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Abstract
The task to phase out fossil fuels is now at hand. Most studies and
publications to date focus on why fossil fuels should be phased out. This paper
presents the physical requirements in terms of required non-fossil fuel industrial
capacity, to completely phase out fossil fuels, and maintain the existing industrial
ecosystem. The existing industrial ecosystem dependency on fossil fuels was
mapped by fuel (oil, gas, and coal) and by industrial application. Data was
collected globally for fossil fuel consumption, physical activity, and industrial
actions for the year 2018.
The number of vehicles in the global transport fleet was collected by class
(passenger cars, buses, commercial vans, HCV Class 8 trucks, delivery trucks,
etc.). The rail transport network, the international maritime shipping fleet, and
the aviation transport fleet were mapped, in terms of activity and vehicle class.
For each type of vehicle class, the distance travelled was estimated. Non-fossil
fuel technology units that are commercially available on the market now were
assembled to substitute fossil fuel supported technology. An example was
selected to represent each vehicle class, for Electrical Vehicle and Hydrogen
fuel cell systems. The requirements to substitute the ICE rail network and the
maritime fleet with EV and hydrogen fuel cell systems were presented.
The quantity of electrical power required to charge the batteries of a complete
EV system was estimated. The quantity of electrical power to manufacture the
required hydrogen for a complete H-cell system was estimated. An examination
and comparison between EV and H-cell systems was conducted. Other fossil
fuel industrial tasks like electrical power generation, building heating with gas
and steel manufacture with coal were mapped and requirements for non-fossil
fuel substitution were out estimated. The estimated sum total of extra annual
capacity of non-fossil fuel power generation to phase out fossil fuels completely,
and maintain the existing industrial ecosystem, at a global scale was 37670.6
TWh. If the same non-fossil fuel energy mix as that reported in 2018 is assumed,
then this translates into an extra 221 594 new non-fossil fuel power plants will be
needed to be constructed and commissioned. To mitigate intermittency of supply
issues (from wind and solar) for just 4 weeks of production, global stationary
power storage would require to be an estimated 574.3 TWh in capacity (or 74.6
million 100MW capacity stations).
Keywords: Energy; Fossil fuel; Oil; Gas; Coal; Nuclear; Solar photovoltaic;
Solar thermal; Wind; Hydroelectric; Transport; Vehicle fleet; Kilometers driven;
Electric Vehicle; Hydrogen fuel cell; Power generation; ICE; Rail; Shipping;
Aviation

Abbreviations

Introduction

ICE: Internal Combustion Engine; EV: Electric Vehicle; H2-Cell:
Hydrogen fuel cell; kWh: kilowatt hour; TWh: Terawatt hour; MW:
Megawatt; RoW: Rest of World; LHS: Left Hand Side; RHS: Right
Hand Side; Tonne: 1000kg; km: 1000m; tkm: tonne-kilometer; tonnes
transported over one kilometer; kJ/passenger-km: Kilojoules per
passenger transported over one kilometer; kJ/tonne-km: Kilojoules
per tonne transported over one kilometer; GT: Twenty-foot equivalent
is an inexact unit of cargo capacity, often used for container ships

Fossil fuels are to be phased out as they are widely recognized to
be the origin of the industrial pollution that causes global warming
the generation anthropogenic greenhouse gas (GHG) emissions,
also termed climate change. Climate change has happened in the
planetary system through many geological cycles. A school of
thought, now backed by legislation for mitigation, proposes that
human industrialization is driving the current warming cycle [1].
The largest driver of warming is the emission of greenhouse gases,
of which more than 90% are carbon dioxide (CO2) and methane.
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Fossil fuel burning (coal, oil, and gas) for energy consumption is the
main source of these emissions, with additional contributions from
agriculture, deforestation, and industrial processes.
In 2018 the European Commission released a strategy to become
climate neutral by the year 2050 [2]. The EU had recently agreed to
a new renewable energy target of 32 % by 2030 [2]. The large-scale
deployment of renewables will decentralize and increase electricity
production. By 2050, more than 80% of electricity will be coming
from renewable energy sources, with electricity providing for half of
the final energy demand in the EU.
There are a number of issues and concerns associated with the
continued use of fossil fuels (oil, gas, and coal). The use of fossil fuels
has been linked to the production of CO2 gases and carbon pollution,
as a driving force behind climate change. Also, fossil fuel energy
sources are finite natural resources. A school of thought is that all
fossil fuels will deplete over time and reach peak production, thus
become unreliable as a stable source of economically viable energy.
This school of thought proposes that the oil and gas industry could
soon become unreliable in energy supply [3], and the ‘after oil’ plan is
required to be operational in the next few years. So according to two
very different paradigms, fossil fuels are required to be replaced as a
matter of urgency.
This paper addresses the challenges around the ambitious task
of phasing out fossil fuels (oil, gas & coal) that are currently used
in vehicle Internal Combustion Engine technology (ICE) and for
electrical power generation. The question posed was, if all fossil fuels
were completely phased out, what would be required in context of all
the industrial tasks done by oil, gas, and coal if they were performed
by ‘green’ non fossil fuel technology. So, an estimate of the following
was conducted [4]:

•
Number of vehicles, by class in the current ICE system, to
be replaced by Electric Vehicles (EV’s) and hydrogen fuel cell vehicles
(H2-Cell).
•
Number and size of batteries that would be needed, and the
estimated electrical power required to charge them over the set time
frame.
•
An understanding of the EV to H2-Cell transport fleet split,
when one system would be used over the other.
•
The size of the required hydrogen economy, based on some
basic assumptions.
•
Estimates of a completely non-fossil fuel rail transport
network (both EV & H2-Cell).
•

Estimates of a completely non-fossil fuel maritime shipping
fleet (both EV & H2-Cell).

•
Estimates of phasing out of fossil fuel industrial applications
(like gas and coal electricity generation, and heating of buildings).
•

Then an estimate of the number of non-fossil fuel electrical
power generation stations was estimated.
The size if the task before us could then be assessed. This paper has
been based on Scenario F from the report published by the Geological
Survey of Finland [4].
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Materials and Methods
The focus of this paper was to model the viability of the new nonfossil fuel global ecosystem using calculations made specifically for
the three most significant economies in a global context: The United
States (US) economy; the European (EU-28) economy; and the
Chinese economy. The Rest of the World (RoW) was also estimated
All of these were summed together to estimate the Global Economy
footprint [4].
A bottom-up approach (as opposed to the typical top-down
approach) was used to make the calculations presented here. The
approach was to examine the industrial ecosystem across one calendar
year. The following calculations were conducted and assembled.
1.
A mapping of the industrial ecosystem was done in
context of the annual consumption of fossil fuels (oil, gas, and coal)
and the physical tasks done industrially. This includes the quantity
of electricity generated, buildings heated, number of vehicles, their
class type, and the annual distance traveled by each vehicle class. Also
included was the distance travelled and freight carried by the rail
network. The international maritime shipping fleet was also mapped
in this context. A direct link between all of these physical tasks and
the quantity (and type) of fossil fuel was made.
2.
Determination of the true scope of useful work done for
each task that used fossil fuels. Given that each energy source has
an efficiency of energy delivered compared to their potential energy
content (calorific value), an assessment of what useful work was
actually done.
3.
A list was assembled of non-fossil fuel supported technology
units that can be used to substitute fossil fuel powered technology
units. For example, the ICE vehicles could be substituted by EV’s and
H2-Cell powered vehicles. The performance characteristics of each
were also collected.
4.
Calculate the quantity of electrical power needed to support
the substitute non-fossil fuel technology units. For example, how
much electrical power would be required to charge the batteries in
the global fleet of EV’s vehicles, or would be required to manufacture
the required quantity of hydrogen? Sum all industrial tasks together
into one number to represent the extra electrical power generation
capacity required.
5.
Using same global energy mix proportion of non-fossil fuel
electrical power generation stations as 2018, determine how many
new non-fossil fuel power stations are needed, by upscaling that
proportional mix to the quantity required.
Where possible, all data reported here were sourced for the
year 2018. Due to the quarantine restrictions from the Covid-19
pandemic, 2019 could be the last year of ‘normal’ operation for the
global ecosystem.

The Existing Industrial Ecosystem Fossil
Fuel Consumption
The global resources consumed to produce energy are shown
since the beginning of the industrial revolution in Figure 1. Note
the majority proportion has always been fossil fuels and still is. Also
note that the sum of all the demand for energy resources has been
Austin Environ Sci 7(1): id1071 (2022) - Page - 02
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• Estimated total number of vehicles in the global ﬂeet
was 1.416 billion vehicles
• Estimated total number of km driven by global ﬂeet
was 15.87 trillion km
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• Global number of million passengers carried per year
was 32 355 in 2018
Diesel
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Transport

Figure 1: Global Primary energy consumption. Units measured in terawatthours (TWh) per year. Classification ‘other renewables’ is renewable
technologies not including solar, wind, hydropower and traditional biofuels [5].
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• To generate 802.8 TWh

Freight

• 3.979 billion passengers carried globally in 2017
• 213 590.2 tonne-km of freight was carried by air in 2017

Figure 3: Global consumption of petroleum products by application [6,7,1113].

Natural Gas
23,87%
Figure 2: Global primary energy consumption by source in 2018 [6].

increasing consistently in a near exponential fashion (as opposed to
society becoming more efficient and reducing fossil fuel resources
as technology developed). Note the radical increase in global energy
consumption since 1950.
Figure 2 shows the primary energy consumption by fuel source
in 2018. As can be observed, fossil fuels account for 84.5% of primary
energy consumption in the calendar year 2018.
Figure 3 shows in what tasks was petroleum globally consumed
by application. Figure 4 shows the same for natural gas and Figure 5
shows the same concept for coal.

Global Transport Fleet of ICE Vehicles
Many developments of transport technology to be an alternative
to ICE vehicles in the past have focused on just passenger cars. This
is inappropriate as passenger cars represent only part of the number
of vehicles and have travelled only a fraction of the kilometers. All
vehicle classes need to be quantified in number and physical work
done if a substitution system is to be viable. Table 23 - 25 in the Annex
Section of this paper shows a summary of the vehicle transport fleet
by nation state.
Measured distance travelled by vehicle class in the United
States
Assembling the distance travelled by the vehicles in the global
Submit your Manuscript | www.austinpublishinggroup.com

Manufacturing
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Manufacturing
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(Petrochemical)

330.9 Mtoe

Gas
Electricity Power
Generation

Heating

6 182.8 TWh

562.6 Mtoe

Figure 4: Global consumption of gas by application [6-10].

fleet proved to be difficult. This kind of data is not routinely collected
in many countries. Only one country records the distance traveled,
the United States. The United States Department of Transport record
and report data on the number of vehicles, by vehicle class and the
miles driven by each vehicle class. To estimate the total distance
traveled by all the different classes of vehicles in a global context, the
patterns and proportions seen in the United States was projected onto
a 1.416 billion car fleet (Table 23 - 25 in the Annex Section). This is a
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Figure 5: Global consumption of gas by application [6,7,14,15].
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Figure 6: Average Annual Vehicle Miles Traveled (VMT) by Vehicle Class in
the United States [16,17].

crude estimate, but it will suffice for the purpose of this paper. Table
1 and Figure 6 shows the number of vehicles by class and the distance
travelled.
In 2018, the transport fleet in the United States was 269 million
vehicles. This shows that the U.S. transport fleet was 18.98% of the
global transport fleet. The estimate number of km driven by the
different vehicle classes in the United States in 2018 is shown in Table
1.
Estimated distance travelled of vehicle classes in
international transport fleets
A number of calculations done later in this paper require the
estimated annual distance travelled by the different vehicle classes
in the international transport fleets for the year 2018. This data is
collected in the United States but not elsewhere. To resolve this, a
set of ratios are required to scale the U.S data to all other ecosystems
studied. The following set of calculations were used to estimate a
ratio in which to apply to Europe, China and the Rest of the World
transport fleets, by comparing them to the United States. This data
is shown in Figure 7 - 10 (A more complete version is shown in
Michaux 2021 [4]).

•
The average daily gasoline consumption per capita for 151
nations, (the largest consumption rates) [18].
•
The human population data for each nation state was
collected [19].
Submit your Manuscript | www.austinpublishinggroup.com

Figure 7: Annual gasoline consumption per population capita, by nation
(LHS), Human population of each nation (RHS) United States, Europe EU28, China, and India.

•
The number of vehicles in each nation state transport fleet
was collected (Table 23 - 25).
•
Steps 1-3 were merged and used to calculate the average
annual consumption per vehicle for each nation state.
The annual national consumption of gasoline was calculated by
multiplying the per capita consumption by the human population. The
average gasoline consumed annually per vehicle, for each nation state
was calculated by dividing the total annual gasoline consumption by
the total number of vehicles in the national transport fleet (including
cars, trucks, buses, etc.).
Using the average vehicle annual consumption of gasoline,
for each nation state (Figure 8 RHS and Figure 10 RHS) was used
to develop a ratio between the United States and Europe (EU-28),
China and the Rest of the World transport fleets. This is to develop an
estimate to compare the activities by vehicles in each of these regions.
There are measurements in the United States, but in other regions,
an estimated based on the United States is required. The outcome
is shown in Table 2. As can be observed, the vehicles of the United
States transport fleet travel much further in a calendar year than most
(but not all) other nation states. This could be due to the physical size
of the United States compared to other nations, and the propensity
for the American society to use ICE vehicles instead of communal
Austin Environ Sci 7(1): id1071 (2022) - Page - 04
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Table 1: Total number of km driven in the United States in 2018 (Source: U.S. Department of Transportation, Bureau of Transportation Statistics: National Transportation
Statistics).
Vehicle Class
Number of Self
Propelled Vehicles

Proportion of U.S.
Fleet in 2018 (%)

Average annual miles
driven by class in 2018
(miles)

Average annual km
Total miles driven in
driven by class in 2018
2018 (miles)
(km)

Total km driven in
2018 (km)

Class 8 Truck

4,694,851

1.75%

63,428

102,077

297,785,023,606

479,238,392,763

Transit Bus

2,517,520

0.94%

34,012

54,737

85,625,901,695

137,801,488,504

Refuse Truck

1,850,465

0.69%

25,000

40,234

46,261,619,737

74,450,837,120

Paratransit
Shuttle

1,678,668

0.62%

22,679

36,498

38,070,503,372

61,268,517,223

Delivery Truck

959,133

0.36%

12,958

20,854

12,428,444,244

20,001,635,985

School Bus

888,223

0.33%

12,000

19,312

10,658,677,187

17,153,472,873

Light Truck/Van

82,569,993

30.71%

11,991

19,298

990,096,783,911

1,593,405,825,638

Light-Duty
Vehicle

79,237,170

29.47%

11,507

18,519

911,782,117,028

1,467,370,625,372

Passenger Car

78,293,789

29.11%

11,370

18,298

890,200,375,687

1,432,638,190,179

Motorcycle

16,223,409

6.03%

2,356

3,792

38,222,352,737

61,512,895,012

268,913,221

100.0 %

Total

3,321,131,799,203

Table 2: Estimated ratio between USA and other nations for average annual
vehicle consumption (Source: Taken from the average of Figure 7 to 10).
Average annual gasoline consumption
Ratio
Nation/Region
per vehicle (liters)
(USA:Nation)
1
United States of
1906.3
America
0.21
Europe EU-28

400.3
0.25

China

482.9

Rest of World

1185.1

0.62

transport.
These ratios in Table 2 are applied to the number of km travelled
by vehicle class in the United States to estimate what those same
vehicle classes travelled (on average) in Europe, China, and the Rest
of the World (RoW). The outcome of this is shown in Table 3.
While it is recognized that this is a crude assumption, this was
the best estimate the author could assemble, for the average distance
travelled by each vehicle class, and the total km traveled in the
national fleet of these regions. Assembling the number of vehicles in
the global fleet proved to be difficult. This kind of data is not routinely
collected in many countries. Only one country records the distance
traveled. The United States Department of Transport quotes up to
date information on the number of vehicles, the different numbers by
class and the miles driven by each vehicle class.
To estimate the total distance traveled by all the different classes
of vehicles in a global context, the patterns and proportions seen in
the United States was projected onto a 1.416 billion car fleet (Table
23 - 25). This is a crude estimate, but it will suffice for the purpose of
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5.34.E+12
5.3 trillion km
travelled in 2018

269 million vehicles

this report.
Once an overall number of vehicles is established (Table 4), the
proportions of vehicle class and the distance traveled by them can be
estimated.
Phasing out ICE vehicles and substitution with EV’s
To phase out ICE vehicles (and the consumption of petroleum
products), a practical substitute is required to be found, that can
perform the same vital tasks for the industrial ecosystem. As the
‘after oil’ solution is needed as soon as possible, a selection of Electric
Vehicle (EV’s) that are commercially available at the time of writing
this paper was assembled. These EV’s were grouped according to
vehicle class, and the relevant performance specifications were
averaged. In doing so, an average estimate for each vehicle class could
be used to estimate the annual power requirements to charge the EV
batteries for the whole fleet.
The following tables provides a list of current electric vehicles
(EV), with battery size, efficiency, average range, and a range of
ranges in the city, and out on the open freeway. The range is between
driving in sub-zero temperatures with heating on and driving in the
warm with no air conditioning. All of the vehicles listed can achieve
longer ranges on road trips, if driven in the right way. Table 26 in the
Annex Section shows that on average, a passenger car (car) consumes
0.19kWh/km or for every kilometer traveled, the vehicle needs
0.19kWh, where current lithium ion batteries have an energy density
of approximately 230Wh/kg [20].
Table 27 in the Annex Section shows the specifications of electric
commercial vans. These vehicles are in production and specifications
are readily available. Average energy consumption for a Light Truck/
Van vehicle to be used is 0.23km/kWh, where current lithium ion
batteries have an energy density of approximately 230Wh/kg [20].
Table 28 in the Annex Section shows the estimated specifications
of EV pick-up trucks like the Tesla Cybertruck. None of these vehicles
Austin Environ Sci 7(1): id1071 (2022) - Page - 05
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Figure 8: Number of vehicles in national transport fleet (LHS), Average
annual gasoline consumption per vehicle (RHS) United States, Europe EU28, China, and India.

have been released yet and specifications have had to be estimated
from manufacture press releases. Average energy consumption for a
Light-Duty vehicle to be used is 0.31km/kWh.
Table 29 in the Annex Section shows the specifications of EV
buses to transport lots of people. Only two examples are shown here
(7900 Volvo and BYD K9), but these two models represent a large
proportion of the current global EV bus fleet. Specifications are from
manufacturer’s press releases. Average energy consumption for a
Transit Bus, Paratransit Shuttle, or School Bus EV vehicle to be used
is 1.32km/kWh, where current lithium ion batteries have an energy
density of approximately 230Wh/kg [20].

Austin Publishing Group

Figure 9: Annual gasoline consumption per population capita, by nation
(LHS), Human population of each nation (RHS) United States, China, and
the Rest of World.

energy consumption for a Delivery Truck EV vehicle to be used is
0.82km/kWh, where current lithium ion batteries have an energy
density of approximately 230Wh/kg [20].
These numbers were used in the calculation flow chart in Figure
11 and 12.

Rail Transport Network

Long haul trucks (HCV) have a capacity of 1.44kWh/km, (noting
that this from the less aerodynamic heavy duty truck travelling at
90km/h) [21]. Tesla manufacturers are releasing the Tesla Semi
HCV class 8 long haul truck, which is quoted at having a capacity
of 1.24kWh/km (2.0kWh/mile) [22,23]. More recent study reports
average energy consumption for a Long Haul Class 8 Truck EV
vehicle to be used is 1.46km/kWh [24].

The industrial ecosystem is underpinned by the transport of
goods and people. Rail has been a very effective method to transport
large quantities of freight and large numbers of passengers over long
distances. A large proportion of rail transport (both passenger and
freight) is powered by diesel fueled ICE engines. To phase out fossil
fuel systems, the size and scope of those diesel fueled rail locomotives
would need to be quantified some numbers collected. Also, if urban
planning would become more reliant on rail as ICE vehicles are
phased out, then the scope of electrification of the existing diesel
fueled rail networks would need to be understood.

Table 30 in the Annex Section shows the estimated specifications
of electric trucks of various classes. Average energy consumption for
a Refuse Truck EV vehicle to be used is 1.01km/kWh. An average

Passenger rail transport activity comprises urban and nonurban passenger movements and is typically measured in passengerkilometers per year. Such activity has increased significantly over
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Table 3: Estimated average annual distance travelled for each vehicle class in Europe, China, and Rest of World, using the USA and the ratios in Table 2.
Average km driven by class in
Average km driven by class in Average km driven by class in 2018
Chinese Fleet (Ratio 1 : 0.25)
2018 U.S. Fleet (Ratio 1:1)
2018 EU-28 Fleet (Ratio 1 : 0.21)
Average km driven by class in
Vehicle Class
2018 RoW Fleet (Ratio 1 : 0.62)

Class 8 Truck

102,077

21,436

25,857

63,460

Transit Bus

54,737

11,495

13,865

34,029

Refuse Truck

40,234

8,449

10,192

25,013

Paratransit
Shuttle

36,498

7,665

9,245

22,690

Delivery Truck

20,854

4,379

5,282

12,965

School Bus

19,312

4,056

4,892

12,006

Light Truck/Van

19,298

4,053

4,888

11,997

Light-Duty
Vehicle

18,519

3,889

4,691

11,513

Passenger Car

18,298

3,843

4,635

11,376

Motorcycle

3,792

796

960

2,357

Table 4: Number of vehicles and estimated km driven in global fleet (World Map Image by Clker-Free-Vector-Images from Pixabay).
Vehicle Class
Number of Self Propelled Vehicles in Global Fleet in 2018 (number)

Total km driven by class in Global Fleet in 2018 (km)

Class 8 Truck

28,929,348

1.62E+12

Transit Bus +

29,002,253

8.03E+11

601,327,324

7.89E+12

695,160,429

5.40E+12

Refuse Truck +
Paratransit Shuttle +
Delivery Truck +
School Bus
Light Truck/Van +
Light-Duty Vehicle
Passenger Car
Motorcycle

62,109,261

1.60E+11

Total

1,416,528,615

1.587.E+13

1.416 billion vehicles

Travelled 15.87 trillion km in 2018

the past twenty years, but is concentrated in a few regions, China,
India, Japan, European Union, and Russia together account for more
than 90% of passenger rail activity worldwide 11. A summary of rail
transport statistics in 2018 is [11]:

•
The energy intensity for passenger rail transport as an
estimated global average is 112kJ/passenger-km.
•
The energy intensity for passenger rail transport in Europe
is 340kJ/passenger-km.
•
Global number of million passengers carried per year was
32355 in 2018.
•
Global number of passenger-kilometers was 3823 billion
passenger-kilometers in 2018.

Submit your Manuscript | www.austinpublishinggroup.com

•
The energy intensity for freight as an estimated global
average is 108kJ/tonne-km.
km.

•

The energy intensity for freight in Europe is 166kJ/tonne-

•
Global tonne-kilometers of rail freight transport per year
were 11067 billion tkm in 2018.
•
Global tonnes carried in rail freight transport per year were
12545 tonnes in 2018.

To phase out diesel fuel, all rail activity would have to become EV
based technology. In a global context, 45% of passenger rail transport
and 85% of rail freight is driven by diesel fuel locomotives [11]. If the
number of million passengers carried per year in diesel fueled trains,
on a global scale was 45%, then 1720 billion passenger-kilometers was
Austin Environ Sci 7(1): id1071 (2022) - Page - 07
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Table 5: Number of ships in global maritime fleet by size and their fuel consumption.
Size Classification
Number of ships in
Global Fleet [25]

Small (100 GT to 499 GT)

Gross
Tonnage
(GT)

Fuel Consumption @ 20
knots (tonnes per day)

Diesel Oil consumption for whole route, Time at
sea between Hamburg and Shanghai 25,6 days
(tonnes)

Source [26,27]

53,854

300

9

220

IHS Markit 2018

44,696

12,300

27

691

Maloni et al. 2013

12,000

54,000

75

1,920

Very Large (>60 000 GT)

6,307

196,000

175

4,480

Sum

116,857

Medium (500 GT to 24
999 GT)
Large (25 000 GT to 59
999 GT)

Transport
Geography
Transport
Geography

7,311

Table 6: World seaborne trade in cargo tonne-miles -2018 (billions of tonne-miles) (Source: UNCTAD 2018) (World Map Image by Clker-Free-Vector-Images from
Pixabay).
Commodity
World seaborne trade in cargo tonne-miles in 2018
Proportion in 2018
World seaborne trade in cargo tonne-miles in 2018 (billions
of tonne-miles)
(billions of tonne-km)
(%)
Chemicals

1,111

1788

1.8%

Gas

1,766

2,841

2.9%

Oil

13,809

22,219

22.9 %

Other dry
cargo

4,497

7,236

7.4%

Containers

9,535

15,342

15.8%

Minor dry bulk

11,967

19,255

19.8%

Main bulks

17,729

28,526

29.3%

60,414

97,206

100.0%

Table 7: Estimated size of battery bank and range in maritime shipping vessels, by class (World Map Image by Clker-Free-Vector-Images from Pixabay).
Vessel Class Size
Estimated Size of Battery in Vessel (kWh)

Estimated Range (km)

Mass of battery if system was pure EV (kg)

Small (100 GT to 499 GT)

14,270

222

62,000

Medium (500 GT to 24 999 GT)

358,397

1,778

1,558,000

Large (25 000 GT to 59 999 GT)

4,977,740

8,890

21,642,000

Very Large (>60 000 GT)

11,614,726

8,890

50,499,000

Table 8: Large Vessel energy consumption and required, hydrogen quantity needed for tonne-km transport of commodities in global maritime trade (World Map Image
by Clker-Free-Vector-Images from Pixabay).
Commodity
Large Vessel Proportion of Cargo Transport in
Energy consumed by EV system per tonne-km
Needed kg of hydrogen @15
2018 (25 000 GT to 59 999 GT) (billions of tonnefor Large Vessel rate 2.63 x 106 kW/ tonne-km
kWh/1kg to supply fuel cell on
km)
(kWh)
vessel (kg)
Chemicals

719.4

1.89E+09

1.26E+08

Gas

not transported

Oil

not transported

Other dry
cargo

2,911.9

7.65E+09

5.10E+08

Containers

6,174.1

1.62E+10

1.08E+09

Minor dry bulk

7,748.9

2.04E+10

1.36E+09

Main bulks

11,480.0

3.02E+10

2.01E+09

29,034.3

7.63E+10

5.09E+09

billions of tonne-km

kWh

kg of hydrogen

Sum
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electric grid in extra capacity to transport all rail freight. This would
require 2.82 x 1011kWh of extra power draw capacity.
As diesel fuel Internal Combustion Engine (ICE) technology is
45% efficient, this means that 1.27 x 1011kWh of useful work would be
done (45% of 2.82 x 1011kWh = 1.27 x 1011kWh). If these systems were
replaced with Electric Vehicle technology, which have an efficiency
of 73%, then the required extra power draw capacity to transition the
remainder of the global rail passenger transport system would be 1.73
x 1011kWh (1.27 x 1010 kWh/73% = 1.73 x 1011kWh). So, the work
done by a complete EV rail network of the scope and size of the 2018
would be:
3.30 x 1010kWh + 1.73 x 1011kWh = 2.06 x 1011kWh
Assuming a 10% loss in power between the power station and the
point of application, of extra power will need to be supplied, would
be:
2.27 x 1011kWh or 226.6 TWh

International Maritime Shipping Fleet
The maritime transport shipping fleet delivers a vital service
to the global industrial ecosystem. The movement of goods and
commodities internationally cannot happen in the needed quantities
without shipping. As raw materials are extracted on one continent
(for example Africa, Middle East, South America, South Africa, etc.),
then are used for manufacture on another continent (for example
China in Asia), then used and consumed on yet other continents
(for example Europe, North America, etc.). These material flows are
so large, that they can only be transported in bulk volumes by large
maritime shipping.

Figure 10: Number of vehicles in national transport fleet (LHS), Average
annual gasoline consumption per vehicle (RHS) United States, China, and
the Rest of World.

in trains powered by diesel (45% of 3823 billion passenger-kilometers
= 1720 billion passenger-kilometers). With energy intensity for
passenger rail transport as an estimated global average is 112kJ/
passenger-km, 1.92 x 1014kJ of energy would need to be added to
the electric grid in extra capacity to transport all rail passengers.
Converting from kJ to kWh, this would require 5.35 x 1010kWh of
extra power draw capacity.
As diesel fuel Internal Combustion Engine (ICE) technology is
45% efficient, this means that 2.4 x 1010kWh of useful work would be
done (45% of 5.35 x 1010kWh = 2.4 x 1010kWh). If these systems were
replaced with Electric Vehicle technology, which have an efficiency
of 73%, then the required extra power draw capacity to transition the
remainder of the global rail passenger transport system would be 3.30
x 1010kWh (2.4 x 1010kWh/73% = 3.30 x 1010kWh).
If the number of tonne-kilometers of rail freight transport per
year in diesel fueled trains, on a global scale was 85%, then 9407
billion tkm were transported by locomotives powered by diesel. With
energy intensity for freight as an estimated global average is 108kJ/
tonne-km, 1.02 x 1015kJ of energy would need to be added to the
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It will be a challenge to phase out fossil fuels in the maritime
industry. The volumes of cargo and commodities moved are truly
vast and the distances travelled are longer than any other transport
system currently in use (Table 6). Multiple options to phase out
fossil fuels have been proposed [28], ranging from fully EV, to sail
assisted and nuclear propulsion (currently used in large military
vessels like aircraft carriers). Several hybrid systems have also been
proposed. Thinking outside the box, a solution could be engineered
where large ships are propelled by sail, assisted by EV in port, where
each sail could function like a solar panel, could be engineered. This
conceptual idea is not available at this time, however. For the purpose
of this report, the fully electric propulsion system is modeled.
Diesel propulsion system is the most commonly used marine
propulsion system converting mechanical energy from thermal
forces. Diesel propulsion systems are mainly used in almost all
types of vessels along with small boats and recreational vessels. In
conventional power system arrangements, the ship’s propellers are
driven by a diesel propulsion engine while the supply of electricity for
the other shipboard loads is transmitted via the shipboard generators.
The oil fueled generator-drive engines are referred to as the “ship’s
electric power station” supplying power for both propulsion and
electrical requirements on board [29].
In electric propulsion systems, the power used to drive the
propellers becomes an electrical load meaning that the generators
can take care of all shipboard loads. Electric propulsion systems
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1.416 billion vehicles travelled 15.87
trillion km in 2018

Oil Production 2018
94 718 thousand bbls/day
Energy density 41.87 MJ/kg (Haynes et al 2016 38)

Petroleum 2018
consumption by
volume

Diesel 2018
consumption by
volume

Marine fuel oil
consumption by
mass 2018

Jet Fuel 2018
consumption
by volume

9307.5 million bbls

10 439 million bbls

194 499 kt

2 260 million bbls

km’s driven by
62.1 million
motorcycles

km’s driven by
695.2 million
Passenger cars

km’s driven by 601.3
million Light Truck /
Commercial Vans

km’s driven by 29
million Bus and
Delivery Trucks

km’s driven by
28.9 million HCV
Class 8 Trucks

1.60 x 1011 km

5.40 x 1012 km

7.89 x 1012 km

8.03 x 1011 km

1.62 x 1012 km

(OECD Data Statistics
Database 33)
Caloriﬁc value
of Petrol

Caloriﬁc value
of heavy fuel oil

Caloriﬁc value of
diesel fuel

46.4 MJ/kg
45.6 MJ/kg
(Haynes et al 2016 38) (Haynes et al 2016 38)

Caloriﬁc value
of jet fuel

41.8 MJ/kg
43.0 MJ/kg
(Haynes et al 2016 38) (Haynes et al 2016 38)

Kilowatt-Hour per
km capacity if each
motorcycle was EV

Energy eﬃciency of
Internal Combustion Engine
(ICE) diesel technology

Energy eﬃciency of Internal
Combustion Engine (ICE) jet
turbofan turbine technology

25%
(Moran et al 2014 39)

45%
(Moran et al 2014 39)

36%
(Moran et al 2014 39)

km’s driven by
62.1 million
motorcycles

km’s driven by
695.2 million
Passenger cars

1.60 x 1011 km

5.40 x 1012 km

km’s driven by 601.3
million Light Truck /
Commercial Vans
7.89 x 1012 km

km’s driven by 29
million Bus and
Delivery Trucks

km’s driven by
28.9 million HCV
Class 8 Trucks

8.03 x 1011 km

1.62 x 1012 km

km’s
travelled by
rail transport

km’s sailed by
maritime ships

Freight 11.1 x 109
tonne-km
3.2 x 109 passengers

97.2 x 1012
tonne-km

km’s ﬂown
by aircraft

Kilowatt-Hour
per km capacity
if each freight
train was EV

Kilowatt-Hour
per km capacity
if each Maritime
Ship was EV

0.26 kWh/km

1.46 kWh/km

1.08kJ/tonne-km

1.46 kWh/km

Kilowatt-Hour per
km capacity if each
Bus & Delivery
Truck was EV

Kilowatt-Hour
per km capacity if
each passenger
car was EV

1.32 kWh/km

0.19 kWh/km

Required direct electrical power to do useful
work for global vehicle transport ﬂeet to travel
the same distance as in 2018 (no eﬃciency loss)
6.45 x 1012 kWh
Energy eﬃciency of Electric
Vehicle (EV) Engine technology

Power loss in grid transmission
between power plant generation
and point of application

2.1 x 105 tonne-km

To estimate the required power draw that will have to come from
the electric power grid, if the maritime shipping fleet phased out fossil
fuel based Internal Combustion Engines (ICE) and became entirely
electric powered (EV), the following calculations were conducted:
Determine the number of ships in the global fleet in 2018

•
Determine the different types of shipping class by size in
2018 (Gross Tonnes GT).
•
Estimate the tonne-km of cargo for each commodity type
moved by the global fleet in 2018 (tonne-km).
•
Estimate the proportion of each commodity carried by each
shipping class in 2018 (tonne-km).
•

Selection of appropriate economical speed for ship on a
shipping route.

•
Estimate the fuel consumption efficiency at a set speed (20
knots) of each shipping class per day at sea (tonnes per day).
Estimate the distance travelled and time taken for several
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10% lost in transmission

Required electrical power
to charge the global vehicle
transport ﬂeet to travel the
same distance as in 2018

Required electrical power to
charge the global rail ﬂeet to
travel the same distance and carry
the same freight as in 2018

Required electrical power to charge
the global maritime vessel ﬂeet to
travel the same distance and carry
the same freight as in 2018

9.72 x 1012 kWh

2.27 x 1011kWh

9.46 x 1011kWh

3.9 x 109 passengers

utilize electrical power to drive propeller blades for propulsion. From
commercial and research ships through to fishing vessels, over the
last five years, electric propulsion has gained momentum in a wide
range of marine applications across Europe and in Japan [30].

•

97.2 x 1012 tonne-km

73%
(Malins 2017 32)

Figure 11: Part 1 Calculation flow chart for extra power generation required
for a completely EV global transport fleet.

•

Freight 11.1 x 109 tonne-km
3.2 x 109 passengers
Kilowatt-Hour
per km capacity
if each HCV Class
8 Truck was EV

1.416 billion vehicles travelled
15.87 trillion km in 2018

(Table 5)

km’s sailed
by maritime
ships

Kilowatt-Hour per km
capacity if each Light
Truck / Commercial
Van was EV

0.11 kWh/km

Energy eﬃciency of
Internal Combustion Engine
(ICE) Petrol technology

km’s travelled
by rail
transport

Required additional electrical grid power capacity to charge global
EV transport ﬂeet, accounting for power grid transmission loss

9.72 x 1012 kWh + 2.27 x 1011 kWh + 9.46 x 1011 kWh = 1.09 x 1013 kWh, or 10 895.7 TWh
(Cars & Trucks)
(Rail)
(Maritime Ships)

Figure 12: Part 2 Calculation flow chart for extra power generation required
for a completely EV global transport fleet.

shipping routes (days travelled, and distance nautical miles & km).

•
Estimate the fuel consumption for each shipping class of
oil of diesel fuel for one of these shipping routes (tonnes) (Shanghai
to Hamburg).
•
Estimate the energy density of the diesel fuel consumed in
this route (kWh).
•
Determine the work done energy efficiency of a diesel ICE
system. Efficiency of an ICE diesel engine is 38% [31].
•
Estimate the useful work done by the ship diesel engine
during this shipping route (kWh).
•
Estimate the work done energy efficiency of an EV system.
The work done energy efficiency of an Electric Vehicle (EV) system
is taken at 73% [32].
•
Estimate the energy consumption, of an EV system to do
the needed useful work to propel all cargo carrying ship classes across
this shipping route at a speed of 20 knots for the number of days
estimated (kWh).
•
Estimate the size and mass of the needed battery, for each
shipping class, assuming an energy density of 230kWh/kg (NMC 811
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Table 9: Very Large Vessel energy consumption and required, hydrogen quantity needed for tonne-km transport of commodities in global maritime (World Map Image
by Clker-Free-Vector-Images from Pixabay).
Commodity
Very Large Vessel Proportion of Cargo
Energy consumed by EV system per tonne-km
Needed kg of hydrogen @15 kWh/1kg
Transport in 2018 (<60 000 GT) (billions of
for Large Vessel rate 3.42 x 106 kW/ tonne-km
to supply fuel cell on vessel (kg)
tonne-km)
(kWh)
Chemicals

1068.2

Gas

not transported

1.73E+10

1.15E+09

Oil

not transported

Other dry
cargo

4,323.8

7.01E+10

4.67E+09

Containers

9,167.7

1.49E+11

9.90E+09

Minor dry bulk

11,506.0

1.86E+11

1.24E+10

Main bulks

17,046.0

2.76E+11

1.84E+10

Sum

43,111.7

6.98E+11

4.65E+10

billions of tonne-km

kWh

kg of hydrogen

battery chemistry 20) (in kg and tonne).

•
Estimate the number and size of EV batteries (size by class
times the number of ships in each class)
•
Estimate the Gross tonnes left for ship operation and cargo
after installation of this EV battery system for each class of ship.
•

For this net cargo capacity (assuming all remaining mass is
for cargo), estimate the tonne-km rate for each shipping class to travel
this example route (Shanghai to Hamburg).

•
Estimate for each shipping class the power consumption
per tonne-km for this route (kWh/tonne-km).
•
Estimate the energy consumption for each shipping class
(which are now all assumed to be EV) for the tonne-km needed for
each commodity (kWh).
•
Sum all shipping class energy consumption for all
commodities moved in 2018.
The full calculation of these 21 steps is shown in Section 17 of
GTK Open File Work Report (Michaux 2021 [4]).
Total transport of commodities in the same volumes of what was
transported in 2018 was calculated as:
EV Maritime Energy Consumption for 2018 = 7.63 x 1010 + 4.31 x
4
10 + 6.99 x 1011 + 8.46 x 1010 = 8.60 x 1011kWh
Where:
2018 volume Very Large Vessel Cargo transport = 6.99 x 1011kWh
2018 volume Large Vessel Cargo transport = 7.63 x 1010kWh
2018 volume Medium Vessel various transport = 4.31 x 104kWh
2018 volume Small Vessel various transport = 8.46 x 1010kWh
Assuming a 10% loss in power between the power station and the
point of application, of extra power will need to be supplied, would
be:
9.459 x 1011kWh or 945.9TWh
The size and capacity of the electric propulsion EV system of each
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of the major maritime shipping vessel class was estimated 4. For a
series of example shipping routes, the required battery for an EV
system to do the same amount of useful work done was estimated,
shown below in Table 7 [4].

Aviation Transport
The aviation industry is a vital part of the international transport
network. Jet turbines represent a very sophisticated application of high
quality refined petroleum. The majority of the physical work done
in the commercial aviation fleet is conducted by turbojet powered
aircraft, which consumes jet fuel. The remaining small portion is
conducted by turboprop aircraft, which consume petroleum gasoline.
For each 42 gallon barrel of oil extracted, only 4 gallons (9.5%) of jet
fuel is refined (EIA - Refining of crude oil). In the year 2018, 2260
million barrels of jet fuel was consumed 33, where the jet turbine
engine has a power efficiency of 36 - 48% [31].
The global scope of transport by air was determined by accessing
World Bank data [34]. In summary:

•

3979 billion passengers carried globally in 2017.

•

213590.2 million tonne-km of freight was carried by air in

2017.

It is possible to produce jet fuel from biomass, in a fashion where
jet aircraft can perform to specification [4], where conventional
jet fuel is produced by refining petroleum crude [9]. This biofuel
technology solution could make jet aviation viable after fossil fuels are
phased out. However, in its current state of readiness, it is not viable
to consider this as a full replacement of petroleum based aviation jet
fuel as a fuel. Global consumption of jet fuel in 2018 by volume was
2260 million barrels [33]. To produce this volume of fuel that is viable
for aviation from biofuels at the required rate is not practical at this
time. The ERoEI ratio for biofuels is between 0.8:1 to 1.6:1, with rare
examples of 10:1 [4,35]. This implies that this process will be difficult
to apply on a large scale. Also, biofuels are in direct competition with
the production of food, at a time when food shortages are observed
around the world [36].
To substitute for ICE jet turbine aircraft, the replacement
technology would need to perform with the same specifications as
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Powering an electric motor to propel a vehicle

50 kWh of
electricity
1 kg

Electricity

Hydrogen

H2

2.5 kWh of
electricity to
compress to 700 bar

15 kWh of
electricity

Electric
Application

Heat

ELECTROLYSIS
Water
10 litres
of water

H2 Tank

H2O
ELECTROLYZER
UNIT

15 kWh
of heat

H2
Heating
applications
Domestic
applications

O2
Oxygen
9 kg

HYDROGEN FUEL CELL

Figure 13: Production and use of 1kg of hydrogen in the proposed Hydrogen Economy [46].

the current standard aircraft. The Airbus A350 and the Boeing 777
are becoming the standard passenger transport aircraft. The A350900, is a wide-body aircraft manufactured by Airbus. This jetliner
accommodates between 300 and 350 passengers in a standard threeclass configuration, with maximum seating of 440 passengers [37].
The A350-900 has an operational range of 15000km, maximum takeoff weight of 280 tonnes, and a maximum jet fuel capacity of 141000
liters.
For such an aircraft to be battery powered, the battery bank
would be too heavy in mass to be practical. For such an aircraft to
be hydrogen fueled, the hydrogen fuel storage tank would have to
be located inside the fuselage with passengers due to engineering
limitations on the geometry of the tank. Biofuels may be the most
practical way to keep the aviation industry operating.
While this is technically possible, it is not practical, even in the
short term [4]. The global planetary environment is not able to deliver
the required quantity of biomass needed. More work is required to
determine whether a much smaller aviation fleet could be sustainably
supplied, requiring a planetary scale environmental assessment on
the harvesting of the required biomass.

ICE Transport Fleet Calculation Map
Figure 11 and 12 shows the calculation flow chart map to
determine the electrical power requirements to phase out the current
global ICE vehicle fleet and replace them with EV’s, and the electrical
power required charging their batteries across a 12 month time
period [38].

The Hydrogen Economy
The hydrogen economy is now often promoted as a replacement
system to phase out fossil fuels. Hydrogen is to be manufactured,
stored then used as a fuel in a power cell (also called hydrogen fuel
cell, or H-cell). A hydrogen fuel cell vehicle is now in competition
of the Electric Vehicle as a substitution option to phase out Internal
Combustion Engine (ICE) vehicles [39].
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The Hydrogen Economy refers to the proposed strategy of using
hydrogen as a low-carbon energy source - replacing petroleum
products as a transport fuel for Internal Combustion Engine (ICE)
vehicles [40-45]. Also, hydrogen could be used as a substitute for
natural gas as a heating fuel. Hydrogen is attractive because whether it
is burned to produce heat or reacted with air in a fuel cell to produce
electricity, the only byproduct is water.
Hydrogen is not an energy source though, so much as an energy
carrier or storage medium. Hydrogen is not found in pure form in
the natural environment. This means that hydrogen fuel needs to
be produced from other compounds such as natural gas, biomass,
alcohols, or water. In all cases it takes energy to convert these into pure
hydrogen. One of the most potentially useful ways to use hydrogen is
in electric cars or buses in conjunction with a fuel cell which converts
the hydrogen into electricity.
It is the flexibility that hydrogen offers that makes it so potentially
useful within future low-carbon energy systems. It can be produced
from a wide variety of resources and can be used in a wide range of
applications, such as power generation, as a transport fuel for low
carbon vehicles, for the chemical industry, and for low carbon heating.
Also, hydrogen is already used extensively in the chemical industry.
This means that technology for hydrogen production, handling, and
distribution on a large scale, is mature.
The proposed hydrogen economy is shown in Figure 13. Hydrogen
is produced using electrolysis, powered with non-fossil fuel based
electricity. That hydrogen is stored and distributed throughout society
to be the basic energy of choice in parallel with electricity. Hydrogen
is to be used as a fuel source to power vehicles like passenger cars,
trucks, and ships with the use of fuel cells (probably PEM cells). Some
hydrogen could also be used in turbines (same technology as gas
turbines) to generate electricity and heat, which could be used in a
variety of applications domestically and industrially.
A scenario was examined, where all petroleum fueled Internal
Combustion Engine (ICE) vehicles will be phased out and hydrogen
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Additional Electrical Power Generation Capacity
Required to Completely Phase Out Fossil Fuels
50,000

37 670.6 TWh
Electrical power required to phase out
coal ﬁred steel manufacture
56.5 TWh

45,000

40,000

Extra electrical power annual capacity
required to be installed

Electrical power required to phase out
gas building heating
2 816.0 TWh

35,000
Electrical power required to phase out
oil, gas and coal power generation
17 086.1 TWh

25,000

17 086.1 TWh to be phased out

(TWh)

30,000

20,000

15,000

10,000

Oil
Gas

Coal

Electric power required
to produce hydrogen
for H2-Cell vehicles
11 553.6 TWh
Electrical power
required charge EV
batteries
6 158.4 TWh

5,000

Existing Non-fossil Fuel
Power Generation

9 528.7 TWh

0

Global Non-Fossil Fuel Electricty
Generation Capacity in 2018

Extra power draw required from the
global electricity grid to completely
phase out fossil fuels, with a hybrid of
non-fossil fuel systems

Nuclear energy

Hydroelectric

Wind

Solar

Biomass to waste

Other Renewables

Figure 14: The estimated additional electrical power required globally to phase out fossil fuels, and maintain the existing industrial ecosystem.

fueled fuel cell vehicles will be phased in. So, the amount of hydrogen
needed to fuel the global fleet of cars, trucks, buses, freight trains and
maritime shipping, and the extra required quantity of electric power
needed from the grid to produce that hydrogen was estimated.
To achieve this, the number of vehicles, the class types of vehicles
and kilometers driven in the year 2018 will be taken from Table 4. Then
an estimate of what would the hydrogen consumption (kg/100km)
need to be if all of these vehicles where H2 fuel cell powered and drove
the same kilometers. To determine the consumption of hydrogen
per unit distance, an example of each vehicle class using H2 fuel cell
technology would be selected as an average for that class. Results were
then summed.
Hydrogen fuel cell passenger cars
An example of this technology in action is the Toyota Mirai is
a mid-size hydrogen fuel cell vehicle, passenger 4 door sedan [47].
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Under the United States Environmental Protection Agency (EPA)
cycle, the 2016 model year Mirai has a total range of 502km on
a full tank (4kg of hydrogen in a 122.6 liters tank, with a 5.7 wt%
storage density), with a combined city/highway fuel economy rating
of 3.6L/100km (0.8kg/100km, consuming 15kWh/100km, at a speed
of 100km/hr), making the Mirai a very fuel-efficient hydrogen fuel
cell vehicle rated by the EPA, and the one with a comparatively long
range [47]. The Mirai consumes 1kg of hydrogen to produce 15kWh
of electricity.
Hydrogen fuel cell heavy duty trucks
The Hyundai Motor Company have produced and commercialized
a heavy duty hydrogen fueled truck [48]. The first 50 manufactured
units are being sent to Switzerland in Q3 of 2020 with a planned total
of 1600 XCIENT trucks to be manufactured by Hyundai by 2025.
The XCIENT H-cell fueled truck is powered by a 190kW
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hydrogen fuel cell system with dual 95kW fuel cell stacks. Seven large
hydrogen fuel tanks offer a combined storage capacity of 32.09kg
of hydrogen. The driving range of the XCIENT truck is quoted by
Hyundai as being 400km (assuming the 4X2 model with refrigerated
up-fit configuration while operating 34 tonne truck + trailer). This
provides a hydrogen fuel consumption efficiency of 8.02kg/100km.
These specifications were developed based on a balance between the
optimal requirements from the potential commercial fleet customers.
Refueling time is approximately 8-20 minutes.
Hydrogen fuel cell commercial van
DHL Express & StreetScooter in collaboration with Ford is in the
process of developing a hydrogen fuel cell powered commercial van,
called the H2 Panel Van [49]. This vehicle has a 6kg hydrogen fuel
tank, and a range of 502km. The H2 Panel Van, which is based on
the StreetScooter WORK XL delivery vehicle already used by DHL
Parcel, features cargo capacity over 10 cubic meters (approx. 100
Express parcels). With a maximum payload of over 800kg, the H2
Panel Van achieves a maximum permissible weight of 4.25 tonnes.
The Work XL was introduced in August 2017 and has been
produced exclusively for Deutsche Post. This Electric Vehicle was
based on the Ford Transit, with a cargo volume of 20 cubic meters.
This model has a 76kWh battery, reaches 90km/h and its range is
205km (NEDC), carrying a payload of up to 1175kg [50].
So, if the Work XL commercial van has a range of 205km, and
the H2 Panel Van has a range of 500km, then the added hydrogen
fuel cell system has added 297km to the total range of the vehicle.
Given that the 6kg tank of hydrogen has added 297km, the hydrogen
fuel consumption was 2.02kg/100km. For the purposes of this
report, the hydrogen fuel consumption of 2.02kg/100km will used to
estimate the hydrogen fuel volume requirements for commercial vans
and light trucks. Even though this is a hybrid vehicle, to make the
calculation simpler, a full hydrogen system is estimated for this paper.
Obviously, this calculation could be made more sophisticated with
a hybrid system estimate, in a further report with a more hydrogen
focused scope.
Hydrogen fuel cell pickup truck - light duty vehicle
The Nikola Motor Company showcased a hybrid EV electric
pickup truck with a hydrogen fuel cell auxiliary system, called the
Badger [51]. Production is slated to begin in 2022. In BEV mode, the
Badger range is 482.8km (300 miles). With assistance of the hydrogen
cell auxiliary, that range is extended to 965.6km (600 miles). So, it
can be inferred that the hydrogen cell system can propel the vehicle
482.8km (300 miles) using the 8kg of hydrogen in its tank. The
hydrogen fuel efficiency could then be estimated at 1.66kg/100km.
Hydrogen fuel cell bus
Battery electric and fuel cell buses are currently pre-commercial
technologies and are not yet mass market products. There are now a
number of models of hydrogen fuel cell buses in development and
are nearly ready for full commercialization. Some of these models are
listed.

•

Van Hool Exqui.City 18 FC

•

Toyota-Hino FCHV-BUS

•

Hyundai ElecCity
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•

Foton Motor BJ6123FCEVCH-1

•

Mercedes-Benz (Daimler AG) Citaro fuel-cell bus

•

Yutong ZK6125FCEVG1

The average hydrogen consumption of an FCEV bus is estimated
to be 8.0kg/100km [52], with an estimated average H2 tank capacity
of 27kg.
Hydrogen fuel cell trains
A proportion of the rail transport system is already electric EV
based. To phase out petroleum fueled ICE engines in the global
rail network, and phase in electric motor propulsion, an estimated
needed electrical power would be 2.27 x 1011kWh (previously stated).
In this calculation, the extra power requirement to be delivered to the
electric motors on board each train locomotive is to be generated by
H2 supplied fuel cells splitting water. As shown in Figure 13, a PEM
fuel cell can generate 15kWh from 1kg of hydrogen, with a waste
output of water and heat [53].
Thus, to generate 2.27 x 1011kWh of electrical power, the global
rail system (at the same scope as 2018) would require 1.85 x 1010kg
(18.47 million tonnes) of hydrogen to be manufactured, stored, and
then carried on trains as they operate.
To estimate how much each train would be required to carry in
a hydrogen tank, a freight train running an average distance is used.
This example does not account for extra hydrogen consumption due
to the extra torque required to pull such a heavy load but will use the
average distance 4. According to the AAR (Association of American
Railroads [54]), an average example, a train might haul 3000 tonnes of
freight 804.6km (500 miles) and consume approximately 11541 liters
(3,049 gallons) of diesel fuel. So, hydrogen fueled PEM cell will be used
to estimate replacing this example. If this train was a fully electric EV
system, it would have an approximately 73% energy efficiency [20].
To do the same amount of useful physical work (47341.6kWh), an EV
system would require from a battery bank 64851.6kWh [4].
In 2017, a PEM fuel cell produced approximately 15kWh [53]
from 1kg of hydrogen. So, the estimated mass of hydrogen required
to be stored in a tank aboard a locomotive train pulling 3000 tonnes
of freight 804.6km, would be 4323.4kg, or 4.32tonnes. So, for an EV
freight train to replace a diesel locomotive, it would need to have a
65000kWh battery bank (estimated). Using an estimated energy
density for a lithium ion battery technology of 230kg per Wh of
capacity [20], a 65000 kWh battery would have a mass of 281963kg,
or 281.9 tonnes.
This means that the energy store load carried by a freight
locomotive, if it was a pure EV system, that energy store would be a
281.9 tonne lithium ion battery, whereas if this system was a hydrogen
fuel cell, then the energy store would be 4.32 tonne. This difference in
mass makes the hydrogen fuel cell system useful for any long range
transport distance.
Hydrogen fuel cell maritime shipping
The electric power required to do useful work in the maritime
transport of goods and passengers is shown in Table 8 and 8 for
Large and Very Large Vessels (which transported most of the bulk
commodities in 2018) [4].
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So, the mass of hydrogen to fuel the global maritime fleet
transporting commodities the same distance in the year 2018 would
be estimated to be 5.09 x 109kg (Large Vessels - Table 8) + 4.66 x
1010kg (Very Large Vessels - Table 9), equaling 5.17 x 1010kg.

Table 14 shows the summed estimated consumption in the
global hydrogen economy, accounting for existing hydrogen demand
(73.9 million tonnes in 2018 [46]), self-propelled vehicles, rail, and
maritime transport systems.

5.09 x 109kg + 4.66 x 1010kg = 5.17 x1010kg (51.66 million tonnes)

So, the global hydrogen economy is estimated to consume 502.6
million tonnes each year (based on 2018 figures). Assuming a very
conservative estimate of 50kWh to produce 1kg of hydrogen using
a PEM electrolyzer 46 (Figure 13), and 2.5kWh/kg to compress the
hydrogen into 700 bar pressure storage tanks, an estimated quantity
of 26964.4 TWh of electricity will be required to manufacture the
annual needed mass of hydrogen. These conservative numbers
(50kWh/kg and 2.5kWh/kg) were selected to reflect future innovation
in efficiency).

Table 6 shows the estimated size of the needed battery in the
vessel class to travel the examined shipping route. This battery
was calculated to be large enough to power the electric propulsion
system. That same electric propulsion system could be supplied
with electricity generated by a PEM fuel cell unit. So, for each 1kg
of hydrogen, 15kWh of energy is generated [53]. So that needed
quantity of kWh can be calculated into the needed mass of hydrogen
the vessel would need to carry in a storage tank. It was also assumed
that to compress hydrogen into 700 bar pressure storage will require
2.5kWh/kg [55,56].
The far RHS column in Table 6 shows the calculated mass of the
battery for a purely EV system. As can be seen the difference in mass
is considerable. The comparison of the needed energy store shown
in Table 10 demonstrates how the hydrogen economy certainly has
its place and has the capacity to make maritime shipping viable once
more.
Hydrogen fuel cell aviation
Hydrogen has shown promise in context of a relatively small
mass of energy storage for long journeys in Heavy Duty trucks, rail
freight and maritime shipping. There is potential for hydrogen to be
applied in aviation as well.
A hydrogen aircraft would be an airplane that uses hydrogen fuel
as a power source. Hydrogen can either be burned in a jet engine, or
other kind of internal combustion engine, or can be used to power a
fuel cell to generate electricity to power a propeller. There are a few
engineering limitations that require to be resolved, however.
A jet fuel ICE powered aircraft can store fuel in its wings. Due to
the nature of what is required to store hydrogen in a tank, concept
aircraft that are currently designed with the hydrogen fuel tanks
carried inside the fuselage. This reduces space for passengers and
cargo.
It could be possible that the aircraft is propelled by an electric
turbine, powered by a PEM H2 fuel cell. If so, it is not clear what fuel
efficiency (kg of H2 consumed per 100km) the aircraft would return
in performance.
For this reason, the aviation hydrogen economy was not
considered in calculations in this report.
The size of the global hydrogen economy
Table 11 and 12 shows the assembled numbers from the previous
few sections to have an estimate of hydrogen consumption per 100km,
for each vehicle class. Yes, this is an estimate and there will be in
reality variability in each vehicle class. For the purposes of this report,
these average estimates will be used to project into each vehicle class.
Table 13 shows the estimated quantity of hydrogen for the number
of vehicles in each class to travel the same number of kilometers as
what was done in 2018. An estimate the total mass of hydrogen is
summed together.
Submit your Manuscript | www.austinpublishinggroup.com

Comparison between the Electric EV
Solution and the Hydrogen Economy
Solution to Substitute for Petroleum Fueled
ICE
This section directly compares the fully electric vehicle for
the global transport fleet to a fully hydrogen powered H2 fuel cell
vehicle global transport fleet. This includes not only passenger cars,
trucks, buses, and commercial vans, but also a fully non-fossil fuel
rail network and a non-fossil fuel maritime shipping fleet (freight
estimated). If the entire global transport fleet was an EV, an estimated
10895.7 TWh would be required to charge the EV batteries in a 365
days time period of activity as reported in 2018 (Figure 11 and 12). If
that same global transport fleet was completely powered by hydrogen
fuel cells, and did the same physical work done as the global ICE fleet
as reported in 2018, 26964.4 TWh would be required to make and
store (in 700 barr pressure tanks) the required hydrogen fuel (Table
15).
As can be observed, the hydrogen solution requires between 2 and
4 times the electricity for it to be implemented. This has important
implications. To deliver this extra electricity, 2 to 4 times the installed
Number of Average Power Plants (using 2018 data) to
deliver 1000 TWh per year
Solar PV Array

30,266

Biowaste to energy plant

28,917

Solar Thermal

12,992

Wind Turbine Array

12,309

Geothermal Plant

1,658

Hydroelectric Plant

754

Fuel Oil Diesel Plant

1,175

Gas Plant

450

Coal Plant

142

Nuclear Plant

78
0

5,000 10,000 15,000 20,000 25,000 30,000 35,000
(number of average plants)

Figure 15: Number of Average Power Plants (using 2018 data) to deliver
1000 TWh per year.
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Table 10: Estimated size of hydrogen tank and range required in maritime shipping vessels, by class.
Vessel Class Size
Needed kg of
Estimate weight of tank
Estimated volume of H2 tank
hydrogen @15
at 700 bar (40kg of H2 /m3)
with H2 storage denisty of
kWh/1kg (kg)
(m3)
5.7% (kg)
Small Vessel (100 GT to 499
GT)
Medium Vessel (500 GT to 24
999 GT)
Large Vessel (25 000 GT to 59
999 GT)
Very Large Vessel (>60 000 GT)

(m3)

(kg)

Estimated
Range (km)

951

23.8

16,689.5

13.4

6,795.0

222

23,893

597.3

419,178.1

337.5

170,665.4

1,778

331,849

8,296.2

5,821,917.8

4,687.1

2,370,352.3

8,890

774,315

19,357.9

13,584,474.9

10,936.7

5,530,821.9

8,890

Table 11: Hydrogen fuel cell vehicle examples used to estimate fuel efficiency for vehicle classes - Part 1.
Vehicle Class
Consumption of hydrogen if vehicle was a
FCEV (kg/100 km)

Example Vehicle used to estimate whole
class

Reference

Class 8 Truck

8.02

XCIENT H-cell fuelled heavy duty truck

Transit Bus +

8.0

Mercedes-Benz (Daimler AG) Citaro fuelcell bus

Hyundai Motor Company & Fuel Cell
Works 2020
Hope-Morley et al 2017

Refuse Truck +
Paratransit Shuttle +
Delivery Truck +
School Bus
Light Truck/Van +

2.02

Light-Duty Vehicle

1.66

Passenger Car

0.8

Motorcycle

N/A

H2 Panel Van (Hybrid, H2 consumption
estimated)
Nikola Badger (Hybrid, H2 consumption
estimated)
Toyota Mirai

Electric Drive 2019 & Street Scooter 2019
Nikola Corporation (2020)
Toyota 2014

Table 12: Hydrogen fuel cell vehicle examples used to estimate fuel efficiency for vehicle classes - Part 2.
Vehicle Class
Example Vehicle used to
estimate whole class

Class 8 Truck
Transit Bus +

XCIENT H-cell fuelled heavy
duty truck
Mercedes-Benz (Daimler AG)
Citaro fuel-cell bus

Estimated
Range (km)

Size of H2
tank (kg)

Estimated volume of H2 tank at
700 bar (40kg of H2 /m3) (m3)

Estimate weight of H2 tank with
storage density of 5.7% (kg)

400

32.09

0.802

563.0

216

27

0.675

473.7

297

6

0.150

105.3

482.8

8

0.200

140.4

502

4

0.100

70.2

Refuse Truck +
Paratransit Shuttle
+
Delivery Truck +
School Bus
Light Truck/Van +
Light-Duty Vehicle
Passenger Car

H2 Panel Van (Hybrid, H2
consumption estimated)
Nikola Badger (Hybrid, H2
consumption estimated)
Toyota Mirai

Motorcycle

capacity in generation needs to be constructed, with an average scalar
rate of 2.5. This is not a trivial matter, when the scale of the task is
considered.
There is another comparison of note. The mass of the EV battery
compared to the mass of the equivalent system hydrogen fuel tank
for each vehicle class shows a very clear pattern. The mass of the
needed hydrogen tank was assumed to have a storage density for
700 bar compressed hydrogen to be 5.7 wt% (similar to the Toyota
Submit your Manuscript | www.austinpublishinggroup.com

Mirai passenger car). Table 16 shows this direct comparison across
all transport classes. It is clear that the hydrogen fuel cell solution has
much lighter mass energy storage than the EV solution, by an average
multiplier of 3.2.
Table 17 shows the same comparison as Table 16, but instead of
compressed hydrogen gas, storage is in the form of liquid hydrogen
in cryogenic tanks. This has been presented as liquid hydrogen has
a much smaller mass and volume of storage system for the same
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Table 13: Estimated required volume of hydrogen to be consumed by all self-propelled vehicles in Global Fleet in 2018, as if they were all hydrogen fuel cells.
Quantity of H2 for all
Quantity of H2 for all
Vehicle Class
Number of Self
Total km driven
Consumption of
Consumption of
global vehicles in that global vehicles in that
Propelled Vehicles by class in 2018 hydrogen if vehicle
hydrogen if vehicle
class to travel the
class to travel the same
in 2018 Global Fleet
Global Fleet
was a FCEV (kg/100
was a FCEV (kg/km) same distance as was distance as was done in
(number)
(km)
km)
done in 2018 (kg)
2018 (tonnes)
Class 8 Truck

28,929,348

1.62E+12

8.02

0.0802

1.30E+11

1.30E+08

Transit Bus +

29,002,253

8.03E+11

8.00

0.08

6.43E+10

6.43E+07

601,327,324

7.89E+12

2.02

0.0202

1.59E+11

1.59E+08

695,160,429

5.40E+12

0.80

0.008

4.32E+10

4.32E+07

N/A

Refuse Truck +
Paratransit Shuttle +
Delivery Truck +
School Bus
Light Truck/Van +
Light-Duty Vehicle
Passenger Car
Motorcycle

62,109,261

1.60E+11

Total

1,416,528,615

1.59.E+13

1.416 billion Number
of vehicles

3.97.E+11

3.97.E+08
396.8 million tonnes of
hydrogen to be consumed
in one year

15.87 trillion km
travelled in 2018

Table 14: The size of the exclusive hydrogen economy in terms of required annual mass of H2 (based in 2018 scope).

Consumption Task
Hydrogen
(million tonnes)

Existing hydrogen global annual demand for industrial applications
(73.9 Mt -refining applications)
Hydrogen required to fuel the global fleet of
passenger cars

35.7

Required annual
electric power
Required
Required
generation
Electric power
Electric power to
assuming 10%
to compress H2
Hydrogen manufacture H2
grid transmission
into tanks at 700
(kg)
with electrolysis
loss between
barr pressure
(@ 50kWh/kg)
power station and
(@ 2.5kWh/kg)
(kWh)
electrolysis unit and
(kWh)
compression unit
(kWh)
3.57E+07

1.79E+09

N/A

1.96E+09

4.32E+10

2.16E+12

1.08E+11

2.49E+12

1.59E+11

7.97E+12

3.98E+11

9.20E+12

6.43E+10

3.21E+12

1.61E+11

3.71E+12

1.299E+11

6.50E+12

3.25E+11

7.50E+12

18.5

1.85E+10

9.23E+11

4.62E+10

1.07E+12

51.66

5.17E+10

2.58E+12

1.29E+11

2.98E+12

43.2
Hydrogen required to fuel the global fleet of commercial vans and
light trucks
159.4

Hydrogen required to fuel the global fleet of buses and delivery
trucks
64.25

396.8
million
tonnes of
hydrogen

Hydrogen required to fuel the global fleet of Class 8 Heavy Duty
trucks
129.9

Hydrogen required to fuel the global fleet rail transport
Hydrogen required to fuel the global maritime shipping fleet

Hydrogen required to fuel the global aviation fleet

N/A

Total

502.6 million
tonnes of H2
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2.70E+13
26 964.4 TWh

Austin Environ Sci 7(1): id1071 (2022) - Page - 017

Michaux SP

unit of mass of hydrogen fuel. The EV storage system mass ratio to
liquid hydrogen storage system is approximately 9:1. This would be
important for the large, long range vehicles like very large ships. The
engineering and logistics of liquid hydrogen are much more complex
than compressed hydrogen gas. The viability of the system should
consider all of these things.

Fossil Fuel Supported Industrial Tasks
Other Than Transport
Currently, our industrial systems are absolutely dependent on
non-renewable natural resources for energy sources. Over the last 100
years western society has evolved into petroleum driven economy.
Economic activity correlates strongly with the transport of goods. All
industrial activity, energy use in general and economic indicators like
GDP all correlate strongly with energy consumption [57,58], oil in
particular. If fossil fuels are to be phased out, then these fossil fuel
energy systems, and the industrial ecosystem dependency on them,
need to be understood.
Fossil fuel powered electricity generation
In the year 2018, the global power station fleet generated 26614.8
TWh of electricity, where the use of fossil fuels accounted for 64.19%
(17 086.1TWh) [6]. To generate electrical power globally in 2018, by
fossil fuel source:

Austin Publishing Group

The electric power used in EAF operation, however, is high, at 360
to 600 kilowatt-hours per ton of steel, and the installed power system
is substantial, where a 100-ton EAF facility often has a 70-megavoltampere transformer.
Global crude steel production reached 1808.6 million tonnes
(Mt) for the year 2018 [15]. If all steel in 2018 was manufactured
using an electric arc furnace, then 71% of 1808.6 Mt would have to
be transferred away from using coal to refine crude steel to using an
electric arc. So, 71% of 1808.6 Mt is 1284.1 Mt. This means that 51.4
TWh (5.14 x 1011kWh) of extra electricity would need to be generated,
where an average of 400kWh is needed to produce one tonne of steel.
Accounting for 10% power grid transmission loss, 56.54 TWh of
power would need to be delivered annually.
In Sweden, an initiative that endeavors to revolutionize steelmaking is being developed called HYBRIT, collaboration between
SSAB, LKAB and Vattenfall [59]. HYBRIT aims to replace coking
coal, traditionally needed for ore-based steel making, with hydrogen.
The result will be the world’s first fossil-free steel-making technology,
with virtually no carbon footprint. During 2018, work started on
the construction of a pilot plant for fossil-free steel production in
Luleå, Sweden. The goal is to have a solution for fossil-free steel by
2035. While still in feasibility, this potentially could provide a way to
manufacture steel without coal.

•

66% of coal was globally consumed to generate 10100.5TWh

Plastics manufacture

•

41% of gas was globally consumed to generate 6182.8TWh

•

3.02% of oil was globally consumed to generate 802.8TWh

Plastics and petrochemicals are made using oil and gas feedstock
(among other things). Globally, over 8.1 trillion kilograms of plastics
have been produced from about 14 % of the annual global oil and
8% of annual global gas consumption [7]. About 10% of total world
refinery output, or around 650 Million tons per year, is used by
the plastics industry for its feedstock and energy needs. Countless
numbers of manufactured products are either made from plastics or
contain plastic components. Very few consumer products in today’s
market-place contain no plastic parts at all. It could be argued that
our current technology now depends on plastics to operate.

This annual consumption of 17086.1 TWh will now have to be
generated by non-fossil fuel power systems.
Fossil fuel heating of buildings
In 2018, 17% of gas was globally used for heating applications
[9,10,17]. This application will have to be done with electric heaters
and be charged off the electric power grid. If that fraction of gas (562.6
Mtoe of the 2018 global consumption of 3309.4 Mtoe) was converted
to electricity, it would produce an estimated 2 560 TWh [6,9,10,17].
If that electricity was converted to a heating application, the
conversion from electric power to heating application is approximately
92%, because almost all purchased energy is converted to building heat
[17]. The extra power draw this will require is to be an estimated 2780
TWh in extra capacity. Assuming 10% of grid transmission loss, 2816
TWh would be required to be delivered annually. This is assuming
solar and geothermal cannot directly replace heating applications.
There are low-enthalpy domestic heating technologies using heat
exchange pumps. The scale up potential of these technologies is not
clear. Nevertheless, they would not be able to substitute all industrial
scale heating applications.
Steel manufacture
The global steel industry consumed 16% of coal in 2018, where
71% of steel was made using coal [14,15]. About one-quarter of the
world’s steel is produced by the Electric-Arc Furnace method (EAF),
which uses high-current electric arcs to melt steel scrap and convert it
into liquid steel of a specified chemical composition and temperature
[15].
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Currently, petrochemicals are the first link in a chain of industries
that ultimately use hydrocarbons as raw materials.
Chemicals produced from oil and gas make up around 90%
of all raw materials to make petrochemicals, which are known as
feedstocks; the rest comes from coal and biomass. About half of the
petrochemical sector’s energy consumption consists of fuels used
as raw materials to provide the molecules to physically construct
products. The growing role of petrochemicals is one of the key “blind
spots” in the global energy debate.
There is no accepted economically viable substitution for plastics
in current technology nor the fossil fuel feedstocks to make them
in the volumes the global industrial ecosystem currently demands.
Petrochemicals are economically cheaper to produce and often have
better material performance properties.
However, it is now required to examine the phasing out of fossil
fuels like oil, gas, and coal, all of which are used as feedstocks to
plastics manufacture. There are a number of alternative process paths,
but they are logistically impractical, currently difficult to scale and/or
the resulting products have performance issues. The most promising
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Table 15: Comparison the annual electrical power to be generated to charge a global fleet of pure EV vehicles to the electrical power to produce the annual mass of
hydrogen to fuel a global complete H2 cell vehicle fleet.
Ratio of electric power needed to
Required annual electrical power to be
Electrical power to produce the annual required
charge a global fleet of pure EV vehicles
generated to charge a global fleet of pure
mass of hydrogen to fuel a global complete
Vehicle
to the electric power needed to produce
EV vehicles, assuming a 10% loss in
H2 cell vehicle fleet, assuming a 10% loss in
transmission between power station and H2
enough of H2 to power a global fleet of
transmission between power station and
manufacture site (TWh)
Fuel Cell vehicles
charging point (TWh)
Class 8 Truck

3,564.3

7,503.7

2.1

1,597.5

3,710.4

2.3

2,988.6

9,203.9

3.1

Passenger Car

1,545.9

2,494.5

Motor Cycle

26.5

Maritime
Shipping

945.9

Bus & Delivery
Truck
Light Truck &
Van

1.6
N/A

2,983.4

3.2

Rail Transport

226.6

1,066.5

4.7

Sum Total

10,895.2

26,962.4

2.5
Average Ratio

Table 16: Comparison the estimated mass of energy storage of an EV vehicle (a Lithium-Ion Battery) to the estimated mass of the energy storage of a fuel cell vehicle
(compressed H2 tank at 700 bar pressure).
Electric Vehicles

Hydrogen Fuel Cell Vehicles

Vehicle

Estimated needed capacity of
the EV battery in the vehicle
(kWh)

Estimated mass of lithium ion
battery in vehicle, @230Wh/
kg (kg)

Estimated weight of 700 bar pressure
compressed hydrogen storage tank @
5.7wt% storage density (kg)

Ratio between mass of
EV battery and mass of
H2 tank

Class 8 Truck

450.0

1,957

563

3.5

Bus & Delivery
Truck

227.5

896

474

1.9

Light Truck & Van

42.1

183

123

1.5

Passenger Car

46.8

203

70

2.9

Motor Cycle

21.5

80

N/A

N/A

Rail Freight
Locomotive

65,000

282,609

75,789

3.7

14,269.5

62,041

16,689

3.7

Maritime Shipping
Small Vessel
Medium Vessel

358,397.3

1,558,249

419,178

3.7

Large Vessel

4,977,739.7

21,642,347

5,821,918

3.7

Very Large Vessel

11,614,726.0

50,498,809

13,584,475

3.7

Average:

3.2

is the bioplastics industry [60,61].
While it is clear that bioplastics are not as sophisticated in
material properties performance compared to petrochemical
plastics, bioplastics may be the solution to phase out the use of
petrochemicals. Bioplastics could be used in applications that do not
need high performance material properties. A small number of plastic
applications that do require high performance material properties
could continue to be petrochemical based. This hybrid solution would
phase out the majority of oil, gas and coal consumption currently
tasked to plastics manufacture, but would also maintain industrial
requirements.
Fertilizer manufacture
The production of fertilizer accounts for a sizeable proportion of
the energy consumed to produce food in industrial agriculture. In the
late 1990’s, the energy consumed to produce fertilizer accounts for
28% of the global energy consumed for industrial agriculture [62].
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This is mainly the consumption of gas to produce ammonia [63].
Approximately 9% of global gas demand is used to produce ammonia
for the manufacture of fertilizer [64].
Currently there is no clear substitute manufacture process for
industrially produced fertilizers that does not use fertilizers. It is
recommended to consider the phasing out of large scale industrial
agriculture, with its dependency on petrochemical fertilizers,
pesticides, and herbicides. Food production could be reorganized to
be supplied from a large number of local to consumption small scale
organic farming operations.

Vehicle Transport Fleet EV to H-Cell Split
The data presented in this paper can now be used to make a
crude recommendation for in what circumstances would an EV
system or a Hydrogen fuel cell system is more efficient. Considering
the implications of the data presented in practical terms, it is then
recommended that all short range vehicle transport should be EV.
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Table 17: Comparison the size of energy storage of an EV vehicle (a Lithium-Ion Battery) to the size of the energy storage of a fuel cell vehicle (cryogenic liquid H2
tank) of the same class doing a similar task.
Estimated needed capacity of Estimated mass of lithium ion
Estimated mass of cryogenic liquid
Ratio between mass of EV
Vehicle
the EV battery in the vehicle
battery in vehicle, @230 Wh/
hydrogen storage tank @14 wt%
battery and mass of cryogenic
(kWh)
kg (kg)
storage density (kg)
liquid H2 tank
Rail Freight
65,000
282,609
30,857
9.2
Locomotive
Maritime
Shipping
Small Vessel

14,269.5

62,041

6,795

9.1

Medium Vessel

358,397.3

1,558,249

170,665

9.1

Large Vessel

4,977,739.7

21,642,347

2,370,352

9.1

Very Large
Vessel

11,614,726.0

50,498,809

5,530,822

9.1

Average:

9.1

Table 18: Size of the required electrical vehicle fleet for the Global system.
Vehicle Class
Electrical power to be generated,
Estimated Summed for
Number of Self Propelled Total km driven
assuming a 10% loss in
Vehicle Class Battery
Vehicles in 2018 Global
by class in 2018
transmission between power station Capacity to be Manufactured
Fleet (number)
Global Fleet (km)
and charging point (kWh)
(kWh)
Transit Bus +

Total Mass of
Li-Ion batteries
(tonne)

29,002,253

8.03E+11

1.60E+12

5.98E+09

25,988,541

601,327,324

7.89E+12

2.99E+12

2.53E+10

110,181,094

695,160,429

5.40E+12

1.55E+12

3.25E+10

141,450,035

Motorcycle

62,109,261

1.60E+11

2.65E+10

1.34E+09

4,968,741

Total

1,387,599,267

1.43E+13

6.1584E+12

6.5188E+10

2.83E+08

65.19 TWh of Batteries

Total Li-Ion battery
mass 282.6 million
tonnes

Refuse Truck +
Paratransit Shuttle
+
Delivery Truck +
School Bus
Light Truck/Van +
Light-Duty Vehicle
Passenger Car

1.39 billion vehicles

14.25 trillion km
travelled in 2018

6 158.4 TWh power generated to
charge batteries

This includes passenger cars, buses, commercial vans, and delivery
trucks. This is shown in Table 18.
All long range transport and freight tasks (that would require
extra power in application) is recommended to be powered with a
hydrogen fuel cell. This includes long range trucking fright (Class
8 HCV), intercity rail transport (passenger and freight) and the
maritime shipping fleet. The required physical mass and volume of
the battery makes the EV system not practical for maritime shipping
and intercity rail freight. Class 8 HCV trucks need to travel a very
long range, which makes the H-Cell system more efficient. This is
shown in Table 19. City rail transport internal to the city power grid
could be powered with overhead power cables. So, a fuel cell vehicle
will be able to have a much greater range and capacity to carry cargo
and passengers than an EV, with the same energy mass storage. So,
the fuel cell is more appropriate for long range and cargo transport
applications.

Extra Global Power Generation Capacity
Required to Phase out Fossil Fuels
All components of this paper can now be assembled to determine
the sum total extra electrical power required to completely phase
out fossil fuels and maintain the existing industrial ecosystem
Submit your Manuscript | www.austinpublishinggroup.com

specifications.
So, in summary:
Electrical power required to charge EV batteries: 6158.4 TWh
+
Electric power required to produce hydrogen for H2-Cell vehicles:
11553.6 TWh
+
Electrical power required to phase out coal, gas, oil power
generation: 17086.1 TWh
+
Electrical power required to phase out gas building heating:
2816.0 TWh
+
Electrical power required to phase out coal fired steel manufacture:
56.5 TWh
=
Total power requirements to phase out fossil fuels: 37670.6 TWh
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Table 19: Global number of hydrogen cell vehicles and the volume of hydrogen to fuel them for one year.
Vehicle Class

Number of Self
Propelled Vehicles
in 2018 Global Fleet
(number)

Hydrogen
Produced
(million
tonnes)

Required Electric power
to manufacture H2 with
electrolysis (@ 50 kWh/
kg) (kWh)

Required Electric power to
compress H2 into tanks at
700 barr pressure (@ 2.5
kWh/kg) (kWh)

Required annual electric power
generation assuming 10 % grid
transmission loss between power
station and electrolysis unit and
compression unit (kWh)

Class 8 Truck

28,929,348

129.9

6.50E+12

3.25E+11

7.50E+12

Rail Freight
Locomotives

104,894

18.5

9.23E+11

4.62E+10

1.07E+12

2.58E+12

1.29E+11

2.98E+12

Martime Shipping

101,105

51.7

Total

29,135,347

200.1

1.16E+13

29.1 million H-Cell
vehicles

11 553.6 TWh

Table 20: Global power generation and installed capacity by type.
Power
Installed Global
Global Electricity
Generation
Capacity in 2018
Production in 2018
System Source
(Section 3.3 & Global
(Appendix B & Agora
Energy Observatory)
Energiewende and
(GW)
Sandbag 2019) (TWh)
Coal

1237.7 GW

Operating hours
in practice of
existing installed
capacity in 2018
(h)

Global Number
Power Plants in
2018 (Global Energy
Observatory)
(number)

8,161

1,437

10,100.5

Average Installed
Power Produced by
Plant Capacity in
a Single Average
2018 (Global Energy
Plant in 2018 (kWh)
Observatory) (MW)
861.3

7,028,812,030

Gas

1207.5 GW

6,182.8

5,120

2,781

434

2,223,247,834

Nuclear

431.8 GW

2,701.4

6,256

438

2,046.50

12,803,184,576

Hydroelectric

712.9 GW

4,193.1

5,882

3,163

225

1,325,746,584

Wind

597 GW

1,303.8

2,184

16048 (est)

37.2

81,241,809

Solar PV

580.14 GW

579.1

998

17526 (est)

33.1

33,040,663

Solar Thermal

5.5 GW

5.5

1,000

52

77.0

76,970,000

Geothermal

14.6 GW

93.0

6,370

108

95

603,226,027

Biowaste to
energy

55 GW

652.8

1,091

3,800

32

34,581,818

Fuel Oil Diesel

225.8 GW

802.8

3,555

1,069

239

850,797,343

Total (GW)

5067.94

2.66E+07

Total(TWh)

5.07

26,614.80

To put this in context, the required extra capacity of power
generation is compared against global electrical power consumption
in 2018 in Figure 14. So, what is required is the construction and
commissioning of an expansion of the electrical power plant fleet that
is 142% the size of the existing system, but with non-fossil fuel power
systems, which are generally not as effective, due to a generally lower
Energy Returned on Energy Invested ratio (ERoEI) [4,35].
Estimation of the number of new non-fossil fuel power
stations
The extra electricity generation capacity to completely phase out
fossil fuels was estimated to be 37670.6 TWh, using a combination of
EV’s and H-Cell transport systems. This extra capacity would have to
come from non-fossil fuel electric power generation systems. Part of
this task is to phase out 17086.1 TWh of fossil fuel power generation.
Table 20 shows the global number and performance of electrical
power stations, by fuel source. Each of the power generation systems
was examined where the specifications of each individual station were
collected, and statistical analysis was conducted on each fuel source
system. The data of interest in Table 20 is the power produced by the
average sized power station for the year 2018.
Figure 15 shows a comparison between the different power
generation plants, in context of how many average sized plants would
Submit your Manuscript | www.austinpublishinggroup.com

46,423

Solar Thermal
0,06%

Geothermal
1,04%

Biowaste to energy
0,67%

Solar PV
6,48%

Nuclear
30,23%

Wind
14,59%

Hydroelectric
46,92%

Total
9 528.7 TWh

Figure 16: Global proportions of alternative and renewable power generation
systems (non-fossil fuel) [6].

be required to deliver 1000 TWh of electricity on an annual basis.
As can be observed, to replace a single average coal or gas fossil fuel
powered electricity generation plant would require many average
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Estimated scale-up of existing renewable power generation to
meet extra required capacity
37 670.6 TWh

50,000

(TWh)

40,000

Existing non-fossil fuel
power generation capacity

30,000
20,000
9 528.7 TWh

10,000
0

Global non-fossil fuel electricty
production in 2018

Expanded extra required capacity to
charge EV batteries

Nuclear

Hydroelectric

Wind

Solar Thermal

Geothermal

Biowaste to energy

Solar PV

Number of new power stations needed

The required estimated new capacity to be added
to the existing electric power grid to be able to
charge the new EV transport ﬂeet

kW power generation for the
average power station, by fuel
type (TWh)

Power Generation System

Number of New
Power Plants

Nuclear
Hydroelectric
Wind
Solar PV
Solar Thermal
Geothermal
Biowaste to energy

834
12,504
63,445
69,291
282
609
74,628

Total New Stations

221,594

Expanded extra required
capacity to phase out fossil
fuels
(TWh)
10,679.7
16,576.9
5,154.4
2,289.4
21.7
367.7
2,580.8
37 670.6 TWh

Figure 17: Scale up from existing capacity to estimate the proportions of non-fossil fuel power generation systems.

renewable power plants. This reflects the relative effectiveness of
each of these power systems. These numbers would have to be
balanced against the physical size (capital cost) of each kind of plant.
Constructing a solar panel array farm is an entirely different matter to
constructing and commissioning a nuclear power plant.
It is to be remembered that the operating life after commission
of these plants is also different, where a wind turbine and solar panel
has a useful working life of approximately 20 years [65], whereas a
coal fired power plant is assumed to be 30 years [66]. A nuclear power
plant operating life is assumed to be 40 years (Generation II Plant) to
60 years for a Generation III+ plant [67].
To deliver the needed extra power, the existing non-fossil system
power station network would be developed. Predicting how future
industrial sites would develop would be extraordinarily complex and
impractical. For the purpose of this paper, a more practical approach
is taken on, where a crude estimation to show what would be necessary
if the existing proportions of non-fossil fuel power generation
systems (Figure 16) were projected to be upscaled into the required
new quantity. These are the power systems that can be deployed at
an industrial scale with current logistical technological capability. It
is recognized that each of the non-fuel systems have their difficulties.
For example, hydroelectricity, and geothermal can only be developed
in some places, not all. Solar power can be more efficient in some
parts of the world compared to others, due to the quantity of viable
sun hours, and their intermittent availability. Wind power also has
difficulties related to where it can be sited, and the intermittent nature
of when it can generate electricity. Nuclear power can be deployed
anywhere in the world in any weather conditions. The difficulties
with nuclear is the management of waste fuel. If the nuclear grid was
expanded to twice the existing global fleet, the proportionate volume
of waste nuclear fuel would need to be managed.
The proportional fraction of each non-fossil fuel generation
system (for example nuclear was 30.2% of the 2018 non-fossil fuel
electricity production) is then projected onto the total expansion of
capacity [68].
Submit your Manuscript | www.austinpublishinggroup.com

For example, to phase out fossil fuels completely and maintain
the existing industrial ecosystem, a total extra 37 670.6 TWh of extra
annual power generation capacity is required. The nuclear proportion
of global electric power generation in 2018 was 30.2%, which was
2701.4 TWh. This was then scaled up to 30.2% of 37670.6 TWh. This
would result in the global electrical power generation by the nuclear
power plant fleet would be 10679.7 TWh. This procedure is shown in
Figure 17.
Table 21 shows the number of non-fossil fuel power stations
required to deliver this annual electrical power. The energy mix of
these different power generation systems was estimated using the
same method as shown in Figure 17.
Stationary power storage
Some non-fossil fuel electrical power generation systems are
intermitted and not consistent in power delivery. To protect the grid
and maintain reliable power delivery, a buffer of power storage of
some kind is needed. This is termed stationary power storage [69].
The intermittent nature of renewable energy can be mitigated
with measures like connecting lots of renewable power stations
together and optimizing their power delivery through one system
[70]. Power storage systems are mostly required to ensure consistent
supply to the grid during the long periods of reduced sunlight hours
and reduced wind where it is needed, for solar and wind systems [71].
Solar and tidal systems are relatively predictable. It’s important
to understand that while solar is intermittent, it does not have a
random generation pattern. Solar resource for power generation is
very predictable, which makes grid integration less of an issue. Wind
power is much more intermittent [72-76]. The output from a single
wind farm located in any particular geographical region is highly
variable on time scales ranging from minutes to days. This creates
difficulties for incorporating relevant outputs into an integrated power
system. The high frequency (shorter than once per day) variability of
contributions from individual wind farms is determined mainly by
locally generated small scale meteorological weather boundary in the
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Table 21: Number of additional non-fossil fuel power stations to phase out fossil fuels.
Power
Global non-fossil fuel
2018 ratio
Generation
Global Number Power
electricity production in
percent of
System
Plants in 2018 (Global
2018 (Appendix B & Agora
non-fossil fuel
Energy Observatory)
Energiewende and Sandbag
electrical power
(number)
2019) (kWh)
systems (%)
Nuclear

2.70E+12

Hydroelectric
Wind
Solar PV

Expanded extra
Estimated number of
Power Produced
required annual
required additional new
by a Single
capacity to phase
power plants of average
Average Plant in
out fossil fuels
size to phase out fossil
2018 (kWh)
(kWh)
fuels (number)

438

28.35%

1.07E+13

1.28E+10

834

4.19E+12

3,163

44.00%

1.66E+13

1.33E+09

12,504

1.30E+12

16,048

13.68%

5.15E+12

8.12E+07

63,445

5.79E+11

17,526

6.08%

2.29E+12

3.30E+07

69,291

Solar Thermal

5.50E+09

52

0.06%

2.17E+10

7.70E+07

282

Geothermal

9.30E+10

108

0.98%

3.68E+11

6.03E+08

609

Biowaste to
energy

6.53E+11

3,800

6.85%

2.58E+12

3.46E+07

74,628

Total (kWh)

9.53E+12

41,135

Total (TWh)

9,528.7

3.77E+13

221,594

37,670.6

Table 22: Estimated number of 100 MW power storage stations to be built in the global system to address renewable source intermittency of supply (wind and solar)
at the scope required to phase out fossil fuels entirely.
Power
Generation
Expanded extra required
Storage capacity for a 4 week
Number of 100MWh capacity power
System
Mass of Li-Ion batteries
annual global capacity to
period to manage winter period,
storage stations to meet power
@230 Wh/kg (tonnes)
phase out fossil fuels (kWh)
with limited sun & wind (kWh)
generation in a 4 week cycle (number)

Wind

5.15E+12

3.96E+11

51,544,207

1.72E+09

Solar PV

2.29E+12

1.76E+11

22,894,041

7.66E+08

Solar Thermal

2.17E+10

1.67E+09

217,436

7.27E+06

Total Power
Storage

5.743E+11

74,655,683

2,496,845,599

Capacity

574.3 TWh

Number of storage stations

Tonnes of batteries

atmosphere.

seasonal winter cycle in the Northern Hemisphere.

As the degree of variability varies greatly across a 24 hours cycle
for solar, wind, and tidal power, but in some cases is predictable, the
size of the needed storage is related to the number of power sources
networked and how efficient that network can be managed to transfer
power to one place to another when needed. Another issue will be
that many EV systems will be charged at night or overnight. Solar
power in particular is only efficient during the day.

Currently, pumped-storage hydropower (PSH) provides 98%
of all the existing electrical energy stored in the world [78]. While
the volume of electrical power from renewable sources is relatively
small this is a manageable issue. Once renewable power becomes a
larger share of power generation, then infrastructure will be needed
in electrical power storage. The required power storage for the task
of phasing out fossil fuels is much larger than what is currently in
place. Due to the number of required power storage stations, it is
impractical to plan for more pumped storage stations as they are very
geographically limited. There are other options, but the most flexible
is the battery storage power station concept.

Steinke et al. 2012 put forward the recommendation for a fully
renewable powered Europe to have 2 days of power storage, plus
10%. This study was to examine all power requirements for Europe
to be 100% renewable. Another study [71] examined the possibility
of a ‘supergrid’ across the European Union, North Africa, and the
Mediterranean. This study found that there would still need to be 1
month of energy storage to keep the grid up during seasonal variations
[71]. Palmer (2020) [77] proposed that up to 7 weeks of storage would
be required as well as large amounts of renewable capacity overbuild.
In the literature there are a number of opinions with regard to
how much of a buffer. The Droste-Franke (2015) [71] study proposed
a 1 month of energy storage to keep the grid up during seasonal
variations. This was seen as a reasonably conservative estimated
(where some suggestions in the literature were as long as 10 weeks)
and was selected for this study. This four week period for just wind
and solar was selected to deliver power to the global grid across the
Submit your Manuscript | www.austinpublishinggroup.com

As of 2020, the largest battery storage power station in the
world was the Australian Hornsdale Power Reserve, adjacent to the
Hornsdale wind farm, built by Tesla [79]. The plant is operated by
Tesla and provides a total of 129 megawatt-hours (460 Gigajoules) of
storage capable of discharge at 100MW into the power grid. For this
paper, it is now assumed that all new power storage stations will be
one of these 100MW battery stations.
Table 22 takes the annual extra capacity required for just wind
and solar from Table 21 and calculates the equivalent capacity for
just a four week time period. The global capacity of stationary power
storage was estimated to be 574.3 TWh. This number is far larger than
previous estimates done by other studies. If this capacity was met
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with the construction of 100 MW stationary power storage sites like
the Australian Hornsdale Power Reserve, then 74.6 million of them
would need to be constructed.

Conclusions
The estimated number of EV’s needed to phase out fossil fuels
and maintain the existing industrial ecosystem was 1.39 billion
vehicles of various classes (all vehicle classes except HCV Class 8
trucks), which would need 65.19 TWh of batteries and 6158.4 TWh
of electricity annually supplied to charge them. In parallel to the EV
vehicle fleet, a fleet of hydrogen fuel cell powered transport network
was recommended. This includes 29 million Class 8 HCV heavy
trucks, a hydrogen powered intercity rail network to transport people
and freight, and a hydrogen powered international maritime shipping
fleet. This H-Cell powered system fleet would require approximately
200 million tonnes of hydrogen fuel a year at the point of application
and 11553.6 TWh to manufacture that hydrogen with electrolysis.
Recommendations were made for when a battery-powered EV
should be used and when a H2-Cell vehicle is the better alternative
technology and takes into account the required electrical power to
charge the EV batteries and produce the hydrogen, and the physical
size of energy storage in each transport vehicle.
To phase out existing fossil fuel annual global electrical power
generation, an annual 17086.1 TWh of non-fossil fuel power
generation would need to be commissioned. Other industrial tasks
like the gas heating of buildings and the manufacture of steel using
coal would have to be substituted with non-fossil fuel alternatives.
Calculations reported here suggest that the total additional
non-fossil fuel electrical power annual capacity to be added to the
global grid will need to be around 37670.6 TWh. If the same nonfossil fuel energy mix as that reported in 2018 is assumed, then this
translates into an extra 221594 new power plants will be needed to be
constructed and commissioned. To mitigate intermittency of supply
issues (from wind and solar) for just 4 weeks of production, global
stationary power storage would require to be an estimated 574.3 TWh
in capacity (or 74.6 million 100MW capacity stations).
To put this in context, the total power plant fleet in 2018 (all
types including fossil fuel plants) was only 46423 stations. This large
number reflects the lower Energy Returned on Energy Invested
(ERoEI) ratio of renewable power compared to current fossil fuels.
Current expectations are that global industrial businesses will
replace a complex industrial energy ecosystem that took more than a
century to build. The current system was built with the support of the
highest calorifically dense source of energy the world has ever known
(oil), in cheap abundant quantities, with easily available credit, and
seemingly unlimited mineral resources. The replacement needs to be
done at a time when there is comparatively very expensive energy, a
fragile finance system saturated in debt, not enough minerals, and
an unprecedented world population, embedded in a deteriorating
natural environment. Most challenging of all, this has to be done
within a few decades. It is the author’s opinion, based on the new
calculations presented here, that this will likely not go fully to as
planned.
In conclusion, the data presented suggests that replacing the
Submit your Manuscript | www.austinpublishinggroup.com
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existing fossil fuel powered system (oil, gas, and coal), using the
planned renewable technologies, such as solar panels or wind
turbines, will not be possible for the entire global human population.
There is simply just not enough time, nor resources to do this by the
current target set by the World’s most influential nations. What may
be required, therefore, is a significant reduction of societal demand
for all resources, of all kinds. This implies a very different social
contract and a radically different system of governance to what is in
place today. Inevitably, this leads to the conclusion that the existing
renewable energy sectors and the EV technology systems are merely
steppingstones to something else, rather than the final solution. It
is recommended that some thought be given to this and what that
something else might be.
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