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Abstract

:

The Italian Recovery and Resilience Plan promotes, among its many actions, the use of hydrogen by the deployment of refuelling stations for heavy-duty vehicles, predicting a 5–7% penetration rate of fuel cell electric vehicles (FCEVs) for long-distance freight transport. In this work, the impact of this action on the reduction of greenhouse gas emissions and consumption was estimated, assuming the plan’s objectives are met. To achieve this aim, a national simulation model of the road freight transport system was implemented, consisting of a graph of the national road network and an inter-provincial origin-destination matrix; the graph was based on data available from OpenStreetMap, while the interprovincial matrix was estimated from the interregional matrix with the use of two linear regression models, one for emitted goods and one for attracted goods. The simulation of the system made it possible to estimate the impact of this action on CO2 emissions and fuel consumption under three different scenarios. From 2025 to 2040, a reduction in CO2 emissions ranging from around 9 to around 16.5 million tonnes was estimated, and a reduction in consumption ranging from around 3 billion to around 5.6 billion litres of diesel. These results show how this action can be seen as one of the bricks contributing to the fight against global warming.
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1. Introduction


In addition to its strictly health-related consequences, the COVID-19 pandemic had a strong impact on the global and EU member countries’ economies. The need to support economic recovery led the European Union to launch a major funding programme in 2021, totalling EUR 750 billion, called Next Generation EU (NGEU) [1]. Within this financing programme, the largest part of the funds, EUR 672.5 billion (312.5 billion in grants and 360 billion in loans), is allocated to the Recovery and Resilience Facility (RRF). To access these funds, the European Union required member states to submit their National Recovery and Resilience Plans (NRRPs) outlining their planned investments and national reforms agenda. In the European Commission’s guidelines [2], ‘Recharge and Refuel’ is listed as one of the seven areas on which investments should be concentrated, and includes sustainable mobility.



Italy decided to use its entire national allocation under the European Recovery and Resilience Facility (RRF), including its loan component: EUR 191.5 billion or 10.7 per cent of the national GDP in 2019. In addition, Italy has allocated national resources (Supplementary Fund) of EUR 30.6 billion to further strengthen a vast programme of reforms and investments aimed at promoting the recovery of the Italian economy [3], while addressing some structural weaknesses and pursuing important objectives such as green transition and digital transformation. The measures in this plan are to be completed by 2026. The Italian NRRP is organised into 6 Missions; among these, Mission 2 ‘Green Revolution and Ecological Transition’ includes measures concerning sustainable mobility. The largest share of funds is allocated to this mission (EUR 59.47 billion, about 31% of the total NRRP funds). Within this mission, EUR 23.8 billion is allocated to ‘M2C2. Renewable energy, hydrogen grid and sustainable mobility’ within which there is a specific field of intervention ‘Investment 3.3: Experimentation of hydrogen for road transport’. This area of intervention refers to the use of hydrogen-powered freight road vehicles and provides for the creation of 40 hydrogen refuelling stations, strategically located throughout the country, along the routes most densely travelled by long-haul freight vehicles. The plan forecasts a penetration rate of fuel cell heavy-duty vehicles of 5–7% by 2030.



In the scientific literature, some researchers highlighted the recommendations of other countries in response to the pandemic for the renewable energy sector [4,5] and evaluated the impact of the pandemic on transportation energy consumption [6,7] and pollution [8,9].



Fuel cell electric vehicles (FCEVs) use hydrogen to produce electricity on board the vehicle itself; the electricity thus produced is used to power an electric motor. Fuel cells produce electricity by combining hydrogen, stored on board the vehicle, with oxygen; the electricity is produced without emitting CO2, only water vapour. The production of hydrogen and its transport (from the well to the tank) still produces greenhouse gas emissions; these emissions are lower the higher the percentage of hydrogen produced from renewable sources (green hydrogen).



In the case of applications to the automotive sector, the main strengths are: (a) zero tailpipe emissions, both greenhouse gases and pollutants; (b) high vehicle autonomy; (c) refuelling times similar to those of a conventional fuel vehicle; (d) high durability of fuel cells; (e) hydrogen can be produced using renewable sources. The main weaknesses can be summarised as: (a) high vehicle cost, which is also higher than battery electric vehicles; (b) the limited number of refuelling stations; (c) vehicle safety issues (high flammability of hydrogen); (d) lower energy efficiency compared to battery electric vehicles.



Fuel cell vehicles are still uncommon, although they have been extensively tested; most vehicles are registered in the United States [10]. If we refer to a macro-area, the Asia-Pacific region has the largest number of vehicles and refuelling stations [10], mainly due to developments in China, Korea and Japan.



Research on this type of vehicle is growing and nearing maturity [11]. In addition to fuel cell vehicles, hybrid vehicles are also being developed in which batteries are used in addition to cells, with plug-in power, with the advantage of having a single electric motor that can draw on two power sources (plug-in hydrogen fuel cell hybrid vehicles, PHFCVs). A comparison between PHFCVs and BEVs (Battery Electric Vehicles) was provided by Offer et al. [12] who pointed out that life cycle costs are similar. Research in this field is mainly directed at finding optimal energy management and generation systems. From this point of view, the possibility of combining fuel cells with supercapacitors has been examined [13]. Various works have examined the optimal energy management of different power sources to improve the performance and durability of storage systems [14,15,16]. A comprehensive review on the challenges and opportunities of fuel cell technology for the transportation sector can be found in [17,18].



The main applications of FCEVs are for passenger cars, while only more recently has attention been turned to freight vehicles [19]. Some researchers investigated the impact of fuel cell technology adoption on the whole road transport. Liu et al. [20] evaluated the reduction in GHG emissions of the deployment of FCEV for the whole fleet in China showing a reduction of about 13% in the optimistic scenario. A similar study was conducted to evaluate the impact on CO2 emissions in Germany assuming a complete transition of road transport to fuel cell vehicles [21].



Focusing on freight transportation, a review of works on the decarbonisation of the road freight sector was carried out by Meyer [22], while the potential of battery, fuel cell and catenary electric freight vehicles for reducing emissions of greenhouse gases and other pollutants was studied by Breuer et al. [23]. The importance of freight transport in fighting climate change was highlighted in [24] and an analysis of the feasibility of using FCEVs for freight transport can be found in [25]. Green freight vehicles are already used, albeit not widely, for urban freight distribution [26]. The impact of the adoption of electric freight vehicles was analysed in [27] where a CO2 emissions reduction of more than 50% between 2012 and 2050 is estimated to be possibly achieved with the joint diffusion of BEVs and FCEVs.



Focusing on its use in the freight transport sector, the future of hydrogen as a significant alternative fuel for heavy-duty vehicles is highlighted in [28] and current research topics are reported in [29]. A modelling approach is proposed in [30] to investigate the potential demand of hydrogen for freight road transport in California and infrastructure investments required to meet that demand. In [31], a case study in Switzerland was carried out to evaluate the strengths and weaknesses of hydrogen usage. An assessment of emissions reduction induced by the conversion of diesel/natural gas-powered to hydrogen-powered heavy-duty vehicles in China was conducted in [32].



Regarding impacts on costs, the cost of the deployment of a hydrogen refuelling network in Germany was estimated in [33] comparing the pipeline-distribution system with a decentralized one by 2050. Noll et al. [34] made a comparative analysis in terms of the total cost of ownership of the main low-emission technologies in Europe showing that heavy-duty FCEVs are currently uncompetitive in all segments due to high powertrain costs. Accordingly, a choice experiment in China [35] showed that truck drivers are not very willing to buy heavy-duty FCEVs putting a limit on the accepted price of about 50% higher than diesel heavy-duty vehicles. Thus, incentives from governments are necessary to increase their market penetration. A case study in China [36] focused on the effect of government subsidies for the penetration of long-haul heavy-duty FCEV providing a simulation tool that validated the current government initiatives but pointing out some limits of the incentives’ mechanism.



This paper aims to estimate the possible impact on fuel consumption and GHG emissions from the implementation of the NRRP investment programme on FCEVs applied to long-distance freight transport. This study contributes to the literature mainly from two points of view. First, the study considers the contribution of one of the Italian NRRP’s actions on energy savings and greenhouse gas emissions; to our knowledge, similar nationwide studies have not yet been developed in Italy. Secondly, the proposed approach can be applied to different spatial scales and countries, modifying the input data and simulation models used, allowing similar assessments in other contexts.



The paper is structured as follows: Section 2 estimates the demand for interprovincial freight transport in Italy; Section 3 describes the transport supply model and estimates traffic flows; Section 4 summarises the numerical results; Section 5 concludes the paper.




2. Estimation of Road Freight Demand in Italy


The estimation of road freight traffic flows requires the construction of a transportation supply model, the estimation of transportation demand and the application of an assignment procedure (supply/demand interaction). In this work, provincial zoning was used: the Italian territory was partitioned into 107 zones, one for each Province (see Figure 1). The defined zoning does not allow for the simulation of trips with origin and destination within the same Province; this issue is not critical because FCEVs, as also specified by the NRRP, are expected on long-distance trips and, therefore, trips within the same Province should be eliminated from the calculation of vehicle-km/year anyway. Therefore, it is possible to use this zoning regardless of the size of the provinces.



The estimation of road freight transport is limited to domestic long-distance trips (both origin and destination within the national territory), given the nature of the study. In fact, the use on the international routes of FCEVs for freight transport is influenced by the spread of vehicles and refuelling stations in other European countries, on which reliable forecasts of development are not possible; therefore, the use of FCEVs was assumed to be limited to domestic transport, probably underestimating, at least in part, the impacts on the reduction of fuel consumption and GHG emissions.



Having established the territorial level of zoning, the estimated freight transport demand was obtained from the matrix surveyed by ISTAT [38] for the year 2019. This matrix, based on a regional territorial division, provides the total goods traded by road among the 20 Italian regions in terms of tons/year; no similar matrices are available for more detailed territorial divisions. The 2019 data were used because they precede any ‘disruptions’ that may have been induced by the COVID-19 emergency; it is believed that these disruptions can be reabsorbed in the coming years, given that the study is based on a time horizon that will vary between 2025 and 2040. This time horizon was chosen assuming that refuelling stations could be available from 2025 and that the NRRP’s forecast of FCEV freight vehicle penetration to 2030 would be respected. In addition, the study assessed the effects in the following 10 years, up to 2040, considering that longer-term forecasts may not be valid, given the continuous evolution of available technologies and the unpredictable variation of national and international socio-economic conditions.



The estimation of freight road traffic flows requires an interprovincial origin-destination (OD) matrix; indeed, it is believed that the interregional matrix, as produced by ISTAT [38], does not allow sufficient precision, given the large size of the Italian regions. Estimating flows on a regional basis would lead to two types of inaccuracies: (1) area centroids would not correctly represent the origins and destinations of trips, overestimating some distances and underestimating others; (2) trips between different provinces in the same region would not be represented on the network.



To transform the interregional matrix into the interprovincial one, two linear regression models were calibrated; these models relate the goods emitted and attracted by each region to the number of manufacturing employees in that region. The choice of this variable in the model resulted from several attempts in which other classifications (total employees, trade employees, population, etc.) were experimented with; manufacturing employees represented the most suitable variable for representing the phenomenon. The calibration data and obtained results (see Table 1 and Figure 2) show that the direct proportionality between goods generated/attracted and employees in this macro commodity area works well.



Using these results, the regional matrix was transformed into a provincial OD matrix by dividing each cell of the regional matrix into several cells of the provincial one proportionally to the manufacturing employees in each province. This procedure transformed the regional OD matrix, of size 20 × 20, into the provincial OD matrix, of size 107 × 107. The adopted procedure is summarized in Figure 3.



In this way, the effect of distance between areas has been neglected; this assumption is assumed to be valid because the regional matrix already implicitly takes into account the distance effect (distance between regions) and, therefore, any potential influence could result in variations only relative to the location of provinces within the same region. In particular, this effect is negligible for long-distance freight transport, for which variations of the order of 100 km do not create substantial differences in the distribution of goods.



Finally, the provincial OD matrix thus generated is expressed in tons/year; it was transformed into terms of vehicles/year assuming an average load per vehicle of 9 tons, as reported in the National Transportation Account [39]. This matrix will be used in the assignment procedure in the next section to estimate flows on the national road network.




3. Transportation Supply Model and Freight Traffic Flow Estimation


The transportation supply model consists of a graph of the Italian main road network. The graph is representative of all highways, roads of national importance, and some other road infrastructure necessary to connect the zones of the study area; additionally, all the ramps connecting the different road infrastructures are included.



The supply model consists of 25,599 real links and 44,941 real nodes; to these are added 107 centroid nodes, one for each province, and 406 connectors, which are needed to link area centroids to the real road network. There are 6 links representing maritime services, totalling 480 km. The network is representative of more than 49,000 km of roads. The graph is depicted in Figure 4, while the various types of links are reported in Table 2.



Since the objective is to simulate only long-distance freight traffic, moreover with an annual time horizon, the road network was assumed to be uncongested, i.e., with generalised cost values not dependent on freight vehicle flows. Indeed, the assumption of a congested network would not be applicable, both because hourly traffic is not simulated, which would be necessary to consider the effects of congestion, and because travel times would depend not only on freight vehicle flows but also on car flows since road infrastructure is shared.



The road links were classified into 6 categories and an average speed was assigned to each of them as shown in Table 3; on toll motorway links, the monetary cost was assumed to be 0.165 €/km, which is the average value in Italy for freight vehicles with 4 axles and 5 or more axles.



Traffic flows were estimated by assigning the OD matrix to the road network thus constructed. The graphical representation of the result of the assignment is shown in Figure 5, while Table 4 summarises the results on the different link types. These data are used in the next section to estimate fuel consumption and greenhouse gas emissions.




4. Estimation of Impacts on Fuel Consumption and CO2 Emissions


The impacts on fuel consumption and CO2 emissions were estimated by assuming three different scenarios of penetration of FCEVs in the heavy goods traffic flow, replacing diesel-powered vehicles. The scenarios refer to different penetration rate trends, with the same initial linear trend, as estimated in the NRRP, of 5–7% by 2030. The common trend considers a linearly increasing rate from 1.2% in 2025 to 7% in 2030 (NRRP estimate) with a resulting average annual rate of increase of 1.16%. From 2030 to 2040, the three scenarios differ in their annual growth rate, assuming:




	
zero growth in the penetration rate for the ‘pessimistic’ scenario: the penetration rate remains constant at 7% after 2030;



	
constant growth in the penetration rate of 1.16% for the ‘linear’ scenario;



	
constant growth in the penetration rate of 1.50% for the ‘optimistic’ scenario.








To these scenarios is added a ‘no-FCEV’ baseline scenario that considers the projection to 2040 of the current state without FCEVs according to the Italian Institute for Environmental Protection and Research (ISPRA) [41].



The resulting trends in vehicle-km for the three penetration scenarios from 2025 to 2040 are shown in Figure 6. These values are estimated from the vehicle-km for heavy-duty diesel vehicles (see Table 4), so the resulting trend in the ‘pessimistic’ scenario is decreasing after 2030. It is pointed out again that these scenarios refer to the replacement of heavy-duty diesel vehicles, to which the GHG emission is referred.



The Tier 2 approach of the Corinair method [42] was applied, therefore, considering an average emission factor for heavy-duty diesel vehicles, assumed to be 718.16 g/vehicle-km as elaborated from [41], and vehicle-km of the aggregated vehicle category. The resulting CO2 emission values, in tonnes, for the three considered scenarios, together with the projection without FCEVs, are shown in Table 5 and Figure 7, respectively. The corresponding emission reductions (compared to the no-FCEV scenario) and the trend of the reduction percentage compared to 2019 are shown in Table 6 and Figure 8, respectively.



The penetration of FCEVs in the fleet of heavy-duty diesel vehicles acts as an accelerator in reducing GHG emissions. Actually, if there were no FCEVs, the maximum reduction achievable in 2040 would be 21.4%, again compared to 2019, while with the introduction of FCEVs, the reduction would be between 26.9% (pessimistic scenario) and 38.7% (optimistic scenario). As a result, the total emission savings, compared to the no-FCEV scenario, range from 8.9 to 16.4 million tonnes of CO2 until 2040, corresponding to savings percentages of 5.8% to 10.7%. Compared with the existing literature, these findings are almost in line with other studies carried out for other countries and with different assumptions. In particular, Liu et al. [20] estimated an emissions’ decrease in China by nearly one-fifth under the most optimistic scenario, i.e., FCEV penetration rate of 3.5% and 5.8% in 2040 and 2050, respectively. In the case study of Germany, Weger et al. [21] estimated a high decrease in emissions of 57 million tonnes of CO2 by assuming a shift of the whole HDV fleet to green hydrogen in the next 15 years.



In the analyses carried out about the reduction in pollutant emissions, it was assumed that all hydrogen used to power the vehicles is produced from renewable energy sources (green hydrogen); otherwise, the CO2 emissions required to produce the hydrogen would have to be assessed.



Regarding fuel consumption, the average consumption factors in L/vehicle-km shown in Table 7 were considered, calculated on the basis of the consumption in g/vehicle-km using the Corinair method and the specific weight of diesel equal to 830 g/L. The same table shows the vehicle-km rates for each category obtained from the same database provided by ISPRA [41], based on which the weighted average consumption of 0.244 L/vehicle-km was calculated.



Similar to the emission assessment, the resulting total fuel consumption values in litres in the considered scenarios are shown in Table 8. In Table 9, the actual annual fuel reductions in the different penetration scenarios compared to the ‘no-FCEV’ scenario from 2025 to 2040 are reported and their resulting trend is shown in Figure 9.



It emerges that the penetration of FCEVs into diesel heavy-duty vehicle fleets would result in significant fuel consumption savings in the order of millions of litres up to a value of between 208 (pessimistic scenario) and 652 (optimistic scenario) million litres in 2040. Total fuel consumption savings from 2025 to 2040 are estimated to range from 3.04 to 5.58 billion litres of diesel.




5. Conclusions


This paper aimed at assessing the impact of the introduction of fuel cell technology in the Italian heavy-duty vehicle fleet according to the targets fixed by the Italian National Recovery and Resilience Plan (NRRP). Thus, according to the plan, this study used as the main assumption the achievement of a 5–7% penetration rate (by 2030) of fuel cell electric vehicles (FCEVs) for long-distance freight transport. The impact assessment was carried out in terms of total CO2 emissions and fuel consumption savings. To this aim, we constructed a supply model of the Italian main road network and estimated the freight demand at a provincial level of detail starting from a regional matrix of goods exchange between Italian regions. We then proposed a procedure to transform the regional OD matrix into a provincial OD matrix of heavy-duty vehicle flows for long-haul transport. All data elaborated in this study come from national databases related to the pre-COVID period (until 2019) to exclude the strong changes induced by the pandemic, assuming all disruptions will be reabsorbed in the coming years. The evaluation was carried out over a 15-year time horizon, from 2025 to 2040, considering the exclusive use of green hydrogen.



The obtained results show how the use of FCEVs for freight transport can contribute to reducing fuel consumption and emissions, adding another brick to Europe’s goals to combat global warming. In particular, we evaluated the impacts in different scenarios: no-FCEV, pessimistic, linear and optimistic. The estimated CO2 emissions savings range from 5.8% to 10.7% compared to the no-FCEV scenario (from around 9 to around 16.5 million tonnes), assumed as the baseline of the current status, projected up to the year 2040. Moreover, in terms of fuel consumption savings, the penetration of FCEV into long-haul freight transport could contribute to reducing diesel consumption by from 3.0 to 5.6 billion litres, accelerating the transition towards less dependence on fossil fuels.



It is also believed that the introduction of refuelling stations will also encourage a greater spread of hydrogen-powered cars, use of which is practically negligible in Italy, leading to a further reduction in emissions and consumption of traditional fuels.



It must be emphasised that the calculations were carried out under the assumption that hydrogen is entirely produced from renewable sources (green hydrogen); otherwise, there is practically no appreciable benefit on overall CO2 emissions, and, in some cases, counterproductive effects could occur. A spread of FCEV cars would, in any case, maintain an advantage in terms of air pollution in cities, as there are no local emissions of pollutants.



A more detailed study will be possible once the location of the refuelling stations is known; with this information, it will be possible to identify which trips can use hydrogen power and which cannot or can only partially use it. Another limitation of the study, which can be solved with further research, concerns the assumption of an uncongested network, which prevents the use of more detailed consumption and emission models, as it is not possible to estimate the actual travel speed on each link. Finally, it is believed that the results obtained cannot be extended or generalised to other territorial contexts; indeed, the share of road freight transport is different among countries, as are the average mileages travelled and the quantities of goods exchanged. The proposed procedure, as already noted, can be replicated in other territorial contexts, but the results obtained in this work cannot be extended parametrically.



The following policy recommendations can be drawn from the study: (i) it is crucial to study the location of refuelling stations, maximising the routes that can take advantage of this possibility; (ii) in the initial phases, it is necessary to incentivise the purchase of freight FCEVs, so that operators have an immediate advantage; (iii) it is necessary to incentivise the purchase and use of FCEV cars, also by providing refuelling stations in urban areas.



Future research can be directed to evaluate the possible effects of the spread of passenger FCEVs in Italy and to evaluate the diffusion of FCEVs for freight transport on a European scale. In addition, it will be possible to study the optimal location of refuelling stations. Finally, a study on a congested network and mixed traffic (interaction between freight vehicles and cars), with the knowledge of the location of the refuelling stations, would allow a more precise evaluation of the results.
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Figure 1. Zoning at the provincial level, Italy (based on ISTAT shapefile [37]). 
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Figure 2. Scatter plots of the results obtained from the calibration of the two linear regression models. 
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Figure 3. Block diagram of the procedure for estimating the OD matrix. 






Figure 3. Block diagram of the procedure for estimating the OD matrix.



[image: Sustainability 14 13455 g003]







[image: Sustainability 14 13455 g004 550] 





Figure 4. The considered graph of the Italian main road network (elaboration of authors from OpenStreetMap data provided by Geofabrik GmbH [40]). 
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Figure 5. Representation of the resulting road traffic flows of long-haul heavy-duty vehicles (elaboration of authors). 
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Figure 6. Trend of vehicle-km/year referring to the three FCEV penetration scenarios. 
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Figure 7. Total annual CO2 emissions for each considered scenario. 
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Figure 8. Percentage reductions in CO2 compared to 2019 for each considered scenario. 
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Figure 9. Fuel consumption reduction trend with respect to (w.r.t.) the ‘no-FCEV’ scenario. 
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Table 1. Data and results of the calibrated models (source of input data [38]).
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	Region
	Generated Goods [t/Year]
	Attracted Goods [t/Year]
	Employees in Manufacturing Activities





	Piemonte
	92,171,837
	91,943,760
	359,056



	Valle d’Aosta
	1,117,068
	1,374,407
	9316



	Liguria
	31,968,665
	33,122,971
	59,139



	Lombardia
	204,170,787
	204,251,818
	903,826



	Trentino Alto Adige
	32,391,364
	34,206,166
	69,943



	Veneto
	151,512,857
	147,635,451
	537,797



	Friuli-Venezia Giulia
	24,120,398
	24,578,484
	106,808



	Emilia-Romagna
	117,100,836
	115,411,530
	452,621



	Toscana
	67,444,868
	66,024,129
	303,266



	Umbria
	16,718,504
	14,908,460
	57,678



	Marche
	19,834,810
	20,630,934
	154,771



	Lazio
	45,733,494
	49,006,578
	9182



	Abruzzo
	16,733,577
	16,237,471
	3439



	Molise
	3,550,801
	3,815,597
	77,509



	Campania
	39,982,681
	40,426,876
	24,540



	Puglia
	29,949,807
	28,541,964
	28,952



	Basilicata
	7,294,685
	6,552,522
	81,727



	Calabria
	7,736,544
	10,085,013
	9330



	Sicilia
	27,832,117
	28,222,311
	2829



	Sardegna
	16,348,194
	16,737,452
	26,001



	Coefficient
	243.09
	241.52
	



	Statistical tests
	
	
	



	R2
	0.981
	0.980
	



	F
	≅0
	≅0
	



	t-student
	31.04
	30.61
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Table 2. Characteristics of the considered links.
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	Links
	Number
	km





	Sea links
	6
	480



	Motorways
	4242
	22,677



	Primary roads
	14,495
	15,641



	Ramps
	4130
	1027



	Trunk roads
	2726
	9741



	Total
	25,599
	49,566
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Table 3. Average speeds related to heavy-duty vehicles on each link type.
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	Link
	Average Speed [km/h]





	Motorway
	85



	Primary road
	65



	Ramp
	30



	Trunk road
	70



	Connector
	10
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Table 4. Summary results.
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	Links
	Million Veh-km/Year





	Motorways
	11,882



	Primary roads
	2036



	Ramps
	209



	Trunk roads
	1339



	Total
	15,506
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Table 5. Total annual CO2 emissions for each considered scenario.
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	Year
	No-FCEV

[t/Year]
	Pessimistic

[t/Year]
	Linear

[t/Year]
	Optimistic

[t/Year]





	2025
	10,426,590
	10,301,470
	10,301,470
	10,301,470



	2026
	10,313,305
	10,069,911
	10,069,911
	10,069,911



	2027
	10,200,021
	9,840,980
	9,840,980
	9,840,980



	2028
	10,086,737
	9,614,678
	9,614,678
	9,614,678



	2029
	9,973,453
	9,391,003
	9,391,003
	9,391,003



	2030
	9,860,169
	9,169,957
	9,169,957
	9,169,957



	2031
	9,746,884
	9,064,602
	8,951,539
	8,918,399



	2032
	9,633,600
	8,959,248
	8,735,749
	8,670,240



	2033
	9,520,316
	8,853,894
	8,522,587
	8,425,480



	2034
	9,407,032
	8,748,539
	8,312,053
	8,184,118



	2035
	9,293,747
	8,643,185
	8,104,148
	7,946,154



	2036
	9,180,463
	8,537,831
	7,898,871
	7,711,589



	2037
	9,067,179
	8,432,477
	7,696,222
	7,480,423



	2038
	8,953,895
	8,327,122
	7,496,201
	7,252,655



	2039
	8,840,611
	8,221,768
	7,298,808
	7,028,285



	2040
	8,727,326
	8,116,414
	7,104,044
	6,807,315
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Table 6. Reduction in CO2 emissions compared to the no-FCEV scenario.
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	Year
	Pessimistic

[t/Year]
	Linear

[t/Year]
	Optimistic

[t/Year]





	2025
	125,119
	125,119
	125,119



	2026
	243,394
	243,394
	243,394



	2027
	359,041
	359,041
	359,041



	2028
	472,059
	472,059
	472,059



	2029
	582,450
	582,450
	582,450



	2030
	690,212
	690,212
	690,212



	2031
	682,282
	795,346
	828,485



	2032
	674,352
	897,852
	963,360



	2033
	666,422
	997,729
	1,094,836



	2034
	658,492
	1,094,978
	1,222,914



	2035
	650,562
	1,189,600
	1,347,593



	2036
	642,632
	1,281,593
	1,468,874



	2037
	634,703
	1,370,957
	1,586,756



	2038
	626,773
	1,457,694
	1,701,240



	2039
	618,843
	1,541,802
	1,812,325



	2040
	610,913
	1,623,283
	1,920,012



	Total
	8,938,248
	14,723,109
	16,418,671
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Table 7. Consumption factors and vehicle-km proportions for diesel heavy goods vehicles.
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Vehicle Category

	
Technology

	
Fuel Consumption

[g/Vehicle-km]

	
Fuel Consumption

[L/Vehicle-km]

	
Vehicle-km Share






	
7.5–16 tons

	
Conventional

	
182

	
0.219

	
0.44%




	
EURO 1 and following

	
155

	
0.187

	
15.02%




	
16–32 tons

	
Conventional

	
251

	
0.302

	
1.81%




	
EURO 1 and following

	
210

	
0.253

	
82.28%




	
>32 tons

	
Conventional

	
297

	
0.358

	
0.03%




	
EURO 1 and following

	
251

	
0.302

	
0.43%




	
Average consumption [l/vehicle-km]

	

	
0.244
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Table 8. Annual fuel consumption.
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	Year
	No-FCEV

[Million L/Year]
	Pessimistic

[Million L/Year]
	Linear

[Million L/Year]
	Optimistic

[Million L/Year]





	2025
	3543
	3501
	3501
	3501



	2026
	3505
	3422
	3422
	3422



	2027
	3466
	3344
	3344
	3344



	2028
	3428
	3267
	3267
	3267



	2029
	3389
	3191
	3191
	3191



	2030
	3351
	3116
	3116
	3116



	2031
	3312
	3080
	3042
	3031



	2032
	3274
	3045
	2969
	2946



	2033
	3235
	3009
	2896
	2863



	2034
	3197
	2973
	2825
	2781



	2035
	3158
	2937
	2754
	2700



	2036
	3120
	2901
	2684
	2621



	2037
	3081
	2866
	2615
	2542



	2038
	3043
	2830
	2547
	2465



	2039
	3004
	2794
	2480
	2388



	2040
	2966
	2758
	2414
	2313
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Table 9. Reduction in fuel consumption w.r.t the ‘no-FCEV’ scenario.
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	Year
	Pessimistic

[Million L/Year]
	Linear

[Million L/Year]
	Optimistic

[Million L/Year]





	2025
	43
	43
	43



	2026
	83
	83
	83



	2027
	122
	122
	122



	2028
	160
	160
	160



	2029
	198
	198
	198



	2030
	235
	235
	235



	2031
	232
	270
	282



	2032
	229
	305
	327



	2033
	226
	339
	372



	2034
	224
	372
	416



	2035
	221
	404
	458



	2036
	218
	436
	499



	2037
	216
	466
	539



	2038
	213
	495
	578



	2039
	210
	524
	616



	2040
	208
	552
	652



	Total
	3038
	5003
	5580
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