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Abstract. In recent years, last-mile processes have become critically important 

for optimizing the efficiency of distribution systems. Technological 

advancements in last-mile logistics continue to evolve, with autonomous 

solutions – particularly drone-based systems – being integrated alongside 

established methods such as courier services and parcel lockers. Beyond 

efficiency, analyzing the energy consumption of various promising solutions is 

essential. 

This article presents a summary of a simulation research program on energy 

consumption in last-mile logistics, conducted as part of the E-Laas project 

(Energy-Optimal Urban Logistics as a Service). The study examines courier 

deliveries, parcel lockers, and drone-based solutions within a specific urban 

environment. Five last-mile implementation scenarios mixing courier services, 

parcel lockers and drone services were developed and applied to an existing urban 

area with predefined infrastructure. Using FlexSim-based scenario simulations, 

the research assessed energy consumption and CO₂ emissions across different 

last-mile strategies, considering the scale of distribution tasks and the 

technological solutions employed. 

Keywords: Last-mile delivery, drones, comparative simulation, urban logistics, 

energy efficiency. 

1 Introduction 

1.1 New landscape of last-mile delivery 

Last-mile distribution has become the critical logistics process in recent years. The 

rapid evolution of last-mile logistics, accelerated by the pandemic, has coincided with 

an increasingly urgent discussion about the energy consumption of logistics processes 

and the resulting climate impact. At the same time, innovative solutions with significant 

potential have emerged in the logistics sector, such as cargo drones [6, 9] and advanced 

control systems that enable real-time optimization, decision-making, and elements of 

autonomy. Drone-based solutions are already in practical use, particularly in China. 

However, legal restrictions continue to prevent their adoption in many other parts of 

the world. In this landscape, technological advancements in last-mile distribution are 
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integrating standard solutions – primarily courier-based delivery and parcel lockers 

(PLs) – with cutting-edge innovations to enhance efficiency and sustainability. 

The experiment proposed in this report aims to estimate the energy consumption of 

four scenarios of last-mile delivery processes. Consequently, it only partially considers 

the technical aspects of task execution, such as drone charging and packages-to-drone 

loading and unloading. The experiment was conducted to evaluate a diverse delivery 

task in a real urban environment by microsimulation model. This study examines the 

relationship between energy consumption in distribution processes and the design of 

last-mile services, considering the available infrastructure and modes of transport. 

Most research to date has focused on individual last-mile delivery modes, with few 

comparative studies assessing the actual energy efficiency of last-mile process con-

cepts. Due to the report's limited capacity, it can only briefly highlight the significance 

of the issues raised by the authors. 

1.2 Literature review 

Extensive reviews of the literature on the subject [7, 8, 9] allowed us to formulae 

research assumptions and technical challenges adopted partially in this report and 

showcased the increasing technological potential of drone utilization. 

But there also comparative works corresponding to the proposed report. Buerklen, 

Adeniran, and Kehrt [1] conducted evaluated the impact of collaboration on last-mile 

transportation costs and emissions using a model of Hamburg city (Germany) to per-

form scenario analyses incorporating parcel lockers and microhubs under agent-based 

microsimulation experiments. The study addressed energy consumption only indirectly 

and did not consider the use of drones in the analysis. 

Kirschstein [4] proposed a scenario-based model for estimating the energy consump-

tion of drones and diesel and electric trucks serving given area. Findings revealed that 

drone energy consumption is comparable to that of trucks, so transitioning to a drone-

only parcel delivery is not energy-efficient in most scenarios. However, the analysis 

was limited to uniform scenarios and did not account for mixed scenarios. 

Kundu, Goh, and Choi [5] have demonstrated that the out-of-home (OOH) delivery 

models, including parcel lockers, offer advantages over home delivery in e-commerce. 

Despite these benefits, consumers continue to favor home delivery. A key factor influ-

encing the appeal of different delivery options may be energy consumption and the 

associated costs of each service, as investigated in this paper. 

Li et al. [6] developed a multi-agent simulation model that integrates drones, e-bikes, 

and takeaway lockers to analyze the takeaway delivery process and its associated GHG 

emissions. Their findings indicate that drone-related emissions are 25%–54% higher 

than those of e-bikes, but takeaway lockers emerge as the primary contributors to emis-

sions (50%–60%). The study offers valuable insights into the energy intensity of last-

mile delivery, but it does not serve as a benchmark for mixed systems that include in-

ternal combustion engine vehicles. 
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2 Methods and simulation scenario experiments 

2.1 Experimental procedure and research scenarios 

The research implementation plan consisted of the following steps: 

1 A simulation model was developed in the FlexSim environment (v.2024) to repre-

sent the Podlasie housing estate in Katowice, Poland (Fig. 1). The model incorpo-

rates road network, buildings, system of 5 parcel lockers (PLs), and various modes 

of transportation, including courier vehicles, drones, and recipients' private vehicles. 

. 

2 Simulation experiments were conducted for four scenarios RS01–RS04 – 15 simu-

lation runs for each scenario, with a fixed number of parcels to be delivered (100, 

150, 300, or 500) to randomly selected locations (real-data average of 167).  

. 

3 10 parcel types are supported, each with a defined maximum weight and percentage 

share in orders. The distribution of parcel types is as follows: (Type / Max. weight 

[kg] / Share [%]): 01/0,5/30; 02/1,0/15; 03/1,5/10; 04/2,0/10; 05/2,5/10; 06/3,0/7,5; 

07/3,5/5; 08/4,0/5; 09/4,5/5; 10/5,0/2,5. 

. 

4 A mathematical model of the problem was developed, enabling optimization by var-

ying the parameters (not included in this report – parameters as in Table 1).  

. 

5 Simulation experiments enable the assessment of energy consumption and CO2 

emission across the following stages: courier deliveries using a car (petrol, diesel, or 

electric), customers retrieving parcels from PLs (via intentional trips), and drone de-

liveries. Couriers are routed by a greedy algorithm prioritizing the nearest neighbors, 

customers select accordingly the PLs, whereas drones select tasks based on payload 

capacity and arrival time. 

. 

6 The total energy consumption is converted into its electricity equivalent and consol-

idated with CO₂ emissions for a comparison. 

. 

 
a) b) 

Fig. 1. The Podlasie housing estate in Katowice (a) as represented in the simulation model (b). 
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Table 1. Key parameters of the simulation model components. 

Parameter Symbol Value 

Maximum courier speed [km/h] 𝑉𝑐𝑜𝑢𝑟
𝑚𝑎𝑥  45 

Maximum speed of recipients' vehicle [km/h] 𝑉𝑣𝑒ℎ
𝑚𝑎𝑥  40 

Maximum drone speed [km/h] 𝑉𝑢𝑎𝑣
𝑚𝑎𝑥  43,2 

Fuel consumption of courier vehicle [l/100 km] 𝐴𝐹𝐶𝑐𝑜𝑢𝑟
𝑑𝑖𝑒𝑠 , 𝐴𝐹𝐶𝑐𝑜𝑢𝑟

𝑔𝑎𝑠
10 / 12  

Energy consump. of courier vehicle (electric) [kWh/100 km] 𝐴𝐸𝐶𝑐𝑜𝑢𝑟
𝑒𝑙𝑒𝑐  20 

Share of diesel/petrol in parcel recipients' vehicles [%] 𝑆𝐻𝑣𝑒ℎ
𝑑𝑖𝑒𝑠, 𝑆𝐻𝑣𝑒ℎ

𝑔𝑎𝑠
 55 / 40 

Share of electric cars in parcel recipients' vehicles [%] 𝑆𝐻𝑣𝑒ℎ
𝑒𝑙𝑒𝑐  5 

Diesel/petrol consumption by recipients' vehicles [l/100km] 𝐴𝐹𝐶𝑣𝑒ℎ
𝑑𝑖𝑒𝑠, 𝐴𝐹𝐶𝑣𝑒ℎ

𝑔𝑎𝑠
7 / 8  

Electric energy cons. by recipients' vehicles [l/100km] 𝐴𝐸𝐶𝑣𝑒ℎ
𝑒𝑙𝑒𝑐  13 

Average electric energy consumption by PL [3] [kWh/day] 𝐴𝐸𝐶𝑃𝐿𝑜𝑐𝑘𝑒𝑟
𝑘𝑊ℎ  2,4 

CO2 emission converter from diesel / petrol [kg/l] 𝐶𝑂𝐼𝑑𝑖𝑒𝑠, 𝐶𝑂𝐼𝑔𝑎𝑠 2,7/2,31 

CO2 emission converter from 1 kWh in Poland [kg/kWh] 𝐶𝑂𝐼𝑘𝑊ℎ𝑃𝐿 0,657 

Average calorific value of diesel / petrol [kWh/l] 𝐴𝐶𝑉𝑑𝑖𝑒𝑠, 𝐴𝐶𝑉𝑔𝑎𝑠 10 / 9  

Drone cruising altitude (m) 𝐻𝐹𝑢𝑎𝑣 7 

Drone loading / unloading time (s) 𝑇𝐿𝑢𝑎𝑣, 𝑇𝑈𝑢𝑎𝑣 5 / 5 

Maximum drone payload (kg) 𝑄𝑢𝑎𝑣
𝑚𝑎𝑥 6 

Drone speed reduction factor related to weight α 0,5 

Maximum number of floors in a multi-family building (-) 𝑁𝐹𝑏𝑢𝑖𝑙𝑑
𝑚𝑎𝑥  10 

Number of drones assigned to a parcel locker (-) 𝑁𝐷𝑢𝑎𝑣
𝑃𝐿𝑜𝑐𝑘𝑒𝑟 * 

Number of drones assigned to an area (-) 𝑁𝐷𝑢𝑎𝑣
𝐴𝑟𝑒𝑎 ** 

Number of parcel lockers 𝑁𝑃𝐿𝑜𝑐𝑘𝑒𝑟 5 

Av. time to hand over a parcel to the recipient (Poisson) (s) 𝑇𝐷𝑐𝑜𝑢𝑟
𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑟  120 

Av. time to place a parcel in a locker (Poisson) (s) 𝑇𝐷𝑐𝑜𝑢𝑟
𝑃𝐿𝑜𝑐𝑘𝑒𝑟 25 

Av. time to collect a parcel from locker (Poisson) (s) 𝑇𝑂𝑃𝐿𝑜𝑐𝑘𝑒𝑟
𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑟  35 

* 2, 3, 4, or 5 drones for scenarios (RS03-RS04) 

** 4, 6, 8, or 10 drones for scenarios (RS03-RS04). 

The research examines four delivery models: 

─ RS01; courier-to-customer (错误!未找到引用源。a).  

─ RS02; courier-to-PLs with customers collecting packages (错误!未找到引用源。b).  

─ RS03; courier-to-PLs, drones assigned to PLs deliver to customers (错误!未找到引

用源。c). 

 

─ RS04; courier-to-PLs, drones operating in entire area deliver to customers (错误!未

找到引用源。d). 

 



 

locker. 
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Fig. 2. Scenarios for delivering parcels to recipients. 

RS01. Starting from a fixed location, the courier follows a sequence of destinations and 

handles packages to recipients. After delivering the final package, the courier returns 

to the starting point, completing delivery process. 

RS02. In the first stage, couriers deliver parcels to PLs selected by the recipients. Re-

cipients retrieve parcels independently, traveling on foot, by bicycle, or by car – either 

as a dedicated trip or as part of other activities. Survey data [2] indicate that approxi-

mately 50% of respondents collect parcels during other trips, such as returning from 

work or shopping, 18% make a dedicated trip, and 32% report no consistent pattern. If 

half of the undecided respondents (16%) generate additional trips, it is estimated that 

34% of parcels collected from PLs contribute to extra vehicle trips. Beyond the primary 

reason for the journey, the decision-making process is influenced by the distance along 

the road network. The probability of selecting a car was determined through a survey 

of 863 respondents. Based on an average walking speed of 1.2 m/s, the threshold dis-

tances for walking and driving were estimated (Fig. 3). 
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Fig. 3. Probability function for selecting a walking trip based on the distance to the parcel 

RS03. Parcels are delivered by the courier to the PL nearest to the recipient. The se-

quence of PLs to visits and the service time for each stop remain consistent with RS02. 
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Each PL is assigned a specific number of drones, which, after locker replenished, 

transport parcels to recipients. A drone can carry multiple parcels, provided the total 

load does not exceed the permissible weight limit and the estimated delivery time re-

mains within the drone's remaining battery life. During a single cycle, the drone delivers 

only parcels intended for a specific address when servicing single-family homes (Fig. 

4a). For multi-family (multi-story) buildings, the drone delivers parcels to different re-

cipients on various floors but in one building, depositing them at designated unloading 

points – deliveries are made sequentially, starting from the highest level (Fig. 4b). 

Drones do not perform combined cycles; they visit only one address at a time. 

 

a) 

b) 

parcel locker multi-story building 

single-family home 

Fig. 4. Drone flight paths from the parcel locker to a single-family house (a) and a multi-family 

house (b). 

The drone's flight cycle consists of loading the parcel at the PL, ascending vertically 

to cruising altitude, flying to the target location, descending, and landing to deposit the 

parcel on the property or at designated levels. The drone follows the same sequence for 

its return. The drone's power consumption is influenced by both speed and load and is 

estimated based on [10]. Drones’ horizontal speed varies according to the load. 

RS04 is similar to RS03, with the key difference that drones are not assigned to specific 

PLs. Instead, a fixed number of drones operate within the area. Upon reaching the first 

PL in the sequence (depot) and replenishing the parcels, the courier releases all drones 

which autonomously search for tasks. They first check whether there are any unas-

signed parcels in the last visited PL. If parcels are available, they return to that locker. 

If not, they search for the nearest PL with unassigned tasks. Once all assigned deliveries 

are completed, the drones return to the depot PL from which they initially departed 

(Fig. 4). If there is no task for the drone at the moment, it waits in the last visited PL. 

2.2 Selected simulation model parameters 

The simulation model enables the estimation of the following values: 
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─ Courier working time (𝑇𝑊𝑐𝑜𝑢𝑟) [h] (RS01–RS04) 

─ Distance traveled by the courier (𝐿𝑐𝑜𝑢𝑟) [km] (RS01–RS04) 

─ Fuel co iters] (RS01–RS04) nsumption by the courier vehicle (𝐹𝐶𝑐𝑜𝑢𝑟
𝑑𝑖𝑒𝑠  , 𝐹𝐶𝑐𝑜𝑢𝑟

𝑔𝑎𝑠
) [l

─ Energy consumption by the courier vehicle (𝐸𝐶𝑐𝑜𝑢𝑟) [kWh] (RS01–RS04) 

─ Total driving time of all recipient vehicles (𝑇𝑣𝑒ℎ
𝑠𝑢𝑚) [h] (RS02)  

─ Total distance traveled by recipient vehicles (𝐿𝑣𝑒ℎ
𝑠𝑢𝑚) [km] (RS02) 

─ Total fuel consumption (petrol, diesel) by recipient vehicles [liters] (RS02)  

─ Total energy consumption by recipient vehicles (𝐸𝐶𝑣𝑒ℎ) [kWh] (RS02)  

─ Total CO₂ emissions by the courier vehicle (𝐶𝑂𝐸𝑐𝑜𝑢𝑟) [kg] (RS01–RS04)  

─ Total CO₂ emissions by recipient vehicles (𝐶𝑂𝐸𝑣𝑒ℎ) [kg] (RS02)  

─ Total drone flight time (𝐿𝑇𝐶𝑈𝐴𝑉
𝑠𝑢𝑚 ) [h] (RS03–RS04) 

─ Total distance covered during drone flights (𝐿𝐶𝑈𝐴𝑉
𝑠𝑢𝑚 ) [km] (RS03–RS04)  

─

─

Total energy consumption by drones (𝐸𝐶𝐶𝑈𝐴𝑉
𝑠𝑢𝑚 ) [kWh] (RS03–RS04) 

T

 

 otal CO₂ emissions by drones (𝐶𝑂𝐸𝐶𝑈𝐴𝑉
𝑠𝑢𝑚 ) [kg] (RS03–RS04) 

─ Total delivery time to recipients [h] (RS01–RS04) 

3 Energy consumption and emission results 

The summary of results on energy consumption (kWh), CO2 emissions, and energy and 

emission indicators per package is presented in Table 2.  
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RS02 is the most energy-intensive option, followed by RS01, RS04, and RS03. In the case of 

RS02, the heavy reliance on individual recipients' cars results in a significant rise in energy con-

sumption as the number of parcels increases. In contrast, in the other variants, energy consump-

tion per parcel decreases with a growing number of deliveries, primarily due to the declining 

share of combustion vehicles (Fig. 5). CO₂ emissions are correlated with energy consumption, 

with the highest emission levels in RS02 and RS02, while RS03 exhibits the lowest emissions 

(

 

). 

错误!未找到引用源。 illustrates the impact of individual system components on 

total energy consumption and CO₂ emissions. In RS02 recipient vehicles account for 

90,4% to 96,5% of total energy consumption. In RS03 and RS04, couriers represent the 

largest share of energy demand, ranging from 54,5% to 56,9%, followed by PLs at 

26,2% to 27,3%. Drones contribute less than 20% of the total energy demand (错误!未

找到引用源。a). The distribution of CO₂ emissions across system follows a similar 

pattern to (错误!未找到引用源。b). 

Table 3 presents the distribution times for scenarios. The distribution time is meas-

ured from the moment the courier begins delivery until they return to the base, or the 

last drone completes the final delivery. The RS02 scenarios have been omitted, as par-

cel collection times depend on recipients' decisions. The most efficient scenario is 

RS04, which reduces delivery time by approximately 76–77% compared to RS01. 

Table 2. Simulation experiment results for scenarios RS01-RS04 

RS No parcels kWh CO2 kWh/parcel CO2/ parcel

100 92,838 25,446 0,928 0,254 

01 150 100,508 27,548 0,670 0,184 

300 115,022 31,526 0,383 0,105 
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RS No parcels kWh CO2 kWh/parcel CO2/ parcel

500 123,056 33,728 0,246 0,067 

100 141,921 33,908 1,419 0,339 

150 212,070 45,766 1,414 0,305 
02 

300 473,881 83,330 1,580 0,278 

500 984,768 147,472 1,970 0,295 

100 39,855 16,660 0,399 0,167 

150 41,212 17,541 0,275 0,117 
03 

300 45,077 20,051 0,150 0,067 

500 49,474 22,898 0,099 0,046 

100 40,707 17,218 0,407 0,172 

150 42,138 18,150 0,281 0,121 
04 

300 47,017 21,325 0,157 0,071 

500 53,300 25,415 0,107 0,051 

 

 

Fig. 5. Energy consumption outcomes from simulation experiments (kWh and kWh per parcel) 
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Fig. 6. CO₂ emissions in individual scenarios (total g of CO₂ and g of CO₂ per parcel) 

 

a) b) 

Fig. 7. Share of energy consumption (a) and CO₂ emissions (b) across scenarios. 

Table 3. Duration of the parcel distribution process to recipients (hours). 

No of delivered packages 
Scenario 

100 150 300 500 

RS01 5,61 7,37 12,00 17,01 

RS03 1,41 1,86 3,19 4,96 

RS04 1,35 1,66 2,71 4,09 

4 Conclusions 

The research was grounded in the observable trend of changes in last-mile processes, 

coupled with their critical role in urban logistics. This report presents the findings of a 

comprehensive simulation study investigating the impact of last-mile service configu-

ration on energy consumption and related CO2 emissions. The results reveal an 
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intuitively expected relationship: reducing the share of combustion vehicles positively 

affects the energy efficiency of the process. 

Moreover, the study highlights the contribution of individual components within the 

last-mile process to overall energy intensity, demonstrating the potential for variations 

in energy consumption depending on different transport tasks. Sensitivity analyses re-

vealed a strong dependence on customers' decisions regarding their parcel collection 

preferences. The findings also confirm the beneficial impact of drone usage on the de-

livery process, particularly in terms of energy consumption and delivery time. 

The research results can be scaled and applied to optimize last-mile service config-

urations based on specific service implementation conditions. These conditions are de-

fined through mathematical model parameters, task size, and the availability of 

transport and distribution technologies. 
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