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Abstract: New opportunities and challenges forced by the ever-increasing importance of the online
channel have arisen for retailers. The retailing industry is moving to a new phase, in which the
distinctions between traditional and online channels disappear, namely omni-channel (OC) retailing.
At the same time, the awareness of environmentally sustainable processes has been enhanced
around the world and the environmental impact that results from the online order fulfilment
process is becoming a key issue for logistics managers. The new challenge is to understand how
multiple channels can be synergistically managed to provide a seamless customer experience,
taking an economic and environmental perspective simultaneously. Retailers need to define the
distribution configuration for serving the online demand, making decisions on the integration level
between online and traditional channels. In this paper, we developed an assessment model of the
operational costs and greenhouse gas emissions for three distribution configurations in OC retailing.
The model was also applied to a real case operating in the consumer electronics industry. Results
highlighted that the search for synergies between online and traditional flows in both warehouse and
transport activities is a key factor for the economic and environmental sustainability of OC systems.

Keywords: environmental impact; logistics distribution configuration; sustainable development;
omni-channel retailing; activity-based costing model

1. Introduction

Retail is experiencing a phase of substantial change. New opportunities and challenges forced
by the growing importance of the online channel have arisen for retailers including incorporating
online sales into their businesses. Initially, companies adopted a multi-channel (MC) strategy by
keeping the traditional channel (i.e., stores) and the online channel apart [1], from both a managerial
and operational viewpoint. As the line between online and physical channels has blurred, a new
approach is emerging—named omni-channel (OC)—which “aims to deliver a seamless customer
experience regardless of the channel” [2]. OC retailing allows coordination among channels and lets
both customers and companies take full advantage of all the channels opportunities [3,4]. Differently
from an MC context, an OC strategy considers the integration of business processes and the synergetic
management of multiple channels [5]. At the same time, the awareness of environmentally sustainable
processes has been enhanced around the world and the environmental impact that results from the
online order fulfilment process is becoming a key issue for logistics managers [6]. The ‘last mile’ of
e-fulfilment is well recognized as one of the most costly and polluting parts of the supply chain [7].

In this context, new sustainable logistics models need to be developed by retailers [8], evaluating
the trade-off between process integration and the separation of different channels [9]. Integrating and
coordinating operations of traditional and online channels represents a big challenge as e-commerce
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differs from traditional retail in many aspects, such as the picking unit (pieces instead of cases) or
the delivery process [10]. Channel integration can occur in a variety of distribution and IT system
configurations (e.g., [1]). Companies may use their existing resources (e.g., warehouses, stores,
personnel) for serving both traditional and online channels or decide on resources dedicated to
the new channel. A total separation strategy complies with the specific requirements of each channel,
whereas the integration among different channels could provide synergies and reduce total costs
and carbon emissions [1]. For instance, offering an in-store pickup service for online orders means
to deliver products to customers by using the same transportation process of the traditional channel.
Hence, channel integration is potentially a means to pursue an eco-efficiency strategy as it could
simultaneously improve the environmental and economic impact of the logistics process to deliver
online orders.

OC retailing promises to be a stimulating research stream for years to come [11]. To date, these topics
have only been partially explored by the extant literature. In particular, several contributions have
highlighted the need for quantitative models in order to compare multiple distribution configurations
for serving the online demand [12]. However, the existing models present some limitations that should
be addressed. Most of them analyse the co-existence of multiple channels, without examining in detail
the integration among them from an OC perspective. They are often incomplete, as they tend to focus
on specific phases of the distribution process instead of taking into account the process as a whole.
Furthermore, only a few works have started to consider the environmental dimension (e.g., [13,14]).

In line with this premise, the aim of the present paper is two-fold. First, to propose a model
to assess both operational costs and greenhouse gas (GHG) emissions related to three distribution
configurations that may be adopted by companies operating in an OC environment. Second, to provide
an application of the proposed model to a real case.

The remainder of the paper is organised as follows. The next section summarises the significant
literature in this field. The methodology adopted in this study is presented in Section 3. Section 4
describes the distribution configurations under study, whereas Section 5 illustrates the proposed model.
An application of the models and discussion of the results are reported in Section 6. In the final section,
conclusions are presented.

2. Research Background

This work is related to the stream of studies on online order fulfilment and a multi- and
omni-channel environment [12,15]. The aim of comparing alternative distribution configurations
in terms of GHG emissions, as well as cost, also links it to the area of sustainability and eco-efficiency.

Little attention has been paid to the environmental impact of distribution networks for e-fulfilment
in the existing literature. In this regard, most work has focused on the comparison of carbon footprint
implications that result from the traditional channel (i.e., customers pickup goods in store) and the
home deliveries related to the online channel. Focusing on the grocery sector, a study provided by
Siikavirta et al. [16] investigated the GHG emissions of home delivery, showing that they can be reduced
by home delivery by 18–87% compared to the case in which the customer buys products in store.
A lower environmental impact of home delivery in terms of Carbon Dioxide (CO2) per purchased
product is also shown in other contributions (e.g., [13]). Differently from previous contributions,
Mangiaracina et al. [17] provided a quantitative model to compare the carbon emissions of the
traditional and online channels in the apparel industry, considering the entire purchasing process,
i.e., from the pre-sale to the post-sale activity. Looking beyond the topics related to the distribution
networks for e-fulfilment, a quantitative evaluation of the environmental impact of logistics solutions
has been proposed in a variety of studies. For instance, Colicchia et al. [18] proposed a supply chain
network design framework that is based on multi-objective mathematical programming to identify
‘eco-efficient’ configuration alternatives (defined by the number of transit points to be activated) that
are both efficient and ecologically sound. A comparison among different warehousing automated
solutions were provided by [19], including the environmental dimensions starting from the energy
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consumption evaluation. In most cases, these contributions used conversion factors to estimate CO2

emissions starting from the energy consumption or the number of travelled kilometres based on
specific books and reports provided by a government agency (e.g., [20,21]). For instance, DEFRA, i.e.,
the department of the United Kingdom government that is responsible for protecting the environment,
manufacturing, agriculture, fisheries, and rural communities, provides an estimate of the kilograms
of CO2 per travelled kilometre, distinguishing among different types of vehicles. Another research
stream regards the green practices adopted by logistics service providers (e.g., [22,23]), and a new
interesting issue related to the role of logistics service providers, for instance in the aggregating
network, is becoming more and more important [24,25].

With reference to the modelling and study of distribution systems for e-fulfilment, several
quantitative models are available. As an example, the distribution costs of three different configurations,
namely ‘store-picking’, ‘dedicated warehouse-picking’, and ‘drop-shipping’, were compared [26] by
proposing an order policy model based on a newsboy-based approach [27]. Another example, provided
by [28], focused on the choice to dedicate a separate warehouse to the online channel, showing that it
is possible to identify a threshold, as a percentage of the total demand related to the online channel,
to make such a decision. More recently, Bretthauer et al. [29] developed a model to determine how
many and which of the company logistics facilities should handle online sales to minimise logistics
costs. Other studies focused on specific parts of the distribution process or managerial policies.
Considering the inventory management, a lost sales model to investigate conditions for optimality
of inventory replenishment policies in the presence of two different channels were proposed [30].
Li et al. [31] developed a multi-period stochastic dynamic programming model to analyse the
inventory management problem for dual sales channels with inventory-level-dependent demand.
Another research stream focuses on the delivery service for online orders. For instance, the time
slot management problem were addressed in the study provided by Agatz et al. [32], whereas [33]
assessed the impact of the delivery window length on distribution performance (i.e., cost and service
level). However, these studies adopted a single channel perspective. Considering multiple channels,
a conceptual framework comparing the ‘bulk shipment’ to the ‘individual shipment’ policy were
proposed by Metters and Walton [10]. The first option implies that shipments are divided by zone,
all products are delivered to the store of the corresponding final-delivery zone, and then local
distribution routes are organised. Vice versa, the second option concerns the shipment of individual
orders, or even individual items, using a courier.

Based on the above discussion, the literature review reveals that there is still a need for further
modelling distribution configurations by adopting an OC perspective and taking into account the
distribution process as a whole. Moreover, only a few attempts have been found to include the
environmental impact of the logistics model for online retailing. However, to the best of the authors
knowledge, such contributions focused on the comparison between the online and offline channels,
without considering the multiple logistics model (i.e., only home delivery by using carriers starting
from a distribution centre).

In this study, we contribute to previous contributions by comparing alternative distribution
configurations characterized by a different integration level between online and traditional channels,
the key variable in an OC environment, in terms of both costs and GHG emissions.

3. Research Methodology

The present study aims at contributing to the previous literature on logistics in OC retailing by
developing a model to compare multiple distribution configurations in terms of operational costs and
environmental impact. The retailer perspective is taken, with the company logistic process thus being
the focus of the analysis. A three-phase methodology was adopted (Figure 1).

The first phase involved the description of multiple distribution configurations that can be adopted
by companies operating in an OC environment for serving their online customers. Furthermore,
the distribution process was examined in detail in order to identify the main activities. Two main
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sources were used: an extensive literature review on distribution configurations in e-fulfilment and
interviews with both retailers operating in an OC environment (eight companies) and logistics service
providers (10 companies).
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The second phase implied the modelling of operational costs and GHG emissions ascribed to
each distribution configuration selected in phase 1. To develop a generally valid model, aligned
with [17], an analytical approach was adopted due to its flexibility (changes and variations can be
introduced for each modelled activity with limited effort) and transparency (assumptions are clear
and evident from the analytical formulas). Specifically, the activity-based costing (ABC) method was
selected as it was considered suitable for measuring the performance of the logistics process [34].
Understanding ABC can lead to a greater knowledge of company business processes underlying
the ‘true costs’ of operations [35]. When the individual activities and costs are considered together,
a clear picture of the total cost of the process becomes transparent [34]. Thus, the company can pursue
the objective of providing the required customer service in a cost-efficient way [35]. The application
of this methodology requires the identification of the following elements: inputs (data required to
run the model), contextual data (parameters referred to the external context with an impact on the
operational costs), mathematical formulas to assess the operational cost and GHG emissions for each
individual activity, and outputs (tables and graphs to display the results). Three main sources were
used: a literature review on the structure of the distribution process for serving online demand in
an OC environment; interviews conducted with the aforementioned eight retailers and 10 logistics
service providers, in order to collect detailed information on the activities involved in the distribution
process; and analysis of secondary sources (e.g., logistics practitioners’ journals, websites, research
reports). The GHG emissions were measured in carbon dioxide equivalent (CO2e) that considers
methane (CH4), nitrous oxide (N2O), and fluorinated gases as well as CO2.

The involved retailers are pioneers of the Italian e-commerce market and their current e-commerce
market share in Italy is over 40% in their respective sector. The interviewees were Supply Chain or
Logistics directors. The interviewed logistics service providers are leading companies in the contract
logistics market and are involved in the Observatory of Contract Logistics, a permanent initiative
launched in 2011 by the School of Management of Politecnico di Milano for doing research on logistics
outsourcing (http://www.contractlogistics.it), in which the authors work. The interviewees of logistics
service providers were senior managers with more than ten years’ experience in the field. All the
interviews varied in length, but on average, they lasted about one hour and a half.

http://www.contractlogistics.it
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In the third phase, the model was applied to compare multiple distribution configurations using
the real data obtained from an Italian retailer operating in the consumer electronics industry. Due to
the sensitive nature of the topic, confidentiality must be assured, therefore neither company names nor
individuals can be revealed.

4. Description of Distribution Configurations

This section provides a description of the examined distribution configurations. Coherently with
the research objectives, the study focuses on retailers selling products in both online and traditional
channels. The traditional network is typically characterised by distribution centres (DCs) supplying
a chain of brick-and-mortar retail stores. To serve the online channel, we considered three distribution
configurations to fulfil online orders through home delivery that differ in the integration level between
online and traditional channels: ‘dedicated network’, ‘integrated warehouse network’, and ‘integrated
warehouse and transport network’. For all configurations, we assumed the same service level to
customers (e.g., same lead time).

The first configuration (Figure 2a) implies no integration between online and traditional channels.
It entails the introduction of a DC dedicated to the fulfilment of online orders. This solution requires
high investments in terms of logistics facilities, but it guarantees no interference with traditional
processes in the warehouse activities. Looking at the delivery service, goods are transported by either
couriers or express couriers according to the delivery speed required by the customer. Thanks to the
use of the couriers’ network, the company can offer a fast response time, although the transport could
be quite expensive and the environmental impact high as a ‘double handling’ of goods (i.e., good are
not directly ship to customers but they are firstly handled by couriers) is needed and the parcel service
is used.

Sustainability 2018, 10, x FOR PEER REVIEW  5 of 14 

the sensitive nature of the topic, confidentiality must be assured, therefore neither company names 
nor individuals can be revealed.  

4. Description of Distribution Configurations 

This section provides a description of the examined distribution configurations. Coherently with 
the research objectives, the study focuses on retailers selling products in both online and traditional 
channels. The traditional network is typically characterised by distribution centres (DCs) supplying 
a chain of brick-and-mortar retail stores. To serve the online channel, we considered three 
distribution configurations to fulfil online orders through home delivery that differ in the integration 
level between online and traditional channels: ‘dedicated network’, ‘integrated warehouse network’, 
and ‘integrated warehouse and transport network’. For all configurations, we assumed the same 
service level to customers (e.g., same lead time). 

The first configuration (Figure 2a) implies no integration between online and traditional 
channels. It entails the introduction of a DC dedicated to the fulfilment of online orders. This solution 
requires high investments in terms of logistics facilities, but it guarantees no interference with 
traditional processes in the warehouse activities. Looking at the delivery service, goods are 
transported by either couriers or express couriers according to the delivery speed required by the 
customer. Thanks to the use of the couriers’ network, the company can offer a fast response time, 
although the transport could be quite expensive and the environmental impact high as a ‘double 
handling’ of goods (i.e., good are not directly ship to customers but they are firstly handled by 
couriers) is needed and the parcel service is used.  

(a) (b) (c) 

Figure 2. Illustration of (a) a dedicated network; (b) an integrated warehouse network; and (c) 
integrated warehouse and transport network. 

In the second configuration (Figure 2b), online orders are fulfilled from an existing DC, also 
supplying traditional stores. This solution implies low investments and is easy to set up for 
companies with DCs characterised by an unused capacity and operations already organised per 
piece. However, the integration of online and traditional flows could compromise the efficiency of 
traditional processes. The delivery service, similarly to the first configuration, is managed using 
couriers/express couriers. Here, there is integration at the warehouse level, with a search for synergy 
between online and traditional channels in both inventory management and picking activities, while 
transport service is specifically designed for online orders (i.e., shipment of single orders performed 
by couriers) with the same drawbacks mentioned for the first configuration. 

The third configuration is characterised by integration in both warehouse and transport phases 
(Figure 2c). Online orders are fulfilled from an existing DC also supplying traditional stores, as in the 
second configuration. In addition, the retailer moves to store the online products during the 
replenishment of traditional stores. Then, closed-loop tours to deliver online orders starting from the 
store are performed. In this configuration, the retailer can obtain significant cost and environmental 
advantages thanks to the aggregation of online and traditional flows for transport between DC and 
local stores. Additionally, as both the transport between DC and stores and the delivery tours from 

Figure 2. Illustration of (a) a dedicated network; (b) an integrated warehouse network; and (c) integrated
warehouse and transport network.

In the second configuration (Figure 2b), online orders are fulfilled from an existing DC, also supplying
traditional stores. This solution implies low investments and is easy to set up for companies with
DCs characterised by an unused capacity and operations already organised per piece. However,
the integration of online and traditional flows could compromise the efficiency of traditional processes.
The delivery service, similarly to the first configuration, is managed using couriers/express couriers.
Here, there is integration at the warehouse level, with a search for synergy between online and
traditional channels in both inventory management and picking activities, while transport service is
specifically designed for online orders (i.e., shipment of single orders performed by couriers) with the
same drawbacks mentioned for the first configuration.

The third configuration is characterised by integration in both warehouse and transport phases
(Figure 2c). Online orders are fulfilled from an existing DC also supplying traditional stores, as in
the second configuration. In addition, the retailer moves to store the online products during the
replenishment of traditional stores. Then, closed-loop tours to deliver online orders starting from the
store are performed. In this configuration, the retailer can obtain significant cost and environmental
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advantages thanks to the aggregation of online and traditional flows for transport between DC and
local stores. Additionally, as both the transport between DC and stores and the delivery tours from
stores are managed by the company, green transport solutions, such as liquefied natural gas trucks
and electric vehicles, can be easily introduced. However, stores are required to manage the online
orders by performing handling activities and storing orders received from the DC and ready to deliver
to customers.

5. Model for Cost and Greenhouse Gas Emissions Assessment of a Distribution Configuration

From a methodological point of view, the development of the ABC model was based on three
major steps: (i) identification of the main phases and activities; (ii) identification of costs drivers and
drivers related to the CO2e emissions associated with each activity; and (iii) introduction of analytical
formulas to assess activity cost and CO2e emissions according to corresponding drivers. Section 5.1
reports the selected activities within the distribution process (phases and activities are the same for
both cost and carbon emission assessment). Sections 5.2 and 5.3 provide the drivers and analytical
formulas for assessing cost and GHG emissions, respectively.

As the output, the model provides a spreadsheet containing links to tables and graphs showing
the results, i.e., the operational costs and the environmental impact of the distribution process in
e-fulfilment. The overall result can be then analysed according to different aggregation levels:

• Distribution configuration: to compare multiple distribution configurations in terms of operational
costs and CO2e emissions;

• Phase: to understand the role of each phase in determining the overall operational costs and in
generating CO2e emissions;

• Activity: to investigate the impact of each activity on the overall phase cost and CO2e emissions.

5.1. Distribution Process

Based on the results of both the literature review and the interviews, the distribution process
was broken down into the five phases, as illustrated in Figure 3. As the primary aim of the model
was to compare multiple distribution configurations, and not to assess the total costs of the entire
delivery process for each option, only those activities that are differential among the analysed
configurations have been considered. We therefore disregarded activities such as order management
and administrative procedures. Similarly, we decided not to consider the returns management problem
since in many business sectors (e.g., consumer electronics) returned goods are managed similarly,
regardless of the distribution configuration adopted. The resulting phases are as follows:

1. Transport from supplier to DC. This phase refers to the replenishment of the DC where online order
fulfilment is performed; given a certain replenishment frequency, the truck capacity saturation
is lower in Configuration 1 as flows of the online channel are not merged with those of the
traditional channel;

2. Warehousing. In all configurations, this phase considers the entire process performed within the
DC and therefore refers to receiving, storing, inventory, picking, packing, and consolidation. In the
case of a DC devoted to the online channel (i.e., Configuration 1), picking productivity is expected
to be higher considering the lower size of this area compared to the other two alternatives;
the handling activities are more complex as the DC places smaller orders to the supplier and
therefore the percentage of received mixed pallets is higher;

3. Transport from DC to store. This phase is required only in the case of the integrated warehouse and
transport configuration as the courier’s network is used in the other alternatives;

4. Store activities. This phase is required only in case of the integrated warehouse and transport
configuration as in the other two alternatives the store is not involved in e-fulfilment;
as mentioned before, in Configuration 1, the store has to perform handling activities and store
orders received from the DC;
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5. Home delivery. It refers to the delivery performed by the courier in Configurations 1 and 2 and to
the delivery tours starting from the store in Configuration 3.
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Note that the phases and the activities in the distribution process are essentially identical for the
analysed configurations—except for (3) and (4) that are only related to the third analysed distribution
configuration. Differences in resulting costs are related to the different use of resources and managerial
policies depending on the configuration.

5.2. Cost Assessment

Given the phases and activities mentioned in Section 5.1, the cost drivers associated with each
activity were identified. As shown in Table 1, eight cost driver categories have been defined (demand,
online order, product and delivery profile, inventory management, handling activities, and store and
suppliers profile), with different drivers for each category.

Table 1. Cost categories and drivers.

Cost Category Cost Driver Unit of Measure

Demand profile

Average daily online demand (orders/day)
Average daily traditional demand (orders/day)

Coefficient of variation of online demand -
Coefficient of variation of traditional demand -

Correlation coefficient between online and traditional demand -

Online order profile Average number of lines per order (lines/order)
Average number of units per order line (units/line)

Product profile Average unit value (€/unit)
Average unit volume (m3/unit)

Delivery profile

Courier fare (€/order)
Delivery area (km2)

Time available in a day (hours)
Drop-off time (product delivery, payment) (hours/order)

Average transfer speed (km/hour)
Daily cost of a vehicle (€/day)

Inventory management
Review interval of DC (days)

Service level (k) -
Inventory carrying cost on product value—DC (space,

obsolescence, capital costs) (%/year)

Handling activities

Picking productivity (lines/hour)
Packing productivity (orders/hour)

Hourly cost of picking activities (labour, equipment) (€/hour)
Hourly cost of packing activities (labour) (€/hour)

Handling cost (€/pallet)

Store profile

Shipment cost from DC to stores (€/m3 km)
Average distance from DC to stores (km)

Handling productivity in-store (orders/hour)
Hourly cost of handling activities (labour) (€/hour)

Review interval of stores (days)
Inventory carrying cost on product value—store (space) (%/year)

Suppliers profile

Shipment cost from suppliers to DC (€/m3 km)
Average distance from suppliers to DC (km)

Average lead time (days)
Average pallet volume (m3/pallet)
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Based on the cost drivers reported in Table 1, Table 2 illustrates the analytical formulas employed to
evaluate the cost of each activity for an order. For example, the picking cost may be viewed as a function
of the pickers’ productivity, as well as the average number of lines per order. For some activities,
costs were assessed differently based on the distribution configuration. As an example, the delivery
cost is expressed as a function of the courier fare only in the dedicated and integrated warehouse
configurations. Instead, in the integrated warehouse and transport configuration, we assumed that the
company organises milk runs, starting from the store, and modelled the delivery cost as a function of
the required number of vehicles and the number of deliveries per vehicle. The latter depends, in turn,
on the time available for the deliveries, the average drop-off time at the customer’s home and the time
to move from one customer to the next. This travel time is related to the average distance between one
customer and the next and the average transfer speed. Furthermore, the average distance between one
customer and the next one depends on the delivery area and the online demand (i.e., delivery density).

Table 2. Analytical formulas for cost assessment.

Activity Expression

Transport from suppliers to DC
Shipment cost (€/m3 km) × Average distance Supplier-DC
(km) × Average unit volume (m3/unit) × Average order
line size (units/line) × Average order size (lines/order)

Warehousing—Receiving and storing

(Handling cost (€/pallet)/Average pallet volume
(m3/pallet)) × Average unit volume (m3/unit) × Average
order line size (units/line) × Average order size
(lines/order)

Warehousing—Inventory

DC’s order quantity (units): 2 + Coefficient of variation of
online demand/(Coefficient of variation of online demand
+ Coefficient of variation of traditional demand) × safety
stock (units)) × Service level k × Average unit value
(€/unit) × Inventory carrying cost (%/year)

Warehousing—Picking ((1/Picking productivity (lines/hour)) × Cost of picking
activities (€/hour)) × Average order size (lines/order)

Warehousing—Packing and consolidation (1/Packing productivity (orders/hour)) × Cost of packing
activities (€/hour)

Transport from DC to store
Shipment cost (€/m3 km) × Average distance DC-store
(km) × Average unit volume (m3/unit) × Average order
line size (units/line) × Average order size (lines/order)

Store activities—Handling (1/Handling productivity (orders/hour)) × Cost of
handling activities (€/hour)

Store activities—Inventory Store’s order quantity (units): 2 × Average unit value
(€/unit) × Inventory carrying cost (%/year)

Home delivery

Courier fare (Conf. 1); Vehicle cost (€/day): (Time available
(hours/day)/(Drop-off time (hours/order) + (Average
demand (orders/day): Delivery area (km2)): Average
transfer speed (km/hour)) (Conf. 2, 3)

5.3. Greenhouse Gas Emissions Assessment

Table 3 reports the GHG emissions categories and drivers. Some drivers were considered to
be the same for both cost and emission assessment (e.g., the online order profile and the average
travel distances from suppliers to DC, from DC to store, and in the delivery area in the milk run
case). Other drivers, such as the average weight of one unit and the energy consumption related to
warehousing and in store activities, were specifically introduced to evaluate the environmental impact.
Note that only the GHG emissions-specific drivers are included in Table 3 for the sake of brevity.
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Table 3. GHG emissions categories and drivers.

GHG Emission Category GHG Emission Driver Unit of Measure

Product profile Average unit weight (kg/unit)

Delivery profile

Retailer online demand to total courier hub flow ratio (%)
Courier hub energy consumption (kWh/m3 year)
Average courier hub size (m3)
Average distance between DC and courier hub (km)
GHG emission generated from DC to courier hub (kg CO2e/tonne km)
GHG emission generated from courier hub/store to customer’s home (kg CO2e/tonne km)
Carbon emission generated in the courier hub (kg CO2/kWh)

Inventory management and
handling activities

DC energy consumption for good storage (kWh/year)
Carbon emission generated for good storage and handling in the DC (kg CO2/kWh)

Store profile Store energy consumption (kWh/year)
Carbon emission generated in store (kg CO2/kWh)

Suppliers profile GHG emission generated from suppliers to DC (kg CO2e/tonne km)

The analytical formulas to assess the environmental impact of each activity for an order are
described in Table 4. In line with previous contributions, formulas use conversion factors to estimate
CO2e. With reference to transport, formulas are based on the travelled kilometres and use conversion
factors expressed as kgCO2e/km. Likewise, to assess CO2e related to warehousing and handling
activities, conversion factors expressed as kgCO2e/kWh are considered.

Table 4. Analytical formulas for GHG emission assessment.

Activity Expression

Transport from suppliers to DC GHG emission (kg CO2e/tonne km) × Average distance suppliers-DC (km) × Order
weight (tonnes/order)

Warehousing GHG emission (kg CO2/kWh) × DC energy consumption (kWh/year) × Online to offline
demand ratio (%): Annual online demand (orders/year)

Transport from DC to store GHG emission (kg CO2e/tonne km) × Average distance DC-store (km) × Order weight
(tonnes/order)

Store activities GHG emission (kg CO2/kWh) × Store energy consumption (kWh/year) × Online to
offline demand ratio (%): Annual online demand (orders/year)

Home delivery

GHG emission (kg CO2e/tonne km) × Average distance DC-courier hub (km) × Order
weight (tonnes/order) + GHG emission (kg CO2/kWh) × Courier hub energy
consumption (kWh/m3 year) × Average courier hub size (m3) × Retailer online demand
to total courier hub flow ratio: Annual online demand (orders/year) + GHG emission
(kg CO2e/tonne km) × Average distance per customer in a tour (km) × Order weight
(tonnes/order) (Conf. 1, 2); GHG emission (kg CO2e/tonne km) × Average distance per
customer in a tour (km) × Order weight (tonnes/order) (Conf. 3)

6. Comparison of the Alternative Distribution Configuration

6.1. Main Data and Assumptions

The model was applied to a real case to evaluate the operational costs and GHG emissions per
order. We considered an Italian retailer operating in the consumer electronics industry. Tables 5 and 6
show the values associated with the relevant cost drivers and the main parameters to evaluate GHG
emissions used in the analysis, respectively.

Table 5. Values of cost drivers used in the analysis.

Cost Category Cost Driver Value Unit of
Measure

Demand profile

Average daily online demand 330 (orders/day)

Average daily traditional demand 6300 (orders/day)

Coefficient of variation of online demand 2 -

Coefficient of variation of traditional demand 1 -

Correlation coefficient between online and traditional demand −0.5 -
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Table 5. Cont.

Cost Category Cost Driver Value Unit of
Measure

Online order profile
Average number of lines per order 1.2 (lines/order)

Average number of units per order line 1 (units/line)

Product profile
Average unit price 300 (€/unit)

Average unit volume 0.035 (m3/unit)

Delivery profile

Courier fare 8 (€/order)

Delivery area 20 (km2)

Time available in a day 8 (hours)

Drop-off time (product delivery, payment) 0.25 (h)

Average transfer speed 15 (km/hour)

Daily cost of a vehicle 150 (€/day)

Inventory management

Review interval of DC 10 (days)

Service level 98 (%)

Inventory carrying cost on product value—DC (space,
obsolescence, capital costs)

25 (Conf. 1);
20 (Conf. 2, 3) (%/year)

Handling activities

Picking productivity 50 (Conf. 1);
45 (Conf. 2, 3) (lines/hour)

Packing productivity 30 (orders/hour)

Hourly cost of picking activities (labour, equipment) 20 (€/hour)

Hourly cost of packing activities (labour) 18 (€/hour)

Handling cost 1 (Conf. 1);
0.5 (Conf. 2, 3) (€/pallet)

Store profile

Shipment cost from DC to stores 0.07 (€/m3 km)

Average distance from DC to stores 150 (km)

Handling productivity in-store 20 (orders/hour)

Hourly cost of handling activities (labour) 21 (€/hour)

Review interval of stores 1 (days)

Inventory carrying cost on product value—store (space) 20 (%/year)

Suppliers profile

Shipment cost from suppliers to DC 0.2 (Conf. 1);
0.1 (Conf. 2, 3) (€/m3 km)

Average distance from suppliers to DC 100 (km)

Average pallet volume 0.8 (Conf. 1);
1.152 (Conf. 2, 3) (m3/pallet)

Average lead time 3 (days)

Table 6. Values of GHG emission drivers used in the analysis.

Cost Category Cost Driver Value Unit of Measure

Product profile Average unit weight 10 (kg/unit)

Delivery profile

Retailer online demand to total courier hub flow ratio 5 (%)

Courier hub energy consumption 48.5 1 (kWh/m3 year)

Average courier hub size 125,000 (m3)

Average distance between DC and courier hub 50 (km)

GHG emission generated from DC to courier hub 0.077 2 (kg CO2e/tonne km)

GHG emission generated from courier hub/store to customer’s home 0.518 2 (kg CO2e/tonne km)

Inventory management
and handling activities

DC energy consumption for good storage 145,000 (Conf. 1);
130,000 (Conf. 2, 3) (kWh/year)

CO2 emission generated for good storage and handling in the DC 0.667 3 (kg CO2/kWh)

Store profile
Store energy consumption 13,000 (kWh/year)

CO2 emission generated in store 0.667 3 (kg CO2/kWh)

Suppliers profile GHG emission generated from suppliers to DC 0.129 2 (Conf. 1);
0.077 2 (Conf. 2, 3)

(kg CO2e/tonne km)

1 [36]; 2 [21]; 3 [20].
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6.2. Economic Impact Evaluation

Figure 4 summarises the operational costs per order and the impact of the main phases that
characterise the distribution process for the three distribution configurations included in the analysis.
The operational costs per order turn out to be between 10.2 €/order and 12.7 €/order, i.e., 3%/4% of
the average order value. We observe a strong incidence of both home delivery and warehousing costs
on the overall logistics costs. In all the configurations, the delivery costs account for more than 50% of
the overall differential costs, whereas the warehousing costs account for approximately 30%.

For the home delivery, the retailer can use the courier network (in Configurations 1 and 2) or
exploit synergies with the offline channel tanks by using the replenishment of stores to also move
online products close to their final-delivery area and then organise local distribution routes. The results
show that the involvement of the store as consolidation and a starting point for the home delivery can
result in a significant reduction of the delivery costs, i.e., 5.04 €/order instead of 8 €/order.

Focusing on the warehousing phase, the inventory carrying costs is the most significant item cost
(70% of the warehousing costs in the dedicated network, and 63% in the other two configurations).
In line with previous literature, the results confirm that the retailer obtains significant benefits from
inventory integration in the case that online and offline demands are negatively correlated; a warehouse
shared between the two channels allows a reduction of demand variability and, in turn, of the safety
stocks at the DC.
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In summary, the adoption of a dedicated network to fulfil online orders is the solution with lower
complexity from a managerial perspective, without the need for a redesign of the traditional processes.
However, this configuration is also the most expensive due to the lack of synergy between online
and traditional channels. In OC retailing, the integration between online and traditional channels is
important not only in the front-end processes, but also from a logistics perspective in order to offer
a seamless customer experience in a cost-efficient way. Compared to the use of a dedicated network,
the integration at the warehouse level results in a reduction of 10% in the cost per order. The economic
benefit increases in the case of integration between the online and offline channel at both warehouse
and transportation levels. Compared to a dedicated network, the cost reduction in the cost per order
is 24%. The additional cost related to the online order management at the store is balanced by the
improvement in the home delivery cost due to the use of more efficient shipments (milk run starting
from the store compared the use of a courier).
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6.3. Environmental Impact Evaluation

Figure 5 summarises the environmental impact in terms of GHG emissions per order and
the impact of the main phases that characterise the distribution process for the three distribution
configurations included in the analysis. As in the economic evaluation, the phases showing the
highest GHG emissions are home delivery and warehousing. The GHG emissions per order range
from 1.0 kgCO2e/order for Configuration 3 to 2.0 kgCO2e/order for Configuration 1. Looking at
Configuration 2, the results show that the integration at the warehouse level is more beneficial from an
economic perspective rather than from an environmental one, with a reduction in the GHG emissions
per order of 7% compared to Configuration 1. The reason is related to the double handling of goods
needed when the parcel service is used. The same trend, but more emphasised, can be observed
for Configuration 3, i.e., the integrated warehouse and transport configuration, which is the better
considering the environmental impact. In this case, the reduction in the GHG emissions per order
is 50% compared to Configuration 1 thanks to the aggregation of online and traditional flows for
transport between DC and local stores.

In summary, the channel integration can be considered as a mean to pursue an eco-efficiency
strategy as it could simultaneously improve the environmental and economic impact. However,
the benefits in terms of costs and environmental impact are different depending on the distribution
configuration under examination, stressing the importance of using a flexible tool to compare
different alternatives.
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7. Conclusions

This study is a rare attempt at evaluating the environmental impact of distribution network
design. It examined the three distribution configurations mainly adopted by companies operating in
an OC environment: ‘dedicated network’, ‘integrated warehouse’, and ‘integrated warehouse and
transport’ configurations. These three configurations under study also formalise the integration level
between online and traditional channels. After analysing the main characteristics of the distribution
process related to the fulfilment of online orders, we developed a model, using the ABC approach,
to assess the operational costs and GHG emissions related to the distribution process and compare the
three distribution configurations. The process considered in this study starts from the transport from
suppliers and closes with the product delivery to customers. The model was applied to a real case.
The case study revealed that the logistics phases with a higher impact are inventory carrying costs
and home delivery, both considering the economic and the environmental perspective. The search
for synergy and integration between online and traditional flows in both phases is important for the
economic and above all environmental sustainability of OC systems. Our findings coming from the
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model application to a real case in the consumer electronics industry can be considered valid for the
non-food retailers’ category as the logistics problem is similar, as well as the distribution configurations
under study.

This paper contributes to the academic literature by: (i) extending the current study on the
environmental impact of online order fulfilment to configurations that have not been analysed in
this research stream up to now; (ii) considering both the economic and environmental perspectives
simultaneously; and (iii) providing a model that is quite generic and allows further extensions (e.g.,
to accommodate other activities or distribution configurations).

From a practical perspective, the practical relevance of our contribution has been demonstrated
for a real case study. Differently from previous studies that focused on industry such as apparel or
grocery, the case study included in this paper shows insights from the consumer electronic sector.
The model is intended to be a functional and easy-to-use tool for retailers who aim to understand
costs and environmental impact related to the fulfilment of online orders. Specifically, the proposed
model helps retailers to select the distribution configuration most suitable to their characteristics and
to understand how their configuration should vary with the evolution of the context (e.g., relevance
of online demand, introduction of green vehicles by the company or the logistics service providers,
or creation of centralised distribution systems).

The present study has some limitations that should be considered. First, the proposed model only
considers the activities that are differential among the examined configurations. To assess the total
costs of the entire distribution process, other activities should be included, e.g., orders management
and returns management. The proposed model can also be easily adjusted to handle other distribution
configurations that, for instance, may imply a broader role of stores (e.g., to use of store’s inventory
to serve online orders or the opportunity for customers to buy online and pickup in-store). At last,
it is interesting to apply the model to other business sectors. A sensitivity analysis could allow us to
understand how the operational costs and the GHG emissions related to the different distribution
configurations change with respect to the variation of some key parameters (e.g., the relevance of
online demand, the order size, and the delivery area) or to the use of greener technology for both
transport and warehouse activities (e.g., [37]).
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