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Abstract:�)UHLJKW�WUDQVSRUWDWLRQ�LPSDFWV�VLJQL¿FDQWO\�RQ�WKH�HQYLURQPHQW��$�
WRXJKHU�FRPSHWLWLRQ�IRU�H൶FLHQF\�DQG�VXVWDLQDELOLW\�DPRQJ�WUDQVSRUWDWLRQ�
mode is foreseen in the coming years. However, there is still a gap in the 
literature concerning the impact assessment of freight transportation, con-
sidering all the phases of the life cycle, including infrastructure building, 
production of vehicles, and end-of-life. This paper aims at reviewing the lite-
UDWXUH�WR�FRPSDUH�GL൵HUHQW�WUDQVSRUW�PRGHV��EDVHG�RQ�D�OLIH�F\FOH�DSSURDFK��
The results would be pivotal for decision-makers to take informed decisions 
on which transport modes to incentivize to reduce the environmental im-
pacts while ensuring adequate goods movement internationally. 

��� ,QWURGXFWLRQ

The freight transportation (FT) sector is posing several challenges with serious consequences 
from an environmental perspective (Sims et al., 2018): i) FT relies on longer routes compared 
to the past, with international transportation becoming increasingly common (Shankar et al., 
2019); ii) supply chains are becoming particularly complex, while consumers’ preferences and 
manufacturing requirements are constantly changing (OECD, 2016); iii) FT is projected to triple 
in 2050 compared to 2015 (International Transport Forum, 2019); iv), the FT sector has changed 
dramatically: shipments are smaller, more frequent and cover longer routes, which requires fast, 
energy-intensive transport (OECD, 2016). 

The environmental impact of FT is substantial, with greenhouse gas (GHG) emissions dou-
bled compared to 1970 (Sims et al., 2018) and constantly increasing (Our World in Data, 2021), 
and FT alone accounts for 40% of the global transport energy consumption (Muratori et al., 
2017). The environmental impact can be reduced selecting adequate vehicles and transportation 
PRGHV��5HQ�HW�DO����������DQG�D�VWURQJ�H൵RUW�LV�UHTXLUHG�WR�SROLF\�PDNHUV�LQ�WHUPV�RI�LQWHUYHQWLRQV�
limiting the overall environmental impact.

The Life Cycle Assessment (LCA) methodology could be the proper tool for comparing 
GL൵HUHQW�VROXWLRQV�DQG�VHOHFW�WKH�OHDVW�LPSDFWIXO�RQH��7KH�/&$�DOORZV�TXDQWLI\LQJ�WKH�HQYLURQ-
mental impacts of a product or system, along its entire life cycle (Finkbeiner et al., 2006). For 
a holistic evaluation of the impacts of freight transport, several elements should be addressed 
besides fuel use (Facanha and Horvath, 2007), i.e. manufacturing, use phase, maintenance, end-
of-life, durability, land use, behaviour of users (Saxe and Kasraian, 2020). 

This paper performs a literature review on the application of the LCA to the FT sector, to 
facilitate a holistic assessment of each transport mode. The results would allow policymakers to 
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take informed decisions on which transport modes to incentivize to reduce the environmental 
impacts while ensuring adequate goods movement internationally.

��� /LWHUDWXUH�UHYLHZ��FKDOOHQJHV�LQ�/&$�RI�IUHLJKW�WUDQVSRUW

The FT sector still relies largely on liquid fossil fuels, especially in the use phase of vehicles 
(Fridell et al., 2019). Emissions are typically related to CO2, nitrogen oxides, sulfur oxides, par-
ticulate matter, elevate ozone concentrations, resulting in poor air quality and connected health 
LVVXHV��HXWURSKLFDWLRQ��DFLGL¿FDWLRQ��ORZHU�FURS�\LHOGV��7KH�H[WDQW�DSSOLFDWLRQV�RI�WKH�/&$�LQ�WKH�
FT sector is nonetheless mainly focuses on end-of-pipe emissions, without properly assessing 
vehicles production, end-of-life and infrastructure building (Browne et al., 2005; Facanha and 
Horvath, 2007). Several challenges emerge when applying the LCA to FT, and in particular con-
sidering the infrastructure, as summarized in Table 1 (Saxe and Kasraian, 2020).

7DEOH����FKDOOHQJHV�RI�DSSO\LQJ�WKH�/&$�PHWKRGRORJ\�WR�)7��6D[H�DQG�.DGUDLDQ�������

Demolition and 
disposal phase

Occur at the beginning rather than at the end of the useful life since the land 
will need to be cleared to make space for the infrastructure.

Construction phase Additional emissions (up to the 33% of the total) are generated because of 
WUD൶F�GLVUXSWLRQ��

Use phase 6KRXOG�LQFOXGH�WKH�XVHUV¶�WUDYHO�EHKDYLRUV�DQG�WKH�LQÀXHQFH�RI�WKH�QHZ�
infrastructure on the available options.

Induced demand 0XVW�EH�LQFOXGHG��DOWKRXJK�GL൶FXOW�WR�HVWLPDWH��%XLOGLQJ�DGGLWLRQDO�
LQIUDVWUXFWXUH�LQFUHDVLQJ�WUD൶F�DQG�LQGXFLQJ�QHZ�WUDYHO�

Maintenance Required at regular intervals, in the long-term may account for a considerable 
share of the impact.

End-of-life 'L൶FXOW�WR�HVWLPDWH��DQG�YLUWXDOO\�WKHUH�LV�QR�VXFK�WKLQJ�IRU�LQIUDVWUXFWXUH�
transportation (many examples of infrastructure lasting for centuries).

Land use To be considered not only where the infrastructure is built but also in the 
adjacent and regional areas.

Spatial spillover 'L൶FXOW�WR�TXDQWLI\��)RU�H[DPSOH��D�QHZ�KLJKZD\�PD\�LQGXFH�UHVLGHQWLDO�
development.

However, vehicles production, end-of-life and infrastructure building may account for a con-
siderable share of the total impact (Saxe and Kasraian, 2020). Properly set system’s boundaries 
should therefore include infrastructure, vehicle and fuel life-cycles (Fridell et al., 2019). The 
present study will thus focus on the three of them, to achieve a holistic assessment of FT’s im-
SDFW�DQG�¿OO�VRPH�RI�WKH�JDSV�IRXQG�LQ�WKH�H[WDQW�OLWHUDWXUH��7KH�OLWHUDWXUH�KDV�EHHQ�VHDUFKHG�WR�
retrieve information on four typical transport modes (road, rail, air, and sea transport), analyzed 
considering all the phases of the life cycle and seeking ways to improve their environmental im-
pact. Keywords from the freight transport literature have been used, coupled with keywords such 
as “impact”, “assessment”, “environmental”. The international database Scopus has been used. 
Table 2 summarizes the results from the literature review performed. 
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2.1. Road

Road transportation is used for short to medium hauls trips (Facanha and Horvath, 2007). In the 
(XURSHDQ�8QLRQ��WUXFNV�DUH�RQO\����RI�WKH�WRWDO�YHKLFOH�ÀHHW��EXW�DUH�UHVSRQVLEOH�IRU�RYHU�����RI�
WKH�WRWDO�HPLVVLRQV�RI�WKH�WUDQVSRUW�VHFWRU��ZLWK�DQ�LQFUHDVH�LQ�GRPHVWLF�WUXFN�WUD൶F��2VRULR�7H-
jada et al., 2018). 

Road transportation relies largely on diesel trucks, which have substantial environmental 
impact (Hannach et al., 2019): toxic and polluting exhausts, causing for instance acid rains, and 
YHU\�¿QH�SDUWLFOH�HPLVVLRQV��FDXVLQJ�VHYHUH�KHDOWK�UHSHUFXVVLRQV��'XULQJ�WKH�RSHUDWLRQ�SKDVH��WKH�
impact is related more to fuel consumption rather than production (Osorio-Tejada et al., 2018). 
The conditions of motorways and infrastructures also impact on the fuel consumption, with 
ZHOO�PDLQWDLQHG��ÀDW�PRWRUZD\V�KDYLQJ�D�ORZHU�LPSDFW��2VRULR�7HMDGD�HW�DO����������0RWRUZD\V�
and highways, however, have a high environmental impact in terms of habitat loss and connectiv-
ity, land quality, invasive species introduction, degradation of natural areas. Additionally,  build-
LQJ�QHZ�KLJKZD\V�PD\�OHDG�WR�DQ�LQFUHDVH�LQ�*+*�HPLVVLRQV�GXH�WR�LQGXFHG�WUD൶F�DQG�ODQG�XVH�
change (Saxe and Kasraian, 2020).  

(QG�RI�SLSH�VROXWLRQV�WR�LPSURYH�WUXFN�H൶FLHQF\��DV�SRVW�H[KDXVWLRQ�SDUWLFXODWH�¿OWHUV��KDYH�
SURYHQ�LQH൵HFWLYH�DQG�LQVX൶FLHQW��FRQVLGHULQJ�WKH�XUJHQF\�RI�UHGXFLQJ�HPLVVLRQV�WR�WDFNOH�FOL-
mate change (Osorio-Tejada et al., 2018). Currently, electric vehicles are expected to help reduce 
the environmental burden of the transport sector, especially in terms of end-of-pipe emissions 
(Ren et al., 2020). Recent LCA studies show that electric vehicles may halve the CO2 equivalent 
emissions compared to conventional vehicles. The major share of impact for electric vehicles is 
concentrated in the electricity production phase (Messagie, 2017), and much of the environmental 
advantages depend on the energy mix used (Hawkins et al., 2013). However, even with a coal-
based energy mix, electric vehicles prove 25% less impactful than conventional diesel vehicles 
(Messagie, 2017). This is an important result that should drive policy interventions. 

Electrifying trucks that need to travel long distances may require large batteries, which in 
turn contain several scarce materials and rare earth and considerably increase costs (Schulte and 
Ny, 2018). In their study, Hannach et al. (2019) evaluate the life cycle impact of substituting diesel 
with hydrogen, as it reduces the overall energy used in the life cycle of vehicles, and its exhaust 
from combustion does not contain toxic or polluting substances. Besides, hydrogen is very abun-
dant on earth and can be easily produced from water. Considering the conversion to dual-fuel 
trucks, the authors show that even a 30% substitution of diesel with hydrogen brings substantial 
HQYLURQPHQWDO�EHQH¿WV��WKDW�LQFUHDVH�DV�WKH�SHUFHQWDJH�RI�VXEVWLWXWLRQ�UDLVHV��7KH�FRQYHUVLRQ�FRVW�
from diesel to dual-fuel trucks is limited compared to the cost of the entire vehicle, as only the 
IXHO�LQMHFWLRQ�V\VWHP�ZLOO�KDYH�WR�EH�PRGL¿HG��$IWHU�D�����VXEVWLWXWLRQ�RI�GLHVHO�ZLWK�K\GURJHQ��
a complete engine substitution could be required. 

2.2. Rail

Rail transportation can be carried out using diesel or electric trains (Merchan et al., 2020). During 
the operation phase, trains’ direct impact relates to exhaustion from diesel vehicles; for electric 
YHKLFOHV��HPLVVLRQV�RI�6XOSKXU�KH[DÀXRULGH��6)6) – an insulating gas used in the transformers of 
traction substations – and the direct emissions to soil because of the wear between brakes and 
wheels, or wheel and rail interfaces. Indirectly, both types of vehicles require primary energy 
H[WUDFWLRQ��DQG�WKHQ�UH¿QHPHQW�RU�HOHFWULFLW\�JHQHUDWLRQ��'LHVHO�YHKLFOHV�KDYH�WKH�KLJKHVW�LPSDFW�
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GXULQJ�RSHUDWLRQ�LQ�FDVH�FRQYHQWLRQDO�GLHVHO�LV�XVHG��DV�ELRGLHVHO�EULQJV�EHQH¿WV�WR�WKH�RSHUDWLRQ�
phase impact, the burden may be shifted towards agricultural activities. For electric trains, elec-
tricity production is the highest impact stage, especially if coal or natural gas is used. The energy 
PL[�LV�WKXV�FUXFLDO�IRU�SURSHU�DVVHVVPHQW�RI�GL൵HUHQW�UDLO�YHKLFOHV��IRU�LQVWDQFH��XVLQJ�WKH�HQHUJ\�
mix of Poland – almost 50% of electricity generated from coal – electric trains have twice the en-
vironmental impact of diesel trains in Belgium. Several authors point out that the FT sector relies 
almost entirely on fossil fuels (Muratori et al., 2017): having a cleaner, low carbon energy mix 
becomes therefore crucial to lowering the impact of the transportation sector (Jones et al., 2017). 

The infrastructure building is the main contributor to freshwater eutrophication, due to the 
production of primary materials such as copper and steel. Based on data from Belgium, Merchan 
et al. (2020) conclude that electric trains have a better environmental impact than diesel trains, 
EHFDXVH� RI� DYRLGHG� ORFDO� HPLVVLRQV�� ORZHU� FRQWULEXWLRQ� RQ� GL൵HUHQW� LPSDFW� FDWHJRULHV� DQG� DQ�
RYHUDOO�KLJKHU�HQHUJ\�H൶FLHQF\��5DLO�LQIUDVWUXFWXUH�LV�FULWLFDO�IRU�UDLO�WUDQVSRUW�H൶FLHQF\��\HW�LWV�
environmental impact is not often considered (Pons et al., 2020). The use and maintenance of rail 
LQIUDVWUXFWXUH�KDYH�D�VLJQL¿FDQW�LPSDFW�RQ�WKH�HQYLURQPHQW�LQ�WKH�FDVH�RI�GLHVHO�WUDLQV��+HJHGLü�
et al., 2018). 

2.3. Air

Air transport is used mainly for international shipping (Facanha and Horvath, 2007), especially 
for highly perishable, high-value products (Si-Log Network, 2019). Aviation is responsible for 
almost 12% of global transport-related CO2 emissions, and the share is forecasted to grow 3-5% 
per year (Cox et al., 2018). Cox et al. (2018) perform a rather complete LCA of air transportation, 
including aircraft production, use, maintenance, end-of-life; fuel production and consumption; 
airport construction, maintenance, use, end-of-life. Overall, the authors demonstrate that airport 
construction, aircraft production and fuel production are the least impactful phases. Direct emis-
sions from aircraft during use make up to 60% of the potential global warming impact. For short 
ÀLJKWV��12[�KDV�D�FRQVLGHUDEOH�LPSDFW��%HVLGHV��WKH�LPSDFW�SHU�WRQ�NLORPHWHU�WHQGV�WR�ORZHU�DV�
the size of aircraft and the distance travelled increase. However, Barke et al. (2020) highlight that 
non-tailpipe emissions (i.e. emissions from aircraft, kerosene use, and infrastructure production) 
are considerable and may be as high as 16-21%. 

To achieve the environmental targets set by the international community, alternative technol-
RJLHV�WR�FRQYHQWLRQDO�SURSXOVLRQ�DUH�EHLQJ�VWXGLHG��DV�IXHO�H൶FLHQF\�DORQH�ZLOO�QRW�EH�VX൶FLHQW�
to meet such goals (Melo et al., 2020). Melo et al. (2020) review the most promising technologies 
to replace conventional fuel propulsion: they identify electric propulsion, biofuels based on vege-
table feedstock, e-fuels as hydrogen. In particular, the authors note that the viability of hydrogen 
as an alternative fuel has been widely discussed in the literature, due to its high energy content, 
zero CO2 emissions during use, and the relative easiness of production via water electrolysis. The 
reduction of environmental cost can be up to 60% compared to conventional kerosene. On the 
contrary, there is scant literature on the use of electric aircraft. 

2.4. Sea

Sea transportation is mainly used for international shipping (Facanha and Horvath, 2007) and it is 
the most common form of transport, accounting for almost 90% of goods transported yearly (Si-
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Log Network, 2019). It is usually used to cover large distances, and it is suitable for non-perish-
DEOH�SURGXFWV��6L�/RJ�1HWZRUN���������*LYHQ�WKH�GLPHQVLRQ�RI�WKH�WDQNHUV��D�VLJQL¿FDQW�DPRXQW�RI�
energy is required for sea transportation, which is usually provided in the form of high polluting 
diesel or residual fuel oils (Bicer and Dincer, 2018). 

It is common opinion that that the highest impact of shipbuilding relates to the raw materials, 
as steel (Shama, 2005). However, it is during operations that the greatest environmental impact 
of sea transportation is experienced (Chatzinikolaou and Ventikos, 2015). CO2 emissions are 
considerable and may account for up to 96% of the total emissions during operations. The build-
ing phase, instead, is dominated by CH4 emissions, mainly due to steel production (Chatziniko-
laou and Ventikos, 2015). Lastly, hydrogen may represent a viable solution for an alternative and 
greener source of fuel (Bicer and Dincer, 2018).

2.5. Intermodal transportation

Besides technological innovation, multi-modal transportation is indicated as an adequate tool 
WR�UHGXFH�)7¶V�HQYLURQPHQWDO�LPSDFW��,W�UHIHUV�WR�WKH�XVH�RI�DW�OHDVW�WZR�GL൵HUHQW�WUDQVSRUWDWLRQ�
modes (Ingrao et al., 2020). Despite a lower environmental impact, it is not widely used in Europe 
(Hrušovský et al., 2021). 

,QJUDR�HW�DO���������SHUIRUP�DQ�/&$�VWXG\�RQ�GL൵HUHQW�LQWHUPRGDO�WUDQVSRUWDWLRQV��VKLS�DQG�
trucks; ship and rail; ship, rail and truck) comparing them to the transport by trucks only. The 
multimodal scenario, when all three means of transport are used, emerges as the most environ-
mentally sound, although posing management issues. Using only trucks for long distances is 
FRQ¿UPHG�WR�KDYH�D�VXEVWDQWLDOO\�KLJKHU�HQYLURQPHQWDO�LPSDFW�FRPSDUHG�WR�WKH�RWKHU�VFHQDULRV��
The results are supported by Pizzol (2019). Additionally, a shift to intermodal transportation may 
halve the impacts on human and ecosystem health, and non-renewable energy demand (Fries and 
Hellweg, 2014).

7DEOH����$�OLWHUDWXUH�UHYLHZ�RQ�GLৼHUHQW�WUDQVSRUWDWLRQ�PRGHV�

Author, year Life cycle stage included in the analysis Transportation modes 
analyzed

Infrastructure Vehicle Fuel life Road Rail Air Sea

Saxe and Kasraian, 2020 ض ض ض

Facanha and Horvath, 2007 ض ض ض ض ض ض

Merchan et al., 2020 ض ض ض ض

Hannach et al., 2019 ض ض

Osorio-Tejada et al., 2018 ض ض

Schulte and Ny, 2018 ض ض

Hawkins et al., 2012 ض ض ض

Messagie et al., 2017 ض ض ض

Pons et al., 2020 ض ض

+HJHGLü�HW�DO������� ض ض

(continued on the next page)
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Author, year Life cycle stage included in the analysis Transportation modes 
analyzed

Infrastructure Vehicle Fuel life Road Rail Air Sea

Jones et al., 2017 ض ض ض ض

Cox et al., 2018 ض ض ض ض

Barke et al., 2020 ض ض ض ض

Melo et al., 2020 ض ض ض

Bicer and Dincer, 2018 ض ض

Shama, 2005 ض ض

Chatzinikolaou and 
Ventikos, 2015

ض ض

Ingrao et al., 2020 ض ض ض ض ض ض

Pizzol, 2019 ض ض ض ض

Fridell et al., 2019 ض ض ض ض ض

Fries and Hellweg, 2014 ض ض ض ض

��� &RQFOXVLRQV

The paper analyzed the impacts along the life cycle of four freight transport modes. It emerges 
the urgency of reducing the environmental impact of FT by selecting adequate transport modes. 
As it is possible to appreciate from Table 2, most of the papers analyzed consider the fuel life 
cycle, and to some extent the vehicle life cycle. The inclusion of the infrastructure is rarer, for the 
above-mentioned reasons. Concerning the transport modes, there is a nourished body of litera-
ture analyzing trucks, while sea and air transport are less studied. There are still very few LCA 
studies on intermodal transportation. 

$�FRPELQDWLRQ�RI�VROXWLRQV�VHHPV�FDSDEOH� WR�EULQJ� WKH�PRVW�EHQH¿WV�� WHFKQRORJLFDO� LQQR-
YDWLRQ��IXHO�H൶FLHQF\��LQWHUPRGDO�WUDQVSRUWDWLRQ��5HQHZDEOH�IXHOV�VKRXOG�EH�DGRSWHG�WR�UHGXFH�
WKH�HPLVVLRQV�RI�VKLSV��DLUFUDIW��DQG�LQ�WKRVH�VLWXDWLRQV�ZKHUH�WKH�HOHFWUL¿FDWLRQ�RI�YHKLFOHV�SRVHV�
particular challenges, such as large, long-haul trucks. The use of biofuels should be avoided, 
especially oil fuels, for the considerable impacts on deforestation and agriculture disruption. 
Instead, green hydrogen could represent a viable solution. The electricity mix should be greened, 
going towards complete decarbonization. Finally, intermodal transportation should be adopted to 
reduce the overall impact of FT. 

Future research should develop more holistic analyses on infrastructure, vehicle, and fuel life 
cycle, allowing a complete overview of FT’s environmental impacts. In particular, if the ultimate 
aim is to get to net zero emissions from the FT sector, more knowledge should be built on how 
to optimize intermodal transportation and innovative fuels, where several literature gaps are still 
present. Furthermore, ways to facilitate the transition towards net zero emissions FT should be 
proposed and evaluated. 

Table 2: (continued from previous page)
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