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Environmental and operational efficiency of integrated
Urban last-mile freight distribution systems based on the
use of cargo bikes

L. Mantecchini', F.P. Nanni Costa?, M.N. Postorino® and V. Rizzello*

Abstract. During the last decade, several city logistics measures have been
developed to reduce the detrimental effects of freight transport without
penalizing the quality of life in urban areas. Nowadays there is a growing interest
in e-cargo bikes for last mile freight distribution since they allow to deliver goods
in urban areas without affecting road congestion and at zero environmental
emissions. This paper explores an aspect that is not yet thoroughly investigated
in the literature, namely the evaluation of the share of freight demand that can be
delivered by e-cargo bikes. The work follows a consolidated approach that entails
transport and activity system modelling, in a scenario involving the use of urban
consolidation centres (UCCs) that are key logistics facilities of urban freight
transportation schemes. Once the study area has been characterized and the
transportation network has been modelled, the estimation of the attracted freight
demand and its features have been performed by implementing a direct survey
(questionnaires). Finally, freight flows in terms of trips and deliveries made by
e-cargo bikes have been quantified by assigning freight demand to the transport
network. The model has been applied to the test case of the city of Ravenna and
several scenarios have been implemented and compared in terms of operational
performances.
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1 Introduction

Freight transport has been growing in the last years due to the globalization and to the
growth of e-commerce, leading to the increase of tons of goods moved. The growth of
freight flows is associated with relevant environmental impacts: according to the
International Energy Agency [1], transport emissions accounted for 14% of all direct
and indirect emissions in 2018, while road transport alone produces more than 10% of
the total greenhouse gasses emitted. The ratio emissions/ton/km is remarkably high for
road transport, which is responsible for more than 60% of freight transport emissions
[2] although it moves only a quarter of total volumes.

Urban freight distribution can be represented through the functional scheme of
freight distribution as depicted in Fig. 1.
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The most impacting section of the freight distribution scheme is the last mile which is
characterized by a high cost/km ratio [3] and relevant impacts. As showed in Fig. 1 and
deepened in the next section, the use of Urban Consolidation Centres (UCCs), located
in relatively close proximity to the to city centre, can improve the distribution of freight
by optimizing the load factors of vehicles, and by shortening the routes travelled,
enabling the use of low-impact vehicles such as e-cargo bikes or electric vans. As
shown in section 2, nowadays cargo bikes are widely studied since they move easily in
highly congested urban road networks by using pedestrian zones and narrow streets
without emitting pollutants during the operational phase, although they have limited
load capacity and range compared to traditional vehicles.

The contribution presented in this paper is within the scope of research on the
implementation of integrated freight distribution schemes in urban areas, with
particular reference to the last-mile deliveries performed by cargo bikes. After a short
literature review (section 2), a methodological framework is developed to support the
estimation of the demand share that can be shifted from traditional freight distribution
modes to cargo bikes. An application to the case study of the city of Ravenna (Italy)
and the obtained results are shown in section 4 and discussed in section 5.

2 Short literature review

Last mile deliveries are the most impacting section of freight distribution chains. In
fact, they are usually performed by road vehicles, and are characterized by short trips,
frequent stops, low average speeds, and low load factors [4]. These elements lead not
only to several external impacts (such as environmental impacts, life quality
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worsening), but also to increased congestion and lack of parking spaces. For these
reasons, there is a growing attention towards planning, integrating, and shifting to new
freight distribution solutions in cities, able to reduce external impacts while maintaining
high operational performances in order to satisfy the requirements of all the
stakeholders interested in the delivery process.

To improve urban liveability and lower negative externalities, several city logistics
strategies have been studied and implemented [5]. Among these: infrastructural
measures (i.e., urban consolidation centres) [6], vehicle technology improvements
(electric and connected/autonomous vehicles) [7], and regulations (i.e., limited traffic
zones, LTZ; low emission zones, LEZ; pedestrian zones). Urban consolidation centres
(UCCs) act as warchouses, where goods are delivered by using traditional trucks and
large vans and are transferred on smaller vehicles to perform last-mile deliveries [8].
Some studies in the literature suggest the potential of cargo bikes as an environmentally
efficient transportation system [9] for urban freight delivery, by focusing on
operational, environmental, and road congestion reduction aspects [10].

Despite the potential benefits, riders are exposed to accident risks, poor weather
conditions and pollutants, as many studies in the literature have explored. Moreover,
cargo bikes usually travel on pedestrian zones, meaning that other road users can be
exposed to additional risks [11]. In addition, one of the most relevant issues of
electrical-powered vehicles, and in particular e-cargo bikes, is the low range in terms
of kilometres travelled with a single battery-charge [12]. This issue is partially
overcome by implementing distribution schemes aimed at reducing the distance
travelled [13]; however, the capacity constraints and low autonomy of these vehicles
are a limitation to their deployment.

3 Methodological approach

The proposed methodological framework (Fig. 2) consists of three steps that allow to
estimate: the average quantity Q{; [s] of freight of category f delivered at destination d
within the study area with a given service s (own account or third-party provider);
quantity of freight Qdm [s, 7] delivered by using cargo-bike mode m, during time 7; the
number of shipments performed ND[% [s, 7]. The deliveries are carried out starting from
origin o that are one or more consolidation centres (UCCs) located near the considered
area. These quantities can be estimated either from a system of models [14] or by direct
estimation performed through surveys [15].

Regardless of the approach followed, the amount of goods that can be delivered by
cargo bikes is estimated by considering factors and parameters representing the
operational characteristics of this mode. The shipment size is determined based on the
capacity of the used cargo bike in terms of deliverable volumes and weight. As an
example, freight consolidated in pallets (hardly suitable for dimension/weight if not de-
consolidated into smaller packages, meaning time wastes), and fragile or perishable
goods (that may be partially or totally considered not suitable for integrity and
preservation requirements) should be excluded.
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Fig. 2. Methodological framework

A model to assign the estimated demand to the network and to determine the number
of delivery trips to any destination within the considered area is then implemented, in
compliance with the considered time and functional constraints. More in detail, the
routes connecting UCC(s) to every destination zone d within the considered area are
determined, starting from the road network model, by taking into account the
operational parameters of the considered transport mode (maximum speed, battery
range) and the network element features (type of arc, speed limitations). The necessary
time to travel to the destination zone and back to the UCC, the quantity of freight to be
delivered in every zone and the average time needed to perform the deliveries being
known, it is possible to obtain the total working time of a given cargo bike and the
number of bikes necessary to perform the service.

4 Case study and results

An application has been made to the case study of Ravenna, a mid-sized city in
Northern Italy. The road network in the city centre of Ravenna is characterized by
narrow streets, with a wide extension of LTZ and pedestrian zones (Fig. 3). In
particular, the LTZ has an extension of 520,000 m?, of which 37,704 m? are pedestrian
zones. Because of its configuration the city is difficult to access with trucks and vans,
leading to a high congestion and long operational times for the deliveries. Moreover,

the city center is small enough to allow the implementation of one single UCC for the
whole area.
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Fig. 3. Study area, consisting of LTZ limits (red line) with pedestrian zone (highlighted in blue)
in the city centre of Ravenna

The time windows for accessing the city centre with traditional fuelled vehicles are
limited: road motor vehicles can access to pedestrian and low emission zones in the
morning from 3am to 10am and to LEZ in the afternoon from 2pm to 4pm.

Data on the amount of goods currently delivered in the study area have been
collected through direct survey to involved stakeholders. The 480 commercial activities
located in the study area have been grouped into different categories: clothing, food,
household articles, handcraft labs, café and tobacco shops, personal care, electronics,
beauticians (both hairdressers and barber shops), jewelleries, hotels, laundries,
bookshops, restaurants, giftware, and other (Fig. 4). Supermarkets have been excluded
since they have their own supply-chain.

Activities in the study area Activities in the sample

= Clothing

= Food

= Household articles
Handcraft labs

= Café and tobacco shops

= Personal care

= Electronics

= Beauticians

= Jewelleries

= Hotels

= Laundries

= Bookshops

= Restaurants

= Giftware

Fig. 4. Number of activities in the study area and surveyed, for each category.



A total of 126 activities (sampling rate 26%) have been selected to be included in the
sample set based on their category and location. Stakeholders have been surveyed about
the characteristics of goods they receive, the restocking service, the delivery frequency,
and the quantity of freight delivered in terms of volume, weight and type of packaging.
The municipality has proposed a location for the UCC close to the city center (blue dot
in fig. 5) that is suitable since it is easily accessible by trucks coming from sub-urban
warehouses or directly from wholesalers.

Fig. 5. Activities in the city center (red dots — surveyed, yellow dots — not surveyed) and the
hypothesized location of the UCC (blue dot)

The study area has been divided into homogeneous traffic analysis zones, virtually
represented by centroids, and within each zone the relevant commercial activities have
been highlighted (fig. 6). The road network graph is composed by road/pedestrian/bike
links representing access to the city center by e-cargo bikes, as they can run through
pedestrian zones as well as on road links. Data obtained from the direct survey have
been processed to determine the quantity of freight Q{; [s] of every category f entering
the city centre every day delivered by third-party logistic providers to any destination
d within the study area. Considering the limits of cargo bikes in terms of capacity and
range, for each category f'the quantity of freight Q[’;m [s, 7] potentially delivered by this
mode in a selected time window T has been evaluated, by excluding the shipments
delivered on pallets, perishable and fragile goods. In particular, a quadricycle e-cargo
bike has been considered, whose main characteristics adopted for the test case are: 1)
battery range: 55 km (on flat route); ii) load capacity: 150 kg; iii) average load factor:
0.8; iv) average delivery time: 3.5 minutes.
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Fig. 6. Road network graph (a), and homogeneous traffic zones with centroids (red dots) and

relevant commercial activities (blue dots) (b)

In detail, the amount of freight that can be potentially delivered in the study area is
about 5 tons a day (table 1).

Table 1. Quantity of freight potentially suitable for cargo bike delivery in the study area

Category Third-party deliveries Quantity of freight Quantity of freight
without pallets (%) potentially suitable potentially suitable

for cargo-bikes for cargo-bikes
delivery (%) delivery (kg/day)
Qy" s, 7% Qy"[s, 7]

Clothing shops 51% 30% 906.5

Food 62% 0%

Household shops 46% 30% 1504.1

Handcraft labs 100% 20% 17.1

;z:fssand tobacco 100% 40% 402.5

:;rii(;gzls care 46% 40% 137.6

Electronic shops 100% 0%

Beauticians 100% 50% 9.2

Jewelleries 22% 10% 21.9

Hotels 100% 20% 1.3



Laundries 100% 40% 7.2

Book shops 33% 30% 331.8
Restaurants 67% 20% 1680.9
Various item shops 100% 50% 47.6
Other 50% 0%

The optimal routes between every centroid and the UCC have been determined through
the PTV Visum software, by implementing the road network previously described,
which includes the effect of road link congestion on e-bike travel time, speed limitation
on pedestrian (5 km/h) and cycling links (15 km/h). The additional distance and time
necessary to perform intra-zone delivery tours have been quantified by considering the
extension of the network and the number of activities within every zone. Average
delivery time has been assumed based on a literature review [9, 10], on a survey to
cargo bike operators, and by performing an on-site test in the city centre of Ravenna.

Three scenarios have been modelled and simulated, by considering different
distributions of the deliveries throughout the day, which has been divided into two time
slots: 4 hours in the morning (AM) and 4 hours in the afternoon (PM). In the first
scenario the deliveries have been distributed between morning and afternoon exactly as
obtained by processing survey data: 76% in the morning and 24% in the afternoon. In
the second scenario, following the interest expressed by some interviewed operators in
changing the delivery scheduling, the assumed distribution is 57% of deliveries in the
morning and 43% in the afternoon. Finally, the third scenario considers 65% in the
morning, 35% in the afternoon.

With the hypothesis described in the previous paragraph, the travel time and
distances have been computed. The number of delivery tours and the number of cargo
bikes necessary to perform the service in the considered time window t have then been
calculated knowing the shipment size (table 2).

Table 2: Results of simulated scenarios for the distribution in the study area

Scenario A Scenario B Scenario C
AM PM AM PM AM PM
Delivery share (%) 76% 24% 57% 43% 65% 35%
Time of utilization of 5 ¢ 3.8 3.8 3.4 35 3.8
every cargo-bike [h]
Number. of cargo- 7 ) 5 4 6 3
bikes
Tot km travelled 77.5 22.3 60.2 38.3 62.2 33
Average commercial
3.1 2.93 3.16 2.81 2.96 2.8
speed (km/h) o

To summarize, scenario B is better than the other two in terms total number of cargo
bikes needed and higher vehicle utilization rate, which implies smaller investment costs
to perform the service.



5 Discussion and conclusions

As highlighted previously, a large amount of research in recent years has addressed the
importance of implementing city logistics measures aimed at reducing the external
impact of freight transport in urban areas, among them the use of vehicles such as cargo
bikes. This paper addresses a particularly relevant aspect, namely the estimation of the
amount of freight that can be delivered by using cargo bikes in an urban area, with
specific focus on capacity and autonomy limitations that are a constraint to their use.

The application of the proposed methodological framework to the case study of the
city of Ravenna, implemented through direct surveys to estimate the amount of freight
demand in the study area, highlighted its usefulness to support the design and planning
of an urban freight delivery system with a view to the optimal integration of e-cargo
bikes with transport modes based on traditional road vehicles and, more generally, with
other logistics measures. In fact, as highlighted, cargo bikes have operational
constraints such as limited capacity (in terms of weight and volume) and battery range,
that do not make them suitable to perform all deliveries of goods within an urban area
and to substitute totally current delivering vehicles.

The results obtained show that the proposed methodology allows to both estimate
the amount of freight that can be delivered in an urban area by using cargo bikes and
support the design of the system operational characteristics. Some results are
comparable to the ones reported in the literature. In particular, the average commercial
speeds obtained in the implemented scenarios are similar to the ones reported by
Leonardi et al. [16] and Navarro et al. [17]. Finally, the application shows that the use
of a single UCC next to a small city centre together with the use of cargo bikes can be
potentially implemented. In fact, according to the literature a distribution system based
on e-vehicles is suitable in small/medium sized cities [18], since the UCCs can be
placed closer to the served areas thus requiring less vehicles to perform last-mile
deliveries in compliance with low battery range.

Finally, specific attention should be paid on the safety of cargo bike riders because
these vehicles increase their exposure risk to accidents, atmospheric pollution, and
adverse meteorological conditions. In addition, since cargo bikes also travel in
pedestrian areas, it is even important to consider the additional potential risks for other
vulnerable users of the infrastructure.
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