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Abstract
The truck sector produces one-fourth of the greenhouse gas emissions in Italy. Therefore, it calls for an urgent emission reduction to achieve the national mid-century net-zero pledges. In this work, a methodology is developed, based on a model for estimating the long-term energy transitions, the ModUlar energy system Simulation Environment (MUSE), to project the long-term freight heavy-duty sector evolution in Italy. The methodology applies a bottom-up description of the sector, where technologies are characterised in terms of costs, efficiencies, and emissions. Results show that efficiency improvements and technological cost reduction due to learning can only reduce the sector emissions by a limited amount.  In fact, although, lowering costs of alternative powertrains and fuels will have a significant effect on reducing tailpipe emissions, this should occur alongside a ban of internal combustion engines. Additional renewable generation should need to grow between 30 and 64 TW/y to substantially reduce emissions and leading to a zero-tailpipe truck sector by 2050.  The replacement of conventional engines by alternative powertrains remains dependent on distribution and fuelling infrastructure expansion, which should go hand in hand with the promotion of electric and hydrogen-fuelled vehicles.
Keywords
Road freight transport decarbonisation in Italy; hydrogen; bottom-up simulation; combustion engine ban; agent-based modelling; heavy goods vehicles
Highlights
· A decarbonisation study of Italian road freight is proposed
· Technological development alone is not enough to achieve zero tailpipe emissions
· A ban on diesel in road freight is an important measure for decarbonisation
· Italy’s renewable energy potential is sufficient for electric and green-hydrogen trucks

Introduction
Responsible for about 25% of global fossil fuel CO2 emissions [1], the transport sector is a decisive player in the achievement of a net-zero economy. In addition to carbon emissions, the sector releases several air pollutants to the atmosphere, such as oxides of nitrogen (NOx), oxides of sulphur (SOx), and particulate matter (PM) [1]. While progress has been made toward alternative transport modes, as well as in passenger road transport freight transport remains difficult to decarbonise [2].
 Heavy duty vehicles (HDVs), representing most of the total freight in the European Union (EU), primarily rely on diesel [3][footnoteRef:1]. Although efficiencies have improved with time [4], the high reliance on diesel challenges the sector decarbonisation [5]. The search for low-carbon options, is becoming crucial especially as global freight volumes are expected to grow rapidly [6]. Nonetheless, the need for improvement in road freight transportation has prompted research in many areas, such as route optimisation, last-mile solutions, and alternative fuels [7].  [1:  The term “Heavy duty vehicles” or HDVs, according to the European Commission (https://ec.europa.eu/commission/presscorner/detail/en/MEMO_14_366) applies to either freight or passenger transport. However, in this work, the focus is on the freight transport, therefore the term HDV applies to trucks transporting more than 3.5 t (metric ton, tonne).] 

Within the EU, Italy is of particular interest as its transport sector was responsible for 25.2% of the total national greenhouse gases (GHGs) emissions in 2019, 92.6% of which being caused by road transport [8]. The country is highly reliant on HDVs to freight goods [5], a sector responsible for one quarter of national road transport emissions [9], mainly due to the large amount of diesel-fuelled and old vehicles [10]. 
The importance of HDVs to emission-reduction goals has led the EU legislation 2019/1242 to require manufacturers of HDVs to cut emissions from new trucks by 15% from 2025 and 30% from 2030, compared to 2019 levels [11]. Reducing emissions from transport and building sectors is an essential part of Italy’s Integrated National Energy and Climate Plan (INECP) [12], which aims for a 33% reduction in GHG emissions by 2030 compared to 2005 levels. After the recent Ukrainian war, however, the EU has been considering to increase ambitions, as part of the revised 2030 Renewable Energy and Energy Efficiency targets contained in the REPowerEU plan proposal compared to the climate neutrality targets of the “Fit for 55” package[footnoteRef:2]. Consequently, a revision of the CO2 standards for HDVs is under discussion, as the European Commission has suggested stricter targets in emission for the segment after 2030, such as a reduction by 45%, 65%, and 90% (compared to 2019) to be achieved by 2030, 2035, and 2040, respectively [13]. The imposition of stricter CO2 emission standards would allow to meet the 13 Mt of CO2 gap between the “Fit for 55” package and the REPowerEU proposal plan for the HDV segment alongside enlarging the scope for the emission standards to several currently unregulated HDVs, favouring the introduction of cost-optimal energy efficiency standards for trailers[footnoteRef:3]. [2:  Communication from the Commission to the European Parliament, the European Parliament, the European Council, the European economic and social committee of the regions. REPowerEU Plan. https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52022DC0230&qid=1653466353078]  [3:  https://eur-lex.europa.eu/legal-content/EN/AUTO/?uri=SWD:2023:0088:FIN, https://eur-lex.europa.eu/legal-content/EN/AUTO/?uri=SWD:2023:0089:FIN] 

The literature presents contributions focused on efficiency improvements in HDVs. Marzano et al. [14] evaluated the competitiveness of truck platooning (i.e., the linking of two or more trucks in line) in Italian roads with different levels of automation through a multimodal freight supply model and suggested the consideration of this technology as a viable freight mode. Some contributions focused on alternative fuels. Parolin et al. [15] considered hydrogen as a fuel for clean mobility and modelled each stage of the hydrogen supply chain in an Italian region. Tratzi et al. [16] investigated the use of liquefied biomethane for heavy-duty transport from a well-to-wheels approach, emphasising the impact of carbon capture and liquefaction processes on production chains. Chinese et al. [17] assessed the development of the required infrastructure to support the use of compressed natural gas (CNG) in the transport sector, modelling the effect of different incentive measures towards expanding refuelling stations’ infrastructure in Italy. Other contributions focused on estimating gaps with current policies for achieving a zero-carbon truck sector in Italy. For example, Stenning et al. [18] used a macro-econometric model to assess the techno-economic potential to deliver a zero-carbon freight in Italy by 2050 comparing emission reduction required by policies where in addition to internal combustion engine (ICE), the deployment of advanced powertrain fleet including battery electric vehicles (BEVs), and fuel-cell electric vehicles (FCEVs) was enforced by setting vehicle sale mixes and the resulting emissions estimated. Finally, other contributions are available on a global scale, where energy system models applying a bottom-up optimisation approaches[footnoteRef:4], such as the ‘The Integrated MARKAL-EFOM System’ (TIMES) model, have been used to assess the development of alternative powertrain options and fuels [19]. [4:  Bottom-up methods are modelling approaches where technologies are characterised with their techno-economic features, such as efficiencies (fuel consumption), emissions, capital, and operating costs.] 

In the quest for a solution to the truck decarbonisation sector, there is no national study where technology uptake, and the corresponding technology sales, are the result of techno-economic, market, and policy conditions, as well as the result of changed geopolitical contexts due to the COVID-19 pandemic in 2020 and the Ukraine invasion in 2022. In fact, although previous works have addressed a variety of different approaches and technologies, none of them models the market uptake of alternative fuels and technologies for the road using a bottom-up simulation model, where the simulation approach implies that agents/investors choose technologies which most fulfil their goals. The simulation applies a limited-foresight approach which implies that investors/consumers can base their decision on buying novel technologies on information held true only for limited number of years (the foresight period), is suitable to capture changing market conditions, applying especially when new technologies enter the market.  An open-source agent-based integrated assessment model (ModUlar energy system Simulation Environment (MUSE) [20]) using openly available data is applied in this work. With its methodological novelty, the study can provide insights for public and private stakeholders concerning the effectiveness of policy measures for road freight decarbonisation in Italy based on a more realistic grounds which reflects agents’ interactions, their goals, and limited knowledge of future markets [20].  The approach allows to model the complex interactions between policies, technologies, and fuel price dynamics necessary to make plausible projections on the evolution of the road freight system. considering the interplay between old fleet decommissioning, uptake of more efficient engines, and novel fuels [21]. 
The next sections are organised as follows. Section 2 describes the modelling framework, assumptions, and data sources. Section 3 describes the modelling results and discuss them in terms of effectiveness and feasibility. Section 4 concludes the work with main findings, limitations, and future recommendations.

Methods
[bookmark: _Ref110589872]This work uses the open-source agent-based integrated assessment model MUSE [20], version 1.0.0 [22]. MUSE models long-term energy system transitions, using a bottom-up technology characterisation (e.g., from 2010 to 2100). As an agent-based model, it incorporates decentralised decision making in autonomous agents whose behaviour is defined by their own single or multi objective functions. 
MUSE is modular, which means that the energy system is described by different sector modules, each one uses specific metrics to drive the operational and investment decisions, and flexible in time and spatial scales. Sector modules are used to model each one of the energy system steps, from the primary supply of resources to the conversion of resources into energy vectors, and to the use of energy vectors to meet energy demand. Demand sectors are where energy is consumed to provide an end-use service or product and can consist of industrial, agriculture, building, and transport. Each sector interacts through a market clearing algorithm (MCA), representing a micro-economic price-quantity mechanism that balances demand and supply. Examples of works that have used MUSE include Moya et al. [23], concerning fuel-switching investments in the India’s iron and steel sector, and Sachs et al. [24], modelling energy investment decisions in the residential sector. Other research topics investigated with MUSE include: land use impacts on carbon mitigation [25] and bioelectricity potential in Brazil [26], cost-effectiveness of natural gas infrastructure investments [27], and household energy behaviour [28].
Model structure
The model aims to describe the truck fleet evolution in Italy to meet future service demand. Service demand in freight transport represents the amount of goods to be delivered in a certain distance. This service is evaluated using the quantities tonne-kilometre (t-km) and vehicle-kilometre (v-km)[footnoteRef:5] served in a year.  [5:  The service offered by trucks is measured in t-km and represents the transport of one tonne (i.e., 1,000 kg) of goods (including packaging and tare weights of intermodal transport units) by a given transport mode (road, rail, air, sea, inland waterways, pipeline, etc.) over one kilometre (km). Here, it is also called as ‘capacity’, referring to the maximum transportable quantity of goods which can be moved over 1 km of distance. On the other hand, the v-km measures the traffic flow. It is determined by multiplying the number of vehicles on a given road by the average length of their journeys measured in km.] 

The model had a national scale as the region of interest was Italy and a time horizon of 30 years (2020-2050) with a time step of 5 years. At every milestone year, modelled technologies, which are the different truck typologies, are called to meet a forecasted service demand, in each year beyond 2020. Each agent-investor would sort investments in the different trucks according to a certain metric, specifically model outputs are based on the levelised cost of energy (LCOE) represented by Equation 1 (Eq. 1), as the minimisation of LCOE was taken to guide decisions:
	
	Eq. 1


In Eq. 1, I and M represent the investment (i.e., capital costs) and the fixed operations and maintenance costs (i.e., FOM), respectively, F is the fuel expenditures, E the amount of energy produced, r the interest rate, n the expected technologies’ lifetime and t the simulation year. The LCOE is used to quantify the cost of the electricity delivered in the power sector. In the MUSE model, the concept is expected to the energy delivered and becomes the net present cost of an energy delivering system normalised over the net present value of the energy delivered. In this application, the energy delivered is measured as a service demand offered by trucks.
A simplified model structure and its main components are presented in Figure 1 and further explained in the next subsections, namely, macroeconomic drivers (Section 2.1), the HDV sector (Section 2.2), techno-economic data (Section 2.3), fuels (Section 2.4), and emissions (Section 2.5).
[image: ]
[bookmark: _Ref143128131]Figure 1. Simplified model structure: The HDV demand sector in MUSE. SE stands for ‘Standard Efficiency’, ME ‘Medium Efficiency’, and HE ‘High Efficiency’. LPG stands for ‘Liquefied Petroleum Gas’ and CNG stands for ‘Compressed natural Gas’.
Calibration of the vehicle fleet
The model setup requires a calibration on the initial number of vehicles available. To do so, historical data on freight demand and on vehicle registrations were collected from EUROSTAT [29] and ISTAT [30].
Since 2008, the trend in the number of vehicles registered in Italy exceeding 3.5 t [footnoteRef:6] showed a peak first, then a fall due to the financial crisis in 2008, followed by a slight recovery up until the  COVID-19 pandemic  (Table 1). [6:  The threshold value of 3.5 t was used to distinguish between light commercial and heavy-duty vehicles (HDVs).] 

[bookmark: _Ref102493813][bookmark: _Ref103610636]Table 1. Historical data on the road transport market for vehicles registered in Italy exceeding 3.5 tonnes. Source: Adapted from [29] [30].
	Year
	Capacity (billion t-km)
	Load (million t)
	Traffic flow (million v-km)

	2008
	180.5
	1,520.4
	-

	2009
	167.6
	1,468.9
	-

	2010
	175.8
	1,527.8
	-

	2011
	142.8
	1,339.9
	9,027

	2012
	124.0
	1,121.3
	7,975

	2013
	127.2
	1,023.9
	8,297

	2014
	117.8
	963.1
	7,843

	2015
	116.8
	957.0
	7,582

	2016
	112.6
	901.5
	7,481

	2017
	119.7
	885.4
	7,754

	2018
	124.9
	920.7
	7,922

	2019
	138.0
	978.9
	8,398

	2020
	133.2
	933.6
	8,060


Truck types vary, especially due to uses and drive cycles. However, this variability cannot be captured due to a lack of comprehensive data at a national level and to a need to leverage the computational burden of the simulations. Nevertheless, the modelling approach balances accuracy in the fleet composition with the granularity of the data available[footnoteRef:7] using three vehicle classes (light, medium, and heavy), each one characterised by a representative mileage, and efficiency, applying three efficiency-categories, a proxy of the vehicle performance determining fuel consumption and emissions. [7:  Data refer to vehicle registrations, costs, and efficiencies retrieved from national statistics [33] and integrated assessment modelling harmonisation literature [31].] 

Service demand of freight goods
After calibrating the stock of vehicles in 2020, the model estimates the service demand for the future years. The service demand was estimated as a correlation with Gross Domestic Product (GDP) and population following previous works on harmonisation of integrated assessment models [31].
[bookmark: _Hlk122684185]Figure 2 displays a timeseries of historical and projected data of population and annual GDP in 2010 US dollars (2010 USD). Historical values were retrieved from the Federal Reserve Bank of St. Louis database (FRED)  [32]; projections were from ISTAT [33], INECP [34], and Giarola et al. (2021) [31]. Despite the consensus on GDP growth over the next decades, in terms of population, all the references, except one, agree on a decrease in the number of inhabitants [31].




[bookmark: _Ref143128190]Figure 2. Italy’s historical data and projections of (a) annual constant GDP per capita expressed in 2010 USD and (b) population. Source: Adapted from FRED database [32], Giarola et al. (2021) [31], ISTAT [33], and INECP [34].
[bookmark: _Ref116466662]
Freight demand dependence with GDP and population was modelled with a logistic relation using a Sigmoid function with four parameters (A1, A2, X0, and L), as shown in Equation 2 (Eq. 2):
	
	Eq. 2



Where D represents the demand for delivered goods by trucks. The regression of the Sigmoid function on the data allowed to obtain four parameters A1, A2, X0, and L for the different weight categories, as shown in Table 1.
Table 1. Logistic regression parameters (A1, A2, X0, and L) for each weight category of trucks.
	Weight categories
	A1
	A2
	X0
	L

	Light
	427.5
	599.0
	31638.7
	37.9

	Medium
	961.9
	1347.8
	
	

	Heavy
	1390.0
	1946.8
	
	



The regression was performed on estimated historical freight demand for each of the freight category, GDP, and population data, from 2008 to 2020 and integrating information on demand drivers. First, consistently with the literature, 2020 hypotheses on average payload and annual mileage were extended over time [19]. Second, considerations of plausible post-COVID-19 rebound effects (up until 2030) [36], and post-2030 growth rates  [34] were included. The obtained freight road transport demand, containing historical and projected demand, presented as a function of GDP per capita (Figure 3),  shows a period with increasing demand between 30 to 35 thousand 2010 USD of GDP (which refers to the years between 2020 and 2040) followed by market saturation with a nearly flat profile.
[image: ]
[bookmark: _Ref143128234]Figure 3. Transport freight demand versus constant GDP per capita obtained through a logistic regression implementing a Sigmoid function on historical data up to 2020 [29], growth rate tend retrieved from Bazzana et al. (2022) [36], which considered COVID-19 effect, and INECP [34].

The freight demand in billion t-km per weight category (e.g., light, medium, and heavy) is shown in  Figure 4 as a function of time. The trend is consistent with historical (up until 2020) data from EUROSTAT [29], with post-COVID-19 rebound effects (up until 2030) [36], and post-2030 growth rates  as estimated in the INECP [34]. 

[bookmark: _Ref143128373][bookmark: _Ref110620431]Figure 4. Final demand per weight category.

[bookmark: _Ref116648755]Heavy-duty vehicles
Being MUSE a bottom-up model, it needs a characterisation of the truck technologies in terms of costs, fuel usage (efficiencies), and emissions. In this section, the assumptions behind the selection and use of the data are presented in terms of selection of HDV classes, technology costs, fuel prices, emissions, and carbon price. The term HDV will be exclusively used to refer to freight transport, although HDVs would comprise also buses and coaches for passenger transport [37].
Heavy-duty vehicle classes: decommissioning profile and efficiency
Although the European Commission guidelines for reducing CO2 emissions use a truck classification based on drive configurations and uses [38], due to a lack of comprehensive databases including the required technoeconomic information, this work uses a reduced number of vehicle classes. However, the approach still captures the main drivers of the demand growth and the levers on emission reduction using the following hypotheses.
1) As  commercial and industrial vehicles are graded by their maximum loaded weight limit, in this work, freight HDVs are modelled into three categories, namely “light” for vehicles not exceeding 3.5 tonnes, “medium” for vehicles up to 12 tonnes, and “heavy” for heavier vehicles [39][footnoteRef:8]. This aligns with vehicle registration statistics [10], national statistics [10], and integrated assessment modelling conventions [31]. [8:  This follows the typical classification available as per the Automobile Club d'Italia (ACI) database, the most authoritative institution responsible for collecting yearly data on vehicle fleet registrations [10].] 

2) Although the purpose of the trips is not explicitly modelled, each truck class is assigned a distance travelled. Accordingly, heavy trucks are assumed to travel 52,000 km/year, medium trucks 37,000 km/year, and light trucks 13,000 km/year [40]. Also, it was assumed that 15-25% of kilometres driven were empty (i.e., empty load) while non-empty kilometres were 36% underutilized [56], which results in an average payload equal to 0.77, 3.48, and 19.97 tonnes for light, medium, and heavy trucks, respectively. In other words, the following average freight capacities were considered: 1,038,336 t-km/year for heavy trucks, 128,819 t-km/year for medium trucks, and 9,984 t-km/year for light trucks. 
CO2 emissions are modelled building a correlation with the fuel usage (efficiency).
1) Besides weight, HDV technologies were dependent on their fuel preferences, namely, diesel, gasoline and hybrid-gasoline, liquefied petroleum gas (LPG), electricity, hydrogen, and natural gas. The category ‘natural gas’ represents natural gas vehicles (NGVs), including liquefied natural gas (LNG) and CNG-fuelled vehicles. These fuel technologies were selected based on the current Italian road freight fleet [10] and the potential of alternative fuels to reduce emissions in the sector, as presented in the literature for natural gas [40], hydrogen fuel-cell vehicles [41], BEVs and hybrid vehicles [42], and LPG [31]. Nonetheless, as gasoline-fuelled vehicles are no longer part of medium and heavy fleets in Italy, except for a small amount of older vehicles [10], they were not computed for these weight categories, only for light commercial vehicles. The fuel consumption of these technologies were retrieved from Hoekman [43] and Giarola et al. [31], which are reported in the Supplementary Material (Tables S.1, S.2, and S.3). 
2) Additionally, gasoline and diesel vehicles were also split into three different efficiency categories: standard low (SE), medium (ME), and high (HE) efficiency. 
3) The HDV fleet was assigned to efficiency classes. Efficiency refers to the fuel used by each technology class vehicle to serve a unit of service, measured as (t-km)/y. The efficiency classes  of the initial fleet using the date range of registration were mapped to EURO standards. HDVs classified as EURO I and II were graded as SE, EURO III and IV as ME, and EURO V and VI as HE. This assignment is a simplification, since older HDVs may have been equipped with exhaust after-treatment to reduce PM and selective catalytic reduction and exhaust gas recirculation to treat NOx [21]. Nevertheless, it sensibly assigns poorer emissions performance to older vehicles. In addition, the fleet age profile is used to characterise the scrappage curves, based on a retirement profile after a fixed number of years. The use of fuel is modelled as being directly correlated with emissions and the technology improvements.  
As a result of the proposed technology and efficiency classifications, the available ACI data on fleet age and composition [10] for 2020 allowed the Italian fleet to be segmented as reported in Figure 5. 









[bookmark: _Ref143128319]Figure 5. Italy truck fleet composition and age in 2020. Figures (a) and (b) refer to light vehicles fleet composition and age, respectively, (c) and (d) to medium, while (e) and (f) to heavy trucks. Source: Adapted from ACI data [10].
Starting from the presented fleet composition and age [10], scrappage curves were developed over  15 years, the assumed truck lifetime for all the technologies modelled, as documented in the literature [31]. The curves were implemented retiring portions of the initial fleet proportional to the number of active vehicles which year by year reached their last year of life; this varies by age class and by weight category. The resulting decommissioning profile is shown in Figure 6,  The proposed decommissioning profile assumed that new vehicles added to the fleet after 2020 followed a decommissioning profile based on a lifetime of 15 years, as well as trucks should have a homogeneous lifetime of 15 years. This is a strong assumption, as old technologies may remain in the market for longer while new technologies may have different lifetimes compared to incumbent technologies. The assumption is a well-acknowledged practice found in the harmonisation of integrated assessment models [31] and energy system modelling [18].









[bookmark: _Ref143128466]Figure 6. Active vehicles versus time as a percentage of 2020 fleet. Figures (a), (b) and (c) refer to light, medium, and heavy vehicles, respectively.
Technology costs
After defining the vehicle classes, techno-economic inputs were modelled. These refer to:
· Capital costs, which were modelled as vehicle purchase prices, and included vehicle and trailers costs. 
· Fixed costs, which were modelled to include vehicle maintenance (dependent on the fuel system) trailer maintenance, vehicle tires, trailer tires, vehicle road tax, trailer tax, and insurance.
The details regarding the exogenous technological learning applied to costs are reported in Table 3. Capital and fixed costs used in the modelling are reported in the Supplementary Material (Tables S.1, S.2, and S.3).
[bookmark: _Ref103607449]Table 3. Assumptions related to technologies availability and costs [31].
	Category
	Assumptions

	Fuel technologies
	SE and ME Gasoline and Diesel vehicles can be part of the initial fleet (2020) only . This means that no new SE or ME Gasoline and Diesel vehicles can come to market in the post-2025 period, aligning with market trends where new vehicles need to be more efficient to meet the EURO standards.
SE and ME Gasoline are considered for light trucks only due to their limited number in the initial fleet.

	Purchase and fixed annual costs
	[bookmark: _Hlk122683500]Purchase and fixed annual costs in 2010 USD per vehicle are retrieved from Ministry of Sustainable Infrastructure and Mobility (MSIM) [34] for Diesel HE. Other technologies were estimated proportionally and subsequent years by applying trends as reported in Mulholland et al [42].


Fuel prices
Historical prices for diesel and gasoline were retrieved from the Italian Ministry of Ecological Transition [46], natural gas and LPG prices from a methane trade association [47], electricity prices from the Autorità di Regolazione per Energia Reti e Ambiente (ARERA) [48][footnoteRef:9], and the price of hydrogen for vehicles from the H2-South Tyrol Centro H2 [49] and the International Renewable Energy Agency (IRENA) [50]. The historical fuel prices from the aforementioned sources were used up to 2022; possible projections up to 2050 were estimated as indicated by International Energy Agency (IEA) [51] and IRENA [50]. [9:  Electricity prices refer to supply condition of a household with 3 kW of power engaged and 2,700 kWh of annual consumption.] 



[bookmark: _Ref143128529][bookmark: _Hlk103607955]Figure 7. Historical data and projections for the Italian transportation fuel prices. Sources: Adapted from the Italian Ministry of Ecological Transition [46], methane trade association [47], ARERA [48], H2-South Tyrol Centro [49], IRENA [50], and Annual Energy Outlook 2021 [51].

Figure 7 shows a price shock in 2022, derived from a series of geopolitical issues including the Ukraine-Russia war. To simulate medium-term effects on investments due to geopolitics, prices were maintained equal to the 2022 values until 2025. After 2025, the growth rates reported by the Annual Energy Outlook 2021 [51], except for green hydrogen [50], are applied to pre-2022 prices. A general increase in gasoline, diesel, and LPG prices was expected, while electricity and natural gas were projected to remain almost constant up to 2050. Furthermore, a large decrease in the cost of green hydrogen was foreseen, in line with the European strategy on green hydrogen development[footnoteRef:10]. [10:  https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52020DC0301] 

[bookmark: _Ref116466683][bookmark: _Ref116657416]Emissions
Truck emissions were modelled including tailpipe CO2 [50], N2O, and CH4 emissions [52], which were calculated multiplying the fuel usage by the emission factor of each fuel. Emission factors were retrieved from the Environmental Protection Agency (EPA) [53] for diesel, gasoline, and gas-fuelled trucks. Characterisation factors for CH4 and N2O were assumed to be 25 and 298 to convert emissions in CO2-equivalent, based on a Global Warming Potential estimated within a 100-year timeframe [53]. 
[bookmark: _Hlk122683056]In addition, an estimation is provided of indirect emissions due to electricity production in the projected uptake of BEVs and FCEVs. Indirect emission factors were based on electricity generation shown in Figure 8. Combining the electricity mix forecasts for Italy in 2030 and 2040 [56][footnoteRef:11] with historical electricity production and emissions data [55], it was possible to determine average carbon intensities for 2030 and 2040 based on renewable and non-renewable power sources generation and emissions[footnoteRef:12]. These estimates assume that the 2050 national net-zero target would produce a phase out of most fossil fuels from its power mix. At the time of the writing, the country had already committed to phase out coal by 2025, responsible for 5-10% of its electricity production and announced a 70% target share of renewable generation by 2030 [12].  [11:  Electricity mixes were estimated using the central policy scenario from ENTSO-E, the National Trend scenario [56].]  [12:  Power sector carbon intensities were 297.3, 194.6, 157.1 gCO2/kWh for year 2020, 2030, and 2040.] 


[bookmark: _Ref143128648]Figure 8. Italy’s electricity generation per source: IEA 2020 data [55] and ENTSO-E 2030 and 2040 forecasts [56]. RES: Renewable Energy Sources. Other non-RES include coal, oil, and “other sources”, and Other RES comprise biofuels, waste, and geothermal. (1 TWh = 3.6 PJ).

Carbon price
Carbon price was modelled as a tax on the emitted CO2. The carbon price was assumed to start in 2025 and ranged between 150 and 400 USD/t [54], as reported in Supplementary Material (Figure S.1). This price was determined as a price equivalent to current decarbonisation policies implemented in Europe, as estimated in [54]. 
Scenarios description
To evaluate the long-term development of the HDVs market fleet in Italy, seven scenarios were modelled. The available decarbonisation options addressed in the study are efficiency (reducing fuel consumption per unit of goods transported, fuel switching (typically diesel/gasoline to LPG or to natural gas, either as CNG or LNG), and non-combustion energy generation (battery electric and hydrogen fuel-cell vehicles). Scenarios are conceived to draw the effects of technology-improvement only (first on efficiency and then on both efficiency and technology costs), the effects of fuel prices, and the effects of policies (with the inclusion of carbon price, the implementation of ICE vehicle bans, either from 2040 or from 2030). These represent altogether the critical multi-faceted dimensions of the energy transition. Scenarios were built in an incremental manner from a counterfactual Reference scenario, which considers an extension of 2020 market and techno-economic solutions, as shown in Table 2. 
The Efficiency scenario represents improvements in overall vehicle efficiency over time, which reduce fuel consumption per unit of goods transported [21]. In this analysis, yearly technology improvements, defining a reduction in the fuel used, range between 0.7 and 3 % in the 2020 – 2030 decade and between 0.3 and 1.6 % in the 2020 – 2050 period, where the highest efficiency gains correspond to hydrogen-based technologies. These assumptions are in line with the trends proposed in [31], although different ranges can be found in the literature due to the high dependence on the technologies considered and the type of improvement. Examples of efficiency improvement technologies are adaptive cruise control, air dam, automatic transmission, chassis skirts, common rail, low rolling resistance tires, turbo compounding, etc., most of which are already implemented in new fleet vehicles [57]. The estimated benefit of applying available efficiency measures to long-haul HDVs refers to a potential fuel consumption reduction between 8% and 10%, compared to a 2019 baseline vehicle operating in a conservative drive cycle [58]. Depending on the technological assumptions made, such as drive cycles, selected technologies, and reference baseline, fuel consumption reduction vary significantly and span from 41% to 52% [59] or 23% to 43% [60].  More efficient vehicles also have the advantage of reducing fuel costs, from which truck operators may benefit [61]. 
The Tech Costs scenario considers time-varying purchase and fixed annual costs, as shown in the Supplementary Material (Tables S.1, S.2, and S.3). Costs for novel technologies are expected to decrease due to technological learning, whereas ICE costs show a flat trend. This is line with data presented in the INECP [34], Giarola et al. [31], and the MSIM [45] and excludes cost additions due to the implementation of energy saving measures, as shown by Stenning et al. [18].
The Fuel Projections incorporate forecasts for the price of commodities (i.e., fuels) which include medium-term of price shocks due to the uncertain geopolitical context, and effects on currently implemented policies on fuel prices.
The Carbon Price scenario implements a carbon price from 2025 onwards. This scenario can be seen as representative of the EU ETS extension to transport, which, although being still under discussion, could be an important push to the transport sector fleet renewal. The EU ETS for transport (EU ETS II) scheme was originally set to start in 2026 by the European Commission, although its start may be postponed. In the MUSE model, a proxy for the EU ETS can be implemented applying an equivalent carbon price equal to emission allowances. The carbon price projections used in the scenario proposes a starting price of 150 euro/ton of CO2 from 2025, higher than the current emission allowance price, but in line with expected future prices beyond 100 euro/ton of CO2[footnoteRef:13]. [13:  https://www.energymonitor.ai/policy/carbon-markets/carbon-markets-forecast-to-weather-short-term-price-dips/#:~:text=European%20respondents%20expect%20EU%20Allowance,2025%20from%20last%20year's%20survey] 

Finally, the 2040 and 2030 ICE Ban analyse the incremental effect a ban on the sale of new gasoline, diesel, and natural gas-fuelled trucks from 2040 and 2030 onwards, respectively. Total or partial bans of certain vehicles and powertrains have been established in some countries, such as the UK [62], and are also commonly evaluated in energy models (e.g., [63]). The 2030 ICE Ban scenario was conceived extending to HDV the 2030 UK ban on light-duty vehicles to freight HDVs and aimed to draw attention on stricter truck decarbonisation legislations. While the 2030 ICE Ban scenario may be extreme, as a recent EU proposal foresaw even a 90% reduction by 2040 [13], it tests the impacts of a more ambitious agenda then the one by the Italian government. This is furthermore justified by a recent impact assessment requested by the European Commission which found that current emission standards on trucks would be insufficient to meet the REPowerEU plan proposal[footnoteRef:14].  [14:  https://eur-lex.europa.eu/legal-content/EN/AUTO/?uri=SWD:2023:0088:FIN, https://eur-lex.europa.eu/legal-content/EN/AUTO/?uri=SWD:2023:0089:FIN] 

[bookmark: _Ref110593844]Table 2. Description of scenarios. Technologies’ consumption, purchase price, and fixed annual costs are presented in the Supplementary Material (Tables S.1, S.2, and S.3), unless differently specified.
	Scenario
	Description

	Reference
	Technologies performance, purchasing price, fixed annual costs, and fuel prices set equal to 2020 values. Technology investments limited for the older vehicle categories: no new SE and ME diesel and gasoline trucks (i.e., EURO I-IV) from 2025.

	Efficiency
	Reference plus possible technology performance improvements.

	Tech Costs
	Efficiency plus technology purchasing price and fixed annual costs Supplementary Material (Tables S.1, S.2, and S.3). Technology investments limited for older vehicle categories, SE and ME diesel and gasoline trucks (i.e., EURO I-IV).

	Fuel Projections
	Tech Costs plus fuel prices projections (Figure 7).

	Carbon Price
	Fuel Prices plus Carbon prices (Supplementary Material, Figure S.1) introduced from 2025 onwards.

	2040 ICE Ban
	Carbon Price plus a ban on the sale of new gasoline, diesel, and natural gas-fuelled trucks from 2040 onwards.

	2030 ICE Ban
	Carbon Price plus a ban on the sale of new gasoline, diesel, and natural gas-fuelled trucks from 2030 onwards



[bookmark: _Hlk96678913]Results AND DisCUSSION
The simulation results are displayed in relation to the fleet composition of scenarios, with their respective fuel consumption, and emissions, an analysis of the uptake of alternative powertrains, and an assessment of the feasibility of the transition.
Fleet composition, fuels, and emissions
Figure 9 shows the fleet composition in percentage terms across all scenarios, for 2050[footnoteRef:15]. From the charts, it can be noticed that: [15:  The fleet composition, represented as the number of trucks per technology, is reported for all scenarios and years in the Supplementary Material (Figures S.2, S.3, and S.4, for heavy, medium, and light weight categories, respectively).] 

· In the Reference scenario, the preferred technologies are diesel HE from 2025 to 2035 and LPG trucks from 2040 onwards in the heavy category, natural gas medium trucks, and diesel HE light trucks from 2025 onwards. This is a counterfactual scenario to show investment trends under present-day conditions. 
· By adding assumptions regarding efficiency improvements in Efficiency scenario, the same technologies as the Reference scenario, are taken except for light trucks, where gasoline HE are used in addition to diesel HE in 2050. 
· In the Tech Costs scenario, the light-truck fleet experiences a decrease in the number of diesel HE vehicles and BEVs become the dominant technology: the electric light fleet increases from around 5,500 vehicles in 2020 to 310,000 in 2030, 1.5 million in 2040, and 5.1 million in 2050.  NGVs are preferred in the medium fleet. For the heavy category, diesel HE trucks dominate the market (with LPG having a smaller, but growing share, from 5 to 10% of the market between 2025 and 2040), due to the lower capital and fixed curve costs for diesel trucks compared to other technologies. 
· In the Fuel Projections scenario, while the light fleet switches to BEVs, the heavy and medium segments turn to NGVs, representing 40% of the heavy fleet in 2035 and becoming the dominant technology from 2040 onwards. This scenario suggests that the light fleet has higher efficiency gains compared to the increase in capex for choosing electric powertrains, compared to medium and heavy trucks. On the contrary, medium and heavy vehicles are constrained by the adverse economies of scale of batteries and fuel cells; although NGVs can have higher capital costs than diesel, in this analysis, the investment preference goes for the cheapest fuel. 
· In the Carbon Price scenario, all the market segments align with the Fuel Projections scenario. This shows that fossils remained predominant in the market, due to higher energy (i.e., fuel consumption) costs over the environmental ones. With a carbon price varying between 150 and 400 euro/ton of CO2 from 2025 to 2050, there is no change in total emissions or different technologies selection in comparison to the Fuel Projections scenario, meaning that the carbon price is too low to drive a transition in the heavy and medium segments.
· In 2040 ICE Ban, although the biggest share of the market belongs to NGVs, hydrogen fuel cell vehicles appear in 2045 for medium and heavy trucks, reaching a capacity of 432,700 and 113,800 trucks, respectively. In the 2030 ICE Ban, they begin to integrate the heavy and medium truck fleet in 2035 together BEVs, until hydrogen become the single technological choice in 2050 (Figure S.2 and Figure S.3).
In the model, investments are bounded-rational decisions of consumers-investors. This could lead to unintended prolonged dependence on fossils such as the dominance of NGVs emerging in the heavy and medium fleet in most scenarios. While, on the one hand, NGVs would reduce CO2 emissions, NOx, SOx, and particulate emissions, on the other hand, CH4 leakage would generate marginal GHG reduction benefits compared to diesel, especially if estimated on timeframe comparable with the truck lifetime.

[image: ]
[bookmark: _Ref143128737][bookmark: _Ref142900532]Figure 9. Heavy, medium, light, and total fleet composition (%) in 2050 for all scenarios.

In terms of fuel consumption, there is a decrease over time compared to 2020 in all the scenarios as shown in Figure 10. Compared to the Reference scenario, the Efficiency scenario shows reduction in fuel consumption from 2035 onwards due to the relative technology efficiency improvements of incumbent technologies; this is emphasised in the Tech Costs scenario where technological learning reduces costs reducing even more the total consumption (down to 142 PJ/year in 2050). The Fuel Projections and Carbon Price, due to BEVs and NGVs uptake, have a total fuel consumption 34% smaller than the 2020 consumption and equivalent to 118 PJ/year, of which electricity represented 38% and natural gas 62%. The 2040 ICE Ban scenario and the 2030 ICE Ban scenario have higher energy uses in 2050 compared to the Fuel Projections and Carbon Price: while the former has equal amounts of natural gas, hydrogen, and electricity (i.e., approximately, 45 PJ/year each),the latter relies exclusively on hydrogen and electricity (with consumption equal to 128 and 45 PJ/year, respectively). 


[bookmark: _Ref143128819][bookmark: _Ref112664416]Figure 10. Total fuel consumption (PJ/year) per scenario in selected years.
In terms of emissions, although CO2 emissions are orders of magnitude bigger than CH4 and N2O, the latter two gases are important GHG, and their evolution must be monitored. Figure 11 represent the GHG emissions over time, whereas Figure S.4 and S.5 in the Supporting Material show the progression of CO2, CH4, and N2O emissions for all the modelled scenarios. CH4 increases in all scenarios compared to 2020 levels given the presence of NGVs, except for the 2030 ICE Ban scenario, when the fleet is composed of FCEVs and EVs only. N2O, emissions remain above 2020 levels until the end of the simulation for Reference and Efficiency scenarios, dropping below 0.2 kt for the remainder scenarios from 2040 onwards. 
In the Efficiency scenario, efficiency improvements cause reductions in GHG emissions of 1.27 Mt of CO2 (-7%), 5.70 kt of CH4 (-9%), and 0.18 kt of N2O (-24%) in 2050 compared to the Reference scenario. The scenario with the lowest emissions in 2050 includes an early ban on ICE vehicles (i.e., 2030 ICE Ban) as zero tailpipe CO2, N2O, and CH4 emissions in the road freight sector were achieved by 2045. This scenario can be technically feasible, considering an average lifetime of 15 years, as ICE vehicles bought by 2030 would not be on the road after 2045. A later ban in 2040 (i.e., 2040 ICE Ban) causes a 86% reduction in CO2, 26% in CH4, and 98% in N2O emissions in 2050 compared to the reference (Reference scenario). However, the road freight sector would still emit 2.57 Mt of CO2, 48 kt of CH4, and 0.01 kt of N2O in 2050. The resulting emissions in 2040 ICE Ban scenario are aligned, although more conservative than the results from Stenning et al. [18], who concluded that CO2 and N2O emissions could be, respectively, 95% and 99% lower in a scenario with low-carbon technologies uptake than the business-as-usual scenario.
While the 2030 ICE Ban scenario is more ambitious than the current policies, as current targets on emissions from new trucks in 2030 should be 30% lower than the values estimated in 2019 [11], it is the only scenario reaching zero-tailpipe GHG emissions. The scenario finds motivation in a new proposal of the European Commission amending the Regulation 2019/1242. If approved this could set to 43% and 90% the CO2 emission reduction on new trucks for 2030 and 2050 compared to 2019[footnoteRef:16]. In fact, to meet the targets in the proposal, the two scenarios imposing an ICE ban would need to promote alternative powertrains from 2030, especially in the medium and heavy segments[footnoteRef:17]. A reduction in the capital costs of BEVs and FCEV, in the form of public subsidy could accelerate their deployment promoting an earlier emission reduction. This is even more true as the development of alternative powertrains would produce infrastructure costs. Nor infrastructure costs or governmental subsidies were included in the model, as they were deemed prone to over-simplification within the current model settings. However, a lag-time is introduced to include a delay between the investment decision and the deployment of novel technologies, thus accounting for an infrastructural inertia. [16:  https://theicct.org/eu-co2-hdv-standards-explained-feb23/]  [17:  In the new proposal from the European Commission, truck manufacturers could benefit from a “credit and debt” system until 2040 (rather than 2030); this allows manufacturers to earn credits by reducing their fleet emissions below an emissions trajectory line drawn in the intermediate dates between targets. Such a mechanism is not modelled in the present study.] 

Nonetheless, the carbon footprints should be based on life cycle assessments. For powertrains, in Italy 2015 values ranged between 0.155 – 0.300 kgCO2-eq/km for BEVs and ICE-gasoline, whereas 2016 values were in the range 0.12 – 0.16 kgCO2-eq/km for BEVs and ICE-diesel. In other regions, such as China or Norway, BEVs could have much closer footprints or be even higher than the ICE counterpart [64]. One reason for this high variability comes from the electricity carbon intensity, but also from the type of manufacturing process used. For quantifying the impact over different phases of a vehicle (i.e., manufacturing, use, and end of life), it is important to note that in the use-phase, BEVs could emit half of the GHG emissions for a European electricity mix, while they could emit nearly double the emissions during manufacturing phase, compared to ICEVs [64]. In general, the inventory for calculating life-cycle impact of BEVs is still maturing, especially for the end-of-life recycling phase.  In this work, the “zero-by-2050” target would require the replacement of more than 5 million light trucks, 1.3 million medium trucks, and 200 thousand heavy trucks in Italy by 2050. This can produce consistent emissions during the disposal of the fleet, but they are not dealt with in this work.


[bookmark: _Ref143128890]Figure 11. Resulting GHG emissions from the modelled scenarios for selected years (kt CO2-eq/year)

Alternative powertrains
Fuel vehicle share for BEVs in the light truck segment of approximately 50% in 2035 and 100% in 2040 and 2050 (as in the Tech Costs scenario) are in line with the most optimistic values found in climate protection scenarios [19]. They are motivated by reduction in electric vehicles purchase costs, combined with their relative efficiency gains [65], subsidies and tax exemption mechanisms [66]. Çabukoglu et al. [65], for instance, evaluated the potential of battery electric propulsion for the Swiss heavy-duty fleet using a bottom-up approach and concluded that electric trucks could reach a share 72.7% for a 50% CO2 emissions reduction, and more than 95% in scenarios that aimed for 90% CO2 emissions reduction. A large increase in the demand for batteries, as the one envisaged for Italy in the Tech Costs scenario, in a 30-year timeframe will impose a large burden on mineral raw materials extraction in case battery technologies remain as today [67]. 
Conversely, for battery electric and hydrogen medium and heavy trucks, a competitive TCO is highly dependent on battery and fuel cell prices and, even at their lower foreseeable costs, electricity and hydrogen-fuelled HDVs are unlikely to compete with their diesel counterparts [68]. The dominance of hydrogen-fuelled medium and heavy trucks in the Ban scenarios is aligned with the work of Kotze et al. [63], as the authors affirmed that, even for the lowest efficiency estimates, fuel cell vehicles would outcompete the diesel ones. Nonetheless, there is a large uncertainty regarding the development of fuel cell technologies [69]. The current and expected number of projects focused on hydrogen HDVs is much smaller than those focused on light duty vehicles [68], which can raise questions about priorities for hydrogen applications. 
Feasibility of the transition
An assessment of the feasibility of the transition is performed estimating the electricity and hydrogen requirements across scenarios are compared with the country potentials. Figure 12 shows the indirect CO2 emissions from electricity consumption in road freight for all scenarios.

							a)

						b)
[bookmark: _Ref143040576]Figure 12: Indirect emissions from battery electric trucks (Mt CO2/year) (a), electricity demand in PJ/year (b). Electricity consumption for all years is presented in the Supplementary Results (Table S.4). Due to the low penetration of BEVs, the Reference, Efficiency, Tech Costs, Fuel Projections, Carbon Price, 2040 ICE Ban overlap with other.

In the estimation of carbon intensities, while the estimated carbon intensity of the 2020 Italian electricity mix was close to other values found in the literature (e.g., 284 gCO2/kWh [11]), future carbon intensities vary depending on the renewable uptake: they could decrease with power generation technologies improvement, coal and fossil fuels phase-out, and renewable targets [70]. Comparatively, while CO2 emissions from electricity being generated for trucks were 0.04% of the total tailpipe emissions (25.3 Mt) in 2020, in 2040, the contribution grows to 31.15% in the Tech Costs scenario, 47.95% in the Fuel Projections/ Carbon Price / 2040 ICE Ban scenarios, and 588.38% in the 2030 ICE Ban. The trend is reasonable as the 2030 ICE Ban approaches zero tailpipe emissions in 2040 (i.e., 0.38 Mt of CO2). 
Comparing electric trucks electricity demand to the Italian total electricity generation of approximately 280,000 GWh (i.e., 10,080 PJ) in 2020 [55], electric truck demand would range from 0.001% in 2020 to approximately 0.4% of total generation in 2040 in Tech Costs, Fuel Projections, Carbon Price, and 2040 ICE Ban, and 0.5% in 2040 in 2030 ICE Ban.
Regarding hydrogen production[footnoteRef:18], the electricity required to meet hydrogen demands in 2040 ICE Ban and 2030 ICE Ban scenarios was calculated alongside the estimated hydrogen consumptions for 2030 onwards, as shown in Table 6. In 2030 ICE Ban, for instance, 156.89 PJ of electricity required for electrolysis in 2040 would correspond to approximately 13% of the produced electricity in the same year (1,203 PJ or 334 TWh), of which 70% would come from RES (Figure 8). When a larger number of medium and heavy weight trucks is fuelled by hydrogen than electricity, the electricity used for hydrogen production surpasses the direct consumption of electricity. This happens both in the 2040 ICE Ban and in the2030 ICE Ban scenarios, respectively in 2050 and from 2035 onwards. According to Kakoulaki et al. [72], Italy consumes approximately 290 TWh (i.e., 1,044 PJ) of electricity and would need extra 22 TWh (i.e., 79.2 PJ) for green hydrogen production from water electrolysis. The same authors have estimated that the country has a RES potential over 600 TWh (i.e., 2,160 PJ), mostly coming from onshore wind and ground solar photovoltaics [72]. This indicates that, with appropriate investments, Italy could renewably produce the hydrogen required by the model in 2040 ICE Ban and 2030 ICE Ban.  However, there are challenges related to the infrastructure capacity of fuelling vehicles powered by these alternative fuels, competing end uses, socio-economic and environment impacts of developing these alternative supply chains, and the expansion of RES capacity in the electricity mix[footnoteRef:19]. In the present analysis, investments related to the fuelling capacity have not been modelled. Inertia in the uptake of novel technologies was modelled via constraining the yearly changes in new investments and using a lag-time between investment decision and technology introduction. [18:  The estimates considers an electrolyser efficiency value of 48kWh/kg in lower heating values [55] and a lower heating value for hydrogen of 120 MJ/kg [71].]  [19:  https://www.iea.org/reports/global-ev-outlook-2022/trends-in-electric-heavy-duty-vehicles] 

[bookmark: _Ref117013094]Table 6. Hydrogen consumption and the respective electricity required for electrolysis, measured in PJ (equivalent amount in TWh is shown in parentheses).
	Year
	Hydrogen consumption
	Electricity for electrolysis

	
	2040 ICE Ban
	2030 ICE Ban
	2040 ICE Ban
	2030 ICE Ban

	2030
	0 (0)
	0 (0)
	0 (0)
	0 (0)

	2035
	0 (0)
	23.40 (6.5)
	0 (0)
	33.70 (9.36)

	2040
	0 (0)
	108.95 (30.26)
	0 (0)
	156.89 (43.58)

	2045
	15.78 (4.38)
	124.73 (34.65)
	22.73 (6.31)
	179.62 (49.89)

	2050
	42.54 (11.82)
	128.09 (35.58)
	61.26 (17.02)
	184.45 (51.24)



Conclusions
This work simulates scenarios for the decarbonisation of the Italian road freight transport, motivated by the 2050 climate neutrality set by the European Commission in its “Fit for 55”. It contributes to the literature using a simulation model (MUSE) based on limited foresight for the evolution of the truck sector and subjected to market, techno-economics, as well as fuel price volatility.
Findings show that incumbent technologies, with the inclusion of efficiency improvements compatible with recent literature [31], are not suitable alone to meet the decarbonisation goals in 2050. In fact, given the assumptions used in the analysis, the HDV sector would remain anchored to fossils. Expected cost reduction for electric vehicles would only lead to a full decarbonisation of the light class of HDVs.  Findings also show the importance of fuel prices and their volatility. Under the assumption of a medium-term stabilisation of natural gas price after 2025, the heavy and medium class of HDVs would shift towards natural gas-fuelled vehicles[footnoteRef:20]. Under the current assumption settings, carbon price effects align with those of the fuel projections, meaning that to produce additional changes to the composition fleet, it should be higher than the assumed 400 USD per t of CO2. Banning ICE trucks is a successful measure to reduce emissions, with an early ban in 2030 leading to zero-tailpipe trucks on the road. Due to the current pace of market change, the lack of technological maturity, and socio-political support, a 2040 ICE ban appears a more realistic pathway, although extending the presence of fossils in the market compared to a 2030 ICE ban. In this context, hydrogen and electricity eventually compete for truck decarbonisation in the high and medium segments, given their emission performance.  This competition reflects the choice of decarbonisation options analysed in the study which included electric vehicles and hydrogen fuel cells, substituting traditional ICE powertrains. Should additional low-carbon options be included such as biofuels, results would likely include them as a transitioning fuel given that their use in blends would extend the dependence on fossils. It is to notice that infrastructure costs were not modelled, as their implementation in the model would be oversimplified. The absence of infrastructure costs means that no additional cost is linked to either the charging or the fuelling infrastructure and would make the uptake of alternative fuels less expensive. However, as a delay in time for technologies to come to market is implemented (a 5-year lag time), this is a proxy for additional costs associated with the development of novel infrastructures. Finally, government subsidies were not included. A subsidy on purchase costs would favour an early adoption of BEVs especially for medium and heavy classes of trucks if these were designed to bring them to an earlier cost-parity with incumbent technologies. [20:  The medium and long-term stabilisation of natural gas is accompanied in these projections by a growing price of incumbent fossil fuels, in line with the US EIA projections [51]. ] 

Among the limitations of the studies, these ones are relevant, as they could be the base of a comprehensive understanding of the work and of ways to direct future research advances.
· The technology granularity of the databases used for the vehicle stock and the techno-economics, only allowed a characterisation of the sector into three weight classes, each one having three efficiency classes. This approach neglects travel purposes and simplifies the truck configurations, although it gives a representation of efficiency, a main driver to emissions.
· In terms of agent characterisation, a single objective function targeting the minimisation of the LCOE was used. In fact, additional factors would play a role in the technology selection, such as company size and type of transported goods. 
The modelling of multiple investment decisions is planned to be included in the model alongside a segmentation of Italy in smaller regions. There are challenges concerning technological development of alternative powertrains that must be overcome. Particularly, forecasted demand for battery electric trucks would place a significant burden on mineral raw material extraction and refining, as well as post-use recycling, under available technologies. FCEVs are also subject to uncertainty given low technology readiness level. Similarly, an assessment of the feasibility of the transition concerning alternative fuel availability shows that Italy could technically produce all the electricity and hydrogen amounts required. However, combined action must be taken towards the expansion of Italy’s RE capacity and coal and fossil fuels’ phase-out.
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