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Introduction
In the context of the problematic situation of the global warming, different solutions 

are proposed for the reduction of the CO2 emissions of automotive transportation means. 
Individual personal vehicles are concerned as also public transportation or even freight 
transport on road. Till today the automotive industry has followed the fast evolution of the 
battery technology regarding the acceptable energy density and can produce full electric 
vehicle solutions with a sufficient possible range. This solution, however, is confronted 
with the difficulty to charge the batteries with a high power level, corresponding to a high 
range-flowrate [1]. Fast charging processes, even if the battery cooling has done significant 
progresses, are indisputably bound to limited efficiency [2]. A highly interesting solution for 
zero-emissions vehicles is the Hydrogen propulsion system based on an electric motorization 
fed from a fuel cell, itself powered from a pressured hydrogen tank [3]. The question addressed 
in this study is the quantitative implications of a hypothetic conversion process where most 
of the autonomous vehicles world-wide would be transformed into green-hydrogen powered 
ones. The analysis begins with an evaluation of the different amounts of energy at different 
levels of the powering chain, in comparison to classical Diesel-powered ICE’s. Then, the 
calculation goes further for the evaluation of the needed amount of hydrogen for an equivalent 
powering of the same vehicle fleet.

The production of this amount of hydrogen through electrolysers is then evaluated, also 
the amount of the needed mass of water to be electrolyzed. The electric power source, namely 
an equivalent ultra-large photovoltaic plant in his global surface is analysed. The interesting 
question of producing the powering infrastructure is addressed in an evaluation of the needed 
time to produce the PV panels by a realistic producing industry. Figure 1 shows the two systems 
which are compared, namely a propulsion chain using Diesel ICE (Internal Combustion 
Engine) and a fuel-cell hydrogen powered vehicle. The first line shows the elements of the 
ICE system with the annual energy needed at the wheels En_ann_wheels and the corresponding 
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Abstract
The conversion of the world vehicle park to Green Hydrogen appears as an interesting possibility to 
suppress one of the most important source of CO2 emissions in the actual problematic situation of the 
climate change. Green Hydrogen propulsion supposes an electric drive system powered from a fuel cell, 
itself fed from a hydrogen reservoir. The green nature of the used hydrogen means not hydrogen produced 
from fossil resources, but a production of this hydrogen based on water electrolysis where the electric 
power comes from renewable sources as photovoltaics or wind. Such an interesting system, however, 
must be evaluated from the quantitative point of view, considering the basic infrastructure needed. The 
considered amounts of energy at different levels of comparison are evaluated, as the power amount to 
be installed for the yearly production of the consumed quantity of hydrogen. The paper evaluates also 
the needed quantity of water consumed by the electrolysers. Finally, the infrastructure of the needed 
PV power plant is estimated, in its design, but also in the problematic of its establishment meaning the 
needed time to produce the amount of PV panels by a realistic PV industry.
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energy in the form of the consumed fuel annually En_ann. On the 
second line, the fuel-cell/hydrogen solution is represented. From 
the same value of the annual wheel energy as was calculated for 
the Diesel version, the amount of hydrogen energy is indicated 
En_ann_H2, as the corresponding mass of hydrogen M_ann_H2. 

Regarding the needs of the fuel-cell system, the mass of water 
and the quantity of electrical energy are indicated. To simplify the 
evaluation, the energy efficiency of the power electronic converters 
are not considered explicitly, but are integrated in the efficiencies of 
the electrolyser and of the fuel cell.

ICE
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En_ann

M_ann

En_ann_wheels

En_ann_wheels

En_ann_H2En_el_ann_PV

H2O

Figure 1: Comparison of systems Fuel-Cell versus Diesel ICE.

Yearly Needs of Energy in the World for the 
Autonomous Vehicles

In references [4,5], it is stated that for a conversion of 1.2 
billion vehicles to green hydrogen, only 4 times the actual annual 
production (50 Million of tons) of hydrogen would be needed 
(200 Million of tons). The first evaluation made in this paper tries 
to verify this affirmation by comparing the consumption of such 
vehicles with conventional Diesel ICE vehicles.

Yearly consumption of diesel fuel in the world
As was indicated in the introduction, the world-wide fleet of 

vehicles is estimated to 1.2 billion units. For the estimation of the 
related fuel consumption, a travel distance of 15’000km per year 
and per vehicle is considered, with for each unit a consumption of 
8 l/100km.

On the base of this data, the volume of annually consumed fuel 
is estimated as

9 1215000 /_ 1.2 10 8 1.44 10
100

km anVol ann l l= ⋅ ⋅ = ⋅                            (1)

The corresponding mass of this volume is  
12 12M_ 1.44 10 0.83 / 1.19 10ann l kg l kg= ⋅ ⋅ = ⋅                            (2)

And the related value of its energy content is
12 12En_ 1.19 10 42.5 / 50.8 10ann kg MJ kg MJ= ⋅ ⋅ = ⋅  

or 
12 9En_ 50.8 10 / 3600 14 10MWhann MJ MWh= ⋅ = ⋅             (3)

This energy consumed by all the vehicles is defined at the level 
of the fuel tank. One can estimate the real propulsion energy which 
is defined at the level of the wheels.

9 9En_ _ 14 10 0.15 2.1 10ann wheels MWh MWh= × × = ×                  (4)

where the factor of 0.15 is the value of the « tank-to-wheels 
» efficiency of a vehicle driven by an Internal Combustion Engine 
(ICE) according to Table 1 [6].

Table 1: Efficiency of a vehicle driven by an ICE or by an electric drive [5].

Efficiency of the Propulsion System

ICE Propulsion Electric Vehicle

Fuel in Tank-Gasoline 100% Battery El energy 100%

Losses due to heat 62% Losses El. Motor and converter (90% and 
95%) 14%

Standby-Idle losses 17% Standby-Idle losses 8%

Driveline losses 6% Driveline and auxil. 6%

Tank-to-wheel efficiency 15% Battery-to-wheel efficiency 72%
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Equivalent energy and mass of hydrogen
For a propulsion system converted to fuel-cell and hydrogen, 

the demand of energy and the corresponding mass of the gas can 
be evaluated by a back calculation from the estimated value « at 
the wheels » calculated through rel. (4). The amount of hydrogen 

needed at the entry of the fuel-cell is obtained with a value of 
the efficiency of the new propulsion system of 0.36. This value 
comprises the electric motor, the power electronics converter, the 
standby and driveline losses (η=0.72, see Table 1) and the fuel-cell 
itself (η=0.5) as represented in Figure 2. The energy equivalent 
value of the annually consumed hydrogen is calculated through (5)

FCELY H2

H2O

η=72%η=50%η=90%η=50%

η=27%

η=19%

Figure 2:

9 9En_ _ 2 2.1 10 / 0.36 5.8 10reservoirann H MWh MWh= ⋅ = ⋅               (5)

The corresponding mass follows as
9 9

6
3

5.8 10 5.8 10Masse_ _ 2 175 10
33 10 / 33 / treservoir

MWh MWhann H t
Wh kg MWh

⋅ ⋅
= = = ⋅

⋅ ⋅

                    (6)

This value confirms the indicated amount of 4 times the today’s 
consumption of 50 Million tons of hydrogen. The difference can be 
assimilated to a different number of yearly covered kilometrage 
and to the fuel consumption of the considered cars.

Electrical Energy and Infrastructure

Electrical energy needed for the electrolysis
The amount of electrical energy needed for the electrolysis of 

the water to produce the amount of hydrogen is calculated with a 
global efficiency of η=0.45. This value comprises the electrolyser 
itself (η=0.5), and the installation for the compression to a high 
pressure of 700 bar (η=0.9). Included is also the efficiency of the 
power electronics converter used for the control of the current in 
the electrolyser and for the optimisation of the operating point of 
the solar panels (MPPT, Maximum Power Point Tracking). Again, 
the annual energy quantity is evaluated as it was for the previous 
quantities. 

9
95.8 10En_él_ _PV 12.8 10

0.45 el
MWhann MWh⋅

= = ⋅
                      (7)

This energy should be produced by a hypothetic gigantic 
photovoltaïc power plant, or by several large size plants spread 
over the world. The goal of the present calculation being to set 
in evidence the quantitative aspect of the substitution process 
globally. An equivalent size of such an infrastructure is calculated 
in the following section.

Floor space required for the electric power production
The estimation of the required floor space of the PV 

infrastructure is done on the base of a yield value per hectare. The 
example of the large PV plant of Agua Caliente in the United Stated 
of America gives the value of 

_
727en_specif_PV 748 /

971Agua Caliente el
GWh MWh ha
ha

= =                     (8)

Then we have
9

612.8 10A 17 10
748 /PV

el

MWh ha
MWh ha
⋅

= = ⋅                                      (9)

Or 6 4 2 10 2A 17 10 10 / 17 10PV ha m ha m= ⋅ ⋅ = ⋅

This surface corresponds to a square area of an edge equal to
10 2L 17 10 412PV m km= ⋅ =                                         (10)

Such a surface is represented for comparison in red on the map 
given in Figure 3.
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Figure 3: Compared surface of a PV infrastructure needed to power the water electrolysis for the production of 188 
million of tons of hydrogen yearly.

Mass of water needed for the electrolysis
The quantity of water consumed by the electrolysis is another 

important parameter of the alternative process of the hydrogen 
propulsion. This quantity can be evaluated using a factor of the 
mass ratio obtained by considering the respective atomic masses 
of the oxygen and of the hydrogen. The values of the atomic masses 
are inserted into the equation of the chemical transformation of the 
water into oxygen and hydrogen, namely

2 2 22 2H O H O→ +                                    (11)

A relation with the corresponding mass units can be written as

2(2 1 16) 2 2 2 16

Water Hydrogen

× + ×
→ + ×

↓ ↓
                           (12)

One can so define the mass unity ratio as

2
2

36 9
4mH O

mH
K = =                           (13)

From rel. (6) the needed mass of water is calculated
6 6

2Masse_ _ 9 175 10 1575 10ann H O t t= ⋅ ⋅ = ⋅  or 1.6 billion m3

The question of available water in such an amount is addressed, 
and the solution could be found by desalination of sea water. 

Industrial Production of the Needed PV Panels
Another challenge of the conversion of the world’s fleet of 

vehicles to hydrogen is the industrial production of the equipment 
needed. The production time for the needed PV panels is evaluated 

in this section, on the base of the value of the power to be installed. 
This value of power is estimated in considering the uniform 
repartition over the world and over the seasons of the solar 
irradiation. It is of evidence that this assumption will give a non-
accurate result, but the order of magnitude can be established. 
Regarding the PV earnings over the day, a uniform value of the 
earnings is considered, with an average value of 7 hours per day. 

The needed annual electric energy to be produced by the PV 
panels has been calculated in rel. (7). From this value, the average 
power is estimated through the day energy and the irradiation 
hours. 

The annual PV energy was calculated in (7)
9

95.8 10En_él_ _PV 12.8 10
0.45 el

MWhann MWh⋅
= = ⋅                        (7)

The energy to be produced daily becomes
9

612.8 10En_él_journ_PV 35 10
365

el
el

MWh MWh⋅
= = ⋅                        (14)

And with a number of 7 hours per day of average insulation, the 
value of the electric PV power becomes

6
635 10P_él_PV 5 10

7
elMWh MW

h
⋅

= = ⋅                                          (15)

This value corresponds to an average value of the power.

For a more realistic estimation of the value of power to be 
installed, a calculation with several different references is possible. 
Table 2 shows 5 different references of PV installations in different 
countries and along different latitudes. The indicated ratios vary 
between 0.98GWh/MW and 2.5GWh/MW [7-9]. For an estimation 
in the context of the present study, a value of 2GWh/MW is chosen.

Table 2: Energy-to-power ratio of different PV installations.

Agua Caliente Marocco Ouarzazate IV Puglia Sicily Mt Soleil (Switzerland)

Yealy prod 727GWh 120GWh 3438GWh 1788GWh 550MWh

Installed P 290MW 72MW 2652MW 1400MW 0.56MW

Ratio 2.5GWh/MW 1.6GWh/MW 1.29GWh/MW 1.27GWh/MW 0.98GWh/MW
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With the calculated amount of yearly needed electrical energy 
in rel. 7, and with an hypothetic ratio of 2GWh/MW the power to be 
installed becomes

6
612.8 10Power_PV_global 6.4 10

2 /
elGWh MW

GWh MW
⋅

= = ⋅                      (16)

The question is now what time would be necessary to produce 
the PV panels necessary for the power given by rel. (16).

The base of the estimation will be the information on the 
today’s production of PV panels by the 10 major manufacturers in 

the world (status 2021). The values of the delivered total power of 
the modules are indicated in Table 3, together with the company 
name and the country of origin. This table shows the fast growing 
of the PV panel production between 2017 and 2021. The rate of 
growing is supposed to be maintained in the next years, but only a 
part of the PV panel production can be dedicated to the hypothetic 
conversion to hydrogen. The production time is then estimated on 
the base of the year production of 2021.

Table 3: Power of the panels delivered by the 10 main manufacturers.

2017 2021

Rank Company Country Delivered 
Power [MWc] Rank Company Country Delivered 

Power [MWc]

1 Jinko Solar China 11380 1 LONGI China 60000

2 JA Solar China 8800 2 Trina China 50000

3 Trina Solar China 8100 3 Jinko China 45000

4 LONGi Solar26 China 7200 4 JA Solar China 40000

5 Canadian Solar China 6600 5 Canadian China 14500

6 Hanwha Q-Cells South Corea 5600 6 Hanwha South Korea 12400

7 Risen Energy China 4800 7 Risen China 8100

8 GCL-SI China 4100 8 Astronergy  8000

9 Talesun China 2900 9 First Solar USA 7900

10 First Solar USA 2700 10 Suntech China 4430

 Total  62180 MW Total  250330

An estimation of the production time is made in rel (17) which 
would also correspond to the minimum value of the time to realize a 
conversion of the world automotive park to a carbon free hydrogen 
propulsion.

66.4 10T_prod_PV 25
250330 / year

MW years
MW
⋅

= =
                     (17)

To the production of the PV panels, the production of the 
electrolysers is another challenge, together with the production of 
the associated power electronic converters. Further the pressure 
of the hydrogen gas must be elevated to a high value of 700bar, and 
this represents another industrial challenge. Not only compression 
stages but also high-pressure reservoirs should be produced.

Conclusion
The conversion of the world’s fleet of vehicles (1.2 billion) 

to green hydrogen propulsion is an immense challenge. Such 
a conversion would mean that around 175 millions of tons of 
hydrogen should be produced yearly. To produce this amount of 
hydrogen, a hypothetic ultra-large PV power plant is to be installed. 
To reach the annual average of this production, the PV power 

plant to be installed represents an equivalent surface of a square 
of 412km of edge. The time to produce such an infrastructure is 
further estimated. Based on the annually produced power of PV 
panels by the ten most important producers, the production time is 
estimated to be more than 25 years.
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