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Abstract 

The e-commerce sector’s rapid expansion has led to an increase in delivery activities both within and across cities, 
fuelling the growth of the courier, express, and parcel (CEP) services. CEP service providers are crucial for the distribu-
tion of goods across all types of cities, especially for last-mile delivery. However, CEP service providers need innovative 
approaches for their last-mile distribution in small- and medium-sized cities to reduce transport costs and negative 
environmental impacts. For this reason, this paper analyses the quantitative impacts of logistics measures of CEP ser-
vice providers for last-mile delivery in small- and medium-sized cities, especially the resulting transport costs and envi-
ronmental impacts, in the framework of a case study for the investigation area of the Aachen city region. A simulation-
based analysis was conducted using the agent-based transport simulation MATSim and the linked route optimisation 
Jsprit. The results revealed that electric trucks are not cost-effective as a stand-alone logistics measure for last-mile 
delivery in small- and medium-sized cities. However, combining electric trucks with other sustainable logistics meas-
ures, such as parcel shops and parcel lockers, results in a viable logistics measure for last-mile delivery. It is possible 
to reduce total transport costs by at least 5.4% and CO2 emissions by at least 61.1%. Hence, CEP service providers 
should replace diesel trucks with a mix of sustainable logistics measures for last-mile delivery in small- and medium-
sized cities to achieve better operational efficiency and lesser environmental impacts.
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1  Introduction
Over the last decades, the total volume of freight trans-
port that goes into and out of cities has grown simultane-
ously with urban population expansion and e-commerce 

growth. As a submarket of the freight transport or trans-
port logistics industry, the courier, express, and parcel 
(CEP) service market has experienced a similar growth 
pattern. The g of the CEP services has been propelled by 
e-commerce growth coupled with increasing demand for 
fast delivery by customers. Furthermore, the COVID-19 
pandemic rapidly influenced the global parcel volume 
between 2019 and 2022, causing it to reach 131.2 billion 
parcels in 2020 (a 27% increase from 2019) and 159 billion 
parcels in 2021 (a 21.2% increase from 2020). In 2022, the 
rapid growth rate of global parcel volume declined due 
to inflation and the ending of the COVID-19 pandemic. 

*Correspondence:
Abdulrahmon Ghazal
abdulrahmon.ghazal@dlr.de
1 Department of Mobility Systems Engineering, Technical University 
of Munich, Arcisstrasse 21, 80333 Munich, Germany
2 Institute of Transport Research, German Aerospace Center (DLR), 
Rudower Chaussee 7, 12489 Berlin, Germany

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12544-025-00706-z&domain=pdf
http://orcid.org/0000-0003-1374-0406


Page 2 of 20Ghazal et al. European Transport Research Review            (2025) 17:5 

As a result, the global parcel volume was 161 billion par-
cels in 2022, but it is projected to gradually recover and 
grow at a 6% cumulative annual growth rate from 2023 to 
2028, leading to 225 billion parcels in 2028 [47]. Thus, the 
number of deliveries managed by CEP service providers 
within and across cities keeps increasing.

CEP service providers have explored several logistics 
measures over time to address the growing demand for 
quick delivery services to improve delivery performance 
and reduce transport costs, particularly on the last-mile. 
The last-mile is considered the costliest segment of the 
logistics chain due to several factors. According to [10], 
the share of costs on the last-mile can range from 50% 
to 60% of the total supply chain costs depending on the 
consignment structure, recipient structure, depot struc-
ture and organisation of the transport processes. This is 
because the last-mile has the least degree of automation 
in parcel logistics and requires a large amount of person-
nel for loading and delivery. Consequently, CEP service 
providers are shifting to sustainable logistics measures 
for last-mile delivery, but this is only prominent in largely 
populated cities such as Munich, Berlin, Paris, etc.

CEP service providers need innovative approaches for 
their last-mile distribution in small- and medium-sized 
cities to reduce transport costs and negative environmen-
tal impacts. The use of diesel trucks for last-mile delivery 
in these kinds of cities is often considered the most viable 
logistics measure, which may be counterproductive and, 
thus, warrants a study of last-mile delivery in the context 
of small- and medium-sized cities. Such cities are consid-
ered because of their spatial structure, characterised by 
middle to low population density and sparsely distributed 
delivery destinations. These highlighted challenges moti-
vate the simulation-based analysis of logistics measures 
of CEP service providers for last-mile delivery in small- 
and medium-sized cities, especially the resulting trans-
port costs and environmental impacts.

The goal of this paper is to analyse the effects of imple-
menting logistics measures in small- and medium-sized 
cities, especially the transport-related and environmental 
impacts. To the best of our knowledge, very little atten-
tion is given to such analysis in small- and medium-sized 
cities. Thus, the contributions of this paper are as follows:

•	 Identification of feasible logistics measures of CEP 
service providers for last-mile delivery in small- and 
medium-sized cities.

•	 Overview of potential combinations of sustainable 
logistics measures for last-mile delivery by CEP ser-
vice providers.

•	 Investigating and assessing the resulting effects of 
implementing the potential mix of sustainable logis-

tics measures for last-mile delivery in freight trans-
port and the resulting transport costs and emissions.

The contributions will aid in reorienting CEP service 
providers regarding their choice of logistics measures for 
last-mile delivery in small- and medium-sized cities. Fur-
thermore, this paper also supports the decision of CEP 
service providers to switch from using diesel trucks to 
other sustainable logistics measures with better opera-
tional and environmental effects. For this purpose, a sim-
ulation study for an ex-ante analysis is set up to evaluate 
selected logistics measures for last-mile delivery and their 
impacts on relevant parameters regarding efficiency (e.g. 
transport costs, number of stops, transport time, etc.) 
and environment (e.g. emissions). Therefore, the micro-
scopic agent-based transport simulation MATSim [29] 
and the linked route optimisation Jsprit [51] are used for 
which a synthetic world for the Aachen city region has 
been built up focusing on the CEP market with respec-
tively parcel service providers as well as their private and 
commercial customers.

The remainder of this paper is structured as follows: 
a review of the relevant state of the art in the fields of 
urban freight transport modelling, last-mile delivery and 
logistics measures of CEP service providers will be pro-
vided in section  2. Afterwards, the methodology used 
will be presented, i.e., the functionality of MATSim and 
Jsprit will be shown as they apply to this paper (Sec-
tion  3). Then, the case study will be defined along with 
the scenarios to be evaluated (Section  4). Subsequently, 
the results will be presented and the insights will be dis-
cussed in detail (Sections  5 and 6). Finally, the conclu-
sion and limitations as well as outlook will be stated in 
section 7.

2 � Literature review
In the following section, the state of the art in urban 
freight transport modelling, last-mile delivery and the 
logistics measures of CEP service providers will be 
presented.

2.1 � Urban freight transport modelling
Several models have been developed to understand and 
evaluate the activities involved in urban freight distribu-
tion. In general, three kinds of models have been devel-
oped over the years to model the freight transport system 
and urban freight distribution. The three kinds are tradi-
tional four-step models, trip-based models and goods-
flow models. The first set of freight transport models, 
based on the traditional four-step approach, was unable 
to determine the transport-related impacts of the freight 
transport system per se. This is because the use of this 
approach often results in the representation of freight 
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transport as an approximate percentage of other traffic 
[11].

Holguin-Veras and Thorson [28] proposed a first-order 
trip chain model to estimate and analyse the occurrence 
of empty vehicle trips in freight transport. They empha-
sised that neglecting empty trips can lead to inaccurate 
freight transport modelling, as empty trips contribute 
significantly to vehicle mileage travelled and emissions. 
Boerkamps and Van Binsbergen  [11] developed the 
GoodTrip model (an urban, goods flow-based transport 
simulation model) to estimate the logistical performance 
and environmental effects of urban freight distribution. 
The GoodTrip model was based on the structure of the 
supply chains and was noted to be a good tool for evalu-
ating large changes involving new infrastructures and 
small changes such as improved cooperation between 
transport companies or other vehicle routing strategies.

The Freturb model is also an important model that has 
been utilised to analyse and optimise freight transport 
and urban freight distribution within cities. It was first 
developed in the 1990s by the Laboratoire d’Économie 
des Transports (LET) in France, and the software tool has 
been upgraded since then. The Freturb model has proven 
to be effective in simulating complex urban freight distri-
bution scenarios and helping to understand the impacts 
of urban policies while minimising negative environ-
mental impacts [5, 49]. The work of Ambrosini et al. [5], 
which analysed how different urban policies influence the 
freight transport in urban areas using the Freturb model, 
highlighted the model’s ability to estimate the impacts of 
changes such as activity relocation. Similarly, the work 
of [49], which studied three modules (a delivery-pick-up 
model, a town management module, and a purchasing 
trips model) interacting with each other, yielded the same 
conclusion on the effectiveness of the model.

Agent-based simulation has become a common tech-
nique to evaluate the freight transport system and urban 
freight distribution because it allows to model the behav-
iour of each agent in the system. Thus, there is a better 
understanding of the system and decentralisation of deci-
sion-making across the system. Liedtke [35] presented 
the underlying micro-behavioural modelling of com-
modity transport and used it to evaluate the effects and 
adaptive reactions of behaviour-oriented transport policy 
measures while taking complicated logistics patterns 
into account. The study demonstrated that the impacts 
of logistical rearrangement can be replicated by multi-
actor multi-simulation. Furthermore, Roorda et  al. [48] 
developed a comprehensive conceptual framework for 
agent-based modelling that is especially suited to logis-
tics services, in order to enhance the comprehension and 
management of logistics operations through its emphasis 
on the actions and interactions of individual agents. The 

proposed framework offered a robust and adaptable tool 
with consideration for policy issues, business trends, and 
technological advancements.

Roorda et  al. [34, 48] and Davidsson et  al. [18] devel-
oped agent-based models in long-distance freight trans-
port to enable the illustration of the heterogeneity and 
the different objectives of the decision-makers. de Bok 
and Tavasszy [12] developed and validated an agent-
based model that illustrates urban freight transport pat-
terns and the underlying logistics decision-making using 
a large dataset of observed freight transport in the Neth-
erlands. Schröder et al. [51] developed the route optimi-
sation Jsprit and linked it to the Multi-Agent Transport 
Simulation (MATSim) to analyse logistics stakeholders 
(shipper and carrier) and their behaviour at the urban 
level. Comi and Savchenko [15] proposed a methodology 
to help select the most environmentally friendly mode to 
fulfil the last-mile delivery of small parcels in urban cities, 
based on external and internal costs incurred from using 
each mode. The proposed methodology quantifies the 
external and internal costs to enhance the planning and 
execution of last-mile delivery in urban cities.

2.2 � Courier, express and parcel (CEP) services
The CEP service market is one of the fastest-growing 
industries globally [9] and has been an important one 
in the freight transport sector across regions in the 
last decades, benefiting regions through employment 
creation and revenue generation. CEP services can be 
described as logistics and postal service providers spe-
cialising in moving parcels [10]. These parcels vary in 
size and weight, from small packages such as letters to 
heavy items weighing 30 kilograms, and are intended as 
a Business-to-Business (B2B), Business-to-Consumer 
(B2C) or Consumer-to-Consumer (C2C) delivery [57]. 
Private household and retail demand in urban agglom-
erations account for most of the volume of freight goods 
handled by CEP service providers [16]. In addition, CEP 
service providers, as the term implies, render courier, 
express and parcel services. These three types of services 
appear similar but differ in terms of weight, delivery time, 
speed, and type of accompaniment. Furthermore, road 
freight transport remains dominant for fulfilling CEP ser-
vices, especially on the last-mile leg. However, the mode 
of transport utilised depends on the mileage to be per-
formed, shipment size and customers’ choice of service 
with respect to the desired delivery period and willing-
ness to pay.

Freight operations of CEP service providers have 
various legs in the entire supply chain process. There-
fore, CEP service providers’ decision-making and 
freight-related activities vary depending on functional 
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connections and the transport chain being executed. 
The last-mile delivery can be defined as the final leg in 
a business-to-business and/or business-to-consumer 
delivery service whereby the consignment is delivered to 
the recipient, either at the recipient’s home or at a col-
lection point [23]. The last-mile delivery is influenced by 
structural elements (e.g., transport system, location and 
size of distribution centres), supply chain locations, and 
commercial and market factors (like freight demand and 
transport demand, supply chain strategies, and com-
pany activities). It also depends on operational and func-
tional elements like route and vehicle planning, as well as 
policy measures of the public authority [6]. As a result, 
the quality of service, transport cost and environmental 
impacts can be used to assess the efficiency of the last-
mile delivery.

2.3 � Logistics measures on the last‑mile delivery
Several studies have been made in the field of last-mile 
delivery of freight goods in urban cities. CEP service 
providers aim to optimise freight delivery operations by 
ensuring swift delivery times, minimising mileage per-
formed, vehicles utilised, transport time and the resulting 
transport costs, and increasing revenue [16]. Therefore, 
CEP service providers need to select the most suitable 
logistics measure for last-mile delivery in a region to 
achieve operational efficiency. Measures on last-mile 
delivery are short-term based and aimed at operational 
efficiency with emphasis on profitability, effective time 
management, mileage performed and operating trans-
port costs [14, 16, 23]. In addition, customers’ need for 
flexibility in terms of when, where, and how they get their 
parcels has created a trend towards urban localisation 
enabled by service stations, parcel lockers, cargo bike 
delivery, electric vehicles, etc., thus shortening the last-
mile [20]. These measures may be technologically aided, 
and they reflect the CEP service provider’s decisions on 

vehicle type utilised, home or not-at-home delivery, the 
possibility for collaboration with other competitors (if 
any), etc. The logistics measures implemented or pro-
posed for last-mile delivery of CEP services are identified 
based on their delivery types [23]. There are mainly two 
delivery types, and they are direct delivery and indirect 
delivery, as shown in Figs. 1 and 2.

Direct delivery - On the last-mile leg, direct delivery 
refers to the transport of parcels from the distribution 
centre to the final customer without a transshipment 
process between them. Furthermore, the recipient does 
not cover any distance to receive the parcel. This type of 
delivery saves time, makes it easy to track the parcel and 
can reduce operating costs related to warehousing and 
transshipment.

Indirect delivery - On the last-mile leg, indirect deliv-
ery involves an intermediate facility between the CEP 
service provider’s distribution centre and the final recipi-
ent of the parcel. The CEP service providers may also 
fulfill the delivery via their parcel locker, postal office, or 
registered parcel shop. In such cases, deliveries would 
require the final recipient to cover some distance to col-
lect the parcel. Nevertheless, indirect delivery allows CEP 
service providers to expand their catchment area and 
tackle high seasonal demand.

2.3.1 � Conventional trucks
Conventional trucks with internal combustion engines 
have been the traditional means of transport for last-
mile delivery in the CEP sector over the last decades. 
Although some conventional trucks use gasoline, diesel 
remains the most utilised power source for commercial 
conventional trucks because of its benefits over gaso-
line. However, studies have shown that both diesel- and 
gasoline-powered delivery vehicles (trucks and vans) 
emit alarming levels of CO2 into the atmosphere [7, 39]. 
Light diesel trucks with a permissible weight of 3 to 4 

Fig. 1  Direct delivery
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tonnes are the common vehicle size utilised by CEP ser-
vice providers for last-mile deliveries due to weight limi-
tations and other road policies of public authority. Even 
though CEP service providers still have light-diesel vans 
and trucks in their fleets, the campaign to replace them 
with other sustainable truck or vehicle types for last-mile 
delivery is being advocated.

2.3.2 � Electric‑driven trucks
Electric-driven vehicles have been advocated, in recent 
years, as a viable alternative to conventional trucks for 
freight transport. Electric-driven trucks are environmen-
tally friendly trucks that use electricity instead of die-
sel or gasoline to power their engine. However, they are 
more expensive to acquire, making conventional trucks 
still more preferred by small- and medium-sized logistics 
firms for CEP services. Thus, CEP service providers often 
require some impetus (such as promoting their brand, 
government grant or tax relief ) to adopt electric-driven 
trucks/vans into their fleets [33, 39]. The adoption of 
electric-driven vans/trucks for freight transport has been 
slow due to battery limitation, distance-based emission 
factors and inadequate public charging infrastructure [7, 
32, 39, 43]. Battery electric vans are the most preferred 
for last-mile delivery within urban areas due to their reli-
ability and usefulness [31, 33].

Various fuel types have been researched and imple-
mented to generate the electricity required to power 
electric-driven vehicles, giving rise to the variety of 
electric-driven vehicles in the market today. The vari-
ous types of electric-driven vehicles based on the power 
source and configuration are battery electric vehicles 
(BEV), fuel cell electric vehicles (FCEV) and hybrid 
electric vehicles (HEV). Hybrid electric vehicles have 
more than one type of power source, usually an internal 
combustion engine and an electric motor. The different 

types of electric vehicles have certain advantages over 
one another within certain circumstances. Their overall 
performance depends on vehicle type, vehicle technol-
ogy, infrastructure, operating conditions, and related 
costs [31]. In general, the benefits of electric-driven 
vans/trucks are higher energy efficiency, low noise 
emissions, low CO2 emissions, and cheaper operating 
costs. Adeniran et  al. [4] argued that electric-driven 
trucks can decrease CO2, NOX and PM10 emissions 
produced during parcel delivery when compared to die-
sel trucks, but they are unable to decrease the mileage 
performed and total transport costs, especially when 
the trucks have the same total permissible weight.

In general, electric-driven trucks/vans are emission-
free but the production plant where the electricity is 
generated is not emission-free. As a result, the use of 
well-to-wheel analysis to assess the overall emissions 
of electric-driven vehicles is important, i.e., emissions 
from driving the vehicle and emissions from the pro-
duction plants generating the electricity that powers 
the electric-driven van/truck [25]. Renewable energy 
sources are recommended to maximise the emission-
free benefit of electric-driven vehicles [25, 32]. CEP 
service providers have increasingly integrated electric-
driven vans/trucks into their fleets. According to the 
DHL 2019 sustainability report [19], DHL performed 
15% of all post and parcel deliveries in Germany in 
2019 using electric-driven vans and trucks, given their 
zero-emission delivery goal. A study on UPS stated that 
using electric-driven trucks (mostly battery electric 
trucks) in 2016 saved 20,015 litres of diesel and 52.84 
tonnes of carbon dioxide [55].

2.3.3 � Cargo bikes
Cargo bikes are two-/three-wheelers with a big compart-
ment that is suitable for last-mile delivery and collection 

Fig. 2  Indirect delivery
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activities [42]. Cargo bikes are environmentally friendly 
and can be utilised to make short tours from the local dis-
tribution centre. They are appropriate for locations with 
narrow streets, high business activity and delivery den-
sity [41, 52, 55]. Electric cargo bikes (known as e-cargo 
bikes) are cargo bikes with electric assistance to the rider 
for ease of use. In addition, cargo bikes are cheaper than 
conventional and electric-driven vans/trucks, but they do 
not have a direct replacement ratio, i.e., a cargo bike does 
not completely replace a diesel/electric-driven truck due 
to notable differences like payload and speed.

Several studies have assessed the operational viabil-
ity of cargo bikes for last-mile delivery against vans and 
trucks in terms of transport costs, transport time and 
emissions. [24] highlighted that spatial context (trip dis-
tance, elevation levels of origin and destination, availabil-
ity of good cycling infrastructure), time (peak or off-peak 
period), cargo cycle type (number of wheels, the presence 
and type of electric assist) and trip conditions (weather 
condition) are the factors that influence the transport 
time differences of cargo bikes when compared to auto-
mobiles. Thus, the transport time difference between 
cargo bikes and trucks can vary because it depends on 
the overall context of the freight trip. According to [40], 
using Porto (Portugal) as the study area, e-cargo bikes 
can potentially substitute up to 10% of conventional com-
mercial vans and reduce CO2 emissions significantly by 
up to 73% when used in a suitable spatial context. Zhang 
et al. [60] assessed the utilisation of cargo bikes for urban 
parcel delivery in Berlin-Wilmersdorf, Germany, and 
they concluded that cargo bikes could reduce transport 
costs and emissions by 28% and 22%, respectively.

Nocerino et  al. [44] investigated the economic and 
environmental impacts of using e-bikes and e-scooters 
for urban logistics through pilot projects carried out in 
several Italian cities under the Pro-E-bike initiative. The 
projects were aimed at promoting modal shifts to less 
polluting modes and promoting collaboration and knowl-
edge exchange among stakeholders. They highlighted that 
the adoption of e-bikes and e-scooters for urban logistics 
as alternatives to traditional vans has economic ben-
efits (such as lower operating costs and a better return 
on investment), environmental benefits (such as reduc-
tion of CO2 and energy consumption and improvement 
in urban air quality), and operational benefits (such as 
improvement in delivery efficiency). According to Dalla 
Chiara et  al. [17], the availability of good infrastructure 
designed for cargo bikes is essential to promoting the use 
of cargo bikes for urban freight distribution.

Cargo bikes can equally improve the traffic condi-
tions of the network within which they are operated due 
to less interference with road traffic [36, 41, 55]. Cargo 
bikes are increasingly being utilised (especially e-cargo 

bikes) because they are more energy efficient, cheaper 
to operate, emit fewer emissions, and create more jobs. 
However, two major limitations of cargo bikes are limited 
payload and range compared to conventional and elec-
tric-driven trucks/vans. As a result, they require support 
to expand their operational area from the immediate sur-
roundings of the local distribution centres. Micro-depots 
are proposed as a viable solution to increase the opera-
tional effectiveness of cargo bikes for last-mile delivery. 
Micro-depots are strategically positioned logistics hubs 
across the network from which cargo bikes can start their 
delivery trips.

Hofmann et al. [27] conducted a simulation-based eval-
uation for multimodal distribution plans using Grenoble, 
France. They identified possible transhipment points for 
micro-depots to integrate cargo bikes into urban dis-
tribution as well as the potential benefits of cargo bikes 
in reducing total mileage performed, traffic congestion 
and CO2 emissions and improving air quality. According 
to [55], United Parcel Service (UPS) participated in the 
City2Share project in 2016 which involved using micro-
depots and cargo bikes for parcel delivery in urban areas. 
The project enabled UPS to reduce the mileage per-
formed, save about 30,000 litres of diesel within a year 
and decrease the resulting CO2 emissions by about 120 
tonnes. They argued that cargo bikes with micro-depots 
are suitable for densely inhabited regions and that the 
integration of multiple delivery concepts might be neces-
sary for some cities for efficiency.

Marujo et  al. [38] proposed a mobile depot concept, 
in which a truck serves as a mobile depot while cargo 
bikes pick up parcels from the truck to deliver to recipi-
ents, to optimise urban freight distribution in dense cit-
ies. Using Rio de Janeiro, they evaluated the economic, 
environmental, and operational impacts of their concept, 
and it was observed that cargo bikes alongside mobile 
depots for urban freight distribution can lead to a signifi-
cant reduction in emissions, lower costs, and improved 
air quality. Caggiani et  al. [13] developed a robust deci-
sion support system (DSS) that takes into account the 
effectiveness of logistics performance and the ability of 
e-cargo bike drivers to select the optimal route for last-
mile delivery using e-cargo bikes, by weighing two crite-
ria, which are the minimum travel time and the minimum 
amount of emissions.

[36] also studied cargo bikes for parcel deliveries by 
means of the FOCA (Freight Orchestrator for Commod-
ity flow Allocation) model. In the framework of a case 
study for Munich, Germany, they observed that using 
a high number of cargo bikes alongside micro-depots 
reduces the total mileage performed. However, very 
low-demand locations (such as those with less than 100 
parcels per km2) require much more work and might 



Page 7 of 20Ghazal et al. European Transport Research Review            (2025) 17:5 	

be less viable for cargo bikes. In addition, they noted 
that changes in micro-depot density affect the num-
ber of tours of cargo bikes and total mileage performed. 
The outcome of using a micro-depot also depends on 
the storage capacity of the micro-depot, the availability 
of cargo bikes and a good scheduling strategy [22, 24, 
27, 50]. The application of micro-depots is still new and 
being explored. Hence, studies on micro-depot prospects 
are often based on potential locations such as post offices 
[60] and idle urban space - parking spaces in front of 
shopping centres and supermarkets [22].

2.3.4 � Parcel shops and parcel lockers
Parcel shops are retail stores that offer parcel collection 
and dispatch services to private customers on behalf of 
a CEP service provider. All major CEP service providers 
are exploring the parcel shop concept to expand their 
catchment area. Parcel lockers are secure automated 
booths that offer self-services to customers concerning 
the collection and dispatch of parcels [56]. Parcel lockers 
are ideal for large parcels that cannot fit household mail-
boxes and postal services outside regular working hours. 
Examples of parcel lockers are DHL parcel stations in 
Germany and Amazon hub lockers. Private customers 
are usually required to cover a walkable distance to parcel 
shops or lockers to access their services. However, they 
offer private customers a longer time window to pick 
up their parcels in contrast to home delivery. Therefore, 
they save time and can reduce failed home deliveries and 
transport costs.

According to Sułkowski et  al. [56], the use of parcel 
lockers is a viable last-mile delivery solution for now 
and in the future. Although, there is a need to increase 
the parcel locker’s capacity and information technology 
integration. Furthermore, [57] also examined the use of 
parcel stations for CEP deliveries in the framework of a 
case study for Berlin, Germany. The results revealed that 
the use of parcel stations can reduce mileage performed, 
fuel consumption, fleet stock required, transport costs 
and emissions. Zhang et al. [60] also stated that the use 
of parcel stations can reduce the mileage performed 
because fewer stops are made, which leads to reduction 
of the transport time by about 16.8%.

2.4 � Deriving the research gap
Studies have proposed several sustainable logistics 
measures for last-mile delivery and some have been 
implemented by CEP service providers. However, the 
applications of these sustainable logistics measures are 
often tested/implemented on a large scale such as on 
a country basis (Germany, Italy, Poland, the Nether-
lands, the United Kingdom, etc.) or in large-sized cities. 

Examples of such large-sized cities’ applications are Ber-
lin, Germany [3, 50, 57, 60], Munich, Germany [36, 55], 
Hamburg, Germany [55], Vienna, Austria [22], Toronto, 
Canada [48], Rio de Janeiro, Brasil [38], and Seattle, the 
United States [17]. Though Hofmann et  al. [27] used a 
medium-sized city known as Grenoble in France in their 
study on the integration of cargo bikes into an urban dis-
tribution system. There are hardly any applications of 
sustainable logistics measures for last-mile delivery in 
small- and medium-sized cities. Hence, this paper analy-
ses sustainable logistics measures of CEP service pro-
viders for last-mile delivery in small- and medium-sized 
cities, with emphasis on the resulting transport costs and 
environmental impacts. The logistics measures of CEP 
service providers for last-mile delivery, identified from 
the literature review, are conventional trucks, electric-
driven trucks, cargo bikes with micro-depots, parcel 
shops and parcel lockers.

3 � Methodology
In the following section, the methodological approach 
will be described in-depth. Following the literature 
review on logistics measures of CEP service providers 
for last-mile delivery, a simulation-based framework is 
adopted to assess the suitability of the identified logistics 
measures for last-mile delivery in small- and medium-
sized cities. The simulation-based framework is based on 
the agent-based transport simulation MATSim [29] and 
the linked route optimisation Jsprit [51]. This approach is 
used because it allows for the behavioural modelling of 
concerned actors within the logistics system. MATSim 
is an agent-based modelling software that helps to evalu-
ate transport-related problems at a mesoscopic level and 
supports decision-making on potential solutions. Using 
MATSim, each agent within the system interacts with 
its environment and tries to maximise its utility but not 
to the detriment of another. Jsprit offers computational 
strategies for resolving the travelling salesman problem 
(TSP) and vehicle routing problems (VRPs) [51]. The 
functionalities of Jsprit include choosing a daily plan, set-
ting the vehicle type, assigning the distribution centre 
from which a customer is supplied, defining the order of 
customers to be served per route, and setting the depar-
ture time from the distribution centres. The methodolog-
ical procedure is shown in Fig. 3.

3.1 � Modelling framework
Jsprit can be linked to MATSim using a freight plugin to 
simulate the logistics choices made by logistics service 
providers. The activities of CEP service providers and 
their resulting impacts have been studied using a com-
bination of MATSim and Jsprit. For example, Schröder 
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et  al. [52] analysed smart policy options for urban food 
distribution using MATSim and Jsprit. [57] combined 
them with a system dynamics model to assess various 
policy initiatives and logistics measures for CEP delivery 
in urban areas and the future development of CEP trans-
port. Zhang et  al. [60] assessed the utilisation of cargo 
bikes and parcel pickup points in urban parcel deliv-
ery using MATSim with Jsprit. [3] also used MATSim 
and Jsprit to analyse the impacts of certain sustainable 
measures in CEP delivery systems. These studies are the 
basis and guide for applying MATSim with Jsprit in this 
paper. The combination of MATSim and Jsprit allows for 
an extensive analysis of the transport-related effects of 
parcel transport on a disaggregated infrastructural level.

The objective function, in the Jsprit algorithm, of every 
freight agent in the system is as follows:

Cfixed = Fixed costs of the vehicle Cact = Costs for deliv-
ering to the customer Cwaiting = Costs for early arrival at 
the customer Clate = Costs for late arrival at the customer 
Ctransport = Transport costs of all vehicles used The follow-
ing constraints are applied while using Jsprit to optimise 
transport costs:

•	 The delivery trips to the (commercial and private) 
customers start at the respective distribution centre.

•	 The delivery quantities to the customers are known 
in advance.

min
{

Cfixed + Cact + Cwaiting + Clate + Ctransport

}

Fig. 3  Methodological framework (Own diagram)
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•	 The delivery times of the deliveries can be limited by 
time windows.

•	 Each carrier is assigned a vehicle fleet consisting of 
different vehicle types. The vehicle types differ in 
terms of capacity and costs.

•	 All vehicles start and end at the distribution centre.
•	 A maximum of one route per day can be assigned to 

a vehicle.

3.2 � Description of the modelled system
The modelling procedure of the combined application 
of MATSim and Jsprit has three stages. Demand prepa-
ration is the first stage, where input data are loaded to 
initialise the simulation world. To set up the modelled 
system, input files for the case study must be collected. 
The main input files required for modelling the freight 
system are network file, vehicle type and specifications, 
fleet size, transhipment locations, private customers, 
commercial customers and CEP service providers, i.e., 
their distribution centres, post offices, parcel shops and 
parcel lockers (see Table  1). All location information 
must be in one coordinate reference system appropriate 
for the study area (e.g., the GK Zone 4 coordinate system 
because it is one of the most appropriate coordinate ref-
erence systems for the geographical region of Germany). 
Detailed information on the preparation for input data 

and processing for initializing the synthetic world can be 
found in [57].

In the second stage, the simulation is initiated to 
run using the model which reads in the input files and 
parameter values. The model generates the tour plans 
based on customers’ requests for the carrier agents 
using Jsprit. Each customer’s (whether private or com-
mercial) request is first sent to the CEP service provider 
and then assigned to the distribution centre closest to 
the customer. Afterwards, customers’ requests are har-
monised and merged at the distribution centres, which 
are then transferred to Jsprit. For Jsprit to compute tour 
plans, it requires the number of shipments, operating 
time windows, the number of vehicles and their char-
acteristics, and the type of delivery to private and com-
mercial customers. Each tour plan contains the start 
and end points of the tour, points of delivery, number 
of parcels ordered per stop, type of delivery for private 
customers, and delivery time windows for customers. 
The tour plans are then executed in the infrastructure 
network using MATSim.

Each carrier has a distribution centre, a set of vehi-
cles, private and commercial customers and a tour 
schedule. In Jsprit, the carrier acts as the freight agent 
and decides the daily delivery plans to be carried out. 
Each carrier can choose the set of vehicles and vehicle 
types to be utilised, the distribution centre from which 

Table 1  Input data for modelling

Inputs Description Data format

Infrastructure network Links with length, number of lanes, capacity per lane, max. velocity .xml file

Georeferenced nodes

Private customers Georeferenced locations of private individuals based on census data of the population .xlsx file

Number of people differentiated in age cohorts per statistical block

Number of private customers of CEP service providers: using the actual share of private e-commerce users

Selection of private customers of CEP-service providers: randomly determining the potential e-commerce users

Commercial customers Georeferenced locations of the companies .xlsx file

Selecting CEP affine companies, e.g. retail, gastronomy, service, administration and research

Distribution centres Georeferenced locations of the distribution centres of the CEP service providers i.e., Deutsche Post DHL, GLS, 
DPD, Hermes and UPS

.xlsx file

Post offices Georeferenced locations of post offices of Deutsche Post DHL, GLS, DPD, Hermes and UPS .xlsx file

Parcel shops Georeferenced locations of parcel shops of Deutsche Post DHL, GLS, DPD, Hermes and UPS .xlsx file

Parcel lockers Georeferenced locations of DHL parcel lockers and Amazon lockers .xlsx file

Micro-depots Georeferenced locations of parking areas in front of supermarkets and shopping centres .xlsx file

Freight demand Number of parcels for private clients for a typical day .xlsx file

Number of parcels for commercial clients for a typical day

Distribution of the parcels randomly to the potential e-commerce users

Distribution of the parcels to the commercial clients (sum of parcels/number of commercial clients)

Clients send an order to the CEP service provider

Freight vehicles Different types of vehicles used and their respective technical specifications (e.g. vehicle capacity, maximum 
velocity, fuel consumption per km, fixed transport costs per vehicle and day, variable transport costs per km, 
time-dependent transport costs per hour)

.xml file
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the customer is supplied, the departure time from the 
distribution centres and the order in which the parcels 
are delivered to customers on the tour. The execution 
in MATSim establishes the network route between the 
customers.

In the third stage, the executed tour plans are assessed 
based on cost-benefit functions and, if required, they 
are rescheduled in a subsequent iteration until a system 
optimum is achieved. For a detailed explanation of the 
modelled system, kindly refer to [3], Adeniran et al. [4], 
Schröder et al. [52] and [57]. The following further own 
assumptions for our case study on the CEP market are 
made for the modelled system.

•	 The average speed per edge was used to account for 
the surrounding traffic and congestion on the road 
network because the road network was not cali-
brated.

•	 All CEP service providers have defined market share.
•	 A customer is randomly assigned to a CEP service 

provider at the start of the simulation using a Monte 
Carlo simulation technique.

•	 The parcels of customers are delivered from the near-
est distribution centre of the CEP service provider 
assigned to them.

•	 All CEP service providers have their own vehicles 
and drivers.

•	 Average time required to deliver a parcel at a cus-
tomer location is 2 minutes.

4 � Case study: CEP transport in the Aachen city 
region

In this section, the case study focusing on CEP transport 
in the Aachen city region (Städteregion Aachen; shown 
in Fig. 4) will be presented. First, the reasons for choos-
ing the logistics sector CEP market and the investigation 
area Aachen city region will be explained. Then, the sce-
narios will be defined in section . Afterwards, the second-
ary data collected to synthesize the investigation area for 
simulation will be shown in detail.

4.1 � Logistics sector observed and the investigation area
A geographical region is classified as a city depending 
on its population, importance to the surrounding region, 
land mass and road network. The population is the most 
utilised factor for city classification; however, there is no 
generally accepted range, even in Europe. Germany is a 
major actor globally in the CEP services market. Ger-
many has a broad and well-established parcel market and 
has the highest domestic parcel transport in Europe with 
a volume of about 3.9 billion parcels in 2020 [21]. The 

German CEP services industry has boomed over the past 
two decades, with revenue increasing more than twice as 
much to reach 23.5 billion Euros in 2020. Therefore, the 
classification of cities according to the Federal Office for 
Building and Regional Planning, as defined for Germany, 
was adopted. As a result, the Aachen city region in Ger-
many is selected as the study area because of its structure 
which contains more than one of the intended city types 
to be studied.

The Aachen city region (known as Städteregion Aachen 
in German) is a special type of administrative district and 
is located southwest of North Rhine-Westphalia, Ger-
many. It comprises of eight cities which are Aachen, Als-
dorf, Baesweiler, Eschweiler, Herzogenrath, Monschau, 
Stolberg (Rhineland) and Würselen as well as the munici-
palities of Simmerath and Roetgen [53]. Aachen city 
region has a total population of 556,631 persons with an 
area of 706.8 square kilometres, according to 2020 data. 
Aachen is the most populated with 248,878 inhabitants 
and Roetgen is the least populated with 8,650 inhabitants 

Fig. 4  Map of Aachen City Region
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according to 2020 population data from the Federal and 
State Statistical Offices [54].

4.2 � Scenarios definition
Based on the literature review, four scenarios as logistics 
measures of CEP service providers for last-mile delivery 
are defined as follows:

•	 The baseline scenario entails using diesel trucks to 
deliver parcels directly to (private and commercial) 
customers from distribution centres.

•	 Scenario 1 entails using electric trucks to deliver par-
cels directly to (private and commercial) customers 
from distribution centres.

•	 Scenario 2 involves using electric trucks and e-cargo 
bikes along a two-step distribution process via micro-
depots. Here, B2B parcels are delivered directly to 
commercial customers using electric trucks while 
B2C deliveries become a two-step process. B2C par-
cels are first transferred directly to micro-depots 
from distribution centres by electric trucks, from 
which the parcels are delivered to private customers 
using e-cargo bikes. In addition, the micro-depots are 
shared by the different CEP service providers, even 
though each CEP service provider has its own fleet.

•	 Scenario 3 involves using electric trucks, parcel shops 
and parcel lockers. Electric trucks are used to deliver 
B2B parcels directly to commercial customers and 
B2C parcels are delivered to parcel shops and lock-
ers closest to private customers. Private customers 
are then required to cover a short distance to pick up 
their parcels from the parcel shops/lockers.

4.3 � Data collection
The reference year for data gathering was 2020. Most of 
the information used to build the scenarios is second-
ary data and Table  2 summarises the relevant informa-
tion concerning the data collected. Private customers 
refer to individuals within the study area who are poten-
tial customers for parcel delivery on a typical day. Using 
the synthetic population data of the Aachen city region 
(which contains the number of persons, their age cohort 
and geographical coordinates) and the corresponding 
share of online shoppers in the region, the number of 
potential private customers that will utilise CEP services 
is derived. Data on commercial customers are extracted 
from the OpenStreetMap database based on companies 
that receive and send parcels on a regular basis (e.g., 
retail business, gastronomy, universities/research and 
development, etc.) because there is unfortunately no 
available information on existing commercial customers 

of CEP services within the study area. The identification 
of potential commercial customers by means of Open-
StreetMap files was adapted from the work of [57], which 
was designed following the German classification of eco-
nomic activities. The time window for B2B deliveries is 
09:00 to 18:00, which is the average working hours of 
most businesses.

The private freight demand per day, which is to be 
randomly distributed among the potential e-commerce 
users, is estimated based on the data sources Manner-
Romberg et  al. [9, 37], and [54]. [9] provides a CEP-
index B2C - number of parcels per inhabitants or freight 
demand per person per year fdp. This is used to calculate 
the total number of parcels of private clients per year FDp: 
fdp P, whereby P is the total population of Aachen city 
region. Afterwards, the freight demand per day: FDp/wd 
is derived, whereby wd is working days per year, includ-
ing Saturdays. The commercial freight demand per day is 
also estimated based on the data sources [9] and [54]. The 
CEP-index B2B - number of parcels per one million € of 
gross domestic product (GDP) per year [9] is multiplied 
by the GDP of the Aachen city region in total to calcu-
late the parcels to commercial clients for this study area 
in total. Then, the commercial freight demand per typical 
working day for 2020 is derived. For more information, 
[57] explains the data preparation in detail.

Only the major CEP service providers in Germany 
are considered in this research because they collectively 
transported 93% of the freight volume in Germany in 
2020 [46]. The CEP service providers are Deutsche Post 
DHL, Hermes Group, DPD Group, United Parcel Ser-
vice (UPS) and General Logistics Systems (GLS). The 
information about the distribution centres, post offices, 
parcel shops and parcel lockers of CEP service providers 
is extracted from their respective websites and reports. 
Micro-depots are extracted based on potential locations 
such as parking areas in front of supermarkets and shop-
ping centres.

Furthermore, the road network connects the entire 
region and it is made of links and nodes. Each link has 
attributes such as length, capacity, free-flow speed, mode, 
and the number of lanes. The free-flow speed refers to 
the maximum travel speed on a given road segment when 
there is no congestion or other adverse conditions. The 
road network of the study area was extracted from the 
OpenStreetMap database as an OSM file, and it was then 
converted to an XML file to be used in the simulation. 
Due to the unavailability of traffic data to calibrate the 
road network, it is assumed that the travel speed on the 
road network is a function of the average congestion level 
associated with the study region. Hence, the average con-
gestion for the Aachen city region is applied to estimate 
the travel speed in order to account for the surrounding 
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traffic on the road network. This value for the Aachen 
city region was 26% in 2020 [58]. Consequently, the 
updated travel speed is as shown in the equation below.

Freight vehicles are essential because they are the means 
of transport used by CEP service providers to convey 
freight goods from distribution centres/micro-depots 
to customers. Light-duty trucks with a permissible total 
weight (ptw) of 3.5 tonnes are assumed to be the com-
mon vehicle size used for last-mile delivery. The vehicle’s 

Updated travel speed =
Free-flow speed

Congestion rate+ 1

features aid in calculating transport costs (including 
fixed, variable, and personnel costs) [57]. The fixed cost 
of each vehicle, as shown in Table 5, is estimated based 
on purchasing cost, depreciation, interest costs, motor 
vehicle tax, insurance, etc. The variable cost of each vehi-
cle is estimated based on depreciation, repair and main-
tenance costs, tyre costs and fuel costs. The personnel 
cost is estimated based on the average wage of drivers of 
the vehicles per hour (€/h) for all vehicles used.

In addition, emission conversion factors are used to 
estimate the quantity of emissions (i.e., environmental 
impacts) the freight vehicles generate when carrying 

Table 2  Overview of data collection

Inputs Values Characteristics Sources

Private customers 69,880 private customers The synthetic population of the study 
area and share of e-commerce users

[54] and [59]

Commercial customers 3812 commercial customers Businesses within the study area 
with a tendency to use CEP services 
as classified by [57]

OpenStreetMap database

Freight demand 42,801 parcels for B2C and 41,907 
parcels for B2B

Estimated B2B and B2C freight 
demand per day for the study area

Manner-Romberg et al. [9, 37] and [54].

Distribution centres 9 distribution centres Existing distribution centres of CEP 
service providers serving the study 
area

Websites of CEP service providers - DHL, 
DPD, GLS, Hermes and UPS

Parcel shops 377 parcel shops Existing parcel shops and post offices 
in the study area

Websites of CEP service providers - DHL, 
DPD, GLS, Hermes and UPS

Parcel lockers 82 parcel lockers Existing parcel lockers - DHL 
parcel station and Amazon lockers - 
in the study area

DHL and Amazon websites

Micro-depots 223 micro-depots Potential micro-depot locations 
in the study area

OpenStreetMap database

Road network Road network of the Aachen city 
region

The road network of the study area 
is extracted as an OSM file. The file 
contains the links and nodes.

OpenStreetMap database

Freight vehicles Refer to Table 3 Type and technical specifications 
of vehicles to be used

[1, 2] and [8]

Emission conversion factors Refer to Table 4 The fuel-based conversion factor 
of CO2, CO, HC and NOX

[26, 57] and Icha et al. [30]

Table 3  Vehicle characteristics of the utilised freight vehicles

Source: Technical specifications of the diesel and electric vans are extracted from [1] and [2]. E-cargo bike features are based on [8]

Vehicle parameters VW crafter panel van VW e-crafter panel van Musketier 
e-cargo 
bike

Vehicle type Light-duty truck Light-duty truck Cargo bike

Fuel source Diesel Electric Electric

Payload (kg) 1478 998 242

Permissible total weight (kg) 3500 3500 300

Empty weight (kg) 2022 2502 58

Range (km) 872 173 46

Maximum speed (km/h) 143 90 32
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out the deliveries. Based on data for fuel consumption 
per km and conversion factors per km differentiated for 
different vehicle types of the handbook emission factors 
of road freight transport [26], the total fuel consump-
tion and total emissions (e.g. CO2) are computed after 
the simulation. The simulation results concerning road 
mileage performed per vehicle type is multiplied by 
these factors. For detailed information on the prepara-
tion of the secondary data collection for synthesising 
the investigation area, the reader is referred to [57].

5 � Results
The simulation results are generated for a typical busi-
ness day of delivery activities and are used to assess the 
suitability of the scenarios as a logistics measure of CEP 
service providers for last-mile delivery in small- and 
medium-sized cities. The results of the baseline sce-
nario served as the yardstick to compare other scenar-
ios in terms of mileage performed, the number of tours, 
energy consumption, transport costs and environmen-
tal impacts (CO2, CO, HC and NOX emissions).

5.1 � Transport‑related and economic KPIs
In the following section, the transport-related and eco-
nomic impacts of the logistics concepts investigated in 
comparison to the baseline scenario will be presented 
and discussed in-depth.

5.1.1 � Freight transport demand: number of tours
Here, a freight tour refers to all the activities performed 
by a driver/vehicle in the last-mile delivery process from 
the distribution centre and back to the distribution cen-
tre. For scenarios 1, 2 and 3, the number of tours carried 
out to fulfil the daily last-mile deliveries (B2B and B2C) 
is higher than that of the baseline scenario, as shown in 
Fig.  5. The number of tours fulfilled using diesel trucks 
in the baseline scenario is 636. In comparison to the 
baseline scenario, scenario 1 required 24.8% more tours, 
scenario 2 needed 263.7% more tours, and scenario 3 

performed 21.7% more tours. Scenario 2 has the highest 
number of tours due to its two-step distribution process 
for B2C parcels. For B2C parcels in scenario 2, another 
tour is initiated for e-cargo bikes from the micro-depots 
to the private customers. As a result, 776 tours are made 
by electric trucks and 1,537 tours are made by e-cargo 
bikes. In general, the differences in the number of tours 
for each scenario can be related to the loading capacity of 
the utilised vehicles. The diesel truck model has the high-
est loading capacity in comparison to the electric truck 
and e-cargo bike models (as defined in Table  5). There-
fore, more tours are required when using electric trucks 
and e-cargo bikes to fulfil the same quantity of daily 
freight demand.

5.1.2 � Mileage performed
The mileage performed in the baseline scenario is 
64,690.1 kilometres, whereas it increased by 8.4% in sce-
nario 1. The increase in scenario 1 is due to more tours 
being fulfilled, which was prompted by the loading 
capacity of electric trucks compared to diesel trucks. The 

Table 4  Emission conversion factors

Source: The emissions conversion factors are obtained from the works of [26, 57] 
and Icha et al. [30]

Emission type Conversion factor

CO2 conversion factor - electricity (well-to-wheel) 0.375 kg/kWh

CO2 conversion factor - diesel 2.629 kg/l

CO2 conversion factor - AdBlue 0.238 kg/l

CO conversion factor - diesel 0.28 g/km

HC + NOX conversion factor - diesel 1.04 g/km

Table 5  Calculated attributes of the utilised freight vehicles

Parameters Diesel truck Electric truck E-cargo bike

Maximum loading 
capacity (parcel units/
vehicle)

160 115 30

Fixed costs (€/day) 45.498 52.385 3.135

Variable costs (€/km) 0.336 0.373 0.258

Personnel costs (€/h) 15.124 15.124 11.633

Energy consumption 0.086 l/km 0.296 kWh/km 0.0113 kWh/km

AdBlue consumption 
(l/km)

0.0015 – –

Fig. 5  Number of tours
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mileage performed increased by 21.8% in scenario 2 and 
decreased by 25.7% in scenario 3 when compared to the 
baseline scenario. In scenario 2, the significant increase 
in the mileage performed is due to the two-step distri-
bution process for B2C deliveries and the lesser loading 
capacity of electric trucks and e-cargo bikes utilised in 
comparison to diesel trucks utilised, which leads to more 
tours being performed. In scenario 3, less distance is cov-
ered because B2C parcels are delivered to parcel shops or 
lockers nearest to the private customer instead of home 
deliveries. Thus, it reduces mileage and allows for better 
vehicle routing. However, the distance covered by private 
customers to the parcel shops/lockers in scenario 3 is not 
considered nor included in the total mileage performed. 
In scenario 2, the mileage performed by electric trucks is 
50,196.5 kilometres, and that of e-cargo bikes is 28,617.8 
kilometres, as can be observed in Fig. 6.

Furthermore, the average mileage per tour is 101.7 kilo-
metres in the baseline scenario. The average mileage per 
tour decreased by 13.2%, 66.5% and 39% in scenarios 1, 2 
and 3, respectively. The reduction in scenarios 1, 2 and 3 
is because of the high number of tours performed in these 
scenarios, which were prompted by the lesser loading 
capacity of the vehicles used (electric trucks and e-cargo 
bikes) in comparison to diesel trucks. In scenario 2, the 
average mileage performed by electric trucks is 64.7 kilo-
metres, and that by e-cargo bikes is 18.6 kilometres.

5.1.3 � Energy consumption and costs
Energy consumption is an important factor which influ-
ences the total operating costs and emissions based on 

the fuel type. Due to the type of vehicles used in the sce-
narios, diesel in litres (l) and electricity in kilowatt-hours 
(kWh) are the energy sources considered. Hence, energy 
consumption is assessed using energy cost because the 
two energy sources have different measurement units. 
The energy consumptions are 5563.3 litres of diesel in the 
baseline scenario, 20,759 kWh of electricity in scenario 1, 
15,181.6 kWh of electricity in scenario 2 (97.87% by elec-
tric trucks and 2.13% by e-cargo-bikes) and 14,223.1 kWh 
of electricity in scenario 3. In other words, the electricity 
consumption in scenarios 2 and 3 decreased by 26.87% 
and 31.48% respectively in comparison to scenario 1. 
The energy costs incurred, expressed in Euros per day, 
decreased by 12.5%, 36% and 40.1% in scenarios 1, 2 and 
3, respectively, in comparison to the baseline scenario. 
Hence, scenario 3 has the lowest energy costs, as shown 
in  Fig.  7. Scenarios 1, 2 and 3 incurred notably lower 
energy costs because the electricity cost per unit kWh 
is cheaper than one litre of diesel. Even though there 
is a notable increase in the number of tours performed 
in scenario 2 compared to scenario 1, scenario 2 incurs 
lower energy costs because e-cargo bikes do not consume 
much energy.

5.1.4 � Total transport costs
The total transport costs are the sum of the fixed trans-
port costs, variable transport costs and personnel costs 
per scenario. Fixed costs are not influenced by the 
quantity of goods or services rendered. The fixed costs 
incurred per day compared to the baseline scenario 
increased by 43.7% in scenario 1, 57.1% in scenario 2 and 

Fig. 6  Mileage performed
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40.1% in scenario 3. The increase in fixed costs in scenar-
ios 1, 2 and 3 is related to the fact that electric vehicles are 
expensive. Variable costs are influenced by the quantity 
of goods or services rendered. In last-mile delivery, vari-
able costs are dependent on mileage performed. Com-
pared to the baseline scenario, the variable costs incurred 
are a 20.5% increase in scenario 1, a 20.2% increase in 
scenario 2 and a 17.5% decrease in scenario 3. Personnel 
costs are time-varying costs associated with the wages of 
employed persons for their services rendered in carrying 
out the last-mile delivery. In comparison to the baseline 
scenario, the personnel costs incurred are a 5.6% increase 
in scenario 1, an 8.6% increase in scenario 2 and a 44% 
decrease in scenario 3.

Scenario 3 has the lowest total transport costs per 
day, which is 73,795 Euros, and this is a 5.4% decrease 
in comparison to the baseline scenario. Scenarios 1 and 
2 showed a 23.9% and 29.8% increase in total transport 
costs compared to the baseline scenario, respectively. 
Therefore, scenario 2 has the highest total transport costs, 
as shown in Fig. 8. The total transport costs incurred in 
scenario 2 is the sum of 75,082.7 Euros from using elec-
tric trucks and 26,232.1 Euros from using e-cargo bikes. 
It is important to note that the costs for operating and 
maintaining the micro-depots, parcel shops and parcel 
lockers are not considered in the total transport costs of 
scenarios 2 and 3. Furthermore, the average transport 
costs per tour in scenarios 1, 2 and 3, when compared 
to the baseline scenario, decreased by 0.8%, 64.3%, and 
22.3%, respectively.

5.2 � Environmental KPIs
In this section, ecological key performance indicators 
(emissions) resulting from the simulation results are 
presented. The environmental impacts of implement-
ing each scenario as a logistics measure of CEP service 
providers for last-mile delivery are assessed based on the 
carbon dioxide (CO2), carbon monoxide (CO), hydro-
carbons (HC) and nitrogen oxide (NOX) emissions. This 
is essential in ensuring that the logistics measures are 
not detrimental to the environment. The environmental 
impacts of using diesel trucks in the baseline scenario 
are 18 grams of CO emissions and 67.5 grams of HC and 
NOX emissions. Electric vehicles do not emit CO, HC 
and NOX because their combustion process is free of 
these harmful emissions [45]. Therefore, electric trucks 
and e-cargo bikes emit zero CO, HC and NOX emissions. 
Hence, scenarios 1, 2 and 3 are significantly better than 
the baseline scenario in terms of CO, HC and NOX emis-
sions because they are 100% reduced. Generally, electric 
vehicles (electric trucks and e-cargo bikes) do not emit 
CO2 emissions but the plants producing the electricity 
are not emission-free. Hence, the CO2 emitted during 
electricity production is considered using the well-to-
wheel analysis. In comparison to the baseline scenario, 
the CO2 emissions in scenarios 1, 2 and 3 decreased by 
46.9%, 61.1% and 63.6%, respectively. This reflects one 
of the benefits of electric vehicles over diesel vehicles in 
terms of their ecological friendly prospects as a logistics 
measure.

Fig. 7  Energy costs
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6 � Discussion
For last-mile delivery in small- and medium-sized cit-
ies, CEP service providers need innovative approaches to 

reduce transport costs and emissions. Therefore, a sim-
ulation-based analysis was conducted to investigate the 
prospects of replacing diesel trucks with other logistics 

Fig. 8  Total transport costs

Fig. 9  Percentage deviation of the three scenarios to the baseline scenario
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measures and vehicle technologies (i.e., scenarios). The 
baseline scenario is used as a yardstick to compare the 
other measure scenarios for each indicator under consid-
eration and the percentage deviations are shown in Fig. 9.

Electric trucks (scenario 1) have been advocated 
recently as a sustainable logistics measure for last-mile 
delivery. Still, the use of electric trucks for last-mile deliv-
ery in small- and medium-sized cities is not cost-effective 
compared to diesel trucks (baseline scenario), as shown 
in Fig.  9. The total transport costs and its components 
in scenario 1, i.e., fixed costs, variable costs and person-
nel costs, are higher than those of the baseline scenario. 
More tours are also required when using electric trucks 
because of their lower loading capacity in comparison to 
diesel trucks. More tours equally resulted in more mile-
age performed by the electric trucks; however, the aver-
age mileage per tour decreased by 13.2%, the average 
transport time per tour decreased by 17.9%, and the aver-
age transport costs per tour decreased slightly by 0.8% in 
comparison to the baseline scenario. The average vehicle 
capacity utilisation per tour is 92.8%, which indicates a 
good usage level. In addition, the use of electric trucks 
only (Scenario 1) showed some advantages in terms of 
energy costs and emissions. The energy costs incurred 
are lower than those of the baseline scenario, partly 
because electricity is cheaper than diesel. Electric trucks 
have significant benefits to the environment compared to 
diesel trucks because they emit fewer CO2 emissions (a 
46.9% reduction) and no CO, HC or NOX emissions.

Scenario 2 involves using electric trucks, e-cargo bikes 
and micro-depots for last-mile delivery. The two-step 
distribution process for B2C parcels led to a notable 
increase of 263.7% in tours performed to fulfil the daily 
freight demand compared to the baseline scenario. Fur-
thermore, there is an increase of 21.8% in total mileage 
performed, even though an average tour covered fewer 
kilometres and had fewer stops when compared to the 
baseline scenario. Scenario 2 is also not cost-effective like 
scenario 1, with an increment of 29.8% in total transport 
cost in comparison to the baseline scenario, as shown in 
Fig. 9. Nonetheless, the average transport costs per tour 
reduced significantly (64.3%), and tours were equally 
completed faster than in the baseline scenario, with a 
64.9% reduction in average transport time per tour. The 
average vehicle capacity utilisation per tour is 93.9%, 
which indicates a good usage level. Due to the low cost 
of electricity and the low energy consumption of e-cargo 
bikes, the cost of energy consumed decreased by 36%. In 
addition, scenario 2 showed significant benefits to the 
environment with a 61.1% decrease in CO2 emissions and 
a 100% decrease in CO, HC and NOX emissions.

Scenario 3 involves the use of electric trucks, par-
cel shops and parcel lockers. In scenario 3, the number 

of tours increased by 21.7% compared to the baseline 
scenario but there was a notable reduction in mile-
age performed, energy costs, total transport costs, and 
environmental impacts. Compared to the baseline sce-
nario, there is a 25.7% decrease in mileage performed, a 
40.1% decrease in energy costs, a 5.4% decrease in total 
transport costs, a 63.6% decrease in CO2 emissions, and 
a 100% decrease in CO, HC and NOX emissions in sce-
nario 3. Though fixed costs increased by 40.1% compared 
to the baseline scenario, variable and personnel costs 
decreased by 17.5% and 44%, respectively. As a result, 
scenario 3 is the most cost-effective logistics measure for 
last-mile delivery in small- and medium-sized cities with 
significant environmental benefits. In addition, the aver-
age mileage per tour decreased by 39%, the average trans-
port time per tour decreased by 60.9%, and the average 
transport costs per tour decreased by 22.3% in compari-
son to the baseline scenario. The average vehicle capacity 
utilisation per tour is 95.2%, i.e. the electric trucks were 
well utilised.

7 � Conclusion and outlook
Despite the general notion that diesel trucks are the most 
practical solution for last-mile delivery in small- and 
medium-sized cities, it is important to establish sustain-
able logistics practices in small- and medium-sized cit-
ies because of operational efficiency and environmental 
concerns. Therefore, a simulation-based analysis was 
conducted by means of the microscopic, agent-based 
transport simulation MATSim and the linked route 
optimisation Jsprit to examine the viability of potential 
logistics measures available to CEP service providers for 
last-mile delivery in small- and medium-sized cities. The 
result revealed that electric trucks are not cost-effective 
as a stand-alone logistics measure for last-mile delivery 
in small- and medium-sized cities. The use of only elec-
tric trucks leads to more tours, more mileage performed, 
and higher transport costs due to their lesser loading 
capacity in comparison to using diesel trucks. Notwith-
standing, electric trucks are more advantageous for the 
environment than diesel trucks because they emit fewer 
CO2 (46.9% reduction based on well-to-wheel analysis) 
and zero CO, HC and NOX emissions. In addition, elec-
tric trucks can be integrated with other sustainable logis-
tics measures such as e-cargo bikes, parcel shops and 
parcel lockers for operational efficiency, as modelled in 
scenarios 2 and 3.

The integration of electric trucks with e-cargo bikes 
and micro-depots for last-mile delivery yielded a reduc-
tion of 36% in energy costs, 61.1% in CO2 emissions, and 
100% in CO, HC and NOX emissions, as well as an incre-
ment of 21.8% in mileage and 29.8% in total transport 
costs, in comparison to diesel trucks. Hence, the mix of 



Page 18 of 20Ghazal et al. European Transport Research Review            (2025) 17:5 

electric trucks with e-cargo bikes and micro-depots for 
last-mile delivery in small- and medium-sized cities is 
not good economically for the CEP service providers, but 
it is good for the environment. Contrary to other studies 
such as [36] among others, it was observed that the use of 
e-cargo bikes and micro-depots did not lead to a reduc-
tion in total transport costs, although this could be due to 
several reasons. Perhaps the performance of using a mix 
of electric trucks with e-cargo bikes and micro-depots 
can produce better results in small- and medium-sized 
cities when more micro-depots are strategically posi-
tioned within the study area.

The use of electric trucks in conjunction with parcel 
shops and parcel lockers is a viable logistics measure and 
is cost-effective for last-mile delivery of CEP services. In 
addition, there is a notable reduction of 25.7% in mileage 
performed, 5.4% in total transport costs, 63.6% in CO2 
emissions, and 100% in CO, HC and NOX emissions in 
comparison to diesel trucks for last-mile delivery. Hence, 
the mix of electric trucks, parcel shops and parcel lock-
ers (scenario 3) is the best logistics measure for last-mile 
delivery in terms of mileage performed, energy consump-
tion, total transport costs, and environmental impacts. 
Also, it offers a longer duration for parcel collection than 
home delivery. However, private customers’ willingness 
to pick up parcels in a nearby parcel shop/parcel locker is 
essential for a successful operation.

Though the results of the modelled scenarios can be 
transferred to other cities, there may be little variations in 
other small- and medium-sized cities due to differences in 
the study area’s condition regarding the number of micro-
depots, parcel shops and parcel lockers. In general, the mix 
of sustainable logistics measures is a feasible solution for 
last-mile delivery in small- and medium-sized cities such 
as the municipalities in the Aachen city region. Hence, 
CEP service providers should switch to a mix of sustain-
able logistics measures such as electric trucks with par-
cel shops/parcel lockers. The mix of sustainable logistics 
measures would yield better operational efficiency for last-
mile delivery in small- and medium-sized cities and fewer 
emissions than diesel trucks. Total transport costs can be 
reduced by at least 5.4% and CO2 emissions by at least 61%.

The limitations and outlook of this paper are as follows:

•	 In scenario 3 (electric trucks with parcel shops and 
lockers), the time costs of private customers going to 
pick up their parcels were not considered because they 
are less relevant from a CEP service provider’s perspec-
tive.

•	 The costs associated with operating and maintaining 
facilities such as micro-depots, parcel shops and parcel 
lockers are not considered.

•	 The impacts of varying the number of micro-depots on 
last-mile delivery were not studied. However, further 
studies can be done on this in the context of small- and 
medium-sized cities.

Acknowledgements
This research has been carried out as a collaboration between the Chair of 
Transportation Systems Engineering at the Technical University of Munich and 
the Institute of Transport Research at the German Aerospace Center.

Author contributions
Abdulrahmon Ghazal: Conceptualization, Methodology, Investigation, Data 
collection, Interpretation of results, Writing - Original Draft, Writing—Review 
and Editing, Visualisation. Santhanakrishnan Narayanan: Conceptualization, 
Methodology, Writing—Original Draft, Writing—Review and Editing, Visualisa-
tion. Ibraheem Oluwatosin Adeniran: Conceptualization, Data collection, 
Methodology, Writing—Review and Editing. Carina Kehrt: Conceptualization, 
Data collection, Methodology, Writing—Review and Editing. Constantinos 
Antoniou: Conceptualization, Methodology, Writing - Review and Editing.

Funding
Open Access funding enabled and organized by Projekt DEAL. This research 
has been supported by European Union’s Horizon Europe programme under 
grant agreement No. 101076963 [project PHOEBE (Predictive Approaches for 
Safer Urban Environment).

Data availability
The sources of the data are stated in Table 1 of the paper. Some of the data 
are available online from the sources mentioned, while others cannot be 
shared, such as the synthetic population data of the study area, due to data 
protection.

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 17 January 2024   Accepted: 12 January 2025

References
	1.	 ADAC. (2022a). VW nutzfahrzeuge crafter 35 kastenwagen normaldach 

mittellang 2.0 tdi bmt (ab 03/17): Technische daten. [Online] https://​
www.​adac.​de/​rund-​ums-​fahrz​eug/​autok​atalog/​marken-​model​le/​vw-​
nutzf​ahrze​uge/​craft​er/​ii/​30548​6/#​techn​ische-​daten (Accessed: Novem-
ber 11, 2022).

	2.	 ADAC. (2022b). VW nutzfahrzeuge e-crafter kastenwagen hochdach 
mittellang (09/18 - 07/22): Technische daten. [Online] https://​www.​adac.​
de/​rund-​ums-​fahrz​eug/​autok​atalog/​marken-​model​le/​vw-​nutzf​ahrze​uge/​
craft​er/​ii/​30547​6/#​allge​meine-​daten (Accessed: November 11, 2022).

	3.	 Adeniran, I. (2020). The impacts of sustainable concepts in urban freight 
distribution—A courier, express and parcel case study. Master’s thesis, 
Technische Universität München.

	4.	 Adeniran, I. O., Ghazal, A., & Thaller, C. (2023). Simulation-based impact 
assessment of electric and hydrogen vehicles in urban parcel delivery 
operations. Interdisciplinary conference on production, logistics and traffic 
(pp. 163–182). Springer.

	5.	 Ambrosini, C., Routhier, & J.L., Toilier, F. (2004). How do urban policies work 
on urban goods transport flows. In: Proceedings of World Conference on 
Transport Research’, Istanbul.

	6.	 Apostolopoulos, V., & Kasselouris, G. (2022). Seizing the potential of trans-
port pooling in urban logistics-the case of Thriasio Logistics Centre in 
Greece. Journal of Applied Research on Industrial Engineering, 9(2), 230–248. 
https://​doi.​org/​10.​22105/​jarie.​2021.​309116.​1390

https://www.adac.de/rund-ums-fahrzeug/autokatalog/marken-modelle/vw-nutzfahrzeuge/crafter/ii/305486/#technische-daten
https://www.adac.de/rund-ums-fahrzeug/autokatalog/marken-modelle/vw-nutzfahrzeuge/crafter/ii/305486/#technische-daten
https://www.adac.de/rund-ums-fahrzeug/autokatalog/marken-modelle/vw-nutzfahrzeuge/crafter/ii/305486/#technische-daten
https://www.adac.de/rund-ums-fahrzeug/autokatalog/marken-modelle/vw-nutzfahrzeuge/crafter/ii/305476/#allgemeine-daten
https://www.adac.de/rund-ums-fahrzeug/autokatalog/marken-modelle/vw-nutzfahrzeuge/crafter/ii/305476/#allgemeine-daten
https://www.adac.de/rund-ums-fahrzeug/autokatalog/marken-modelle/vw-nutzfahrzeuge/crafter/ii/305476/#allgemeine-daten
https://doi.org/10.22105/jarie.2021.309116.1390


Page 19 of 20Ghazal et al. European Transport Research Review            (2025) 17:5 	

	7.	 Bac, U., & Erdem, M. (2021). Optimization of electric vehicle recharge 
schedule and routing problem with time windows and partial recharge: 
A comparative study for an urban logistics fleet. Sustainable Cities and 
Society, 70, 102883. https://​doi.​org/​10.​1016/j.​scs.​2021.​102883

	8.	 BIEK (2017). Innovationen auf der letzten Meile - KEP: Bewertung der 
Chancen für die nachhaltige Stadtlogistik von morgen. Bundesverbandes 
Paket und Expresslogistik e V.

	9.	 BIEK. (2020). KEP - Verbinden; Sichern und Versorgen: Analyse des Marktes 
in Deutschland. Bundesverbandes Paket und Expresslogistik e V.

	10.	 BIEK. (2023). Perspektiven ErÖffnen. Gemeinschaft Gestalten: Analyse des 
Marktes in Deutschland. Bundesverbandes Paket und Expresslogistik e V.

	11.	 Boerkamps, J., & Van Binsbergen, A. (1999). Goodtrip—A new approach 
for modelling and evaluation of urban goods distribution. In: City Logis-
tics I, 1st International Conference on City Logistics, Citeseer, pp 175–186.

	12.	 de Bok, M., & Tavasszy, L. (2018). An empirical agent-based simulation 
system for urban goods transport (mass-gt). Procedia Computer Science, 
130, 126–133. https://​doi.​org/​10.​1016/j.​procs.​2018.​04.​021

	13.	 Caggiani, L., Prencipe, L.P., Colovic, A., & Dell’Orco, M. (2020). An eco-
friendly decision support system for last-mile delivery using e-cargo 
bikes. In: 2020 IEEE International Conference on Environment and Electri-
cal Engineering and 2020 IEEE Industrial and Commercial Power Systems 
Europe (EEEIC/I &CPS Europe), IEEE, pp 1–6, https://​doi.​org/​10.​1109/​
EEEIC/​ICPSE​urope​49358.​2020.​91608​17

	14.	 Cardenas, I., Borbon-Galvez, Y., Verlinden, T., et al. (2017). City logistics, 
urban goods distribution and last mile delivery and collection. Competi-
tion and Regulation in Network Industries, 18(1–2), 22–43. https://​doi.​org/​
10.​1177/​17835​91717​736

	15.	 Comi, A., & Savchenko, L. (2021). Last-mile delivering: Analysis of 
environment-friendly transport. Sustainable Cities and Society, 74, 103213. 
https://​doi.​org/​10.​1016/j.​scs.​2021.​103213

	16.	 Dabidian, P., Clausen, U., & Denecke, E. (2016). An investigation of behav-
ioural and structural characteristics of CEP service providers and freight 
demand considering e-commerce in Germany. Transportation Research 
Procedia, 14, 2795–2804. https://​doi.​org/​10.​1016/j.​trpro.​2016.​05.​473

	17.	 Dalla Chiara, G., Donnelly, G., Gunes, S., et al. (2023). How cargo cycle driv-
ers use the urban transport infrastructure. Transportation Research part A: 
Policy and Practice, 167, 103562. https://​doi.​org/​10.​1016/j.​tra.​2022.​103562

	18.	 Davidsson, P., Holmgren, J., Persson, J. A., & Ramstedt, L. (2008). Multi 
agent based simulation of transport chains. In Seventh international 
joint conference on autonomous agents and multi-agent systems, 
IFAAMAS.

	19.	 Deutsche Post DHL Group. (2020). 2019 sustainability report. [Online] 
https://​www.​dhl.​com/​conte​nt/​dam/​dhl/​global/​core/​docum​ents/​pdf/​
susta​inabi​lity-​report.​pdf (Accessed: December 17, 2022).

	20.	 Euromonitor International. (2018). Shortening the last mile: Winning 
logistics strategies in the race to the urban consumer. [Online] https://​
www.​dpdhl.​com/​conte​nt/​dam/​dpdhl/​en/​media-​center/​media-​relat​
ions/​docum​ents/​2018/​dhl-​white​paper-​short​ening-​the-​last-​mile.​pdf 
(Accessed: December 21, 2022).

	21.	 European Commission. (2021). Countries with the highest domestic 
parcel traffic in Europe in 2020 (in million parcels). [Online] https://​
www.​stati​sta.​com/​stati​stics/​11425​51/​domes​tic-​parcel-​traff​ic-​europe-​
count​ry/ (Accessed: October 15, 2022).

	22.	 Fikar, C., Hirsch, P., & Gronalt, M. (2018). A decision support system to 
investigate dynamic last-mile distribution facilitating cargo-bikes. Inter-
national Journal of Logistics Research and Applications, 21(3), 300–317. 
https://​doi.​org/​10.​1080/​13675​567.​2017.​13958​30

	23.	 Gevaers, R., Van de Voorde, E., & Vanelslander, T. (2011). Characteristics 
and typology of last-mile logistics from an innovation perspective in 
an urban context. In Cathy Macharis & Sandra Melo (Eds.), City distribu-
tion and urban freight transport. Edward Elgar Publishing. https://​doi.​
org/​10.​4337/​97808​57932​754.​00009

	24.	 Gruber, J., & Narayanan, S. (2019). Travel time differences between 
cargo cycles and cars in commercial transport operations. Transporta-
tion Research Record, 2673(8), 623–637. https://​doi.​org/​10.​1177/​03611​
98119​84

	25.	 Guandalini, G., & Campanari, S. (2018). Well-to-wheel driving cycle 
simulations for freight transportation: battery and hydrogen fuel 
cell electric vehicles. In: 2018 international conference of electrical and 
electronic technologies for automotive, IEEE, pp 1–6, https://​doi.​org/​10.​
23919/​EETA.​2018.​84932​16

	26.	 HBEFA. (2022). Infras ag: Handbuch emissionsfaktoren des straßen-
verkehrs version 4.2. bern, schweiz.

	27.	 Hofmann, W., Assmann, T., Neghabadi, P. D., Cung, V. D., & Tolujevs, J. 
(2017). A simulation tool to assess the integration of cargo bikes into 
an urban distribution system. In The 5th international workshop on 
simulation for energy, sustainable development & environment (SESDE 
2017).

	28.	 Holguı ́n-Veras, J., & Thorson, E. (2003). Modeling commercial vehicle 
empty trips with a first order trip chain model. Transportation Research 
Part B: Methodological, 37(2), 129–148. https://​doi.​org/​10.​1016/​S0191-​
2615(01)​00048-0.

	29.	 Horni, A., Nagel, K., & Axhausen, K. W. (2016). The multi-agent transport 
simulation MATSim. Ubiquity Press.

	30.	 Icha, P., Lauf, T., & Kuhs, G. (2022). Entwicklung der spezifischen Treibhaus-
gas-Emissionen des deutschen Strommix in den Jahren 1990–2022. Dessau-
Roßlau: Umweltbundesamt.

	31.	 Jones, J., Genovese, A., & Tob-Ogu, A. (2020). Hydrogen vehicles in urban 
logistics: A total cost of ownership analysis and some policy implications. 
Renewable and Sustainable Energy Reviews, 119, 109595. https://​doi.​org/​10.​
1016/j.​rser.​2019.​109595

	32.	 Juan, A. A., Mendez, C. A., Faulin, J., et al. (2016). Electric vehicles in logis-
tics and transportation: A survey on emerging environmental, strategic, 
and operational challenges. Energies, 9(2), 86. https://​doi.​org/​10.​3390/​
en902​0086

	33.	 Kleiner, F., Beermann, M., Çatay, B., Beers, E., Davies, H., & Lim, O. T. (2017). 
Current status of the electrification of transport logistic vehicles-early 
niche markets and commercialization opportunities. In: European battery, 
hybrid and fuel cell electric vehicle congress Geneva, 14th - 16th March 2017.

	34.	 Liedtke, G. (2006). An actor-based approach to commodity transport 
modeling.

	35.	 Liedtke, G. (2009). Principles of micro-behavior commodity transport 
modeling. Transportation Research Part E: Logistics and Transportation 
Review, 45(5), 795–809. https://​doi.​org/​10.​1016/j.​tre.​2008.​07.​002

	36.	 Llorca, C., Moeckel, R. (2020). Study of cargo bikes for parcel deliveries 
under different supply, demand and spatial conditions. In: 2020 Forum on 
Integrated and Sustainable Transportation Systems (FISTS), IEEE, pp 39–44. 
https://​doi.​org/​10.​1109/​FISTS​46898.​2020.​92648​64

	37.	 Manner-Romberg, H., Kille, C., & Müller-Steinfahrt, U. (2015). Marktuntersu-
chung und entwicklung von kurier-, express- und paketdienstleistungen 
2015. Hamburg, Würzburg 2015 – Gutachten.

	38.	 Marujo, L. G., Goes, G. V., D’Agosto, M. A., et al. (2018). Assessing the sus-
tainability of mobile depots: The case of urban freight distribution in Rio 
de Janeiro. Transportation Research Part D: Transport and Environment, 62, 
256–267. https://​doi.​org/​10.​1016/j.​trd.​2018.​02.​022

	39.	 Mehmedi, I. (2021). Electric vehicles for urban logistics. Journal of Applied 
Sciences-SUT, 7(13–14), 63–75.

	40.	 Melo, S., & Baptista, P. (2017). Evaluating the impacts of using cargo cycles 
on urban logistics: Integrating traffic, environmental and operational 
boundaries. European Transport Research Review, 9(2), 1–10. https://​doi.​
org/​10.​1007/​s12544-​017-​0246-8

	41.	 Narayanan, S., & Antoniou, C. (2022). Electric cargo cycles—A compre-
hensive review. Transport Policy, 116, 278–303. https://​doi.​org/​10.​1016/j.​
tranp​ol.​2021.​12.​011

	42.	 Narayanan, S., Gruber, J., Liedtke, G., et al. (2022). Purchase intention and 
actual purchase of cargo cycles: Influencing factors and policy insights. 
Transportation Research Part A: Policy and Practice, 155, 31–45. https://​doi.​
org/​10.​1016/j.​tra.​2021.​10.​007

	43.	 Nicolaides, D., Cebon, D., & Miles, J. (2017). Prospects for electrification of 
road freight. IEEE Systems Journal, 12(2), 1838–1849. https://​doi.​org/​10.​
1109/​JSYST.​2017.​26914​08

	44.	 Nocerino, R., Colorni, A., Lia, F., et al. (2016). E-bikes and e-scooters for 
smart logistics: Environmental and economic sustainability in pro-e-bike 
Italian pilots. Transportation Research Procedia, 14, 2362–2371. https://​doi.​
org/​10.​1016/j.​trpro.​2016.​05.​267

	45.	 OECD. (2020). The implications of electric vehicle uptake for non-exhaust 
emissions. Non-exhaust Particulate Emissions from Road Transport: An 
Ignored Environmental Policy Challenge. https://​doi.​org/​10.​1787/​e1bc7​
11b-​en

	46.	 Pitney Bowes. (2022). Parcel shipping index 2022. [Online] https://​www.​
pitne​ybowes.​com/​conte​nt/​dam/​pitne​ybowes/​us/​en/​shipp​ing-​index/​

https://doi.org/10.1016/j.scs.2021.102883
https://doi.org/10.1016/j.procs.2018.04.021
https://doi.org/10.1109/EEEIC/ICPSEurope49358.2020.9160817
https://doi.org/10.1109/EEEIC/ICPSEurope49358.2020.9160817
https://doi.org/10.1177/1783591717736
https://doi.org/10.1177/1783591717736
https://doi.org/10.1016/j.scs.2021.103213
https://doi.org/10.1016/j.trpro.2016.05.473
https://doi.org/10.1016/j.tra.2022.103562
https://www.dhl.com/content/dam/dhl/global/core/documents/pdf/sustainability-report.pdf
https://www.dhl.com/content/dam/dhl/global/core/documents/pdf/sustainability-report.pdf
https://www.dpdhl.com/content/dam/dpdhl/en/media-center/media-relations/documents/2018/dhl-whitepaper-shortening-the-last-mile.pdf
https://www.dpdhl.com/content/dam/dpdhl/en/media-center/media-relations/documents/2018/dhl-whitepaper-shortening-the-last-mile.pdf
https://www.dpdhl.com/content/dam/dpdhl/en/media-center/media-relations/documents/2018/dhl-whitepaper-shortening-the-last-mile.pdf
https://www.statista.com/statistics/1142551/domestic-parcel-traffic-europe-country/
https://www.statista.com/statistics/1142551/domestic-parcel-traffic-europe-country/
https://www.statista.com/statistics/1142551/domestic-parcel-traffic-europe-country/
https://doi.org/10.1080/13675567.2017.1395830
https://doi.org/10.4337/9780857932754.00009
https://doi.org/10.4337/9780857932754.00009
https://doi.org/10.1177/036119811984
https://doi.org/10.1177/036119811984
https://doi.org/10.23919/EETA.2018.8493216
https://doi.org/10.23919/EETA.2018.8493216
https://doi.org/10.1016/S0191-2615(01)00048-0
https://doi.org/10.1016/S0191-2615(01)00048-0
https://doi.org/10.1016/j.rser.2019.109595
https://doi.org/10.1016/j.rser.2019.109595
https://doi.org/10.3390/en9020086
https://doi.org/10.3390/en9020086
https://doi.org/10.1016/j.tre.2008.07.002
https://doi.org/10.1109/FISTS46898.2020.9264864
https://doi.org/10.1016/j.trd.2018.02.022
https://doi.org/10.1007/s12544-017-0246-8
https://doi.org/10.1007/s12544-017-0246-8
https://doi.org/10.1016/j.tranpol.2021.12.011
https://doi.org/10.1016/j.tranpol.2021.12.011
https://doi.org/10.1016/j.tra.2021.10.007
https://doi.org/10.1016/j.tra.2021.10.007
https://doi.org/10.1109/JSYST.2017.2691408
https://doi.org/10.1109/JSYST.2017.2691408
https://doi.org/10.1016/j.trpro.2016.05.267
https://doi.org/10.1016/j.trpro.2016.05.267
https://doi.org/10.1787/e1bc711b-en
https://doi.org/10.1787/e1bc711b-en
https://www.pitneybowes.com/content/dam/pitneybowes/us/en/shipping-index/22-pbcs-04529-2021-global-parcel-shipping-index-ebook-web-002.pdf
https://www.pitneybowes.com/content/dam/pitneybowes/us/en/shipping-index/22-pbcs-04529-2021-global-parcel-shipping-index-ebook-web-002.pdf


Page 20 of 20Ghazal et al. European Transport Research Review            (2025) 17:5 

22-​pbcs-​04529-​2021-​global-​parcel-​shipp​ing-​index-​ebook-​web-​002.​pdf 
(Accessed: December 05, 2022).

	47.	 Pitney Bowes. (2023). Parcel shipping index 2023. [Online] https://​www.​
pitne​ybowes.​com/​conte​nt/​dam/​pitne​ybowes/​us/​en/​shipp​ing-​index/​
23-​mktc-​03596-​2023_​global_​parcel_​shipp​ing_​index_​ebook-​web.​pdf 
(Accessed: October 31, 2023).

	48.	 Roorda, M. J., Cavalcante, R., McCabe, S., et al. (2010). A conceptual 
framework for agent-based modelling of logistics services. Transportation 
Research Part E: Logistics and Transportation Review, 46(1), 18–31. https://​
doi.​org/​10.​1016/j.​tre.​2009.​06.​002

	49.	 Routhier, J.L., & Toilier, F. (2007). Freturb v3, a policy oriented software of 
modelling urban goods movement. In: 11th world conference on transport 
research.

	50.	 Rudolph, C., Liedtke, G., Gruber, J. (2018). Simplified scenario based simu-
lation of parcel deliveries in urban areas using electric cargo cycles and 
urban consolidation centers. In Proceedings of 7th transport research arena 
TRA​.

	51.	 Schröder, S., Zilske, M., Liedtke, G., et al. (2012). Towards a multi-agent 
logistics and commercial transport model: The transport service pro-
vider’s view. Procedia-Social and Behavioral Sciences, 39, 649–663. https://​
doi.​org/​10.​1016/j.​sbspro.​2012.​03.​137

	52.	 Schröder, S., Dabidian, P., & Liedtke, G. (2015). A conceptual proposal for 
an expert system to analyze smart policy options for urban CEP trans-
ports. In 2015 Smart Cities Symposium Prague (SCSP), IEEE, pp 1–6, https://​
doi.​org/​10.​1109/​SCSP.​2015.​71815​55

	53.	 StaedteRegion Aachen. (2020). Über die StädteRegion Aachen. [Online] 
https://​www.​staed​tereg​ion-​aachen.​de/​de/​navig​ation/​staed​tereg​ion 
(Accessed: August 10, 2022).

	54.	 Statistische Ämter des Bundes und der Länder. (2022). Bevölkerung nach 
Geschlecht - Stichtag 31.12. - regionale depth: municipalities. [Online] 
https://​www.​regio​nalst​atist​ik.​de/​genes​is/​online?​opera​tion=​abruf​tabel​
leBea​rbeit​en&​level​index=​2 &​level​id=​16686​74779​572 &​auswa​hlope​
ration=​abruf​tabel​leAus​praeg​ungAu​swaeh​len &​auswa​hlver​zeich​nis=​
ordnu​ngsst​ruktu​r &​auswa​hlziel=​werte​abruf​ &​code=​12411-​01-​01-​5 &​
auswa​hltex (Accessed: June 20, 2022).

	55.	 Stodick, K., & Deckert, C. (2018). Sustainable parcel delivery in urban areas 
with micro depots. Mobility in a Globalised World, 22, 233–244.

	56.	 Sułkowski, Ł, Kolasińska-Morawska, K., Brzozowska, M., et al. (2022). Last 
mile logistics innovations in the courier-express-parcel sector due to the 
COVID-19 pandemic. Sustainability, 14(13), 8207. https://​doi.​org/​10.​3390/​
su141​38207

	57.	 Thaller, C. (2018). Strategische Verkehrsprognose: Rückkopplung einer 
Makroskopischen Rückkopplung einer Makroskopischen Extrapolation 
mit einer Mikroskopischen Verkehrssimulation. PhD thesis, Dissertation. 
Technische Universität Dortmund, Dortmund.

	58.	 TomTom. (2022). Aachen Traffic Report. TomTom Traffic Index. [Online]. 
https://​www.​tomtom.​com/​traff​ic-​index/​aachen-​traff​ic. Accessed 22 Nov 
2022.

	59.	 VuMA. (2021). Share of online shoppers in Germany in 2021, by age 
group. [Online] https://​www.​stati​sta.​com/​stati​stics/​12841​89/​online-​
shopp​ers-​share-​age-​groups-​germa​ny/ (Accessed: October 20, 2022).

	60.	 Zhang, L., Matteis, T., Thaller, C., & Liedtke, G. (2018). Simulation-based 
assessment of cargo bicycles in urban parcel distribution. In The 9th 
International conference on ambient systems, networks and technologies 
(ANT 2018), 130, 18–25. https://​doi.​org/​10.​1016/j.​procs.​2018.​04.​007.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://www.pitneybowes.com/content/dam/pitneybowes/us/en/shipping-index/22-pbcs-04529-2021-global-parcel-shipping-index-ebook-web-002.pdf
https://www.pitneybowes.com/content/dam/pitneybowes/us/en/shipping-index/23-mktc-03596-2023_global_parcel_shipping_index_ebook-web.pdf
https://www.pitneybowes.com/content/dam/pitneybowes/us/en/shipping-index/23-mktc-03596-2023_global_parcel_shipping_index_ebook-web.pdf
https://www.pitneybowes.com/content/dam/pitneybowes/us/en/shipping-index/23-mktc-03596-2023_global_parcel_shipping_index_ebook-web.pdf
https://doi.org/10.1016/j.tre.2009.06.002
https://doi.org/10.1016/j.tre.2009.06.002
https://doi.org/10.1016/j.sbspro.2012.03.137
https://doi.org/10.1016/j.sbspro.2012.03.137
https://doi.org/10.1109/SCSP.2015.7181555
https://doi.org/10.1109/SCSP.2015.7181555
https://www.staedteregion-aachen.de/de/navigation/staedteregion
https://www.regionalstatistik.de/genesis/online?operation=abruftabelleBearbeiten%20&levelindex=2%20&levelid=1668674779572%20&auswahloperation=abruftabelleAuspraegungAuswaehlen%20&auswahlverzeichnis=ordnungsstruktur%20&auswahlziel=werteabruf%20&code=12411-01-01-5%20&auswahltex
https://www.regionalstatistik.de/genesis/online?operation=abruftabelleBearbeiten%20&levelindex=2%20&levelid=1668674779572%20&auswahloperation=abruftabelleAuspraegungAuswaehlen%20&auswahlverzeichnis=ordnungsstruktur%20&auswahlziel=werteabruf%20&code=12411-01-01-5%20&auswahltex
https://www.regionalstatistik.de/genesis/online?operation=abruftabelleBearbeiten%20&levelindex=2%20&levelid=1668674779572%20&auswahloperation=abruftabelleAuspraegungAuswaehlen%20&auswahlverzeichnis=ordnungsstruktur%20&auswahlziel=werteabruf%20&code=12411-01-01-5%20&auswahltex
https://www.regionalstatistik.de/genesis/online?operation=abruftabelleBearbeiten%20&levelindex=2%20&levelid=1668674779572%20&auswahloperation=abruftabelleAuspraegungAuswaehlen%20&auswahlverzeichnis=ordnungsstruktur%20&auswahlziel=werteabruf%20&code=12411-01-01-5%20&auswahltex
https://www.regionalstatistik.de/genesis/online?operation=abruftabelleBearbeiten%20&levelindex=2%20&levelid=1668674779572%20&auswahloperation=abruftabelleAuspraegungAuswaehlen%20&auswahlverzeichnis=ordnungsstruktur%20&auswahlziel=werteabruf%20&code=12411-01-01-5%20&auswahltex
https://doi.org/10.3390/su14138207
https://doi.org/10.3390/su14138207
https://www.tomtom.com/traffic-index/aachen-traffic
https://www.statista.com/statistics/1284189/online-shoppers-share-age-groups-germany/
https://www.statista.com/statistics/1284189/online-shoppers-share-age-groups-germany/
https://doi.org/10.1016/j.procs.2018.04.007

	Analysis of logistics measures of CEP service providers for the last-mile delivery in small- and medium-sized cities: A case study for the Aachen city region
	Abstract 
	1 Introduction
	2 Literature review
	2.1 Urban freight transport modelling
	2.2 Courier, express and parcel (CEP) services
	2.3 Logistics measures on the last-mile delivery
	2.3.1 Conventional trucks
	2.3.2 Electric-driven trucks
	2.3.3 Cargo bikes
	2.3.4 Parcel shops and parcel lockers

	2.4 Deriving the research gap

	3 Methodology
	3.1 Modelling framework
	3.2 Description of the modelled system

	4 Case study: CEP transport in the Aachen city region
	4.1 Logistics sector observed and the investigation area
	4.2 Scenarios definition
	4.3 Data collection

	5 Results
	5.1 Transport-related and economic KPIs
	5.1.1 Freight transport demand: number of tours
	5.1.2 Mileage performed
	5.1.3 Energy consumption and costs
	5.1.4 Total transport costs

	5.2 Environmental KPIs

	6 Discussion
	7 Conclusion and outlook
	Acknowledgements
	References


