reduce last-mile delivery 
costs. This review on the other hand, aims to extend 
the knowledge on innovative solutions from an indus-
try as well as from an operations research perspective.

The remainder of this paper is organised as follows: 
In Section II, we provide the methodology used to 
conduct this review. Section III discusses the prevalent 
delivery solutions from the perspective of the industry. 
Section IV presents the operations research perspec-
tive on these solutions and discusses the different 
models employed. Finally, directions of future work in 
the area and the conclusions of this study are provided 
in Section V.

Research methodology

Material collection

To answer the above questions, a systematic literature 
review was conducted to analyse the state of the art in 
related research. The guidelines presented in (Durach 
and Wieland 2017) for conducting a literature review in 
supply chain management were followed. The 
research method consisted of the following five steps:

(1) Formulating the research questions and identi-
fying the keywords

(2) Determining a clear criteria for inclusion and 
exclusion

(3) Researching the literature using databases
(4) Selecting the most relevant papers
(5) Discussing the results and their descriptive 

analyses

Research questions and keywords

The first step in this review was to formulate the 
research questions. Our main interest was studying 
the recent trends in last mile delivery and the state of 
the art from an operations research perspective. We 
also investigated the trends in terms of their level of 
maturity and deployment in the industry, as well as 
identified related work in literature. For this purpose, 
a number of keywords were used to collect the refer-
ences. The set of keywords used were ‘last mile deliv-
ery innovative solutions’, ‘e-commerce delivery’, ‘smart 
logistics’, ‘parcel delivery’, ‘unmanned aerial vehicles’, 
‘delivery robots’, ‘drones’, ‘robot-assisted delivery’, 
‘autonomous vehicles’, and ‘smart parcel lockers’.

Criteria for inclusion and exclusion

The criteria were as follows:

Figure 2. The five main challenges faced in Last Mile Delivery 
problems (Boysen, Fedtke, and Schwerdfeger 2021).
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Inclusion criteria:

(1) Papers published between 2015–2021
(2) Publications in journals, conferences, and books
(3) Papers focusing on innovative trends in last mile 

delivery from an operations research perspective

Exclusion criteria:

(1) Papers in languages other than English
(2) Papers focusing on last mile delivery and rele-

vant trends from a perspective or field other 
than operations research

Literature and databases used to select papers

We approached the material collection from two per-
spectives: scientific and industrial. The scientific per-
spective was divided into two phases. The first phase 
involved selecting the scientific databases and search-
ing for articles using the above keywords and inclu-
sion/exclusion criteria. The databases used included 
Scopus and ScienceDirect, which are considered the 
largest databases of peer-reviewed scientific literature. 
Articles on last mile delivery were then selected based 
on their abstracts. The second phase involved the use 
of the reference-based technique while going through 
the relevant articles preselected in phase 1. This was 
done to avoid excluding any relevant articles, follow-
ing the same keywords/abstract technique. We 
gleaned the industrial perspective by referring to web-
sites of companies, such as DHL and Amazon, which 
offer innovative last mile delivery services to gain 
insights from their operations. Finally, after reading 
through the articles and checking their relevance, 61 
papers were selected for review. Among them, 38 were 
journal papers (62.2%), 18 conference papers (29.5%), 
and five review papers (8.1%). Review papers focused 
on either using drones or robots as innovative delivery 
solutions, and discussed their specific applications. We 
analyzed several solutions for delivery and discussed 
the traditional ones for comparison. We also described 

several optimization models from the literature related 
to the most relevant solutions. Finally, we proposed an 
application for an emerging innovative solution: the 
moving smart parcel station.

Discussion of results and descriptive analysis

Analysis by year and journal type

A descriptive analysis of the selected papers is pro-
vided according, but not limited to, some of the fea-
tures below:

● Numbers of published papers per year and jour-
nal type

● Most cited papers and co-citations
● Methodology used

Figure 3 shows the distribution of the selected 
papers over the years. The selected period to analyse 
the most recent studies was 2015 onward. The distri-
bution of published papers shows an increasing inter-
est in the area among researchers in recent years, with 
more than 70% of the selected papers published dur-
ing the last three years. It is interesting to see that most 
of the articles were published in 2021, and this trend is 
expected to continue in the near future. The growth in 
number of publications in recent years can be attrib-
uted to the increase of interest in last mile delivery, and 
in better managing e-commerce delivery with less 
human interaction, especially following the COVID-19 
pandemic. This shows that knowledge in this area has 
been evolving.

Concerning the venue of publications, the majority 
of papers appeared in Transportation Research Procedia 
with seven publications. Networks Journal and 
Transportation Research, Part E: Logistics and 
Transportation Review had four publications each, 
Computers and Industrial Engineering, Sustainability 
(Switzerland), and Transportation Research Part C: 
Emerging Technologies had three publications each. 
Finally, Computers and Operations Research, European 
Journal of Operational Research, Transportation Science, 
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Figure 3. Distribution of papers by year.
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and Transportation Research: Interdisciplinary 
Perspectives had two publications each. Figure 4 
shows the distribution of these 29 articles; each of 
the other nine papers were published in different 
journals.

The relevance of the above-mentioned journals is 
logical. For instance, operations research on the 
topic of innovative solutions in last mile delivery 
looks into different aspects of logistics, location, 
transportation and routing systems and discusses 
how these solutions operate in specific networks. 
Implementing sustainable solutions is one of the 
major drivers in last mile delivery – this fact vali-
dates the relevance of the Sustainability journal in 
the context of this study.

Most cited papers and co-citation analysis

In citation analysis, the number of citations a paper has 
can be interpreted as the impact or influence it has in 
a particular area of research. By using citation analysis, 
the most impactful papers can be determined and 
examined. We focus on 25 of the most influential pub-
lications considered in this study, illustrated in 
Figure 5. The article by Murray and Chu in (Murray 
and Chu 2015) had the highest number of citations at 
386, followed by a study by Dorling et al. (Dorling et al.  
2017) with 341 citations. These papers examined the 
flying-sidekick travelling salesman problem and the 
vehicle routing problem, respectively. Both studies 
examined the optimisation of drone-assisted parcel 
delivery. They were followed by four articles that had 

0 1 2 3 4 5 6 7 8

TRANSPORTATION SCIENCE

TRANSPORTATION RESEARCH INTERDISCIPLINARY PERSPECTIVES

EUROPEAN JOURNAL OF OPERATIONAL RESEARCH

COMPUTERS AND OPERATIONS RESEARCH
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TRANSPORTATION REVIEW

NETWORKS

TRANSPORTATION RESEARCH PROCEDIA

Figure 4. The topmost publishing journals in this area.

Figure 5. The topmost cited scientific papers in Logistics Management.
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been cited 185, 120, 99, and 93 times respectively. The 
number of citations for the other 19 papers ranged 
between 69 and 13.

Another interesting feature is co-citation. Co- 
citation analysis is used to map articles that are often 
referenced together, and investigate similar topics 
(Hjørland 2013). In a co-citation network, two nodes 
(publications) are linked together when both are pre-
sent in the reference table of any other publication. 
Additionally, the larger the node is, the more often the 
relevant publication is cited. Co-citation analysis can 
help identify the most influential publications as well 
as recognise the different thematic clusters. Indeed, 
the clusters here were categorised based on the co- 
cited publications. Three clusters were identified and 
shown in red, green, and blue, as shown in Figure 6. 
The co-citation network graph was constructed using 
Biblioshiny, in which the links represent the co-citation 
process.

Keyword co-occurrence

Biblioshiny was also used for analysing the keywords 
co-occurrence in the 61 publications. This is used to 
analyse the content presented in a publication. The 
words are usually extracted from the keywords pro-
vided by the authors in their articles. If they are absent, 
they can be pulled from the title or the abstract. Like 
the co-citations, keyword occurrence analysis assumes 
that words that often appear together are thematically 
related. Each node in the network represents 
a keyword, and its size reflects how many times that 
keyword has occurred. The links between keywords 

represent their co-occurrence. The thicker the link is, 
the more often the relevant keywords co-occur. The 
different colours of the nodes indicate different the-
matic clusters. The nodes and links between clusters 
are used to explain the fields of a study and how they 
are related. As shown in Figure 7, six clusters were 
mapped by Biblioshiny. Cluster 1 (red) tackled the 
themes of drones and the travelling salesman problem. 
Cluster 2 (blue) was related to vehicle routing. Cluster 3 
(green) covered the logistics sector. Cluster 4 (purple) 
focused on last-mile delivery. Cluster 5 (brown) was 
related to parcel delivery. Finally, Cluster 6 (orange) 
focused on transportation and innovation.

Classification by methodology

Figure 8 illustrates the delivery methods used in the 
chosen papers. It can be seen that drones were the 
technology considered most often. Drones are already 
used by large delivery companies, and their promi-
nence here reflects the maturity of research on drones, 
in both scientific literature and in the industry.

Other technologies, such as robots, electric vehicles, 
and parcel lockers, were also frequently represented. 
Few papers tackled a combination of technologies, 
such as trucks and drones operating jointly, or several 
solutions at once. The rest presented the general scope 
of smart cities and smart logistics in relevant areas.

Means of transportation in urban logistics

Urban logistics can be defined in several ways. It com-
monly refers to the effective and efficient process of 

Figure 6. Biblioshiny co-citation network.
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transporting goods within urban areas, while consider-
ing its impact on traffic congestion, the environment, 
and safety. In supply chain management, last mile deliv-
ery is the final step of transporting goods to their final 
destination. Most urban logistics deliveries involve tradi-
tional means, such as trucks and light vehicles. However, 
innovative strategies for last mile delivery can be 
employed through information and communication 
technologies (ICTs), environmentally friendly vehicles, 
and robotics with augmented reality (AR). These tech-
nologies have inspired research on urban logistics in the 
context of food delivery, parcel lockers, and electric 
vehicles that can help in solving several transportation 
and delivery problems in emerging urban areas.

Some studies have discussed the use of electric 
vehicles in logistics and evaluated their impact on 
the environment. The author of (Jovanović, Pamučar, 
and Pejčić-Tarle 2014) discussed the use of green 
vehicles in transportation networks. Using neuro- 
fuzzy logic, they formulated the problem as 

a nonlinear optimisation problem, and applied and 
tested it on a transportation network in Belgrade, 
Serbia. The study in (Lee, Chae, and Kim 2019) pro-
posed a mixed truck–bike model to reduce the total 
operation costs of a transportation system that pre-
viously used only trucks. They assessed the impact of 
replacing some trucks with bikes, and found that it 
reduced not only the cost of fuel but also the total 
carbon emissions by up to 10%; however, the cost of 
labour increased. More insights into the traditional 
and modern concepts of delivery used in the indus-
try are discussed below.

Innovative solutions for parcel delivery: 
industry perspectives

Current delivery concepts

This section discusses delivery concepts that are cur-
rently being used in daily operations in the industry. 

Figure 7. Biblioshiny keyword co-occurrence network.
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The traditional concept of home delivery for online 
ordered parcels is still the most common delivery 
method, especially for densely populated countries 
(Molin, Kosicki, and van Duin 2022). We start the sec-
tion with the traditional method of home deliveries by 
human-driven delivery vans to describe the standard 
followed by more recently applied innovative meth-
ods. To tackle the traffic challenges, some companies 
started using cargo bikes and decentralised micro- 
depots in congested city centres for delivery. In addi-
tion, several courier services have been applying con-
cepts of self-service parcel collection to minimise 
human interaction and the use of personnel in last 
mile delivery operations. These concepts are discussed 
below.

Human-driven delivery vans

Globally, the most common method of parcel deliv-
ery is home delivery (International Post Corporation  
2020). Humans driving delivery vans from central 
warehouses or depots to customers is the most com-
mon delivery process around the world. The delivery 
routes of the vans are determined according to 
where the shipments are to be delivered. Along this 
route, the delivery driver parks the van and goes 
door to door to hand the parcel to the customers. 
This process is referred to as attended home delivery. 
In the courier service industry, parcels arrive to 
a central warehouse in an urban area after being 
transported by a truck from one depot to another. 
Subsequently, the trucks are unloaded at the depot. 
The parcels are then placed on a conveyor attached 
to a sorting system to sort them according to their 
destination, using the barcodes, before they are sent 
to the collection area.

Once the parcels arrive at the collection area, the 
delivery person responsible places them in the truck. 
The parcels are generally organised in the truck 
according to the route, so that they can be easily 
unloaded at their destination, e.g., the parcel intended 
for the first destination along the route is loaded last. 
A common challenge for delivery drivers is finding 
a suitable space to park the truck, near the customer’s 
location. This may incur the risk of parking violations or 
a long walk for the delivery person. Another problem is 
not finding the customer at home, whereby the deliv-
ery fails. In this case, the driver is obliged to return the 
shipment to the depot to be again delivered in the 
near future, or to schedule a suitable pickup time with 
the customer (Nguyê˜n et al. 2019).

Drivers can sometimes drop parcels off at the cus-
tomer’s doorstep or a concealed location around the 
property (McKinnon and Tallam 2003). This process is 
referred to as unattended home delivery. Even though 
unattended home deliveries can be convenient in spe-
cific conditions (such as contactless food delivery in 

times of the pandemic), this is considered risky, and is 
not allowed unless the customer consents to it.

Cargo bikes

Alternative solutions for the delivery process have 
been established for the heart of large cities featuring 
traffic jams and vehicular congestion. One of these 
solutions is the cargo bike. The mode of operation of 
cargo bikes can be manual or electrical, and they are 
already being used in several European countries. Both 
manual and electrical modes of operation give bikes an 
environmental advantage over traditional vans operat-
ing with a combustion engine and would contribute to 
a sustainable last mile logistics (Boysen, Fedtke, and 
Schwerdfeger 2021). Their use has been studied in 
Antwerp, Belgium and Vienna, Austria in (Arnold et al.  
2018) and (Anderluh, Hemmelmayr, and Nolz 2017), 
respectively. Recently Amazon has announced that it 
will be launching a fleet of cargo bikes to replace 
thousands of van deliveries in London (Butler 2022). 
Cargo bikes provide several benefits, as they can be 
used for delivery trips to customers in areas that are 
difficult to reach by traditional vehicles, areas with 
limited access (only accessible through sidewalks or 
pedestrian paths), and areas lacking parking spaces 
(Anderluh, Hemmelmayr, and Nolz 2017).

Unlike delivery vans, cargo bikes have limited carry-
ing capacity (Fikar, Hirsch, and Gronalt 2018), which 
hinder their suitability for large deliveries. Cargo bikes 
thus need to be replenished with parcels several times 
a day. This process usually takes place in decentralised 
micro-depots located close to the route of the bike, 
rather than in the central depot, to avoid long return 
journeys. These depots are usually located in parking 
garages or loading docks. Trailers are also a useful 
option in terms of mobile depots close to the routes 
of cargo bikes.

Traditional delivery vehicles are used to load mobile 
depots with shipments. This results in adopting a two- 
echelon transportation system in which vehicles 
replenish mobile depots and cargo bikes deliver to 
customers’ locations. The ageing workforce worldwide 
is a challenge faced by carriers while using cargo bikes, 
as bikers require a certain level of fitness. If the cargo 
bike is electric, this barrier is eliminated or minimised.

Self-service techniques (parcel lockers)

Among the different stages of the last mile shipment, 
home delivery is the most time-consuming operation. 
A high number of stops for small parcel sizes is ineffi-
cient as well as time- and cost-consuming (Molin, 
Kosicki, and van Duin 2022). The delivery worker 
must make a stop at each customer’s house, walk to 
the door, and check if someone is at home. If no one is, 
it is considered a failed delivery and the parcel is 
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returned to the depot for a future delivery attempt or 
for a customer pickup at an agreed-on location. 
Alternatively, the delivery person may seek out 
a neighbour and leave the package with them. In the 
US, 8% of first-attempt home deliveries fail, which costs 
retailers $17.20 per order on average, or $197,730 -
per year (Edwards 2021). Failed delivery attempts add 
to the effort and delivery time, and lead to customer 
dissatisfaction as well.

As a result, some postal service providers are 
offering self-service options for their customers. 
Parcel lockers located at hubs or places of storage 
is another innovative method used in last mile 
delivery. In this case, parcels are delivered to 
a decentralised depot that is easily accessible by 
customers. Usually, public sites such as markets, 
train stations, universities, and post offices, are pre-
ferred locations for parcel lockers. Compared to 
attended home deliveries where parcels are deliv-
ered to individual customers, the consolidation of 
numerous parcels to a decentralised pickup site 
saves the postal service provider time and effort 
(Ghajargar, Zenezini, and Montanaro 2016), making 
it easier to handle rising parcel volumes at lower 
costs, and offering relief for the staff. Several studies 
showed that costs could be significantly reduced 
when using parcel lockers as opposed to home 
delivery (Deutsch and Golany 2018).

This, however, is only one aspect of the business. 
Customers who accept self-service forego conveni-
ence, and must go to the relevant locations to pick 
up their parcels. This may cause a delay in receiving 
a shipment and necessitate incentives (e.g., lower 
postal charges) to make sure that customers use the 
self-service option (Molin, Kosicki, and van Duin 2022). 
Moreover, the travelling distance saved by the service 
provider should be compared with the added distance 
travelled by the customers to collect their shipment. It 
is not clear if customer self-service delivery reduces the 
impact of the overall travelling (i.e., both service pro-
vider and customer) on the environment. This depends 
on whether the customer drives or walks between 
their home and the self-service station. However, 
some studies in Poland found that carbon emissions 
produced by parcel locker delivery are only 5% of 
emissions produced by home delivery (Schnieder, 
Hinde, and West 2021).

Currently, there are more than 2.4 million parcel 
shops and stations worldwide, as reported by (Proud 
and Chapman 2022), where parcel shops are staffed 
outlets such as convenience stores, and parcel lock-
ers are secured lockers that can be found indoors or 
outdoors. Usually, the customers will collect their 
parcels by making a trip to the parcel shop or station 
at their convenient time. Implementation of the par-
cel locker solution can reduce costs and cut 

emissions for less urgent deliveries that consumers 
do not mind picking up from nearby. According to 
the authors of the recently published Green Last Mile 
Europe 2022 report, an estimated 13,845 kg of CO2 

emissions can be reduced by one parcel locker 
per year (Bradley 2022).

Properly selecting the location of parcel lockers is 
the most important factor in determining their utilisa-
tion efficiency (Iwan, Kijewska, and Lemke 2016). The 
study in (Veenstra et al. 2018) examined the location of 
the facility for parcel lockers in the context of the 
vehicle routing problem for delivering either directly 
to customers, or to a nearby facility. Parcel lockers are 
already being used by several large companies, such as 
DHL (DHL 2021) and InPost (Stevens 2021). They can 
also serve as micro-hubs for the exchange of ship-
ments between vehicles or bikes. Micro-hubs are con-
solidation points in high-density areas, which allow 
deliveries for a specific region to be consolidated to 
one spot. Once shipments have been delivered to 
a micro-hub, they can then be distributed to the cus-
tomers nearby by another method of delivery such as 
cargo bikes. This approach is supported by Fikar et al. 
in (Fikar, Hirsch, and Gronalt 2018), who used an agent- 
based simulation for their study, and showed that the 
quality of service improves, and delays in food delivery 
can be avoided, when using cargo bikes in combina-
tion with urban consolidation points such as micro- 
hubs. They discussed that for every parcel, CO2 emis-
sions dropped significantly when using cargo bikes. 
However, the total travelled distance increased due 
to the low capacities of the cargo bikes. They demon-
strated that implementing urban consolidation how-
ever, reduced shipment delays. In (Eliyan, Elomri, and 
Kerbache 2021), Eliyan et al. presented a study about 
smart parcel stations. In their work, the authors studied 
the deployment of smart parcel stations by analysing 
three mathematical formulations. They modelled their 
scenario by considering customer satisfaction rate 
where retailers served customers from the nearest 
smart parcel station location, and they evaluated 
their model according to some KPIs, such as travelled 
distance, cost, and carbon emissions. This study con-
cluded that smart parcel stations would be an effective 
alternative solution in the last-mile delivery challenge 
especially in metropolitan areas.

The use of parcel lockers can also be extended by 
installing them in autonomous vehicles (a truck-robot 
concept). These vehicles can park in an area close to 
the customer’s house and wait until they collect their 
shipments. This concept can be very beneficial for 
regular next day deliveries. The concept of parcel lock-
ers in last mile delivery is a convenient approach for 
deliveries that are not urgent and for second-time 
deliveries. Parcel lockers serving as micro-hubs is very 
similar to the truck–robot scenario discussed above.
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Solutions for the near future

Drone parcel delivery

The use of drones, or unmanned aerial vehicles (UAV), 
is becoming more common in different industries. 
Despite being in the early stages of implementation 
and mass adoption, drones provide many benefits due 
to their ability to operate autonomously, thereby sav-
ing considerable time and energy (Intelligence 2021). 
UAVs can make a major contribution to the environ-
ment of smart cities through smart parcel deliveries. 
Thus, deliveries can easily be scheduled and efficiently 
distributed to several destinations. Advantages of 
drone package deliveries include reduced traffic con-
gestion, environmental pollution, delivery times, and 
transportation costs (Emergen Research 2022).

Parcel delivery is among the most beneficial appli-
cations of drones, especially to reach areas that are not 
easy to access. Additionally, this idea gained popularity 
especially during the COVID-19 pandemic. A survey 
revealed that customers were willing to pay more for 
deliveries made by autonomous vehicles, partly to 
avoid infection, but also because those deliveries are 
faster than waiting for delivery trucks to make their 
rounds (Kreier 2022).

Many leading companies already use drones to 
deliver their products. In 2013, Amazon’s CEO, Jeff 
Bezos, announced that UAVs would play a significant 
role in delivering small packages (60 Minutes 2013). 
This was realised in 2016 with Amazon Prime Air, which 
aims to deliver packages aerially weighing up to 5 lb 
within 30 minutes of ordering. Similarly, Google 
launched its drone delivery service ‘WING’ in 2017. 
DHL also provides a drone-based solution to tackle 
last mile delivery in urban areas of China; it has 
reduced the time needed for one-way deliveries from 
40 minutes to only eight minutes. In comparison with 
the traditional road delivery method, the application of 
drones helped DHL reduce the cost per delivery by 
80%, in addition to reducing their overall energy con-
sumption and carbon footprint (DHL 2019). 
A cooperation between Zipline and the government 
of Rwanda has been set-up to deliver blood and med-
ical supplies to hospitals and other medical destina-
tions in the country (Toor 2016). Currently, the top 
package drone-delivery companies are Prime Time 
Air, FedEx, UPS Flight Forward, DHL Parcelcopter, 
Wing, Matternet, Zipline, Flytrex, Flirtey, and 
Wingcopter (Emergen Research 2022).

Despite the optimistic vision of the implementation 
of UAVs, airspace management agencies have serious 
concerns about their wide use. The necessary terms 
and conditions for the use of drones need to be set, 
and unmanned traffic management platforms need to 
be established in different sectors to better arrange the 
operation and schedules of drones in the air. Although 
drones may travel faster than trucks and do not need 

to adhere to a specific route, the adoption of drones 
for parcel deliveries are increasingly difficult in urban 
areas due to regulations concerning their operation 
and safety (Alfandari, Ljubić, and de Melo da Silva  
2022), in addition to their limited capacity and travel 
range (Chung, Sah, and Lee 2020). Furthermore, the 
flight endurance of drones is affected by the limited 
battery capacity, as well as the flight speed and pay-
load (Murray and Chu 2015). Drones are not yet cap-
able of conducting complex multiple deliveries; 
therefore, many researchers started combing delivery 
trucks with drones (Kellermann, Biehle, and Fischer  
2020).

In the drone–truck delivery system, the truck acts as 
a mobile charging station that recharges the drone for 
its next flight. This system is used to meet the demands 
of customers in rural areas that the truck cannot reach 
(owing to poor road quality, high delivery costs, or 
long durations for delivery). After a full recharge from 
the truck, the drone can operate for a limited amount 
of time, which will also prevent it from reaching some 
nodes and fulfilling some customer demands. This 
concept has been also used in (Sun et al. 2021) where 
the authors have proposed a delivery system that 
allows the drone to land on a recharging station 
located along its route.

In China, JD logistics started delivery operations 
using drones in Guangam, Sichuan. These drones 
were able to fulfill a quarter of the city’s daily average 
orders, while saving up to 50% in delivery time. The 
model of UAVs used is called Y-3, and it can carry 
a maximum weight of 10 kg and fly 10 km from JD 
headquarters. Since many customers in rural areas in 
China are far beyond the distance that the drone can 
cover, it cannot return to the truck during its flight for 
recharging. A drone–truck recharging station will be 
beneficial in such operations by JD logistics for delivery 
operations in rural Chinese villages (Sun et al. 2021).

Robot-assisted delivery

Delivery robots (or bots) are another form of autono-
mous delivery. This innovative technology can 
improve efficiency in terms of cost savings and lower 
the negative impact on the environment (Taniguchi, 
Thompson, and Qureshi 2020). Starship Technologies, 
Amazon Scout, or Robby have already started initiating 
or selling delivery robots. Delivery robots have both 
advantages and disadvantages when compared to 
drones. Bots travel at nearly 6 km/h on sidewalks, and 
thus are slower. However, they can move heavier 
packages of up to 10 kg (Swiss Post 2017). Drones 
need to be constantly monitored and operated by 
a flight moderator, and are not allowed to operate 
near airports, military bases, and other restricted 
areas. Unlike drones, several bots can be operated at 
the same time by only one moderator (Bakach, 
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Campbell, and Ehmke 2021). While a drone can directly 
move from point A to point B, this is not possible for 
the delivery robot, which is restricted to road networks 
and pathways. One benefit of using robots is that they 
do not risk violating people’s privacy as drones do, and 
they are less affected by weather conditions. 
Additionally, robots will provide customers with faster 
delivery service, and will help reduce delivery costs 
(Attaran 2020).

Some delivery bots are already being used in the 
industry. Hermes in Hamburg and London provides 
parcel deliveries through robots, as well as the 
German postal system and Amazon. They are also 
used for food delivery in cities in Germany and the 
Netherlands (Starship 2017; Bertram 2017; Dormehl  
2020).

Solutions for parcel delivery: operations 
research perspective

Drone routing models

Studies on new delivery techniques normally consider 
different versions of the travelling salesman and the 
vehicle routing problems. Researchers have proposed 
several models to use drones for delivery. In a review 
conducted by (Rojas Viloria et al. 2021), a UAV routing 
problem was defined as a problem concerning assign-
ing UAVs to achieve a particular task while optimising 
some performance measures, including cost, distance 
travelled, time, and other objectives, and considering 
some constraints such as weight of parcel carried, 
battery life, and demand requirements (Rojas Viloria 
et al. 2021).

In (Murray and Chu 2015), Murray and Chu tackled 
the travelling salesman problem using drones (TSP-D). 
Two scenarios were implemented for a delivery sys-
tem, which consisted of a drone associated with 
a traditional truck. The first scenario involved the fly-
ing-sidekick travelling salesman problem (FSTSP). In 
this scenario, a truck and a drone leave the depot, or 

return to it, separately or in tandem. However, while on 
route, they will travel in tandem to conserve the bat-
tery power of the drone. This is depicted in (Figure 9a). 
Here, a truck and a drone separately leave the depot. 
While the truck visits customers 5, 3, 9, and 8, the drone 
visits customer 4 and meets the truck again at custo-
mer 8. They separate again at customer 1 and finally 
meet again at the depot where the route has finished.

The second scenario, presented in (Figure 9b), 
involved the parallel drone scheduling travelling sales-
man problem (PDSTSP). There is no synchronisation 
between the truck and drones in this scenario, as 
opposed to the previous one. The drones depart and 
return to the depot, while the truck serves customers 
along a TSP route. This can be more practical when 
a distribution centre is close to customers. In both 
scenarios, there may be customers who are ineligible 
to be served by a drone and therefore must be served 
by a truck.

A mixed-integer linear programming (MILP) problem 
was formulated for each scenario. The objective was to 
minimise the overall time for delivery to all customers. 
Two heuristic approaches were discussed to solve the 
problem with a practical size. This is because MILP sol-
vers are not time effective and would need many hours 
to solve small-scale formulation instances.

For the FSTSP, the heuristic method first generated 
a specific route for the truck by solving a TSP where all 
customers were to be visited by the truck. Subsequently, 
an iterative procedure was used to allocate the drone to 
a sub-set of customers. The assumption for the PDSTSP 
was that the drone served all customers within its max-
imum allowable range, while the truck served the 
remaining customers. This resulted in two sub-sets of 
customers: one served by the drone and the other by 
the truck. The sub-set of customers to be served by the 
drones were scheduled by minimising the make span of 
a parallel machine-scheduling (PMS) problem. The flight 
time needed to serve the customers and return was 
represented by the ‘processing time’, and each custo-
mer was considered a ‘job’.

Figure 9. Two optimal solutions for the same delivery problem: FSTSP (a) and PDSTSP (b); retrieved from (Murray and Chu 2015).
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A vehicle routing problem with drones (VRPD) 
model was proposed by (Wang, Poikonen, and 
Golden 2017) involving several trucks and drones. 
The main objective was to minimise the time required 
for delivery vehicles to deliver all packages and return 
to the central hub. In the models presented, the cus-
tomers were served by either a drone or a truck.

Kim and Moon (Kim and Moon 2019) proposed 
minimising the total delivery time for both trucks and 
drones. In their model, the trucks acted as drone sta-
tions at the beginning and end of the drone delivery 
operation. The problem was thus a travelling salesman 
problem with a drone station (TSP-DS). In (Kim, Moon, 
and Jung 2020), the authors examined drone delivery 
on the rooftops of buildings. Urban areas face consid-
erable challenges in terms of traffic congestion during 
delivery, owing to their dense population and layout. 
Increasing the number of delivery vehicles in the face 
of rising demand would have negative impacts in 
terms of more pollution, traffic congestion, and acci-
dents (Demir et al. 2015). As drones are operated by 
batteries, it is beneficial to rely on them for the delivery 
process, while tackling possible barriers and challenges 
related to their use. Drone delivery on rooftops has 
a significant advantage over other drone-based opera-
tions, as rooftops are an ideal location for drones to 
land on, and depart from. Rooftops are fixed destina-
tions that can provide safe accessibility for the drone as 
opposed to, for example, a moving truck in a truck– 
drone delivery system. In several experiments, aug-
mented reality and real-time identification have been 
applied through downward-facing cameras to provide 
accurate visual guidance to land drones on rooftops 
(Castagno, Yao, and Atkins 2019).

One study presented a MILP-based mathematical 
model for scheduling a drone for parcel delivery on 
a rooftop. The objective function was to maximise the 
number of parcels delivered, which is a unique objec-
tive as most studies seek to minimise the overall cost 
or time. The different models discussed in this section, 
as well as other research on drone-based parcel deliv-
ery are summarised in Table 1 including other models 
such as Integer Programming (IP) and Dynamic 
Programming (DP).

Robot-assisted delivery models

The structure of the decision problem for robots is 
impacted by the fact that delivery robots are suitable 
only for attended home delivery. This is the main 
difference between drone-based and robot-based 
delivery. The concept of robot depots was presented 
in (Boysen, Schwerdfeger, and Weidinger 2018), where 
they evaluated the case of a system consisting of 
a single vehicle and several depots serving 40 custo-
mers, with pre-defined drop-off points.

It is also possible to arrange early deliveries when-
ever there is a deadline for each delivery. Unlike the 
case for drones, delivery robots are not expected to 
return to the delivery truck. The authors of (Boysen, 
Schwerdfeger, and Weidinger 2018) considered a truck 
carrying a certain number of delivery bots that were 
launched for delivery, as shown in Figure 10. To mini-
mise the time for which the truck needs to wait for the 
delivery bots to return, they proposed that robots 
return to decentralised robot depots where they 
remain until picked up by the truck later.

To this end, they optimised the route of the truck 
along a path close to where the bots were picked up 
and dropped off. Furthermore, they proposed 
a scheduling heuristic that minimised the number of 
late deliveries. The model with a truck and decentra-
lised robot depots outperformed the one where the 
trucks waited for the robots in terms of average late-
ness.Figure 11 illustrates this concept.

Jennings and Figliozzi (Jennings and Figliozzi 2019) 
proposed a similar truck-and robot system where the 
truck would drop off a delivery bot at several occasions 
in areas with a parcel delivery, pick it up when done 
and return to the depot (Jennings and Figliozzi 2019). 
They estimated travel distances and delivery times by 
applying continuous estimation without optimising 
the routing, and evaluated their model in terms of 
delivery time and fleet size. They also investigated 
circumstances in which the model can be used to 
improve the traditional mode of delivery, which is 
performed by a truck driver from a warehouse to the 
final customer.

Authors in (Sonneberg et al. 2019) proposed 
a location routing problem using multi-compartment 
robots as well as time windows for customers. The 
robots began the delivery process from the depots, 
and could perform several deliveries to customers 
before returning to the depot to end their tour. The 
model avoided waiting times by assuming that robots 
could change their own batteries. The model proposed 
was an MILP, which selected which robot depots to 
open. The objective was to minimise the total cost of 
operations.

In an Uncapacitated Routing-Scheduling Problem 
(URSP), (Alfandari, Ljubić, and de Melo da Silva 2022) 
devised a generic Mixed Integer Linear Programming 
(MILP) model where a delivery truck carrying parcels is 
deployed from a central distribution depot at a specific 
time. It travels to a subset of facilities where parcels are 
unloaded and then transported by autonomous robots 
to their respective customers. Three models were con-
sidered, each with an objective that minimised 
a tardiness indicator, namely the maximum tardiness, 
the total tardiness, and the number of late deliveries. 
The model was solved using the Benders decomposition 
approach. A feasible solution from an instant of the 
model is shown in Figure 12. Customer deadlines are in 
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brackets while the travel times are under/on the arcs. 
Here, 6 customers were served late, the maximum tardi-
ness being 3 units and the cumulative tardiness being 10 
units.

Another robot delivery model was assessed in 
(Poeting, Schaudt, and Clausen 2019), with two scenarios 
presented in simulations. The first involved the travelling 
salesman problem with precedence constraints (TSPPC), 
and the other one was an orientation problem with 
multiple time windows (OPMTW). Packages were first 
transported to the local depot where robots were present 
to deliver them to customers. A two-tier system was used, 
where robots were employed in the second tier. The 
authors assumed that each depot had a single robot, 
and that the parcels had already been assigned to the 

Table 1. Overview of approaches to drone delivery in the literature.
Author Objective Function Approach Heuristic Type Customers

Es Yurek and Ozmutlu 
(2018) (Es Yurek and 
Ozmutlu 2021)

Minimise Total Time MILP ✓ FSTSP with drone and 
recharging policy

10 Customers

Dell’Amico et al. (2021) 
(Dell’Amico, 
Montemanni, and 
Novellani 2021)

Minimise completion time MILP, DP – FSTSP with multiple drones 10 customers, 72 instances

Dell’Amico et al. (2020) 
(Dell’Amico, 
Montemanni, and 
Novellani 2020)

Minimise maximum working time 
among all vehicles

MILP ✓ TSP Parallel drone scheduling Two scenarios: 20 
Customers – 48 to 229 

customers

(Sun et al., 2020) (Sun 
et al. 2021)

minimise the total time cost of the 
truck

MILP – TSP with drone and 
recharging station

–

(Huang et al., 2020) 
(Huang, Savkin, and 
Huang 2020)

minimise the total delivery time of 
a given set of parcels

2 exact 
algorithms

– Drone and train delivery 
system

5 to 40

(Kim et al., 2020) (Kim, 
Moon, and Jung  
2020)

maximise the number of parcels 
delivered

MILP ✓ Rooftop-based drone 
operations

Integer value randomly 
selected from 1–5 for each 
location. Instances include 

10, 20 and 50 locations
(Di Puglia Pugliese 

et al., 2020) (Di 
Puglia Pugliese, 
Macrina, and 
Guerriero 2021)

minimise the total transportation 
cost

MILP ✓ VRP with drones and trucks 15

(Dayarian et al., 2020) 
(Dayarian, 
Savelsbergh, and 
Clarke 2020)

Compare different algorithms of 
drone resupply

Exact algorithms – VRP with drone resupply –

(Agatz et al., 2018) 
(Agatz, Bouman, 
and Schmidt 2016)

Minimise the total costs of the 
delivery tour

IP,DP ✓ TSP with drone 12

(Song et al., 2018) 
(Song, Park, and 
Kim 2018)

maximise the weighted sum of two 
objectives, the total number of 
covered tasks, and the total 
travelling distance

MILP ✓ scheduling model for a UAV 
system’s provision of 
persistent delivery service

–

(Dorling et al., 2017) 
(Dorling et al. 2017)

Two objectives: minimise costs 
subject to a delivery time limit – 
minimise the overall delivery 
time subject to a budget 
constraint

MILP ✓ Multitrip VRP for drone 
delivery

–

(Murray & Chu, 2015) 
(Murray and Chu  
2015)

minimise the overall time for 
delivery to all customers

MILP ✓ Flying side kick of TSP, Parallel 
drone scheduling TSP 
(optimal routing and 
scheduling of unmanned 
aircraft)

Up to 10 customers

(Wang et al., 2016) 
(Wang, Poikonen, 
and Golden 2017)

minimise the time required to 
deliver all packages and let all 
vehicles go back to the central 
hub

Theorems to 
prove Several 
best case/ 
worse case 
scenarios

– VRP with drones –

(Kim and Moon 2019) 
(Kim and Moon  
2019)

minimise the total delivery time for 
both trucks and drones

MILP ✓ TSP Parallel drone scheduling 
with drone station

Up to 80 customers

Figure 10. Van releasing a robot (Ostermeier, Heimfarth, and 
Hübner 2022).
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Figure 11. Illustration of the routes of the truck and the robot (Ostermeier, Heimfarth, and Hübner 2022).

Figure 12. Uncapacitated Routing-Scheduling Problem feasible solution illustrating tardiness (Alfandari, Ljubić, and de Melo da 
Silva 2022).

Table 2. Overview of robot-assisted approaches to delivery in the literature.

Author Objective Function Problem Characteristics
Factors Considered in 

Optimisation

Number 
of 

Robots Customers

Hubs and Robots
(Poeting et al., 2019) (Poeting, 

Schaudt, and Clausen 2019)
Minimise the distance of the 

truck tour
Two tier system; robots 

present at the second 
tier

Time windows, Place of storage of 
robots

– –

(Bakach et al., 2021) (Bakach, 
Campbell, and Ehmke 2021)

Minimise the number of 
robot hubs

Two tier system; robots 
present at the second 
tier

, Time windows, Storage of robots, 
Time windows, 
Place of storage of robots

95 300

(Sonneberg et al., 2019) 
(Sonneberg et al. 2019)

Minimise robots transport 
costs

Different robot sizes Time windows, 
Place of storage of robots, storage 

of robots, costs

3 10

Trucks and Robots
(Jennings & Figliozzi, 2019) 

(Jennings and Figliozzi 2019)
continuous estimation for 

tour length
Dropping off and collecting 

robots through 
sequential tours

– – –

(Boysen et al. 2018) (Boysen, 
Schwerdfeger, and 
Weidinger 2018)

Minimise number of delays Deadlines Time windows(deadlines), robots 
are transported by truck, 

Place of storage of robots

40 40

(Ostermeier et al., 2021) 
(Ostermeier, Heimfarth, and 
Hübner 2022)

Minimise total cost of 
delivery tour

Time windows Time windows, robots are 
transported by truck, 

Place of storage of robots, 
Storage of robots

125 125

(Alfandari et al., 2022) 
(Alfandari, Ljubić, and de 
Melo da Silva 2022)

Minimise tardiness based 
on delivery deadlines of 
customers

Two tier system; robots 
present at the second 
tier

Travel time, delivery deadlines, 
autonomous robot assignment 
to customer

– {25, 50, 
75. 100}
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depots. The objective was to maximise the number of 
vehicle visits to the depots. Consequently, the total num-
ber of packages delivered by the robots was also max-
imised. Table 2 classifies research on robot-assisted 
delivery.

Conclusion and future research

This review examined the prevalent methods used for 
last mile delivery from the perspectives of the industry 
and operations research. Non-traditional services for 
parcel delivery have sparked considerable interest in 
literature, and work is underway to find new solutions 
as well as improve existing ones. Most of the literature 
reviewed covered solutions of the routing problem of 
parcel delivery. This makes sense, as routing is 
a necessary concept in last mile delivery. However, 
we identified some gaps, and we think that future 
work should also investigate the following areas.

Territory design

Territory design is a well-investigated topic in the con-
text of traditional truck-based delivery (known also as 
zoning). It involves dividing large-scale territories into 
smaller areas, each to be served by an allocated tour. In 
this regard, questions persist around what techniques 
can be applied (and how) when novel modes (such as 
truck–drone delivery and smart parcel stations) are 
introduced to the system. In addition, managing deliv-
ery time windows and aligning them with preferred 
customer times have not yet been considered in novel 
modes of delivery. Some studies on delivery robots 
have used deadlines and time windows, but examining 
the management of time windows beyond the domain 
of routing should be pursued in future research.

Applying more realistic constraints and 
configurations

Models should be formulated using scenarios and 
parameters that are more realistic for drones and 
robots. Formulated problems should deal with realistic 
configurations and constraints, specifically related to 
costs, battery life, and range of operations. These may 
include accessible and restricted flight and operational 
zones, various safety concerns, and pedestrian paths 
(for robot applications).

Dealing with uncertainties and dynamic 
systems

Uncertainties concerning dynamic customer demand, 
order management, and vehicle travel, should be con-
sidered in more realistic routing models that incorpo-
rate novel last-mile delivery methods. Dynamic 
ordering behaviours are closer to reality in such 

problems, where how many customers will be order-
ing, and what, is unknown over a specific period. 
Examining ways of dealing with such orders (day 
by day ordering, or coupling orders over a rolling hor-
izon) is an interesting challenge for future work.

Other real-world uncertainties are related to the 
loading and unloading of parcels. Such operations 
are important to consider when modelling parcel 
delivery problems for novel modes of delivery, espe-
cially given that unloading parcels is not always 
smooth, and there might be unsuitable locations for 
drones or robots to drop off their parcels. Dealing with 
these factors, and evaluating their impacts on the over-
all process is another interesting challenge. Finally, the 
effect of different weather conditions on the operation 
of vehicles should be considered – rain, dust, and 
stormy weather can significantly hinder the routing 
of drones and robots.

Adaptation to current systems

When implementing novel modes of delivery within 
the current distribution systems, many of them require 
major modifications. These may include the relocation 
of certain facilities or depots, installation of recharging 
stations or robot hubs, modifications to the infrastruc-
ture for the new vehicles, automation in storage, and 
the necessary adaptations to new regulations for navi-
gation systems. These changes as well as their effect on 
distribution systems and the logistics of delivery opera-
tions is another important issue for future research.

Future research should seek to obtain the opti-
mal mix of distribution systems. Each concept of 
delivery has its advantages and disadvantages 
about its mode of implementation, constraints, 
and performance. The most efficient combination 
can achieve the best distribution operation, such 
that each concept used is specialised for a specific 
customer segment. For example, truck-drone deliv-
ery systems may be the most convenient choice for 
rural areas, with large spaces for drones to safely 
land in to drop parcels. Delivery robots with trucks 
or cargo bikes may be a good option for areas with 
dense population and inner cities. Parcel lockers are 
the most convenient for price-sensitive customers 
who work long hours, have non-urgent orders, or 
are not willing to pay a lot for delivery. Segmenting 
customers and assigning them the most convenient 
means of delivery, or even using a complex mixture 
of innovative solutions (truck–drone–robot, for 
example) are important issues to explore in future 
research.

Through this review paper, the aim was to pro-
vide both an academic and industrial perspective 
on innovative last mile solutions. However, it 
might be interesting to provide deeper insights 
into and classification of the mathematical models 
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presented. Additionally, providing the type of heur-
istic or meta-heuristic used in the models can be 
beneficial for future development in this research 
area.
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