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ABSTRACT 

Nowadays, hydrogen is increasingly being promoted as an alternative energy carrier for mobility 

and stationary fuel cell system applications. Yet, the challenge of developing a future 

commercial hydrogen economy still remains through the deployment of a viable hydrogen 

supply chain (HSC) and an increasing fuel cell vehicle market share, which allow to narrow the 

existing cost difference regarding the conventional fossil fuel vehicle market. 

In this work, the hydrogen fuel cell vehicle (FCV) market penetration from 2020 to 2050, as a 

substitute for internal combustion engine vehicles (ICEVs) in the French region of Midi-Pyrénées, 

is evaluated from a social and governmental perspective. To do so, two cost-benefit analyses 

(CBAs), each one regarding each point of view, have been conducted to determine whether the 

hydrogen mobility deployment increases enough the social welfare to compensate its costs and, 

therefore, should be implemented. 

The results found are sustained by a HSC deployment, performed previously through an 

optimization process, that adapts to the region and to the hydrogen needs estimated. These 

results show that in 2050 the costs are not fully compensated. Nevertheless, the fact of 

incorporating the externalities helps to finance an important proportion of these costs from 

2020 to 2050, even being able to fully compensate them before 2070. 
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1. INTRODUCTION  

Hydrogen is the simplest element on earth, which consists of only one proton and one electron, 

and it is an energy carrier, not an energy source. Hydrogen can store and deliver usable energy, 

but it doesn't typically exist by itself in nature and must be produced from compounds that 

contain it [1].  

Hydrogen production and distribution has been functioning for many years now. Nevertheless, 

this hydrogen has had mainly an industrial purpose. For example, hydrogen has been used in 

vast quantities for many years in chemical and metallurgical applications, the food industry, and 

the space program [2]. Yet, hydrogen can be also used in fuel cells to generate power using a 

chemical reaction rather than combustion, producing only water and heat as byproducts. These 

features make it really attractive for the automotive sector, which requires a clean and feasible 

substitute for current ICEVs that run with fossil fuels.  

For this reason, these last years the deployment of HSCs for a market penetration of FCVs has 

raised a lot of interest. This interest has been translated in different studies that have embraced 

several aspects of the deployment, going from life cycle assessments of the supply chain and 

usage of the hydrogen [3]–[6], passing through optimization analyses to find the most efficient  

HSC network design from different aspects (cost, CO2 emissions and risk are the most common 

ones) [7]–[13], and arriving to CBAs to verify the social worthiness of the use and deployment 

of hydrogen for mobility purposes [14], [15].  

Besides, the social aspects involved in the development of the hydrogen economy have also 

been addressed from different perspectives and at different levels. Firstly, a series of articles 

have intended to evaluate the sustainability of hydrogen, as the main actor to make the change 

to a more sustainable scenario regarding mobility and production of energy [16]–[21].  Secondly, 

other articles have focused more on the analysis of strategies to diminish the inconveniences 

and narrow the gap towards a hydrogen economy [22]–[24]. At last, several assessments have 

been performed to evaluate the real possibilities of a hydrogen economy, compared to other 

sustainable alternatives, and its acceptance in the future [25]–[27].  

As it can be seen, the social aspects of hydrogen usage have already been addressed in previous 

studies, proving its relevance. Still, only two of them [14], [15] have focused on quantifying the 

social effects that a real usage of hydrogen (in these cases at a mobility level) would have. The 

other studies above mentioned, either they assess the hydrogen social effects and sustainability 

from a qualitative perspective (often as a comparison to other options through multi-criteria 

decision analyses), or they focus in the hydrogen possibilities rather than in their effects. Thus, 

this emphasises the originality of this work because it offers a perspective that has not been 

deeply treated so far, while also making contributions that add value to this type of studies and 

to the knowledge about hydrogen economy. 

Nonetheless, hydrogen requires a comprehensive support scheme that bridges the gap between 

three main dimensions: (i) market requirements, (ii) sustainability and climate requirements, 

and (iii) hydrogen technology development [15]. 



(i) Market requirements for hydrogen as energy carrier is tackled by the following 

points: competitive price compared to other environmentally friendly energy carrier 

like batteries; refuelling infrastructure permitting the autonomy range required by 

users; fast and easy storage process enabling a great autonomy for mobility; and 

safety levels equal to or better than carbonized energy sources. 

(ii) Sustainability and climate requirements for hydrogen energy have to fit the political 

objectives initiated by the European Commission and the different Member States. 

(iii) Concerning the hydrogen technology development, mass-market in hydrogen 

mobility requires reduced cost of cars and hydrogen fuelling stations. 

Given the challenges of the hydrogen market for mobility, this work presents a social and a 

governmental CBA framework to assess the progressive replacement of ICEVs by hydrogen FCVs 

in the French market of Midi-Pyrénées over the period from 2020 to 2050, supported by an 

optimized HSC deployment, designed by Ochoa et al. [13].  

The work presented hereafter is structured in 4 main chapters. Firstly, a description of the 

features of a HSC will be developed, showing the different parts of it (production, storage, 

distribution and refuelling). Once a clear picture of the possibilities of the hydrogen supply chain 

is presented, the given deployment that has been used in this work will be assessed. After this, 

the CBAs will be presented including the methodologies, parameters, calculations and results 

achieved. At last, the conclusions obtained from this will be discussed. 

  



2. HYDROGEN SUPPLY CHAIN MANAGEMENT 

The HSC comprises the processes necessary to produce, distribute, store and dispense the 

hydrogen. The infrastructure of hydrogen presents many challenges and defies that need to be 

overcome for a successful transition to a future hydrogen economy. These challenges are mainly 

due to the existence of many technological options for the production, storage, transportation 

and end users, as shown in the figure below (Figure 1). 

 
Figure 1. HSC scheme. Source: [12] 

Given this main reason, it is essential to understand and analyse the HSC in advance, in order to 

detect the important factors that may play increasing role in obtaining the optimal   

configuration [10].  

2.1. Production 

To understand correctly the HSC and its possibilities it is necessary to first have a look into the 

production methods. Hydrogen can be produced using many different types of resources and a 

wide range of processes. This includes fossil fuels, such as natural gas and coal (with or without 

carbon sequestration); nuclear energy; and other renewable energy sources, such as biomass, 

wind, solar, geothermal, and hydro-electric power. 

The most established process, and the one that is the most interesting from an economic point 

of view, is the steam methane reforming (SMR). Yet, this process emits carbon to the 

atmosphere not making it the most interesting from an environmental point of view. Thus, other 

techniques and methods are appearing as candidates to replace the SMR. There are some simple 

techniques like the carbon sequestration that would improve the environmental aspect, 

although the main interest is to move towards renewable energy electrolysis, which is not 

dependent on fossil fuels.  



At the same time, hydrogen can be produced: 

(i) At or near the site of use in distributed production 

(ii) At large facilities and then delivered to the point of use in central production 

(iii) At intermediate scale facilities located in close proximity (25–100 km) to the point of 

use in semi-central production. 

As it can be observed, the possibilities regarding the deployment of the supply chain are vast, 

making it necessary to assess the deployment from an intelligent perspective. That’s why several 

optimization studies have been already carried out regarding different criteria and locations. 

Moreover, a viable hydrogen infrastructure requires to be able to deliver hydrogen from where 

it's produced to the point of end-use, such as a dispenser at a refuelling station. The needed 

infrastructure may include pipelines, trucks, storage facilities, compressors, and dispensers 

involved in the process of delivering fuel. 

2.2. Transportation 

The transportation is the phase where the hydrogen is distributed and delivered from the 

production or storage centres to the point of end-use, such as a dispenser at a refuelling station. 

As it can be seen in Figure 1, for mobility purposes hydrogen can be transported in two states, 

liquid or gaseous (compressed). While the liquid state allows to carry the hydrogen in a much 

denser and “efficient” way, considering the number of travels, it requires a liquefaction process 

where it has to be cooled below hydrogen’s critical point of -253˚C. This process consumes more 

than 30% of the energy content of the hydrogen and is expensive [28], therefore is most 

commonly transported and delivered as a liquid when high-volume transport is needed in the 

absence of pipelines. On the other hand, as gaseous hydrogen is typically produced at relatively 

low pressures (20–30 bar), it must be compressed prior to transport [29]. Thus, the adequate 

state and mean of transport for the transportation must be chosen depending on the supply 

chain conditions. 

There are three main means of transport that can be used, depending on different factors, to 

adapt to the requirements of the supply chain. This means are: 

(i) Terrestrial, which includes road and rail transport. These means of transport can 

deliver liquefied and compressed hydrogen.  

(ii) Maritime, tank ships designed for transporting liquefied hydrogen. 

(iii) Pipelines, only gaseous hydrogen can be transported. It is worth only when the 

quantities to be transported are large, due to the important investment that implies. 

2.3. Storage 

On-site hydrogen storage is used at central hydrogen production facilities, transport terminals, 

and end-use locations. Storage options today include insulated liquid tanks and gaseous storage 

tanks.  



The simplest method is to store hydrogen in its natural form as a gas. Storage of gaseous 

hydrogen is primarily limited by volume considerations as a result of hydrogen's low density, as 

even at high-pressure very large volumes are required resulting in high material costs. Today 

gaseous hydrogen is stored in steel cylinders at a pressure of 150-200 bar and at an ambient 

temperature of approximately 298K [30].  

Cryogenic liquid storage tanks, also referred to as dewars, are the most common way to store 

large quantities of hydrogen. Super-insulated low pressure vessels are needed to store liquid 

hydrogen at 20K. The pressure of liquid hydrogen is no more than 5 bar. Regardless of the quality 

of the insulation, however, some heat will reach the tank over time and cause the liquid 

hydrogen to boil. The result is that hydrogen gas accumulates at the top of the liquid tank and 

causes the pressure inside the tank to increase. To keep the pressure from rising above the limits 

of the tank, the gaseous hydrogen must be vented from the liquid tank and either released or 

recompressed by a boil-off compressor to be stored as gaseous hydrogen [31].  

2.4. Distribution  

This process implies the introduction of the hydrogen fuel into the FCV. To do so, a network of 

hydrogen refuelling stations (HRSs) must be deployed so that the clients can refill their own 

tanks in a simple and comfortable way. Nevertheless, the technology used for storing hydrogen 

onboard vehicles affects the design and selection of the delivery system and infrastructure. In 

the near term, 700 bar gaseous onboard storage has been chosen by the original equipment 

manufacturers for the first passenger vehicles to be released commercially [32].  

3. HYDROGEN SUPPLY CHAIN OPTIMISATION 

3.1. General framework 

This HSC optimisation case was performed by Ochoa et al. [13]. It was first studied by De León 

Almaraz [12], who used a MILP model to perform the optimization. Nevertheless, Ochoa et al. 

changed the solving strategy by using the potential of the genetic algorithms (GA) via a variant 

of NGSA-II method. 

The objective of these studies consisted in finding the ideal design of the HSC network, which 

supported the hydrogen needs from the hydrogen mobility forecasts for the Midi-Pyrénées 

region through the period from 2020 to 2050.  

In the previous chapter, all the possibilities regarding the HSC have been presented. Still, only 

some of them were contemplated in the optimisation framework due to the maturity of the 

technologies and the characteristics of the region studied. Figure 2 shows a scheme of the 

features considered for this particular HSC. 



 

Figure 2. HSC case of study. Source: [12] 

In the same way, an important issue regarding this framework is the fact that the design of the 

HSC doesn’t arrive until the end of it. It is centred in the production, storage and transportation 

processes, while it doesn’t contemplate the distribution and refuelling. Thus, although the 

analyses that will be performed in this work are sustained by the results from this particular HSC 

network, it also complements it by being able to observe the effects of the hydrogen mobility at 

the end of the chain. 

The general methodology of the GA approach is proposed in Figure 3. The parameters and the 

variables showed are taken into account for the coding of the objectives and the constraints. In 

addition, two objectives have been considered to be optimized simultaneously, regarding the 

cost and the CO2 emissions of the HSC. 

 

Figure 3. Methodology of the HSC model. Source: [13] 



3.2. Optimization process  

As already mentioned, two different criteria (objective functions) had to be optimized 

simultaneously. These criteria are the Total Daily Cost ($/day) and the Global Warming Potential 

(gCO2-eq/day) of the whole HSC, which are conflicting objectives. This fact required to develop 

a multi-objective model, which led to a Pareto front (Figure 4) that included all the Pareto 

efficient solutions. This means that these solutions belonging to the front cannot be improved 

by any other solution in all the criteria analysed. 

Besides, the optimization framework divided the time scope of the project (2020-2050) in three 

different subperiods (2020-2030, 2030-2040 and 2040-2050), converting it into a multi-period 

problem. Furthermore, Midi-Pyrénées region was also divided in 22 different subregions, where 

the hydrogen production and storage centres had to be placed to satisfy the demand of each 

one.  

As for the solutions, these ones present the type and number of hydrogen production and 

storage centres for each subregion, plus the transport of hydrogen required among them, per 

each subperiod included in the framework. From this layout obtained, all the relevant 

information concerning the cost and CO2 emissions of the hole HSC can be extracted.  

From all the Pareto front solutions, only one of them has been chosen to be analysed in this 

work. As shown in the graphic below (Figure 4), an intermediate solution (presented in orange) 

in between of both extremes of the Pareto front is the one selected. This one has been chosen 

following the TOPSIS multi-criteria decision method, to find the best compromise solution for 

both objectives. 

 

Figure 4. Pareto front and TOPSIS solution. Source: [13] 

3.3. Concerning results  

From all the results obtained from the TOPSIS solution, only the hydrogen cost ($/kg H2), the 

hydrogen production mix and the CO2 equivalent emissions (kgCO2/kg H2) per each subperiod 

will be used afterwards in this work. Thus, only the values of these results will be presented 

hereafter. 
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(i) Hydrogen cost 

These results include the costs related to the production, transport and storage of the hydrogen. 

As it can be seen, the currency used was the dollar. Thus, a change from dollars to euros will be 

needed, as it is the currency chosen to perform all the further calculations in this work. The 

change used by Ochoa et al. [13] (1€ = 1.2229 $, 06/24/2015) will also be used here. 

  2020 2030 2040 2050 

H2 cost 
$/kg 8.41  6.76 6.52 6.38 

€/kg 6,97  5,60 5,41 5,29 

Table 1. Hydrogen cost 

(ii) Hydrogen production mix  

The production mix is presented with the number of plants, for each technology considered, in 

the different periods. 

  2020 2030 2040 2050 

SMR  
(300 – 960.000 kg H2/day) 

- - - - 

Electrolysis 
(300 – 150.000 kg H2/day) 

Hydro - - - - 

PV - - - - 

Wind 1 13 30 41 

Distributed Electrolysis 
(50 – 2.500 kg H2/day) 

Hydro - - - - 

PV - - - - 

Wind 27 13 13 27 

Table 2. Hydrogen production mix 

(iii) CO2 emissions 

These results include the CO2 emissions related to the production, transport and storage of the 

hydrogen. 

  2020 2030 2040 2050 

CO2 emissions kgCO2/kgH2 1.74 1.74 1.74 1.74 

Table 3. CO2 emissions 

4. COST-BENEFIT ANALYSES 

4.1. Description  

The CBA method is a relatively straightforward tool for deciding whether to pursue a project. It 

is grounded in standard economic theory and is used in most evaluation of policies that involve 

environmental and social issues. Thus, it appears as the best tool to address this study.  

To carry out any analysis of this type, benefits and costs must be computed in monetary units, 

which requires that all goods (or bads) produced by the project should be properly priced. 

Therefore, it is important to include those side effects involved in the project that generate costs 

and benefits upon society. For example, driving a car imposes a private cost on the driver (petrol, 



purchasing, maintenance…) but, at the same time, it also creates costs to other people in society. 

Economists speak of such as externalities. 

In order to assess the value of a project, it is required to set a baseline scenario, describing what 

happens if the project is not implemented. In this case, the baseline scenario considers that 

petrol ICEVs would be the dominant vehicles in the future.   

In addition, for a long-lasting project, two crucial aspects should be stressed. First, benefits and 

costs at different dates should be aggregated. To do so a specific discount rate is used to find 

the present values of future benefits and costs generated. Second, to evaluate a project affected 

by external costs and benefits, a price per period must be assigned to each externality.  

At last, the net present value (NPV) is the sum of the discounted differences between benefits 

and costs, and is the indicator of the viability of the project. The project should be launched if 

the NPV is positive. [14] 

4.2. Materials and methods  

4.2.1. Frameworks 

The social framework has been performed following two precedent hydrogen mobility CBA 

studies [14], [15]. Creti et al. [14] centre their study in the German market. They compare the 

economic costs versus the CO2 abatement benefits generated through the introduction of FCVs. 

Besides, Cantuarias-Villessuzanne et al. [15] extend the previous analysis to Europe and add 

external costs related to the consumption of non-renewable resources (platinum) to 

manufacture the FCVs.  

From these previous studies, their methodology and some of their parameters have been 

adopted. Yet, the focus moves to Midi-Pyrénées and other externalities are introduced to make 

the study more complete. These externalities are the air pollution abatement and the noise 

abatement, which both represent a benefit upon society. 

In addition, a governmental framework is also included in this work. This framework is also 

centred in Midi-Pyrénées and includes the same externalities as the social framework. 

Nevertheless, it intends to adopt a governmental focus that embraces hydrogen deployment 

through the implementation of different policies. This offers a useful perspective that allows to 

encourage the different governmental actors to get involved in this transition.  

Moreover, a main difference with respect to the previous hydrogen mobility CBA studies [14], 

[15] eradicates in the nature of the hydrogen supply features. While they use their own 

prospective scenarios to foresee the hydrogen production mix, costs or CO2 emissions, this study 

is backed by an optimized deployment of the HSC in Midi-Pyrénées to support the hydrogen 

mobility [24]. 

Further, for both frameworks, the CBA has been performed following the baseline scenario that 

considers that petrol ICEVs would be the dominant vehicles in the future. Hence, the 

introduction of FCVs will have to be compared to the substitution of the existing ICEVs for new 



petrol ICEVs, as it is supposed to be the case if the project is not implemented. This means that 

the study will focus in the effects that the introduction of FCVs would have, versus the same 

effects that would occur if these vehicles were to run with petrol. Nonetheless, this work will 

only consider passenger vehicles, which account for almost 90% of the existing vehicles in 

Europe, and over 60% of the CO2 emissions from transport mobility [33]. 

Petrol ICEVs have been chosen over diesel and electric vehicles due to two main reasons:               

(i) market regulations and share, and (ii) precedent studies. 

(i) Air pollution regulations attack severely the diesel passenger vehicles, making it 

difficult to compete with petrol passenger vehicles in the future, and eventually 

making them disappear in a near future [34]. Besides, although France is the largest 

electric vehicle market in Europe [35], electric vehicles do not represent an 

important market share nowadays compared to ICEVs, they represented just 1,2 % 

of all new cars sold in the EU in 2015 and approximately 0,15 % of all European 

passenger cars [36], and do not seem to be the clear future path to follow regarding 

passenger vehicles due to their range and charging issues. 

(ii) This work follows closely the two precedent hydrogen mobility CBA studies already 

mentioned [14], [15], which have already used petrol ICEVs to perform the 

comparison with FCVs, giving strength to the reasoning presented previously. 

4.2.2. Methodology 

To perform the CBA from both perspectives (social and governmental), the methodological 

structure presented in [15] has been followed. This methodology is composed of three steps: (i) 

the economic comparison (where each framework will have its own method) (ii) the estimation 

of externalities (common for both frameworks), and (iii) the social/governmental comparison. 

Table 4 shows a scheme of the different parameters and criteria used for each framework.  

(i) Economic comparison 

Social framework:  
Total cost of ownership method  

Governmental framework:   
Investment on subsidies 

FCV purchase 
price 

Maintenance 
& running 

costs 

HRS 
infrastructure 

FCV purchase 
price 

subsidies 

FCV & 
Hydrogen 

taxes 

HRS 
infrastructure 

subsidies 

(ii) Externalities 

CO2 abatement Platinum depletion 

CO2 avoided CO2 price Platinum consumption Platinum depletion 

Air pollution abatement Noise abatement 

Pollution avoided Pollution price Noise avoided Noise price 

(iii) Social comparison (iii) Governmental comparison 

Social net present value Governmental net present value 

Year of social conversion Year of governmental conversion 

Table 4. General methodology 



4.2.3. Main assumptions  

In this section, the main assumptions used to calculate and quantify all the parameters involved 

in this study will be exposed. Most of the information regarding each assumption had to be 

estimated through extrapolations because only the data regarding the base years (2020, 2030, 

2040 and 2050) was available. Further information for each assumption and the extrapolations 

used is shown in the Appendix A. 

Main assumptions 

FCV market size [12] 

 

14.000 km/year average distance 

 per vehicle [37] 

 

FCV vs petrol ICEV efficiency [14] 

 

Hydrogen demand* 

 

Hydrogen production mix [13] 

 

Hydrogen fuel price & taxes [13], [38] 

 

FCV vs petrol ICEV CO2 emissions [13], [14] 

FCV vs petrol ICEV  

purchase price & maintenance costs [14]  
 

10 years vehicle lifetime [14] 
 

HRS types and costs [14] 
 

15 years HRS lifetime [14] 
 

Petrol price trend [14] 
 

Futures CO2 prices [15] 
 

5% social discount rate [15] 
 

Base year 2017* 

Table 5. Main assumptions 

4.3. Methodology evaluation 

To correctly evaluate the criteria involved in the CBA, it is necessary to observe how they vary 

with the deployment of the hydrogen mobility, both in a positive and negative way, in 

comparison to the effects that would occur if petrol ICEVs were maintained. The variation of 

these factors will allow to quantify the worthiness of the project.  

Moreover, it must be noticed that the economic comparison changes depending on the 

framework chosen (social or governmental) because the economic aspects are evaluated from 

different perspectives. Nevertheless, as the hydrogen deployment is the same for both 

frameworks, the externalities will also remain equal. 

4.3.1. Economic comparisons 

The economic factor is one of the most important ones included in the analyses. It consists in 

stablishing the economic comparison between the baseline scenario, where petrol ICEVs would 

continue to dominate the market, and the desired scenario that considers a progressive 

introduction of hydrogen FCVs from 2020 to 2050. 



4.3.1.1. Social framework 

The economic comparison for the social framework is evaluated by the TCO method, presented 

in [14]. For the present study, the TCO of replacing petrol ICEVs by FCVs considers the costs over 

the lifetime of a vehicle, including purchase price (the sum of all costs to deliver the assembled 

vehicle to the customer), maintenance cost, running cost and HRS infrastructure cost. This 

economic comparison is the difference between buying a FCV, including the infrastructure 

needed, and the conventional case of buying a petrol ICEV [15].  

Consecutively, the different aspects involved in the TCO method will be presented and 

quantified. Nevertheless, only a summary of the data used and results, with information 

regarding the base years, will be presented due to the vast amount used and generated. Further 

information for each particular year is shown in the Appendix B. 

(i) Hydrogen refuelling stations infrastructure (HRSI) 

Following the data used in [14], presented in Appendix A, the capital cost per HRS is expected to 

decrease from 1.000-3.000k€ in 2020 to 783-1.984k€ in 2050, depending on the capacity of the 

station. This cost includes infrastructure costs, and operating and maintenance costs for the first 

year.  Moreover, annual operating and maintenance cost should decrease from 10% of the 

capital cost in 2020 to 8% in 2050. At last, the HRSs should be changed every 15 years, following 

their established lifetime. 

The number of HRSs is an estimation obtained from the hydrogen demand, which follows a 

positive evolution. It starts from low rates in 2020, but increasing rapidly until arriving to 

important market shares in 2050. This fact implies that the HRS infrastructure will also have to 

evolve and adapt to the market trends. Following this statement, the HRS infrastructure 

deployment will start with an equilibrated distribution regarding the different types of HRSs, but 

gradually the smaller ones will disappear. In fact, from 2030 on, no new 200 kg/day HRS will be 

installed, which means that the last ones will disappear in 2045. This strategy allows to distribute 

enough HRSs across the territory during the first years to be able to arrive to all the different 

points and locations. After that, the demand is big enough to have a good distribution using only 

the biggest types. 

The following table (Table 6) shows a summary of the evolution of the number of HRS of each 

type through the period of study. Once this information is known, it is possible to calculate the 

HRS infrastructure cost per vehicle for each year, which is also exhibited in the same table. 

 HRS    

 200 kg/d 400 kg/d 1000 kg/d 
HRS CAPEX 

(k€) 
HRS OPEX 

(k€) 
INVEST 

(€/vehicle) 

2020 9 7 6 39,392 - 1,239.47 

2030 58 44 44 26,796 16,655 183.42 

2040 31 107 111 33,324 30,772 116.03 

2050 0 75 182 45,106 34,417 100.77 

Table 6. HRS infrastructure and investment 



(ii) Purchase price (PP), maintenance cost (MC) and running cost (RC) 

Here, a comparison at a cost level between a FCV and a petrol ICEV will be performed.  

To do so, the purchase price has been distributed among the different years included in the 

lifetime of the vehicles (10 years). Besides, the maintenance costs considered, obtained from 

[14], are 8% and 10% of the capital costs, for FCVs and petrol ICEVs respectively, constant 

through all the time scope. At last, for both cases, the running cost only depends on the fuel 

consumptions because it is considered that the other costs involved are the same. Therefore, as 

it is supposed that they are compensated, they don’t appear reflected in this cost.  

Below, three tables (Tables 7, 8 and 9) are presented to show a summary of the evolution 

achieved regarding purchase price, maintenance cost and running cost respectively. 

 2020 2030 2040 2050 

FCV (20% VAT included) €/year 4,548 3,468 3,048 2,772 

Petrol ICEV (20% VAT included) €/year 2,568 2,532 2,496 2,460 

Δ Purchase price  €/year 1,980 936 552 312 

Table 7. Purchase price difference per year 

 2020 2030 2040 2050 

FCV (20% VAT included) €/year 3,032 2,312 2,032 1,848 

Petrol ICEV (20% VAT included) €/year 2,140 2,110 2,080 2,050 

Δ Maintenance cost  €/year 892 202 -48 -202 

Table 8. Maintenance cost difference per year 

 2020 2030 2040 2050 

FCV (20% VAT included) €/km 0.111 0.084 0.080 0.076 

Petrol ICEV (20% VAT included) €/km 0.100 0.085 0.092 0.098 

Average distance per vehicle km/year 14,000 

Δ Running cost €/year 146.86 -15.57 -166.41 -320.00 

Table 9. Running cost difference per year 

(iii) Total cost of ownership 

To compute correctly the TCO it is necessary to include the variation of cost of ownership of the 

vehicle (FCV vs petrol ICEV), plus the investment on HRS infrastructure per unit of car in the 

market, as shown in equation 1. 

∆𝑇𝐶𝑂𝑡 = ∆𝑃𝑃𝑡[𝐹𝐶𝑉 − 𝐼𝐶𝐸𝑉] + ∆𝑀𝐶𝑡[𝐹𝐶𝑉 − 𝐼𝐶𝐸𝑉] + ∆𝑅𝐶𝑡[𝐹𝐶𝑉 − 𝐼𝐶𝐸𝑉] + 𝐻𝑅𝑆𝐼𝑡          (1) 

∀ 𝑡 ∈ 2020 … 2050 

The value of this parameter varies from one year to another, decreasing from 4.26 k€ in 2020 to 

-0.11 k€ in 2050, as it can be seen in Table 10. The difference between TCOs converges in the 

year 2048, after which, FCVs become progressively cheaper than petrol ICEVs. 



 2020 2030 2040 2050 

HRS Infrastructure €/year 1,239 183 116 101 

Purchase Price €/year 1,980 936 552 312 

Maintenance Cost €/year 892 202 -48 -202 

Running Cost €/year 147 -16 -166 -320 

Δ TCO €/year/vehicle 4,258 1,306 454 -109 

Table 10. Variation of the TCO per year 

(iv) Social economic comparison 

Finally, the social economic comparison of hydrogen-based transport is the variation of TCO 

multiplied by the number of cars per each year. The values exhibited in the following table (Table 

11) show the aggregated sum of the economic comparisons of each year, through the different 

periods of study presented. 

 2020-2030 2020-2040 2020-2050 

Number of FCVs - 31,565 – 236,744 31,565 – 552,403 31,565 – 789,148 

Δ TCO €/year/vehicle 4,258 – 1,306 4,258 – 454 4,258 - -109 

Economic comp. M€ 2,948.61 6,852.32 8,346.76 

Net econ. comp. M€ 1,912.14 3,520.20 3,934.18 

Table 11. Social economic comparison 

It appears that the introduction of hydrogen-based transport, through the period from 2020 to 

2050, would generate 8,347.76 M€ of added costs, compared to the baseline scenario. Yet, the 

NPV of these costs is 3,934.18 M€(2017), applying the 5% social discount rate from the base 

year. 

4.3.1.2. Governmental framework 

As already mentioned, this framework is inspired by Keles et al. [24], although the 

methodological process is based on [15], as in the social framework. 

Nevertheless, it has been necessary to do some changes in order to get the government’s 

situation. These changes are mainly in the economic comparison, where the governmental 

investment has to be considered rather than the variation of TCO. To compute this investment 

is where [24] has been used.  

In [24], a modelling of the market behaviour is performed. The objective of this modelling is 

being able to predict how the market will evolve depending mainly on the actions taken by the 

government to boost the FCV market penetration. This way, different cases have been applied 

to the model, arriving to their own results. Summarizing, there is one scenario that dominates 

the rest (named lead scenario), which is defined as such that the market penetration of FCVs 

succeeds within an acceptable time period. In fact, the results found in [24] for this case in 

particular show that the FCV stock in Germany would increase from the starting year (2013) until 

2040 to more than 17 million vehicles, which means more than one third of all passenger cars.  



These results found with the lead scenario are very convenient for this study because they match 

the demand growth (in percentage) used in [13]. Hence, it is found adequate to pursue this CBA 

following the lead case propositions, although it is necessary to adapt them to the Midi-

Pyrénées’ market features. 

The considered actions that the government should implement to boost the FCV market 

penetration in Midi-Pyrénées are the ones showed hereafter. These actions have been 

calculated based on the estimations performed in [24] for the German market (44.4M passenger 

cars [39]), but adjusting the parameters to the Midi-Pyrénées market (1.58M passenger cars 

[12]): 

(i) 17 subsidized HRSs built at the beginning of the transition. They must have a 

combined hydrogen supplying capacity of 2,133 tonnes/year. 

(ii) Subsidies for FCVs equal the cost difference between FCVs and petrol ICEVs, minus 

2,000€. It is assumed that consumers are willing to pay 2,000€ more for the ‘‘clean’’ 

technology. 

(iii) The sale of FCVs is not taxed until 16,667 thousand vehicles have been sold. 

Subsequently, the state raises the vehicle tax level, following a linear growth curve, 

to that of petrol ICEVs (20% VAT) until a 33,333 FCVs are sold.  

(iv) Hydrogen fuel is completely taxfree until the FCV stock arrives to 16,667 cars. Once 

passed this mark, the number of FCVs directly affects the height of the tax on 

hydrogen. A linear growth relation between the number of FCVs in the system and 

the tax level is used to express this. The tax on hydrogen equals that on fossil fuel if 

33,333 FCVs are in the system. More specifically, the tax on the amount of hydrogen, 

which is required to drive 100 km by a FCV, corresponds to that on the petrol 

required for driving the same distance by an ICEV. This means that the state will 

have the same tax income from hydrogen fuel as it has now from petrol as soon as 

33,333 FCVs or more are on the roads. 

Now, these actions have to be translated to an economic value to be able to apply it correctly in 

the CBA. The different aspects involved will be presented and quantified consecutively. 

Nevertheless, only a summary of the data used and results found will be presented due to the 

vast amount used and generated. Further information for each particular year is shown in the 

Appendix C. 

(i) Subsidized HRSs 

In the lead scenario, the governmental actions are selected to ensure a successful market 

penetration of FCVs. Therefore, the most important assumption regards an acceptable level of 

hydrogen infrastructure at the beginning of the project to encourage the transition to hydrogen 

usage. This assumption includes the installation of a minimum number of HRSs before the FCV 



production starts. As there is nearly no demand for hydrogen at that time, all these HRSs will 

have to be subsidized by the state.  

This action consists of compensating the HRS investors for their early investment, through 

paying them the difference between their annual return and the acceptable cash flow as 

subsidies. The acceptable cash flow is set such that investors reach their breakeven point after 

the payback period, assumed to be eight years. 

In [24], only one type of HRS is considered. Nevertheless, for this particular study several types 

of HRSs have been adopted, where the difference among them is their capacity of supply and 

their capital cost (which also affects directly to the operational costs assumed to be proportional 

to this last one). Having this versatility of capacity of supply allows to distribute better the 

stations following the demands patterns.  

At this point, the initial distribution of the HRSs has been carried out, while adapting to the 

conditions imposed concerning the necessary number of HRSs and the total required capacity 

of supply: 

HRS scenario Tonnes/year Nº HRS Initial Investment 

200 kg/d 73 9 13,500,000 € 

400 kg/d 146 6 12,000,000 € 

1000 kg/d 365 2 6,000,000 € 
  2,263 tonnes/year 31,500,000 € 

Table 12. Number of HRSs by type and corresponding initial investment 

As shown in the table above (Table 12), the 31.5 M€ have been invested in the initial deployment 

of HRSs, which must be subsidized in the case their annual return falls below the acceptable cash 

flow. 

Therefore, once known the investment, it is time to calculate the acceptable cash flow. This 

parameter will be calculated for all the HRSs at the same time, which will simplify calculations. 

Following the aforementioned statement, as the acceptable cash flow must allow the investors 

to break even after eight years, its value is 3.94 M€/year.  

To calculate their real cash flow, it is necessary first to identify the operational expenses and 

revenues that occur during a natural year. The expenses are related to operational and 

maintenance issues, which start at a 10% rate (regarding the capital cost), following a soft 

decrease until arriving at 9% in 2025. On the other hand, as revenues, it will only be considered 

the selling of hydrogen, by applying a margin to the hydrogen price that allows to generate some 

profits. In this case, given the expenses involved, a margin of 2 €/kg is considered. Nevertheless, 

has to be outlined that a big amount of the revenue of the refuelling station retailers are related 

to the selling of tobacco, alcohol and other consumer goods. 

As these HRSs must be introduced before the FCV market starts to develop, they start to be 

operative in 2018. In this first year no demand is considered, but in 2019 some demand will be 



taken into consideration, following the natural growth of the market. The value of this demand 

is 1,000 t of hydrogen. 

At last, the total amount of money invested by the government into subsidies for HRSs is 

calculated following all the aspects mentioned before. This investment overpasses a total of 25 

M€ through the eight years where the return of the investment must be achieved, which 

corresponds to 20.67 M€(2017). 

(ii) Subsidies for FCVs 

As the difference between FCVs and petrol ICEVs purchasing cost is so big in the first stages of 

the deployment, this appears as a barrier difficult to overcome without some help. Thus, in [24] 

it is suggested that the government should offer subsidies for FCVs to equal their cost difference 

to petrol ICEVs, minus 2,000€. 

Although this appears as a huge cost for the government, it has to be remarked that once the 

FCV market starts to develop, their costs decrease very rapidly to the point of almost equalizing 

the petrol ICEV’s cost in 2050. 

After doing such calculations, the total subsidized amount that the government should cover 

through the period from 2020 to 2050 is 3,352.30 M€(2017).  

(iii) Taxes for purchasing of FCVs 

Although the fact of not applying full taxes to the purchasing of a FCV until the market size 

arrives to a fleet of 33,333 vehicles would not be seen as a payment made by the government, 

it is necessary to calculate the amount of money that it would have been collected without 

applying this measure.  

As all the measures presented in this framework are considered necessary to achieve a 

successful market penetration of FCVs, the comparison of the taxes collected will be done 

against the scenario where hydrogen is not introduced. Hence, in this scenario only ICEVs are in 

the market. 

Following the strategy mentioned in the previous paragraph, the taxes for the purchasing of 

FCVs end up generating positive revenues for the government because, as the purchase price of 

FCVs is higher than the one corresponding to petrol ICEVs, the expenses generated during the 

first years are compensated during the following years included in the scope of the analysis.  

Therefore, thanks to the FCV market penetration, the government will end up receiving 166.63 

M€(2017) more from taxes related to the purchasing of vehicles.   

(iv) Taxes for hydrogen 

This measure follows the same criteria as the previous one. Nonetheless, in this case, once the 

target FCV fleet of 33,333 vehicles is reached, the tax has to be fully incorporated following the 



statement that the state will have the same tax income from hydrogen fuel as it has now from 

fossil fuels.  

Following the data regarding the hydrogen taxes, and combined with the hydrogen demand and 

the number of FCVs per year, all presented in Appendix A it can be concluded that the state will 

end up collecting 10.14 M€(2017) less from fuel taxes, due to the FCV market penetration.  

(v) Governmental economic comparison 

After presenting all the different factors involved in the governmental economic comparison, 

these ones shall be added to find its value. If this is done, it appears that the governmental 

investments needed to ensure a successful market penetration of FCVs, through the period from 

2020 to 2050, generate 3,216.48 M€(2017) of costs. 

4.3.2. Externalities 

In this case, the externalities are those third-party effects caused by the hydrogen mobility 

usage, which are not accounted directly as a monetary cost or benefit. Nevertheless, these 

effects are the main reason why hydrogen mobility is being promoted. Therefore, it is very 

important to quantify them correctly in monetary units to be able to compare them to the 

economic comparisons and among them. 

The values of the data used and results found for each externality will presented hereafter. 

Further information for each particular year is shown in the Appendix D. 

4.3.2.1. CO2 abatement 

Here, a comparison at a CO2 emission level between FCVs and petrol ICEVs will be performed.  

Regarding the FCVs, the CO2 emissions are only produced during the production, storage and 

transportation of the hydrogen. The values have been obtained from the results from the 

optimization study carried out in [13]. On the other hand, regarding the petrol ICEVs, only the 

emissions generated during the combustion process have been considered. Still, there are other 

processes as the petroleum extraction or the petrol production and transportation which also 

are responsible for some CO2 emissions. 

Besides, the future carbon prices in EU-28 will be used to calculate the CO2 abatement value. As 

it can be seen in the data, a low and a high carbon price is used to make the analysis more robust. 

Nevertheless, an average price will be used in this work. 

Below, Table 13 exhibits the data used and the results found regarding the CO2 abatement. To 

calculate it, an average of the future carbon prices in EU-28 has been used. The results presented 

show the aggregated sum of the CO2 abatement benefits through the different periods of study. 

 

 



 
 2020-2030 2020-2040 2020-2050 

H2 Consumption 106 kg 150.59 591.63 1,298.32 

Petrol Consumption 106 l 891.01 3,608.93 8,902.78 

Emissions FCV kgCO2/kg 1.74 1.74 1.74 

Emissions petrol ICEV kgCO2/l 2.82 2.81 2.81 

Total Emissions FCVs 103 ton CO2 261.73 1,028.25 2,256.48 

Total Emissions ICEVs 103 ton CO2 2,584.03 10,352.17 23,630.72 

Emissions difference 103 ton CO2 2,322.30 9,323.92 21,374.24 

Average CO2 price €/ton CO2 40 - 90 40 - 130 40 - 155 

CO2 abatement M€ 170.61 980.07 2,737.84 

Net CO2 abatement M€ 104.94 421.65 854.72 

Table 13. CO2 abatement results  

As it can be seen, the presence of FCVs contributes to a reduction of 21·109 kgCO2 through the 

period from 2020 to 2050. Moreover, this reduction represents an external social benefit of 

854.72 M€(2017). 

4.3.2.2. Platinum depletion 

It is expected that expensive and insufficient platinum supply could be a barrier to widespread 

commercialization of hydrogen FCVs. According to [15], the required platinum amount at a 

European level could reach nearly 600 metric tons by 2050, which is three times the current 

platinum supply. Thus, its scarcity will be calculated by measuring platinum depletion. 

The mineral depletion is the change in stock value of the mineral resources, and is commonly 

evaluated by the net price method. This method computes depletion as the market price minus 

the marginal extraction cost. 

Following the calculations from [15]’s work, each gram of platinum extracted is depleting at    

19.44 €(2015). This value is considered constant over the studied period, but will be updated 

using a 1.5% discount rate following the actual inflation rate trend in Europe [40]. 

Nowadays, each FCV contains approximately from 30 to 40 g of platinum. Nevertheless, based 

on the works of [41], a progressive reduction of platinum use down to 10-15 g in 2050 is 

assumed. Also, as the fuel cell technology applied to vehicles is quite new, it is expected that 

during the first years there will be a lot of progress in the required amount of platinum, which 

will stabilize progressively afterwards. Thus, an exponential curve is used to model this 

evolution.  

On the other hand, a petrol ICEV consumes 5.6 g of platinum per vehicle and, given the maturity 

of the technology involved, we expect this quantity to remain stable during the analysed period. 

Below, Table 14 presents the data used and the results found regarding the platinum depletion 

cost. These results show the aggregated sum of the platinum depletion costs through the 

different periods of study. 

 



 
 2020-2030 2020-2040 2020-2050 

New FCVs - 268,309 820,712 1,609,860 

FCV platinum g/vehicle 35.00 – 18.70 35.00 – 12.96 35.00 – 10.00 

Petrol ICEV platinum g/vehicle 5.60 5.60 5.60 

Platinum cost €/g 20,94 - 24,30 20,94 - 28,21 20,94 - 32,73 

Platinum depletion M€ 111.31€ 246.78 € 380.20 € 

Net platinum depletion M€ 75.72 € 130.59€ 164.27 € 

Table 14. Platinum depletion results  

As it can be observed, the presence of FCVs generates an external social cost, due to platinum 

scarcity, of 164.27 M€(2017) through the period from 2020 to 2050.  

4.3.2.3. Air pollutants abatement 

Air pollution has important impacts on human health, as well as on the natural and built 

environments. Through the damage cost methodology, it is possible to approximate the impacts 

of changes in air pollution. These damage costs measure the marginal external costs or benefits 

caused by each additional tonne of pollutant emitted or avoided, and can be used to value the 

benefits of air quality impacts of certain policies or projects when the only information available 

is the amount (in tonnes) of pollutant that is reduced. 

The damage costs presented afterwards are extracted from a World Resources Institute report 

[42]. These values are calculated taking into account the different impacts of exposure to air 

pollution. These impacts include health costs and years of human life lost (considering both 

chronic mortality effects and morbidity effects), crop losses, building damages and costs for 

nature and biosphere. 

Damage cost values are presented in Table 15 for the following key pollutants. These values will 

be considered constant during all the period of study:  

 Damage costs 

Oxides of Nitrogen (NOx) 8,419.85 € 

Carbon Monoxide (CO) 2,185.93 € 

Hydrocarbons (HC) 3,322.31 € 

Table 15. Air pollutants damage costs  

Once the damage costs are known, the following step is to calculate the air pollution abatement 

caused by the deployment of hydrogen. For this, first the emissions of petrol vehicles, as for the 

different hydrogen production processes must be presented. Although there are emissions 

related to the distribution and storage of hydrogen, these ones will not be further considered 

because, as this processes also exist in the petrol supply chain, it is considered that they are 

cancelled. 

 

 



(i) Petrol ICEV emissions 

ICEVs, unlike FCVs, pollute by the exhaust gases that they produce due to the combustion of the 

engine. Although around 98% of the gases released during the combustion (which mainly consist 

of N2, CO2 and H2O) are innocuous to human health, other harmful gases are also released into 

the atmosphere. Regarding petrol vehicles, the most relevant, and those that will be further 

used, are the CO, NOx and HC. The emissions presented hereafter (Table 16) have been obtained 

from the European emission standards - Euro 6 [43], which define the acceptable limits for 

exhaust emissions of new vehicles sold in EU and EEA member states. 

 NOx CO HC 

2020 6.00 100.00 10.00 

2030 4.72 78.71 7.87 

2040 4.68 77.94 7.79 

2050 4.65 77.50 7.75 

Table 16. Petrol ICEV emissions (g/100km) 

(ii) FCV emissions 

The different hydrogen production methods contemplated in this study are electrolysis (by 

hydraulic, wind and solar electricity) and steam methane reforming. Nevertheless, given the 

deployment solution found in [13], only wind electrolysis is used to produce all the hydrogen 

demand. Therefore, the following table (Table 17) shows only the emissions for wind electrolysis 

production method, extracted from [5]. These emissions are also considered constant during all 

the period of study because the technology used is already mature. 

 Total (g/kgH2) Wind Turbines (%) Electrolysis (%) Storage (%) 

NOx 4.7 46% 47% 7% 

CO 0.9 80% 4% 16% 

HC 4.4 63% 7% 30% 

Table 17. FCV emissions and origin  

These emissions will be considered as the only ones emitted by FCVs, because any other 

emissions produced during the supply chain (e.g. fuel transportation) will be compensated by 

similar activities for petrol. Nonetheless, these emissions will be translated to g/100km, using 

the FCV efficiency data, to be able to compare them adequately. This conversion is presented in 

the next table (Table 18).  

 NOx CO HC 

2020 4.09 0.78 3.83 

2030 3.76 0.72 3.52 

2040 3.54 0.68 3.31 

2050 3.28 0.63 3.07 

Table 18. FCV emissions (g/100km) 



(iii) Air pollutants abatement results 

Using the data showed previously, the following results have been found. These ones presented 

in Table 19 consider the aggregated sum of the pollution abatement benefits throughout the 

different time scopes of the project. 

  2020-2030 2020-2040 2020-2050 

H2 Consumption 106 kg 150.59 591.63 1,298.32 

Kilometres travelled 100 km 182,456,843 752,032,643 1,732,561,072 

NOx emissions difference t NOx 187.41 783.29 2.038.32 

NOx abatement M€ 1.58 6.60 17.16 

CO emissions difference t CO 14,784.53 58,866.60 134,505.41 

CO abatement M€ 32.32 128.68 294.02 

HC emissions difference t HC 829.39 3,336.74 7,854.77 

HC abatement M€ 2.76 11.09 26.10 

Air pollution abatement M€ 36.65 146.36 337.28 

Net air pollution abatement M€ 23.23 66.72 114.05 

Table 19. Air pollution abatement results 

As shown in the table above, the presence of FCVs contributes to a significant reduction of air 

pollution through the period from 2020 to 2050. This reduction represents an external social 

benefit of 114.05 M€(2017). 

4.3.2.4. Noise abatement 

The noise emissions generated by road traffic is a factor that, although has not been very much 

treated in the literature (particularly regarding CBAs), it poses an environmental problem of 

growing importance. Noise exposure is not only a disutility in the sense that it disturbs people, 

it can also result in health impairments and a loss of productivity and leisure. The reason the 

problem is growing is a combined effect from greater urbanisation and an increase in traffic 

volume. Whereas the increase in traffic volume means higher noise levels, the urbanisation has 

led to more individuals being exposed to traffic noise [44]. Different studies have treated this 

problem by analysing and quantifying the exposure to high noise levels and its consequences.  

For example, the European Environmental Agency calculated that approximately 40% of the 

population living in the largest cities in the EU-27 may be exposed to long-term average road 

traffic noise levels exceeding 55 decibels (dB) and, at night, almost 34 million people may be 

exposed to long-term average road noise levels exceeding 50 dB. In comparison, the World 

Health Organization (WHO) night noise guidelines for Europe recommend that people should 

not be exposed to night noise greater than 40 dB. Moreover, night-time noise levels of 55 dB 

are described as ‘increasingly dangerous to public health’ [45]. 

In addition, a study from the European Commission concluded that the external cost of road 

noise in Germany in 1998 amounted to more than 5,000 M€, which was corresponding to 0,3% 

of that year’s gross domestic product [46].  



Moreover, [47] performed a study whose results are the first comprehensive effort at identifying 

the impact of excessive environmental noise on public health. The study concludes that one in 

three individuals in Europe is annoyed during the daytime and one every five has disturbed sleep 

at night purely from traffic noise alone. Overall, road traffic noise is responsible for causing the 

greatest levels of annoyance [48]. 

At last, [44] presents a report that quantifies economically the external cost of road mobility 

considering the different modes of transport, the time of the day, the traffic type and the region 

(urban, suburban and rural). Besides, to calculate the values of the external costs for each case 

different criteria have been taken. Annoyance (reflecting the disturbance which individuals 

experience when exposed to traffic noise) and health impacts (related to the long term exposure 

to noise, mainly stress related health effects like hypertension and myocardial infarction) are 

the two major impacts usually considered when assessing noise impacts. Nevertheless, the 

values presented hereafter (Table 20) also consider the rent losses due to the depreciation of 

the properties. 

Mode Time of the day Urban* Suburban* Rural* 

Car 
Day 15.1 € 0.95 € 0.15 € 

Night 27.5 € 1.70 € 0.25 € 

* Per 1.000 vkm 

Table 20. External cost of noise due to road mobility 

In the case of fuel cells, as they use no combustion or moving parts, these ones are much quieter 

than internal combustion engines. FCVs almost entirely eliminate engine noise, and the 

relatively high-pitched noise electric motors do emit doesn’t propagate as far. Moreover, car 

horns and sirens could also be made quieter, because they wouldn’t have to drown out revving 

engines. Nonetheless, basic traffic noise is a combination of engine noise, tire noise, road noise 

(different surfaces have different noise characteristics), and wind passage noise. Also, the faster 

vehicles are traveling, the more road and tire noise dominate, and the more wind passage noise 

contributes.  

As it can be seen in the following table (Table 21) and graphic (Figure 5), the noise reduction at 

the idle is quite substantial, but once the vehicle starts to move the difference is rapidly reduced.  

For this reason, in this study only the noise related to urban traffic will be analysed, as the 

difference in main roads and highways is not significant [49]. 

 
Idle 10 km/h 30 km/h 50 km/h 

Petrol ICEV dB 42 55 60 66.5 

Difference dB 12.4 10.5 6.5 2.75 

FCV dB 29.6 44.5 53.5 63.75 

Reduction % 30% 19% 11% 4% 

Table 21. Noise difference and reduction by speed 



 

Figure 5. Evolution of noise reduction 

Midi-Pyrénées is a region of 3 million inhabitants where around one third of the population lives 

in urban areas. Nevertheless, almost 1 million live in Toulouse’s urban area (963,000 people in 

2016), while the metropolitan area has a population of over 1.2 million [50]. That means that 

the rest of the urban areas are almost insignificant if compared to Toulouse. Hence, only 

Toulouse will be analysed to simplify calculations and reduce estimations.  

With these information, a common external cost for Toulouse Metropolitan region has been 

developed considering that 80% of Toulouse’s population live in urban areas, while the other 

20% live in suburban areas. In the same way, as the distance travelled during the day is much 

higher than during the night, to calculate a global daily external cost that doesn’t depend on the 

time of the day, a 0.85-0.15 ratio has been adopted for the external costs regarding the day and 

the night respectively. 

Mode Time of the day Toulouse Metropolitan external costs* 

Car 
Day 12.27 € 

13.78€ 
Night 22.34 € 

 * Per 1000 vkm 

Table 22. Value of the external cost of noise due to road mobility used 

At this point, it is time to calculate the total distance travelled in a year. To do so, the data from 

[51], regarding the number of car journeys per day and the average distance per journey in 

Toulouse Metropolitan area, has been used. With this information, a total of 5,876.5·106 km has 

been obtained. Nonetheless, it has to be underlined that this value considers the whole car 

market, therefore the value corresponding to the FCV market share will have to be calculated 

for each year. 

Lastly, to calculate the noise abatement cost, it is necessary to know the average velocity to 

relate it to a noise reduction percentage, and after be able to translate it into an economic value 

through the Toulouse Metropolitan external noise costs. The average velocity is 26 km/h, which 

has also been obtained from [51]. This value corresponds to a 12.30% noise reduction, as it can 

be seen Figure 5, which corresponds to a 1.70 €/1000vkm external cost abatement. 

The table presented hereafter (Table 23) shows the benefits obtained from the noise abatement 

due to the introduction of hydrogen FCVs. These results are the aggregated sum of the noise 
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abatement benefits through the different periods of study presented, and have considered the 

FCV market share of each year. 

 
 2020-2030 2020-2040 2020-2050 

FCV market share % 2% - 15% 2% - 35% 2% - 50% 

FCVs distance travelled 1.000 vkm 4,864,208 20,094,445 46,043,118 

Noise abatement € 8,244,839 € 34,060,115 € 78,043,154 € 

Net noise abatement € 5,172,652 € 15,413,052 € 26,322,381 € 

Table 23. Noise abatement results 

These results prove that the noise abatement has a relevant impact in the overall social analysis, 

being of a similar order of magnitude as the platinum depletion and air pollution. Its external 

social benefits are of 26.3 M€(2017). 

4.3.2.5. Summary of externalities 

At this point, all the externalities have been quantified and presented. Here, a summary of all 

these external costs and benefits, and their evolution throughout the different periods of study, 

will be performed. To do so, the graphic shown in Figure 6 has been constructed, comparing the 

different externalities considered while facing them with the FCV market size evolution.  

As it can be observed, the CO2 abatement dominates extensively the others externalities, while 

also increasing exponentially with a higher rate than the others. This represents benefits for the 

project and society. On the other hand, platinum is the second largest externality but, in this 

case, reducing the benefits obtained by the CO2 abatement. Nevertheless, the positives 

externalities from air pollution and noise abatement almost reach to compensate the negative 

costs caused by platinum depletion.  

With these results, it is clear that the introduction of hydrogen mobility in Midi-Pyrénées, 

supported with an efficient deployment of the HSC, would generate social benefits. 

Nonetheless, these global benefits obtained from the externalities will have to be compared to 

the economic costs evaluated previously. 



 

Figure 6. Externalities vs FCV market size 

4.4. Results and discussion 

4.4.1. Social comparison 

In this section, the results of the social framework will be presented. To arrive to these 

outcomes, the social net-present value method will be used first, where all the costs and benefits 

will be updated to the base year (2017). This is necessary because, as the time scope of the 

project embraces several years, everything has to be translated to a base year to be able to 

compare benefits and expenses generated during different years. Following the main 

assumptions, the social discount rate used is 5%. 

(i) Social net present value 

Table 24 shows the aggregated sum of the social NPV through the different periods of study. 

Further information for each particular year is shown in the Appendix E. 

   
2020-2030 2020-2040 2020-2050 

Net econ. comp.  TCO M€ -1,912,14 -3,520.20 -3,934.18 

Net externalities 

CO2 abatement 

M€ 

104.94 421.65 854.72 

Platinum depletion -75.72 -130.59 -164.27 

Air pollution abatement 23.23 66.72 114.05 

Noise abatement 5.17 15.41 26.32 

Social net present value M€ -1,854.52 -3,147.01 -3,103.36 

Table 24. Social NPV results 
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After aggregating the economic comparison aspects with the externalities, the social results 

show that the expenses from the economic comparison and the platinum depletion are too high 

to be compensated by the benefits of the other externalities, by 2050. In fact, the difference is 

-3,103.36 M€(2017). Nevertheless, adding the external costs and benefits to the analysis also 

allows to reduce considerably the costs resulting from the hydrogen-based transport from 2020 

to 2050. Eventually, they could finance more than 20% (21.11%) of the project cost. 

(ii) Year of social conversion 

Regardless of the results found, it is also important to find the year of social conversion, if this 

exists, and its evolution throughout the scope of the project. This refers to the first year when 

the benefits exceed the costs, meaning that there will start to be a positive income. The next 

graphic (Figure 7) shows this evolution and the specific point referred to the year of conversion. 

 

Figure 7. Evolution of the year of social conversion 

The evolution of the benefits vs costs difference per year follows a peculiar pattern at the 

beginning, where it improves after the first year, but it rapidly adopts a negative tendency until 

2029 where it ridges its lowest point. After this, it changes to a positive and approximately linear 

tendency, which crosses the conversion point in 2045. 

This means that after 2045 the project starts to generate enough social profits to compensate 

its costs, which could actually lead to a general positive outcome if the scope of the project is 

expanded. In fact, if the positive tendency presented from 2029 is maintained and extrapolated 

to the future, the year of total recovery would be 2068. Further information for the 

extrapolation performed and for the results of the future years is shown in the Appendix E. 

4.4.2. Governmental comparison 

Here, the same type of analyses as in the previous chapter will be performed. Yet, the 

governmental framework will be used to quantify the economic expenses that the government 

should deploy to ensure the successful development of the FCV market. Thus, the governmental 

net-present value method will be used, where all the costs and benefits will be updated to the 

base year (2017), using a social discount rate of 5%. 
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(i) Governmental net present value 

In this case, the economic comparison corresponds to the sum of the results of the different 

governmental policies, while the externalities are the same as in the social framework.  

The results of the governmental NPV are shown in Table 25, where the values presented are the 

aggregated sum of the governmental comparison through the different periods of study. Further 

information for each particular year is shown in the Appendix F. 

   2020-2030 2020-2040 2020-2050 

Net economic  
comparison  

Subsidized HRS 

M€ 

-20.67 -20.67 -20.67 

Subsidies for FCVs -1,968.71 -3,025.27 -3,352.30 

Taxes on FCV purchase 0.18 88.13 166.63 

Taxes on hydrogen -10.14 -10.14 -10.14 

Net externalities 

CO2 abatement 

M€ 

104.94 421.65 854.72 

Platinum depletion -75.72 -130.59 -164.27 

Air pollution abatement 23.23 66.72 114.05 

Noise abatement 5.17 15.41 26.32 

Governmental net present value M€ -1,941.71 -2,594.76 -2,385.66 

Table 25. Governmental NPV results 

Through a governmental point of view, the expenses from the subsidies and the platinum 

depletion are also still too high to be repaid with the rest of externalities. As it can be observed, 

the subsidies for the purchasing of the FCVs are the main responsible of this issue, generating a 

deficit of -2,385.66 M€(2017) over the period from 2020 to 2050. 

These results prove that, from a governmental point of view, the required investment to ensure 

the successful deployment of the FCV market is not compensated by 2050. Nevertheless, as in 

the social framework, adding the externalities allows to achieve a significant reduction of the 

costs. In this case, almost 33% (32.75%) of the project costs to ensure a successful introduction 

the project cost to of fuel cell vehicles into the market from 2020 to 2050 could be financed by 

these externalities. 

(ii) Year of governmental conversion 

With this framework, the evolution of the benefits vs costs difference per year adopts a 

completely different shape. It starts from a very low point in 2020 (under -550 M€) but, from 

the following years on, it follows a positive tendency arriving to the year of governmental-

economic conversion in 2043. In 2020 the result is so negative because it is supposed that all the 

FCV existing at that moment have been bought that same year, creating a huge expense in FCV 

purchasing subsidies. Also, as the average life time of a FCV is ten years, there is a negative peak 

due to the need of renewing all the FCV from 2020. Hereafter, Figure 8 presents the evolution 

of the benefits vs costs difference per year and the specific point referred to the year of 

conversion. 



 

Figure 8. Evolution of the year of governmental conversion 

Additionally, if the scope of the project is expanded, and the positive tendency presented from 

2023 was to be maintained, the year of total recovery would be 2069. This value, compared to 

the one of the social framework, means that the project would start to generate benefits one 

year later, even though the year of governmental-economic conversion arrives three years 

earlier. Further information for the extrapolation performed and for the results of the future 

years is shown in the Appendix F. 

4.4.3. Discussion 

This work follows the previous hydrogen mobility CBA studies [14], [15], but based on the Midi-

Pyrénées’ hydrogen deployment results found in [13]. Nevertheless, this study goes beyond the 

limits of the actual CBA cases developed, by incorporating a complete series of externalities, and 

by attacking the deployment from two different perspectives. The first perspective has a social 

focus and is the one used in [14] and [15], while the second one has a governmental focus and 

is constructed with the findings from [24]. 

The governmental framework is a completely new analysis that has not been performed before, 

although is based on previous studies. Therefore, the results found regarding this framework 

cannot be compared to others found by previous works to give them validity. On the other hand, 

the social framework follows the methodology presented firstly in [14], and afterwards 

expanded in [15]. Thus, although the focus is centred in Midi-Pyrénées and other externalities 

are introduced to make the study more complete, the results of this framework should not differ 

a lot from theirs. As it can be observed, the results regarding TCO conversion and socio-

economic conversion fall into the same order of magnitude as the ones presented in the 

previous works, always arriving to conversion years in between 2040 and 2050. This fact that 

supports the validity and coherence of the results achieved in the social case. 

Analysing these results with further detail, it is concluded that in neither of both cases (social 

and governmental) the costs are fully recovered by 2050. Still, adding the externalities allows to 

compensate the costs by approximately 20% and 30%, for the social and governmental 

frameworks respectively, which proves to be very interesting. Furthermore, the tendency is 

positive after few years of deployment, arriving to the year of socio-economic conversion in 

2045 (with a convergence of the TCO the year 2048) and to the year of governmental-economic 
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conversion in 2043. These results prove that the deployment would be beneficial if the scope is 

increased. In fact, if the positive tendency is maintained, it is found that the years of total 

recovery are 2068 and 2069, for the social and the governmental cases respectively. These time 

scopes are only about 50 years away from now, which is an affordable time of recovery for a 

project of this magnitude and relevance. 

4.4.4. Possible measures  

In this section, the possibilities to reduce the year of total recovery to 2050 will be presented. 

To do so, several parameters will be adjusted to cope with the costs generated. These 

parameters will be those that could actually vary without affecting the whole HSC. For this 

reason, parameters like demand, hydrogen production cost, FCV efficiency or the hydrogen 

production mix will not be modified.  

4.4.4.1. Social framework 

The adjusted parameters have been chosen for their relevance in the overall outcome and the 

possibility to be adjusted or be different in real life. These one are: CO2 prices, H2 taxes, HRS 

costs and FCV purchase taxes. A combined solution will be developed by slightly adjusting all 

these parameters in a positive way. Table 26 presented hereafter shows the measures adopted 

and their impact in the overall outcome. 

Parameter Measures Impact [€(2017)] Impact (%) 

CO2 prices High carbon price adopted -78,195,194 € 2.5% 

H2 taxes 80% reduction of the taxes -1,387,410,575 € 45.0% 

HRS cost 35% reduction of the cost -213,358,041 € 6.9% 

FCV  
purchase taxes 

None in 2020; gradually raising 
until 10% in 2030; 10% after 2030 -1,407,064,273 € 45.6% 

Table 26. Possible measures to reduce to 2050 the year of total social recovery 

As it can be seen, the CO2 modification is related to the use of the high carbon prices, which is 

actually a feasible fact. In the same way, the HRS cost has been reduced because it has been 

considered that some of the HRS will be common petrol stations that will adapt and supply both 

fuels, which would imply a lower capital cost. Nevertheless, these two measures only account 

for a 9.4% of the recovery, while the other 90.6% is related to tax reduction over hydrogen and 

FCV purchase.  

This reduction of taxes would only depend on the government and its predisposition to embrace 

hydrogen policy. At the same time, it must be said that, although these measures would 

translate into a beneficial hydrogen deployment from a user point of view, the government 

would be assuming part of the costs, by lowering the taxes, that would not be compensated. 



4.4.4.2. Governmental framework 

In this case, the adjusted parameters and measures have to be related to the governmental 

focus, which demands changing some of the policies from [24]. 

From the measures presented in the social framework, high prices for carbon and HRS cost 

reduction will be also used here, due to their feasibility. On the other hand, from the 

governmental policies proposed, only the subsidies regarding the FCV purchasing will be 

modified because it is the main source of costs by far. Nevertheless, the fact of modifying the 

final customer price of a FCV, will also modify its taxes, producing extra profits.  

The table hereafter (Table 27) presents the combined solution with the different parameters 

and their impact. 

Parameter Measures Impact [€(2017)] Impact (%) 

CO2 prices High carbon price adopted -         78,195,194 €  3.25% 

HRS cost 35% reduction of the cost -           5,836,332 €  0.2% 

FCV subsidies FCV subsidized to a 5.7 k€ difference -   2,003,983,701 €  83.3% 

FCV taxes Extra taxes from the increase of FCVs price -      318,581,376 €  13.2% 

Table 27. Possible measures to reduce to 2050 the year of total governmental recovery 

In this case, the government would only subsidize the price of the FCVs to a 5.7 k€ difference 

with petrol ICEVs, instead of a 2 k€ difference. As it can be seen in the table above, this would 

mean a 2,003.98 M€(2017) saving, directly from the FCV subsidies, plus an extra 318.6 M€(2017) 

income from FCV taxes. Moreover, in 2037 the price difference between FCVs and petrol ICEVs 

would ridge the 5.7 k€, meaning that the government would not have to pay any more FCV 

purchase subsidies from this year on. Nonetheless, although this policy would make FCVs much 

more attractive to customers than doing nothing, it cannot fully ensure a successful hydrogen 

deployment. 

 

 

  



5. CONCLUSIONS  

The present study contemplates the introduction of hydrogen FCVs in Midi-Pyrénées to battle 

the negative effects caused by conventional ICEVs. To assess this issue, two perspectives have 

been used to represent the point of view of the different actors that will have to be involved in 

this transition, which are the government and society.  

For each perspective, a CBA has been performed by integrating the costs of the hydrogen 

mobility deployment with a series of externalities related to this deployment. These externalities 

included the societal benefits for the reduction of greenhouse gas emissions, air pollutants and 

noise, all related to passenger vehicles, and the social costs for the increase of platinum 

consumption in the manufacture of FCVs. The most relevant effect, and the one that has to be 

addressed with more urgency, is the greenhouse gas emissions related mainly to CO2 emissions 

from the combustion of fossil fuels. Nevertheless, the other externalities have been included to 

give a wider scope to the analysis. 

Additionally, the fact of developing the CBAs under a realistic and optimized supply chain that 

supports the hydrogen mobility, instead of using prospective data based on estimations, gives 

added value to this study and the results found.  

Overall, this study offers a complete scope of the impact of hydrogen mobility upon society, 

focusing on passenger vehicles, from 2020 to 2050. As it has been mentioned in the results, the 

costs generated during this period due to the introduction of FCVs are not fully compensated in 

neither of both frameworks. Yet, costs could be reduced by 20% to 30% thanks to the external 

benefits, while it is projected to arrive to the total profitability horizon before 2070.   

Further, this work has been performed with carbon costs that have been extracted from the 

expected carbon market evolution. However, it must be noticed that, if the global warming is 

not stopped soon enough, the effects could be irreversible and uncountable. For this reason, it 

is imperative that this issue is addressed from a social and governmental perspective, where a 

hydrogen deployment for a FCV market looks like the most attractive option to drive this 

transition. 

As future work, other externalities as hydrogen risks, supply stability/reliability or employment 

effects, could be quantified and added to the analyses to make them even more complete. 

Furthermore, the time scope could be increased until 2070 to verify the veracity of the years of 

total recovery found in this study. At last, the geographical scope could be increased to the 

whole country of France to have a national point of view, and other types of vehicles could be 

incorporated to value the impact of a complete hydrogen mobility. 
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APPENDIX A. MAIN ASSUMPTIONS 

Here, the complete data regarding the main assumptions will be presented. As in most of the 

cases only the data regarding the years 2020, 2030, 2040 and 2050 was available, it was 

necessary to find a regression curve to estimate the intermediate values. The regressions used 

to arrive to these values will also be shown.  

(i) FCV market size 

 Total num. 
FCVs 

New FCVs  
Total num. 

FCVs 
New FCVs 

2020 31,565 31,565 2036 424,998 54,703 

2021 41,713 10,148 2037 457,368 56,534 

2022 54,671 12,958 2038 489,517 57,985 

2023 70,249 15,578 2039 521,256 59,059 

2024 88,257 18,008 2040 552,403 91,329 

2025 108,506 20,249 2041 582,744 70,205 

2026 130,807 22,301 2042 612,115 72,964 

2027 154,971 24,164 2043 640,319 75,142 

2028 180,807 25,836 2044 667,164 76,750 

2029 208,127 27,320 2045 692,463 77,792 

2030 236,744 60,182 2046 716,026 78,266 

2031 266,460 39,864 2047 737,663 78,171 

2032 297,095 43,593 2048 757,186 77,508 

2033 328,455 46,938 2049 774,403 76,276 

2034 360,352 49,905 2050 789,148 106,074 

2035 392,596 52,493    

  

The values of the total number of FCVs have been found following the equation presented in 

the graphic shown below. On the other hand, the new FCVs have been obtained through the 

total number of FCVs per year and their average lifetime.  

 

The legend 1-2-3-4 correspond to the years 2020-2030-2040-2050 respectively 
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(ii) FCV vs petrol ICEV efficiency 

 

FCV  
(kg/100 km) 

Petrol ICEV 
(kg/100 km) 

 FCV 
(kg/100 km) 

Petrol ICEV 
(kg/100 km) 

2020 0.87 6.20 2036 0.78 4.84 

2021 0.86 5.99 2037 0.77 4.84 

2022 0.85 5.75 2038 0.76 4.83 

2023 0.85 5.51 2039 0.76 4.83 

2024 0.84 5.25 2040 0.75 4.83 

2025 0.84 4.97 2041 0.75 4.83 

2026 0.83 4.95 2042 0.74 4.83 

2027 0.83 4.93 2043 0.74 4.83 

2028 0.82 4.91 2044 0.73 4.83 

2029 0.81 4.89 2045 0.73 4.83 

2030 0.80 4.88 2046 0.72 4.83 

2031 0.80 4.87 2047 0.71 4.82 

2032 0.80 4.86 2048 0.71 4.82 

2033 0.79 4.85 2049 0.70 4.81 

2034 0.79 4.85 2050 0.70 4.80 

2035 0.78 4.84    
 

The values of the FCV and petrol ICEV efficiencies have been found following the equations 

presented in the graphics shown below, respectively. In the petrol ICEV case, the regression has 

been divided into two different curves because it was not adapting correctly to the expected 

evolution of the efficiency with only one. Moreover, data regarding the years 2015 and 2025 has 

been used for the petrol ICEV due to its availability.  

 

The legend 1-2-3-4 correspond to the years 2020-2030-2040-2050 respectively 

 

The legend 0,5-1-1,5-2-3-4 correspond to the years 2015-2020-2025-2030-2040-2050 respectively  
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(iii) Hydrogen demand 

The hydrogen demand has been calculated with the FCV market size, the FCV and petrol ICEV 

efficiencies, and the annual average distance travelled per vehicle. Besides, the equation to 

perform such calculations has been extracted from [12]. 

 

 Hydrogen demand  
(kg H2) 

 
Hydrogen demand  

(kg H2) 

2020 3,844,617 2036 45,842,301 

2021 5,088,069 2037 49,051,647 

2022 6,616,704 2038 52,199,905 

2023 8,408,879 2039 55,265,433 

2024 10,442,954 2040 58,226,591 

2025 12,697,285 2041 61,061,734 

2026 15,150,231 2042 63,749,222 

2027 17,780,150 2043 66,267,412 

2028 20,565,401 2044 68,594,664 

2029 23,484,341 2045 70,709,334 

2030 26,515,328 2046 72,589,781 

2031 29,636,721 2047 74,214,364 

2032 32,826,877 2048 75,561,440 

2033 36,064,155 2049 76,609,367 

2034 39,326,913 2050 77,336,504 

2035 42,593,509   

 

These values have been found following the equation presented in the graphic shown below. 

 

The legend 1-2-3-4 correspond to the years 2020-2030-2040-2050 respectively 
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(iv) Hydrogen fuel price 

To find a comparable price to the one of petrol, taxes have to be added to the hydrogen costs 

found by Ochoa et al. [13]. Further, as hydrogen taxes must equal the petrol ones for the same 

distance travelled (e.g. 100 km), a value of 0.81 €/l of petrol taxes [38] has been used to perform 

these calculations. The variations of the taxes along the different years are due to the efficiency 

variations of FCVs and petrol ICEVs. 

 H2 cost 
(€/kg) 

H2 taxes 
(€/kg) 

H2 price 
(€/kg) 

 
H2 cost 
(€/kg) 

H2 taxes 
(€/kg) 

H2 price 
(€/kg) 

2020 6.97 5.78 12.75 2036 5.42 5.05 10.46 

2021 6.75 5.62 12.37 2037 5.41 5.09 10.50 

2022 6.55 5.47 12.02 2038 5.41 5.13 10.54 

2023 6.37 5.35 11.72 2039 5.41 5.17 10.58 

2024 6.21 5.25 11.46 2040 5.41 5.22 10.63 

2025 6.07 5.16 11.23 2041 5.41 5.27 10.68 

2026 5.95 5.09 11.03 2042 5.42 5.32 10.73 

2027 5.84 5.03 10.87 2043 5.42 5.36 10.78 

2028 5.75 4.99 10.74 2044 5.42 5.41 10.82 

2029 5.67 4.96 10.63 2045 5.41 5.45 10.86 

2030 5.60 4.95 10.55 2046 5.40 5.48 10.89 

2031 5.55 4.94 10.49 2047 5.39 5.51 10.90 

2032 5.50 4.95 10.45 2048 5.36 5.54 10.90 

2033 5.47 4.96 10.43 2049 5.33 5.55 10.88 

2034 5.45 4.98 10.43 2050 5.29 5.56 10.85 

2035 5.43 5.01 10.44     
 

The values of hydrogen cost and hydrogen taxes have been found following the equations 

presented in the graphics shown below. On the other hand, the hydrogen price has been 

obtained by summing the previous two values per each year.  

  



 

 

 

The legend 1-2-3-4 correspond to the years 2020-2030-2040-2050 respectively 
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(v) FCV vs petrol ICEV CO2 emissions 

 

Petrol ICEV 
(kgCO2/100km) 

Petrol ICEV 
(kgCO2/l) 

FCV 
(kgCO2/kgH2) 

2020 17.4 2.806 1.738 

2021 16.5 2.752 1.738 

2022 15.7 2.723 1.738 

2023 15.0 2.721 1.738 

2024 14.4 2.750 1.738 

2025 14.0 2.817 1.738 

2026 14.0 2.820 1.738 

2027 13.9 2.811 1.738 

2028 13.8 2.811 1.738 

2029 13.8 2.810 1.738 

2030 13.7 2.807 1.738 

2031 13.7 2.812 1.738 

2032 13.7 2.815 1.738 

2033 13.7 2.817 1.738 

2034 13.7 2.819 1.738 

2035 13.7 2.819 1.738 

2036 13.6 2.819 1.738 

2037 13.6 2.819 1.738 

2038 13.6 2.818 1.738 

2039 13.6 2.816 1.738 

2040 13.6 2.815 1.738 

2041 13.6 2.813 1.738 

2042 13.6 2.811 1.738 

2043 13.6 2.809 1.738 

2044 13.6 2.808 1.738 

2045 13.6 2.807 1.738 

2046 13.5 2.806 1.738 

2047 13.5 2.805 1.738 

2048 13.5 2.806 1.738 

2049 13.5 2.807 1.738 

2050 13.5 2.810 1.738 

These values have been found following the equations presented in the graphics shown below. 

 



 

 

The legend 1-1,5-2-3-4 correspond to the years 2020-2025-2030-2040-2050 respectively 
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(vi) FCV vs petrol ICEV purchase price and maintenance costs 

 NO VAT (k€) VAT INCL. (k€)  NO VAT (k€) VAT INCL. (k€) 

 FCV 
Petrol 
ICEV 

FCV 
Petrol 
ICEV 

 FCV 
Petrol 
ICEV 

FCV 
Petrol 
ICEV 

2020 37.90 21.40 45.48 25.68 2036 26.74 20.92 32.09 25.10 

2021 36.32 21.37 43.58 25.64 2037 26.38 20.89 31.66 25.07 

2022 35.21 21.34 42.25 25.61 2038 26.04 20.86 31.25 25.03 

2023 34.22 21.31 41.06 25.57 2039 25.72 20.83 30.86 25.00 

2024 33.33 21.28 40.00 25.54 2040 25.40 20.80 30.48 24.96 

2025 32.52 21.25 39.03 25.50 2041 25.11 20.77 30.14 24.92 

2026 31.78 21.22 38.14 25.46 2042 24.83 20.74 29.80 24.89 

2027 31.10 21.19 37.32 25.43 2043 24.56 20.71 29.47 24.85 

2028 30.48 21.16 36.57 25.39 2044 24.30 20.68 29.16 24.82 

2029 29.90 21.13 35.88 25.36 2045 24.05 20.65 28.86 24.78 

2030 28.90 21.10 34.68 25.32 2046 23.81 20.62 28.58 24.74 

2031 28.85 21.07 34.62 25.28 2047 23.58 20.59 28.30 24.71 

2032 28.38 21.04 34.05 25.25 2048 23.36 20.56 28.03 24.67 

2033 27.93 21.01 33.52 25.21 2049 23.14 20.53 27.77 24.64 

2034 27.51 20.98 33.01 25.18 2050 23.10 20.50 27.72 24.60 

2035 27.11 20.95 32.54 25.14      
 

These values have been found with the equations presented in the following graphic. 

 

 

The legend 1-2-3-4 correspond to the years 2020-2030-2040-2050 respectively 
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(vii) HRS types and costs 

It includes the evolution of the capital price of a hydrogen refuelling station of each type 

(capacity), and the annual operational and maintenance costs. 

 200 kg/day 400 kg/day 1000 kg/day 

 Price 
(k€) 

O&M 
(%) 

O&M 
(k€) 

Price 
(k€) 

O&M 
(%) 

O&M 
(k€) 

Price 
(k€) 

O&M 
(%) 

O&M 
(k€) 

2020 1,000 10.0 100 1,732 10.0 173 3,000 10.0 300 

2021 979 9.8 96 1,686 9.8 165 2,892 9.8 283 

2022 964 9.6 93 1,644 9.6 158 2,795 9.6 268 

2023 950 9.4 89 1,605 9.4 151 2,706 9.4 254 

2024 938 9.2 86 1,570 9.2 144 2,626 9.2 242 

2025 927 9.0 83 1,538 9.0 138 2,554 9.0 230 

2026 916 8.8 81 1,509 8.8 133 2,490 8.8 219 

2027 906 8.6 78 1,482 8.6 127 2,432 8.6 209 

2028 897 8.4 75 1,458 8.4 123 2,382 8.4 200 

2029 889 8.2 73 1,437 8.2 118 2,337 8.2 192 

2030 872 8.0 70 1,418 8.0 113 2,301 8.0 184 

2031 870 8.0 70 1,401 8.0 112 2,264 8.0 181 

2032 866 8.0 69 1,386 8.0 111 2,235 8.0 179 

2033 859 8.0 69 1,372 8.0 110 2,210 8.0 177 

2034 853 8.0 68 1,360 8.0 109 2,189 8.0 175 

2035 847 8.0 68 1,350 8.0 108 2,171 8.0 174 

2036 841 8.0 67 1,341 8.0 107 2,156 8.0 172 

2037 836 8.0 67 1,332 8.0 107 2,143 8.0 171 

2038 830 8.0 66 1,325 8.0 106 2,132 8.0 171 

2039 825 8.0 66 1,318 8.0 105 2,123 8.0 170 

2040 822 8.0 66 1,312 8.0 105 2,121 8.0 170 

2041 815 8.0 65 1,305 8.0 104 2,106 8.0 168 

2042 811 8.0 65 1,299 8.0 104 2,098 8.0 168 

2043 807 8.0 65 1,293 8.0 103 2,089 8.0 167 

2044 802 8.0 64 1,287 8.0 103 2,079 8.0 166 

2045 798 8.0 64 1,281 8.0 102 2,068 8.0 165 

2046 794 8.0 64 1,273 8.0 102 2,054 8.0 164 

2047 790 8.0 63 1,265 8.0 101 2,039 8.0 163 

2048 787 8.0 63 1,256 8.0 101 2,020 8.0 162 

2049 785 8.0 63 1,246 8.0 100 1,998 8.0 160 

2050 783 8.0 63 1,235 8.0 99 1,984 8.0 159 

These values have been found following the equations presented in the graphics shown below. 



 

 

 

The legend 1-2-3-4 correspond to the years 2020-2030-2040-2050 respectively 
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(viii) Petrol price trend 

 

Petrol price trend 
(€/l) 

 Petrol price trend 
(€/l) 

2020 1.350 2036 1.540 

2021 1.361 2037 1.551 

2022 1.373 2038 1.563 

2023 1.385 2039 1.575 

2024 1.397 2040 1.590 

2025 1.400 2041 1.599 

2026 1.421 2042 1.611 

2027 1.433 2043 1.623 

2028 1.445 2044 1.635 

2029 1.456 2045 1.647 

2030 1.460 2046 1.658 

2031 1.480 2047 1.670 

2032 1.492 2048 1.682 

2033 1.504 2049 1.694 

2034 1.516 2050 1.710 

2035 1.528   

These values have been found following the equation presented in the graphic shown below. In 

this case, data regarding the years 2015 and 2025 has been used for the petrol ICEV due to its 

availability. 

 

The legend 0,5-1-1,5-2-3-4 correspond to the years 2015-2020-2025-2030-2040-2050 respectively 
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(ix) Future CO2 prices 

 

CO2 price  
(€) 

 CO2 price 
(€) 

2020 40.00 2036 115.52 

2021 45.31 2037 119.35 

2022 50.56 2038 123.04 

2023 55.75 2039 126.59 

2024 60.88 2040 130.00 

2025 65.94 2041 133.26 

2026 70.92 2042 136.36 

2027 75.82 2043 139.30 

2028 80.64 2044 142.08 

2029 85.37 2045 144.69 

2030 90.00 2046 147.12 

2031 94.53 2047 149.37 

2032 98.96 2048 151.44 

2033 103.28 2049 153.32 

2034 107.48 2050 155.00 

2035 111.56   

 

These values have been found following the equation presented in the graphic shown below. 

 

The legend 1-2-3-4 correspond to the years 2020-2030-2040-2050 respectively 
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APPENDIX B. ECONOMIC COMPARISON. SOCIAL FRAMEWORK. 

Here, the complete data regarding the economic comparison for the social framework, via TCO, 

will be presented. In most of the cases, the values have been obtained by several mathematical 

operations involving the main assumptions, therefore, no regression has been needed to find 

the intermediate values in between the base years. 

(i) Hydrogen refuelling stations 

The following table shows the distribution per year of the hydrogen refuelling stations according 

to their capacity. It also includes the new stations installed each year. 

 

 200 kg/day 400 kg/day 1000 kg/day 

 Total 
HRS 

New 
HRS 

Total 
HRS 

New 
HRS 

Total 
HRS 

New 
HRS 

2020 9 9 7 7 6 6 

2021 14 5 8 1 8 2 

2022 17 3 12 4 10 2 

2023 21 4 15 3 13 3 

2024 26 5 19 4 16 3 

2025 27 1 21 2 21 5 

2026 31 4 26 5 25 4 

2027 37 6 31 5 29 4 

2028 42 5 35 4 34 5 

2029 47 5 40 5 39 5 

2030 58 11 44 4 44 5 

2031 58 0 50 6 50 6 

2032 58 0 57 7 56 6 

2033 58 0 64 7 62 6 

2034 58 0 69 5 69 7 

2035 49 0 79 16 76 13 

2036 44 0 88 10 82 8 

2037 41 0 94 10 89 9 

2038 37 0 97 6 97 11 

2039 32 0 103 10 104 10 

2040 31 0 107 6 111 12 

2041 27 0 106 4 120 13 

2042 21 0 110 9 127 11 

2043 16 0 107 1 136 14 

2044 11 0 103 1 145 14 

2045 0 0 99 0 154 14 

2046 0 0 95 2 161 13 

2047 0 0 96 8 165 10 

2048 0 0 90 1 171 12 

2049 0 0 85 0 176 12 

2050 0 0 75 6 182 19 



This distribution of hydrogen refuelling stations has been done following the idea that it is 

important to have a big network of stations at the beginning, even if these stations are smaller, 

to be able to cover better the territory. Thus, the 200 kg/day stations predominate in the first 

stages, until 2035 where they start to disappear. Moreover, the different stations must cover 

the hydrogen demand for every year. 

Once the hydrogen refuelling stations network is designed, the costs can be estimated as shown 

in the table below. These costs include the total capital and operational costs per year, which 

are afterwards divided by the number of FCVs to arrive to the HRS infrastructure cost per vehicle.  

 

HRS CAPEX  
(k€) 

HRS OPEX 
 (k€) 

INVEST  
(€/vehicle) 

2020 39,124 - 1,239.47 

2021 12,364 3,834 388.31 

2022 15,057 4,943 365.81 

2023 16,736 6,255 327.27 

2024 18,848 7,662 300.37 

2025 16,773 9,192 239.29 

2026 21,167 10,463 241.81 

2027 22,579 12,046 223.43 

2028 22,228 13,662 198.50 

2029 23,314 15,160 184.86 

2030 26,769 16,655 183.42 

2031 21,990 18,797 153.07 

2032 23,110 20,556 146.98 

2033 22,867 22,405 137.83 

2034 22,125 24,234 128.65 

2035 49,823 22,874 185.17 

2036 30,654 25,871 133.00 

2037 32,612 27,119 130.60 

2038 31,405 28,389 122.15 

2039 34,407 29,393 122.40 

2040 33,324 30,804 116.09 

2041 32,599 31,777 110.47 

2042 34,769 32,578 110.02 

2043 30,537 33,581 100.14 

2044 30,393 34,159 96.76 

2045 28,947 34,449 91.55 

2046 29,252 35,006 89.74 

2047 30,508 35,497 89.48 

2048 25,495 36,108 81.36 

2049 23,973 36,378 77.93 

2050 45,106 34,310 100.64 

 

  



(ii) Purchase price and maintenance cost 

Here, the breakdown of the purchase price (CAPEX) and the maintenance costs related are 

presented. The purchase price has been separated per each year of lifetime, following the 

estimated average lifetime of a FCV (10 years). 

 
FCV 

CAPEX 
(k€/year) 

Petrol ICEV 
CAPEX 

(k€/year) 

FCV 
maint. 

(k€/year) 

Petrol ICEV 
maint. 

(k€/year) 

ΔPurch. 
(€/year) 

ΔMaint. 
(€/year) 

ΔPurch&Maint 
(€/year) 

2020 4.55 2.57 3.03 2.14 1,980.00 892.00 2,872.00 

2021 4.36 2.56 2.91 2.14 1,793.71 768.41 2,562.12 

2022 4.23 2.56 2.82 2.13 1,664.38 682.79 2,347.17 

2023 4.11 2.56 2.74 2.13 1,549.28 606.66 2,155.94 

2024 4.00 2.55 2.67 2.13 1,445.96 538.37 1,984.34 

2025 3.90 2.55 2.60 2.13 1,352.52 476.68 1,829.21 

2026 3.81 2.55 2.54 2.12 1,267.48 420.59 1,688.07 

2027 3.73 2.54 2.49 2.12 1,189.65 369.30 1,558.95 

2028 3.66 2.54 2.44 2.12 1,118.07 322.18 1,440.25 

2029 3.59 2.54 2.39 2.11 1,051.95 278.70 1,330.65 

2030 3.47 2.53 2.31 2.11 936.00 202.00 1,138.00 

2031 3.46 2.53 2.31 2.11 933.58 200.98 1,134.56 

2032 3.41 2.52 2.27 2.10 880.31 166.08 1,046.39 

2033 3.35 2.52 2.23 2.10 830.45 133.43 963.89 

2034 3.30 2.52 2.20 2.10 783.65 102.84 886.49 

2035 3.25 2.51 2.17 2.10 739.62 74.08 813.71 

2036 3.21 2.51 2.14 2.09 698.11 47.01 745.12 

2037 3.17 2.51 2.11 2.09 658.89 21.46 680.35 

2038 3.12 2.50 2.08 2.09 621.77 -2.69 619.08 

2039 3.09 2.50 2.06 2.08 586.57 -25.55 561.02 

2040 3.05 2.50 2.03 2.08 552.00 -48.00 504.00 

2041 3.01 2.49 2.01 2.08 521.36 -67.82 453.54 

2042 2.98 2.49 1.99 2.07 491.09 -87.40 403.69 

2043 2.95 2.49 1.96 2.07 462.23 -106.05 356.18 

2044 2.92 2.48 1.94 2.07 434.67 -123.82 310.85 

2045 2.89 2.48 1.92 2.07 408.33 -140.78 267.55 

2046 2.86 2.47 1.91 2.06 383.13 -156.98 226.14 

2047 2.83 2.47 1.89 2.06 358.99 -172.47 186.52 

2048 2.80 2.47 1.87 2.06 335.85 -187.30 148.55 

2049 2.78 2.46 1.85 2.05 313.65 -201.50 112.15 

2050 2.77 2.46 1.85 2.05 312.00 -202.00 110.00 

 

  



(iii) Running cost 

The running cost per year is presented in the next table. As it can be seen, the difference is 

considerable at the beginning, but it decreases rapidly until almost equalizing the costs in 2036. 

After that, it continues decreasing at a similar rate until 2050. 

 Petrol ICEV RC 
(€/km) 

FCV RC 
(€/km) 

RC difference 
(€/km) 

Running cost 
(€/year) 

2020 0.100 0.111 0.010 146.86 

2021 0.097 0.106 0.010 135.68 

2022 0.093 0.103 0.010 141.16 

2023 0.089 0.099 0.010 146.33 

2024 0.086 0.096 0.011 150.84 

2025 0.083 0.094 0.010 146.02 

2026 0.083 0.092 0.009 127.14 

2027 0.083 0.090 0.007 94.07 

2028 0.084 0.088 0.004 57.62 

2029 0.085 0.087 0.002 24.47 

2030 0.085 0.084 -0.001 -15.57 

2031 0.086 0.084 -0.002 -26.55 

2032 0.087 0.083 -0.003 -48.10 

2033 0.087 0.083 -0.005 -67.52 

2034 0.088 0.082 -0.006 -85.12 

2035 0.089 0.082 -0.007 -101.15 

2036 0.089 0.081 -0.008 -115.88 

2037 0.090 0.081 -0.009 -129.58 

2038 0.091 0.081 -0.010 -142.49 

2039 0.091 0.080 -0.011 -154.87 

2040 0.092 0.080 -0.012 -166.41 

2041 0.093 0.080 -0.013 -178.98 

2042 0.093 0.080 -0.014 -191.17 

2043 0.094 0.079 -0.015 -203.75 

2044 0.095 0.079 -0.015 -216.92 

2045 0.095 0.079 -0.016 -230.90 

2046 0.096 0.078 -0.018 -245.88 

2047 0.097 0.078 -0.019 -262.07 

2048 0.097 0.077 -0.020 -279.63 

2049 0.098 0.076 -0.021 -298.77 

2050 0.098 0.076 -0.023 -320.00 

 

 

 

 

 



(iv) Total cost of ownership 

After having presented all the different aspects included in the TCO, its value per year is shown 

hereafter. Further, the total Δ TCO is obtained by multiplying the Δ TCO by the number of FCVs 

per year. At last  

 FCVs 
Δ TCO 

(€/year) 
Total Δ TCO 

(M€) 

Total Δ TCO 
present values 

(M€) 

2020 31,565 4,258.33 134,41 116,11 

2021 41,713 3,086.11 134,61 110,74 

2022 54,671 2,854.15 167,31 131,09 

2023 70,249 2,629.55 202,29 150,95 

2024 88,257 2,435.55 239,78 170,41 

2025 108,506 2,214.51 273,36 185,02 

2026 130,807 2,057.02 311,37 200,71 

2027 154,971 1,876.45 343,28 210,74 

2028 180,807 1,696.37 370,29 216,50 

2029 208,127 1,539.97 396,04 220,53 

2030 236,744 1,305.85 375,86 199,33 

2031 266,460 1,261.08 394,58 199,29 

2032 297,095 1,145.27 402,84 193,77 

2033 328,455 1,034.19 405,89 185,94 

2034 360,352 930.02 404,78 176,60 

2035 392,596 897.73 425,55 176,82 

2036 424,998 762.24 400,65 158,55 

2037 457,368 681.37 392,18 147,81 

2038 489,517 598.74 377,79 135,61 

2039 521,256 528.55 364,72 124,68 

2040 552,403 453.68 334,74 108,98 

2041 582,744 385.03 308,99 95,81 

2042 612,115 322.54 282,72 83,49 

2043 640,319 252.56 247,40 69,58 

2044 667,164 190.68 213,12 57,08 

2045 692,463 128.20 174,86 44,61 

2046 716,026 70.00 136,43 33,15 

2047 737,663 13.93 96,91 22,42 

2048 757,186 -49.72 49,48 10,90 

2049 774,403 -108.68 3,65 0,77 

2050 789,148 -109.36 -19,13 -3,82 

 

  



APPENDIX C. ECONOMIC COMPARISON. GOVERNMENTAL FRAMEWORK. 

As in the previous chapter, the relevant data used and the results obtained regarding the 

economic comparison for the governmental framework is presented here. 

(i) Subsidies for FCVs 

The subsidies for FCVs are presented in the following table. They depend directly on the 

difference between the FCV and petrol ICEV prices, which is reduced to a difference of less than 

3 k€ in 2050. Nevertheless, 2 k€ of the difference is assumed by the user, also reducing the 

difference that the government has to subsidize. 

 
ICEV price + 2 k€ 

(no VAT)  
 (k€) 

Price for FCVs 
(VAT inc.) 

(k€) 

Difference with 
real FCV price 

(k€) 

Total FCV 
subsidies 

(M€) 

FCV subsidies 
present values 

(M€) 

2020 23.40 28.08 17.40 549.23 474.45 

2021 23.38 28.06 15.53 157.55 129.62 

2022 23.36 28.03 14.22 184.26 144.37 

2023 23.34 28.01 13.06 203.40 151.78 

2024 23.32 27.98 12.01 216.31 153.72 

2025 23.30 27.96 10.92 221.12 149.66 

2026 23.26 27.91 10.23 228.07 147.01 

2027 23.22 27.86 9.46 228.60 140.34 

2028 23.18 27.82 8.76 226.24 132.28 

2029 23.14 27.77 8.11 221.50 123.34 

2030 23.10 27.72 6.96 418.87 222.13 

2031 23.08 27.70 6.92 275.89 139.35 

2032 23.05 27.66 6.39 278.51 133.97 

2033 23.02 27.63 5.89 276.52 126.67 

2034 22.99 27.59 5.42 270.68 118.09 

2035 22.96 27.55 4.98 261.64 108.72 

2036 22.93 27.52 4.57 249.98 98.93 

2037 22.90 27.48 4.18 236.22 89.03 

2038 22.87 27.44 3.81 220.80 79.25 

2039 22.84 27.41 3.46 204.14 69.79 

2040 22.80 27.36 3.12 284.95 92.77 

2041 22.78 27.33 2.81 196.99 61.08 

2042 22.75 27.29 2.50 182.70 53.95 

2043 22.72 27.26 2.22 166.52 46.83 

2044 22.68 27.22 1.94 148.98 39.91 

2045 22.65 27.18 1.68 130.57 33.31 

2046 22.62 27.15 1.43 111.70 27.14 

2047 22.59 27.11 1.19 92.75 21.46 

2048 22.56 27.07 0.96 74.09 16.33 

2049 22.53 27.04 0.73 56.03 11.76 

2050 22.50 27.00 0.72 76.37 15.26 

  



(ii) Taxes for purchasing of FCVs 

The subsidy of taxes for the purchasing of FCVs only exists for the 33.333 first FCVs. Thus, it 

mainly affects to the first year because there are already 31.565 FCVs. After this, as the FCV has 

a higher price (even after the subsidy on their price) it also requires higher taxes to pay, 

generating some profits as it can be seen in the next table. 

 FCV taxes 
(k€/vehicle) 

Petrol ICEV taxes 
(k€/vehicle) 

Purchasing taxes 
(M€) 

Purch. taxes 
present values 

(M€) 

2020 4.68 4.28 68.36 59.05 

2021 4.68 4.28 -4.06 -3.34 

2022 4.67 4.27 -5.18 -4.06 

2023 4.67 4.27 -6.23 -4.65 

2024 4.66 4.26 -7.20 -5.12 

2025 4.66 4.26 -8.10 -5.48 

2026 4.65 4.25 -8.92 -5.75 

2027 4.64 4.24 -9.67 -5.93 

2028 4.64 4.24 -10.33 -6.04 

2029 4.63 4.23 -10.93 -6.09 

2030 4.62 4.22 -24.07 -12.77 

2031 4.62 4.22 -15.95 -8.05 

2032 4.61 4.21 -17.44 -8.39 

2033 4.60 4.20 -18.78 -8.60 

2034 4.60 4.20 -19.96 -8.71 

2035 4.59 4.19 -21.00 -8.72 

2036 4.59 4.19 -21.88 -8.66 

2037 4.58 4.18 -22.61 -8.52 

2038 4.57 4.17 -23.19 -8.33 

2039 4.57 4.17 -23.62 -8.08 

2040 4.56 4.16 -36.53 -11.89 

2041 4.56 4.16 -28.08 -8.71 

2042 4.55 4.15 -29.19 -8.62 

2043 4.54 4.14 -30.06 -8.45 

2044 4.54 4.14 -30.70 -8.22 

2045 4.53 4.13 -31.12 -7.94 

2046 4.52 4.12 -31.31 -7.61 

2047 4.52 4.12 -31.27 -7.23 

2048 4.51 4.11 -31.00 -6.83 

2049 4.51 4.11 -30.51 -6.40 

2050 4.50 4.10 -42.43 -8.48 

 

 

  



APPENDIX D. EXTERNAL COSTS 

In this appendix, all those relevant features regarding the external costs will be presented for all 

the different years included in the project. 

(i) CO2 abatement 

 FCV Emissions 
(tonnes) 

ICEV Emissions 
(tonnes) 

Δ Emissions 
(tonnes) 

CO2 abatement 
(M€) 

CO2 abatm. 
present values 

(M€) 

2020 6,681.94 77,336.80 70,654.86 2.83 2.44 

2021 8,843.06 97,598.40 88,755.34 4.02 3.31 

2022 11,499.83 121,513.57 110,013.74 5.56 4.36 

2023 14,614.63 148,694.87 134,080.23 7.48 5.58 

2024 18,149.85 178,989.46 160,839.61 9.79 6.96 

2025 22,067.88 212,519.56 190,451.68 12.56 8.50 

2026 26,331.10 254,363.71 228,032.61 16.17 10.42 

2027 30,901.90 298,378.89 267,476.99 20.28 12.45 

2028 35,742.67 346,210.42 310,467.75 25.04 14.64 

2029 40,815.78 396,612.11 355,796.33 30.37 16.91 

2030 46,083.64 451,815.91 405,732.27 36.52 19.37 

2031 51,508.62 505,244.77 453,736.15 42.89 21.66 

2032 57,053.11 563,127.53 506,074.42 50.08 24.09 

2033 62,679.50 622,557.43 559,877.93 57.82 26.49 

2034 68,350.17 683,189.58 614,839.41 66.08 28.83 

2035 74,027.52 744,670.38 670,642.86 74.82 31.09 

2036 79,673.92 806,637.15 726,963.23 83.98 33.23 

2037 85,251.76 868,717.85 783,466.09 93.50 35.24 

2038 90,723.43 930,530.74 839,807.30 103.33 37.09 

2039 96,051.32 991,683.98 895,632.66 113.38 38.76 

2040 101,197.81 1,051,775.31 950,577.50 123.57 40.23 

2041 106,125.29 1,110,391.61 1,004,266.31 133.83 41.50 

2042 110,796.15 1,167,108.54 1,056,312.39 144.04 42.54 

2043 115,172.76 1,221,490.08 1,106,317.32 154.11 43.34 

2044 119,217.53 1,273,088.12 1,153,870.59 163.94 43.91 

2045 122,892.82 1,321,441.94 1,198,549.11 173.42 44.24 

2046 126,161.04 1,366,077.78 1,239,916.74 182.42 44.32 

2047 128,984.56 1,406,508.30 1,277,523.74 190.83 44.15 

2048 131,325.78 1,442,232.07 1,310,906.29 198.52 43.75 

2049 133,147.08 1,472,732.96 1,339,585.88 205.38 43.10 

2050 134,410.84 1,497,479.64 1,363,068.79 211.28 42.23 

 

  



(ii) Platinum depletion 

 
Platinum 
per FCV 

(g/vehicle) 

Platinum per 
 petrol ICEV 
(g/vehicle) 

Platinum 
Cost 
(€/g) 

Platinum 
depletion 

(M€) 

Platinum depletion 
present values 

(M€) 

2020 35.00 5.6 20.94 19.43 16.79 

2021 32.11 5.6 21.26 5.72 4.70 

2022 29.68 5.6 21.58 6.73 5.28 

2023 27.61 5.6 21.90 7.51 5.60 

2024 25.82 5.6 22.23 8.09 5.75 

2025 24.26 5.6 22.56 8.52 5.77 

2026 22.88 5.6 22.90 8.83 5.69 

2027 21.66 5.6 23.24 9.02 5.54 

2028 20.57 5.6 23.59 9.13 5.34 

2029 19.59 5.6 23.95 9.15 5.10 

2030 18.70 5.6 24.30 19.17 10.16 

2031 17.90 5.6 24.67 12.09 6.11 

2032 17.16 5.6 25.04 12.62 6.07 

2033 16.48 5.6 25.41 12.98 5.95 

2034 15.86 5.6 25.80 13.21 5.76 

2035 15.29 5.6 26.18 13.31 5.53 

2036 14.75 5.6 26.58 13.31 5.27 

2037 14.26 5.6 26.97 13.21 4.98 

2038 13.80 5.6 27.38 13.02 4.67 

2039 13.37 5.6 27.79 12.75 4.36 

2040 12.96 5.6 28.21 18.97 6.18 

2041 12.59 5.6 28.63 14.04 4.35 

2042 12.23 5.6 29.06 14.06 4.15 

2043 11.89 5.6 29.49 13.95 3.92 

2044 11.58 5.6 29.94 13.73 3.68 

2045 11.28 5.6 30.39 13.42 3.42 

2046 10.99 5.6 30.84 13.02 3.16 

2047 10.73 5.6 31.30 12.54 2.90 

2048 10.47 5.6 31.77 11.99 2.64 

2049 10.23 5.6 32.25 11.38 2.39 

2050 10.00 5.6 32.73 15.28 3.05 

 

The amount of platinum used in FCVs follows the evolution predicted by [41], where it goes 

down from 35 g/vehicle in 2020, to 10 g/vehicle in 2050 following the exponential curve shown 

below. 



  

The legend 1-2-3-4 correspond to the years 2020-2030-2040-2050 respectively 
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(iii) Air pollutants abatement 

The air pollutants emissions that FCVs produce are constant if they are looked at with a same 

hydrogen consumption level (e.g. kg H2/100 km) throughout the scope of the project. 

Nevertheless, as their efficiency improves, the hydrogen consumption diminishes, translating in 

a decrease of the air pollutant emissions. This is reflected in the following table. 

 

FCV efficiency 
(kg H2/100 km) 

NOx 
(g/100km) 

CO 
(g/100km) 

HC 
(g/100km) 

2020 0.87 4.09 0.78 3.83 

2021 0.86 4.04 0.77 3.78 

2022 0.85 4.01 0.77 3.75 

2023 0.85 3.98 0.76 3.73 

2024 0.84 3.96 0.76 3.70 

2025 0.84 3.93 0.75 3.68 

2026 0.83 3.91 0.75 3.66 

2027 0.83 3.88 0.74 3.63 

2028 0.82 3.85 0.74 3.61 

2029 0.81 3.83 0.73 3.58 

2030 0.80 3.76 0.72 3.52 

2031 0.80 3.77 0.72 3.53 

2032 0.80 3.75 0.72 3.51 

2033 0.79 3.72 0.71 3.48 

2034 0.79 3.70 0.71 3.46 

2035 0.78 3.67 0.70 3.44 

2036 0.78 3.64 0.70 3.41 

2037 0.77 3.62 0.69 3.39 

2038 0.76 3.59 0.69 3.36 

2039 0.76 3.56 0.68 3.34 

2040 0.75 3.54 0.68 3.31 

2041 0.75 3.51 0.67 3.29 

2042 0.74 3.49 0.67 3.26 

2043 0.74 3.46 0.66 3.24 

2044 0.73 3.43 0.66 3.21 

2045 0.73 3.41 0.65 3.19 

2046 0.72 3.38 0.65 3.17 

2047 0.71 3.36 0.64 3.14 

2048 0.71 3.33 0.64 3.12 

2049 0.70 3.30 0.63 3.09 

2050 0.70 3.28 0.63 3.07 

 

  



This fact also happens with the petrol ICEV emissions, as shown in the next table. 

 

Petrol ICEV efficiency 
(l/100 km) 

NOx 
(g/100km) 

CO 
(g/100km) 

HC 
(g/100km) 

2020 6.20 6.00 100.00 10.00 

2021 5.99 5.79 96.54 9.65 

2022 5.75 5.57 92.82 9.28 

2023 5.51 5.33 88.85 8.89 

2024 5.25 5.08 84.63 8.46 

2025 4.97 4.81 80.16 8.02 

2026 4.95 4.79 79.79 7.98 

2027 4.93 4.77 79.46 7.95 

2028 4.91 4.75 79.17 7.92 

2029 4.89 4.74 78.92 7.89 

2030 4.88 4.72 78.71 7.87 

2031 4.87 4.71 78.53 7.85 

2032 4.86 4.70 78.39 7.84 

2033 4.85 4.70 78.27 7.83 

2034 4.85 4.69 78.17 7.82 

2035 4.84 4.69 78.09 7.81 

2036 4.84 4.68 78.04 7.80 

2037 4.84 4.68 78.00 7.80 

2038 4.83 4.68 77.97 7.80 

2039 4.83 4.68 77.95 7.79 

2040 4.83 4.68 77.94 7.79 

2041 4.83 4.68 77.93 7.79 

2042 4.83 4.68 77.92 7.79 

2043 4.83 4.67 77.91 7.79 

2044 4.83 4.67 77.89 7.79 

2045 4.83 4.67 77.87 7.79 

2046 4.83 4.67 77.84 7.78 

2047 4.82 4.67 77.79 7.78 

2048 4.82 4.66 77.72 7.77 

2049 4.81 4.66 77.64 7.76 

2050 4.80 4.65 77.50 7.75 

 

  



With these values shown previously, following the hydrogen consumption and the total 

kilometres travelled, the differences among emissions and their respective benefits are the 

followings. 

 ΔNOx 
(tonnes) 

ΔCO 
(tonnes) 

ΔHC 
(tonnes) 

NOx 
(M€) 

CO 
(M€) 

HC 
(M€) 

Air emiss. 
abatement 

(M€) 

Air emiss. abatment 
present values 

(M€) 

2020 8.44 438.45 27.27 0.07 0.96 0.09 1.12 0.97 

2021 10.41 567.40 34.81 0.09 1.24 0.12 1.44 1.19 

2022 12.09 713.91 42.87 0.10 1.56 0.14 1.80 1.41 

2023 13.37 873.92 51.15 0.11 1.91 0.17 2.19 1.64 

2024 13.90 1,040.23 59.01 0.12 2.27 0.20 2.59 1.84 

2025 13.33 1,205.42 65.82 0.11 2.63 0.22 2.97 2.01 

2026 16.08 1,441.21 78.82 0.14 3.15 0.26 3.55 2.29 

2027 19.14 1,695.83 92.95 0.16 3.71 0.31 4.18 2.56 

2028 22.52 1,967.74 108.14 0.19 4.30 0.36 4.85 2.84 

2029 26.22 2,255.40 124.32 0.22 4.93 0.41 5.56 3.10 

2030 31.91 2,585.01 144.22 0.27 5.65 0.48 6.40 3.39 

2031 34.61 2,871.73 159.44 0.29 6.28 0.53 7.10 3.59 

2032 39.32 3,197.17 178.23 0.33 6.99 0.59 7.91 3.81 

2033 44.36 3,531.89 197.75 0.37 7.72 0.66 8.75 4.01 

2034 49.73 3,874.13 217.91 0.42 8.47 0.72 9.61 4.19 

2035 55.43 4,222.03 238.62 0.47 9.23 0.79 10.49 4.36 

2036 61.44 4,573.65 259.78 0.52 10.00 0.86 11.38 4.50 

2037 67.72 4,926.96 281.28 0.57 10.77 0.93 12.27 4.63 

2038 74.27 5,279.79 303.00 0.63 11.54 1.01 13.17 4.73 

2039 81.03 5,629.88 324.79 0.68 12.31 1.08 14.07 4.81 

2040 87.97 5,974.85 346.53 0.74 13.06 1.15 14.95 4.87 

2041 95.04 6,312.18 368.04 0.80 13.80 1.22 15.82 4.91 

2042 102.18 6,639.24 389.16 0.86 14.51 1.29 16.67 4.92 

2043 109.32 6,953.27 409.71 0.92 15.20 1.36 17.48 4.92 

2044 116.39 7,251.39 429.50 0.98 15.85 1.43 18.26 4.89 

2045 123.32 7,530.60 448.30 1.04 16.46 1.49 18.99 4.84 

2046 130.02 7,787.79 465.92 1.09 17.02 1.55 19.67 4.78 

2047 136.38 8,019.74 482.11 1.15 17.53 1.60 20.28 4.69 

2048 142.33 8,223.14 496.64 1.20 17.98 1.65 20.82 4.59 

2049 147.75 8,394.59 509.27 1.24 18.35 1.69 21.29 4.47 

2050 152.31 8,526.86 519.37 1.28 18.64 1.73 21.65 4.33 

 

  



(iv) Noise abatement 

 FCV market share 
(%) 

Vehicle distance 
(1000 vkm/year) 

Noise abatement 
(M€) 

Noise abatement 
present values 

(M€) 

2020 2.00% 117,527 0.20 0.17 

2021 2.64% 155,311 0.26 0.22 

2022 3.46% 203,558 0.35 0.27 

2023 4.45% 261,559 0.44 0.33 

2024 5.59% 328,609 0.56 0.40 

2025 6.87% 404,002 0.68 0.46 

2026 8.29% 487,036 0.83 0.53 

2027 9.82% 577,007 0.98 0.60 

2028 11.46% 673,202 1.14 0.67 

2029 13.19% 774,923 1.31 0.73 

2030 15.00% 881,474 1.49 0.79 

2031 16.88% 992,116 1.68 0.85 

2032 18.82% 1,106,180 1.87 0.90 

2033 20.81% 1,222,943 2.07 0.95 

2034 22.83% 1,341,706 2.27 0.99 

2035 24.87% 1,461,760 2.48 1.03 

2036 26.93% 1,582,403 2.68 1.06 

2037 28.98% 1,702,927 2.89 1.09 

2038 31.02% 1,822,628 3.09 1.11 

2039 33.03% 1,940,803 3.29 1.12 

2040 35.00% 2,056,773 3.49 1.14 

2041 36.92% 2,169,742 3.68 1.14 

2042 38.78% 2,279,100 3.86 1.14 

2043 40.57% 2,384,112 4.04 1.14 

2044 42.27% 2,484,065 4.21 1.13 

2045 43.87% 2,578,261 4.37 1.11 

2046 45.37% 2,665,993 4.52 1.10 

2047 46.74% 2,746,555 4.66 1.08 

2048 47.97% 2,819,245 4.78 1.05 

2049 49.07% 2,883,350 4.89 1.03 

2050 50.00% 2,938,250 4.98 1.00 

 

  



APPENDIX E. SOCIAL COMPARISON 

The results of the social comparison will be presented hereafter. 

 TCO 
(M€) 

CO2 
abatement 

(M€) 

Platinum 
depletion 

(M€) 

Pollution 
abatement 

(M€) 

Noise 
abatement 

(M€) 

Social 
present values 

(M€) 

2020 -116.11 2.44 -16.79 0.97 0.17 -129.32 

2021 -110.74 3.31 -4.70 1.19 0.22 -110.74 

2022 -131.09 4.36 -5.28 1.41 0.27 -130.33 

2023 -150.95 5.58 -5.60 1.64 0.33 -149.01 

2024 -170.41 6.96 -5.75 1.84 0.40 -166.97 

2025 -185.02 8.50 -5.77 2.01 0.46 -179.82 

2026 -200.71 10.42 -5.69 2.29 0.53 -193.16 

2027 -210.74 12.45 -5.54 2.56 0.60 -200.67 

2028 -216.50 14.64 -5.34 2.84 0.67 -203.70 

2029 -220.53 16.91 -5.10 3.10 0.73 -204.88 

2030 -199.33 19.37 -10.16 3.39 0.79 -185.94 

2031 -199.29 21.66 -6.11 3.59 0.85 -179.30 

2032 -193.77 24.09 -6.07 3.81 0.90 -171.04 

2033 -185.94 26.49 -5.95 4.01 0.95 -160.44 

2034 -176.60 28.83 -5.76 4.19 0.99 -148.35 

2035 -176.82 31.09 -5.53 4.36 1.03 -145.88 

2036 -158.55 33.23 -5.27 4.50 1.06 -125.02 

2037 -147.81 35.24 -4.98 4.63 1.09 -111.83 

2038 -135.61 37.09 -4.67 4.73 1.11 -97.35 

2039 -124.68 38.76 -4.36 4.81 1.12 -84.35 

2040 -108.98 40.23 -6.18 4.87 1.14 -68.92 

2041 -95.81 41.50 -4.35 4.91 1.14 -52.62 

2042 -83.49 42.54 -4.15 4.92 1.14 -39.04 

2043 -69.58 43.34 -3.92 4.92 1.14 -24.11 

2044 -57.08 43.91 -3.68 4.89 1.13 -10.83 

2045 -44.61 44.24 -3.42 4.84 1.11 2.17 

2046 -33.15 44.32 -3.16 4.78 1.10 13.88 

2047 -22.42 44.15 -2.90 4.69 1.08 24.60 

2048 -10.90 43.75 -2.64 4.59 1.05 35.84 

2049 -0.77 43.10 -2.39 4.47 1.03 45.44 

2050 3.82 42.23 -3.05 4.33 1.00 48.32 

 

The extrapolation until the year of total recovery has been performed following the curve 

presented below. The positive tendency presented from 2029 to 2050 has been used to calculate 

the regression curve, which afterwards has been used to calculate the results of the different 

years until the total recovery.  



 

The results until the total recovery are presented in the next table, arriving to the year of total 

recovery also in 2068. 

 
Social 

present values 
(M€) 

Social NPV 
(M€) 

2051 72.63 -3.030.73 

2052 85.43 -2.945.31 

2053 98.22 -2.847.08 

2054 111.02 -2.736.06 

2055 123.82 -2.612.24 

2056 136.61 -2.475.63 

2057 149.41 -2.326.22 

2058 162.21 -2.164.01 

2059 175.00 -1.989.00 

2060 187.80 -1.801.20 

2061 200.60 -1.600.60 

2062 213.39 -1.387.21 

2063 226.19 -1.161.02 

2064 238.99 -922.03 

2065 251.78 -670.25 

2066 264.58 -405.67 

2067 277.38 -128.29 

2068 290.17 161.89 

 

  

y = 12.796.663,51x - 26.173.325.331,14
R² = 0,99
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APPENDIX F. GOVERNMENTAL COMPARISON 

The results of the governmental comparison will be presented hereafter. 

 
Economic 

comparison 
(M€) 

CO2 
abatement 

(M€) 

Platinum 
depletion  

(M€) 

Pollution 
abatement 

(M€) 

Noise 
abatement 

(M€) 

Governm.  
present val. 

(M€) 

2020 -554.43 2.44 -16.79 0.97 0.17 -567.64 

2021 -128.55 3.31 -4.70 1.19 0.22 -128.54 

2022 -142.42 4.36 -5.28 1.41 0.27 -141.66 

2023 -149.09 5.58 -5.60 1.64 0.33 -147.15 

2024 -150.43 6.96 -5.75 1.84 0.40 -146.99 

2025 -145.88 8.50 -5.77 2.01 0.46 -140.68 

2026 -141.26 10.42 -5.69 2.29 0.53 -133.71 

2027 -134.41 12.45 -5.54 2.56 0.60 -124.33 

2028 -126.23 14.64 -5.34 2.84 0.67 -113.43 

2029 -117.25 16.91 -5.10 3.10 0.73 -101.61 

2030 -209.37 19.37 -10.16 3.39 0.79 -195.98 

2031 -131.29 21.66 -6.11 3.59 0.85 -111.30 

2032 -125.58 24.09 -6.07 3.81 0.90 -102.85 

2033 -118.07 26.49 -5.95 4.01 0.95 -92.57 

2034 -109.39 28.83 -5.76 4.19 0.99 -81.13 

2035 -99.99 31.09 -5.53 4.36 1.03 -69.05 

2036 -90.27 33.23 -5.27 4.50 1.06 -56.74 

2037 -80.51 35.24 -4.98 4.63 1.09 -44.53 

2038 -70.93 37.09 -4.67 4.73 1.11 -32.67 

2039 -61.71 38.76 -4.36 4.81 1.12 -21.38 

2040 -80.88 40.23 -6.18 4.87 1.14 -40.82 

2041 -52.37 41.50 -4.35 4.91 1.14 -9.19 

2042 -45.33 42.54 -4.15 4.92 1.14 -0.89 

2043 -38.38 43.34 -3.92 4.92 1.14 7.09 

2044 -31.68 43.91 -3.68 4.89 1.13 14.57 

2045 -25.37 44.24 -3.42 4.84 1.11 21.40 

2046 -19.53 44.32 -3.16 4.78 1.10 27.50 

2047 -14.23 44.15 -2.90 4.69 1.08 32.79 

2048 -9.49 43.75 -2.64 4.59 1.05 37.25 

2049 -5.36 43.10 -2.39 4.47 1.03 40.85 

2050 -6.78 42.23 -3.05 4.33 1.00 37.71 

The extrapolation until the year of total recovery has been performed following the curve 

presented below. The positive tendency presented from 2023 to 2050 has been used to calculate 

the regression curve, which afterwards has been used to calculate the results of the different 

years until the total recovery. 



 

The results until the total recovery are presented in the next table, arriving to the year of total 

recovery also in 2069. 

 

Governmental 
present values 

(M€) 

Governmental 
NPV 
(M€) 

2051 62.48 -2.323.17 

2052 70.60 -2.252.57 

2053 78.72 -2.173.85 

2054 86.85 -2.087.00 

2055 94.97 -1.992.03 

2056 103.09 -1.888.94 

2057 111.21 -1.777.73 

2058 119.33 -1.658.40 

2059 127.45 -1.530.94 

2060 135.58 -1.395.37 

2061 143.70 -1.251.67 

2062 151.82 -1.099.85 

2063 159.94 -939.92 

2064 168.06 -771.85 

2065 176.18 -595.67 

2066 184.30 -411.37 

2067 192.43 -218.94 

2068 200.55 -18.39 

2069 208.67 190.27 
 

 

y = 8.121.470,91x - 16.594.654.839,17
R² = 0,92
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