
Vol.:(0123456789)1 3

https://doi.org/10.1007/s11367-020-01831-8

ROADWAYS AND INFRASTRU CTU RE

Freight transport in the context of industrial ecology 
and sustainability: evaluation of uni‑ and multi‑modality scenarios 
via life cycle assessment

Carlo Ingrao1 · Flavio Scrucca2 · Agata Matarazzo1 · Claudia Arcidiacono3  · Anastasia Zabaniotou4

Received: 18 December 2019 / Accepted: 6 October 2020 
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
Purpose This study aims at comparing, from an environmental point of view, four different scenarios of freight transport at 
the Italian level, on an equal base of route between supplier and customer. The first scenario included freight movements by 
truck and mainly ship, the second included track and mainly train, the third was the three-modal based scenario, whilst the 
fourth scenario was the only uni-modal, based only upon truck movement.
The study was conducted to find the environmentally sustainable solution, or at least a sustainable trade-off, as well as the 
most environmentally burdening issues, associated with the geographic dimension of transport in Italy, towards sustainability.
Methods Using uni‐ and multi-modal freight movements by truck, rail and ship, a life cycle assessment (LCA) was developed 
to estimate the related environmental burdens both at the midpoint and at the endpoint levels from the consumption of primary 
energy and natural resources along with the emissions of greenhouse gases (GHGs) and of other pollutants. Primary data 
were compiled as part of the inventory analysis and consisted in the transport flows associated with the system investigated: 
those were calculated from the distance travelled and the goods load transported. Primary data were then combined with 
secondary data that were modelled with the transport life cycle modules contained in Ecoinvent: from those modules, the 
fuel consumption amounts associated transport flows were extrapolated, and used for the assessment.
Results Results showed that the environmental impact of the multi-modal scenarios is lower compared with the uni-modal 
scenario. The best performing option was found to be the third scenario providing use of all the three freight means, namely 
ship, train and truck. However, this scenario is not being practiced for several reasons, mainly due to control and monitoring 
difficulties of each step and higher operational costs. The first and second scenarios showed a quite comparable environmental 
behaviour and so are to be considered as viable options.
Conclusions Apart from highlighting the most environmentally viable transport options, the study contributed to finding 
the indicators of environmental impact and damage that best describe the system investigated and are recommended by this 
author team to be accounted for in future assessments in the transport sector. Finally, although site-specific, the results of 
this study may be useful to logistics companies, policy and decision makers of other regions and countries towards identify-
ing and promoting environmentally optimal freight transport solutions, contributing to sustainability of the transport sector.
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emissions

Communicated by Marzia Traverso

 * Claudia Arcidiacono 
 claudia.arcidiacono@unict.it; carcidi@unict.it

1 Department of Economics and Business, University 
of Catania, Corso Italia, 55 - 95129 Catania, Italy

2 Department of Sustainability, ENEA - Italian National 
Agency for New Technologies, Energy and Sustainable 
Economic Development, Lungotevere Thaon Di Revel, 
76 – 00196 Rome, Italy

3 Department of Agriculture, Food and Environment (Di3A), 
University of Catania, Via S. Sofia, 100 - 95123 Catania, 
Italy

4 Biomass Group, Department of Chemical Engineering, 
Aristotle University of Thessaloniki, Thessaloniki, Greece

The International Journal of Life Cycle Assessment (2021) 26:127–142

/ Published online: 8 November 2020

http://orcid.org/0000-0002-4639-6229
http://crossmark.crossref.org/dialog/?doi=10.1007/s11367-020-01831-8&domain=pdf


 

1 3

1 Introduction

Industrial ecology (IE) is fundamentally based upon the 
following: the interrelationships between components 
and elements characterising both the industrial and the 
natural systems; and the concept of “industrial symbio-
sis”, according to which firms are considered interlinked 
systems of a productive network (Chiu and Yong, 2004; 
Desrochers, 2004; Ardente et al., 2010).

IE is a science that studies the interaction between soci-
ety (to be intended as a productive entity) and the environ-
ment, and several of the relevant connected issues. Chief 
amongst them are the exploitation of energy and mate-
rial resources, and the emission of pollutants in air, water 
and soil in the supply chains (SCs) of products (Lifset 
and Graedel, 2002; Udo de Haes, 2002). In this regard, 
SCs can be considered as in the following steps: produc-
tion of raw materials, fuels and energy from extraction of 
primary energy and natural resources; manufacturing and 
distribution of the given product, followed by its use (if 
significantly burdening in environmental terms) and its 
possibly recovery-oriented end-of-life (Andersen, 2002). 
In the light of this, it is understood that the approach is to 
include all the life cycle stages of the products and their 
environmental demands throughout the entire SC. In doing 
so, transport should never be neglected, as it would mean 
running the risk of omitting important environmental 
impacts. This could be problematic when transport is such 
to be a relevant source of environmental impacts within 
the SC investigated (Andersen, 2002).

Transportation systems are infrastructures and ser-
vices that characterise the built environment, and so are 
planned and designed in ways to be available on consum-
ers’ demand, reliable for operation, robust to attacks, and 
scalable to support and meet changes in needs and popu-
lation demographics (Sarwat et al., 2018; Ingrao et al., 
2018). Therefore, it can be asserted that, as one element of 
built environments, transports (including the freight ones) 
play multiple key roles in the society and are the result of 
numerous socio-economic factors and processes, that are 
central to—and determine the way to—proceed towards 
sustainable development (Forsberg and von Malmborg, 
2004; Ingrao et al., 2018).

Despite of such benefits, the transport sector is respon-
sible for one major share of fossil energy-related green-
house gas (GHG) emissions worldwide, and so can be con-
sidered as one substantial contributor to human-induced 
primary-energy resource depletion and climate change 
(Tang et al., 2019; Pizzol, 2019). The transport sector 
represents around a quarter of the GHG emissions of the 
European Union (Pizzol, 2019). In 2017, those emissions 
were due to road transport for 71.7%, to aviation for 13.9% 

and to navigation for 13.3%. Rail transports contributed 
the lowest share which was around 0.5%, along with other 
transportation means that accounted for the remaining 
0.6% (EEA, 2019).

Freight transport via road was highlighted by Pizzol 
(2019) to be a major emission source, with an average con-
tribution of 6% to the total emissions at the European level. 
Reducing GHG emissions from the global transport sector 
is, therefore, essential to slow the worsening effects of cli-
mate change (Taptich et al., 2015). This can be achieved by 
making strategies and adopting solutions, with the final aim 
of complying with the 80% GHG emission reduction that has 
been targeted by the Paris agreement to be achieved by 2050 
(Pizzol, 2019). Actually, there is no consensus on affirming 
that rural areas cause less emissions on a per-capita level 
than urban and semi-urban areas, yet rather lifestyles and 
the availability of spatial forms and public transports are 
crucial in the generation of those emissions (Kamal-Chaoui 
and Alexis, 2009; Heinonen and Junnila, 2011; Ambarwati 
et al., 2017).

The assessment of strategies that reduce emissions 
through technology, fuel and behavioural changes is particu-
larly significant. Taptich et al. (2015) documented that adop-
tion of new, innovative technologies can largely contribute 
to reducing the intensity of GHG emissions of both passen-
ger and freight transport, by 2050. Similarly, Patella et al. 
(2019) showed that the penetration of new technologies in 
transportation, such as the use of fully electric autonomous 
vehicles, can lead to an improvement in the network perfor-
mances and also to a significant reduction (about 60%) of the 
environmental impact at the mobility system level. Amongst 
the available technologies, Pizzol (2019) acknowledges the 
development and utilisation of more energy-efficient and net 
zero-emission engines; the reduction and the optimisation 
of transport distances, also through multi-modal transport 
solutions; and the shift from high to low emission vehicles, 
like from truck to train and/or ship.

Multi-modality indicates a subsequence of, at least, two 
different modes through which transport of goods is carried 
out (Steadieseifi et al., 2014). In this regard, in line with 
Pizzol (2019), it is interesting to mention that Kreutzberger 
et al. (2003) documented multi-modal freight transport to 
have, overall, lesser GHG emissions and better environmen-
tal performances than the uni-modal one, generally operated 
by truck. Multi-modal transportation has been suggested, 
indeed, as an appropriate strategy for decarbonisation of the 
freight transport sector (Kaack et al., 2018), thereby com-
plying with the strategic long-term vision for a prosperous, 
modern, competitive and climate-neutral economy by 2050 
promoted by the European Commission (EU, 2018).

Tools like life cycle assessment (LCA) can be valid 
to find the most sustainable of the solutions indicated by 
Pizzol (2019) or, at least, the most viable trade-offs at the 
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environmental, economic and social level (Traverso et al., 
2012). LCA is an important tool for both planning and 
implementation IE-based systems, as it enables to assess 
IE strategies and to find the most suitable ones in an inte-
grated, holistic approach to sustainability (Andersen, 2002; 
Ardente et al., 2010). The literature has, indeed, confirmed 
its importance as a tool to support decisional processes in 
contexts ranging from product development to policy mak-
ing (Zamagni et al., 2012; Asdrubali et al., 2015).

Application of LCA in the transport sector is becoming 
increasingly widespread, and studies developed thus far 
have often referred the obtained results to a measure of the 
transport flow, generally expressed as a particular weight 
being moved over a particular distance (i.e. t km). However, 
there is a small gap in the literature, which is because those 
studies often lack in analysing the effects of uni- and multi-
modal trips, or the way trips spanning through long distances 
should be addressed, in order to provide support to making 
micro- and macrolevel decisions (Nahlik et al., 2015). This 
study may contribute to filling that gap, as it was conceived 
to explore relevant environmental issues associated with dif-
ferent transport systems providing a combination of different 
intermediate routes (i.e. road, rail and water) under uni- and 
multi-modality conditions. This is in line with Nahlik et al. 
(2015) recommending to understand trip impacts, because 
it is not always possible for reasons owing to market, sender 
and recipient locations, or infrastructure conditions, to shift 
transport of goods from one mode to another, though it is 
important for the sake of emission reduction. In addition 
to this, 100% replacement of one mode with another one 
is often difficult because, generally for optimisation of effi-
ciency in goods delivery, transport is operated under multi-
modality conditions (Nahlik et al., 2015). For example, in a 
long distance transport, there can be a series of intermediate 
routes, with the core one(s) being generally performed by 
train, ship or aircraft, and those at the extremes being run by 
truck (i.e., from the sender to the departure port/station, and 
from the arrival port/station to the recipient).

In this context, efforts are required to improve the envi-
ronmental issues associated with the movement of goods 
from one place to another, especially when long distances 
need to be travelled. To this end, the life cycle thinking 
(LCT) approach can play a vital role, as it enables identify-
ing the processes, the materials, the energy and the fuels, 
as well as the emission and waste streams to be consid-
ered, already in the phases of planning and design, for the 
sustainability of transport systems (Nahlik et al., 2015). 
Identification of viable solutions for the greening of the 
freight transport sector contributes to implementing green-
logistics systems, that is, a set of SC management prac-
tices and strategies that reduce the ecological and energy 
footprints of goods distribution. This can generate, in turn, 
a positive change in the environmental performance of 

suppliers and customers (Lee and Klassen, 2008; Seroka-
Stolka and Ociepa-Kubicka, 2019).

LCA substantiates the LCT approach, and its applica-
tion to the goods movement field is particularly significant, 
considering the expansion of the sector and the subse-
quently generated environmental and economic burdens.

Therefore, sustainable solutions for distribution of 
material commodities need to be found and pursued by 
taking into account the transport geography of logistics 
and freight distribution with the fundamental question to 
reside not only in the nature, origins and destinations of 
freight movements but also in the way freights move. This 
study wants to contribute this specific research field and, 
indeed, was conducted to find the environmentally sustain-
able solution (whether there is one), or at least a sustain-
able trade-off, as well as the most environmentally bur-
dening issues associated with the geographic dimension 
of transport in Italy. For this purpose, LCA was applied in 
this study, because it is acknowledged today as one valid 
tool for conducting environmental evaluations in a wide 
range of sectors, including the transport one (Duan et al., 
2015). GHG reduction policy in Europe is important, and 
increasing interest in using LCA to estimate indirect and 
supply chain effects raises issues of the geography that can 
affect change in processes in complex infrastructure sys-
tems. Through a comparative LCA of the environmental 
issues associated with a set of transport systems providing 
a combination of different intermediate routes (i.e. road, 
rail and water) with an uni- and multi-modal approach, this 
study takes the case of the freight transport from South to 
North in Italy (from Catania to Milan), through the ports 
of Genoa and Naples. The study was conducted in col-
laboration with an Italian logistics firm involved in the 
transport of unperishable goods. Although site-specific, 
the results from this study may be useful to companies 
working in the logistics sector and to policy and decision 
makers of other territories and countries, towards identify-
ing and promoting environmentally optimal freight trans-
port solutions contributing, in turn, to boosting sustain-
ability of transports in an IE context.

2  Materials and methods

The LCA approach was developed according to the specific 
International Standards 14040-44: 2006 (ISO, 2006a, b), to 
highlight environmental hotspots of logistics activities.

Therefore, the study was articulated as follows: goal and 
scope definition shaping the methodology, life cycle inven-
tory (LCI), life cycle impact assessment (LCIA) and life 
cycle interpretation. Each of those phases was discussed in 
the following of the text.

The International Journal of Life Cycle Assessment (2021) 26:127–142 129



 

1 3

2.1  Goal and scope definition

The study was conceived with the aim of environmentally 
comparing four different freight-transport scenarios, that 
provide a combination of different intermediate routes (i.e. 
road, rail and water) from an uni- and multi-modal logistics 
perspective, on an equal base of supplier and customer loca-
tions. Following Pizzol (2019), issues related to route costs 
and time saving, which are as important as the environmen-
tal ones in making decisions upon the route to be preferred, 
were considered beyond the scope of this study.

For the assessment, four freight-transport scenarios 
were identified and explored with the support of the 
aforementioned logistics company. As shown in Fig. 1, 
they refer to the route Catania-Milan that was chosen as a 
case study in agreement with the company managers, as 
it is highly representative of the firm activity and, mostly, 
is generally operated with the use of different transport 
means, so making it well suited for such an assessment. 
Additionally, 25-t goods was chosen by the authors as the 

object of the transport service because, according to reli-
able information provided by the company managers, it is 
the most frequently transported amount of goods for such 
a route. They are transported in one trip by means of a 
shipping container with an 80–90% filling rate, so never 
exceeding the weight limit for the truck utilised.

For greater understanding of the study conducted, it 
is clarified here that the first scenario is based upon a 
double-modal option, composed by road transport from 
the warehouse to the port of Catania and from the port 
of Genoa to the destination in Milan. In this scenario, the 
core, intermediate route is travelled by ship, from the port 
of Catania to the port of Genoa, following the shipping 
routes with a stopover at the port of Naples.

The second scenario is also based on a double-modal 
option, providing road transport from the warehouse to the 
train station of Catania and from that of Segrate to the final 
destination in Milan, whilst the core intermediate route is 
operated by train.

Fig. 1  The four scenarios inves-
tigated and the transport sys-
tems implied are depicted using 
different colours: road (blue), 
rail (red) and water (green)
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The third scenario represents the three-modal scenario as 
it was designed to contain all transport means considered in 
this study. It has a lot in common with the first one, with the 
only difference that the goods load from the port of Genoa 
is transported by train to the train station of Segrate (close 
to Milan) and then by truck to the final destination.

Finally, the fourth transport scenario is the only uni-
modal one, as it is entirely operated by truck travelling from 
sender to recipient.

By summing up the travelled distances for each interme-
diate route, it was found that the first, the third and the fourth 
scenarios are characterised by comparable distance values, 
namely 1321.5 km, 1309.5 km, and 1351 km, respectively. 
In contrast, a reduced distance to be travelled was found 
in the second scenario and was equal to around 1160 km. 
Fig. 2 shows how those distance values are distributed on a 
percentage scale and what the transport flow values are, in 
each scenario considered. In this regard, it is clarified that 
scenario 4 is not appearing in Fig. 2 as the related transport 
is 100% by road, and so there was no distribution worth 
being highlighted.

Attention was paid upon the distribution sector, because it 
is globally accepted to be a large contributor to the environ-
mental and socio-economic burdens and impacts associated 

with life cycles of products and services, and so it can nega-
tively influence the related sustainability rates.

As a part of this phase, the functional unit (FU) and the 
system boundaries were defined, to represent the investi-
gated process and be consistent with the aim of the study. It 
represents the unit of the product and provides a reference 
trough which inputs are linked to outputs, and both are to 
the resulting impact and damage indicators (Arzoumanidis 
et al., 2013; Robertson, 2013). In this case, the FU was 1 p, 
which corresponds to the transport-flow mix shown in Fig. 2 
that is associated with the transport of 25 t travelling from 
Catania to Milan under uni- and/or multi-modality condi-
tions. With regard to the system boundaries, they define the 
unit operations that need to be considered when assessing 
the life cycle of a product (Arzoumanidis et al., 2013), for 
the reliability of the system model created and of the results 
obtained from the analysis of inventories and environmental 
impacts/damages.

The system boundaries were defined in this study 
based upon organisational, managerial and technologi-
cal issues as featuring the supporting firm, according to 
Clasadonte et al. (2013). This made it possible for the 
authors to understand all the processes and stages of 
the transport system investigated and the way the input 
and output inventories are interlinked, thereby favouring 

Fig. 2  The figure shows the 
transport options in each 
scenario considered. Values are 
given as percentages com-
pared with the overall distance 
travelled and as transport flows 
associated with the goods load 
(25 t) taken as reference and 
representing the functional unit 
of the study
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the correctness and reliability of the environmental 
assessment.

Following Ingrao et al. (2019), the FU and the system 
boundaries were defined to be consistent with the aim of 
the study, best represent the system investigated, make 
the study reproducible, contribute to delivering reliable 
results, and enable comparisons with other similar sys-
tems. In this case, the system boundaries were defined in 
line with Nahlik et al. (2015) and Pizzol (2019), and so 
they included the following steps:

• Manufacturing of the transport means utilised from 
raw material production and acquisition

• Maintenance of the means, and fuel consumption and 
related emissions in their operating phase

• End of life of the means
• Auxiliary services, infrastructures and equipment, 

with a life cycle approach

Furthermore, it should be noted that the intermediate 
steps of loading and unloading the transported goods were 
excluded, because those phases were considered to be far 
less environmentally burdening compared with the entire 
transport activity. This mainly owns to the long service 
life of the equipment utilised and the huge number of 
those steps carried out over the course of that life, also 
for goods other than those considered in this study. In 
addition to this, that equipment generally belongs to port/
station handling local authorities, that is, it was out of the 
control of the logistics company in question and primary 
data collection was quite difficult to be carried out.

Finally, to be excluded was also the intermediate ferry 
step to move both the truck in scenario 4 and the freight 
train in scenario 2 through the Strait of Messina. This was 
done because of:

- The extreme difficulty of collecting site-specific data 
on fuel consumption; and
- The lack—to these authors’ knowledge—of modules 
in the Ecoinvent v 3.5 database (Ecoinvent, 2018), 
which are suitable to represent the life cycle of the 
ferry involved.

Therefore, the related route was considered as per-
taining to the next core one and so was assumed to be 
entirely operated by truck or train, depending from the 
case. However, according to this author team, the result-
ing uncertainty can be considered negligible, because so 
is the length of the route in question (around 10 km), 
compared with the overall distance associated with the 
involved scenarios.

2.2  Life cycle inventory

This phase plays a key role in any LCA and related studies, 
as it is about compilation, qualification and quantification 
of input and output streams as connected with a given prod-
uct or service. Specifically, the input streams consisted in 
the transport flows calculated as discussed in the following 
of the text, whilst the output streams were represented by 
material emissions in air, water and soil and by exploitation 
of primary-energy resources. The transport flows represent, 
therefore, the primary data used for the assessment. Such 
data were combined with secondary data extrapolated from 
databases of acknowledged scientific value and relevance, 
like Ecoinvent v.3.5 (Ecoinvent, 2018), as available in the 
SimaPro 9.0 (Prè, 2019), that was used for this study devel-
opment. The aforementioned flows were calculated from 
route lengths within the scenarios considered, with refer-
ence to a 25t transported amount (FU of the study, that was 
labelled as ‘1p’): values are those already reported in Fig. 2.

Secondary data were represented by the transport life 
cycle modules that are contained in Ecoinvent and are 
referred to 1t km transport flow. To make the study easy to 
follow and reproduce, those modules were reported below, 
with the related dataset description as of Ecoinvent v.3.5 in 
line with the defined system boundaries:

• Transport, freight, lorry 16–32 metric ton, EURO5 
{RER}: Included processes are the followings: opera-
tion of vehicle; production, maintenance and disposal of 
vehicles; construction and maintenance and disposal of 
road.

• Transport, freight train {IT}: The following steps were 
considered: production, maintenance, operation, and dis-
posal of the train; and construction and maintenance and 
disposal of railway tracks

• Transport, freight, sea, transoceanic ship {GLO}: The 
module calls the modules addressing: operation of vessel; 
production of vessel; construction and land use of port; 
operation, maintenance and disposal of port.

Each of those modules was chosen in close collaboration 
with the firm stakeholders in a way to be representative of 
the real practice, so contributing to the final reliability and 
usability of this assessment and of the obtained results.

Finally, Table 1 shows values of the fuel consumption 
associated with the transport means operation, based upon 
the above modules, along with the titles of the fuel produc-
tion modules contained in the version of Ecoinvent used for 
the system modelling.

Values in Table 1 were calculated extrapolating the fol-
lowing factors from those Ecoinvent modules, and then by 
multiplying those factors by the FU-related transport flows 
shown in Fig. 2 for each explored scenario:
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• Low-sulphur diesel: 0.0376 kg/t km
• Heavy fuel oil: 0.0021 kg/t km
• High-voltage electricity: 0.048 kWh/t km
• Diesel: 0.0011 kg/t km

Finally, from Table 1, there is evidence that the peak in 
low-sulphur diesel consumption was recorded in scenario 4, 
as road transport is the only mode considered. Far less but, 
however, significantly demanding was found to be scenario 
1, because road transport is limited just to the extreme part 
of the routes, as already clarified.

Heavy fuel oil is equally consumed in scenarios 1 and 3 
because for both of them the core part of the route is oper-
ated by freight ship, with an equal distance travelled, namely 
1171 km; differences between the two scenarios stay in the 
transport mode adopted at the up- and down-stream step of 
the core route: entirely by truck in scenario 1; and a combi-
nation of train and truck in scenario 3.

Finally, train is utilised in both scenarios 2 and 3, with 
core and marginal function, respectively, which explains 
why consumption of electricity and diesel in scenario 2 is 
way bigger than in scenario.

2.3  Life cycle impact assessment

De Benedetto and Klemes (2009) indicate this phase as to 
be developed by aggregating the material and energy output 
inventories in a limited set of impact categories (ICs), also 
known as ‘midpoint categories’. Such was done here in this 
study, by using the classification/characterisation scheme 
of Impact 2002+ (Jolliet et al., 2003). This method was 
used for the assessment because the authors of this paper 
found it to be valid for the assessment and the highlight 
of the environmental burdens best representing the system 
investigated both at the midpoint and endpoint level. In the 
midpoint approach, LCIA results were expressed by means 
of equivalent indicators, such as the following:  kgCO2eq for 
‘Global warming’, MJ primary for ‘Non-renewable energy’, 
and  kgPM2.5 eq for ‘Respiratory inorganics’.

Thereafter, the ICs were grouped into damage categories 
(DCs), with the aim of describing the environmental com-
partments being damaged by the product in its life cycle. 
The classification scheme used for this phase development 
is the one provided by Impact 2002 + and duly described by 
Jolliet et al. (2003).

Therefore, the phases of ‘normalisation’ and ‘weighing’ 
were included in the assessment, as part of the endpoint 
approach, thereby expressing results in the forms of ‘weigh-
ing points’ or ‘damage points’ or ‘eco-points’ or, more sim-
ply, ‘points’. Therefore, the end-point approach was used 
in this paper to represent quantitatively the environmental 
damage associated not only with the transport system inves-
tigated but, also, with the related output streams. This made 
it possible: to create a point-based scale of the overall envi-
ronmental profiles exhibited by the various transport systems 
investigated; and to identify the most environmentally bur-
dening of the aforementioned streams.

3  Results and discussion

This section is dedicated to presenting and discussing results 
obtained by performing the LCIA phase in SimaPro (v. 9.0) 
using the Impact 2002+ method (Jolliet et al., 2003). They 
showed that the best transport option is the third one, with a 
damage point value equal to 0.234 pt, and that comparable 
values are in the first and in the second scenario around of 
0.40 pt (see Fig. 3).

Despite its environmental sound, the third scenario is 
rarely operated by this study supporting company, mainly 
owing to the greater variety of means utilised generating, 
in turn, an increase in the number of intermediate steps for 
loading and unloading of the transported goods. All of this 
makes this scenario difficult to be controlled in each step 
of the way, and higher cost demanding compared with the 
others.

In contrast, scenarios 1 and 2 are the most pursued ones 
on average by the company and, in light of the results 

Table 1  Consumption of energy sources in each scenario investigated considering the means utilised (values are referred to the transport flows 
shown in Fig. 1).

Energy source consumed Transport mean Unit of measure Scenario Ecoinvent module description

1 2 3 4

Low-sulphur diesel Truck kg 141.47 20.59 9.87 1269.94 Diesel, low-sulphur {RER}| market group 
for | APOS, U

Heavy fuel oil Freight ship kg 61.77 --- 61.77 --- Heavy fuel oil {RoW}| petroleum refinery 
operation | APOS, U

High-voltage electricity Freight train kWh --- 1362.86 152.89 --- Electricity, high voltage {IT}| market for 
| APOS, U

Diesel kg 31.09 3.49 Diesel {Europe without Switzerland}| 
market for | APOS, U
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obtained, they can be considered as valid trade-offs in 
terms of feasibility and sustainability of the transport ser-
vice performed. Such a finding would meet Pizzol (2019) 
on freight transport in container ships and trains, over long 
distances, allowing to lower carbon emissions compared 
with air or road modes.

In addition to this, the worst scenario was detected to be 
the fourth one, with a damage value that has been quanti-
fied in almost 2.0 pts, so being hugely higher than the 
previous three and, at the same time, confirming the envi-
ronmental unsound of long distance transport solutions 
that are entirely based upon road means. This is again in 
line with Pizzol (2019) stating that road freight-transport 
is a major-source of emissions and environmental burdens, 
mainly because heavy-duty vehicles are responsible for 6% 
of the total emissions of the European Union.

Apart from the total damages associated with the inves-
tigated transport systems, Fig. 3 shows the contribution 
played by the operating phase. It can be asserted that the 
largest share of those damages is due to operation of the 
means utilised, i.e. O(Si) with i = 1 to 4, with percentage 
values depending upon the mix of means utilised and the 
related transport flows in each of the four scenarios con-
sidered. Transport means operation is, indeed, at the centre 
of global environmental policies pushing for improvement 
of the means engines, to contribute to reducing consump-
tion of fuels and resulting emissions of GHGs and other 
pollutants.

In this study, comparable operation incidence percentages 
were recorded in scenarios 1, 3, and 4 with values equal 
to 79.33%, 78.23% and 75.85%, respectively, while in sce-
nario 2, a quite lower value (57.35%) was observed. Such 
leads to deducing that, based upon the way that mix has been 
designed (i.e. type of mean and related travelled distance), 
the ensemble of life cycle phases other than the operational 

one was environmentally heavier in scenarios 2 than in the 
others.

The assessment was extended to the damage categories, 
by reporting results per each scenario investigated. In par-
ticular, damages assessment values were shown in Fig. 4, 
along with the weighing results expressed on a percentage 
scale based upon the total damage values depicted in Fig. 3.

From Fig. 4, there is evidence that ‘Human health’, ‘Cli-
mate change’, and ‘Resources’ are the most affected damage 
categories covering a total of 85–95%, and so can be consid-
ered as the most representative of the environmental profiles 
of the transport systems investigated, at the end-point level. 
In addition to this, scenario 4 was found to be the worst one 
because of the biggest environmental damage exhibited per 
each of the four damage categories considered.

The end-weighing assessment regarded also the most 
environmentally burdening material emissions (in air, and 
soil) for ‘Climate Change’, ‘Human Health’ and ‘Ecosys-
tem Quality’ and the primary-energy and natural resources 
exploited affecting the damage category ‘Resources’ 
(Table 2). All of them were extrapolated from the output 
inventory pack of each transport scenario, because they are 
the output streams most largely contributing to the damage 
value associated with the related damage category, and so 
were considered by this author team as highly representative 
of those scenarios. Their incidence is indeed in the range 
of 96–99% for ‘Resources’, 97–98% for ‘Climate Change’, 
87.5–96% for ‘Human Health’ and 84–96% for ‘Ecosystem 
Quality’. In this damage category, the range is wider com-
pared with the others because higher is the number of dam-
aging substances and more distributed is its total damage, 
with many slightly or negligibly contributing environmen-
tal aspects. Some of those were, however, extrapolated and 
reported in the table because, although far less environmen-
tally damaging compared with others like the emission of 

1 2 3 4

Damage value (pt) 0.397 0.398 0.234 1.976
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S1 O(S1) S2 O(S2) S3 O(S3) S4 O(S4)

Total damage 0.397 0.315 0.398 0.228 0.234 0.183 1.976 1.498

Fig. 3  Results from comparison of the four transport systems investi-
gated. On the left, the total damage scale was depicted, and both the 
most and the less burdening of the four scenarios investigated were 
highlighted along with those in between whilst, on the right, the com-

parative assessment was extended to the contribution exhibited by the 
transport-means operating phase (labelled as O(Si)) in each life cycle 
scenario
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zinc and aluminium to the soil due to truck tyre abrasion, 
they were considered as strictly connected with—and so 
representative of—the system investigated. This is the case 
of some metal emissions in air, and of the occupation of 
the traffic areas invested for road and rail networks, which 
generate problems associated with land occupation and, pos-
sibly, landscape alteration: these and closely related issues 
should not be neglected when planning and designing trans-
port infrastructures. Actually, the latter produce changes of 
different nature, from physical–chemical (e.g. soil density, 
temperature, soil water content, light levels, dust, surface 
waters, patterns of runoff and sedimentation) to ecologi-
cal effects on biotic integrity in both terrestrial and aquatic 
ecosystems (Trombulak and Frissell, 2000). In LCA, land 
use is included in a unit process, as an intervention or as an 
ensemble of impact indicators. As for the latter, failing to 
include some aspects of land use, it is recognised that there 
is a need to develop indicators to fulfil requirements of more 
holistic, sustainable use of land (Mattila et al., 2011). In 
this direction, development of such indicators within envi-
ronmental frameworks, like the DPSIR (Driving Forces-
Pressure-State-Impact-Response) model (Vidal and López-
Mesa, 2006; Arcidiacono and Porto, 2010), and the use of 
geospatial information (Geyer et al., 2010; Arcidiacono and 
Porto, 2010, 2012; Ambarwati et al., 2017) are recognised 
as highly valuable. In this regard, inventory modelling would 
be highly enhanced if LCA was coupled with Geographic 
information systems (GIS), since LCA does not convention-
ally utilise geospatial information.

Each of the substances reported in Table 2 was addressed 
in terms of output-inventory amount, and both characterisa-
tion and damages assessment value, in each of the scenarios 

investigated: values were extrapolated from the LCIA con-
ducted in SimaPro using Impact 2002+, and were reported 
in Table 3.

From the Table 3, it can be asserted that emission of fos-
sil carbon dioxide is most largely resultant from the com-
bustion of the fuel consumed in the transport activity, with 
the peak value in scenario 4 due to the use of a truck for 
the entire route. Same can be said for the primary-energy 
resource exploitation, where the 100% road transport sce-
nario exhibits the biggest contribution for all the resources 
considered, mainly due to the operating step in the life cycle 
of the mean. Other relevant emissions were detected to be 
those of nitrogen oxides, sulphur dioxide and particulates 
with road transport contributing most of them, and with a 
more or less high gap with respect to the other scenarios.

As already mentioned, emissions affecting ‘Ecosystem 
Quality’ are mainly related to the abrasion of the lorry tyres 
during transport: such explains why the biggest values were 
recorded in the fourth scenario. In addition to this, for what 
concerns occupation of traffic area for transport network, 
it is clear that the highest values were recorded where the 
related transport mode is predominant: scenario 4 for the 
road network; and scenario 2 for the rail one.

Finally, based upon results shown in Fig. 3, it is worth 
highlighting that the largest contribution to those environ-
mental issues (Table 3) should be attributed to the operating 
step of the life cycle of the transport system considered, with 
reference to 25t transported commodities.

Finally, the impact categories that resulted from the 
detailed analysis of the output streams associated with 
the four scenarios explored (Table 3) can be considered 
as the most representative of the environmental profiles of 

Damagecategory Unit of measure/FU Scenario
1 2 3 4

Resources MJ primary 1.517E+04 1.700E+04 7.497E+03 9.081E+04

Climate change kgCO2 eq 9.388E+02 1.085E+03 4.802E+02 5.503E+03

Ecosystemquality PDF*m2*yr 5.052E+02 3.696E+02 1.370E+02 3.855E+03

Human health DALY 1.176E-03 1.060E-03 8.921E-04 3.819E-03

Fig.4  Results per damage category are reported in this figure per 
each explored scenario. In particular, the upper part shows percent-
ages obtained by referring the damage suffered by each damage cate-

gory to the total damage associated with the given scenario (as shown 
in Fig. 3), whilst the table-containing part of the figure shows results 
from the damages assessment step
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the transport systems investigated. They were detailed in 
Fig. 5 in terms of total characterisation value and weighing 
point. However, amongst those, the most environmentally 
important are the ‘Non-renewable energy’, ‘Global warm-
ing’, ‘Respiratory inorganics’ and ‘Terrestrial ecotoxicity’. 
So, these represent the target impact indicators which are 
prior to be considered when planning new transport sys-
tems or when making improvements in the already exist-
ing ones. ‘Land occupation’ is amongst the less alarming 
ones but, according to this author team, the issue connected 
with investing lands for establishment of road and rail net-
works and related infrastructures is, however, important to 
be addressed. This is, specially, when looking at large-scale 
goods market and distribution systems where the damage 
due to the occupation of the involved lands on the quality of 
landscape and the ecosystems can be drastically amplified.

Finally, results confirm the largest contribution coming 
from scenario 4 and the lowest exhibited by scenario 3, for 
all impact categories considered, whilst scenarios 1 and 2 
are confirmed as fully environmentally feasible.

4  Conclusions

One of the key aspects of IE is that of favouring the transi-
tion towards more energy efficient and sustainable industrial 
systems, which can be achieved also through improvements 
in the transport sector. As a matter of fact, any environmen-
tal assessment which is conducted at the SC level with an 
IE approach should never omit taking into account all trans-
ports involved in raw-material acquisition and in the delivery 
of intermediate and finished products. This is because the 

Table 2  Results from the weighing step as related to the most environmentally damaging emitted substances and resources consumed, compared 
with the total damages associated with the related affected damage categories

Climate change: 0.0948 pt/FU (S1), 0.109 pt/FU (S2), 0.0485 pt/FU (S3) and 0.555 pt/FU (S4). Human health: 0.166 pt/FU (S1), 0.150 pt/FU 
(S2), 0.126 pt/FU (S3) and 0.539 pt/FU (S4). Ecosystem quality: 0.037 pt/FU (S1), 0.027 pt/FU (S2), 0.010 pt/FU (S3) and 0.284 pt/FU (S4). 
Resources: 0.100 pt/FU (S1), 0.112 pt/FU (S2), 0.049 pt/FU (S3) and 0.598 pt/FU (S4)

Emitted substance Emission compartment Scenario

1 2 3 4

Weighing points (pt/FU)

Climate change
Carbon dioxide, fossil Air 9.30E−02 1.05E−01 4.73E−02 5.45E−01
 Others 1.80E−03 4.21E−03 1.15E−03 1.06E−02

Human health
Nitrogen oxides Air 7.71E−02 5.11E−02 6.03E−02 2.13E−01
Sulphur dioxide 3.70E−02 2.25E−02 3.33E−02 5.88E−02
Particulates, with grain size < 2.5 µm 4.22E−02 5.70E−02 2.70E−02 2.05E−01
Others Air/water/soil 9.45E−03 1.89E−02 5.08E−03 6.15E−02
Ecosystem quality

  Zinc Soil 1.78E−02 4.97E−03 1.69E−03 1.58E−01
Aluminium 4.85E−03 6.45E−03 2.61E−03 2.81E−02
Nitrogen oxides Air 2.56E−03 1.70E−03 2.00E−03 7.07E−03
Copper 4.33E−03 1.41E−03 4.38E−04 3.84E−02
Aluminium Air 8.73E−04 4.00E−03 7.75E−04 5.18E−03
 Zinc 1.92E−03 1.25E−03 3.17E−04 1.66E−02

Nickel 6.17E−04 2.64E−04 5.75E−04 6.82E−04
Copper Soil 6.35E−04 8.10E−04 1.69E−04 5.28E−03
Occupation, traffic area, road network Soil-resource exploitation 1.65E−03 4.32E−04 1.72E−04 1.45E−02
Occupation, traffic area, rail network 4.45E−06 1.29E−03 1.46E−04 2.70E−05
Others Air/water/soil/resources 1.68E−03 4.40E−03 1.11E−03 1.02E−02
Resources
Crude oil Resources 8.44E−02 3.42E−02 3.29E−02 5.24E−01
Natural gas 5.75E−03 3.08E−02 5.88E−03 3.15E−02
Uranium 2.45E−03 1.46E−02 3.10E−03 9.36E−03
Hard coal 5.89E−03 2.84E−02 6.21E−03 2.72E−02
Others 1.33E−03 3.92E−03 1.23E−03 5.19E−03
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level of sustainability of the transport system considered, as 
resulting from the combined effect of the distance travelled 
and the type and energy efficiency of the means utilised, is 
reflected upon the sustainability of the material commodity 
delivered.

This study investigated and compared four different sce-
narios of the freight transport sector under uni- and multi-
modality conditions, on an equal base of route between sup-
plier and customer for the case of Italy. The environmental 
benefits of the multi-modal scenarios over the uni-modal 
were highlighted in this study, in line with the related litera-
ture. The best performing option is represented by the multi-
modal scenario where all the three freight means, namely 
ship, train and truck, were provided. However, this is not 
practicable for several reasons mainly related to problems in 
properly controlling and monitoring each step of the way, as 
well as to the increase in operational costs. This is why com-
panies like the one which supported this study development 
generally opt for alternatives that are based upon using two 
transport modes, like done in scenarios 1 and 2 that showed 
indeed a quite comparable environmental behaviour and are 
considered as absolutely viable options.

Estimation of the most environmentally damaging emit-
ted pollutants and resources consumed was performed in 
this study. Fundamentally, they were documented as falling 
within four major impact categories, which are ‘Non-renew-
able energy’, ‘Global warming’, ‘Respiratory inorganics’, 
and ‘Terrestrial ecotoxicity’ and belong, in turn, to the fol-
lowing damage categories: ‘Resources’, ‘Climate change, 
‘Human health’ and ‘Ecosystem quality’. These can be read 
as the indicators of environmental impact and damage that 
best describe the system investigated and are recommended 
by this author team to be accounted for in future assessments 
in the transport sector.

The incidence on those damage categories was found to 
be in the range of 96–99% for ‘Resources’, 97–98% for ‘Cli-
mate change’, 87.5–96% for ‘Human health’ and 84–96% for 
‘Ecosystem quality’.

Emission of fossil carbon dioxide deriving from the com-
bustion of the fossil fuel consumed in the transport activity, 
and other relevant emissions such nitrogen oxides, sulphur 
dioxide and particulates, as well as primary-energy resource 
exploitation were documented to be higher in the uni-modal 
scenario than in the multi-modal scenarios, due to the use of 
a truck for the entire route.

Impact on ‘Land occupation’ for establishment of road 
and rail networks and related infrastructures was also 
explored because, although far less alarming than the other 
categories, it is however representative of such transport sys-
tems and so is desirable to be accounted in the assessment.

Although site-specific, the results from this study may be 
of support to logistics companies as well as to policy and 
decision makers to identify and promote environmentally Ta
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optimal freight transport solutions, so contributing to 
enhancing sustainability of the transport sector in a sustain-
able IE context.

Furthermore, in line with the specialised literature cur-
rently available in the field, through this study the end-
point approach was documented as useful when assessing 
improvements or conducting comparative analyses of differ-
ent systems, because it enables global evaluation and rating 
of those systems on the same scale of damage points.

Finally, it should be observed that the study was focussed 
upon the environmental aspects connected with freight trans-
port, but the authors understand the importance of addi-
tional, relevant issues like the economic one to be assessed. 
For reasons of giving due importance to both of these sus-
tainability spheres, the authors will devote an entire paper 
to the economic assessment, with the final aim of checking 
whether economic results are in line with the environmen-
tal ones obtained in this study, or whether there is contra-
dictory and whether further trade-offs need to be found 
subsequently. In addition to this, further studies could be 
developed by the authors to deepen issues related to collec-
tion of additional inventory data coming from elaboration 
of geospatial information about land use through GIS tools, 
so further contributing to the modelling step.
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