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Abstract: With the proliferation of e-commerce, the field of last-mile logistics has grown increasingly,
highlighting the need to manage the environmental consequences of this phenomenon, especially
to achieve decarbonization targets for cities and to improve citizens’ quality of life. Within this
framework, the authors carried out a last-mile logistics life cycle assessment, to analyse and compare
different logistics vehicle options performing the same service in an urban context: an electric four-
wheel cargo bike, an electric van, a plug-in hybrid van, and a diesel van. The assessment shows that
the e-cargo bike performs better for all the impact categories considered. The second-best option is
the e-van, while the diesel van shows the worst environmental results. Focusing on decarbonization,
the replacement of a diesel van with an electric one or with an e-cargo bike allows a reduction of
173 g CO2 eq/km and 250 g CO2 eq/km, respectively. Similar results are obtained for Photochemical
Ozone Formation with associated emissions of 0.18, 0.31, 0.45 and 0.49 g NMVOC eq/km for the
e-cargo bike, e-van, plug in hybrid van and diesel van, respectively. The only exceptions are Human
Health impact categories, Acidification and Respiratory inorganics, for which the plug-in hybrid van
performs worst, and Resource use, Mineral and Metals, for which the electric van performs worst.

Keywords: e-logistics; e-cargo bike; last mile logistics; urban logistics; life cycle assessment;
environmental impacts

1. Introduction

The European Union transport sector is responsible for about 25% of greenhouse gases
emissions and 23% of these emissions are due to urban traffic [1].

Freight transport is responsible for 25% of CO2 emissions in urban areas and more
than 50% of particulate emissions [2]. To reach the European Green Deal target of climate
neutrality by 2050 [3] it is necessary to reduce transport climate change emissions by about
90%, a very challenging target that could be obtained with transport sector electrification.
In urban areas, last-mile logistics is growing and gradually assuming a central and crucial
role, also thanks to e-commerce diffusion [4]. Sustainable last-mile logistics can offer a
substantial contribution to climate change emissions reduction and has the potential to
mitigate other problems, such as local pollution and city congestion, that directly affect
citizens’ quality of life [4].

So, it is important to find new technologies and strategies to make last mile logis-
tics operations more and more sustainable. A relevant contribution could come from
the introduction of alternative electric vehicles, such as electric vans [5] or, for deeper
decarbonization, cargo bikes with electric pedal assist [6,7]. In this context, Life Cycle
Assessment could be a suitable instrument to evaluate different vehicle options, identifying
possible benefits and impacts related to different technologies.

Vans LCA or Life Cycle Assessment studies about last-mile logistics are not so com-
mon in the available literature. Furthermore, a recent study published by the European
Commission [8] underlines the need for LCA studies including the vans sector. In our
literature review, although it was perhaps not complete or exhaustive, we found only
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eleven studies published in the last ten years on LCA of vans or trucks, of which two do
not present a complete Life Cycle Assessment [9,10] and two exclude the end-of-life of
vehicles [11,12]. Only five studies rely on primary data at least for some phases of the
lifecycle [11–15] but none of them do so for the vehicles’ use phase.

The assessed studies compare electric and traditional van performance, often consid-
ering many assumptions such as vehicle use, driving style, and electricity mix for battery
recharge.

Many studies, assessing environmental impacts, evaluate vehicles performances
only by considering Greenhouse Gas (GHG) emissions as an environmental impact
category [9,13,14,16,17]; based on this impact category, light electric vans are competitive
in last-mile logistics deliveries, especially in an urban context with frequent stop-and-go
events [11–13,18]. Finally, only five studies deal with urban last-mile logistics [11,12,16–18]
and only three [8,9,16] are focused on vans, while the remaining two are focused on larger
vehicles, such as trucks.

Even fewer studies were found for what concerns the LCA of cargo bikes with pedal
assist for last-mile logistics [19–24]. Only three of them perform a complete life cycle
assessment and none of them rely on primary data for the use phase (only [20] uses primary
data for the e-cargo bike Bill of Materials). The only environmental impact category
considered in half of the studies is Climate Change (GWP), while [19] also considers
Fossil Fuel consumption and Acidification, [22] considers Photochemical Ozone Formation
Potential, and [23] includes NOx and PM emissions.

The available literature has not provided sufficient information and analysis concern-
ing this type of vehicle, which may eventually replace our reliance on internal combustion
engine vans for last mile logistics.

This paper aims to investigate and compare, within an LCA perspective, the perfor-
mances of an electric four-wheel cargo bike, an electric, plug-in hybrid and a diesel van
used for urban last-mile deliveries, addressing the lack of studies in the literature focusing
on urban commercial vehicle life cycle assessment [25].

To obtain reliable results, two experimental activities were deployed: an electric cargo
bike was monitored with GPS and an energy meter, during its real delivery service in the
centre of Padua city; different vans (electric, plug-in hybrid, diesel) were monitored to
obtain pollutant emissions and fuel consumption during their use phase.

These on-road measurements designed for the study (energy and fuel consumptions,
exhaust emissions detection, GPS tracking) are some of the primary data used to charac-
terise the assessed vehicles within the LCA model. Thanks to the data collection, the results
are more coherent and generalisable to reality.

The present study fills the gaps in the literature (see Table S1 in Supplementary
Materials) concerning the following point: it presents for the first time an LCA of a four-
wheel e-cargo bike relying on primary data for construction and use (see Table S2 on
Supplementary Materials), and it compares three vans (electric, diesel and petrol plug-in
hybrid) using primary data for what concerns the use phase and, in particular, the energy
consumption and exhaust air emissions that have been measured in the framework of an
ad hoc test campaign.

The main features of the assessed vehicles are resumed in Table 1.
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Table 1. Main features of the assessed vehicles.

Data E-Cargo Bike Electric Van Plug-In Hybrid Van Diesel Van

Model SUM-X Nissan e-NV200 Renault Megane Ford Transit Connect
Size (length × width × height) [cm] 260 × 150 × 195 456 × 175 × 186 436 × 181 × 144 442 × 197 × 183

Load compartment capacity [m3] 1.75 4.2 1.4 3.6
Max load capacity [kg] 300 742 N.A. 903

Curb weight [kg] 80 1480 1603 1620
Range [km] 60 300 65 (electric)+500 850

Power supply system Human + Electric Electric Plug-in hybrid (petrol) Diesel
Engine size [cc] - - 1598 1499

Emission standard - - Euro 6D ISC FCM Euro 6D ISC FCM
Emission treatment system - - TWC EGR-DOC-SCR-DPF

2. Life Cycle Assessment LCA

Life Cycle Assessment (LCA) is a well-spread quantitative methodology standardised
by ISO 14040 [26] and ISO 14044 [27]. It is usually defined as a method for assessing the
environmental impacts of a product or service considering its entire life cycle, from cradle
to grave (and beyond if product reuse and recycling is included). According to ISO, an LCA
is divided into four interdependent phases: Goal and scope definition, Life Cycle Inventory,
Life Cycle Impact Assessment and Interpretation. Goal and scope definition includes the
main parameters of the study such as the system boundaries, the environmental impact
categories and indicators, and the functional unit, which is a quantitative measure of the
function that the good (or service) studied provides. The goal and scope also include other
useful information such as the reasons for performing the study, the intended application
and the intended audience. Life cycle inventory (LCI) analysis is the part of the study
that requires major efforts. It is a compilation of the inputs (resources such as energy and
materials) and the outputs (emissions, waste . . . ) of the product over its life cycle and for
each life cycle step, in relation to the functional unit. It is usually a combination of primary
data, which are data directly measured, and secondary data, which are data derived
from literature and databases. Life cycle impact assessment (LCIA) is the phase in which
LCA practitioners evaluate the magnitude and significance of the potential environmental
impacts of the considered system using specific methods, which results in a weighted sum
of the inputs and outputs compiled in the LCI. Interpretation evaluates the results from
the previous phases in relation to the goal and scope to reach conclusions and, possibly,
recommendations. The following sections are structured according to the main phases of
an LCA study, as recommended in the ISO 14040 [26].

3. Goal and Scope

The goal of this study is to compare commercial vehicles performances, electric, plug-
in hybrid and diesel vans and cargo bikes with pedal assist for the urban last-mile deliveries
service.

The functional unit considered for the assessment is 1 km driven to complete a delivery
in an urban area. According to the literature, the distance driven (km) rather than the
payload (kg * km) is an appropriate functional unit, which indicates that the service
given is the distance travelled for a delivery, regardless of the weight of the delivered
packages [11,12,14–17,19,22] (See Table S1 of Supplementary Materials). More specifically,
the EU Commission report “Determining the environmental impacts of conventional and
alternatively fuelled vehicles through LCA” confirms this assumption [8].

For what concerns vehicle comparability, it is worth mentioning that the typical daily
distance is about 60 km [28] (well below electric vans’ typical range) and that, in urban areas,
commercial vehicles have a filling rate between 20% and 40% [25,29]. So, it is acceptable
to assume that e-cargo bikes and vans can provide an equivalent service, considering that
goods are delivered daily.
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Impacts assessment is realised with a Cradle to Grave perspective, including all the
phases of the vehicles’ life cycle: raw material extraction and processing, components
production and assembly, energy carriers’ production and distribution, use phase, main-
tenance, and end of life. Only vehicle transport (and vehicle component transport) is
excluded (Figure 1), being considered negligible.
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Figure 1. System boundaries and main data sources for the assessed vehicles.

The cut-off approach [30] is considered for the allocation, except for batteries. For
these devices, due to their current low recycling rate, end-of-life recycled materials and
environmental credit for secondary raw materials generated by the process are considered,
following the methodology suggested in [31].

Environmental impact assessment is realised considering some of the midpoint in-
dicators and characterization models proposed by the Environmental Footprint Impact
Assessment Method (EF Method) developed by the Joint Research Centre [32,33].

According to the target of this work and the existing literature [34], eight impact cate-
gories were selected to account for environmental aspects (Climate Change; Photochemical
Ozone Formation; Acidification terrestrial and freshwater), human health (Respiratory
inorganics; Non-cancer human health effects; Cancer human health effects) and resource
consumption (Resource use, energy carriers; Resource use, mineral and metals).

The Ecoinvent v3.3 database [30] is used for background and secondary data, and the
assessed system is modelled with SimaPro software (© PRé Sustainability B.V., Amersfoort,
The Netherlands).

Finally, unlike most literature studies, primary data are considered to characterise the
use phase of the assessed vehicles. To this aim, delivery routes, distances travelled, pollutant
emissions, energy and fuel consumptions were obtained through on-road measurements
specifically designed for this study.

4. Life Cycle Inventory—LCI
4.1. E-Cargo Bike

E-cargo bike primary data considered for the LCA study were generated by monitoring
(for 18 months) the vehicle, which was used by a logistics operator for last-mile deliveries
in Padua city centre.

The e-cargo bike assessed is a quadricycle called SUM-X (Figure 2) produced by an
Italian society which collaborated in the study (ONE LESS VAN s.r.l.—Mestre Venezia (VE),
Italy), providing the Bill of Materials (BoMs) of the vehicle, which constitutes a second set
of primary data.
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Figure 2. SUM-X, the e-cargo bike assessed and monitored in the study.

This e-cargo bike is an innovative logistics solution for last-mile delivery in urban
centres: it is a very stable vehicle, usable without any problems both on paved and cobbled
roads, and has a considerable load capacity, comparable to traditional vans, and good
battery autonomy.

The assessed e-cargo bike has a load capacity of about 250 kg and is equipped with a
battery with 60 km of autonomy. Weekly based measurements confirm an average load
of 200 kg. These features allow us to compare the e-cargo bike with the vans considered
in this study: Nissan e-NV200 (Nissan Motor Co., Ltd., Yokohama, Japan) and Ford
Transit Connect (Ford Motor Company, Dearborn, MI, USA). This assumption is acceptable
because, as discussed above, urban freight vans have an average load factor between
20% and 40% [25,29] of the maximum load capacity (the capacity of a van, e.g., Nissan
e-NV200, is about 740 kg and 4.2 m3; 20–40% corresponds to 150–300 kg and approximately
1.5 m3). It has been estimated that almost 51% of urban parcel delivery can be completed
by conventional cargo bikes [35].

Thanks to the BoMs shared by the e-cargo bike manufacturer, it was possible to define
the production phase with extreme accuracy: weight, numerousness, materials, and the
country of production for every component were listed in the BoMs shared. Most of the
components involved in the production phase are provided by Asian or European pro-
ducers. All components are bought and then assembled by the e-cargo bike manufacturer
in Italy. The vehicle assembly is realized manually, so this process did not need a large
amount of energy.

For what concerns raw materials extraction, processing and related energy consump-
tions, Ecoinvent 3.3 (Ecoinvent, Technoparkstrasse 1 8005, Zurich, Switzerland) [30] has
been used. Thanks to the information shared by the vehicle producer, especially the country
of production, it was possible to identify the most suitable Ecoinvent datasets to model
these processes.

Considering the vehicle production phase, it is possible to observe that metals have the
higher mass percentage (43% aluminium, 18% steel). Carbon fibre mass is also considerable,
comprising approximately 18% of total weight, whereas “multi-material” components
(such as display, engine, battery, brake pad, electronic, LED) are about 9% in mass. Finally,



Energies 2022, 15, 7817 6 of 18

the remaining 12% is represented by plastic polymers. In Figure 3, the pie chart shows the
mass percentage distribution of e-cargo bike materials.
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Finally, for the e-cargo bike battery, the work of Carvalho et al. [31] was considered, in
which primary data from Li-ion cells producers have been used.

The BoMs of the e-cargo bike and other details regarding the components considered
for the production phase are available in Table S2 of Supplementary Materials.

To monitor the e-cargo bike use phase and collect primary data for the analysis, a set
of monitoring devices have been applied to the vehicle.

The e-cargo bike is equipped with a GPS, to track all routes and give other useful
information (distance, time riding, speed). All this information is stored on a cloud every
day the vehicle is used. Data sharing is automatically performed with a smartphone,
which is also installed on the vehicle. This device is used every day by the rider to take a
picture of the e-cargo bike display at the end of the working route. In this way, other data
about the e-cargo bike working day are stored and shared: average speed, energy average
consumption and battery level.

An example of the data collected during a working day, using the smartphone and the
GPS, is shown in the following Figure 4.

At the end of every working day, the e-cargo bike battery is recharged at the logistics
operator’s headquarters. Energy consumption information, while charging, is collected
with a monitoring system specially designed for this experimentation. This system is called
MOSCA (MOnitoring System for CArgobike) and is placed between the battery vehicle and
the electric socket, measuring in this way all energy consumption parameters during every
recharging process. In the following Figure 5, the application interface is shown. Further
detail on the energy consumption monitoring system can be found in [36].

The e-cargo bike monitoring has provided primary data which allowed us to estimate
the average distance travelled (25.5 km/day) and the average daily energy consumption
(0.54 kWh/day). These data were used to design the use phase of the vehicle.

No literature references were found to estimate the e-cargo bike’s non-exhaust particu-
late emissions during the use phase, due to brake and tyre wear. Nonetheless, assuming a
conservative approach, these emissions are considered in this study and are directly linked
to the e-cargo bike’s total (gross) weight, which is given by the e-cargo bike’s mass (80 kg),
rider mass (80 kg) and goods mass (200 kg) [37] (for details, see Equations (2) and (4)).

The electric energy used for recharging the e-cargo bike’s battery is modelled according
to the Italian 2018 electric energy mix (most recent value) [38] in which almost 40% of the
electricity is produced by natural gas, 35% from renewables. 9% from coal and 13% is
imported [38].Transmission and distribution losses are considered 6%, according to national
statistics [39].
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The e-cargo bike’s maintenance phase includes all the ordinary operations, based on
information from the literature and the vehicle instruction handbook. Details regarding the
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components included in the maintenance phase are shown in Table S3 of Supplementary
Materials.

The maintenance phase considers two different scenarios: Cargobike SC0, a scenario
without battery substitution; Cargobike SC1, a scenario with one battery substitution in
the middle of the vehicle lifetime (after three years). We did not find a consolidated value
for e-cargo bike battery life span in terms of total mileage in the literature. This value is
influenced by many parameters (e.g., daily distance ride, goods weight, drive style) and it
is affected by the use phase stress. Although in our experimentation, the average battery
state of charge was about 40%, suggesting a battery life longer than 10 years (4000–5000
cycles [40]), considering a conservative approach, a battery substitution scenario (Cargobike
SC1) was also considered.

In the end-of-life phase, the e-cargo bike is dismantled and all the components are sent
to different end-of-life treatments, depending on the material from which they are made.
This phase is modelled based on the data of the Italian Special waste report 2020 [41].

Energy and material consumptions for the e-cargo bike’s dismantling are properly
modelled with Ecoinvent database information.

4.2. Electric, Diesel and Plug-In Hybrid Van

As mentioned above, electric assisted cargo bikes are not the only available solution
for more sustainable urban logistics. A more conventional option could be represented
by electric or plug-in hybrid vans. For this reason, the e-cargo bike performances were
compared to an electric, a plug-in hybrid and a diesel van. Of course, using standard driving
cycles for van energy consumption and air pollutant emissions was not considered feasible,
as an urban delivery driving cycle, with its frequent stop-and-go events, dramatically
differs from standard cycles such as NEDC or WTLC. Hence, a specific experiment was
designed and carried out. The vehicles tested were a Nissan e-NV200, a Ford Transit
Connect and a Renault Megane plug-in hybrid (Renault Group, Boulogne-Billancourt,
France). It was not possible to rent the same models in the three different motorisations, so
the choice of the vehicles was guided by the following criteria:

• The electric van was the same already used for the experimentation in the EU project
Sharing Cities [42], which was our reference for the delivery routes.

• The diesel model was the most similar to the electric one (for weight, carrying capacity
and engine power) available for rent.

• As no plug-in hybrid van was available for rent, a passenger car similar in weight and
engine power was used, assuming, as a first approximation, that it could be considered
as a proxy alternative for a plug-in hybrid van.

As already mentioned, these three vans were tested on real delivery routes, obtained
by the EU project Sharing Cities monitoring and evaluation activity [43]; during these
delivery simulations, the diesel and plug-in hybrid vans’ exhaust emissions were measured,
using the PEMS tool (Portable Emissions Measurement System). The delivery distance
was 60 km with ten stop-and-go events for delivery or pick up, considering different
stop-and-go times.

This activity allowed us to characterize the vehicles’ use phase through primary data
based on real road use and not on standard vehicle approval procedures. Furthermore, the
three vans were tested in the laboratory on a chassis dynamometer, considering a specific
driving cycle based on the speeds measured during the on-road experiment activity. In this
way, it was possible to detect all the other emissions not measurable during the on-road
test (NH3, N2O).

The vans’ production phase is modelled using the GREET database [44]. Starting from
the Pickup Truck dataset (Van dataset is not available in GREET), vehicle compositions are
obtained and then components’ and materials’ final weights are estimated scaling the real
mass of the assessed vans. Details regarding the composition and weight of systems and
sub-systems for the three vans are shown in Tables S4–S6 of Supplementary Materials.
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As explained above, van use phase data were obtained with the on-road experiment
activity. Fuel consumption was measured during the on-road tests, considering carbon
dioxide measure, whereas energy consumptions for recharging electric and plug-in hybrid
vans batteries were measured using another monitoring tool such as the MOSCA one used
for the e-cargo bike. Tables 2 and 3 show energy consumptions and pollutant emissions
collected during the experimentation.

Table 2. Energy consumption collected during the experimentation.

Vehicle Energy Carrier UM
Consumption Consumption

Energy
Consumption

[MJ/km]

Nissan e-NV200 Electricity kWh/km 0.220 0.79
Renault Megane

PHEV
Electricity kWh/km 0.180

1.88Petrol kg/km 0.028
Ford Transit

Connect Diesel kg/km 0.075 3.21

Table 3. Pollutant emissions collected during the experimentation.

Renault Megane PHEV Ford Transit Connect UM

CO2 84.624 230.283 g/km
CO 159.179 78.216 mg/km

NOx 8.882 21.676 mg/km
THC 19.437 4.236 mg/km
CH4 1.203 1.151 mg/km

NMHC 18.234 3.085 mg/km
NH3 2.767 0.164 mg/km
N2O 1.326 10.286 mg/km

PM2.5 0.004 0.532 mg/km

Moreover, laboratory tests during the experimentation have confirmed that brake
wear emissions for the electric vehicle, thanks to its regenerative braking system, are
far lower than the ones of the endothermic vehicle. Nonetheless, these estimations are
affected by a certain degree of uncertainty, due, for example, to the wheel configuration to
which the sensors are applied. For this reason, in this work, the EMEP/EEA methodology
was adopted [45] as implemented in Ecoinvent [37,46], according to which non exhaust
emissions are proportional to the gross vehicle weight and brake wear emissions produced
by an electric vehicle are about 20% of those produced by an internal combustion engine
vehicle.

For further detail, non-exhaust emissions were calculated through the following
formula:

Road wear emissions = Croad × GVW (1)

Tyre wear emissions = Ctyre × GVW (2)

Brake wear emissionsICE = Cbrake × GVW (3)

Brake wear emissionsELE = SFbrake × Cbrake × GVW (4)

where:

GVW = Gross vehicle weight (Curb weight + passenger weight)

Croad = road abrasion coe f f icient = 9.79 × 10−9 kg/kgvehicle

Ctyre = tyre abrasion coe f f icient = 5.73 × 10−8 kg/kgvehicle

Cbrake = brake f riction coe f f icient = 4.45 × 10−9 kg/kgvehicle
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SFbrake = brake wear scaling f actor = 0.2 (due to regenerative braking, i f any)

The electric energy mix, used by these two vans during the use phase, is the Italian
2018 electric energy mix [38], the same considered for the e-cargo bike use phase.

Petrol and diesel supply chains, used by internal combustion engine vans (diesel and
plug-in hybrid), are modelled starting from Italian imports of petroleum [47,48] as in [49].

Vans maintenance datasets include tyres, mineral oils and fluids substitution, whereas
diesel van maintenance also includes battery substitution. Maintenance data are obtained
considering GREET [10] and Ecoinvent database [30]. Lead battery substitution impacts
and energy consumptions for the maintenance process are obtained from the Ecoinvent
database, considering the three vans’ lifetimes.

The electric van battery is supposed to have the same lifetime as the vehicle; that is,
240,000 km [49]. According to the producer’s warranty, the battery capacity reduction is
below 20% after 160,000 km. With this reduced energy capacity, the electric van’s autonomy
is reduced by about 20% [50] leaving enough driving range to guarantee a daily delivery
service, which is about 60 km. For this reason, electric van battery substitution is not
considered during the vehicle’s lifetime. The vans’ end of life phase is based on literature
studies, which consider grinding and post-grinding processes [51].

5. Life Cycle Impact Assessment—LCIA

Figure 6 continues with the results and the potential impacts of the assessed vehicles.
Both e-cargo bike scenarios, without battery substitution (Cargobike SC0) and with battery
substitution (Cargobike SC1), are shown. For every impact category, the assessed vehicles
are compared, highlighting the impacts generated by each life cycle phase: Production
includes impacts due to vehicles materials and production as well end of life; Battery
includes impacts due to electric vehicles batteries production and end of life; Maintenance
includes maintenance processes impacts (in Cargobike SC1 scenario this item includes
battery substitution); Energy carrier includes energy carriers supply (electric energy, petrol,
diesel) including all life cycle phases; Use includes direct impacts generated by vehicles dur-
ing the use phase: exhaust emissions impacts for ICE vehicles and non-exhaust emissions
due to abrasion for all the vehicles.

Table 4 illustrates the environmental impacts of all the assessed vehicles and all the
selected impact categories.

For all the assessed impact categories, the e-cargo bike shows the best environmental
performances. Furthermore, environmental impacts in the two scenarios (Cargobike SC0
without battery substitution and Cargobike SC1 with battery substitution) are very similar.
Impact category Resource use, mineral and metals shows the biggest differences between
the two scenarios (4% for all life cycle and 31% only considering the maintenance phase)
and the reason is major resource consumption due to the battery substitution.

For the Climate Change impact category, the e-cargo bike shows the lowest impacts
(79 g CO2 eq/km for Cargobike SC0 and 80 g CO2 eq/km and Cargobike SC1). The diesel
van has the worst performance, with 331 gCO2 eq/km (234 g CO2 eq/km are due to the
use phase). The Climate Change indicator value for the electric van is 158 g CO2 eq/km;
the plug-in hybrid van is in an intermediate position between diesel and electric one, with
246 g CO2 eq/km. Plug-in hybrid van CO2 eq emissions are mostly generated by the use
phase because hybrid modality during this phase contributes with 85 gCO2 eq/km.

E-cargo bike production is the major contribution to its Climate Change indicator, and
this is due to intensive processes used during carbon fibre manufacturing (carbon fibre is
used in many components of this vehicle, such as the chassis). Furthermore, compared to
the other vehicles, this phase is the most impactful because of the e-cargo bike’s lifetime
being the shortest: 6 years of lifetime with 33,620 km total mileage for the e-cargo bike,
which is tiny compared to the 240,000 km total mileage assumed for vans.
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Considering only the three vans, electric van and battery production phases are more
impactful than diesel and plug-in hybrid van and battery production. This result is due to
the battery impacts, which are very high during manufacturing. For the Photochemical
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Ozone Formation impact category, it is possible to make similar considerations. In this case,
the NMVOC eq emissions are due to energy consumption during electric van and battery
production.

Table 4. Impact categories results for all the assessed vehicles. Functional unit is 1 km.

Impact Category UM Cargo Bike
SC0

Cargo Bike
SC1 Electric Van Plug-In

Hybrid Van Diesel Van

Climate Change kg CO2 eq 7.89 × 10−2 8.01 × 10−2 1.58 × 10−1 2.46 × 10−1 3.31 × 10−1

Photochemical Ozone
Formation kg NMVOC eq 1.78 × 10−4 1.82 × 10−4 3.10 × 10−4 4.48 × 10−4 4.88 × 10−4

Acidification terrestrial
and freshwater mol H+ eq 4.40 × 10−4 4.49 × 10−4 9.37 × 10−4 1.14 × 10−3 9.61 × 10−4

Respiratory inorganics disease inc 4.44 × 10−9 4.49 × 10−9 8.62 × 10−9 1.01 × 10−8 9.08 × 10−9

Non-cancer human
health effects CTUh 8.77 × 10−9 8.96 × 10−9 2.61 × 10−8 3.06 × 10−8 2.64 × 10−8

Cancer human health
effects CTUh 1.15 × 10−9 1.17 × 10−9 3.76 × 10−9 4.37 × 10−9 4.21 × 10−9

Resource use, energy
carriers MJ 8.42 × 10−1 8.62 × 10−1 1.89 × 100 3.25 × 100 4.49 × 100

Resource use, mineral
and metals kg Sb eq 7.06 × 10−7 7.34 × 10−7 3.88 × 10−6 3.62 × 10−6 1.51 × 10−6

The electric and the endothermic engines in the plug-in hybrid van cause a high
contribution to the Acidification terrestrial and freshwater impact category for the produc-
tion phase, making this vehicle performance the worst for this category. Impact category
contribution due to the plug-in hybrid van’s energy carrier supply is higher than the diesel
van, and the reason is due to the combined effects of petrol and electricity.

The plug-in hybrid van is also the worst vehicle considering the Respiratory inorganics
impact category, due to the contribution of the energy carrier supply (petrol and electricity)
and use phase (exhaust and non-exhaust emissions). For the plug-in hybrid van, KERS
regenerative braking effects (Kinetics Energy Recovery System and battery recharge) have
not been taken into consideration due to insufficient literature concerning this point. For
this reason, plug-in hybrid non-exhaust emissions modelled considering vehicle weight are
completely comparable to those of the diesel van.

Concerning human toxicity impacts (Non-cancer human health effects and Cancer
human health effects) all three vans show a high potential impact due to the production
phase, higher than 80% for all the assessed cases.

The reason for this result is chrome emission during metals manufacturing, especially
steel and aluminium. In the two vans with electric engines, the non-negligible impact
contribution is due to electronic component production (inverters, controllers and printed
wiring boards).

In the Resource use, energy carriers impact category, the diesel van shows the worst
performance, and the contribution of energy vector supply is clear. Petroleum extraction,
especially extra EU petroleum production (63%), contributes 86% of this indicator. For
the electric van, the impacts are due to natural gas (45% of the indicator value) and coal
(25% of the indicator value) consumption for electric energy production in the Italian mix.
The e-cargo bike shows lower impacts because its energy consumption is considerably
lower due to the vehicle’s light weight and the pedal contribution during the use phase
(the inclusion of the impacts on diet for integrating human energy use is out of the scope of
the present paper and will be further investigated in future works).

Finally, the Resource use, mineral and metals impact category shows critical perfor-
mance for the electric van (and also for the plug-in hybrid van). The value of the indicator
is influenced by precious metals (e.g., gold) which are contained in electronic components
and have a high characterization factor.
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As already stated, the electricity mix used by electric vehicles is the Italian 2018
electricity mix (IT 2018) [38].

Since the recharging mix plays a relevant role in determining the environmental
performances of electric vehicles [22], a sensitivity analysis was performed to investigate
its effects. More specifically, the following recharging mixes were considered:

• The future, deeply decarbonized, Italian electricity mix, according to the 2030 PNIEC
scenario (Piano Nazionale Integrato per l’Energia e il Clima) (IT 2030) [38].

• Electricity from only photovoltaic production (All PV) which can represent the opti-
mistic scenario for EVs.

• Electricity from Natural Gas production (All NG), which may represent a pessimistic
scenario for EVs.

Table 5 shows the composition of the considered recharging mixes.

Table 5. Electricity mixes, by energy sources.

Electricity Production [%] IT 2018 IT 2030 All PV All NG

Solids (coal) 9% 0% 0% 0%
Gas (including derived gases) 39% 35% 0% 100%
Oil (including refinery gas) 3% 1% 0% 0%
Hydro (pumping excluded) 15% 15% 0% 0%
Solar 7% 22% 100% 0%
Biomass-waste 6% 5% 0% 0%
Nuclear energy 0% 0% 0% 0%
Import 13% 8% 0% 0%
Wind 5% 12% 0% 0%
Geothermal and other
renewables 2% 2% 0% 0%

Other fuels (hydrogen,
methanol) 0% 0% 0% 0%

As regards Climate Change, the analysis showed that the use of less carbon-intensive
electricity mixes (IT 2030 and All PV with 0.196 and 0.075 kg CO2 eq/kWh respectively)
leads to a general impact reduction, especially for the electric and the plug-in hybrid vans,
as for these vehicles, the contribution of the energy carrier phase is more relevant than that
of the e-cargo bike. Furthermore, if the ranking does not change, it is worth noting that
the emission gap between the electric van and e-cargo bike along the entire life cycle goes
from 100% of the baseline scenario (IT 2018, 0.411 kg CO2 eq/kWh) to 43% of the IT 2030
scenario to the 6% of the All PV scenario. On the contrary, the All-NG scenario (0.456 kg
CO2 eq/kWh) induces a widening of the gap between the performances of e-cargo bike
and electric van (111%).

For Respiratory Inorganics, the burdens of the electric vehicles show a reduction for
all the recharging mixes considered. In particular, this analysis highlights a rank reversal
between the performances of the plug-in hybrid van, which performs worst in the IT 2018
scenario, and the diesel van, which performs worst in all other considered scenarios.

Finally, as for Resource use, mineral and metals, the IT 2030 and All PV scenarios
entail an increase in the potential impacts of electric vehicles, due to higher production
from the photovoltaic source.

In the following Figure 7 potential impacts for the assessed vehicles, considering the
four scenarios, are shown.

Comparison with other studies is not easy because LCA results depend on several
parameters, such as the functional unit, the system boundaries, the allocation rules and
the environmental impact categories indicators used. Moreover, the size and the model
of the vans and the driving cycle deeply affect the results. A literature results meta-
analysis is out of the scope of the present work. Nevertheless, a comparison can be made
for what concerns at least the CO2 eq/km emissions, considering studies in Table S1 of
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Supplementary Materials with the same functional unit (1 km) and system boundaries
similar to our study.
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Figure 7. Relative potential impacts for the vehicles under study, for the selected impact categories
and for the analysed scenarios (2018, 2030, All PV, All NG). The impacts are presented relative to the
diesel van (100%). LCIA categories: CC = Climate Change; POFP = Photochemical Ozone Formation
Potential; A = Acidification Potential; PM = Particulate Matter Formation Potential; HH_NC = Human
Toxicity Potential, non-cancer; HH_C = Human Toxicity Potential, cancer; REC = Abiotic depletion
potential, Energy Carries; RMM = Abiotic depletion potential, mineral and metal. RMMs for e-Vans
and PHE Vans are more than twice the impact of diesel vans in all considered scenarios. The detailed
results of the sensitivity analysis are available in Table S7 of Supplementary Materials.

The bar chart in Figure 8 shows that the results in the present work are reasonably in
line with the literature, considering the differences in the vehicles’ sizes and driving cycles.
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6. Conclusions

The last-mile logistics environmental impact assessment shows that e-cargo bikes’
lifecycle impacts are always lower than the other assessed vehicles when considering the
same delivery service.

Sensitivity analysis shows that also battery substitution in the middle of the e-cargo
bike’s lifetime (Cargobike SC1 scenario) does not affect this vehicle’s better performance.

When a delivery service is not possible using the e-cargo bike, the electric van shows
the best environmental performance for Climate Change, Photochemical Ozone Formation,
Non-cancer human health effects, Cancer human health effects, Resource use, energy
carriers, Respiratory inorganics, Acidification terrestrial and freshwater impact categories.

Electric van battery range (250 km) is not an issue in urban last mile logistics services
because the range is much higher than the average delivery distance driven every day
(about 60 km).

The diesel van has the highest potential impacts for Climate Change, Photochemical
Ozone Formation, Resource use, and energy carriers, but its performances are better than
plug-in hybrid vans for non-cancer human health effects, Cancer human health effects,
Acidification terrestrial and freshwater, and Respiratory inorganics. This is because the
double engine implies higher impacts for these impact categories in the production phase,
while at the same time, the PHEV does not benefit from a reduction in pollutants affecting
these impact categories in the frequent-stop-and-go last-mile delivery driving cycle tested
in the present work.

Focusing on last mile logistics decarbonization, substituting a diesel van with an
electric one entails climate change emissions reductions of about 173 gCO2/km. This value
grows to 250 gCO2 eq/km if the diesel van is substituted by an e-cargo bike, confirming
results from other studies [52].

Considering that e-cargo bike can, in some cases, outperform many other vehicles
in city logistics [53], the results show that the substitution of diesel vans with e-cargo
bikes, whenever feasible, would dramatically reduce the environmental impacts for all the
assessed categories. Considering only the three assessed vans, the electric one shows the
best performances for almost all the impact categories chosen in this study. Environmental
impacts of the electric van are higher than diesel and plug-in hybrid vans only for the
Resource use, mineral and metals impact category. This result is due to precious metals
contained in electronic components, which have a high characterization factor.

The use of primary data in the present study is a point of strength, but it also leads
to some limitations. The monitored e-cargo bike is an innovative vehicle, and we have no
data on actual maintenance operations and on the total mileage of the bike and battery.
Furthermore, data referring to van energy consumption and emission are derived from
experimental data, with only three days of testing per vehicle and on a trip that we consider
“representative” for trip length and the number of stop-and-go events. Further experimental
data for van emissions and a longer monitoring time for the e-cargo bike will improve the
reliability of the results. Moreover, the daily trips considered for vans and e-cargo bikes are
different in terms of length, number of deliveries and area of the city. Nevertheless, the
comparison is conservative since the data for the vans have been collected in conditions (far
from the city centre, low number of stop-and-go events for loading and delivery) favourable
to their use.

Finally, other advantages related to e-cargo bike include the reduced noise pollution,
congestion and accidents. These aspects will be quantified in future development of
the study, together with a quantification of the external costs of total life cycle airborne
emissions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en15207817/s1, Table S1: Literature review; Table S2: E-cargo
bike Bill of Materials (BoMs); Table S3: E-cargo bike, components substituted during ordinary
maintenance; Table S4: Electric van—Composition and weight of systems and sub-systems (based
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on GREET Pick up Track); Table S5: Plug-in hybrid van—Composition and weight of systems and
sub-systems (based on GREET Pick up Track); Table S6: Diesel van—Composition and weight of
systems and sub-systems (based on GREET Pick up Track); Table S7: LCIA—Sensitivity analysis with
different energy mix, for all the assessed impact categories.
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