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Strategic Multi-Echelon and Cross-Modal CO2 Emissions Calculation in Parcel Distribution 1 

Networks. A First Step Toward a Common Language 2 

Abstract 3 

Sustainability in distribution networks is currently the focus of study at institutional, academic, and 4 

commercial levels. Reducing greenhouse gas emissions is on all the programmatic agendas, and the 5 

goals are clear for years toward carbon neutrality. As one of the main polluting sectors and growing 6 

trends with e-commerce, transport must align its efforts to contribute to the cause. In this paper, a 7 

strategic model is proposed for the calculation of CO2 emissions in the distribution of parcels. Novel in 8 

this research is that it integrates both line-haul transport and last-mile distribution at a strategic level 9 

and includes key elements such as time windows and population density in the calculation. Through an 10 

applied case in the parcel distribution in Belgium, the calculation of CO2 emissions with the proposed 11 

model is illustrated. The model is enhanced by analysing the time windows effect and the electrification 12 

of the last-mile fleet. The results of CO2 emissions in parcel distribution in Belgium show that it is 13 

possible to reduce emissions not only through the electrification of the fleet but also with an efficient 14 

distribution network. The effect of the network structure will be more evident with international 15 

shipments that include more polluting modes of transport. However, the results for Belgium show that 16 

the last mile is currently the most polluting segment. The proposed model could further be 17 

complemented by including reverse logistics, in-house calculation, and packaging emissions. 18 

Keywords: CO2 emissions, calculation, integrated modelling, supply network, parcel distribution 19 

1 Introduction 20 

One of the significant concerns today is climate change and global warming. These concerns are 21 

reflected in global and regional agreements for reducing pollutant emissions and setting sustainable 22 

development objectives by the United Nations. The European Commission has defined the main 23 

objective of the Green Deal as the reduction of greenhouse gas emissions by 55% compared to 1990 24 

levels by 2030 [1]. Specifically, for commercial vehicles such as vans, the reduction of CO2 emissions 25 

should be 50% by 2030, and for 2030 the goal is zero emissions for new cars. Transportation is the most 26 

significant source of greenhouse gas emissions in the United States (27%) [2], and the second 27 

worldwide (24%), only surpassed by electricity and heat producers (42%) [3]. 28 

Road transport had the highest emissions within the transport sector in 2018 worldwide (74.5%), 29 

corresponding to 45.1% to passenger transport and 29.4% to freight [4]. Aviation contributed 11.6% of 30 

total CO2 transport-related emissions, of which 19% come from freight; shipping counted for 10.6%. 31 

With these figures, it can be established that freight transport, in all modes contributed 42.2% to total 32 

transport CO2 emissions in 2018. Since 2019/2020, these values have changed significantly because of 33 

the Covid-19 pandemic, especially in the passenger transport segment. According to the European 34 
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Parliament [5], with data from the European Environmental Agency, in 2019, only 11% and 1.3% of 1 

the emissions generated by road transport correspond to light-duty trucks and motorcycles, respectively. 2 

These vehicles are used in last-mile distribution, which shows that the bulk of the emissions is generated 3 

in line-haul transportation. 4 

Measuring greenhouse gas emissions is a step toward achieving the emissions reduction goals. But at 5 

this point a question arises, do we speak the same language when calculating emissions? Although some 6 

stakeholders are already measuring the CO2 emissions generated in transport, as is the case of airlines 7 

[6], a standard measurement throughout the whole supply network is essential. In this case, it is not 8 

enough to add separate measurements; integrated models are needed. The need for a standard emissions 9 

calculation also exists in the distribution of parcels. The global growth of retail Business-to-Customers 10 

(B2C) e-commerce  has been such that by 2020 it already represented 18% of total sales. It is expected 11 

to grow at least 1% in the following years. A comprehensive calculation of CO2 emissions in the parcel 12 

supply network must integrate both the last-mile and the line-haul transportation. 13 

The objective of this paper is to propose a strategic model for the calculation of CO2 emissions in parcel 14 

distribution networks. The strategic component contemplates integrating the line-haul and last-mile 15 

transport in a multi-echelon network and including all modes of transport. In order to take the modelling 16 

of the last-mile distribution from an operational level (classical Vehicle Routing Problem – VRP) to a 17 

strategic level, theoretical estimations of the route length are used. The paper is structured as follows; 18 

section 2 shows the literature overview and the bases for calculating CO2 emissions in transport. Section 19 

3 develops the description of the problem and the definition of the model. An application of the CO2 20 

emissions calculation in the parcel distribution network in Belgium is presented in section 4. Finally, in 21 

section 5, the practical implications and conclusions are presented. 22 

2 Transport CO2 emissions: Literature overview, approaches, and calculators 23 

Searches in databases such as SCOPUS show that the literature on calculating CO2 emissions in 24 

transport, using terms such as last-mile, supply chain, or network, has grown recently due to the 25 

sustainability boom. The CO2 emissions as a decision variable have been used in the design of supply 26 

networks. Multi-objective optimisation minimises costs and CO2 emissions [7] or selects an adequate 27 

transport mode [8]. Also, as a criterion for selecting suppliers with lower CO2 emissions or higher green 28 

factors [9]. The base formulation is maintained using the weight of the load, the vehicle's capacity, the 29 

distance travelled, and the emission rate (emission factor) for loaded and empty vehicles [10]. 30 

In biomass supply chains, CO2e emissions (CO2e – equivalents is the conversion of all greenhouse gas 31 

emissions to CO2 emissions) are part of the environmental assessment of the transport of raw materials 32 

[11]. In addition to the transportation of biomass, the CO2 emissions from cultivating and harvesting oil 33 

palm [12] or sugar cane [13] are also contemplated in the biomass supply chain. More comprehensive 34 
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models such as life cycle analysis – LCA complemented with geographic and simulation analyses also 1 

use measurements of CO2 emissions in biomass production. 2 

The calculation of CO2 emissions in supply chains of consumer goods has also contributed to the 3 

development of measurement methodologies. Multimodal approaches, including road and maritime 4 

transport, still use distance travelled averages instead of the actual network [14]. However, the 5 

methodological framework model for calculating emissions proposed by Mubarak & Zainal [14] does 6 

take into account the emissions from the transhipment centres. This is a differentiator in emission 7 

calculation models since it includes variables such as packaging, handling, and refrigeration energy. 8 

This methodology has also been used to compare logistic emissions in some Asian countries, as the 9 

authors argue that standard methods do not apply in these regions [15]. More specifically, in the last-10 

mile distribution, Edwards et al. [16] performed a comparative analysis in terms of CO2 emissions of 11 

conventional and online retailing. The authors showed that the CO2 emission per item delivered using 12 

a van that drops 120 deliveries on a 50-mile route is around 181g/drop. 13 

One direct measure for reducing CO2 emissions in road transport is the electrification of vehicles. Since 14 

Tank-To-Wheel CO2 emissions from electric vehicles are nominally zero, electric light commercial 15 

vehicles are the best for urban distribution [17]. Woody et al. [18] show the counterpart of electrification 16 

with an analysis of the trade-off between minimising costs and minimising GHG emissions in 17 

recharging electric vehicles. Recharging strategies at certain hours of the day show both economic and 18 

environmental benefits in this regard. 19 

Even though bibliographical production is growing, most of the methodologies for calculating CO2 and 20 

CO2e emissions do not come from the scientific literature. Davydenko et al. [19], [20] and Wild [21] 21 

present a good account of current standards and methods for CO2 and CO2e emissions measuring and 22 

reporting. Elements from the regulatory point of view or institutional programs can be consulted in 23 

those works. Methodological approaches and key variables such as the emission factors in the emissions 24 

calculation will be described below. 25 

The EN16258 standard establishes a 3-step methodology, where the transport service is first divided 26 

into individual sections or legs [22]. Then the calculation of greenhouse gas emission is made from the 27 

energy consumption, to add later the results of all the legs of the transport service [23]. Similarly, 28 

Mckinnon & Piecyk [24] proposed a 5-step methodology for measuring and reporting emissions, 1) 29 

define the objective, 2) select the calculation approach and system limits, 3) collect data and emission 30 

factors, 4) calculate, and 5) verify and report. The Greenhouse Gas Protocol – GHG [25] sets the 31 

emission measurements in three scopes, direct emissions (scope 1), indirect emissions from electricity 32 

(scope 2), and supply chain emissions (scope 3). However, this protocol is seen from the corporate 33 

level. For this reason, emissions due to transportation from suppliers are considered in scope 3. 34 
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According to the Green Logistics project executed by the Fraunhofer Institute, there are three emission 1 

calculation approaches consumption-based approach, distance-based approach (or activity), and key 2 

figure-based approach [26]. The approaches are related to the scopes proposed by the GHG protocol, 3 

scope 1 emissions are usually calculated with the consumption-based approach. For emissions in scope 4 

3, an activity-based calculation is more appropriate. The approach based on key figures seeks to 5 

aggregate the calculation of emissions from corporate figures and averages. 6 

A broader methodological framework is proposed by the Smart Freight Centre [27] for the calculation 7 

of logistical emissions. The framework is based on the GHG protocol and contemplates three steps, 8 

from defining boundaries and objectives to calculating emissions in the different scopes. The 9 

distribution network view is contemplated in the Lean & Green program in the Netherlands, where 10 

optimisation in transportation planning is established as a measure to reduce emissions [28]. The 11 

program proposes that better planning of the tactical/operative operations in the distribution leads to 12 

eliminating unnecessary trips and consequently reducing emissions and costs. 13 

Regarding the emission factors, the CE Delft [29] presents a wide range of Well-To-Wheel (WTW) 14 

emission factors for all modes of transport (except air). According to this study, for road transport, large 15 

vans, trucks, and semitrailer trucks have emission factors of 1153, 259, and 82 g/tkm, respectively. 16 

Likewise, in 2019 the French Ministry for the Ecological and Inclusive Transition published a 17 

methodological guide on greenhouse gas information for transport services [30]. This guide shows a 18 

complete list of energy sources with their respective emission factors for the operation and upstream 19 

phases. The official software of the European Commission for calculating energy consumption is the 20 

Vechicle Energy Consumption Tool – VECTO [31]. With this tool, the energy consumption of heavy-21 

duty vehicles can be simulated to estimate the emission factors. Some results of the simulation with 22 

VECTO show that the emission factors for delivery vans and rigid and trailer trucks are 113.07, 275.2, 23 

and 61.2 g/tkm, respectively. The van emissions factor shows significant discrepancies between the 24 

values simulated by VECTO and those reported by CE Delft. 25 

EcoTransIT World is an industry-driven platform for calculating the carbon footprint of freight 26 

transport [32]. The methodology used by EcoTransIT is in line with EN16258 standards and uses cargo 27 

type parameters for all modes of transport. It is worth highlighting the use of the resistance factor, 28 

which, although the tool does not contemplate routing, allows smaller vehicles to enter urban roads if 29 

comparable to taking longer routes by highways. Another tool is BigMile, a carbon analytics service 30 

that provides insights on the carbon footprint related to transportation. This service analyses shipments, 31 

customers, subcontractors, periods, and regions [33]. There are also tools for calculating emissions 32 

specialised in a single mode of transport. Perhaps the most comprehensive emissions calculator is 33 

CarbonCare, which integrates all transport modes and storage and cold chain emissions [34]. Based on 34 
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the EN16258 standard, Carbon Care calculates Great Circle Distances and emissions segment by 1 

segment. 2 

In the postal and parcels sector, the UPU [35] has launched the Online Solution for Carbon Analysis 3 

and Reporting – OSCAR tool for calculating, reporting, and mitigating greenhouse gas emissions. Oscar 4 

is built based on the Greenhouse Gas Protocol methodology, which calculates emissions at the corporate 5 

level in 3 scopes [25]. Similar to the Smart Freight Centre methodological framework. Likewise, private 6 

initiatives such as the DHL [36] emissions calculator allow estimating the emissions of a shipment. This 7 

tool considers shipment legs with different modes of transport between two points. 8 

In conclusion to this section, the unanimous call for a globally standardised calculation of CO2 9 

emissions is highlighted. Institutional and private initiatives have proposed standards for measuring 10 

CO2 emissions that should be adopted in an integrated methodology. No CO2 emissions calculator or 11 

methodologies simultaneously focus on last-mile deliveries and line-haul transportation. Integration of 12 

last-mile with network calculation in a strategic sense is the added value of this research. Wild [21] 13 

concludes that a global emission standard should be based on five aspects: simplicity, accuracy, 14 

flexibility, feasibility, and transparency. 15 

3 Methods 16 

3.1 Problem description 17 

The calculation of CO2 emissions in the parcel distribution network is not only the last-mile distribution 18 

but also all the other levels upstream, as shown in Figure 1. Depending on each parcel player, there can 19 

be as many levels as the network is complex. In this study, the emissions reporting is defined per unit 20 

of cargo i.e., one parcel. Unit allocation is standardised to TTW (tank-to-wheel) CO2 grams per parcel. 21 

In addition to the network approach, the multimodal character in the parcel distribution has significant 22 

implications on CO2 emissions. Each mode of transport has different fuel consumption and, therefore, 23 

different emission factors. Although the emission factor of each vehicle is defined based on fuel 24 

consumption, the integrated calculation has an activity-based approach, as proposed for scope 3 25 

emissions in the Greenhouse Gas Protocol [25]. 26 

Integrating the last-mile distribution in the calculation ex-ante of emissions (before the operation) is a 27 

challenge from a modelling and computational point of view since the classic vehicle routing is an NP-28 

Hard problem [37] i.e., very complex to solve in polynomial time by a nondeterministic Turing machine.  29 

Thus, the strategic calculation of the distance for the last-mile distribution is proposed, theoretically 30 

estimating the length of the route. The needed distance to distribute n parcels in a delimited area is 31 

explained in the model formulation. 32 

Figure 1. The global parcel distribution network 33 
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3.2 Model formulation 1 

Calculating CO2 emissions generated during parcel distribution includes the last-mile distribution and 2 

line-haul transport. The identification of segments or legs proposed in the EN16258 standard is used to 3 

define the last-mile segment and the different legs in the line-haul transport. A general expression for 4 

the total CO2 emissions per parcel is defined as 𝜖𝑝 in Equation (1), see Appendix A for the complete 5 

list of parameters. 6 𝜖𝑝 = 𝑒𝐿ℎ𝑝 + 𝑒𝐿𝑚𝑝 (1) 

The emissions corresponding to line-haul and last-mile transport are represented as 𝑒𝐿ℎ𝑝 and 𝑒𝐿𝑚𝑝, 7 

respectively. Equations (2) and (3) show the composition of each term. 8 

𝑒𝐿ℎ𝑝 = (𝑑𝑖,𝑗 + 𝑑𝑗,𝑘 + ⋯+ 𝑑𝑙,𝑚)𝜀𝑓𝑣  𝑝𝑣𝑜𝑙/𝑤𝑒𝑣𝑣𝑜𝑙/𝑤𝑒𝑐𝑎𝑝  (2) 𝑒𝐿𝑚𝑝 = �̂�𝑙𝑚 + 𝜀𝑓𝑣 (3) 

Where 𝑑 represents the distance between two different nodes in the network. In multi-echelon networks, 9 

there will be as many indices as different nodes are: Set of nodes 𝑆 = {𝑖, 𝑗, 𝑘, … , 𝑙, 𝑚}. There are four 10 

types of distance metrics for line-haul transport [38]: “Great Circle Distance” (GCD), which calculates 11 

the distance between two points on the earth's surface, “Actual Driven Distance” (ADD) measured by 12 

the same vehicle, “Planned Distance” (PD) the route of the vehicle is optimised by the planning 13 

software, and “Shortest Feasible Distance” (SFD) within a specific network. Davydenko et al. [38] 14 

found that the GCD is the most appropriate for calculating the carbon footprint. In this formulation, the 15 

GCD is ideal for modes of transportation such as air or maritime, while for road transportation, the PD 16 

provides greater accuracy in ex-ante calculations. 17 

The emission factor per vehicle type 𝑣 is represented by 𝜀𝑓𝑣. The parcel dimensions are entered as 18 𝑝𝑣𝑜𝑙/𝑤𝑒 either in terms of volume (𝑣𝑜𝑙) or weight (𝑤𝑒). 𝑣𝑣𝑜𝑙/𝑤𝑒𝑐𝑎𝑝
 represents the vehicle capacity either 19 

in terms of volume or weight. �̂�𝑙𝑚 is defined as the estimated average last-mile route length. 20 

3.2.1 Estimation of average last-mile route length �̂�𝑙𝑚 21 

Multiple studies have demonstrated the use of theoretical route length estimation for last-mile 22 

distribution. A generalisation of the Traveler Salesman Problem (TSP) proposed by Beardwood et al. 23 

[39] found that the distance needed to visit 𝑛 points from a depot within its area of influence tends to 24 

Equation (4). Where 𝑘 is a constant based on the distance metric used and 𝐴 is equal to the area of the 25 

influence. 26 lim𝑛→∞ 𝐸[𝑑𝑇𝑆𝑃(𝑛, 𝐴)] = 𝑘√𝑛𝐴 (4) 
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Later, Daganzo [40] complemented this formulation, including the line-haul as 2𝑟 𝑛𝐶 with 𝑟 an average 1 

distance from the depot to the delivery area and 𝐶 as the capacity of the vehicle. Since the calculation 2 

of CO2 emissions is based on a multi-echelon distribution network (Figure 1), the line-haul distance is 3 

calculated as separate legs as shown in Equation (2).  Recently, this estimation has been implemented 4 

in the calculation of transport costs for the last-mile distribution [41]–[43]. Different values for the 5 

constant 𝑘 have been proposed, Bergmann et al. [44] summarise some of them like 𝑘 ≈ 0. 765 for 6 

Euclidian distances and 𝑘 ≈ 0. 97 when using Manhattan distances. 7 

Equation (4) is enhanced with two coefficients that modify the number of stops in the distribution route, 8 

namely the effect of time windows (𝑤) and the population density (𝑎𝑑) in the delivery area. Previously, 9 

improvements to this general formulation have also been proposed, as in the case of Cardenas et al. 10 

[45], for the inclusion of failed deliveries in the calculation of costs. Gevaers et al. [46] showed the 11 

relationship of these coefficients with the number of stops as [𝑠𝑡𝑜𝑝𝑠𝑤 ] and [𝑠𝑡𝑜𝑝𝑠 ∗ 𝑎𝑑] for the time 12 

windows and the population density, respectively. Thus, the estimation of the route length with these 13 

coefficients is determined by Equation (5). 14 

�̂�𝑙𝑚 = 𝑘√(𝑛 ∗ 𝑎𝑑)𝐴𝑤  (5) 

In order to get the amount of CO2 emission generated by each parcel, it is necessary to understand the 15 

participation of each parcel during the entire route. Consider any parcel on a delivery route, the two 16 

extreme scenarios in which this parcel can be delivered are: being the first or the last. If the parcel is 17 

the first, the distance the parcel travel in the last mile is nominally zero, in contrast to being the last, 18 

where the parcel has travelled the entire route. In this way, it is easy to find that the average distance 19 

that any parcel travels on the route is half of the route 
�̂�𝑙𝑚2 .  20 

Similarly, the contribution of each parcel to the total CO2 emissions depends on the number of parcels 21 

in the route following economies of scale. Assuming that each stop is a parcel delivered, the vehicle's 22 

capacity determines the initial number of stops. Thus, if the vehicle travels at its maximum capacity, 23 

the CO2 emission charged to each parcel is less than if it travels with a single parcel. With this logic, 24 

the average amount of CO2 emissions charged to any parcel is calculated with the average vehicle 25 

capacity or half of the stops, so it is equal to 
𝜀𝑓𝑣𝑛2 = 2 𝜀𝑓𝑣𝑛 . Equation (6) shows the calculation of CO2 26 

emissions per parcel in the last mile. 27 

�̂�𝑙𝑚 = 𝑘√(𝑛 ∗ 𝑎𝑑)𝐴𝑤2  2 𝜀𝑓𝑣𝑛  =  𝑘√(𝑛 ∗ 𝑎𝑑)𝐴𝑤𝑛  𝜀𝑓𝑣 
(6) 
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According to the above, the extensive form of Equation (1) is presented in Equation (7). 1 

𝜖𝑝 = [  
 (𝑑𝑖,𝑗 + 𝑑𝑗,𝑘 + ⋯+ 𝑑𝑙,𝑚) 𝑝𝑣𝑜𝑙/𝑤𝑒𝑣𝑣𝑜𝑙/𝑤𝑒𝑐𝑎𝑝 + 𝑘√(𝑛 ∗ 𝑎𝑑)𝐴𝑤𝑛 ]  

 𝜀𝑓𝑣 (7) 

4 The Belgian parcel distribution case 2 

In Europe, e-commerce has grown steadily recently. In the last five years, the percentage of people who 3 

buy on the internet (e-shoppers) went from 65% in 2017 to an expected value of 76% in 2022 [47]. This 4 

indicator is higher in Belgium, where e-shoppers are expected to grow to 80% by 2022. In addition, the 5 

COVID-19 pandemic has impacted e-retail, expanding accessibility to non-food products [48] and 6 

consequently increasing the demand for parcel transport. According to the Belgian Institute for Postal 7 

Services and Telecommunications [49], the five leading parcel players (PP) hold more than 80% of the 8 

market of the parcel and express mail in terms of volume, as shown in Figure 2. The parcel players in 9 

the Belgian market have been classified into the following typology: National Postal Operators, 10 

integrators, parcel carriers, and last-mile specialists [45]. 11 

Figure 2. Market share within the segment of the parcel and express mail in Belgium. Source: [49] 12 

The calculation of the CO2 emissions is carried out in two scenarios to see the implications of the 13 

network. Scenario 1: The five leading parcel players (PP) have been considered, namely Bpost, DPD, 14 

Post NL, UPS, and GLS. The distribution networks have been identified with information from different 15 

sources, including the official sites of these PP. Henceforth, the operators will be referred to as PP1 to 16 

PP5, since the objective of this paper is not to evaluate the performance of any of them but rather to 17 

illustrate the calculation of CO2 emission in an applied context. Although the warehouses/hubs network 18 

structures are not mentioned, it is noted that out of the five PP, four have a three levels-echelon network 19 

and one a four levels-echelon network. Results in this scenario are presented as the weighted average 20 

of CO2 emissions based on the market share of each PP. 21 

Scenario 2: A sixth parcel player (PP6) is analysed to see the implications of a shorter distribution 22 

network. The parcel distribution model of PP6 has as its core the location of depots on the outskirts of 23 

cities. This configuration results in a 2-echelon distribution network, with each city's depot as the 24 

intermediate node. Results in this scenario show the actual CO2 emissions using the PP6 distribution 25 

network. 26 

4.1 Travelled distance 27 

The planned distances between the network nodes that compose the line-haul are calculated using 28 

OpenStreetMap. The entire model has been programmed in Python. The last-mile distance is calculated 29 

with Equation (5). The number of base stops is assumed to be 𝑛 = 70, considering the capacity of a van 30 

in an 8-hour working day. As mentioned in the model formulation, the number of stops is affected by 31 
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time windows and population density. Table 1 show the values for these coefficients based on [46]. In 1 

this analysis, a value of 𝑘 ≈ 0. 97 is assuming the calculation of Manhattan distances. 2 

Table 1. Time window and population density coefficients for last-mile distribution. Taken from Gevaers et al. [46] 3 

Window length Coefficient 𝒘 Number of inhabitants per km2 Coefficient 𝒂𝒅 

1 hour 2.1 0 – 50  0.5 

2 hours 1.8 51 – 200  0.93 

3 hours 1.6 333 (average in Belgium) 1 

4 hours 1.3 201 – 400  1.09 

No time window 1 401 – 600  1.24 

  601 – 800 1.31 

  801 – 1000 1.35 

  1001 – 1200 1.38 

  1201 – 1500 1.39 

  > 1500 1.41 

4.2 Vehicle fleet and emission factors 4 

In the case of parcel distribution in Belgium, the predominant mode of transport is by land. According 5 

to observations in the operation of the PP, some types of vehicles are assumed for different network 6 

segments. Trailer trucks and rigid trucks are used for line-haul transport, while delivery vans are used 7 

for last-mile distribution. Table 2 shows the characteristics of the vehicles used. The average payload 8 

and emission factors have been simulated with the VECTO tool [31]. In Section 2, the emission factors 9 

were expressed in g/tkm. A conversion of those factors is shown here using the average payload. The 10 

reason for this conversion is to move from ton analysis to unit of cargo analysis, such as parcels. For 11 

scenario 2, the PP6 case is used to assess the impact of fleet electrification for the last mile on total CO2 12 

emissions. Electric vehicles have nominally zero CO2 emissions TTW. 13 

Table 2. Vehicle information and emission factors. 14 

Vehicle type Average Payload Dimensions LxWxH TTW CO2 Emissions 

Factor 

Trailer truck 13.482 Ton 13.6x2.45x3 m 825.0984 g/km 

Rigid truck 2.355 Ton 7.2x2.4x2.35 m 648.096 g/km 

Delivery van 1.3 Ton 4.1x1.8x1.75 m 147 g/km 

4.3 Results and discussion: CO2 emissions per parcel in Belgium 15 

Initially, the results of the calculation of the CO2 emissions without time windows are presented. For 16 

each of the scenarios described above the emissions of two routes are calculated, from a national origin 17 

in the city of Namur, Belgium (Wallonia region) and an international origin from Waalwijk in the 18 

Netherlands. The distribution is illustrated in 8 cities where PP6 operates, comparable in both scenarios. 19 

According to each PP, the distribution network includes different national, regional, and local hubs. The 20 

assumed average parcel dimensions LxWxH are 30x30x25 cm. As the weight of the parcels is low, the 21 

capacity of the vehicles is determined by the volume. Table 3 summarizes the results of the CO2 22 

emissions calculation, detailing the emissions in the line-haul (LH) and in the last-mile (LM). 23 
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Table 3. Results of CO2 emissions calculation [CO2 g/parcel] 1 

  Scenario 1 Scenario 2 

 Destination/Origin 
Namur Waalwijk Namur Waalwijk 

LH  LM LH  LM LH  LM LH  LM 

Antwerp 26 243 30 243 31 243 22 243 

Brussel 23 216 27 216 22 216 36 216 

Ghent 33 212 37 212 39 212 41 212 

Hasselt 42 172 46 172 21 172 29 172 

Leuven 28 127 32 127 17 127 31 127 

Charleroi 37 172 41 172 10 172 50 172 

Liege 42 141 46 141 19 141 41 141 

Mechelen 68 137 72 137 23 137 29 137 

average 37 178 41 178 23 178 35 178 

Global average 215 219 200 212 

LH: Line-haul; LM: Last-mile 2 

The CO2 emissions per parcel per scenario for each of the eight selected cities from Namur, BE are 3 

shown in Figure 3. The global average of CO2 emissions in scenario 1 is 215 g/parcel and 200 g/parcel 4 

in scenario 2. Interestingly, cities like Charleroi, relatively close to the Namur origin, do not necessarily 5 

have the lowest emissions. This corresponds to the fact that line-haul transport considers the actual 6 

distribution network of the PP, and many of them have their central hub in Brussels. In this way, 7 

regardless of the geographical proximity between the origin and the destination, the parcel must follow 8 

the route given by the PP. In large cities, the largest PP in scenario 1 already has a hub, so emissions 9 

are lower compared to scenario 2. This is reversed in small cities, where the positioning of the depots 10 

in scenario 2 allows a more efficient distribution. Distances travelled in both scenarios are shown in 11 

Appendix B. 12 

Figure 3. Average CO2 emissions per parcel in 8 Belgian cities. Distribution from Namur, BE 13 

In the international case with origin in Waalwijk, NE, the global average of CO2 emissions is 219 14 

g/parcel in scenario 1 and 212 g/parcel in scenario 2. The results by the city are presented in Figure 4. 15 

Although the origin is international, the national distribution network is the same. That is, the parcels 16 

must enter the national distribution network that each PP owns. This fact emphasises the importance of 17 

the distribution network and implications for emissions beyond origin and destination. In both cases, 18 

international and national, Leuven presents the lowest emissions. This situation responds to the 19 

geographical location near Brussels, where all PP's distribution hubs converge. In general terms, the 20 

results show that a shorter distribution network (PP6 in scenario 2) translates into a more efficient 21 

operation and therefore generates lower CO2 emissions. 22 

Figure 4. Average CO2 emissions per parcel in 8 Belgian cities. Distribution from Waalwijk, NE 23 

To illustrate the effect of time windows on CO2 emissions during the parcel distribution, Figure 5 shows 24 

the emissions per parcel in the cities of Antwerp and Charleroi. It is evident that by implementing 25 

narrower time windows, the CO2 emissions increase. This is a pure last-mile effect. At tighter time 26 

windows, fewer parcels can be delivered [46] since routes result in a ping pong effect. Not necessarily 27 
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because the distance travelled increases, but because economies of scale are lost in the capacity of the 1 

vehicles and the CO2 emissions that are charged to each parcel increase. According to Equation (5), as 2 

the number of stops decreases due to the effect of the time windows, the estimated distance for the last 3 

mile is expected to decrease. 4 

Figure 5. Average CO2 emissions per parcel in 2 Belgian cities with different time windows. Distribution from Namur, BE 5 

The electrification of the last-mile distribution fleet reduces CO2 emissions as expected (See Figure 6). 6 

However, total CO2 emissions go from 200 g/parcel using conventional vans to 23 g/parcel with a 100% 7 

electric fleet. This shows that in the distribution of parcels in Belgium, more than 80% of the emissions 8 

are generated in the last mile. 9 

Figure 6. Average CO2 emissions per parcel with last-mile fleet electrification. Distribution from Namur, BE 10 

5 Conclusion 11 

The results of CO2 emissions in parcel distribution in Belgium show that it is possible to reduce 12 

emissions not only through the electrification of the fleet but also with an efficient distribution network. 13 

The effect of the network structure will be more evident with international shipments that include more 14 

polluting modes of transport. However, the results for Belgium show that the last mile is currently the 15 

most polluting segment. Although the transport CO2 emissions are the focus of attention, it cannot be 16 

ignored that other operations in the e-commerce supply chain are generating emissions. In 2020 the 17 

breakdown of estimated e-commerce greenhouse gas emissions mainly came from packaging level 18 

(45%), followed by return rates (25%); compared to traditional retail, where transportation is the most 19 

significant pollutant source (70%) [50]. These are elements that should be considered in a 20 

comprehensive CO2 emissions calculation. 21 

The existing methodologies support calculating CO2 emissions and provide the guidelines according to 22 

the different approaches. Accepting the guidelines of the EN16258 standard regarding the calculation 23 

segmented by transport legs but using the same calculation methodology is fundamental. Adding the 24 

results of isolated calculations carried out by each operator is not the same. The integration of the last 25 

mile in transport emissions calculations is essential, and the strategic formulation allows estimating the 26 

distances of this segment without the need for classical routing algorithms. The formulation presented 27 

in this paper provides the flexibility and simplicity necessary to standardise emissions calculation. 28 

The results of this study have practical implications for different stakeholders. First, for parcel 29 

distribution companies an additional opportunity to achieve green goals is the reconfiguration of their 30 

distribution networks. Not only does the electrification of the fleet have direct effects on the reduction 31 

of the level of emissions, but the redesign of the routes could generate a positive greening effect. 32 

Second, in terms of policy development, knowing that the last mile is the most polluting segment should 33 

indicate where the greatest efforts are needed. Even though the loss of economies of scale by using 34 
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smaller-capacity vehicles is an aggravation of the situation, the trend towards the use of cargo bikes or 1 

small electric vehicles is correct. Third, consumers must be aware that some of their consumption 2 

practices have a negative impact on emissions. This study shows that the shorter the time windows, the 3 

higher the emissions. In order to meet consumer expectations, the e-commerce sector is incurring higher 4 

costs and higher emissions, although only the former is transferred to users. 5 

As future research, expanding the results of this study with regional and global supply networks is 6 

necessary. Maritime and air transport modes certainly have an impact on the level of emissions and 7 

could balance emissions between the line haul and the last mile. As already mentioned, sources of 8 

emissions other than transportation could be included in general calculations. The effects of 9 

electrification seen in this study as a sensitivity analysis could be confirmed with more in-depth case 10 

studies, and analyze specific electrification strategies in more detail. 11 
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