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Abstract
Organizations in today’s supply chains strive for transportation activities optimization. However, transportation is a
significant environmental impact activity. Particularly, road transportation is the highest emission rate source and the most
widespread modality for last-mile delivery. In this context, the use of performance management tools, such as key
performance indicators (KPIs), is a strategy to reach both economic-operative and environmental benefits. Among all KPIs,
overall equipment effectiveness (OEE) is one of the most suitable KPIs to measure the utilization of an industrial asset. In the
transportation sector, a variant of the OEE, known as the transportation overall vehicle effectiveness (TOVE), is used to
define the performance of vehicle distribution activities, such as road transportation for last-mile delivery and urban
logistics. Although TOVE is effective for evaluating vehicle performance in terms of administrative availability, operating
availability, performance, and quality, the indicator does not take into the environmental impact related to road trans-
portation activities. Literature has proposed several formulations to quantify transport carbon emissions, most of which are
linear relationships to the distance travelled. However, these models are not suitable for assessing the TOVE performance
of road transportation activities. This paper aims to compare the performance of last-mile delivery in terms of TOVE and
carbon emissions evaluated with a distance travelled formulation in two different scenario systems. The comparison shows
the inadequacy of TOVE in terms of environmental sustainability, as maximizing road transport performance while ignoring
the environmental dimension excludes the minimization of CO2 emissions. Therefore, the foundation for future de-
velopments of TOVE for sustainable road transportation can be established from this divergence.
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Introduction

To efficiently meet customer needs while providing high
service levels, organizations in today’s supply chains strive
for transportation activities that are fast, accurate, flexible,
and cost-effective.1 However, transportation is also a major
contributor to carbon emissions, and the transportation
sector is the fourth largest source of environmental impact,
with road transport accounting for 80% of emissions from
freight and passengers.2 Furthermore, to achieve net-zero

emission targets, the transportation sector has the ambitious
goal of reducing a large share of environmental emissions
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despite expectations of business growth.3 Against this
backdrop, finding a balance between economic and envi-
ronmental sustainability is crucial.4 Generally, three strat-
egies can be implemented to improve the efficiency of an
industrial process and reduce its environmental impact. The
first strategy is direct mitigation, which involves reducing
the emission rate produced by an asset or equipment, such as
a vehicle. For example, this first strategy includes the re-
vamping of an asset. The second is the replacement of the
equipment with a new one characterized by better perfor-
mance and lower consumption.5–7 Finally, the third is the
optimization of the entire process according to strategic and
operational considerations. This paper focuses on the third
strategy, as confirmed by Simons et al.,8 studies are missing
holistic measures proposal of transportation efficiency to-
ward sustainable development goals. In fact, most of these
propose economic-operative performance measures while
neglecting the impact that transportation activity has on the
environment. To fill this gap, this paper evaluates the
transportation process from both economic-operative and
environmental perspective. Regarding economic-operative
perspective, transportation overall vehicle effectiveness
(TOVE) is a well-defined overall equipment effectiveness
(OEE) variant to measure the performance of a distribution
process9 and satisfy customer needs. However, TOVE does
not take into account the environmental dimension, which is
usually evaluated by using other consumption models.
Consumption models involve the quantification of both
pollutant emissions (e.g., particulate matter, nitrogen ox-
ides, and sulphur oxides) and climate-altering substance
emissions (e.g., CO2). A widely used approach entails
measuring the amount of CO2 emissions based on the
distance travelled by the vehicle.10–12 Objectives targeting
economic and environmental performance improvements
may not be aligned as higher utilization of a vehicle leads to
a greater environmental impact. Therefore, organizations
lack a specific indicator for road transportation that con-
siders both economic and environmental sustainability.
From this perspective, this paper aims to highlight the need
to develop a comprehensive indicator, laying the founda-
tions for future research developments. The need of a
comprehensive indicator is highlighted by the comparison
of TOVE and CO2 emissions in two different system
scenarios. Specifically, it is intended to analyze two road
distribution scenarios that implement different routing
policies varying parameters of vehicle speed and maximum
customer distance. The first scenario uses a first-in-first-out
(FIFO) last-mile delivery policy whereby the first customer
to request an order is the first to be served. In contrast, the
second scenario proposes a last-mile delivery policy that
follows a minimum shortest path (MSP) route to serve
customers. The contribution of the paper is twofold. On one
hand, it offers an updated list of OEE-based transportation
efficiency indicators that may be useful for practitioners. On

the other hand, the comparison of economic-operative and
environmental measures lays the basis for researchers to
develop a comprehensive indicator.

As a reminder, the structure of the article is as follows. In
Literature review, a literature review is presented on key
performance indicators (KPIs) specific to the OEE family
for road transportation and models quantifying CO2

emission on the road. Methodology outlines the method-
ology used. Results reports the results achieved. Finally, in
Conclusion, the results are discussed, and conclusions and
future developments are presented.

Literature review

This section provides the theoretical background of this
study, investigating the existing literature on road trans-
portation OEE-based indicators and carbon emission
models. Specifically, Overall equipment effectiveness var-
iants explore the proposed OEE variants for transportation
activity, highlighting the pros and cons that led to the de-
velopment of the KPI used in this study, namely, the TOVE.
In addition, the section highlights the lack of OEE-based
KPIs for the transportation sector that quantitatively account
for the negative contribution of the logistics process to
environmental impact. In Carbon emission models, the CO2

emission quantification models are presented, including the
assumptions and data availability under which they are
typically used.

Overall equipment effectiveness variants

The OEE was originally created to implement Total Pro-
ductive Maintenance as one of the lean techniques for ef-
ficient production.13 It calculates the productivity of assets
in terms of availability, performance, and quality to track
and improve an industrial system continuously. OEE is used
in various industries, with variants such as Overall Tool
Group Efficiency,14 Overall Throughput Effectiveness,15

and Overall Space Effectiveness.16 These are used to as-
sess the performance of individual industrial assets, specific
parameters in industrial processes like productivity, and
layout performance, respectively.

In lean theory, transportation is regarded as one of the
seven wastes and a non-value-adding activity that needs to
be eliminated. However, service companies in the logistics
sector view the delivery process as a key activity for cus-
tomer satisfaction and, thus, economic growth. As a result,
several variants of the OEE have been developed specifi-
cally for the transportation sector, all of which evaluate the
performance and distribution of vehicles in terms of three
major components: availability, performance, and quality.
First, the Overall Vehicle Effectiveness (OVE) indicator
was introduced to measure the performance of road freight
vehicles based on the percentage of availability, the
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performance rate, and the quality mark.8 However, OVE is
not suitable for scenarios with multiple destinations per
delivery. OVE rewards less efficient routes from a fuel
consumption point of view. In fact, the indicator gives better
values to routes that minimize the total distance, regardless
of the vehicle load that affects fuel consumption. A more
appropriate performance estimate is to consider how much
weight is moved and how much distance. To solve this
problem, the Modified Overall Vehicle Effectiveness
(MOVE) breaks down the performance component into
route efficiency and time efficiency. The first component
evaluates the efficiency of a route in terms of weight and
distance compared to that consumed to cover the MSP
route. Instead, the second component evaluates the effi-
ciency of the route in terms of time, compared to the time for
the MSP1. Another alternative, Overall Transportation Ef-
fectiveness (OTE), measures economic-operative perfor-
mance by identifying road transportation losses in higher
detail. From the total time, OTE identifies the time spent by
the company for some activities, such as planned standstill
(e.g., maintenance, operator training, revision), routine
losses (e.g., dock waiting time), and speed losses (e.g.,
traffic jams and kilometers empty).17 The above mentioned
OEE-based indicators for transportation efficiency (OVE,
MOVE, and OTE) evaluate performance excluding un-
scheduled time for shifts and company closures, and
scheduled time for maintenance activities. However, such
times are relevant to maintain assets in the operational
phase.18 Therefore, another OEE-based indicator, namely
TOVE, was developed by Villareal et al.19 to evaluate
transportation performance on total calendar time, instead of
only considering the net time of system closure and planned
downtime. TOVE divides the organization’s activities into
in-transit (IT) (i.e., activities involving active vehicle op-
eration) and non-in-transit (NIT) (i.e., transport activities
not involving the active use of vehicles) to assess logistics
performance. As reported in Figure 1, TOVE evaluates
availability by dividing it into administrative (AA) and
operating availability (OA) and considers the performance
(P) and quality (Q) of the systems in terms of IT
activities.9,19 Thus, TOVE is a well-established road
transport-specific OEE variant.21 Table 1 summarizes the
OEE variants found in the literature for transportation ef-
ficiency, along with reporting their identification (ID),
reference, and pros and cons of their adoption.

As summarized in Table 1, the previously mentioned
indicators do not take into account the domain of envi-
ronmental sustainability. There are “sustainable” versions of
OEE in the literature, but they are not designed for the
transportation sector. Among the sustainable versions of
OEE, an example is the Overall Greenness Performance
(OGP), which evaluates the environmental performance of
value-added activities based on four components: (i)
company context for local environmental legislation and

organizational culture, (ii) supply chain for supplier con-
ditions and client requirements, (iii) consumption of non-
value-added processes, and (iv) consumption of non-
necessary non-value-added processes.22–24 At a broader
level, the Sustainable Overall Throughput Effectiveness
(SOTE) KPI, incorporates environmental sustainability of
production processes for series, parallel, converging, and
diverging flows into the OEE components.25 Finally, the
Business Overall Performance and Sustainability Effec-
tiveness (BOPSE), measures the relationship between Lean
practices and Green production by combining OEE with a
sustainability indicator that considers the three aspects of
the Triple Bottom Line.26 As stated by the literature review
results, the performance management field lacks an OEE-
based indicator to evaluate the environmental performance
of transportation processes. On the other hand, several
OEE-variants deal with economic-operative performance.
Within this paper, TOVE was chosen as the indicator to
measure the effectiveness of a road transportation process,
even if it does not consider the environmental issue. The
reason of the choice is that TOVE is a novel but well-
established indicator that simultaneously improves on the
criticalities and provides guidance on practical usefulness.

Carbon emission models

The amount of CO2 emissions produced by a vehicle is
directly proportional to the amount of fuel it consumes. In
turn, fuel consumption is impacted by various factors, such
as speed, road slope, traffic on the route, driver behavior,
fleet size and mix, payload, empty miles, and green freight
corridors.27 Based on this, vehicle consumption models can
be classified into three groups: macroscopic, microscopic,
and factor emission models.27 Macroscopic models estimate
network-wide emissions using average network parameters.
For example, MEET (Methodology for calculating trans-
portation Emissions and Energy consumpTion) is a mac-
roscopic model for calculating transport emissions and
energy consumption per heavy-duty vehicle. The model
evaluates the CO2 emissions considering two different
components, which are first determined through a series of
regression functions and then merged into a single mac-
roscopic function. The first component is the CO2 rate
calculated for standard conditions based on the distance
travelled. The second component introduces some correc-
tion factors related to the gradient of the road and the load
transported. Finally, the product of the two components
gives the amount of CO2 emitted.28 Another macroscopic
model is COPERT (COmputer Programme to calculate
Emissions from Road Transportation), which estimates
vehicle emissions by using specific regression functions for
fuel consumption, where each of them depends on the
vehicle weight. The function depends on speed and total
distance.29 However, macroscopic models do not estimate
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the instantaneous vehicle fuel consumption and emission
rates at a more detailed level. To this end, microscopic
models were developed. Microscopic models calculate
emissions with more accuracy by considering instantaneous
kinematic variables (speed and acceleration) or aggregated
variables (e.g., time spent in traffic mode, cruise, and

acceleration). Concerning microscopic models, Bowyer
et al.30 proposed several approaches, such as an instanta-
neous fuel consumption model (IFCM), a four-mode ele-
mental fuel consumption model (FMEFCM), a running
speed fuel consumption model (RSFCM), and an average
speed fuel consumption model (ASFCM). However, both

Figure 1. OEE and TOVE description.

Table 1. OEE variants for the transportation sector.

OEE variants ID Reference Pros Cons

Overall vehicle
effectiveness

OVE Simons
et al.8

The first proposal of an aggregate indicator
for measuring road transport efficiency.
The indicator is based on the available
time net of losses due to the five
transportation losses (driver breaks,
excess loading time, fill loss, speed loss,
and quality)

Initially, the indicator was tested on a single
case study, showing no statistical
significance

The indicator tends to reward less efficient
routes in the case of multiple destinations

Modified overall
vehicle
effectiveness

MOVE Sun et al.1 It improves OVE by introducing a new
component that quantifies in terms of
vehicle utilization (weight to be carried)
the ratio of proposed routes to optimal
routes

The indicator was verified through a
mathematical experiment. The validation
of the measure is missing

Overall
transportation
effectiveness

OTE Dalmolen
et al.17

The indicator allows easier identification of
losses from the total time of the interval
considered

The tool was validated through interviews
with experts in the field

It quantifies routing effectiveness by
calculating CO2 emissions in little detail
without providing implications of the
relationships between operational
performance and the environmental
impact of transport

Transportation
overall vehicle
effectiveness

TOVE Villareal
et al.9

Compared to the other indicators, it
considers total calendar time

It classifies activities between IT and NIT
which facilitates the identification of
waste

It considers a transport system efficient if it
is totally focused on transport activity.
Therefore, it focuses only on economic-
operative performance
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macroscopic and microscopic models require much infor-
mation on traffic flows and the vehicle operating mode.27

This information is not always available. Therefore, several
authors have proposed factor emission models as valid and
simpler approaches. Factor emission models appear to be
unaffected by the variables of road transportation activities,
such as environmental and traffic conditions, driver be-
havior, and vehicle operating conditions that are difficult to
replicate.31 Generally, factor emission models use pre-
defined emission factors to estimate CO2 emissions, which
are calculated per unit distance, per unit weight, per product,
and per vehicle.32 Specifically, in the road transport sector,
predefined emission factors measure the CO2 consumption
of transportation activities based on the distance travelled.33

In contrast to TOVE, although factor models are widely
used to quantify the environmental impact of road transport,
they neglect economic-operative performance.

Overall, the performance management field lacks a
specific indicator for road transportation that evaluates the
optimization of economic and environmental dimensions.
Moreover, to the best of the authors’ knowledge, the current
scientific literature has not already provided a comparison
between the performance of a road distribution system in
terms of TOVE and factors models based on the travelled
distance to evaluate CO2 emissions. Hence, the aim of this
article is to fill this gap by highlighting the inadequacy of
TOVE and the importance of a comprehensive indicator that
considers both economic and environmental perspectives.

Methodology

The methodology adopted in this work follows four se-
quential steps as shown in Figure 2. Firstly, the flow of
activities is mapped, collecting quantitative and qualitative
process information and splitting activities into IT and NIT
ones. Secondly, the waste associated with each activity is
identified. The wastes are associated with the four elements
of TOVE that are, respectively, Administrative Availability
(AA), Operating Availability (OA), Performance (P), and
Quality (Q). Thirdly, the transportation route is planned,
opting for an FIFO or an MSP policy. Finally, KPIs are
calculated to assess both the economic-operative (TOVE)
and environmental (CO2 emission) performance of the last-
mile delivery activities. Below, each step will be described
in more detail.

Mapping the flow is the initial methodological
step. Lean principles are supported by flow mapping,34

which makes it possible to map the stream of information,
operators, and materials that have been or will be done as
well as their proper sequence. Many flow mapping
techniques may be taken into consideration, with the
Value Stream Map (VSM) being a well-known and es-
tablished tool.35 In a VSM, activities are divided into
value-added and non-value-added categories. Value-added
activities are perceived by customers as necessary to satisfy
their needs, unlike non-value-added activities. Among
the latter, some non-value-added activities may be nec-
essary and in support of value-added activities, while
others are unnecessary. Non-value-added activities that
are not necessary represent a significant waste for or-
ganizations that should therefore be eliminated. However,
in the lean approach, transportation is regarded as a non-
value-added activity. For this reason, the classification of
activities on the basis of value was revised by Villareal
et al.9 specifically for the transportation process. The
classification groups activities in IT and NIT activities, to
distinguish when transportation is conducted or not. This
division of activities was used as a reference throughout
this study. Then, traditional last-mile delivery process
activities are considered. As a result, it is assumed that a
distribution center receives a daily flow of supplies that
are managed internally and dispatched as needed. The
operators perform tasks, including unloading cargo, al-
locating shelves, selecting, and delivering items. The
activities can be grouped following the classification of
the logistics macro-phases which are inbound logistics,
internal logistics, and outbound logistics.36 Within this
context, activities such as unloading goods, shelf allo-
cation, picking, and delivery are carried out by the op-
erators. Once the activities and their flow have been
identified, it is therefore necessary to identify whether
these activities are conducted in the most appropriate
manner. It frequently happens that not all actions in a
process are carried out to their full potential, and this
implies waste creation. Within logistics field, many au-
thors have identified wastes related to transportation
process.8,37,38 Specifically, according to the Villareal
proposal,9 transportation wastes can be divided into four
groups: i) AA, ii) OA, iii) P, and iv) Q wastes. AAwastes
include time for which the transport activity is not
conducted (WAA1), time for periodic vehicle maintenance

Figure 2. Methodological framework.
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(WAA2), and time due to other reasons for which the
vehicle is stationary for non-operating reasons (e.g., route
planning) (WAA3). Availability losses for operational
reasons that fall within the delivery phase are instead
classified as OA wastes. OA wastes can be attributed to
times when the vehicle is stationary despite the fact that it
should be in motion (WOA1), driver breaks (WOA2),
unplanned repairs (WOA3), and excessive customer ser-
vice time (WOA4). However, operational waste does not
consider the efficiency of the vehicle, which may lead to P
wastes. In fact, three causes can lead to lower trans-
portation performance. The first two concern losses in
filling (WP1) and speed (WP2) such that the vehicle is
forced to move with a reduced volume or quantity of
elements and at a lower speed than expected. The third
concerns time excesses due to longer distances (WP3). In
fact, it may happen that the delivery point is not the exact
one for which the vehicle can be stopped, requiring a
greater displacement of the operator. Finally, the last
category of waste is the one related to the quality of
service (Q), comprising wastes related to the percentage
of customers not served (WQ1), of demand not filled
(WQ2) due to inventory stock-outs, and of damaged
products (WQ3). The abovementioned wastes make it
possible to quantify the four components of TOVE, which
are shown in Table 2.

Route planning is the third step of the proposed meth-
odology. To identify vehicle routes, let’s consider a group of
customers scattered throughout a network, where a

distribution center runs a product delivery vehicle. The first
strategy considered is to follow the FIFO policy, which
states that the first client who made the order will be the first
to be served.39 According to the FIFO policy, the sequence
of served customers is not necessarily geographically or-
ganized in a logistic effective and efficient manner. The
second strategy follows a MSP policy to identify the
shortest path by minimizing the delivery route, without
considering the order in which clients arrive. To solve this
problem, there are methods for vehicle routing problems
(VRPs) that define the best route by meeting a set of
criteria.40

min
X

i, j2V
cijxij (1)

X

i2N
xij ¼ 1"j2N (2)

X

j2N
xij ¼ 1"i2N (3)

xij 2f0, 1g"i, j2N (4)

where i and j represent the starting and arrival points, re-
spectively, while xij refers to the connecting path. In a
network with N nodes, Equations (1)–(4) define a generic
routing optimization problem. N stands for the total number
of customers in the instance under consideration. The ob-
jective function (Equation (1)) considers the two constraints

Table 2. Components of TOVE related to different waste sources as represented in Figure 1.

Component ID Waste Description

Administrative availability
(AA)

WAA1 Non-scheduled time Time for which the transport activity is not performed
WAA2 Scheduled

maintenance
Periodic scheduled maintenance

WAA3 NIT external Time during which the vehicle is in non-in-transit state outside the
transportation time

Operating availability
(OA)

WOA1 NIT internal Time during which the vehicle is in non-in-transit state within the
transportation time

WOA2 Driver breaks All stops forced by some driver condition
WOA3 Unscheduled

maintenance
Failures of vehicle elements that prevent normal or safe operation and
require corrective action

WOA4 Excess service time Additional time needed to provide the service requested by the customer
Performance (P) WP1 Fill loss Filling losses of the vehicle according to an element, such as volume or

quantity
WP2 Speed loss Vehicle speed loss defined as the difference between the maximum

permissible speed and the average speed
WP3 Excess distance Additional distance required to provide the service requested by the

customer
Quality (Q) WQ1 Clients not served Customers for whom the order was not delivered due to administrative and

operational inefficiencies
WQ2 Demand not met Application not taken over due to lack of products
WQ3 Product defects Non-conforming elements that are damaged in one or more activities

performed by the distribution company
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(Equations (2) and (3)) of each node (one incoming and one
outgoing arc) and can take the value one if selected (if the
connecting path is covered) or 0 if not. Based on the
constraints, the objective function minimizes the total cost
of the selected arcs that individually depart from i and reach
j, whereas passing from xij has a cost value of cij. There are
several heuristic approaches that identify feasible solutions
since VRP falls within the category of NP-hard problems.41

In this article, the routing is determined by sequentially
identifying the next unvisited node that is the closest to the
preceding one.

The efficiency of the last-mile distribution actions in the
two system scenarios is then measured using KPIs from an
economic-operative and environmental point of view.
TOVE and CO2 emissions from road transportation are used
as the KPIs for scenario evaluation. The assessment of
TOVE has a similar formulation to the one of the OEE
indicator (Figure 1). The best-case scenario for each
component is that it can only assume the unit value. Because
of the existence of waste, practical scenarios define lower
levels. Each waste is identified in the TOVE component
where it causes inefficiencies, as previously mentioned (see
Table 2). On the other hand, the distance travelled is taken
into account when calculating carbon emissions (Equations
(5)). Practically, a light goods vehicle model with an
emission factor (ef ) of 0.230 Kg of CO2 per km driven35

was taken into consideration because of the absence of
information on traffic flows and operational modes.27

Moreover, this choice ensures the generality of the com-
parison between the two selected indicators. The total
amount of CO2 emissions is calculated as the sum of the
product of the emission factor ef and the distance dij
travelled to reach consecutive points belonging to the
customer set N. To reiterate, the primary goal of this work is
to draw attention to the inadequacies of TOVE indicator in
achieving the primary objective of green logistics, which is
to minimize environmental impacts.42

ECO2 ¼
X

i, j2N
ef *dij (5)

Results

The comparison between TOVE and CO2 emission was
conducted in two scenarios, one for FIFO strategy and one
for MSP policy. Each scenario consists of two three-level
variables, namely, the maximum acceptable distance of
customers from the distribution center (30, 40, and 50 km)
and the vehicle speed (40, 60, and 80 km/h).

The analysis generated a random distribution of
50 customers within a circle with a radius equal to the
maximum acceptable distance from the distribution center,
as shown in Figure 3. The last-mile delivery process is

carried out by a single vehicle with a speed loss (WP2) of
10%. The distribution center operates within a 12-h time
interval, of which 8 h are dedicated to transportation ac-
tivities. Prior to delivery, activities such as procurement,
storage, truck loading, and periodic maintenance are per-
formed. Once the allotted time for deliveries is completed,
any undelivered products are unloaded and stored. The
evaluation of the operational and environmental perfor-
mance of the two scenarios is assessed using a discrete event
simulation model. The activities on the nodes were linked
logically in a sequence. Within the simulation model, the
variables Delivery and C are used as state variables. De-
livery is a Boolean variable that identifies the state of the
last-mile delivery process, with a value of one indicating an
active state and a value of 0 indicating an inactive state. This
classification makes it possible to distinguish activities that
are IT (Delivery equal to 1) from those that are NIT (De-
livery equal to 0). The discrete status variableC indicates the
total orders to deliver daily, that correspond to the number of
customers to be served. The graphical representation of the
simulation model is shown in Figure 4.

The simulation model is controlled by a time variable
T, which determines the state variable Delivery. At the
beginning of the working day (Topen), NIT activities are
performed, followed by the distribution activity starting
at Tstart and continuing until all customers are served
(C ¼ 0) or until the end of the delivery time (Tfinish de-

livery). At the end of the day, final activities are carried out
to conclude the working day at the Tclose instant. Table 3
presents the event transition table, which illustrates the
activities, their interrelationships, and the time distri-
butions. The table also displays the state variables and the
conditions that trigger their change, represented by
dashed boxes in the graphic representation, while non-
dashed boxes represent the change of state variables that
do not require conditions.

To build and run the simulation model, the following
assumptions were considered:

· Scheduled maintenance activities are considered
sufficient to avoid significant downtime in un-
scheduled maintenance activities (WOA3),

9

· a daily route design is implemented to maximize
vehicle capacity, such that waste fill loss (WP1) is
negligible,43

· a daily route design is implemented to minimize the
routing distance, such that the excess waste distance
(WP3) and driver breaks (WOA2) are negligible,43

· demand is always met without backlog/backorder
policies, such that waste demand not met (WQ2) is
negligible, and44

· there are no handling errors in the loading and un-
loading vehicle activities, resulting in zero waste
product defect (WQ3).

45
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After identifying the wastes and specifying the activities,
the KPIs were measured. For each scenario, 10 simulation
runs were executed for each combination of the two vari-
ables (distance and speed). In each simulation, 50 customers

were randomly generated within a circle of radius equal to
the maximum acceptable distance. The average values and
deviations of the TOVE indicator and CO2 emission were
calculated, and the results are presented in Tables 4 and 5,

Figure 3. Customer space distributed according to three levels of a concentric circle at the distribution center.

Figure 4. Graphical representation of the simulation model.
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respectively. Appendix A provides a more detailed view of
the results for the two scenarios (FIFO and MSP policy)
with varying parameters of maximum distance to the cus-
tomer and vehicle speed.

From a general perspective, the TOVE indicator tends to
have lower values for longer delivery distances and slower
vehicle speeds. In contrast, higher speeds typically result in
relatively good TOVE values. Comparing the two scenar-
ios, it becomes clear that optimizing the delivery route can
yield significant benefits in terms of performance. Scenario
2, which minimizes the route and vehicle usage time, allows
more customers to be served. On average, Scenario one

served 27.13 customers, while Scenario two served
43.48 customers, representing 54% and 87%, respectively,
of the maximum of 50 customers to be served. These results
have a significant impact on the quality of the transport
service, which is one of the four components of the TOVE
indicator (Q).

Figure 5 provides a more detailed analysis of Scenarios
one and two through a box plot representation of the TOVE
components. Most of the TOVE components are inde-
pendent of both vehicle speed and distance between cus-
tomers and the distribution center. AA is similar for both
scenarios as wastes are identified with the same assumptions

Table 3. Event transition table of the simulation model.

Event name State change Edge condition Time delay (seconds) ID Next event

Start C = 0 AND
delivery = 0

Always 0 Unload incoming goods

Unload incoming goods C = Cmax Always Uniform (1200, 1800) TunloadIN Place goods on a shelf
Place goods on a shelf C -- C >0 Norm (120, 180) Tall Place goods on a shelf

C = 0 0 Load vehicle
Load vehicle C ++ C < Cmax Norm (30, 180) Tload Load vehicle

C = Cmax AND delivery = 1 0 Reach a costumer
Reach a costumer C >0 F (distance; speed) Ttrans Serve customer
Serve costumer C -- Delivery = 1 Norm (120, 120) Tserv Reach customer

Delivery = 0 OR C = 0 0 Return to DC
Return to DC Always F (distance; speed) Ttrans Unload vehicle
Unload vehicle C >0 Norm (30, 180) Tunload Place goods on a shelf
Place goods on a shelf C -- Always Norm (120, 180) Tall Unload vehicle

C = 0 0 Finish

Table 4. Average values and standard deviation of TOVE results for both scenarios.

Scenario 1 (FIFO policy) Scenario 2 (MSP policy)

Speed Distance Speed Distance

30 Km 40 Km 50 Km 30 Km 40 Km 50 Km
40 Km/h, %; 13.55, 10.06 14.16, 11.16 9.37, 7.03 40 Km/h 22.59, 6.18 20.24, 7.96 18.01, 8.53
60 Km/h, % 15.60, 11.96 20.18, 12.50 16.73, 11.99 60 Km/h 22.97, 5.10 24.65, 5.42 22.02, 7.57
80 Km/h, % 17.60, 6.69 18.77, 10.72 18.35, 9.37 80 Km/h 23.98, 2.66 26.56, 4.96 25.70, 5.38

Table 5. Average values and standard deviation of total KgCO2 emissions for both scenarios.

Scenario 1 (FIFO policy) Scenario 2 (MSP policy)

Speed Distance Speed Distance

30 Km 40 Km 50 Km 30 Km 40 Km 50 Km
40 Km/h 136.03, 92.98 167.85, 103.38 177.87, 120.28 40 Km/h 55.68, 9.43 67.87, 15.30 78.12, 25.64
60 Km/h 143.06, 82.90 231.32, 105.31 250.95, 126.71 60 Km/h 64.56, 6.73 79.11, 11.99 94.73, 20.07
80 Km/h 179.14, 61.12 238.03, 118.03 265.87, 112.07 80 Km/h 71.21, 4.30 88.72, 7.89 102.42, 12.77

Ferraro et al. 9

https://journals.sagepub.com/doi/suppl/10.1177_18479790231176783


and activities assume equal time distributions. OA assumes
lower values for Scenario 2, with average values ranging
between 66.86% and 81.01%, while Scenario one assumes
average values ranging between 86.68% and 94.49% in-
dependently of vehicle speed and customer distance. The
difference in average values between the two scenarios is
due to a particular loss that exceeds service time. The greater
the number of satisfied customers per time interval, the
greater the probability of incurring a higher customer ser-
vice time. This variation is driven by the strategic choice to
optimize routes instead of distance and speed parameters.
The only component of TOVE that depends on the maxi-
mum distance and speed parameters is the quality of the
transport service (Q). As detailed results show, the average
values of Q for Scenario one fall within an average range of
36%–64.60%, while in Scenario two the average range is
between 69.60% and 99.60%. The difference in values is
due to the strategic choice of route planning, which allows
more customers to be satisfied in the same time interval with
the same operating parameters. Furthermore, as expected, Q
worsens as the maximum customer distance increases and
improves as the vehicle speed increases, due to the trans-
portation vehicle time that is dependent on these two
parameters.

Regarding carbon emissions, both scenarios exhibit the
same pattern for each combination of variable levels. On
average, Scenario one produces about 200 kg of carbon
emissions, which is more than twice the value of Scenario 2.
Average values are minimum when orders are processed
within 30 km of the distribution center (i.e., the lowest level
of the distance variable). The results demonstrate that the
environmental impact is directly proportional to the vehicle
speed. For the CO2 emission model employed, which is
solely a function of the distance travelled (Equation (5)), the
increase in emissions is due to the greater number of
customers served (and therefore Q value of the TOVE
indicator). This justifies the maximum value assumed for

both scenarios by both high levels of distance and vehicle
speed. Finally, at the same levels, Scenario 2, which em-
ploys routing optimization to minimize the distance trav-
elled (corresponding, in this case, to the only dependent
variable of transport emissions), has lower values than
Scenario 1.

It is possible to state that the two investigated KPIs
assume high results for opposite pairs of values. TOVE
reaches high values at the highest speed level. Instead, CO2

emissions register low values at the lowest speed and
distance levels. The trade-off is found for intermediate
values. As shown in Tables 4 and 5, for Scenario 2, a good
compromise is obtained for the combination of intermediate
values of both analyzed variables. This evidence highlights
the inadequacy of the TOVE performance indicator in
optimizing both economic and environmental goals. The
higher the value of the vehicle speed, the higher the number
of customers served, and consequently the TOVE. This is
reflected in the fact that the higher the number of customers
served, the greater the CO2 emissions of the transportation
process.

Conclusion

Several studies have highlighted the importance of process
efficiency in achieving economic goals while also ad-
dressing environmental concerns. In the transportation
sector, these two factors are closely related, as increased
transportation usage often leads to greater environmental
impact. While the concept is well understood, studies on
performance management lack comparisons between
economic-operative and environmental indicators, which
highlights the need for comprehensive indicators. This
paper compares two indicators, TOVE and CO2 con-
sumption, and lays the groundwork for the future devel-
opment of effective sustainable logistic indicators.

Figure 5. TOVE components for Scenario 1 (a) and Scenario 2 (b).
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TOVE is a specific variant of the OEE family designed to
quantify the economic and operational performance of road
transportation at the calendar level. It consists of four
components: administrative availability, operational avail-
ability, performance, and quality. On the other hand, CO2

emissions measure the environmental impact of road
transportation. The paper proposes a methodological
framework to compare two scenarios that differ in their use
of routing optimization policies. Each scenario is evaluated
by combining (on three levels) the variables of the maxi-
mum distance of the customer and the average speed of the
vehicle. A discrete-event simulation model replicating last-
mile delivery on a random sample of 50 customers is used to
assess the two scenarios for each combination of the
variables.

Achieving a balance between economic and envi-
ronmental goals is essential for ensuring sustainable and
efficient transport operations. The result show that the
two indicators outperform for opposite pairs of variables,
with the trade-off being the respective intermediate
levels. TOVE records high values for high speed levels,
while CO2 emissions (measured in kg) have low values
for low levels of distance and low levels of vehicle speed.
Therefore, there is a need to find a balance between the
two KPIs to optimize both economic and environmental
goals. This could involve finding optimal combinations
of speed and distance levels that result in a good com-
promise between high TOVE values and low
CO2 emissions. Among the four TOVE components, Q is
the only one that depends on changing parameters and
conditions OA. While TOVE is a well-established in-
dicator for road transportation performance, it does not
take environmental aspects into account. Therefore, the
comparison presented in this paper lays the foundation
for a new global KPI that takes into account both eco-
nomic and environmental aspects.

From a practical perspective, this work identifies an
updated list of indicators for assessing the performance of
road transportation. However, the study also highlights
limitations in the use of tools for measuring economic and
environmental performance, as well as the assumptions
made for evaluation. The factor emission model used to
assess the impact of the activity on the environment is
general and lacks detailed data. Future work could consider
the use of microscopic or macroscopic models for assess-
ments with a higher level of detail. Another alternative
direction could be to incorporate additional environmental
performance indicators into the analysis, such as energy
consumption or air pollution, in order to provide a more
comprehensive view of the environmental impact of the
transportation process. Another limitation is the consider-
ation of a single vehicle for last-mile delivery. Future de-
velopment could involve the vehicle fleet, considering
vehicles of different types and larger numbers. Finally, this

work is limited to last-mile delivery with a single mode of
transportation, leaving out other logistics activities. Future
work could extend the comparison to a higher level by
considering all logistic activities across a supply chain using
different and combined transportation modes.
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