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Abstract

:

The rapid development of e-commerce during the COVID-19 pandemic has caused an increase in the demand for urban deliveries. In this study, we conduct an exploratory analysis to identify factors that influence the fuel consumption and related greenhouse gas emissions (GHG) of vans and trucks used for e-commerce delivery. The novelty of this research results from the proposal of a new actionable approach to calculate CO2 emissions from heterogeneous fleets in e-commerce deliveries. Through a literature review, a survey of transport managers, and a case study on e-commerce deliveries, we have found that the heterogeneous fleet structure impacts direct emissions from urban deliveries. We have taken into account the parameters of a heterogeneous fleet structure, such as gross weight, mass, fuel type, engine size, fuel consumption (liters/100 km), and the age of a vehicle. Through numerical experiments, we have identified that the age of a vehicle results in increased fuel consumption of 1.31% year-to-year for vans and 1.01% year-to-year for 18-t trucks. For that reason, we proposed a novel formula to calculate the direct CO2 emissions from heterogeneous fleets in e-commerce deliveries, which takes into consideration the age-related fuel consumption factor and the structure of a fleet.
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1. Introduction


E-commerce has developed rapidly during the COVID-19 pandemic resulting in an increased demand for last-mile deliveries [1,2,3]. In 2021, retail e-commerce sales were 5.2 trillion US dollars worldwide in comparison to 3.4 trillion U.S. dollars in 2019 [4]. For example, in 2020 alone, e-commerce sales resulted in 125 billion parcel and courier shipments [5]. The e-commerce market has become very competitive, and to be attractive to customers, companies offer services related to shortening delivery times (e.g., same-day delivery or a less than 24 h guarantee for delivery) [6]. The relationship between cost, speed, and carbon emission values in e-commerce is recently under investigation by researchers [7]. Speed-oriented distribution services in e-commerce result in lower consolidation levels, and therefore negative externalities [8], such as congestion and air pollution. In e-commerce, outbound logistics (e-commerce-related deliveries) are responsible for almost half of the direct and indirect greenhouse gas emissions in the value chain [9].



In the European Union, more than 75% of the population lives in cities; thus, most e-commerce deliveries take place in urban areas. Urban deliveries generate more than 25% of CO2 emissions in a city [10]. Due to the rapid development of e-commerce, a considerable share of urban deliveries is made directly to individual customers, so the use of traditional trucks is less effective [11]. Urban freight transport generates more pollution per km traveled than long-distance transport, due to higher fuel consumption, as there are more frequent stops (stop-and-go movements) and a higher share of idle times per trip [12,13]. The lower fuel efficiency of the last-mile operations also results from a spatial distribution of recipients. Urban e-commerce deliveries are more frequent and smaller with different time windows and non-optimal rescheduling due to the absence of recipients [14].



According to the European Commission [10], approximately 20.3% of the world′s emissions are from the transportation sector. Previous empirical studies have shown that more than 20% of CO2 emissions related to transport come from urban freight vehicles [15].



Many researchers have focused on the decarbonization of urban freight through its electrification [16,17,18], and the use of alternative modes of transportation such as cargo bikes/tricycles [19], and drones [14,20]. However, in business practices, most urban deliveries are still made by trucks and vans.



Therefore, there is a strong need for an actionable approach to measuring the CO2 emissions created by trucks and vans [21,22]. In this paper, we derive from theory and practice (focused survey) the parameters that are relevant for fuel consumption in urban areas and are related to the characteristics of the fleet. To our knowledge, existing theoretical studies do not provide a direct answer about specific methods of CO2 emissions calculated within supply chains in terms of various truck parameters. Therefore, our research contributes to this knowledge gap. The main objective of the study is to propose a practice-oriented method for calculating the total CO2 emissions in a supply chain with parameters relevant to e-commerce deliveries with a heterogeneous fleet. We focus on fuel consumption (energy efficiency) and its relation to the structure of a fleet. In this study, we aim to answer two research questions:




	
RQ1: What factors influence the CO2 emissions of vehicles in e-commerce distribution?



	
RQ2: How can direct CO2 emissions be calculated in e-commerce deliveries in an actionable way taking into account the heterogeneous fleet structure?








We search for the answer to RQ1 through the literature review and empirical studies (focused survey) among freight managers, who specialized in e-commerce deliveries.



In order to answer RQ2, a calculation formula is proposed that is useful for determining the direct CO2 emissions for a heterogeneous fleet that delivers goods in e-commerce. We performed numerical examples to test the proposed formula using real-life data and DEKRA emission′s factors.



The novelty of this research results from the proposal of a new actionable approach to calculate CO2 emissions from heterogeneous fleets in e-commerce deliveries. Through a literature review, a survey among transport managers, and a case study on e-commerce delivery, we found that the heterogeneous fleet structure impacts direct emissions from urban deliveries. We have taken into account the parameters of the heterogeneous fleet structure, such as gross weight, mass, fuel type, engine size, fuel consumption (liters/100 km), and the age of a vehicle.



The remainder of the paper is organized as follows: The research approach and methods are described in Section 2. The results of the focused survey and numerical experiments are presented in Section 3. The discussion on the application of the proposed approach is provided in Section 4. The final conclusions are stated in Section 5.




2. Literature Review


2.1. Environmental Impact of E-Commerce


Previous studies on the environmental impact of e-commerce have focused on:




	
Comparison of online versus offline shopping and related trade-offs [9,23,24].



	
Returns management and packing [25,26].



	
Last-mile logistics [1,5,27].








The negative economic, social, and environmental impact of e-commerce-related deliveries in urban areas can be summed up, as follows [23,24,25,26,27,28,29,30,31]:




	
Higher costs of km (mile) traveled per delivery.



	
Increased traffic congestion and related accidents.



	
Increased emissions of CO2 and other Green House Gases (GHG).



	
Waste, such as tires, oil, and other waste products related to the maintenance of the transport infrastructure.



	
Increased noise and vibrations.








There is an ongoing academic discussion about whether the environmental impact of e-commerce-related deliveries is more or less negative than traditional in-store shopping [7,9,25]. According to previous research, the sustainability of the last mile of e-commerce depends on two main factors: (1) The substitution of personal shopping trips by freight deliveries and (2) the energy efficiency (level of fuel consumption) of freight vehicles [1]. In this paper, we focus on the energy efficiency of freight vehicles.



Due to the complexity of the measurement and the difficulties in collecting empirical data, it is necessary to identify the key parameters that determine the final levels of energy efficiency of vehicles used for e-commerce deliveries and related CO2 emissions.




2.2. Carbon Footprint


Emissions in the supply chain are often expressed by carbon footprint (CF) and presented as the CO2 equivalent (CO2e). The carbon footprint is ‘a measure of the exclusive total amount of carbon dioxide emissions that are directly and indirectly caused by an activity or are accumulated over the life stages of a product’ [32].



It consists of carbon dioxide (CO2) and other greenhouse gasses such as CH4 (Methane) and N2O (Nitrous oxide). In such a context, actual CF is expressed as the sum of kilograms of all greenhouse gas ingredients equivalent (kgCO2e) [15]. Such an aggregated value allows one to indicate the overall carbon footprint of the supply chain in internationally recognizable standards. Therefore, precise GHG calculation supports the assessment of the specific contribution of SC to climate change and parametrizes it in terms of further optimization.



In a supply chain, the carbon footprint is commonly measured [33]:




	
To identify the most energy-consuming processes.



	
To determine how to optimize processes and reduce energy consumption.



	
To define the level of emissions so that the obtained results can be compared with competitors in their business sector or reported to authorities.








The well-established method for the calculation of the carbon footprint is the LCA (life cycle assessment), as it allows the estimation of the GHGs emitted (and embodied) at each identified step of the product (or service) life cycle [34]. Approaches to carbon footprint calculation can be top-down using the Input–Output Framework for corporate or regional CF accounting [35], or a bottom-up approach with the LCA approach (or hybrid IO-LCA) for product-level CF accounting [36,37,38]. The accounting of CO2 emissions [39,40], as follows, requires:




	
Selecting the GHGs to be included in calculations (direct and indirect).



	
Defining the organizational and operational boundaries (stakeholder analysis).



	
Collecting relevant data on GHG emissions.








Measuring CF is a very complex and data-intensive task; therefore, companies usually perform it at the aggregate level [41]. Then structural decomposition analysis and structural path analysis are needed to identify the main areas of emissions [33]. This approach is very work-intensive and requires dedicated resources. The main issue related to CF calculation is data collection, which can be obtained by real-time measurements or by estimation based on emission factors and models [40]. To simplify the CF calculation, companies often use specific emission factors from general databases with respect to the consumption of fuels/energy and other inputs [42]. This situation can result in differences in carbon footprint calculations. In recent years, much has been accomplished regarding measuring CF in various business sectors, but there are still gaps to be filled [43]. Access to comprehensive and reliable data is a major challenge. The existing bottom-up approach relies strongly on the LCA methodology, which is time- and resource-intensive. Das and Jharkharia [18] found that the identification of the scope, boundaries, and data for LCA is very problematic in a supply chain. Thus, a more actionable approach is needed [34].



We contribute to this research gap by providing an actionable method for measuring direct CO2 emissions in e-commerce deliveries.




2.3. Factors Influencing Emissions in E-Commerce


Previous studies have explored a number of factors that may influence emissions in e-commerce. The majority of the reviewed literature shows that greenhouse gas emissions are directly related to the increased consumption of fuels and energy demand [44,45,46,47].



Furthermore, the distance traveled, traffic congestion (traffic density), and traffic distribution over time (traffic restriction) have been identified as key factors related to emissions in urban deliveries for e-commerce [16,48]. Rudi et al. [47] identified the distance, load factor, and trans-shipment schedule as crucial factors in terms of their contribution to vehicle-related emissions. Many studies have investigated the organization of traffic over time as an influencing factor. For example, the impact of the toll system in the Spanish highway network on fuel consumption and related emissions was examined by Perez-Martinez et al. [49]. Moufad and Jawab [50] proposed a new methodology to calculate the emissions from urban deliveries and include the following important factors: Speed according to the capacity of the road network and information on geography, topography, and climate. Zamboni et al. [51] analyzed various speed patterns in cities and on motorways to link the dynamics of speed changes in various traffic density conditions in terms of overall fuel consumption. Some researchers have pointed out that the carbon footprint is directly related to traffic density [10,52]. Gao et al. [53] identified that fuel economy and CO2 emissions are significantly dependent on the road grade, coolant temperature, vehicle velocity, and mass. They also identified driver-controllable factors, such as high vehicle velocity and low road grade (through route choice), which are favorable to achieving low fuel consumption and emissions.



Some studies focus further on cargo characteristics and their relationship with fuel consumption and emissions. Luo et al. [42] have identified the dependencies between the weight (and the volume) of the cargo and energy consumption and the increase in CO2 emissions. Volume and density (for example, low-density goods) must also be considered as they influence the average load capacity [54,55]. Shorter delivery times for logistics companies result in more frequent and carbon-intensive delivery trips with a lower utilization rate of vehicle load capacity [7]. The low vehicle utilization rate in e-commerce is a common problem, and it results in an increase in the number of trips and the number of vehicles needed [56].



Studies on fuel characteristics focused mainly on the type of fuel and its quality. Siragusa et al. [48] indicated the level of fuel consumption and the fuel type as the main factors that influence the environmental assessment of the distribution in e-commerce. Venkataram and Rao [57] analyzed biofuel combustion and noted that fuel quality has a primary impact on greenhouse emissions within supply chains. The change from combustion engines to electric or hybrid engines and the reduction of fossil fuel consumption in terms of reducing the carbon footprint has been recently investigated by many researchers [17,19,58,59,60].



Studies on fleet characteristics and their relationship to CO2 emissions are underrepresented in the literature. In business practice, the fleet used in urban deliveries for e-commerce purposes is often heterogeneous [61,62]. E-commerce companies use various logistics providers; therefore, the fleet structure differs between them [63,64]. In their current work, Grythe et al. [65] identified factors that allow for the parametrization of a heterogeneous fleet, such as vehicle type, vehicle size, technology type (Euro standard), and fuel type. Wang et al. [66] highlighted vehicle weight as one of the crucial factors.



The summary of the findings of the literature review on the crucial factors that influence vehicle CO2 emissions in the distribution of e-commerce is presented in Table 1. Furthermore, we indicate in Table 1 the novelty of this study compared to the existing literature.



The relevant literature (Table 1) does not present a general consensus on the classification of the relevant factors in terms of the environmental impact of transportation activities related to B2C e-commerce.



Most studies take into account homogeneous fleets and focus on fuel- and road-related factors. There is a research gap on heterogeneous fleet parameters that, in practice, influence direct CO2 emissions from e-commerce deliveries. The novelty of this study results from the proposal of a new actionable approach to calculate CO2 emissions from heterogeneous fleets in e-commerce deliveries. The next section presents the research methods that are used in this study to identify the parameters of the structure of a heterogonous fleet, such as gross weight, mass, fuel type, engine size, fuel consumption (liters/100 km), and the age of a vehicle.





3. Materials and Methods


3.1. Research Approach


Our research methodology combines a literature review, a survey among transport managers, and a case study on e-commerce delivery. The research approach is presented in Figure 1.




3.2. Classification of Factors


Based on the literature review (see Section 2.3), we classify the factors in Table 1 into three categories and present them in Figure 2. The literature review was not conclusive on the characteristics of the fleet. For that reason, we determined the characteristics during a brainstorming session with five fleet managers (with a minimum of 5 years of professional experience in distribution for e-commerce purposes) from two major logistics companies in Poland, which are responsible for fleet management in urban deliveries for e-commerce purposes. During the brainstorming session, they identified the parameters that are relevant to describe the fleet, as follows:




	
Vehicle type.



	
GVM (gross vehicle mass).



	
Engine type.



	
Truck body type.



	
Tires’ type and size.



	
Age of vehicle.



	
Vehicle wear and tear in the vehicle.








The information obtained was investigated in the focus-group survey.




3.3. Survey


To measure the carbon footprint in an actionable way, it is necessary to obtain reliable data on the characteristics of the fleet. A focused survey has been conducted among transport managers (TM) responsible for fleet management for e-commerce distribution. The scope of the survey covered only trucks that were dedicated to daily domestic deliveries (Polish) of e-commerce parcels.



Data were collected regarding the daily distance travelled and the fleet characteristics. The experts had to provide a complete set of information on the truck type, GVM, engine type, vehicle age, and average fuel consumption (liters per 100 km).



The survey was carried out among carriers with various subcontractors with different means of transport (a heterogeneous fleet). The scope of the survey included experts (transport managers) from 2 distribution companies and their 13 subcontracted carriers.



The experts included the Director of the Transportation Department, Director of Logistics and Technologies, Logistics Director, Supply Chain Development Director, and Managing Director. The responsibilities of the individual experts are presented in Table 2.



The fleet under consideration included trucks and vans used for urban distribution in e-commerce. In total, 22 types of vehicles were analyzed. In consequence, 56 datasets were collected across nine different vehicle brands. Additionally, data on fuel consumption were recorded for each truck. The data were stored in a database supported by the MS Excel tool. All records containing the manufacturer name, brand, and truck type name were anonymized. The data collected as a result of the surveys contained detailed parameters related to the average monthly mileage of the vehicle, its age, and the average fuel consumption. The surveys also collected data on the brand and model of the vehicle, as well as its weight (GVM). However, due to the purpose of processing the collected data, this information was anonymized. Data were collected in a tabular form, which made it easier to verify the interdependencies between the various parameters of the vehicles in the next part of this study.



The data were also used for the assessment of the total fuel consumption and direct CO2 emissions from distribution activities.





4. Results


4.1. Notations Used in the Calculations


The notation used in the calculations is presented in Table 3. The assumptions of this study are the following:




	
The structure of a fleet is given and constant in the analyzed period of time.



	
The yearly average increase in the fuel consumption factor is the same within the homogeneous group of vehicles.



	
The structure of a fleet can be described by the parameters given (as derived from the literature review in Table 1).









4.2. Calculation


The feedback from the focus group was that the age of the vehicle is an important factor with respect to fuel consumption and related emissions. In our opinion, this topic has not been sufficiently explored in the literature. For that reason, we focused on it in our empirical research. The average fuel consumption of vehicles within specific GVM groups was determined on surveys among carriers. The respondents had to provide information on the vehicle type, engine capacity, vehicle age, GVM, fuel type, and average fuel consumption in liters per 100 km. In the case of data gaps, the fuel consumption level was calculated based on the dynamics of changes in the consumption level over time (age of the vehicle). Statistical estimation was conducted using the MS Excel tool regarding the average fuel consumption. In terms of the statistical methodology, evaluation limits were outlined by Dempster et al. [67]. Based on the collected data and the calculations performed, it was possible to create a statistical model that represents the average fuel consumption with respect to the age factor for each analyzed GVM range. Due to the quality of the data obtained in the surveys and the level of quantitative representation of the vehicle groups, the results were finally calculated for the GVM categories of 3500 kg (3.5 t), 12,000 kg (12 t), and 18,000 kg (18 t). The calculations were carried out on the basis of real data from 56 cases in various categories of GVM. The data from the surveys were compared with the average fuel consumption, which was declared by the manufacturers of 31 new vehicles (suitable for e-commerce deliveries in urban areas) currently (Q4 2021) available on the market. The results are presented in Table 4.



Due to differences in the dynamics of fuel consumption in each GVM class, the average consumption level was presented separately for each group.



The average annual increase in fuel consumption between vehicles used in the daily distribution was calculated according to the logic presented within Formula (1) below.


    I ¯  a  =     ∑   i = 1  k  I i  k   



(1)







    I ¯  a   —Average yearly fuel consumption increase indicator per each GVM truck class.     ∑   i = 1  k  I i  —Total fuel consumption.   I i  —Fuel consumption of each truck. k—Number of trucks.



As a result of the calculation, the yearly average increase in fuel consumption is presented in Figure 3 and Table 5.



In order to validate the structure of the fleet from the empirical studies, we compared the results with manufacturers’ data regarding the fuel consumption of new trucks/vans. Fuel consumption data sourced from truck/van manufacturers were gathered and sorted by GVM class. Actual data sourced among various dealers and brands are presented in Appendix A. According to the information collected from manufacturers, the average fuel consumption of a new vehicle for each GVM class was calculated. The results are presented in Figure 4.



To verify the correctness of survey-based results, we compared them with the market data in Table 6. The results obtained in the survey were slightly higher than those provided by the manufacturers. Truck manufacturers often provide fuel consumption data that correspond to stable weather conditions and ideal eco-driving style, etc. Due to this approach, published data tend to be lower than the actual outcome for a used, partially loaded truck. The data provided in our survey (by transport managers) represent fuel consumption in a more diverse manner based on daily e-commerce deliveries.



Analyzing the collected data, it can be observed that the highest increase in fuel consumption appears for vehicles with a GVM of 3500 kg. According to research, the annual increase in fuel consumption for this GVM class is 1.31%. At the same time, heavier vehicles are characterized by a slower yearly growth rate of this factor. In Appendix B, we present the comparison of the fleet of the empirical study (in terms of the engine capacity and GVM) with the structure offered by manufacturers in Q4 2021. It allows us to assume that the fleet structure in our study reflects the standard market conditions (structure of the current new truck models) in terms of engine size, GVM, and fuel consumption. Thus, the calculated age–fuel consumption factor can be used for the calculation of the carbon footprint.




4.3. New Approach to Calculate Direct Emissions for E-Commerce Deliveries


The proposed approach allows for calculating the emissions in a simplified and actionable way for a group of vehicles of the same characteristics (GVM and age), and then for the whole heterogeneous fleet. The calculations are based on the essential parameter (as was indicated in the literature review), namely the distance travelled for each vehicle class (with the same GVM and age). The calculation of the distance has to be performed according to the logic presented in Formula (2) below.


   R α  =   ∑   i = 1  k   R i   



(2)







According to the results of the survey and the obtained results, a comprehensive formula has been created to evaluate direct CO2 emissions from e-commerce deliveries. Formula (3) is proposed for calculating the total equivalent GHG emissions of a group of trucks with the same age and GVM (homogeneous). Therefore, regarding different GVM classes and vehicle ages, CF can be assessed using the related average yearly increase in fuel consumption. The total final emissions are expressed as kgCO2e equivalent. Formula (3) is defined as:


  H o m o g e n i u s   F l e e t     E m i s s i o n s    [    kg   CO  2  e  ]  =   R α  ∗     (       F C  ¯  α    100    )  ∗  (   (    I ¯  a   ∗    V  )  + 1  )  ∗ F c f  



(3)







To provide a solution for the estimation of direct emissions of the heterogeneous fleet of vehicles used in a company, an extension of the previous formula is prepared. Formula (4) proposed below allows us to determine the level of the carbon footprint for the entire heterogeneous fleet with different GVMs and ages of the vehicles.


  H e t e r o g e n i o u s   F l e e t   E m i s s i o n    [    kg   CO  2  e  ]  =   ∑   a = 1  n   [    R α  ∗     (       F C  ¯  α    100    )  ∗  (   (    I ¯  a   ∗    V  )  + 1  )  ∗ F c f  ]   



(4)








4.4. Verification—Case Study


To verify the correctness and usefulness of the proposed approach, the calculation of the carbon emissions of e-commerce deliveries is carried out. We apply the case study approach, which allows us to explore “what”, “how”, and “why” the analyzed phenomenon works [68]. Moreover, a case study allows for an early-stage explanatory investigation, even if the variables are not fully understood [69]. The case study covers a network of e-commerce deliveries with a heterogeneous fleet (different GVM classes and different ages of vehicles). The analyzed distribution network includes the Distribution Centre (DC) and local Cross Docks (CDs). It is assumed that the network is optimized, as designed based on the center of gravity method [70].



First, transport processes have been mapped and key emission points have been identified. For simulation purposes, a simplified model of vehicles with a GVM of 18 tons has been proposed for daily deliveries from the Distribution Centre to the Cross Docks. On their way back to DC, linehaul trucks carry rejected goods or returns from local CDs. Due to the presence of Reverse Logistics (RL) elements within this SC, the calculated distance has to include roundtrips for the linehauls. The final customers can send returns back to the producer using carrier services or bring them back directly to pick-up points that are visited by local van drivers on a daily basis. Last-mile distribution is carried out from the local Cross Docks with a GVM of only 3.5 tons. The vans (3.5t GVM) start daily trips from CDs and are left there for overnight parking; thus, no additional distance needs to be considered for them. A general and simplified view of the modelled distribution network is presented in Figure 5.



In order to conduct accurate calculations in the first step, an exact distance has been identified between the distribution center and the local cross-docks. In the created model, linehaul trucks operate only between DC and one specific cross dock, therefore, the travelled distance does not have to include any extra distance for co-loading or extra drop-off points. The average distance for a roundtrip is presented in Table 7.



The daily distance travelled by 3.5 t vehicles is more variable due to differences in delivery schedules (depending on the location of the final customer). Thus, an average daily distance was calculated. The results are presented in Table 8.



The structure of the heterogeneous fleet in terms of vehicle type and age is presented in Table 9. In the proposed approach, not only are the number of vehicles grouped by type (Truck or van) and the gross vehicle mass (18,000 kg or 3500 kg) important but also the age of the vehicle in use. Therefore, the heterogeneous fleet presented in Table 9 contains all the key parameters to estimate direct CO2 emissions of e-commerce distribution.



The number of daily departures from the specific cross dock and the distribution center to local cross docks in terms of linehaul routes is presented in Table 10.



All the above parameters have been taken into account, as shown in the proposed calculation Formula (1). To ensure reliable results, an up-to-date conversion factor of the dataset by UK DEFRA was used for calculations. Calculations were performed separately for each GVM class. The results are presented in Table 11.



The results show the difference between the GHG emission of the linehauls and smaller van trucks, which are used for the last-mile deliveries (final delivery leg). The dependencies between the age of the vehicle and overall kgCO2e are noticeable. The results are comparable to the GHG calculation within an actual fleet. The calculation confirms that the age of the vehicle influences the overall level of greenhouse gases within the supply chain. The calculation allows for calculating an average CO2 emission per kilometer. The results are presented in Table 12 for the final delivery legs in the e-commerce distribution.





5. Discussion


Studies on CO2 emissions in a supply chain focus mainly on manufacturing [71,72] and sourcing activities [73]. Empirical studies on emissions related to distribution in commerce deliveries are very limited [18,34,56].



Our previous studies [74] have shown that the reported CO2 emissions values depend on the method used for the calculation. Methods for measuring the carbon footprint do not fully reflect real-life needs. Theoretical studies focus mainly on the LCA-based approach, which is very complex and requires a significant amount of internal and external data. Most studies take into account the homogeneous fleet and focus on fuel- and road-related factors. In this study, we focused on empirical research in order to identify factors that are relevant for the calculation of direct CO2 emissions in e-commerce deliveries and are the responsibility of fleet managers. We focus on a heterogeneous fleet structure, as it is common in real life and is not sufficiently investigated in the literature. Real-life e-commerce deliveries are performed with a heterogeneous fleet, as transport activities are often outsourced to different partners in a supply chain [61,62]. In our approach, we determined factors based on previous studies on fleet characteristics and their relationship to CO2 emissions [65,66,68], which identified factors that allow for the parametrization of a heterogeneous fleet, such as vehicle type, vehicle size/weight, technology type (Euro standard), and fuel type. Through an exploratory analysis, we additionally identified the age of a vehicle as a factor that influences fuel consumption and related CO2 emissions. In this study, we determined the answers to two research questions. As a result of the literature review and a survey with transportation management, we obtained additional information on fuel consumption and its link to the characteristics of the fleet. Through numerical experiments, we identified that the age of a vehicle results in increased fuel consumption of 1.31% year-to-year for vans and 1.01% year-to-year for 18-t trucks. For that reason, we proposed a novel formula to calculate the direct CO2 emissions from heterogeneous fleets in e-commerce deliveries, which takes into consideration the age-related fuel consumption factor and the structure of a fleet.



The results have theoretical and practical implications. The theoretical contribution is a novel actionable approach for the calculation of the direct CO2 emissions from a heterogeneous fleet in e-commerce deliveries. Previous studies highlight the role of logistics service providers in the development of a sustainable supply chain and the need for further investigation in this area [75,76]. Most existing studies refer to the fuel efficiency of vehicles, e.g., [77], in relation to different environmental conditions. In this article, we conducted an exploratory analysis (a focused survey) on the structure (GVM and vehicle age) as a factor influencing emissions levels, which extends the existing body of literature.



This work has managerial implications, as it highlights the role of the fleet structure in the calculation of CO2 emissions. The structure of the fleet is the responsibility of transport managers. They can benefit from the findings of this paper in short- and long-term managerial decision making. First, the proposed formula is actionable as it does not require conducting complex and time-consuming data collection. We based our CO2 emissions calculations on information available to fleet managers on a daily basis or can be easily extracted from the internal database of a company, such as the number of vehicles, ages of vehicles, GVM, distance travelled, and fuel consumption. The fleet manager can use the proposed approach to manage direct fleet emissions in the urban distribution network for e-commerce purposes. They can use the simplified formula for the simulation of the preferred fleet structure (how many trucks, how many vans, and the ages of vehicles) for a particular customer from the e-commerce sector or for a particular period of time, in order to meet the goal of CO2 reduction. Second, the decision can be used in the long term to support fleet renewal decisions in terms of the potential reduction of CO2 emissions.




6. Conclusions


The purpose of this study is to provide a novel and actionable approach to the calculation of direct CO2 emissions from a heterogeneous fleet for the purpose of e-commerce deliveries in urban areas. The provided formula allows for the simplified calculation of CO2 without the need for performing resource-intensive LCA calculations. We investigated the answer to RQ1 through the literature review and empirical studies (focused survey) among freight managers, who specialized in e-commerce deliveries. We categorized the factors that influence direct CO2 emissions in urban deliveries for urban purposes into three categories: (1) Cargo, road, and traffic characteristics; (2) fuel characteristics; and (3) fleet characteristics. After the brainstorming session with fleet managers, we focused on the GVM, age of a vehicle, number of vehicles, and fuel consumption. We accounted for the distance traveled in the linehauls and last-mile deliveries. Using the data from the survey, we identified the increase in fuel consumption with age. Due to the research conducted among carriers, it was possible to determine the average annual increase in fuel consumption based on the age of a vehicle and vehicle GVM.



To answer RQ2, a calculation formula was proposed that is useful to determine direct CO2 emissions for a heterogeneous fleet that delivers goods in e-commerce. We performed numerical examples to test the proposed formula using real-life data and DEKRA emission factors.



The novelty of this research results from the new and easy-to-apply approach to calculate CO2 emissions from heterogeneous fleets in e-commerce deliveries, which takes into account the GVM, type of vehicle, and vehicle age. Therefore, the proposed method can be used to estimate the levels of greenhouse gas in the case of online sales and related deliveries (distribution). The fleet used for e-commerce deliveries is often older than that used for long-haul transportation [78]. Furthermore, the COVID-19 pandemic and current economic crisis can also result in a slower renewal of vehicle fleets, with older, more energy-consuming and polluting vehicles being used for longer periods (before replacement by newer models) [79]. Thus, this paper contributes to theory and practice, as it allows one to parametrize the influence of vehicle age on the increase in fuel consumption and related CO2 emissions.



The limitations of this study result from the fact that, in data collection, we rely on expert knowledge (transport managers). Therefore, there may be some differences depending on the fleet structure used and the drivers’ qualifications (e.g., eco-driving training). In order to mitigate this limitation, we triangulated the empirical data with manufacturers′ data regarding the fuel consumption of new trucks/vans. Fuel consumption data sourced from truck/van manufacturers were collected and sorted by GVM class. Actual data sourced from various dealers and brands are presented in Appendix A. The proposed approach was also implemented in business practice and was positively assessed as actionable and feasible by the transport managers who participated in the case study.



Future research will be conducted to verify mutual interconnections between heterogeneous fleet characteristics such as GVM, engine capacity, mileage, and fuel consumption to identify other relevant factors that will extend the proposed calculation formula.
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Table A1. New trucks’ fuel consumption levels.






Table A1. New trucks’ fuel consumption levels.





	Brand-Code
	Fuel Type
	Engine Capacity
	Average Fuel Consumption (L/100 km)
	GVM
	Range





	A
	Diesel
	2287 cm3
	16.9
	3500
	2000–3000 cm3



	A
	Diesel
	3000 cm3
	20.8
	7200
	3000–4000 cm3



	A
	Diesel
	3000 cm3
	22.1
	12,000
	3000–4000 cm3



	A
	Diesel
	3908 cm3
	24.7
	18,000
	3000–4000 cm3



	A
	Diesel
	3908 cm3
	23.4
	16,000
	3000–4000 cm3



	A
	Diesel
	8700 cm3
	23.4
	18,000
	8000–9000 cm3



	A
	Diesel
	8700 cm3
	31.2
	40,000
	8000–9000 cm3



	B
	Diesel
	12,700 cm3
	30
	40,000
	12,000–13,000 cm3



	C
	Diesel
	16,100 cm3
	31.2
	40,000
	16,000–17,000 cm3



	D
	Diesel
	12,777 cm3
	30
	40,000
	12,000–13,000 cm3



	E
	Diesel
	1968 cm3
	15.6
	3500
	1000–2000 cm3



	F
	Diesel
	3000 cm3
	14.3
	3500
	3000–4000 cm3



	F
	Diesel
	3000 cm3
	18.2
	7500
	3000–4000 cm3



	F
	Diesel
	3000 cm3
	19.5
	8500
	3000–4000 cm3



	G
	Diesel
	5100 cm3
	18.2
	12,000
	5000–6000 cm3



	G
	Diesel
	5100 cm3
	20.8
	16,000
	5000–6000 cm3



	G
	Diesel
	7700 cm3
	24.7
	18,000
	7000–8000 cm3



	G
	Diesel
	12,800 cm3
	28.8
	40,000
	12,000–13,000 cm3



	H
	Diesel
	4700 cm3
	18.2
	7500
	4000–5000 cm3



	H
	Diesel
	4700 cm3
	20.8
	10,000
	4000–5000 cm3



	H
	Diesel
	4700 cm3
	19.5
	12,000
	4000–5000 cm3



	H
	Diesel
	4700 cm3
	22.1
	14,000
	4000–5000 cm3



	H
	Diesel
	4700 cm3
	26
	18,000
	4000–5000 cm3



	H
	Diesel
	10,800 cm3
	33.6
	40,000
	10,000–11,000 cm3



	H
	Diesel
	12,900 cm3
	32.4
	40,000
	12,000–13,000 cm3



	I
	Diesel
	1968 cm3
	15.6
	3500
	1000–2000 cm3



	I
	Diesel
	1968 cm3
	16.25
	7500
	1000–2000 cm3



	I
	Diesel
	6871 cm3
	17.55
	12,000
	6000–7000 cm3



	I
	Diesel
	6871 cm3
	22.1
	16,000
	6000–7000 cm3



	I
	Diesel
	6871 cm3
	23.4
	18,000
	6000–7000 cm3



	I
	Diesel
	12,500 cm3
	32.4
	40,000
	12,000–13,000 cm3









Appendix B


The structure of the fleet in the empirical study is presented in Figure A1 and the structure of the fleet offered by the manufacturers in Q4 of 2021 is presented in Figure A2.
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Figure A1. Structure of fleet in the study. Correlation between truck GVM and engine capacity. 
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Figure A2. Structure of fleet offered by truck manufacturers in Q4 2021. Correlation between truck GVM and engine capacity. 
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Figure 1. Research methodology. 
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Figure 2. Factors determining carbon footprint within e-commerce distribution. 
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Figure 3. Fuel consumption in terms of vehicle age calculated according to the GVM class. 
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Figure 4. Average fuel consumption for a new truck/van per GVM class. 
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Figure 5. Modelled network for e-commerce deliveries. 
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Table 1. Factors influencing emissions in e-commerce.
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	Topic

Category
	Factor
	Study





	Road
	Distance travelled
	[16,47,48]



	
	Topography of road network
	[50,53]



	Traffic
	Traffic congestions, distribution of traffic over time
	[16,48]



	
	Traffic restriction
	[16,48,49]



	
	Traffic density
	[10,51,52,53]



	
	Speed limitation
	[51,53]



	Cargo
	Load factor
	[7,42,47,53]



	
	Transshipment schedule
	[47,63,64]



	
	Cargo volume and density
	[55,56]



	Fleet
	Vehicle mass (size)
	[42,65,66]



	
	Number of vehicles
	[57]



	
	Vehicle type
	[65], [this study]



	
	Vehicle age
	[This study]



	Fuel
	Type of fuel
	[17,18,48,58,59,60]
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Table 2. Expert’s profile.
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	Managing Supply Transport
	Distribution

Management
	Supply Chain

Optimization
	Decision-Making on Efficiency of Supply Chain





	Director of the Transport Department
	X
	X
	X
	X



	Director of the Logistics and Modern Technologies
	X
	X
	X
	X



	Logistics Director
	X
	X
	X
	X



	Supply Chain Development Director
	X
	X
	X
	X



	Managing Director
	X
	
	
	X



	13 owners of small- and medium-size subcontracting companies
	X
	X
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Table 3. Notations.






Table 3. Notations.





	Symbol
	Notation′s Description





	      ∑   i = 1  k   I i   
	Total fuel consumption.



	   I i   
	Fuel consumption of each truck.



	    R i    
	Total distance of the truck in kilometers.



	  k  
	Number of trucks within the same GVM class and age.



	   F c f   
	Fuel conversion factor—UK DEFRA conversion factor chart for liquid or gaseous fuel combustion.



	  a  
	GVM class.



	    R α    
	The total amount of kilometers traveled on the route by group of trucks with the same    V α    and α parameters.



	      F C  ¯  α    
	Average fuel consumption [liters/100 km] per GVM class.



	     I ¯  a    
	Yearly average increase in fuel consumption indicator per each GVM class described as α type.



	Vα
	Vehicle age (years in operation per each α type).
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Table 4. Average fuel consumption per GVM in medium traffic.






Table 4. Average fuel consumption per GVM in medium traffic.





	

	
Age

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12

	
13

	
14

	
15

	
16

	
17

	
18

	
19

	
20

	
Average Fuel Consumption






	
GVM

	
3500 kg

	
16.0

	
16.2

	
16.5

	
16.7

	
16.9

	
17.2

	
17.4

	
17.6

	
17.9

	
18.1

	
18.3

	
18.6

	
18.8

	
19.0

	
19.3

	
19.5

	

	

	

	

	
17.8




	
12,000 kg

	
22.5

	
22.6

	
22.7

	
22.9

	
23.0

	
23.1

	
23.1

	
23.1

	
23.3

	
23.4

	
23.5

	
23.7

	
24.4

	
24.4

	
24.4

	
24.4

	
24.4

	
24.5

	
24.5

	
24.5

	
23.6




	
18,000 kg

	
24.9

	
25.2

	
25.5

	
25.7

	
26.0

	
26.3

	
26.5

	
26.8

	
27.1

	
27.4

	
27.6

	
27.9

	
28.2

	
28.5

	
28.7

	
29.0

	

	

	

	

	
27.0
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Table 5. Average increase in fuel consumption per GVM class.






Table 5. Average increase in fuel consumption per GVM class.





	GVM

[kg]
	Increase in Average Fuel Consumption Increase—Year to Year Factor





	3500
	1.31%



	12,000
	0.46%



	18,000
	1.01%
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Table 6. Average fuel consumption—survey and comparison of market data.






Table 6. Average fuel consumption—survey and comparison of market data.





	
Fuel Consumption [L/100 km] in 1st Year of Use




	
GVM

[kg]

	
New Truck

	
Statistical Model Based on Surveys






	
3500

	
15.60

	
16.0




	
7200

	
20.80

	




	
7500

	
17.55

	




	
8500

	
19.50

	




	
10,000

	
20.80

	




	
12,000

	
19.34

	
24.2




	
14,000

	
22.10

	




	
16,000

	
22.10

	




	
18,000

	
24.44

	
24.9




	
40,000

	
31.20
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Table 7. Daily average round-trip distances used for calculations for trucks.






Table 7. Daily average round-trip distances used for calculations for trucks.





	

	
Roundtrip/Daily

	






	
[km]

	
Distance to Cross dock 1

	
Distance to Cross dock 2

	
Distance to Cross dock 3




	
From DC

	
428 km

	
470 km

	
396 km
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Table 8. Daily average round-trip distances used for calculations for vans.






Table 8. Daily average round-trip distances used for calculations for vans.





	[km]
	Daily Distance





	From Cross dock 1
	276 km



	From Cross dock 2
	316 km



	From Cross dock 3
	329 km
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Table 9. Fleet characteristics.






Table 9. Fleet characteristics.





	
Number of Trucks

	
GVM [kg]

	
Transportation Tasks






	
6

	
18,000

	
Linehaul




	
8

	
3500

	
Final delivery leg




	
Number of linehaul trucks

	
Vehicle′s age




	
2

	
2




	
3

	
4




	
1

	
12




	
Number of vans

	
Vehicle′s age




	
1

	
2




	
2

	
5




	
3

	
3




	
2

	
7
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Table 10. Simplified transportation scheme of linehauls and last-mile routes.






Table 10. Simplified transportation scheme of linehauls and last-mile routes.





	Linehaul routes GVM 18,000 kg
	To CD 1
	To CD 2
	To CD 3



	Departures from DC
	2
	1
	3



	Last mile delivery GVM 3500 kg
	From CD 1
	From CD 2
	From CD 3



	Departures
	3
	4
	1










[image: Table] 





Table 11. Carbon dioxide equivalent emission in the e-commerce distribution network.






Table 11. Carbon dioxide equivalent emission in the e-commerce distribution network.





	Type
	GVM [kgs]
	Truck′s Age
	Monthly

Distance
	kgCO2e





	Linehaul
	18,000
	2
	8988
	6063



	Linehaul
	18,000
	2
	8988
	6063



	Linehaul
	18,000
	4
	9870
	6790



	Linehaul
	18,000
	4
	8316
	5721



	Linehaul
	18,000
	4
	8316
	5721



	Linehaul
	18,000
	12
	8316
	6165



	Final delivery leg
	3500
	2
	8988
	3893



	Final delivery leg
	3500
	5
	8988
	4042



	Final delivery leg
	3500
	5
	9870
	4439



	Final delivery leg
	3500
	3
	8316
	3648



	Final delivery leg
	3500
	3
	8316
	3648



	Final delivery leg
	3500
	3
	8316
	3648



	Final delivery leg
	3500
	7
	8316
	3832



	Final delivery leg
	3500
	7
	8316
	3832
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Table 12. Average CO2 equivalent emission per vehicle depending on its age.






Table 12. Average CO2 equivalent emission per vehicle depending on its age.





	Type
	GVM [kg]
	Age of a Vehicle
	Monthly Distance
	kgCO2e/km





	Linehaul
	18,000
	2
	8988
	0.6746



	Linehaul
	18,000
	2
	8988
	0.6746



	Linehaul
	18,000
	4
	9870
	0.6879



	Linehaul
	18,000
	4
	8316
	0.6879



	Linehaul
	18,000
	4
	8316
	0.6879



	Linehaul
	18,000
	12
	8316
	0.7414



	Final delivery leg
	3500
	2
	8988
	0.4331



	Final delivery leg
	3500
	5
	8988
	0.4497



	Final delivery leg
	3500
	5
	9870
	0.4497



	Final delivery leg
	3500
	3
	8316
	0.4386



	Final delivery leg
	3500
	3
	8316
	0.4386



	Final delivery leg
	3500
	3
	8316
	0.4386



	Final delivery leg
	3500
	7
	8316
	0.4608



	Final delivery leg
	3500
	7
	8316
	0.4608
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