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Abstract

:

In the last decade, logistic systems based on small aerial vehicles (drones) have become attractive for urban delivery operations as a sustainable alternative to ground vehicles because they are not affected by the congestion of the road network, thus allowing for faster and more reliable services. Aerial logistic systems, however, require a substantially different approach to operations management and need specifically designed supportive infrastructures. While the research on urban aerial delivery mostly focuses on the optimization vehicle operations, the appropriate design of supportive infrastructures is seldom considered. This paper focuses on the energy efficiency of aerial logistic systems, and proposes a new original methodology to obtain a realistic estimate of the overall energy consumed by a swarm of drones employed for urban delivery, taking into account the extension of the area served and its specific features. The methodology proposed offers relevant information for the decision problems related to the appropriate sizing of the infrastructures, the dimensioning of the swarm of drones and the capacity of the energy storage system. The paper also reports a comparison with ground vehicles in the same scenarios, showing the relevant tradeoffs. The results obtained demonstrate how an appropriate design of the supportive infrastructures for urban aerial logistics may significantly impact the overall efficiency of the delivery system.
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1. Introduction


In the recent years, the impact of human activities on the environment has become a main concern for governments and institutions, committed in a common effort to preserve a healthy and safe environment for the worldwide population. The global climate change is the clearest evidence of the excessive pressure on the ecosphere caused by the emissions of carbon dioxide and greenhouse gases, mostly produced by the combustion of fossil fuels. In such situation, the preservation of a healthy environment for our future generations will substantially rely on successful decarbonization strategies. The latest scientific findings [1] show that the reduction of greenhouse gas emissions is still not sufficient for counteracting the current global warming effect, and an additional common effort is thus required from all levels of government, businesses, and organizations, for reversing the current trend. Despite the need for global outcomes, however, the current environmental challenges call for the implementation of context-specific actions and for the adoption of consumption and production models more aligned to the goals of sustainable development. Modern cities, in particular, are major contributors to the environmental degradation, being responsible for 64% of the world’s total primary energy demand and 74% of gross global electricity generation, and producing 70% of direct CO2 emissions [2]. Implementing efficient and sustainable urban operational models is thus a challenge “smart” cities must undertake in the immediate future. The smart city model must also provide a response to the ongoing urbanization process, causing people to move from the countryside to the metropolises. More than two thirds of the global population are in fact expected to live in urban areas by 2050, and most of the urban growth will take place in developing countries [3]. In addition, the growth of online retail, confirmed by steady increase of digital commerce transactions at more than a 20% compound annual growth rate (CAGR) through 2022, with more than 17% of Business to Consumer (B2C) online sales worldwide [4], has promoted the spread of new business models comprising direct delivery to consumers’ homes, even for fresh food and groceries. In such context, the establishment of appropriate supply chain management strategies is a crucial step for the successful implementation of the sustainable development goals, which should ultimately translate into more stable, efficient, and ethical supply chains. In particular, the establishment of solutions for reducing the harmful impact of last mile supply chains in urban areas is seen as a main goal of sustainable development [5].



Last-mile logistic systems play a critical role for the sustainability of the urban environment, being responsible for a large number of vehicle movements related to passenger and freight transport. In particular, optimizing urban logistics in terms of sustainability and efficiency is a complex issue, considering the heterogeneity of the goods transported and the conflicting objectives of the several stakeholders involved [6]. Indeed, customers are interested in quick and reliable delivery services, local authorities are committed in improving the livability of the urban environment, and distribution companies are concerned with increasing the efficiency of the delivery operations while ensuring good service levels. A further element of complexity is represented by the limitations of urban transportation networks, particularly in Europe, where denser urban situations and ancient infrastructures are frequently present in city centers. Establishing effective next-generation urban delivery services and undertaking appropriate decisions at the strategic, tactical and operational levels is thus of fundamental importance to achieve the above mentioned objectives. In this regard, the deployment of urban mobility systems based on Electric vehicles (EVs) has recently gained considerable attention due to their better environmental performance, compared with traditional fossil fueled vehicles.



This research, in particular, focuses on the last-mile distribution systems based on small Unmanned Aerial Vehicles (UAVs) or drones which require the establishment of urban infrastructures constituted by proximity distribution centers and charging stations. Delivery systems based on UAVs, are thus typically designed according to a two-tier supply chain structure, where customers’ demand is served by the coordinated activities of transportation systems operating last mile delivery services to final destinations (customers) through urban depots refilled by centralized distribution centers located outside the city. Optimizing the design of such infrastructures is a complex task since their efficiency is strictly related to their operational performance, and a straightforward evaluation of the per-kilometer operating cost or of the tailpipe emissions of the transportation vehicles is not sufficient to ensure efficient and sustainable operations. The objective of this study is to analyze the energy efficiency of aerial logistic systems for last mile urban delivery, and to propose a new original methodology to obtain a realistic estimate of the overall energy consumed by the swarm of delivery drones operating from an urban depot, taking into account the extension of the area served and its specific features. Such problem has received scarce attention in the scientific literature, although it is of paramount importance in the strategic design of aerial delivery systems, and for appropriately sizing of energy storage and recharging infrastructures. Additionally, the design of the supportive infrastructures influences the overall efficiency of the logistic system, thus impacting both the fixed and operational expenses, and, ultimately its overall efficiency. The lack of reliable studies in such regard complicates the comparative evaluation of different solutions, therefore hampering the strategic decision processes of urban policy makers and logistic service operators. Based on such considerations, the specific research question addressed in this paper concerns the evaluation of the expected energy consumption per day of an urban consolidation depot operated within an aerial logistic system, starting from the estimation of the demand of delivery services originating from the customers. In particular, the methodology proposed is based on the calculation of the average energy consumption per delivery trip, and on the estimation of the overall expected distance travelled by the swarm of drones to fulfill the clients’ daily requests. This latter element is obtained estimating the demand of delivery services in a specific area and assessing the share of such demand that can be transferred to aerial vehicles, considering their payload limitation. The lack of detailed analyses about the weight and volume distribution of parcels in a delivery system constitutes relevant source of uncertainty in the strategic design of an aerial distribution system, which might turn relevant in the choice between a fixed (i.e., based on urban depots) or mobile infrastructure (i.e., hybrid drone-van delivery system).



In the following paragraphs, after reviewing the relevant literature in Section 2, an original methodology is proposed in Section 3 to evaluate the energetic consumption of the supportive infrastructures for a drone delivery service, based on the service demand in urban area with fixed population density and order frequency. An application of this methodology in a realistic scenario is then proposed in Section 4 while the results obtained are discussed in Section 5, comparing the performance of ground and aerial distribution systems. The conclusions show the importance of appropriate infrastructure design for the energetic efficiency of the delivery system, thus offering original insights about the practical viability of aerial urban distribution.




2. Literature Review


The topic of city logistics, referred to the optimization of transport vehicle movements in urban areas taking into consideration the related externalities [7], has emerged in the last 20 years, within the broader framework of supply chain management. A considerable research effort has been focused in particular upon the analysis of urban transportation systems, and on their relevant impact on social welfare and livability of the urban environment [8]. Urban last mile parcel distribution is the less efficient stage of distribution networks [9], accounting for up to 30% of all vehicle kilometers travelled in metropolitan areas [10]. In such context, the recent technological advances in energy storage systems, electric propulsion, autonomous guide and aerial transportation, represent an unprecedented opportunity to substantially reshape urban logistic systems and to increase their efficiency and sustainability. In particular, the use UAVs for last mile delivery has gained popularity in the last 5 years [11,12,13,14,15] as a promising alternative to traditional ground distribution, with enhanced sustainability and cost effectiveness. UAVs are also attractive for logistic operators because they are not affected by the congestion of the urban road network, thus allowing for faster and more reliable services. The counterpart of such benefits is the limited endurance of delivery drones and their small payload. Such limitations generally restrict the operational range of urban aerial logistic systems to short distance deliveries of parcels weighing less than 2 kg, which however constitute a significant share of urban deliveries, accounting to 86% of amazon deliveries [16]. With such features, the market potential of aerial urban logistic systems has attracted the interest of several commercial logistic operators. Amazon Prime Air [17] is probably the most popular example, but other less known examples are the HorseFly UAV Delivery system [18], the DHL Parcel delivery system based on Parcelcopter [19], and the aerial platform developed by UPS [20]. The optimization of aerial logistic systems has also become a relevant research topic, involving approaches aimed at optimizing the operations of autonomous drones operating delivery services from depots located in close proximity of the final destinations [21], as well as hybrid systems involving the employment of heterogenous vehicles. In particular, the drone-truck cooperative approach, is considered a very effective operational scheme, involving several configurations such as single van—single drone [12,22,23,24,25], single van—multiple drones [26,27,28,29,30], and Multiple van—multiple drones [31,32,33].



The research mentioned above mostly focuses on the optimization of city logistic systems at the operational level (e.g., optimized routing), while much less research effort has been committed to the design of the logistic supportive infrastructures, and to the related strategic decision problems. In such regard, the location problem of drone launching and recharging stations and drone swarm deployment was proposed by Mozzaffari et al. [34], while Scott & Scott [35] studied the optimization of the location of a central depot for aerial parcel delivery in healthcare. Additional contributions were given byHong et al. [36] investigated the design of station locations and delivery routes with limited endurance and by Shavarani et al. [37] who investigated a hierarchical drone facility location problem with limited flight distance, optimizing the number launching and recharging stations to minimize the total cost. These studies demonstrate that single-tier distribution systems, based on extra-urban consolidation and distribution centers, which constitute the backbone of traditional distribution systems are inadequate for short-range EVs. Indeed, due to their limited endurance, such vehicles can be employed in urban logistic operations only with the introduction of an additional tier of proximity infrastructures allowing direct delivery services to the final customers. Such infrastructures, known in the literature as urban consolidation, distribution or transshipment centers [38] constitute the fundamental bricks of the two-tier urban distribution systems based on EVs. Such systems involve extra-urban CDCs located at the outskirts of the urban zone, operating a first level of consolidation, and a second set of infrastructures, located inside the city for last mile distribution [39,40,41]. The popularity of two-tiers distribution systems has recently increased with the proliferation of single day delivery for the B2C e-commerce market. The advent of e-commerce has in fact changed the scenario of urban logistics, increasing the segment of fast and cheap parcel delivery services and increasing the number of “small parcels” (3–6 kg), compared to “mailers,” (0–3 kg), and “large deliveries” (more than 6 kg). Modern city distribution systems hence require new operating models and infrastructures to coordinate and optimize the delivery operations in double-tier logistic networks. Referring to aerial delivery services operated by drones, this approach results in the deployment of urban supportive infrastructures acting as depots and charging/launching stations. An example of such systems is represented by Amazon’s PrimeAir patented concept [42] involving drone delivery fulfillment centers located within cities and other densely populated areas. According to amazon’s concept, such infrastructures would be designed like hives, involving truck bays at the ground level and a multitude of take-off/landing platforms on the sides of their structure. These towers would also be equipped with appropriately sized recharging stations and robotic systems for consolidation/transshipment operations.



Recent investigations [43,44] however, have risen a scientific debate about the energetic performance of drone based distribution systems, questioning their energy-efficiency in most realistic scenarios, and arguing that such systems actually require more energy than ground delivery systems, particularly in urban areas where customer density is high and truck tours are comparatively short. In rural settings, with longer distances among the customers, the energy demand of drone delivery systems is comparable to electric trucks, provided environmental conditions are favorable. Contrarily to the general perception that aerial delivery systems are more effective in highly congested environments, hence, their performance in such condition actually reduces, because they are forced to operate on a one-to-one delivery scheme due to their limited endurance and payload. Such scheme is less efficient in terms of distance travelled, compared to the one-to-many scheme of ground vehicles, capable of visiting several clients on a single route, with a smaller overall distance travelled. The substantial reduction in the energy consumption per unit distance of aerial vehicles, consequent to their lower mass, however, balances such disadvantage, thus generating a complex trade-off.



It must be remarked, finally, that the energetic performance of a logistic system does not necessarily reflect into its economic effectiveness, since many costs are related to economic and organizational elements. For example, the energy price is influenced by the government impositions which are typically higher for fossil fuels, while the insurance cost of drones is nowadays uncertain. Furthermore, the operational cost of remote piloted or autonomous vehicles can benefit of a much lower labor cost compared to vehicles requiring a driver. For example, amazon’s operational scheme involves a single operator to control at least 12 drones [45]. Finally, taking into account the externalities (social welfare and environmental impact) it must be remarked that ground vehicles powered by combustion engines are highly impacting due to the emissions of pollutants and to their substantial contribution in increasing traffic congestion, while UAVs are affected by critical safety issues.




3. Methodology


In this section, a methodology is proposed for evaluating the energetic consumption of a swarm of drones servicing a circular area from a depot located in the center. The expected overall energy required on a daily basis to operate the fleet of drones can be calculated as the product of the expected energy consumed by a single drone in a delivery cycle (Ec) and the expected number of deliveries per day (Nd) in the area considered, according to Equation (1).


  E     k w h   d a y     =  N d      d e l i v e r i e s   d a y     ·  E c      k w h   d e l i v e r i e s      



(1)







The expected number of deliveries per day is assumed to be a function of the customers’ requests for e-commerce B2C demand, and results from a simplified demand modeling approach, discussed below. The expected energy consumed per delivery cycle is a function of the average length of the delivery cycle, and depends upon the features of the drones. The additional assumptions are:




	-

	
Each delivery point represents the demand for one package;




	-

	
Drones can only carry lightweight packages due to their limited payload;




	-

	
Each drone can carry a single package;




	-

	
Drones must depart from and return to the depot;




	-

	
The drones have a limited endurance;




	-

	
The drones move according to Euclidean distance;




	-

	
The speed of the drones is constant;









3.1. Demand Modeling and Estimation


This section discusses the estimation of the demand of urban delivery services related to the e-commerce B2C market that can be accomplished by UAVs, considering their payload restrictions (equal to 2 kg in this study). In such regard, a straightforward approach could be to derive demand forecasts from historical data through time series analysis, which however is impossible in the context here analyzed because aerial parcel delivery is a service not yet operational, and no historical data exists about the related demand.



The assessment of the e-shopping attitude of customers in a specific area, and its impact on urban freight transport is a topic recently investigated by many authors, and empirical studies demonstrate it is significantly influenced by the socio-economic conditions (e.g., sex, income, age, etc.) in the area considered [46]. A detailed analysis in such regard was proposed by Comi and Nuzzolo [47] while a detailed modelling framework based on experimental data collected in the city of Rome was proposed by Comi [48]. The relation between the spatial localization of population and the volume of B2C deliveries, (i.e., the demand density) in a specific area has also been a topic frequently investigated [49,50,51]. In particular, Cao et al. [52] developed a structural equation model to describe the connections between spatial attributes and e-shopping in the Minneapolis-St. Paul metropolitan area. Indicative data in such regard can be retrieved in the case study presented by Chubassi et al. [53] for the city of Austin in Texas (US) which is referred to cargo bike deliveries in three urban areas (central business district, University of Texas at Austin, and Far West neighborhood) and reports 3.632 people/mi2 and 85 deliveries/mi for the first area, 14.246 people/mi2 and around 82 deliveries/mi for the second and 2.977 people/mi2, and 35 deliveries/mi for the third.



The above-mentioned studies may offer some useful indications about the B2C e-commerce demand generation process and the related impact on the deliveries in urban areas, however, the lack of information about the weight of the parcels delivered prevents the straightforward extraction of significant data for aerial logistics. For example, the data on urban deliveries reported by Edwards et al. [54], are referred to non-food product with an average weight of less than 25 kg and a volume less than 450 cubic inches.



An alternative approach to retrieve significant information about the B2C ecommerce demand can be the analysis of the actual vehicle movements in a specific area, as a descriptor of the demand of freight services. Such approach has recently gained popularity in the context the design and management of city logistic systems, with the spread of urban surveillance systems and image processing techniques. Arnold et al. [55] for example adopted such approach within a simulation study employing cargo bikes and delivery points, while Caldarelli et al. [56] proposed a methodology for the design of urban consolidation centers based on traffic data analysis.



Since the formulation of a demand modelling approach is out of our scope, the potential request of aerial deliveries in a specific area has been simply calculated, according to Equation (2), as the product of the population density (d), the demand frequency (f) and the area of the region of interest (A). Such parameters are assumed as constants considering the limited dimensions of the area serviced by the aerial vehicles.


  N     p a r c e l s   d a y     = d     i n h a b i t a n t s   k  m 2      · f     p a r c e l s   i n h a b i t a n t · d a y     · A   k  m 2     



(2)







The fraction of deliveries that can be performed by drones, can thus be expressed through a coefficient    f d    as:


   N d  = N ·  f d  = d · f · A ·  f d   



(3)







Equation (3) finally provides an estimation of the demand of areal delivery services in a specific area, which is a fundamental element for the design of the supportive infrastructures, discussed in the section below.




3.2. Energy Consumption


The energy required for operating the fleet of transport vehicles involved in last mile delivery services constitutes a substantial part of the overall energy consumed in the supply chain. The strategic choice of an energy-efficient logistic system and related infrastructure may hence represent a substantial cost saving in such regard, considering their entire lifecycle. The methodology discussed below aims at evaluating the energy consumption of the delivery drones referring to a standard delivery cycle consisting in picking up the parcel from the depot, travelling to the client’s location, dropping the load and returning back unloaded to the starting point. Without loss of generality, we can refer to a drop-off service, since a pickup cycle involves the same operations in reversed order. The energy consumed by a multicopter (Ec) in a delivery cycle can thus be calculated according to the following Equation (4), considering the radial (horizontal) and movements and the energy required for hovering, in flight sequence.


   E c  =  E h  D C   +  E r  D C   +  E r  C D   +  E h  C D    



(4)




where    E r  D C     and    E h  D C     represent the energy consumed in the radial movement and corresponding hover related to the first half-cycle performed by the drone carrying the payload from the depot to the client, while    E r  C D     and    E h  C D     represent the energy consumed in the second half-cycle (client to depot) in unloaded conditions.



The energetic performance of an aerial vehicle is strictly related to its design features [57], and, in particular, substantial differences exist between fixed wing and rotary wing vehicles due to their fundamentally different flight dynamics. Although fixed wing vehicles are generally more efficient, rotary wing vehicles (“multicopters”) are mostly employed in parcel delivery, due their capability of taking off and landing vertically, and hovering on a fixed position. Neglecting external factors affecting the vehicle performance (e.g., climatic conditions) and the energy needed to feed the onboard electronics, the power consumption during the flight is mostly related to lift the UAV and to overcome the parasitic drag forces that counter-act its movement in the air. Several empirical and analytical drone energy consumption models can be found in the literature providing a reliable approximation of the energy consumption as a function of the payload weight and vehicle speed [58,59,60]). When referring to small delivery drones, a simplified approach consists in calculating the energy consumed during the flight considering a steady-state flight condition where the lift force and the drag force (acting opposite to the direction of motion) are balanced in a general Newton’s equilibrium [16,61]. as represented in the following Equations (5) and (6) and Figure 1.


   F y  = m g  



(5)






   F x  = D  



(6)




where D = drag force, F = thrust force, L = lift Force, m = mass and g = gravity acceleration.



The composition of the two components of the thrust force originates a resulting force normal to the tilt angle (θ) of the drone, as depicted in Figure 1:



Referring to Equation (5), the of the lifting force generated by the rotor(s) pushing the air down can be calculated as [62]:


   F y  =   d  p  a i r     d t   =   ρ  A r   s  a i r  2   2   



(7)




where Ar is the overall rotor area (i.e., the area of a single rotor multiplied by the number of rotors), ρ is and the density (1.22 kg/m3 at the level of the sea at 15 °C) and sair is the air speed through the propellers. For simplicity, Equation (7) is referred to vertical hovering (θ = 0) condition, and can be considered valid for small values of θ (i.e., small speeds). The air speed of a hovering drone can thus be calculated as:


   s  a i r   =     2 m g   ρ  A r       



(8)







The corresponding power consumed is related to the change in kinetic energy of the air divided by the time interval, and can be calculated according to the following equation [11]:


  W =   ρ  A r   2        2 m g   ρ  A r        3 / 2   =       2 m g     3 / 2       ρ  A r       



(9)







It is then possible to calculate the energy consumed for hovering the drone during the delivery cycle time tc considering the distance flown (l) and the flying speed s:


   E h  =  W  F M   ·  t c  =       m g      3 2      F M   2 ρ  A r      ·  l s   



(10)




where FM is the “figure of merit” of the aircraft.



Referring to second equilibrium condition, (Equation (6)), the horizontal force counteracts the drag force


   F x  =  1 2   c d  ρ  A d   s 2   



(11)




where cd is a drag coefficient related to the shape of the drone (≅0.6), Ad is the cross-sectional area of the drone in the direction of motion, and s is the drone speed relative to the surrounding air (a no wind condition is assumed). The power consumed by the drone when flying at a speed s thus results:


   W x  =  F x  · s =  1 2   c d  ρ  A d   s 3   



(12)







Such equation shows that speed significantly increases the energy consumption for counteracting the drag force. In particular, steady state flight at slow speed is the most efficient condition, while rapid changes in the directions or adverse environmental conditions (e.g., wind) may result in a substantial performance loss.



Finally, the overall power required by the drone to reach a generic destination can be calculated as the sum of the power components required to hover and move horizontally simultaneously. An overall efficiency factor   η < 1   is finally introduced to take into account all the energy losses related to the battery system and to the propellers. The model is approximated since it does not take into account the issues related to the changes in the airflow direction through the propellers when the tilt angle changes, nor it considers the different cross section of the drone and the vertical movements required for landing and taking off.


   W  t o t   ≅  1 η     c d  ρ  A d   s 3  +          m t  +  m b  +  m l    g      3 2      F M   2 ρ  A r      +          m t  +  m b    g      3 2      F M   2 ρ  A r         



(13)







The energy required by the drone to complete a delivery cycle can thus be calculated as:


   E c  ≅  1 η     c d  ρ  A d   s 3  +          m t  +  m b  +  m l    g      3 2      F M   2 ρ  A r      +          m t  +  m b    g      3 2      F M   2 ρ  A r        ·  l s   



(14)







The expected distance of a delivery point can be determined as the average radial distance from the center of all the points within a circular coverage area (A). Assuming customers are uniformly distributed, the expected distance can be calculated as:


   r ¯  =  1  π  R 2      ∫  0 R  r f  r  d r =  2 3  R =  2 3    A / π    



(15)




where R is the radius of the coverage area and f(r) = 2πr.



The corresponding expected energy consumption per delivery cycle can be calculated as:


   E c  ≅  1 η     c d  ρ  A d   s 3  +          m t  +  m b  +  m l    g      3 2      F M   2 ρ  A r      +          m t  +  m b    g      3 2      F M   2 ρ  A r          2 R   3 s      



(16)







The distance flown on a delivery cycle (A/R) and its average duration can also be calculated as:


   d  c y c l e   = 2  r ¯  =  4 3  R =  4 3    A / π    



(17)






   T  c y c l e   =    d  c y c l e    s  +  t f  =  4  3 s     A / π   +  t f   



(18)




where tf is the time related to additional operations such as package load and battery swap.



The total energy consumed on a daily basis by the aerial logistic system can be obtained from Equation (1), as a function of the coverage area, the demand frequency, the demand density and the weights of the drone and the payload, by means of the following Equation (19):


  E     k w h   d a y     =   d · f · A ·  f d    *  E c   



(19)







Based on the results above it also possible to estimate the total distance (   D  T o t    ) flown and the overall time (   T  T o t    ) required to complete the deliveries:


   D  T O T       k m   d a y     =  N d   4 3    A / π    



(20)






   T  T O T   =  N d   T  c y c l e    



(21)







Finally, a rough estimation of the fleet of drones required to perform the delivery tasks in a fixed delivery window can be obtained as:


   N  d r o n e s   =    T  T O T      T w     



(22)




where    T w    is the delivery window.



The methodology described above allows the calculation of the elements required for dimensioning and evaluating the energy consumption of the swarm of drones operating the delivery services from a central depot. Based on the methodology proposed, a realistic numerical application is presented in the following section.





4. Numerical Application


This section discusses a realistic application of the methodology described for estimating the energy consumption of an aerial parcel delivery system fulfilling the demand originating from the B2C e-commerce orders in the surrounding coverage area. A preliminary analysis of urban distribution services has been performed, based on the Eurostat (2020) estimates about the total volumes of domestic parcel services in all EU member states. The dataset is freely available over the internet and provides the number of parcels handled by all operators including courier, express and parcel services referred to year 2018. According to such data (see Figure 2), Germany is the most active country in Europe, with an average value of 32 parcels delivered yearly per person, followed by Bulgaria with 24.8 and the Netherlands with 20.4.



The overall average deliveries calculated on a national basis, however, do not allow for detailed analysis of the geographical variations of the demand density (e.g., rural and urban areas) and of the time-related variations of the demand frequency (e.g., increased number of deliveries during Christmas time). The lack of reliable information at a more detailed geographical and temporal scale is presumably attributable to the fragmentation of the EU market into national niches operated by a multitude of public and private delivery operators. For the purposes of our study, relevant information about the demand of parcel deliveries related to e-commerce B2C can be retrieved in a recent report from McKinsey [63] which analyses B2C ecommerce trends in 17 countries, focusing on the number of parcels being dispatched. The analysis is based on data referred to year 2017, and reports a number of parcels per person of 24 and 22 in Germany and in the United Kingdom respectively, followed by Ireland, Sweden and Italy with 15, 6 and 2 parcels per person per year respectively. Although the statistical analysis performed is not clearly documented, based on such data the average national daily demand density can be roughly calculated dividing the annual data by 365, thus obtaining the values reported in Table 1. According to such results, for example, the city of Milano with approx. 1.4 million inhabitants over an area of approx. 180 km2, generates approx. 770,000 deliveries per day.



The average demand frequencies reported in Table 1, can be taken as reference for estimating the potential demand related to parcels weighting less than 2 kg, operable by delivery drones. Based on such data, the number of aerial delivery services required can be calculated as a function of the specific features of the area covered. For example, referring to an average value of 0.0329 deliveries per person per day (which is the value reported in Table 1 for The Netherlands), and considering a percentage of parcels weighting less than 2 kg equal to 80%, which is close to the data reported by D’Andrea [16], in an urban area with a population density of 2500 inhabitants per km2, the resulting demand density for drone delivery services is:


   d d  u r b a n   = 0.0329 ∗ 2500 ∗ 0.80 = 65.8       p a r c e l s   p e r   y e a r   k  m 2       



(23)







Similarly, the demand for parcel delivery services in a rural area with a population density of 250 inhabitants per km2, the corresponding demand density is:


   d d  r u r a l   = 0.033 ∗ 250 ∗ 0.80 = 6.60       p a r c e l s   p e r   y e a r   k  m 2       



(24)







The overall energy required for operating an aerial delivery service, can now be calculated as a function of the radius of the area covered, considering the specific power consumption of the delivery drone employed. As discussed before, the energy consumption related to drone operations is strictly linked to the technical features of the vehicle and to distance flown in the delivery mission. In such regard, a brief analysis of the solutions currently available on the market has been performed, obtaining the information summarized in Table 2. The Amazon Prime Air multicopter features a gross weight of 25 kg, a flying range of approx. 32 km, a speed of 80 km/h and a payload of approx. 2 kg [17]. Another popular UAV for logistic operations is the DHL Parcelcopter 4.0 [19], capable of flying for approximately 60 km at a speed of 130 km/h, with a payload of 1.2 kg. The Matternet M2 features a maximum distance of 20 km, a cruising speed of 70 km/h and a payload of 2 kg [20]. Referring to the scientific literature, Drones are generally assumed to move faster than ground vehicles, with speeds ranging between 15 and 35 mph [12], reaching even 120 km/h in some cases [64]. Clearly, the high variability in drones’ speed can be reconducted to different vehicle configurations, however it also reflects an inherent uncertainty due to the lack of experimental data in real operating conditions.



For the purpose of this study, we will refer to a UAV with similar features to the Matternet M2, i.e., a quadrotor featuring a gross weight of 11.5 kg and a payload of 2 kg. It has been assumed a cruise flying speed of 8 m/s (≅29 km/h) and a cross sectional area (   A d  )   of 0.1 m2, which makes sense for a drone with a frame of 0.3 × 0.35 m. The resulting empty weight factor is 0.67 and the overall efficiency of the system has been assumed equal to 0.8. The diameter of the rotors is 0.48 m, and the energy consumption for hovering is approx. 846 W, while the additional energy required for horizontal translation increases with the speed as given in Figure 3. Finally, a fixed time of 1 min per cycle has been considered for all the additional operations (landing, battery swap, parcel load and take off).




5. Results


The realistic operational context described above has been analysed in order to obtain relevant information about the expected energy consumption of the delivery system and its overall efficiency. The overall energy consumed on a daily basis has been calculated as a function of the radius of the coverage area, considering a specific frequency of deliveries of 0.0263 parcels per person per km2, a density of 2500 inhabitants/km2, and a share of parcels weighing less than 2 kg (fd) equal to 80%.



The results obtained (see Table 3) show that increasing the radius of the coverage area (0 to 12 km), the expected distance flown per cycle and the energy required to complete a cycle (calculated according to Equation (15)) increase almost proportionally. Similarly, the number of deliveries increases proportionally with the area covered (Equation (3)), while the expected energy required for executing all the deliveries (Equation (21)) increase with the radius of the coverage area at a much higher rate. For example, the energy required to cover an area with a radius of 5 km is equal to 826 kWh per day, but if the radius increases to 10 km the energy consumption raises to 6615.93 kWh per day. This example demonstrates that the aerial distribution system may easily become inefficient in large coverage areas, as a consequence the poor efficiency of the one-to-one delivery scheme of aerial distribution vehicles.




6. Discussion


The results obtained, confirm the concerns risen by some authors [42], about the effectiveness of drone delivery systems in urban areas, with the risk that they might perform even worse than traditional ground vehicles. A simple demonstration of such situation can be provided considering that the average length of the route travelled by ground vehicles visiting the clients’ location can be approximated by the following equation [65]:


   d  T S P   ≅ k   A ∗ n    



(25)







The additional information for performing the comparisons between aerial and a ground delivery system, based on commercial data of diesel and electric powered vehicles, are provided in Table 4. The data reported for the ground vehicles are referred to commercial values and can be easily found in several sources, while concerning the drone, the technical features reported are similar to the Matternet M2 [20] as stated before. This drone is also similar to the Eagle delivery drone developed Flirtey [66] in collaboration with several important institutions for delivering medical supplies, which is the first system obtaining the approval from the US Federal Aviation Administration.



The results of the comparison are given in Figure 4 which reports the curves representing the energy consumed daily by the vehicles considered for performing the operations required to complete the deliveries. Referring to the drone, the curve reported is calculated according to Equation (19), while for the traditional ground vehicle the unit energy consumption considered is approx. 900 Wh/km, obtained considering a fuel consumption of approx. 9.5 lt/km and a specific energy of 34,200 kJ/L. The energy consumption of the electric vehicle is approx. 200 Wh/km, referred to a light delivery vehicle.



The overall energy consumption curves show a break-even point for the diesel van and the aerial system at a radius of the delivery area of approx. 3.5 km, while the energy consumption of the electric ground vehicle is fairly lower than the others. Although aerial vehicles are the most efficient distribution vehicles in terms of energy consumption per unit distance (approx. 30 Wh/km in the case here considered) due to their exiguous mass, they can actually perform worse than ground vehicles when referring to the entire logistic system. Concerning the debate about the convenience of a transportation solution rather than another, hence, the results obtained demonstrate that there is not a univocal best solution, because the dimension of the area covered play a fundamental role upon the energy efficiency of the entire logistic system. The results obtained rather highlight the crucial importance of appropriate sizing of infrastructures in the optimization of the logistic system. In the case considered, the aerial delivery infrastructures should cover areas not exceeding a radius of approx. 3.5 km to be competitive with a traditional distribution ground system. In such situation the expected demand of delivery services is 2023.36 parcels per day, and the corresponding overall distance travelled is 9442.37 km per day for the drone, and 270.42 km per day for the van. Assuming a travelling speed of 20 km/h for the ground vehicles and 29 km/h for the drone, the corresponding overall time required to complete the deliveries is 327.86 h for the drone and 18.98 h for the van. Considering a time window of 8 h the system would thus require a fleet of approx. 40 drones or 2 vans to complete the delivery. Finally, the logistic infrastructure should be able to provide approx. 283 kWh per day to the delivery drones, with battery switching at each delivery to preserve the necessary endurance. A fleet of 4 electric vans would instead be necessary to perform the ground delivery services.



Clearly, different configurations of the logistic system would impact the overall costs of the deliveries, therefore the picture could be substantially different in terms of economic profit. The price of different energetic sources (electricity and fossil fuels), in fact, is related to market conditions, and affected by government impositions, which might distort the reflection of energetic efficiency in the operational cost. Furthermore, a substantial element of the cost analysis is related to the fixed costs originating from the capital investment (amortized purchasing cost of the vehicles), the insurance cost and the wages of the drivers for the ground vehicles. In addition, referring to the cost of infrastructures, the energy storage infrastructure could generate an initial cost of almost 191 k€ in Lithium batteries or 63 k€ in Lead Acid accumulators. Such costs are also highly uncertain, considering the dynamics of the lithium battery market.



Finally, the same analysis has been performed considering a rural area with a density of 250 inhabitants/km2, and the energy consumed per unit distance has been changed to 900 kWh/km and 200 kWh/km respectively for the diesel and the electric van, and the speed has been increased to 25 km/h in consequence of the reduced effect of traffic congestion. The results obtained, given in Figure 5, show that due to the reduced number of deliveries, the effects of the inefficiencies related to the operational scheme of the aerial service are mitigated, and the breakeven point with the traditional ground vehicle is now at a coverage radius of approx. 9.5 km, which is close to the maximum range of a delivery drone in ideal weather conditions. The aerial delivery system is also slightly convenient compared to the ground electric system within a radius of almost 3.5 km. In such case, hence, the scenario is substantially different, and the limitation of the maximum endurance may become a significant constraint.



As a general conclusion, the results obtained show how the energy consumption of supportive aerial logistics infrastructures fundamentally relates to area serviced. The substantial increase of the energy consumption with the radius leads to the conclusion that in an urban context the aerial distribution is convenient in terms of energetic consumption only for a maximum radius of the serviced area of approx. 3.5 km. The same infrastructures, in a rural context would be convenient for a maximum operating radius of approx. 9 km. Such results are coherent with the those reported in the recent literature [44], therefore the research proposed contributes to the knowledge of the sector by providing a reliable quantitative methodology to confirm empirical results. In addition, by introducing appropriate cost models for evaluating the fixed activation costs and the energy costs, the proposed model can be effectively employed for designing optimized aerial delivery infrastructures for covering bigger (city-wide) areas, thus offering relevant managerial insights.



The results obtained should also be considered in the view of the electrification process that is taking place in Europe. In particular, recent researches [67] report that on an overall number of 199,825 charging stations in the European Union, approximately 25% are located in the Netherlands, 20% in Germany, 15% in France, and 14% in Great Britain. The remaining 25% is distributed among all the other countries that are in the early stages of the electrification process. The number of electric vehicles however does not follow the same distribution, and the percentage of commercial electric vehicles is still below 0.5% in the most populated countries. Recent studies [68] referred to the road transportation also report that, considering an ambitious electrification strategy could decrease CO2 emissions from light commercial vehicles by 30% by 2030, which is a total road transport emission reduction by roughly 3%. In such regard it must be pointed out that aelectric cargo bikes are arguably the most direct competitors to delivery drones In particular, the use of electric cargo bikes for short-range delivery is gaining popularity in Europe [69], and recent a study [70] reports that in European cities, potentially 42% of courier deliveries could be substituted by cargo bikes, while the results of the recent Cyclelogistics (2011–2014) and Cyclelogistics Ahead (2014–2017) projects indicate that, on average, 51% of all motorized journeys in European cities involving the transport of goods could easily be moved to e-cargo bikes [71]. It must be pointed out however that although cargo bikes are a very effective solution from an energetic point of view, the presence of the driver substantially impacts the cost of service. The advent of autonomous guided vehicles might be in such regard a game changer in the near future.



Finally, it is worthwhile considering the combined used of aerial and ground transportation with appropriate design in last mile delivery. In particular aerial short-range distribution systems can be a viable opportunity in rural areas where road infrastructures are less developed or in particularly congested urban areas where the commercial speed of ground vehicles can be very low.




7. Conclusions


In the last decade, with the spread of electric mobility, the topic of city logistics has attracted a relevant research interest in the context of supply chain management. In such context, the possibility of employing UAVs for last-mile urban parcel delivery represents an attractive opportunity since aerial delivery services have proven their effectiveness in several specific contexts (e.g., vital medical supplies). The integration of UAVs into the distribution chain on a systematic basis, however, requires an additional tier of urban logistic facilities for performing the consolidation and transshipment activities, and for recharging the UAVs.



This study focuses on the energetic consumption of aerial distribution systems for last mile delivery, and proposes an original methodology to calculate the energy consumption of the related supportive infrastructures. To the best of our knowledge this is the first time such problem is considered from a quantitative perspective. The methodology proposed, considers the expected number of deliveries that can be performed by a drone in the area serviced, and the average distance travelled per trip. The comparison with the estimated energy consumption of ground vehicles shows that the efficiency of aerial logistics in last mile delivery is strictly linked to the coverage area.



The results obtained contribute to the scientific debate about the effectiveness of aerial distribution systems, by providing a reliable model for evaluating the energy consumption of aerial logistic systems, thus allowing the optimal sizing of the supportive infrastructures with respect to area serviced. The results obtained show in particular that although aerial delivery systems can actually outperform traditional ground proximity services, the range of effective operations drastically reduces as the population density (and corresponding service demand) increases. In particular, while aerial logistics can be effective in rural areas up to a range of approx. 9.5 km, this range reduces to approx. 3.5 km in urban areas. The suggested managerial insight is that optimized design of such infrastructures is crucial to outperform the traditional ground distribution systems. The research also demonstrates that aerial logistic systems for last mile delivery can be a convenient choice for quick and low-cost parcel distribution, provided urban supportive infrastructures are adequately designed. The deployment of such infrastructure as an additional tier of the supply chain can be however troublesome, particularly in old city centers. Some concerns may thus arise about the opportunity of such solution considering that electric ground vehicles may easily outperform aerial systems in many real contexts, and that due to the limitations of delivery drones and their inability to operate in adverse climatic conditions, aerial logistic systems would always require ground backup vehicles. The integration of aerial and ground logistic systems for last mile delivery, hence, is an interesting topic for further research considering the increasing trend of e-commerce related delivery services. In such regard, the spike in demand of e-commerce- and home-deliveries observed during the recent COVID19 outbreak and the consequent stress test that it has generated on urban logistic systems, could be indicative of future scenarios if these consumer patterns are sustained after the end of the outbreak.



Finally, the study suggests several directions for future research, including the lifecycle analysis of the infrastructures, and the introduction additional decision criteria within a multi criteria strategic optimization framework, while a substantial shortcoming is the difficulty of forecasting the demand of delivery services that can be performed by drones. Additionally, the methodology proposed relies on some relevant underlying assumptions, such as the demand modeling approach and to the energy consumption model. Referring to former, the lack of detailed information about the frequency and density of parcel deliveries, constitutes a significant limitation: the methodology proposed could thus be improved by implementing a more advanced demand modelling approach (e.g., taking into account the specific socio-economic conditions such as income, population age, etc.). Concerning the energy consumption issue, the simplified model proposed considers the energy required for horizontal translation and for hovering in static conditions, neglecting the energy consumed by the on-board electronic devices. The methodology proposed, however, can be extended to different aerial vehicles (e.g., octocpters or fixed wing) by introducing appropriate energy consumption models.







Author Contributions


Conceptualization: G.A., Data Curation: G.D., Writing—Original Draft: G.A., G.D., Writing— Review & Editing: G.A., R.I., Supervision: R.I., M.V. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Smith, M.S.; Cook, C.; Sokona, Y.; Elmqvist, T.; Fukushi, K.; Broadgate, W.; Jarzebski, M.P. Advancing sustainability science for the SDGs. Sustain. Sci. 2018, 13, 1483–1487. [Google Scholar] [CrossRef]

	



IEA International Energy Agency. Energy Technology Perspectives 2016. Available online: www.iea.org/etp2016 (accessed on 12 December 2020).

	



UNDESA United Nations Department of Economic and Social Affairs, Population Division. World Urbanization. Prospects: The 2018 Revision. Available online: https://population.un.org/wup/Publications/ (accessed on 19 March 2020).

	



McKee, J. Global Digital Commerce Sales to Near $6 Trillion by 2022. 2018. Available online: https://www.forbes.com/sites/jordanmckee/2018/09/11/global-digital-commerce-sales-to-near-6-trillion-by-2022/#6f2212094c5a (accessed on 23 June 2020).

	



Zimon, D.; Tyan, J.; Sroufe, R. Drivers of sustainable supply chain management: Practices to alignment with un sustainable development goals. Int. J. Qual. Res. 2020, 14, 219–236. [Google Scholar] [CrossRef]

	



Maggi, E.; Vallino, E. Understanding the climate change implications of urban mobility and the impact of public policies: The role of the agent based models. In Proceedings of the World Conference on Transport Research Society WCTRS-SIG G3 International Conference, Climate Change Targets and Urban Transport Policy, Msida, Malta, 13–14 April 2015. [Google Scholar]

	



Taniguchi, E.; Thompson, R.G.; Yamada, T.; van Duin, R. City Logistics: Network Modelling and Intelligent Transport Systems; Pergamon: Oxford, UK, 2001. [Google Scholar]

	



Rao, C.; Goh, M.; Zhao, Y.; Zheng, J. Location selection of city logistics centers under sustainability. Transp. Res. D Transp. Environ. 2015, 36, 29–44. [Google Scholar] [CrossRef]

	



Zhang, D.; Wang, Y.; Liu, Q.; Shen, F.; Lee, L.H. Towards enhancing the last-mile delivery: An effective crowd-tasking model with scalable solutions. Transp. Res. E Logist. Transp. Rev. 2016, 93, 279–293. [Google Scholar]

	



Rodrigue, J.P.; Comtois, C.; Slack, B. The Geography of Transport Systems; Routledge: London, UK, 2013. [Google Scholar]

	



Lee, H.L.; Chen, Y.; Gillai, B.; Rammohan, S. Technological Disruption and Innovation in Last-Mile Delivery. 2016. Available online: https://www.gsb.stanford.edu/sites/gsb/files/publication-pdf/vcii-publication-technological-disruption-innovation-last-mile-delivery.pdf (accessed on 19 March 2020).

	



Murray, C.; Chu, A.G. The flying sidekick traveling salesman problem: Optimization of drone-assisted parcel delivery. Transp. Res. Part C Emerg. Technol. 2015, 54, 86–109. [Google Scholar] [CrossRef]

	



Dorling, K.; Heinrichs, J.; Messier, G.G.; Magierowski, S. Vehicle routing problems for drone delivery. IEEE Trans. Syst. Man Cybern. Syst. 2017, 47, 70–85. [Google Scholar] [CrossRef]

	



Goodchild, A.; Toy, J. Delivery by drone: An evaluation of unmanned aerial vehicle technology in reducing CO2 emissions in the delivery service industry. Transp. Res. D Transp. Environ. 2018, 61, 58–67. [Google Scholar] [CrossRef]

	



Tavana, M.; Khalili-Damghani, K.; Santos-Arteaga, F.J.; Zandi, M.H. Drone shipping versus truck delivery in a cross-docking system with multiple fleets and products. Expert Syst. Appl. 2017, 72, 93–107. [Google Scholar] [CrossRef]

	



D’Andrea, R. Guest editorial can drones deliver? IEEE Trans. Autom. Sci. Eng. 2014, 11, 647–648. [Google Scholar] [CrossRef]

	



Amazon Prime Air. Available online: https://www.amazon.com/Amazon-Prime-Air/b?ie=UTF8&node=8037720011 (accessed on 14 April 2020).

	



Workhorse Group. HorseFly UAV Delivery System. Available online: https://workhorse.com/horsefly.html (accessed on 14 April 2020).

	



Deutsche Post DHL Group. DHL Parcelcopter. Available online: https://www.dpdhl.com/en/mediarelations/specials/dhl-parcelcopter.html (accessed on 14 April 2020).

	



Matternet. 2018. Available online: http://mttr.net/product (accessed on 14 April 2020).

	



Kuru, K.; Ansell, D.; Khan, W.; Yetgin, H. Analysis and optimization of unmanned aerial vehicle swarms in logistics: An intelligent delivery platform. IEEE Access 2019, 7, 15804–15831. [Google Scholar] [CrossRef]

	



Agatz, N.; Bouman, P.; Schmidt, M. Optimization approaches for the traveling salesman problem with drone. Transp. Sci. 2018, 52, 965–981. [Google Scholar] [CrossRef]

	



Dell’Amico, M.; Montemanni, R.; Novellani, S. Matheuristic algorithms for the parallel drone scheduling traveling salesman problem. Ann. Oper. Res. 2020, 289, 211–226. [Google Scholar] [CrossRef]

	



Wang, Z.; Sheu, J.B. Vehicle routing problem with drones. Transp. Res. B Methodol. 2019, 122, 350–364. [Google Scholar] [CrossRef]

	



Jeong, H.Y.; Song, B.D.; Lee, S. Truck-drone hybrid delivery routing: Payload-energy dependency and No-Fly zones. Int. J. Prod. Econ. 2019, 214, 220–233. [Google Scholar] [CrossRef]

	



Ferrandez, S.M.; Harbison, T.; Weber, T.; Sturges, R.R.; Rich, R. Optimization of a truck-drone in tandem delivery network using k-means and genetic algorithm. J. Ind. Eng. Manag. 2016, 9, 374–388. [Google Scholar] [CrossRef]

	



Tu, P.A.; Dat, N.T.; Dung, P.Q. Traveling salesman problem with multiple drones. In Proceedings of the Ninth International Symposium on Information and Communication Technology, Da Nang City, Vietnam, 6–7 December 2018; pp. 46–53. [Google Scholar]

	



The Traveling Salesman Problem with One Truck and Multiple Drones. Available online: http://dx.doi.org/10.2139/ssrn.3389306 (accessed on 23 February 2020).

	



Wikarek, J.; Sitek, P.; Zawarczynski, L. An integer programming model for the capacitated vehicle routing problem with drones. In Proceedings of the ICCCI: International Conference on Computational Collective Intelligence, Hendaye, France, 4–6 September 2019; Springer: New York, NY, USA, 2019. [Google Scholar]

	



Murray, C.; Raj, R. The multiple flying sidekicks traveling salesman problem with variable drone speeds. Transp. Res. Part C Emerg. Technol. 2020, 120, 102813. [Google Scholar]

	



Kitjacharoenchai, P.; Ventresca, M.; Moshref-Javadi, M.; Lee, S.; Tanchoco, J.M.; Brunese, P.A. Multiple traveling salesman problem with drones: Mathematical model and heuristic approach. Comput. Ind. Eng. 2019, 129, 14–30. [Google Scholar] [CrossRef]

	



Sacramento, D.; Pisinger, D.; Røpke, S. An adaptive large neighborhood search metaheuristic for the vehicle routing problem with drones. Transp. Res. Part C Emerg. Technol. 2019, 102, 289–315. [Google Scholar] [CrossRef]

	



Schermer, D.; Moeini, M.; Wendt, O. A hybrid VNS/tabu search algorithm for solving the vehicle routing problem with drones and en route operations. Comput. Oper. Res. 2019, 109, 134–158. [Google Scholar] [CrossRef]

	



Mozaffari, M.; Saad, W.; Bennis, M.; Debbah, M. Mobile unmanned aerial vehicles UAVs for energy-efficient internet of things communications. IEEE Trans. Wirel. Commun. 2017, 16, 7574–7589. [Google Scholar] [CrossRef]

	



Scott, J.; Scott, C. Drone delivery models for healthcare. In Proceedings of the 50th Hawaii International Conference on System Sciences, Waikoloa Village, HI, USA, 4–7 January 2017. [Google Scholar]

	



Hong, I.; Kuby, M.; Murray, A.T. A range-restricted recharging station coverage model for drone delivery service planning. Transp. Res. Part C Emerg. Technol. 2018, 90, 198–212. [Google Scholar] [CrossRef]

	



Shavarani, S.M.; Nejad, M.G.; Rismanchian, F.; Izbirak, G. Application of hierarchical facility location problem for optimization of a drone delivery system: A case study of Amazon prime air in the city of San Francisco. Int. J. Adv. Manuf. Technol. 2018, 9, 3141–3153. [Google Scholar] [CrossRef]

	



Allen, J.; Browne, M.; Woodburn, A.; Leonardi, J. The role of urban consolidation centres in sustainable freight transport. Transp. Rev. 2012, 324, 473–490. [Google Scholar] [CrossRef]

	



Conway, A.; Fatisson, P.; Eickemeyer, P.; Cheng, J.; Peters, D. Urban micro-consolidation and last mile goods delivery by freight-tricycle in Manhattan: Opportunities and challenges. In Proceedings of the 91st Annual Meeting of the Transportation Research Board, Washington, DC, USA, 22–26 January 2012. [Google Scholar]

	



Browne, M.; Allen, J.; Leonardi, J. Evaluating the use of an urban consolidation centre and electric vehicles in central London. IATSS Res. 2011, 351, 1–6. [Google Scholar] [CrossRef]

	



Aurambout, J.P.; Gkoumas, K.; Ciuffo, B. Last mile delivery by drones: An estimation of viable market potential and access to citizens across European cities. Eur. Transp. Res. Rev. 2019, 11, 30. [Google Scholar] [CrossRef]

	



Curnlander, J.C.; Gilboa-Amir, A.; Kisser, L.M.; Koch, R.A.; Welsh, R.D. Multi-Level Fulfillment Center for Unmanned Aerial Vehicles. U.S. Patent 20170175413, 3 October 2017. [Google Scholar]

	



Kirschstein, T. Comparison of energy demands of drone-based and ground-based parcel delivery services. Transp. Res. D Transp. Environ. 2019, 78, 102209. [Google Scholar] [CrossRef]

	



Stolaroff, J.K.; Samaras, C.; O’Neill, E.R.; Lubers, A.; Mitchell, A.S.; Ceperley, D. Energy use and life cycle greenhouse gas Emissions of drones for commercial package delivery. Nat. Commun. 2018, 9, 1. [Google Scholar]

	



Amazon Drones Could Deliver a Package in Under Thirty Minutes for One Dollar. ARK Investment Management LLC. 2015. Available online: https://ark-invest.com/research/amazon-drone-delivery#fn-5091-4 (accessed on 30 September 2019).

	



Srinivasan, S.; Bhat, C.R. Modeling household interactions in daily in-home and out-of-home maintenance activity participation. Transportation 2005, 32, 523–544. [Google Scholar] [CrossRef]

	



Comi, A.; Nuzzolo, A. Simulating urban freight flows with combined shopping and restocking demand models. Procedia Soc. Behav. Sci. 2014, 125, 49–61. [Google Scholar] [CrossRef]

	



Comi, A. A modelling framework to forecast urban goods flows. Res. Transp. Econ. 2020, 80, 100827. [Google Scholar] [CrossRef]

	



Morganti, E.; Seidel, S.; Blanquart, C.; Dablanc, L.; Lenz, B. The impact of e-commerce on final deliveries: Alternative parcel delivery services in France and Germany. Transp. Res. Procedia 2014, 4, 178–190. [Google Scholar] [CrossRef]

	



Lachapelle, U.; Burke, M.; Brotherton, A.; Leung, A. Parcel locker systems in a car dominant city: Location, characterization and potential impacts on city planning and consumer travel access. J. Transp. Geogr. 2018, 71, 1–14. [Google Scholar] [CrossRef]

	



Kaszubowski, D. Urban freight transport demand modelling and data availability constraints. In Advanced Solutions of Transport Systems for Growing Mobility. TSTP 2017; Sierpiński, G., Ed.; Advances in Intelligent Systems and Computing; Springer: Cham, Switzerland, 2018; pp. 147–154. [Google Scholar]

	



Cao, X.; Chen, Q.; Choo, S. Geographical distribution of e-shopping: An application of structural equations models in the twin cities. In Proceedings of the 92nd Transportation Research Board Annual Meeting, Washington, DC, USA, 13–17 January 2013. [Google Scholar]

	



Choubassi, C.; Seedah, D.P.K.; Jiang, N.; Walton, C.M. Economic analysis of cargo cycles for urban mail delivery. Transp. Res. Rec. 2016, 2547, 102–110. [Google Scholar] [CrossRef]

	



Edwards, J.; Mckinnon, A.; Cherret, T.; Mcleod, F.; Song, L. Carbon dioxide benefits of using collection-delivery points for failed home deliveries in the United Kingdom. Transp. Res. Rec. 2010, 2191, 136–143. [Google Scholar] [CrossRef]

	



Arnold, F.; Cardenas, I.; Sörensen, K.; Dewulf, W. Simulation of B2C e-commerce distribution in Antwerp using cargo bikes and delivery points. Eur. Transp. Res. Rev. 2018, 10, 2. [Google Scholar] [CrossRef]

	



Caldarelli, V.; Saetta, S.; Tiacci, L. Feasibility study of urban consolidation centre using traffic data analysis: A preliminary model. In Proceedings of the XXIV Summer School “Francesco Turco”—Industrial Systems Engineering, Brescia, Italy, 11–13 September 2019. [Google Scholar]

	



Anderson, D.F.; Eberhardt, S. Understanding Flight; McGrawHill: New York, NY, USA, 2001. [Google Scholar]

	



Cheng, C.; Adulyasak, Y.; Rousseau, L.M. Formulations and Exact Algorithms for Drone Routing Problem, Technical Report. Available online: https://www.cirrelt.ca/documentstravail/cirrelt-2018-31.pdf (accessed on 14 April 2020).

	



Liu, Z.; Sengupta, R.; Kurzhanskiy, A. A power consumption model for multi-rotor small unmanned aircraft systems. In Proceedings of the International Conference on Unmanned Aircraft Systems ICUAS, Miami, FL, USA, 13–16 June 2017; pp. 310–315. [Google Scholar]

	



Choi, Y.; Schonfeld, P.M. Optimization of multi-package drone deliveries considering battery capacity. In Proceedings of the 96th Annual Meeting of the Transportation Research Board, Washington, DC, USA, 8–12 January 2017. [Google Scholar]

	



Figliozzi, M.A. Lifecycle modeling and assessment of unmanned aerial vehicles CO2 emissions. Transp. Res. D Trans. Environ. 2017, 57, 251–261. [Google Scholar] [CrossRef]

	



Johnson, W. Helicopter Theory; Dover Publications Inc.: New York, NY, USA, 2012. [Google Scholar]

	



Briest, P.; Dragendorf, J.; Ecker, T.; Mohr, D.; Neuhaus, F. The Endgame for Postal Networks: How to Win in the Age of E-Commerce. 2019. Available online: https://www.mckinsey.com/industries/travel-logistics-and-transport-infrastructure/our-insights/the-endgame-for-postal-networks-how-to-win-in-the-age-of-e-commerce# (accessed on 14 April 2020).

	



Coelho, B.N.; Coelho, V.N.; Coelho, I.M.; Ochi, L.S.; Roozbeh Haghnazar, K.; Zuidema, D.; Lima, M.S.F.; Adilson, R. A multi-objective green UAV routing problem. Comput. Oper. Res. 2017, 88, 306–315. [Google Scholar] [CrossRef]

	



Figliozzi, M.A. Planning approximations to the average length of vehicle routing problems with varying customer demands and routing constraints. Transp Res Rec. 2008, 2089, 1–8. [Google Scholar] [CrossRef]

	



Flirtey. Real-Time Delivery by Flying Robots. Available online: https://flirtey.com/ (accessed on 14 April 2020).

	



Osieczko, K.; Zimon, D.; Płaczek, E.; Prokopiuk, I. Factors that influence the expansion of electric delivery vehicles and trucks in EU countries. J. Environ. Manag. 2021, 296, 113177. [Google Scholar] [CrossRef] [PubMed]

	



Tsakalidis, A.; Krause, J.; Julea, A.; Peduzzi, E.; Pisoni, E.; Thiel, C. Electric light commercial vehicles: Are they the sleeping giant of electromobility? Transp. Res. Part D Transp. Environ. 2020, 86, 102421. [Google Scholar] [CrossRef]

	



Aiello, G.; Quaranta, S.; Certa, A.; Inguanta, R. Optimization of urban delivery systems based on electric assisted cargo bikes with modular battery size, taking into account the service requirements and the specific operational context. Energies 2021, 14, 4672. [Google Scholar] [CrossRef]

	



Wrighton, S.; Reiter, K. CycleLogistics—Moving Europe forward! Transp. Res. Proc. 2016, 12, 950–958. [Google Scholar] [CrossRef]

	



Koning, M.; Conway, A. The good impacts of biking for goods: Lessons from Paris city. Case Stud. Transp. Policy 2016, 4, 259–268. [Google Scholar] [CrossRef]








[image: Energies 14 05998 g001 550] 





Figure 1. Steady state flight condition of a multicopter drone. 






Figure 1. Steady state flight condition of a multicopter drone.



[image: Energies 14 05998 g001]







[image: Energies 14 05998 g002 550] 





Figure 2. Parcels handled by all operators including courier, express and parcel services in EU. 
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Figure 3. Overall power required by the drone as a function of the flying speed. 
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Figure 4. Energy consumption curves in Urban Area. 
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Figure 5. Energy consumption curves in Rural Area. 
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Table 1. Average B2C e-commerce parcels received per person per day.
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	Country
	Parcels Received Per Person Per Day





	Germany
	0.0658



	UK
	0.0603



	Ireland
	0.0411



	Austria
	0.0384



	Netherlands
	0.0329



	Switzerland
	0.0247



	Sweden
	0.0164



	Italy
	0.0055



	Germany
	0.0658



	UK
	0.0603



	Ireland
	0.0411
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Table 2. Relevant features of delivery drones.
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	UAV
	Gross Weight

(Kg)
	Payload

(Kg)
	Max Speed

(m/s)
	Range

(km)





	Matternet M2 V7
	11.5
	2
	13
	20



	Amazon Prime Air
	25
	1.26
	22
	24



	DHL Parcelcopter
	6
	1.2
	12
	15
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Table 3. Results.






Table 3. Results.





	R

(km)
	A

(km2)
	dcycle

(km)
	Exp. Cycle Duration (min)
	Exp. Energy Per Cycle (Wh)
	Exp. Deliveries Per Day
	Exp. Overall Distance Flown (km)
	Exp. Overall Energy (kWh/Day)





	0
	0.00
	0.00
	1.00
	0.00
	-
	0.00
	-



	1
	3.14
	1.33
	3.78
	40.05
	165
	220
	7



	2
	12.56
	2.67
	6.56
	80.11
	661
	1762
	53



	3
	28.26
	4.00
	9.33
	120.16
	1487
	5946
	179



	4
	50.24
	5.33
	12.11
	160.22
	2643
	14,095
	423



	5
	78.50
	6.67
	14.89
	200.27
	4129
	27,529
	827



	6
	113.04
	8.00
	17.67
	240.33
	5946
	47,570
	1429



	7
	153.86
	9.33
	20.44
	280.38
	8093
	75,539
	2269



	8
	200.96
	10.67
	23.22
	320.44
	10,571
	112,758
	3387



	9
	254.34
	12.00
	26.00
	360.49
	13,379
	160,548
	4823



	10
	314.00
	13.33
	28.78
	400.55
	16,517
	220,230
	6616



	11
	379.94
	14.67
	31.56
	440.60
	19,986
	293,126
	8806



	12
	452.16
	16.00
	34.33
	480.66
	23,785
	380,558
	11,432
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Table 4. Technical Features of the vehicles considered.
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	Drone
	d-Truck
	e-Truck





	Speed (km/h)
	29
	20
	20



	Energy consumption (Wh/km)
	30
	1100
	250



	Max payload (kg)
	2
	1800
	600



	Range (km)
	15
	230
	160
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