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Abstract: Cities are experiencing a process of suburbanization and last-mile delivery has grown,
worsening traffic congestion, pollutant emissions, and citizens” quality of life. Based on a real-life
case study, this research compares the environmental performance of different delivery routes car-
ried out by Diesel Light-Duty Vehicles (LDV) according to delivery area, city center or peri-urban.
Some 242 delivery routes performed by thirteen drivers were recorded for one month, including
instantaneous GPS position, speed, and other parameters (7262 km travelled). Four different deliv-
ery routes typologies were compared, and the drag function of the vehicles was characterized. It
enabled calibration and modelling dynamics to calculate fuel consumption and pollutant emissions
according to delivery routes. The results show that pedestrian crossings, traffic lights, and traffic
congestion reduce the average operating speed by up to 57% in the city center and consequently
overall energy efficiency. Our results highlight the urgency of replacing diesel LDV for deliveries
in the city center with no-motorized transport modes and of implementing intermodality to cover
deliveries in residential peri-urban areas. Due to low speeds and frequent start-stops, the efficiency
of vehicles in these areas is reduced to a minimum and pollutant emissions increase. The outputs
set a basis for recommendations for using LDV only for delivery routes with less traffic interrup-
tions and foster intermodal solutions.

Keywords: last-mile delivery; energy efficiency; fuel consumption; pollutant emissions;
optimization of delivery route; Madrid Region

1. Introduction

The great transformation we are experiencing within the current process of globali-
zation sees the mobility of people and goods grow at an astonishing rate and it drives
logistics distribution in new directions, creating a highly dynamic scenario of perspec-
tives. The population growth, the increasing of e-commerce sales, and the expectations of
shorter delivery times are one of the main factors putting extreme pressure on urban lo-
gistics. Indeed, although goods distribution is of fundamental importance for the pros-
perity of a country and its citizens, it increases side effects such as congestion, accidents,
air pollution, and noise.

Other economic sectors, such as households and industry, have drastically reduced
their pollutant emissions compared to the 1990 level (Kyoto Protocol); on the contrary,
transport emissions have increased, being 29% above the 1990 levels in 2018. In particular,
road transport is the main culprit compared to other modes, both for passengers and
goods [1,2].
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Transport activity across Europe is high and continuously growing. The European
Union [3] estimations that passenger transport will increase by 42% by 2050, and freight
transport by 60%. To deal with such growth, solutions that will be proposed must aim to
strike a balance between having efficient urban logistics systems and sustainable levels of
externalities, with particular regards to traffic congestion, pollutant emissions, and safety
[4,5].

According to the International Transport Forum, global transport demand is estimated
to triple by 2050, which would mean that carbon emissions in ordinary circumstances would
double [6]. Nonetheless, the European Union aims to be climate-neutral by 2050. This is
an ambitious target when it comes to tackling climate change and reducing the negative
impacts of human activities on the environment and society.

Nowadays, with more people living in cities and a higher volume of online transac-
tions, there is more pressure on urban freight transport. This is especially true with the
emergence of Q-commerce (a new battlefield in the hyper competitive delivery space for
quick deliveries), which is a new model of e-commerce in which speed, convenience, and
customer service are the key factors [7].

Previous studies estimated that urban freight transport accounts for up to 30% of
total traffic emissions depending on the local context; in larger European metropolitan
areas, it is responsible for 33% of NOx emissions [4]. In order to counter current trends
and meet the targets of the European Union, a holistic approach is required, and gains in
transport efficiency must be integrated in emission reduction policies.

The literature has investigated several strategies to reduce the negative impacts of urban
freight transport on cities and citizens mainly based on the optimization of traditional delivery
practices, or on innovative solutions to make last-mile deliveries (LMD) more efficient [8].
Among them, solutions that directly lead to a decrease of emissions can be clustered into five
groups, according to the Alliance for Logistics Innovation through Collaboration in Eu-
rope— ALICE [9]. These are: proper management of growth in freight demand; smart use and
combination of different transport modes; sharing fleets and making optimized use of them
by reducing the carbon content of energy sources; adopting a holistic approach to improving
the energy efficiency of fleets, including improving the driving behavior and route planning
skills; and lastly, making use of information and communication technology (ICT).

Short-term solutions would save time to implement more advanced long-term ones.
Thus, short-term research and efforts must focus on leveraging and finding new opportunities
for improving efficiency in urban freight transport, in terms of both optimization and innova-
tion. Among these, one of the main options to optimize traditional strategies (i.e., LMD
carried out by Light Duty Vehicles—LDVs) is to improve route planning skills since it has
been demonstrated that proper route planning can save up to 20% of fuel consumption
and reduce the corresponding emissions [10-12].

Motivated by those results and following the recommendation of the literature stat-
ing the need to distinguish between different geographical contexts when planning urban
deliveries [4,5,13], a data collection campaign was carried out in the metropolitan area of
Madrid, in collaboration with the main logistics company of Spain, Correos. For one
month, 13 carriers from different depots (one located in the city center and the other in the
peri-urban area) drove the same LDV model to perform their deliveries, while GPS posi-
tion, speed, and other engine parameters were recorded instantaneously. In a second step,
this research applies and calibrates an energy demand model to compare the energy effi-
ciency of LDV while delivering along different delivery routes which are local roads,
mixed road sections, or crossing residential areas. Thus, this research identifies the oper-
ative features of LMD according to the delivery area—city center or peri-urban—and it
examines the energy efficiency and the environmental impacts associated with LMD car-
ried out by diesel LDV in both quantitative and qualitative terms.

The paper is structured as follows. Section 2 provides a brief review of LMD in urban
areas as well as the importance of the geographical context and delivery route to plan
strategic solutions to reduce pollutant emissions in LMD. Section 3 describes the case
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study, the data collection campaign, and the delivery routes selected to compare pollutant
emissions according to the delivery area. Section 4 discusses the energy consumption
model developed for this study and its calibration according to the LDV used in the field
test. Section 5 presents the analysis of the results, while the main conclusions, contribu-
tions, and policy recommendations are discussed in Section 6.

2. Last-Mile Delivery in Urban Areas

This section first discusses the current state of LMD in urban areas and refers to the
current trends driving LMD. Then, the importance of the geographical context when plan-
ning a strategic solution for LMD is elaborated. Finally, the importance of the delivery
route and its environmental performance are considered, and the research objectives of
this study are defined.

2.1. Current State and Driving Forces

Economic growth in cities and urban areas strategically depends on having a sophisti-
cated freight transport and logistics system, as these make regions and countries more effi-
cient. Nowadays, no urban area could exist without a reliable freight transport system [14].
However, goods distribution has become a pressing issue even in the most developed
urban areas [15].

Due to the growth in freight distribution, there is an increasing number of vehicles
and companies operating in cities. Goods distribution in urban areas, together with pri-
vate traffic flows, are some of the main sources of energy consumption, air pollution, and
noise. A recent study in EU countries shows that in 60% of the cities, there are significant
difficulties in urban logistics management: 55% of vehicle emissions are caused by goods
distribution of which 40% are delivered to city centers [16,17].

In recent years, important trends have put pressure on urban freight transport and
have consequently led to increased environmental problems. First, there is a trend in
which the population has shifted from rural settlements to urban areas—in 2020, for the
first time in history more people lived in urban than rural areas [18]. In 1950, only one-
third of the world’s population lived in cities, while by 2050, the rural population is ex-
pected to be only one-third of the total. A shift in this paradigm has occurred over the
course of one century [13]. Second, e-commerce has steadily grown, and some of the
world’s most sophisticated markets can be found in the European Union. The volume of
online shopping worldwide tripled between 2014 and 2020 and is predicted to increase
almost five-fold by 2024 [19]. Boosted by the COVID-19 pandemic, it has produced a sharp
increase in freight activities and consequently in city traffic. The pandemic, indeed, had a
great effect as many people turned to online ordering when local shops closed. It is largely
expected that COVID-19 will result in a huge and permanent leap forward in e-commerce
that otherwise would have taken another 5-10 years [20]. Third, consumers increasingly
participate in e-commerce with the expectation of shorter delivery times. This requires
delivery services to become more responsive. By 2023, 78% of logistics companies consid-
ered in [21] expect to provide same-day deliveries, and by 2028, 39% of logistics compa-
nies anticipate deliveries within a two-hour window.

LMD accounts for 53% of the total shipping cost and 41% of the total supply chain
cost [22]. For parcels, Gevaers [22] estimates that the last mile represents between 13% and
75% of the total logistics cost. Despite this, the LMD is necessary and inevitable because,
for now, not all goods needed are available at our doorstep. In the light of this, the right
question is not why to transport goods, but how to deliver them [23]. The objectives of
efficiency, effectiveness, economy, and environmental sustainability must be achieved.

Nonetheless, the achievement of adequate energy efficiency is a major challenge dur-
ing LMD since these are based on individual orders which must be picked up and deliv-
ered to different locations. In this context, inefficiencies and delivery challenges for freight
carriers have exacerbated considerably in inner-city areas and thus require optimized de-
livery planning [24].
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2.2. The Importance of the Geographical Context

The significance of LMD externalities, e.g., congestion, pollution, and noise, varies
according to the city size, and there are relevant differences between deliveries carried out
in large conurbations and small or medium sized cities [25]. Previous researchers point to
the need to differentiate between geographical, social, and economic contexts while plan-
ning LMD. This is because the main operational features can vary considerably according
to urban environments and road networks [4,5,13]. In city centers, the road network is
usually entirely composed of local roads, with speed limits under 50 km/h, while in peri-
urban areas the road network is usually “mixed”, containing high-speed roads as well as
arterial urban roads or large avenues.

As the literature demonstrates, several suitable solutions can be applied to reduce the
externalities of LMD; however, their efficiency depends on the location where these solu-
tions are implemented. Depending on the urban set-up indeed, it can be more efficient for
example to re-locate the distribution centers, change the type of vehicle fleet, implement
eco-routing driving systems, adopt advanced ITS solutions, try to avoid empty trips, or
reserve parking lots.

Savelsberg and Woensel [26] pointed out that geographical, economic, social, and
cultural circumstances affect city logistics and the perception of people regarding the ex-
ternalities mentioned before. A review work by Browne et al. [27] detailed the impacts of
various initiatives (i.e., consolidation centers, low emission zones, new and greener vehi-
cles) applied in four countries around the world —the UK, Japan, Netherlands, and
France. It showed that depending on the area of implementation and their intensity, the
same initiatives might produce different results in terms of reducing social and environ-
mental impacts. Similarly, Navarro et al. [28] and Ermagun et al. [29] highlighted the im-
portance of considering the characteristics of the area in which the measure is imple-
mented, when defining a strategic solution. Both population density and road access have
a direct influence on the energy consumption of a delivery route [30,31], along with the
delivery area and road section typology.

2.3. Delivery Routes and Research Objectives

The last mile extends from a few tens of meters to a large distance of tens of kilome-
ters, as logistics facilities have been relocated to suburban areas while many businesses
and retailers remain in inner-city areas [13,24]. Different delivery distances should mean
different delivery methods and modes of transport. Respectively, the environmental im-
pacts of LMD can also differ widely. Considering the traditional method of delivery by
LDV, it is therefore essential to study optimal routes in terms of environmental and oper-
ational efficiency.

The routes covered in urban goods distribution may be fixed routes for visiting pre-
established points, or dynamic routes which are programmed daily according to demand.
Dynamic route planning is much more complex and minimizing the distance or time is
key for achieving all scheduled deliveries [11]. However, the energy consumption and
thus cost for the delivery company may vary considerably depending on whether time or
distance is minimized.

Normally, even if drivers know the local areas and routes, they face unpredictable
delivery constraints including traffic congestion, change of weather conditions, construc-
tion closures, etc. All these challenges make drivers inefficient when it comes to planning
optimal routes. On the other hand, there are route planning solutions which create opti-
mal route plans based on real-time traffic, estimated time of arrival, and other criteria.

Route planning software enables multiple-trip delivery routes to be planned and
minimizes the time or kilometers travelled. This can save between 10 and 20% of transport
costs [11]. However, most of them are concerned with minimizing the total transportation
cost based on reducing the distance travelled, the travel time, or the fleet size [32]. Thus,
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the reduction of pollutant emissions is considered only indirectly as a significant but “sec-
ondary” consequence (achieved through a reduction of travel time, distance, or fleet).
Only recently have there been studies focused on directly reducing the environmental
impact of LMD by choosing the appropriate route. According to Egles and Dan Black [33],
no such studies existed until 10 years ago. In addition, most research on route planning
presented algorithms based on simulations in a specific area, without considering the dis-
parity of environmental features [34,35].

Cattaruzza et al. [10] identified four main challenges in the optimization of vehicle
routes for urban goods movements: time-dependency of travel times, organization of the
distribution in multi-levels, dynamics of the cities, and organization of routes with multi-
ple trips. Specifically, they call for research concerning the last challenge.

To address this gap and considering the scarcity of real data available from logistics
companies—as data might be part of their business strategy —we conducted a real-life
experiment to identify the features of LMD according to the geographical context. Thus,
the research objectives are as follows: first, to define the main features of LMD operations
carried out by the same logistics company according to the delivery area, either city center
or peri-urban. Second, to compare the energy efficiency of LMD carried out with the same
LDV model along different multiple-trip delivery routes. Third, to study the extent to
which pollutant emissions vary for LMD routes.

3. The Madrid Case of Study

The case study took place in Spain, within the metropolitan area of Madrid, which
covers 8030 km? and in which the proportion of urbanized land is 11%. It has a total pop-
ulation of 6.6 million inhabitants, half of whom are concentrated in the city of Madrid [26],
with an average density of 54 inhabitants per hectare.

The case study was defined to analyze real data collected during a field test for last-
mile parcel deliveries carried out by the National Spanish Postal company (Correos). It
has 51,000 employees countrywide with more than 3600 million shipments per year.
Within the Madrid region, Correos owns 27 depots which distribute parcels by LDV. Fif-
teen of the 27 depots are located inside the city.

Two of these depots, one located in the city center and the other in the northwestern
peri-urban area of Madrid, were involved in the field test. The two delivery areas have
different characteristics. One of the two depots provided by Correos is in the Las Rozas
municipality (19,471 inh/km?) in the northwestern part of the metropolitan area of Madrid
and it covers a peri-urban delivery area of over 130 km?2. The depot in the city center of
Madrid serves a delivery area ten times smaller, around 12 km?, but with a 27 times higher
density than Las Rozas.

The most important advantage of collaborating with a national logistics company is
to ensure the sample is homogeneous concerning the fleet composition and socio-eco-
nomic characteristics of the delivery area. In both cases, the vehicle fleet was composed of
diesel and electric LDV of the same model. Figure 1 shows the geographical location of
the depots involved in the field test with their corresponding delivery areas.
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Urban Delivery area

239,684 inhabitants

¢ 12,3 kmg
¢ 19,471 inh/kmg

Peri-urban Delivery area

Legend
["__] Madrid Region
Delivery areas
Metropoltan Area, of Madrid

94,824 inhabitants

113,4 kmg

711 inh/kmgq

Figure 1. The Madrid metropolitan area and the field test delivery areas: city center and peri-urban.

3.1. The Field Trial

The data collection campaign took place for four weeks (between 17 September 2018
and 19 October 2018). In total, 13 professional drivers (11 males and 2 females, aged be-
tween 33 and 62, with an average age of 28.6 years of driving experience) were involved
in the field test. They drove electric and diesel LDV along their normal working routes,
while GPS position, speed, and other parameters were collected on a second-by-second
basis. For this, an OBD-II key was pre-installed in each diagnostic port of the diesel vehi-
cles to read the data from the vehicle engine, while the MyTracks App was used for the
electric LDV. In both cases, data were collected in a data logger and sampled at a fre-
quency of 1 Hz.

In total, 242 delivery routes of approximately four driving hours each were recorded,
covering 7262 km. A systematic data processing approach was then used to integrate, fil-
ter, and process all the data recorded, bearing in mind that a delivery route is composed
of multiple trips with different characteristics and operating conditions. Thus, for the anal-
ysis of the results, the dataset was defined in two different dimensions: first, delivery
routes, to describe the main aspects of last-mile postal deliveries in terms of general oper-
ating features; and second, single parcel delivery micro-trips, to characterize driving pat-
terns and to compare the vehicle energy efficiency while delivering in different urban
contexts. Each micro-trip refers to a single delivery, and between two subsequent micro-
trips a driver must park the vehicle, stop the engine, deliver the parcel, switch on the mo-
tor, and run the vehicle again until the next delivery stop (Figure 2).

Delivery Micro-trip

1 Delivery Route
(avg 4 hours)

Figure 2. The schematic concept of delivery route and delivery micro-trip.
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During the field trial, the routes were not predefined. The drivers individually de-
signed their delivery route to optimize delivery times according to their experience.
Therefore, each single parcel delivery micro-trip was defined daily, although the entire
delivery route was similar on a day-by-day basis as each driver is assigned to a certain
delivery micro-zone. Indeed, a common practice in large distribution companies is to al-
locate “micro-delivery zones” among their carriers. This is performed in an equitable
manner, so that all drivers have a similar volume of work, as well as a good knowledge
of the area and the requirements their main customers have.

Each single day of the experiment comprised two delivery shifts, one in the morning
and one in the afternoon. The drivers completed their delivery routes during one of the
two periods. Data were collected continuously from very early in the morning to late in
the evening. This provided a large enough data sample to accommodate different traffic
conditions and to prevent alterations in driving styles due to external circumstances.

The LDV fleet of the field test was made up of three electric Renault Kangoos and
five diesel Volkswagen Transporters (both vehicle brands are used by the company na-
tionwide) and had a EURO 6 label. In total, eight LDV were monitored during the data
collection campaign —four were responsible for the delivery area in the city center and the
other two for the peri-urban area. In this study, to estimate energy efficiency and pollutant
emissions, only diesel LDV are considered which carried out 121 delivery routes during
the data collection campaign.

3.2. Delivery Routes Selection in City Center and Peri-Urban Area

As shown in Figure 1, two different depot locations were chosen for collecting data
for different types of delivery routes according to the built-up environment: city center
and peri-urban area, with different demographic densities each, delivery distances, and
running speeds. The data collected for both locations show very different operational val-
ues. Despite having similar travel times (4 h on average), in the city center, the average
distance covered during a delivery route was 3.5 times lower than in the peri-urban de-
livery area [36]. Therefore, to perform the data analysis delivery routes were grouped ac-
cording to depot location.

Although routes corresponding to the same depot had similar characteristics, and the
delivery route for each specific driver was quite similar every day, certain operational
features may change considerably within the same area depending on the end point of
delivery. This has great influence on the energy efficiency of the vehicle, as well as on fuel
consumption and pollutant emissions.

The city center area is mainly composed of local roads characterized by 30 km/h
speed limits and a few wider avenues connecting neighborhoods with 50 km/h speed lim-
its. On the other hand, the peri-urban area is characterized by a mixed road network, with
local roads, residential areas, wide avenues, and motorways connecting neighboring vil-
lages. Therefore, within that area speed limits may vary from 30 km/h to 120 km/h accord-
ing to the road travelled.

Out of the 138 delivery routes carried out in the city center, 80 were made almost
entirely along local streets and others along mixed road sections consisting of local streets
and urban avenues. Out of the 104 delivery routes travelled in the peri-urban delivery
area, 50 covered residential areas of neighboring villages, which are mostly characterized
by large avenues, urban arterial, and local streets. Thus, for each depot area two repre-
sentative delivery routes were selected for the analysis. One route for each category was
chosen in order to evaluate which delivery route was the most energy efficient and to
optimize LMD operations. The following routes were selected: Route A (mixed road ty-
pologies) and Route B (mostly local roads) in the city center; Route C (mixed road typol-
ogies) and Route D (covering residential areas) in the peri-urban delivery area. The geo-
location of the delivery route selected is shown in Figure 3.
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Madrid City Centre [ i TH e e N Peri-urban area

X i V Las Rozas (Madrid)

1:90,000 Wi, . o TN

Figure 3. Geolocation of the delivery routes of the two depots: urban and peri-urban.

Groups of delivery routes corresponding to the city center depot (Madrid city):

City center —Route A: This is a “mixed” delivery route inside the city center delivery
area. Spanning 11.1 km, the route covers an area of 3.66 km? and is composed of both
local roads and large multi-lane boulevards. In fact, it starts with the vehicle travel-
ling from the depot through large and busy boulevards with 50 km/h speed limits
passing by two main landmarks of the city: Atocha Station and Retiro Park. Then, the
driver enters the Low Emission Zone of the city center, characterized by small one-
way streets with speed limits under 30 km/h. Route A represents 24% of the total
sample.

City Center —Route B: This route is almost entirely made up of small one-way local
roads. Within the city center delivery area, this route has a total length of 5.6 km, and
covers an area of only 1.22 km?. There is no point along the route that is further than
1.3 km from the depot. The itinerary covers locations with a certain slope character-
ized by speed limits below 30 km/h. Route B represents 33% of the total sample.

Groups of delivery routes corresponding to the peri-urban depot (Las Rozas):

Peri-urban—Route C: The route is a typical peri-urban ‘mixed’ route, crossing differ-
ent types of road sections. Indeed, starting from the depot, drivers travel along local
roads, cross urban arterials and get to the motorway to reach another point. Thus,
they must adapt their driving behavior to the different types of roads crossed. The
route is 62.1 km long, covers an area of 34.3 km? and arrives at industrial estates
where the vehicle might remain stationary for 30 to 90 min. Route C represents 22%
of the total sample.

Peri-urban—Route D: This route covers a residential area and is another type of typ-
ical peri-urban delivery route. Yet, before getting there, the driver must cross a rather
long stretch of motorway (characterized by a speed limit of 120 km/h) to make deliv-
eries to the neighboring village. Here, the road sections are urban, characterized by
avenues crossing residential areas, with little traffic and easy roadside parking. In
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total, the route is 47.7 km long and covers an area of 45.5 km?2. Route D represents
21% of the total sample.

4. Energy Consumption and Emission Modelling

As described in Section 3.1, during the field-test five diesel LDV were equipped with
an OBD device connected to the EOBD port linked to a GPS receiver. All data were instan-
taneously recorded on a smart phone. Every second i the following data were recorded:

- GPSlocation: longitude(long): and latitude (lat):
- Running speed: Vi (km/h)

- Altitude above sea level: i (m)

- Engine speed: (rpm).

However, the on-board instrumentation during the field test did not provide data on
instantaneous fuel consumption, so accurate consumption and emissions according to
each micro-trip were calculated at another time [37]. Therefore, a mixed-method mathe-
matical model was designed and then experimentally validated.

The first step was to calculate the instantaneous power required to achieve the kine-
matic response for the vehicle being measured [38]. It is known that at each step during
the test the tractive force shall be such that it counteracts total driving resistance and
causes the vehicle to accelerate as required. Thus, total drag resistance at each time (Rr.i)
can be calculated with the expression [39]:

Rri=fo+fi-Vi+fo-VP+Ry; (1)

where fy, fi and f, are adjustment parameters for flat rolling resistance obtained from a
Coast-down test that was tailor-made for the vehicle; and R, ; is the resistance of the vehi-
cle due to the gradient at step (i). The last can be obtained from the GPS positioning (lon-
gitude and latitude) of the vehicle and validated by means of a GIS (Geographic Infor-
mation System).

Once the value for the mechanical power for each sampling time was obtained, the
VSP (Vehicle Specific Power) and energy consumption could be calculated. The VSP con-
cept was introduced in 1999 by [40] to quantify the consumption and emissions from a
vehicle, and it has been used in the motor vehicle emission simulator —MOVES model —
and has been updated to estimate fuel consumption and emissions. VSPi: can be calculated
by the expression:

VSP; [kwg] = % =V;(1.1-a;+9.81 - grade; (%) +0.132) +3.02-10™*-V;>  (2)

The methodology for assessing VSP is described in EPA [41]. Each vehicle must be
characterized by specific parameters that identify its passive drag losses. For a given ve-
hicle, they must be determined by empirical testing. To analyze emissions and consump-
tion of European vehicles, the EEA (European Environment Agency) carried out several
studies and published a guide for emissions assessment [42], which is the basis for vehicle
emissions calculators such as COPERTS5, developed by EMISIA [43]. In 2020, the emissions
catalogue was updated [42], and according to this methodology, different tiers were es-
tablished. In the current application, the Tier 1 method is of interest, and the expression
for estimating exhaust emissions uses the following formula:

Emission =FC-EF 3)

where FC is the fuel consumption of the vehicle (kg) and EF the fuel consumption-specific
emissions factor which can be derived from the vehicles used in the field test. The emis-
sions factors for the LDV used in the experiment are shown in Table 1.

Table 1. Emissions factors for light commercial diesel vehicles [34].

(kg/kg Fuel) (g/kg Fuel)
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CO: CcO NMVOC NOx PM N:0 NHs
3.169 7.40 1.54 14.91 1.52 0.056 0.038

The energy consumed on a delivery micro-trip of a known duration can be calculated
by evaluating the power required for that particular micro-trip. Additionally, according
to EMEP/EEA [42], the value for density and the calorific value for diesel fuel is assumed
to be 840 kg/m? and 42.695 M]/kg respectively. Then, energy efficiency can be obtained
from the energy corresponding to the fuel consumed in relation to the effective mechani-
cal tractive energy obtained from the vehicle dynamics.

Calibration entails monitoring the consumption under controlled driving conditions,
and this should be performed in specific trials. This calibration phase is specific to each
vehicle, and it enables both the characteristic parameters of drag resistances (fo, fi and f2)
and the consumption/energy ratio to be obtained. In order to identify the parameters for
expressing drag resistance, Coast-down tests were carried out (see Section 4.1). The Coast-
down test consists of launching a motor vehicle from a given speed with the engine disen-
gaged and recording the speed and time during free rolling until the vehicle stops. This
procedure allows the determination of the running resistance (aerodynamics, rolling re-
sistance, etc.). The latest version of European Regulation 2017/1151 [44] includes Coast-
down tests. The procedure is defined for evaluating resistance in the 20-130 km/h range.

Calibration Test

The calibration test was performed with the Free Deceleration Method with stationary
anemometry according to EU Regulation 2017/1151. The free deceleration time for each
reference speed Viwas measured which corresponds to the time elapsed between vehicle
speeds (Vi— 5 km/h) and (Vi+ 5 km/h).

For the experimental trial, an LDV Volkswagen Transporter with exactly the same
characteristics, dimensions, and functionality as the diesel vehicles used during the main
data collection campaign was equipped with the following instrumentation:

- GPS Racelogic high frequency differential receiver (100 Hz), model VBox3 + RTK for
centimetric accuracy.

- Inertial Measurement Unit (IMU) ADMAg

- Dewetron recording equipment.

- Connectors for reading data via the OBD port.

The main characteristics of the vehicles are shown in Table 2 below.

Table 2. Experimental trial vehicle information.

Vehicle Model: Volkswagen Transporter
Type N1
Bodywork BB
Mass in running order 1890 kg
Maximum Mass 2800 kg
Length 4904 mm
Overall width 1904 mm
Height 1970 mm
Tires 205/65 R16C 107/105T
Engine Volkswagen type CXD, 1968 cm?, inline 4-cylinder, 81 kW
CO2 emissions 167 g/km
Noise level at standstill 76 dB
Emission level EURO 6CI
Noise level at standstill 76 dB

Emission level EURO 6CI
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The measurements of free deceleration time were made in opposite directions until
at least three pairs of measurements met the statistical accuracy required [44], and the test
interval was carried out, considering the speed limits within which the vehicle was tested,
[20, 100] km/h.

This program was developed for three types of journeys: urban (V< 50 km/h), rural +
conventional road, and motorway (V > 90 km/h).

The experimental program consisted of a set of journeys at different initial speeds,
between 20 and 100 km/h. By means of Coast-down tests, stopping accelerations were ob-
tained at intervals of 10 km/h drops in speed. These runs were carried out on flat road
sections. In order to extend the model to roads with slopes resistance, measurements were
carried out on sections with constant slopes. A total of 215 km was covered in developing
these passive resistance characterization tests.

Through these experimental trials representative values for the energy consumed
and the fuel consumption for the specific vehicle were obtained.

The rolling resistance equation has the following formula:

F=fo+fi-Vi+fo VP 4)
where f, =[N]; f; = [N/(km/h)]; f, = [N/(km/h)?].

After carrying out the experimental trial and processing the data, an expression for
flat forward resistance (F) was obtained with a regression value of R2=0.98. According to
EU Regulation 2017/1151 (Annex XXI, sub annex 4) [44], the final expression is:

F = 151.5 + 1.008 - V; + 0.05378 - V2 (5)

Once the resistance was characterized from speed, acceleration, and ramp measure-
ments, the mechanical energy required to perform each micro-trip was obtained. A model
was developed to correlate mechanical energy with fuel consumption. This was based on
implementing a second experimental program in which fuel consumption and vehicle
(trajectory, speed, acceleration, engine speed) as well as road (ramp) variables were mon-
itored. Urban, rural, motorway and mixed routes were covered over a total of 320 km
travelled. As a result, a relationship between energy consumed (kW-h) and fuel consump-
tion could be obtained (1).

Figure 4 shows the results of the calibration test for the equipped VW Transporter,
which provided the consumption/energy ratio as a function of speed.

0.9
0.8
0.7

=06

xié’ 0.5

=04
0.3
0.2
0.1

0 20 40 60 80 100 120
Speed (km/h)

Figure 4. Fuel consumption/Energy ratio.

This ratio is expressed as:
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R. g[l/kWh] = 0.0000565660626809469 - V> — 0.0115230586305416 - V + 0.870459094964598 (6)

where V represents the average speed of the micro-trip studied.

Once the accurate ratio of the vehicle used in the experiment was obtained, Formula
(6) was applied to all the micro-trips recorded during the field test in the two depots of
the case study.

Using the model relating mechanical energy and consumption, we then analyzed the
data obtained from the field tests carried out with the postal vehicles. To do so, the values
of speed, acceleration, and ramp at each instant were taken as a starting point and the
mechanical power (kW) was determined. For each micro-trip, the total mechanical energy
(kW-h) was quantified. With the ratio (6), the consumption proper of each micro-trip was
obtained on the basis of this and by applying Table 1, the values for the gaseous emissions
for each trip were obtained.

5. Analysis of Results: Energy Efficiency in LMD

This chapter forms the analysis of the results of this study following two data sets
created. These refer to multiple-trip delivery routes and single parcel delivery micro-trips.

5.1. Operative Features Proper for Different Multiple-Trip Delivery Routes: City Center and
Peri-Urban Area

For analyzing differences in energy efficiency and pollutant emissions in LMD, we
first defined the operative features of each of the four types of delivery routes considered
in the study. The next Figures 5 and 6 show the routes selected for the analysis, the geolo-
cation, and the instantaneous speed of the driver while making deliveries along each
route. Considering their characteristics (Section 3.2), the main operational features are an-
alyzed, which directly influence the energy efficiency of the vehicle, as well as the fuel
consumption and pollutant emissions.

- Delivery routes corresponding to the city center depot (Madrid city):

®0-10km/h = WA A5t i
% 1010-20 km/h IR R
Ho20-30km/h |
©30-40 km/h " -
e> 40 km/h 3

Route A[Route B
Daily Trip distance [km] 11.1 5.6
N@ of delivery stops 26 13
“*= |Avg speed while moving [km/h] 13.1 11.9
Fuel consumption i) 1.232] 0.606)
Energy required [kwh] 1.789] 0.818
Energy efficiency [1/100km] 11.1 10.9

Figure 5. Geolocation and instantaneous speed of the delivery routes in Madrid city center.



Atmosphere 2021, 12, 1233

13 of 21

The city center of Madrid is composed of local and urban roads, characterized by 30
km/h and 50 km/h speed limits; the same area is highly congested and usually shows a
lack of parking spaces. The whole delivery routes take approximately 4 h. However, they are
rather short in terms of distances: 11.1 km for Route A and 5.6 km for Route B. Furthermore,
the subsequent delivery points are very close to each other; along Route A, the average dis-
tance between consecutive delivery stops is 420 m, while for Route B it is 430 m.

According to these delivery patterns, the average speed while moving is very low,
13.1 km/h for Route A and 11.9 km/h for Route B, as well as the energy efficiency of the
vehicle is. Nevertheless, Figure 5 shows the average speed while moving but if a speed of
0 km/h is considered, the average speed is even lower: 7 km/h for Route A and 5 km/h for
Route B. Thus, traffic lights, congestion, and pedestrian crossings reduce the average op-
erating speed by 48% and 57%, and the energy efficiency of the vehicles in turn. Figure 5
shows the instantaneous speed of the vehicle during the whole delivery route, and the
colours are consistent with speed ranges. As shown, there are some micro-zones where
operating speeds always remain under 10 km/h. Additionally, 40% of the sample has an
average speed of a single parcel delivery micro-trip lower than 10 km/h, an aspect that
points at reflecting on the real need for transferring LMD operations to no-motorized
modes, especially in city centers.

In this area, there is an inefficient combination of short delivery distances with traffic
congestion and less effective service. At lower speeds, the engine is less efficient and con-
sequently, the vehicle consumes more fuel and increases pollutant emissions. Moreover,
being characterized by very short single parcel delivery micro-trips, the acceleration and
braking time are significant in relation to travel time. This is known to have a direct impact
on fuel consumption and pollutant emissions [45].

Therefore, deliveries along these types of multiple-trip delivery routes are quite in-
efficient and produce a large number of externalities, regardless of the delivery route ty-
pology. Indeed, the results show that energy efficiency is more influenced by the geo-
graphical context (city center) than by the road network (route A or B): despite the differ-
ences among delivery routes (Section 3.2), the energy efficiency of the LDV remains prac-
tically the same, being only 2% better in the case of Route B.

- Delivery routes corresponding to the peri-urban depot (Las Rozas, Madrid):

1:50,000 |g

Route (
Daily Trip distance [km] 62.1
N¢ of delivery stops 21

IAvg speed while moving [km/h] 20.8
|Fuel consumption 5.6
Energy required [kwh] 9.5

Energy efficiency [i/100km] 8.95

Z‘ LR
\ - {5060 km/h

\ |*0-10 km/h
N ©10-30 km/h
©30-50 km/h

1:5\6,000

o> 60 km/h

Figure 6. Geolocation and instantaneous speed of delivery routes in the peri-urban area of Madrid.
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The peri-urban case is completely different in terms of operating features. Figure 6
shows the instantaneous positioning and proper speed for the two delivery routes se-
lected in the peri-urban delivery area.

Just as seen in the city center, in this case the delivery routes in total take approxi-
mately 4 h to be completed. Nonetheless, the total length is over three times as long as
those for deliveries in the city center, with 62.1 km for Route C and 47.7 for Route D. Sub-
sequent deliveries can be very close to each other, as in the case of Route D when the
courier arrives to the residential area. On the contrary, they may be very far apart, as in
the case of the first delivery of the day, which is usually some kilometers away from the
depot and for which a rather long section of motorway has to be crossed. In these terms,
the average distance between subsequent delivery stops increases up to 2.95 km along
Route C, and 2.65 km along Route D. In the peri-urban delivery area, drivers spend an
average of 67% on local streets, 23% on urban arterials, and 10% on motorways, which
connect one residential community with another. It was observed that during peri-urban
multiple-trip delivery routes, drivers crossed completely different road sections to com-
plete their delivery routes and they had to adapt their driving behaviors to different road
contexts while making a single delivery.

As shown in Route D, for example, the driver leaves the depot and takes the motor-
way to the next community. This implies switching from speed limits above 100 km/h to a
speed limit of 30 km/h. Consequently, the average speed in transit is higher than the one in
the city center, and the vehicles are more energy efficient. Indeed, the average speed in transit
is 20.8 km/h along Route C and 33.8 km/h along Route D. These fall to 12 km/h and 17 km/h
respectively if the speed of 0 km/h is considered (42% and 49% lower, respectively).

As shown in Figure 6, there are some micro-zones within which the drivers drasti-
cally reduce their speed, but unlike in the city center, here, there are no zones in which the
average speed falls below 10 km/h. In fact, peri-urban areas are generally characterized
by wide avenues where drivers can easily stop their vehicles to make a delivery without
reducing drastically their average speed to look for a parking space. Normally, peri-urban
areas are not congested except on motorway intersections or at particular points (e.g., en-
trances to busy roundabouts). Drivers usually know their delivery areas and are aware of
critical passages. As a result, the operating speed of the vehicle in the peri-urban area is
in average 30 km/h which means the engine performs better and vehicles are more energy-
efficient compared to city center deliveries.

On a final note, in light of the differences described in Section 3.2, the results show
that Route C is 3.3% more energy-efficient than Route D. In fact, Route D mostly crosses
residential areas characterized by several pedestrian crossings which reduce the overall
energy efficiency, accounting for the numerous times the driver must slow down or stop
the LDV.

5.2. Energy Efficiency and Pollutant Emissions on Last-Mile Delivery Micro-Trips

The consumption/energy ratio in Equation (6) (Figure 4) enables vehicle energy con-
sumption and pollutant emissions to be calculated for each micro-trip. Table 3 summa-
rizes the average results according to the multiple-trip delivery route typology and the
delivery area.

Table 3. Energy efficiency and pollutant emissions during last-mile delivery micro-trips.

City Center Delivery Area Peri-Urban Delivery Area

Route A (11.1 km) Route B (5.6 km) Route C (62.1 km) Route D (47.7 km)

Features

Min Max Avg Min Max Avg Min Max Avg Min Max Avg

Micro-trip distance (km)

006 379 043 012 128 043 0.02 1856 296 0.17 10.73 2.75

Avg micro-trip speed (km/h) 37 333 131 78 183 119 35 36.0 208 112 65.0 314
Fuel consumption (I/micro-trip) <0.01 036 0.05 0.01 0.14 005 001 154 026 002 0.84 026
Fuel consumption (1/100km) 353 2198 1125 3.47 2437 11.20 3.83 26.32 10.23 4.70 47.90 11.00
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Efficiency-n (%)
Energy (kW-h/100km)

136 205 155 143 166 152 135 213 204 150 312 204
1.8 315 155 49 320 150 53 316 153 72 282 150

Energy fuel (kWh/100km) 134 1929 995 313 2162 995 332 2526 919 29.7 4269 950

CO2 (kg/100km)
CO (g/100km)
NMVOC (g/100km)
NOx (g/100km)
PM (g/100km)
N20 (g/100km)
NH3 (g/100km)

3.7 518 266 83 579 266 89 684 246 79 1141 254
8.5 1206 622 194 1350 621 206 1579 573 185 266.4 593
1.7 248 129 42 279 129 43 316 119 38 555 123
171 2426 1251 389 2721 125.0 41.7 3158 1154 373 537.8 1194
1.7 248 127 42 279 128 43 316 117 3.8 548 122
<0.1 1.1 08 <01 10 04 <01 0.6 04 01 20 04
<0.1 0.4 03 <01 07 03 <01 0.6 03 01 14 03

Comparing the longitude of the micro-trips, it emerges that within Route A there are
single deliveries which are 60 m apart from each other, as well as others of up to 3 km
apart. This means a 50-fold increase in the length of the journey when making one delivery
or another. Similarly, it occurs in the peri-urban area: Routes C and D account for single
delivery micro-trips of 20 m length as well as 18.56 km. This aspect shows the importance
of differentiating optimal LMD solutions even within the same delivery area, and why a
range of solutions adapted to each context is essential. For instance, within the same zone
of the peri-urban delivery area, a bicycle may replace shorter distance deliveries. Yet, this
would not be suitable for deliveries further away than 10 km.

Not only do distances vary considerably, but also the operating speed during the
journey and the engine efficiency change to a great degree. The latter has a direct effect on
the fuel consumption of the vehicle and its pollutant emissions. In the city center, the over-
all energy efficiency fluctuates by around 15% due to the lower operating speeds typical
for that area. The best efficiency is reached during a delivery micro-trip included in Route
A, which is 580 m long and with an average speed in transit of 33.3 km/h. This results in
an efficiency of 20.5%. On the other hand, in the peri-urban area, efficiency fluctuates by
around 20% and the optimum case corresponds to a delivery micro-trip included in Route
D, which is 10.73 km long and with an average speed in transit of 65 km/h. This leads to
an efficiency of 32%.

Of all the delivery micro-trips performed in the city center, 58% register an efficiency
lower than 15%; for the 37% of the sample, the efficiency is between 15 and 20%, while
only 5% of the sample in the city center register an efficiency greater than 20%. The latter
are those few micro-trips in which it is possible to maintain a higher and more homoge-
neous operating speed during the journey. A complete difference regarding the efficiency
is shown in the case of delivery micro-trips in the peri-urban area: while only 3% of the
sample does not reach 15% of efficiency, three quarters of the sample report an efficiency
between 15 and 20%. In general, the peri-urban delivery area leads to an efficiency of 33%
higher than the one achieved in the city center. The least efficient conditions correspond
with Route A, in which 50% of the micro-trips shows an efficiency lower than 14%. Figure
7 illustrates the efficiency in intervals and the distribution of aggregated data according
to the delivery area.

Another aspect that strongly impacts the fuel consumption and pollutant emissions
for single parcel delivery micro-trips is its longitude. In fact, when the delivery micro-trip
is very short, i.e., a few dozen meters, it is extremely difficult to optimize the energy effi-
ciency of the vehicle and thus reduce pollutant emissions. Figure 8 shows the average
value of fuel consumption per km according to the micro-trip length.
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Figure 7. Comparison between energy efficiency proper for delivery micro-trips in the city center (A+B) or peri-urban

(C+D) delivery area.
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Figure 8. Comparison between fuel consumption for delivery micro-trips in the city center (A+B) or peri-urban (C+D)

delivery area.

Figure 8 shows the difficulty of assigning a single energy efficiency value for very
short delivery micro-trips. Indeed, along these types of journeys, a constant speed is rarely
maintained as they are usually characterized by significant accelerations and decelera-
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tions during a large part of the travel time. Thus, both fuel efficiency and fuel consump-
tion, and pollutant emissions, in turn, can vary greatly. In the city center, a single parcel
delivery micro-trip of 150 m length can be responsible for a fuel consumption of 50 or 140
mL/km. This means eventually almost the tripled for the same distance. As presented in
Section 5.1, the operating speed in the city center is mostly very low; thus, from these
values we can deduce the important role acceleration has on fuel consumption for very
short delivery micro-trips. This refers to the impact that congestion, traffic lights, and in-
tersections have on reducing the efficiency of LDV while delivering in city center. The
influence of acceleration decreases when the longitude of the micro-trip increases. Ac-
cording to this, Figure 8 shows that the fuel consumption per km tends to be constant
when the distance travelled increases.

Pollutant emissions in LMD follow the same trend of fuel consumption which means
that they have a great variability for short trips and tend to have a constant value as the
longitude of the journey increases. Indeed, considering two different delivery micro-trips
carried out by the same LDV and driver, CO:z emissions vary from 35.9 g/km to 515.7 g/km
even if average speed was around 9 km/h for both micro-trips and deliveries were per-
formed in the same area in the city center. On the other hand, in the peri-urban delivery
area for both shorter and longer micro-trips (ranging from 3 km to 15 km longitude), the
average value of CO2 emissions is around 200 g/km (Figure 9).
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Figure 9. Comparison between CO2 emissions per km travelled as function of the average speed
in the city center (A+B) and Peri-urban (C+D) delivery area.

Figure 9 shows the high variability of COz2emissions per km at lower operative aver-
age speeds which are mainly referring to the city center context. Comparing both optimal
cases for each delivery area, it may be concluded that pollutant emissions per km driven
are significantly lower in the peri-urban area: 15.9% less CO: emissions, 16.7% less CO
emissions, and 18% less NOx emissions in average. Even though fuel consumption per
micro-trip is lower in the city center due to shorter delivery distances, the energy effi-
ciency for LMD in the peri-urban area is considerably higher. In fact, the higher the speed,
the greater the overall energy efficiency and the lower the energy consumed by the vehi-
cle, which thus reduces fuel consumption and pollutant emissions.
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6. Conclusions and Policy Recommendations

The main objectives of this research were to define the operative features of LMD
according to multiple-trip delivery route typology, as well as to measure the energy effi-
ciency and pollutant emissions according to the delivery area, either city center or peri-
urban. Thus, this research aims at comparing the environmental performance of different
delivery routes, and developing policies tailored to each location.

After carrying out a real data collection campaign, an energy consumption model
was calibrated according to the LDV used during the field test. This enabled us to evaluate
the vehicle efficiency during deliveries, as well as fuel consumption and pollutant emis-
sions, and to identify the most efficient route in terms of environmental performance. The
main findings obtained from this research will be discussed in the following.

The environment, in terms of the characteristics of the delivery area, remains a key
factor concerning the LMD performance. Indeed, according to the results, LMD opera-
tions vary widely depending on whether deliveries are carried out in city center or in the
peri-urban delivery area although they may take place within the same metropolitan area.

In the city center, deliveries are denser in terms of number of deliveries per km, char-
acterized by slower operating speeds and performed along similar road section typologies
with speed limits lower than 50 km/h. The overall efficiency fluctuates by around 15% due
to the low operating speed typical for the area. Indeed, along a city center delivery route,
there are some micro-areas in which vehicles do not reach operating speeds of 10 km/h
which makes deliveries less efficient. It was shown that traffic lights, congestion, and pe-
destrian crossings reduce the average operating speed by up to 57%, which, in turn, re-
duces the energy efficiency of the vehicle and entails more pollutant emissions. On the
other hand, deliveries in the peri-urban area are more disperse, characterized by higher
operating speeds and performed along different type of road section typologies: local
streets, urban arterials, and motorways. In this area, efficiency fluctuates by around 20%
and reaches 32% in the optimal case. It results that, in general, the same LDV model per-
forms 33% better while delivering in the peri-urban area compared to the city center.

According to our results, the overall efficiency is very poor at lower speeds, and con-
sequently the energy efficiency of the vehicle decreases while fuel consumption rises. For
the same number of kilometers travelled, the same LDV model consumes more fuel in the
city center than in the peri-urban area and thus entails more pollutant emissions. In addi-
tion, the results show the high variability of CO:emissions per km for lower operating
speeds. Considering two different delivery micro-trips carried out by the same LDV and
driver, CO:z emissions vary from 35.9 g/km to 515.7 g/km even if the average speed was
around 9 km/h for both micro-trips and deliveries were performed in the same delivery
area in the city center. In this area, indeed, it is more difficult to maintain a constant speed
due to the frequent traffic lights, pedestrian crossings, and intersections which cause in-
terrupted driving. Comparing best performances achieved in both delivery areas, pollu-
tant emissions are significantly lower in the peri-urban case: 15.9% less CO2 emissions,
16.7% less CO emissions, and 18% less NOx emissions.

Within the same delivery area, it is remarkable that there are multiple-trip delivery
route typologies that lead to lower pollutant emissions compared to others. In the peri-
urban area, CO2 emissions per km are 4% higher along delivery routes that cross residen-
tial areas (Route D). This is due to the frequency of pedestrian crossings and intersections
which are responsible for frequent accelerations and breaking while delivering. On the
other hand, in the city center CO: emissions are practically the same regardless of the de-
livery route. Based on the lower operating speeds typical for in city centers and peri-urban
residential area, using medium to large-sized vehicles for delivering there should be
avoided. Indeed, this vehicle typology pollutes heavily due to its weight and the frequent
start/stops which worsen the environmental impact.

Based on the results, it is clear that due to the lowest efficiency of LDV in the city
center and the consequent pollutant emissions, LDV in these areas should be avoided, and
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deliveries should be performed entirely by no-motorized modes of transport. In peri-ur-
ban areas, diesel LDV can be necessary in certain circumstances (i.e., crossing high speed
road sections). Yet, this could be complemented with no-motorized transport modes to
access residential areas. Indeed, intermodality should be fostered and promoted mainly
in peri-urban areas, e.g., pre-defined fixed routes for a fully loaded LDV which stops at
strategic points and transfers the parcels to no-motorized modes of transport, i.e., cargo-
bikes, used for deliveries within residential areas.

The optimal solution should be to use LDV only along those routes on which inter-
ruptions are minimal, where it is easier to maintain a constant and higher operative speed,
and consequently to reduce acceleration and breaking times. Thus, the efficiency of the
vehicle can be maximized, and fuel consumption kept at a minimum. Since this is almost
impossible in the city center, it emerges the urgence to transfer city center deliveries to no-
motorized modes.

Based on real data, this research provides an overview for transport planners and
policymakers in terms of LMD management, operation, and usage. Moreover, it presents
results useful for the optimization of a traditional delivery mode such as LDV. It may help
to design emissions reduction strategies for urban freight transport companies to reduce
their environmental impact. Further research should expand the study area and include a
comparison with electric vehicles which could be made on the basis of a “well-to-wheel”
formula. Additionally, future studies can focus on the estimation of LMD cost according
to delivery area and multiple-trip delivery route typology.
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