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Abstract Hydrogen is expected to play a key role as an

energy carrier in future energy systems of the world. As

fossil-fuel supplies become scarcer and environmental

concerns increase, hydrogen is likely to become an

increasingly important chemical energy carrier and even-

tually may become the principal chemical energy carrier.

When most of the world’s energy sources become non-

fossil based, hydrogen and electricity are expected to be the

two dominant energy carriers for the provision of end-use

services. In such a ‘‘hydrogen economy,’’ the two com-

plementary energy carriers, hydrogen and electricity, are

used to satisfy most of the requirements of energy con-

sumers. A transition era will bridge the gap between

today’s fossil-fuel economy and a hydrogen economy, in

which non-fossil-derived hydrogen will be used to extend

the lifetime of the world’s fossil fuels—by upgrading

heavy oils, for instance—and the infrastructure needed to

support a hydrogen economy is gradually developed. In

this paper, the role of hydrogen as an energy carrier and

hydrogen energy systems’ technologies and their eco-

nomics are described. Also, the social and political impli-

cations of hydrogen energy are examined, and the

questions of when and where hydrogen is likely to become

important are addressed. Examples are provided to illus-

trate key points.
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1 Introduction

The world has a wide variety of energy sources which can

be harvested to produce an even wider variety of energy

carriers. Some energy sources, such as fossil fuels, are also

energy carriers. That is, their energy can be transported to

and used by energy consumers in the same form as it is

found. Other energy sources, such as falling water and

solar radiation, must first be converted to an energy cur-

rency (commonly, electricity) before the energy can be

used.

Presently, fossil fuels are the main energy sources and

energy carriers in the world. However, the supply of fossil

fuels is finite and their use causes environmental impacts.

As supplies eventually begin to become scarcer and

environmental concerns increase, the world will turn

increasingly to alternative energy sources. But all fore-

seeable future energy sources (falling water, solar radia-

tion, uranium, wind, tides, waves, etc.) cannot act as

energy carriers for the provision of end-use services.

Moreover, using present technology, these sources are

capable of producing, for the most part, one energy car-

rier: electricity.

However, the world’s societies cannot operate

effectively with energy provided only in the form of

electricity, as they also need chemical fuels and feed-

stocks. For example, many transportation vehicles,

especially airplanes, cannot be economically flown

using electricity (Scott 2007; Balat 2008). As use of

fossil fuels declines and is replaced with energy sup-

plies from non-fossil sources, the world could eventu-

ally become oversaturated with electricity and deficient

in chemical fuels.

& Seama Koohi-Fayegh

sima.kouhi@uoit.ca

Marc A. Rosen

marc.rosen@uoit.ca

123

Energ. Ecol. Environ. (2016) 1(1):10–29

DOI 10.1007/s40974-016-0005-z

http://crossmark.crossref.org/dialog/?doi=10.1007/s40974-016-0005-z&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40974-016-0005-z&amp;domain=pdf


Marchetti (1985) illustrated this point using historical

energy-source data gathered by the Energy Systems Group

of the International Institute for Applied Systems Analysis

(IIASA) (see Fig. 1). The data are presented on a semilog

plot with an abscissa of time and an ordinate of F/(1 - F),

where F is the fraction of total sources captured by the

identified source. On the right-hand side of the ordinate,

F is presented on a nonlinear scale (the parameter F/

(1 - F) is used because it is important in the logistic

substitution procedures which were used to model the

data). Figure 1 shows that, as time progresses, an ever-

decreasing fraction of the world’s energy sources has been

supplied by wood, coal, oil and natural gas; the figure also

predicts that an increasing fraction of energy sources in the

future will be supplied by nuclear fission and ‘‘solfus’’

(solar and nuclear fusion). Wind energy can be treated as

part of solfus. There likely exists a maximum fraction of

energy transactions which can use electricity; assuming

this value is 0.3, it can be seen that the fraction of energy

transactions using nuclear fission, solar and nuclear fusion

will eventually surpass the 0.3 ‘‘ceiling,’’ leading to an

oversupply of electricity. In some regions and countries,

surpluses of electricity have at times existed.

This argument, which follows from the future decline in

fossil-fuel use shown in Fig. 1 and the limitations on

energy end-uses serviceable with electricity, suggests that

eventually it will be necessary to produce some chemical

fuel, either directly from non-hydrocarbon energy sources

or from the electricity they are already capable of pro-

ducing. Other energy researchers (Muradov and Veziroglu

2008; Bose and Malbrunot 2007; Penner 2006; Smith and

Santangelo 1980; Wallace and Ward 1983) have made

similar arguments. Moreover, there is a consensus among

many researchers that hydrogen is the most logical choice

as a chemical fuel in the future societies of the world. An

eventual ‘‘hydrogen economy,’’ where hydrogen and elec-

tricity serve as complementary secondary energy carriers,

has been envisioned for many decades (Muradov and

Veziroglu 2008; Dunn 2002; Marban and Valdes-Solis

2007; Elam et al. 2003; Bose and Malbrunot 2007; Sig-

fusson 2007; Penner 2006; Maack and Skulason 2005;

Arnason and Sigfusson 2000; Lattin and Utgikar 2007;

Midilli et al. 2005a, b; Scott 1987, 2007). Note that in a

hydrogen economy there will remain other primary energy

carriers such as uranium, which can be readily stored and

transported, even if hydrogen and electricity become the

main secondary energy carriers.

The objective of this paper is to provide an overview of

hydrogen energy and hydrogen energy systems so as to

describe the prospects for hydrogen as an energy carrier. In

the paper, the use of hydrogen as an energy carrier is

described, as are hydrogen energy systems and technolo-

gies, including methods used for the production, utilization,

storage and distribution of hydrogen. Next, the economics

of hydrogen energy systems and their social and political

implications are discussed. Finally, the questions of when

and where hydrogen energy will become important in the

short and long terms are addressed, and advancements

anticipated in hydrogen systems in the future are detailed.

Throughout, aspects of hydrogen energy systems which are

dependent on geographical location are pointed out.

2 Background on energy and the environment

2.1 Energy

Energy is a key driver of industrialized societies. Energy

consumption is linked to living standards, lifestyles and

population as well as its distribution between urban and rural

areas. Population is growing in most countries (see Table 1),

driving increased consumption of energy globally. Rising

living standards are contributing to this trend, especially in

developing economies. Concerns such as potential scarcities

of many energy resources and the impact of energy systems

on the environment also affect energy use.

Fig. 1 World primary energy

substitution in terms of the

fraction F of total sources

captured by the identified source

[adapted from Marchetti (1985)]
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About 90 % of the world’s total primary energy use is

currently met by fossil fuels. Alternatives to fossil fuels

include hydro, nuclear, solar, wind, geothermal, wave and

tidal energy (Hodge 2010; Veziroglu and Sahin 2008;

Nersesian 2010; Ongena and Van Oost 2006; Lomonaco

and Marotta 2014). Past global total primary energy use is

given in Table 2 (top six rows), broken down by fuel type.

Nuclear energy has been utilized mainly for electricity

generation, but nuclear thermal energy can be used directly

for such services as industrial heating, district heating and

driving energy conversion processes (e.g., thermochemical

hydrogen production).

A mismatch sometimes exists between energy supply

and demand. Fossil-fuel systems can be used effectively to

meet demands when they occur. However, many renewable

energy resources are available intermittently and nuclear

plants operate best at a constant power level. Consequently,

the capacity factor, defined as the ratio of actual to full-

capacity energy output over a period of time, varies notably

for energy technologies.

Some feel that renewable energy resources can supply in

the moderate term all anthropogenic energy requirements.

Others feel that the potential is limited, e.g., the IEA (2004)

estimated the ‘‘realisable’’ potential of renewable energy

for electricity generation as approximately 108 EJ annu-

ally, which is about one-quarter of the approximate 400 EJ

global energy use in 2000. Some of the challenges involved

in increasing renewable energy use include:

• Renewable energy systems are often more costly than

other energy options.

• Renewable energy resources are less concentrated or

dense than fossil fuels and uranium, requiring large

areas to be dedicated to harvesting the energy resource

(Nel and Cooper 2009).

• Renewable energy resources are often available inter-

mittently, often necessitating the use of energy storage.

For example, the daily and seasonal variations in solar

radiation lead to capacity factors for typical solar

devices of approximately 18 %, while variations in

wind yield capacity factors for common wind turbines

of about 35 % (Forsberg 2005).

Table 1 Global population (in millions), broken down by region and

time [adapted from data at International Energy Agency (www.iea.

org)]

Region Year

1990 2004 2030

China 1120 1300 1450

India 870 1100 1450

Remainder of developing Asia 760 980 1300

Africa 620 880 1450

Middle East 180 200 320

Latin America 360 430 600

Transition economies 320 350 370

OECDa countries 1080 1190 1300

Overall 5310 6430 8240

a Organization for Economic Cooperation and Development

Table 2 Breakdowns of past

and predicted future global

energy use and energy-related

carbon dioxide emissions [data

from International Energy

Agency (www.iea.org)]

Annual quantity Year

1980 1990 2000 2010 2020 2030

Primary energy use rate (Gtoe/year)a

Coal/peat 1.6 2.0 2.0 2.6

Oil 3.0 3.1 3.5 3.9

Natural gas 1.4 1.8 2.0 3.3

Nuclear 0.1 0.2 0.5 1.3

Hydro 0.03 0.04 0.06 0.06

Combustible renewables and waste 0.7 1.0 1.1 1.2

CO2 emission rate (Gt/year)

By socioeconomic category

OECD countries 10.9 11.0 11.8 12.6 13.5 14.4

Developing countries 3.5 5.0 7.3 12.0 15.6 20.9

Transitioning economies 3.6 3.5 2.4 2.6 2.7 2.8

By fuel source

Coal/peat 5.7 7.2 6.5 10.7

Oil 7.8 8.1 10.0 11.1

Natural gas 3.5 4.2 5.0 5.4

a Other primary energy forms, including solar, wind and geothermal energy, are relatively minor and thus

not shown
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Many advanced techniques for improving efficiency

have evolved and been applied in recent decades, such as

exergy analysis (Rosen et al. 2008; Dincer and Rosen

2012). The achievement of energy sustainability has also

become increasingly sought recently and been investigated

(Rosen 2009; Dell 2004).

2.2 Environmental impact

Energy systems cause environmental impacts, leading

many countries and regions to undertake extensive envi-

ronmental assessments prior to approving and implement-

ing new energy systems or major modifications to existing

ones. Environmental impacts include climate change,

stratospheric ozone depletion, acid precipitation and smog,

among others.

Climate change has been shown by many to be a sig-

nificant risk to humanity and thus has become a concern to

policy makers and the public. Activities that lead to climate

change are shown in Fig. 2, where it is seen that emissions

of greenhouse gases (GHGs) from anthropogenic activity

are a prime driver and that the eventual impacts of GHGs

on ecosystems and people may motivate activities to mit-

igate and/or adapt to climate change. Substantial quantities

of carbon dioxide, the most significant greenhouse gas,

result from the combustion of fossil fuels, which account

for the great majority of energy use globally. This point is

supported Table 2, which shows past and predicted future

increases in global energy use and CO2 emissions. Char-

acteristics of the sources of carbon dioxide help illustrate

the causes of climate change. Past global emissions of CO2

are given in the last four rows of Table 2, broken down by

fuel source. Past and predicted future energy-related CO2

emissions are shown in rows 9–12 of Table 2 for several

socioeconomic categories: developing countries, transition

economies and the OECD.

3 Hydrogen as an energy carrier

Hydrogen is a useful energy carrier. It can be stored and

transported, and it can be used as a fuel or converted to

electrical energy in such devices as fuel cells. Hydrogen

can be benign environmentally since, depending on the

energy source from which it is derived, it can be produced

from water and it reverts back to water after oxidation.

There are many reasons why hydrogen is a logical and

appropriate choice as a chemical fuel to replace today’s

fossil fuels. The principal reason is that hydrogen is a

complementary energy carrier to electricity (Scott 2007).

Change in 
global 

temperature 
(with regional 

varia�ons) 

Climate 
change 

Impacts on 
ecosystems 
and people 

Anthropogenic 
ac�vity 

GHG emissions 

Increased 
GHG 

atmospheric 
concentra�on 

Fig. 2 Actions that lead to

climate change and may

motivate actions to mitigate it.

The cycle starts with

anthropogenic activity, which

leads to GHG emissions. The

eventual impacts on ecosystems

and people may motivate

anthropogenic activities to

mitigate and/or adapt to climate

change
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Both energy carriers are necessary as each can satisfy a

range of energy service demands, some of which cannot be

satisfied by the other. Hydrogen’s advantages and disad-

vantages as a chemical fuel stem from its properties and

characteristics. The principal advantages of hydrogen, as

noted by several researchers (Johnson et al. 1981; Smith

and Santangelo 1980; Wallace and Ward 1983; Scott 1987,

2007), are listed below:

• Producible. Hydrogen can be manufactured from

hydrocarbon and, more significantly, non-hydrocarbon

energy sources. Water, a widely available commodity,

is the only other feed required.

• Utilizable. Hydrogen can be used as a chemical fuel

and as a chemical feedstock in many industrial

processes, such as the refining of metal ores and the

upgrading of heavy oils and tars, as well as in

transportation (Balat 2008; Turgut and Rosen 2010),

and residential and commercial applications (Lubis

et al. 2009).

• Storable. Hydrogen, unlike electricity, can be stored in

large quantities in a variety of forms. The choice of

what form hydrogen is best stored in for a given

application depends on several factors, such as what the

hydrogen will be used for.

• Transportable. There are many ways to transport

hydrogen (e.g., road, rail, ship). Also, it is trans-

portable over long distances using conventional pipe-

line technology with losses lower than those associated

with electricity transport using high-voltage electrical

lines. Thus, the energy from non-hydrocarbon energy

sources located at great distances from energy con-

sumers can be used to produce hydrogen and then

easily transported.

• Environmentally benign. Hydrogen utilization involves

oxidation, and the only direct major hydrogen oxidation

product is water. A small quantity of nitrogen oxides is

released when hydrogen is combusted in air, but these

can be controlled with careful engine design (Wallace

and Ward 1983). The environmental impacts with other

phases in the life cycle of a hydrogen system are similar

to those for other energy technologies and may be small

or large, mainly depending on the source of hydrogen.

• Recyclable. Hydrogen is recyclable as an energy

carrier, in that hydrogen oxidizes to water, which can

be separated to generate hydrogen.

• Synergistic. Hydrogen energy systems usually incorpo-

rate many synergisms. That is, by using hydrogen as an

energy carrier, other demands of the system can also be

satisfied. For example, hydrogen production using

electricity generated from CANDU (Canadian Deu-

terium Uranium) nuclear reactors can yield by-product

heavy water using the combined electrolysis catalytic

exchange (CECE) process (Vasyanina et al. 2008). The

heavy water can, in turn, be supplied to the reactor,

where it is required as a moderator and coolant.

Hydrogen also has some undesirable characteristics,

some of which are listed below:

• Hydrogen storages have energy storage densities that

are less than those for gasoline storages on both mass

and volume bases. On a mass basis, the highest

hydrogen energy storage density is attained using a

liquid hydrogen storage, whose energy storage density

is approximately 80 % that of a gasoline storage. On a

volume basis, the highest hydrogen energy storage

density is attained using a type of metal hydride

storage, whose energy density is approximately 35 %

that of a gasoline storage. In general, no hydrogen

storage option has a high energy storage density on

both a mass and volume basis. This is especially an

issue in automotive applications of hydrogen as a fuel.

• It can leak from containment vessels due to its low

density and small molecular size.

• Hydrogen can cause some materials problems. In the

presence of hydrogen, for instance, some alloys tend to

become embrittled (Cox and Williamson 1979).

• Hydrogen can be costly to produce for use as an energy

carrier, especially compared to the cost of fossil fuels at

present.

Through advanced engineering, most of hydrogen’s

undesirable characteristics can be dealt with.

One characteristic of hydrogen, which has been debated

for many years (Hoffman 1981), involves how safely

hydrogen can be used. The ‘‘Hindenburg Syndrome,’’

which is characterized by a fear of anything in which

hydrogen plays a role, was termed as a phrase after the

Hindenburg dirigible accident in 1937 at Lakehurst, New

Jersey. Hydrogen, like any fuel, does have dangerous

properties (Cox and Williamson 1979), but the public’s

fears of hydrogen often appear to stem mainly from a fear

of the unknown. Besides its dangerous properties, hydro-

gen also has some safe ones. The results of many studies of

hydrogen’s safety implications indicate that the dangers of

hydrogen do not seem worse than those of gasoline, natural

gas or any other fuel, but are merely different. Consider-

ation of the flame temperature, explosion energy and flame

emissivity of hydrogen suggests that it is safer than

methane and gasoline. Due to its non-toxicity, a hydrogen

leak does not cause environmental damage and hydrogen

dissipates rapidly as it rises from its source due to its low

density, reducing the risk of fire or explosion (Cipriani

et al. 2014; Sharma and Ghoshal 2015). Furthermore, many

groups, such as the US National Aeronautics and Space

Administration (NASA) and the petrochemical industry,
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have been using hydrogen safely for many years (Scott

1987, 2007; Johnson et al. 1981). In general, most people

working with or studying hydrogen have concluded that

hydrogen can be used safely.

The preceding discussions suggest hydrogen may have a

prominent role as an energy carrier in the future. The path

from the present to the future can be broken down into

three eras. The world is evolving from the present ‘‘fossil-

fuel era,’’ an era in which fossil fuels and electricity are the

main energy carriers and hydrogen is essentially not used

as an energy carrier, to a ‘‘hydrogen era,’’ an era in which

there will be only two principal energy carriers: hydrogen

and electricity. A ‘‘transition era’’ will link the fossil-fuel

era to the hydrogen era.

The transition era will be characterized by a gradual

substitution of chemical energy carriers. Light hydrocar-

bons, such as petroleum and natural gas, will gradually be

replaced by heavy hydrocarbons, such as coal, oil shales

and sands and tar sands. These, in turn, will likely be

replaced by hydrogen. Scott (2007) notes that a key feature

of such a transition era will be an integration of energy

sources and energy carriers. Whereas in the fossil-fuel era,

one energy source is often used to produce one energy

carrier (e.g., uranium to produce electricity, or natural gas

to produce heat), in the transition era, a set of energy

sources more often will be used to produce a set of energy

carriers. For example, methanol, hydrogen, electricity and

low-grade heat were produced from natural gas, uranium

and water at a demonstration plant in Julich, Germany

(Scott 1987; Johnson et al. 1981). This integration will

mainly be directed toward delaying a point in time when

fossil fuels cannot be economically recovered and reducing

environmental impacts.

Another type of integration involves the use of hydrogen

produced from non-hydrocarbon sources in refining pro-

cesses. The amount of products from refinery processes is

greatly increased if such hydrogen is added to the heavy

hydrocarbons, instead of removing carbon. In Ontario,

Canada, for example, proposals have been made to use

electricity generated from nuclear power plants to produce

hydrogen for use in upgrading heavy oils into a mar-

ketable blend of liquid fuels.

The hydrogen era will be reached after fossil fuels

become too expensive to recover economically and/or

environmental or other imperatives cause modifications of

our energy systems. Hydrogen is produced through from

renewable energy sources using low-cost environmentally

clean processes (Ursua and Gandia 2012). Then, it will be

used as an energy carrier in ways which take advantage of

its unique properties, and the infrastructure necessary to

support a hydrogen era will be established. Final use

technologies, especially fuel cells, will be widely spread

(Ball and Weeda 2015; Ursua and Gandia 2012; Veziroglu

and Macario 2011). The duration of the hydrogen era is

anticipated to be great. According to Scott (2007), once

established, the hydrogen era will last as long as advanced

civilization lasts.

4 Hydrogen energy systems and technologies

Hydrogen energy systems are comprised of technologies

for the production, utilization, storage and distribution of

hydrogen. These technologies are discussed in this sec-

tion. More detailed treatments of hydrogen energy systems

can be found elsewhere (Muradov and Veziroglu 2008;

Marban and Valdes-Solis 2007; Bose and Malbrunot 2007;

Sigfusson 2007; Penner 2006; Maack and Skulason 2005;

Lattin and Utgikar 2007). Many areas of hydrogen tech-

nology require research and/or development effort.

4.1 Hydrogen utilization

In the present fossil-fuel era, hydrogen is not often used as

an energy carrier since supplies of fossil fuels are still

relatively plentiful. Rather, it is mainly produced to satisfy

industrial non-energy requirements throughout the world,

especially in developed countries.

Presently, hydrogen is primarily used in (Johnson et al.

1981; Baker 1980; Hammerli 1984; National Academies of

Engineering 2004):

• refinery processes (hydrocracking of heavy residual oils

to produce high-quality gasoline, hydrodesulfurization

of sulfur-bearing petroleum streams, etc.);

• the production of petrochemicals (alpha alcohols,

polyolefins, etc.); and

• the production of chemicals (ammonia, methanol, etc.).

Hydrogen is also used to a lesser extent in the produc-

tion of such products as drugs and semiconductors. Table 3

presents a breakdown of current annual hydrogen use on a

global basis, as a percentage of total hydrogen production.

The use of hydrogen has evolved over recent decades,

but similar trends have been observed. This can be

observed in Table 4, where a breakdown is provided of

annual hydrogen use in the 1970s in Canada and the USA.

The breakdowns in Tables 3 and 4 exhibit quantitative

similarities, despite the fact that they are for significantly

different time periods and geographic regions.

In the transition era, hydrogen will continue to be used

as an industrial chemical feedstock and will be increasingly

used directly as a chemical fuel, and as an intermediate in

the production of alternative and conventional chemical

fuels (Lattin and Utgikar 2007). Thus, hydrogen will find

uses in the transportation, commercial and residential

sectors as well as in the industrial sector. Use of energy
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technologies fed by various sources that exchange energy

through numerous carriers is optimized in a case study by

Maroufmashat et al. (2015). Besides the uses listed for

hydrogen in the fossil-fuel era, researchers expect hydro-

gen also to have the following uses:

• a fuel for producing electricity in fuel cells (Ball and

Weeda 2015; Granovskii et al. 2006; Thomas 2009;

Barclay 2006), which combine hydrogen and oxygen

electrochemically to produce electricity and water;

• a supplement to natural gas, which can be added

directly in natural gas distribution networks;

• a feedstock in the manufacturing of synthetic fuels,

especially methane and ammonia;

• a fuel for urban motor vehicles, locomotives, marine

vessels and aircraft, using fuel cells and/or combustion

engine technology (Beghi 1983; Scott 2007; Lapeña-

Rey et al. 2010); and

• a fuel for space heating, in appropriate circumstances

(Smith and Santangelo 1980).

In the hydrogen era, hydrogen will be the prime chem-

ical energy carrier used globally (Scott 2007). By this time,

the infrastructure necessary for large-scale use of hydrogen

will likely be in place, at least partially. The sector which

will rely most heavily on hydrogen will likely be trans-

portation (Johnson et al. 1981; Baker 1980). Such use

requires a global research effort focusing on the develop-

ment of physical and chemical methods to store hydrogen

in condensed phases at high volumetric and gravimetric

densities when using it as a vehicular fuel.

A great deal of effort is being devoted in many coun-

tries, including Canada, to developing the technologies that

will be necessary to use hydrogen in the future (Johnson

et al. 1981; Hydrogen Industry Council 1984).

4.2 Hydrogen in automotive applications

The transportation sector largely depends on the fossil fuels

for its operation and is responsible for a large portion of

greenhouse gas emissions. In a move toward lowering CO2

emissions, this sector as well may benefit from the use of

hydrogen as a fuel for vehicles. Hydrogen storage is one of

the main barriers in hydrogen automotive applications,

where weight and volume should be kept as low as possible.

Various options have been proposed in the automotive

industry for replacing current fuels with hydrogen: fuel cell

cars and hydrogen internal combustion engine vehicles.

Hydrogen fuel cell electric vehicles appear as a viable

options for transportation in the future as they cause no

pollution and their range is comparable to that of the tra-

ditional internal combustion engine vehicles (400–500 km

on a single refueling, given a 700-bar onboard hydrogen

storage) (Ball and Weeda 2015; Alazemi and Andrews

2015). Their high efficiency at part-load operation makes

them suitable options for passenger cars (Verhelst 2014). If

the hydrogen used in these vehicles is produced from low-/

zero-carbon feedstocks or if the CO2 generated during their

production is captured and stored, these vehicles offer an

effective means for decarbonising the entire fuel supply

chain. To satisfy the requirements of normal operation,

reasonable behavior during transients (e.g., accelerations

and braking) and a longer life for the stack, fuel cell cars

are designed in a hybrid format using a battery pack or

capacitor with a fuel cell (Cipriani et al. 2014). However,

material supply could become a limiting factor of wide-

spread adoption of fuel cell vehicles (Verhelst 2014).

Hydrogen can also be used in internal combustion

engines that are designed similarly to traditional combus-

tion engines. The mature industry and a vast production

infrastructure available for internal combustion engines

make hydrogen internal combustion engines economically

attractive. Furthermore, unlike fuel cell vehicles, these

vehicles do not rely on materials that may limit their large-

scale production (Verhelst 2014). Some features of these

engines that vary from traditional gasoline engines are the

electronics unit control to properly manage the pressure in

the injection and the hydrogen combustor. These engines

are not emission free and emit nitrogen mixtures (Cipriani

et al. 2014).

Table 3 Breakdown of current annual hydrogen use on a global basis

[data from National Academies of Engineering (2004)]

Use Breakdown (%)

Ammonia production 60

Oil refining 23

Methanol production 9

Other 8

Overall annual hydrogen use is approximately 50 9 109 kg

(570 9 109 m3)

Table 4 Breakdown of annual hydrogen use (%) in Canada and the

USA in the 1970s [Data from Baker (1980)]

Use Canada (1978)a USA (1975)b

Ammonia production 43 60

Oil refining 33 27

Synfuel production 12 –

Methanol production 9 10

Other 3 3

a Overall annual hydrogen use was approximately 1.1 9 109 kg

(12 9 109 m3). Data source: Hammerli (1984)
b Overall annual hydrogen use was approximately 5.4 9 109 m3

(60 9 109 m3)
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If hydrogen vehicles are to be used in large numbers,

they require an entirely new, dedicated hydrogen distri-

bution and refueling infrastructure with sufficient geo-

graphic coverage for users. This includes a network of

hydrogen refueling stations with capacities and densities

that are compatible with hydrogen vehicles. This involves

capital expenditures and high investment risk regarding the

future uptake of hydrogen demand. Hydrogen can be pro-

duced at the station or elsewhere and delivered to the sta-

tion and then stored for transfer to in-vehicle hydrogen

units. The current state of deployment of hydrogen fueling

stations in various locations in the world is reviewed by

Alazemi and Andrews (2015).

It is estimated that petroleum-based fuels will retain their

dominant role in the transport sector for the coming decades

as they are relatively straightforward to handle, have a high

volumetric energy densities, are easy to store onboard a

vehicle and can use the existing distribution and refueling

infrastructure (Ball and Weeda 2015). In the transition era

when a large refueling station network is not yet deployed,

hydrogen internal combustion vehicles with the ability to

switch to traditional fuel when no hydrogen refueling sta-

tion is available offer the users flexibility (Verhelst 2014).

4.3 Hydrogen production

Hydrogen production requires significant development

effort at present because (a) some of the most difficult

technological problems are associated with hydrogen pro-

duction processes, and (b) storage, distribution and con-

version technologies will not be used if economic methods

to produce hydrogen are not first developed. Included in

hydrogen production are processes for generating and

purifying hydrogen, as well as processes for the liquefac-

tion or compression of hydrogen, where applicable. As far

as security of supply and greenhouse gas emissions are

concerned, any advantage from using hydrogen depends on

how the hydrogen is produced (Ball and Weeda 2015).

The main processes for hydrogen production include

steam reforming of natural gas, catalytic decomposition of

natural gas, partial oxidation of heavy oil, coal gasification,

water electrolysis, thermochemical water decomposition,

and photochemical, electrochemical and biological pro-

cesses. The first four processes are based on fossil fuels.

The main energy sources for hydrogen production are

shown in Fig. 3, where two main categories of energy

source are shown: hydrocarbons and non-hydrocarbons

(electricity and heat). For the hydrogen production pro-

cesses using hydrocarbons such as fossil fuels and biomass,

the hydrogen is derived from the hydrogen in the hydro-

carbon itself and water. The hydrogen is derived from the

hydrogen in water for the hydrogen production processes

driven by electrical and thermal energy.

4.4 Hydrogen production from hydrocarbons

In the fossil-fuel era, hydrogen is produced almost exclu-

sively from fossil fuels (Muradov and Veziroglu 2008;

Santarelli et al. 2004; Turner et al. 2008; Yildiz and Kazimi

2006). The primary hydrogen production processes, which

are being used presently or are expected to be used soon,

are (Hammerli 1984; Smith and Santangelo 1980; Holladay

et al. 2009; Rosen and Scott 1998; Turpeinen et al. 2008;

Gnanapragasam et al. 2010; Forsberg 2007):

• catalytic steam reforming of light hydrocarbons, such

as naphtha and, more commonly, natural gas;

• partial oxidation of heavy hydrocarbons, such as heavy

oils and coal; and

• coal gasification (DOE 2008; Shoko et al. 2006).

• thermal cracking of methane, also called methane

decarburation (Abanades et al. 2013; Kumar and

Priyanshu 2015).

Most of the hydrogen produced worldwide today is from

fossil fuels, primarily via steam reforming of natural gas. It is

the less polluting option to obtain hydrogen from fossil fuels

(Ball and Weeda 2015), and its efficiency ranges from 70 to

80 % (Ursua and Gandia 2012). In this method, CO2 is pro-

duced as a by-product, although not more than burning the

same amount of natural gas. Since CO2 emissions contribute

to climate change, methods to manage their production such

as CO2 sequestration are sometimes used. Methods such as

high-temperature pyrolysis (decomposition in the absence of

oxygen) of hydrocarbons are also available but are costly.

Hydrogen production from water using non-fossil fuels can

help avoid the environmental problems and limitations of

fossil fuels. Nonetheless, hydrogen will likely continue to be

produced from carbon compounds in the near future.

4.5 Hydrogen production from non-hydrocarbons

In the transition era, one of the reasons for producing

hydrogen will be to lengthen the lives of fossil-fuel sup-

plies. In line with this goal, it is expected that the pro-

duction of hydrogen from non-hydrocarbon energy sources

will begin (Muradov and Veziroglu 2008; Santarelli et al.

2004; Turner et al. 2008; Yildiz and Kazimi 2006). Several

such processes which are expected to be important follow:

• water electrolysis using electricity from such energy

sources as nuclear, solar, wind or hydraulic;

• thermochemical hydrogen production using high-tem-

perature heat produced in concentrating solar energy

devices or high-temperature nuclear reactors, and

thermoelectrochemical cycles;

• photochemical and photoelectrochemical processes; and

• photobiological processes.
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Relatively newer concepts such as chemical looping

reforming for hydrogen production are being studied as

well. In chemical looping reforming, the combustion pro-

cess is split into three subprocesses by employing three

separate reactors: an air reactor where the oxygen carrier is

oxidized by air, a fuel reactor where natural gas is oxidized

to produce a stream of CO2 and H2O and a steam reactor

where the steam is reduced to produce hydrogen (Khan and

Shamim 2014).

Water electrolysis is a process which produces hydrogen

and oxygen by using electricity to split water. The main

chemical reaction is as follows:

2H2O ! 2H2 þ O2

Water electrolysis is used to produce hydrogen at pre-

sent, although on a small scale (Johnson et al. 1981). In

Canada, for instance, less than one percent of the total

hydrogen generated is electrolytically produced. For

instance, a large Cominco water electrolysis plant in Bri-

tish Columbia produced hydrogen at the rate of about

3.6 tonne/day (Silverstein 1982). Certain specialized pro-

cesses require such hydrogen because of its high purity

(over 99.5 % compared with 97–98 % for hydrocarbon-

derived hydrogen). Water electrolysis is a mature tech-

nology, but subject to inefficiencies due to the generation

of electricity, e.g., in thermal power stations. High-tem-

perature electrolysis, which utilizes water in the form of

steam, is under development (Bhandari et al. 2014; Mur-

adov and Veziroglu 2008; Turner et al. 2008; Yildiz and

Kazimi 2006). In these systems, a major part of the energy

required for electrolysis can be supplied in the form of

high-temperature heat instead of electricity, which is more

expensive. However, at their current research and devel-

opment stage, these systems face issues such as electrolyte

aging and electrode deactivation. The near-term non-fossil

option for hydrogen production is likely to remain water

electrolysis mainly due to its easy integration with

renewable energy sources such as hydropower, wind and

solar (Ursua and Gandia 2012; Bhandari et al. 2014).

However, water electrolysis hydrogen production using

renewable energies is currently limited to research and

development projects.

Thermochemical water decomposition (or splitting),

which is comprised of a sequence of chemical reactions for
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Fig. 3 Main energy sources for

hydrogen production. For the

hydrogen production processes

using hydrocarbons (top

grouping), the hydrogen is

derived from the hydrogen in

the hydrocarbon itself and

water. For the hydrogen

production processes using

electricity and heat (bottom two

groupings), the hydrogen is

derived from the hydrogen in
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which the net reaction is water decomposition, is a sig-

nificant future candidate for large-scale hydrogen produc-

tion (Funk 2001; Rosen 2010; Lewis et al. 2009; Lewis and

Masin 2009; Andress et al. 2009). The inefficiency of water

electrolysis due to the conversion of heat to electricity in

thermal power plants can be avoided through thermo-

chemical cycles. Also, thermochemical water decomposi-

tion allows water to be decomposed at lower temperatures

(around 850–1000 �C) than the temperature required for

direct thermal decomposition of water to hydrogen and

oxygen (over 2500 �C). Some drawbacks of these systems

include the corrosion and heat exchange problems caused

by both high temperatures and the chemicals used, and the

difficulty to find the heat sources for the processes. Many

hydrogen production processes based on thermochemical

water decomposition have been proposed, potentially dri-

ven by heat from nuclear power plants (Schultz et al. 2005;

Naterer et al. 2009, 2010; Utgikar and Ward 2006; Fors-

berg et al. 2003; Forsberg 2003, 2007) and/or high-tem-

perature solar thermal facilities (Kodama and Gokon 2007;

Steinfeld 2005) or a combination of both in an integrated

hydrogen production system (Orhan and Babu 2015). Two

examples are the copper–chlorine cycle, which requires

heat at temperatures as high as 550 �C, and the sulfur–

oxygen–iodine process, which requires heat at about

1000 �C.

Photoelectrolysis is another developing technology that

aims at obtaining hydrogen from the incidence of solar rays

on semiconductors immersed in an aqueous solution that

act as photocatalysts (Ursua and Gandia 2012). Photocat-

alytic processes are also being investigated as water-split-

ting paths to hydrogen production using solar energy

(Preethi and Kanmani 2013). In these processes, the

development of photocatalysts capable of harvesting a

wide range of visible light in long-term operation to

achieve high hydrogen production rates is highly desirable

and is the focus of research (Srinivasan et al. 2015). Hybrid

thermochemical cycles that utilize electricity as well as

heat to decompose water are also under development

(Forsberg 2007).

In the longer term, hydrogen may be produced from

water using such heat-driven thermochemical processes.

Such thermal processes for hydrogen production may prove

less expensive than other options because heat is generally

less expensive than electricity (Forsberg 2007). For

instance, the cost of nuclear-based thermochemical hydro-

gen production has been estimated to be as low as 60 % of

that for nuclear-based hydrogen production by electrolysis

(Forsberg et al. 2003). The specific thermochemical water

decomposition processes that will ultimately prove to be the

most economic are not yet known (Forsberg 2003).

Nuclear thermal energy is likely to prove an important

energy source for hydrogen production, according to

various authors (Bertel 2004; Marchetti 2006; Torjman and

Shaaban 1998; Verfondern and Nishihara 2005; Forsberg

2005; Ponomarev-Stepnoi 2004; Onuki et al. 2005; Yildiz

and Kazimi 2006; Lomonaco and Marotta 2014). In such

instances, the nuclear reactor must supply heat at condi-

tions that match those required by the hydrogen production

process. Conventional nuclear technology can be used for

hydrogen production processes requiring electricity. Vari-

ous advanced nuclear technologies are possible for

hydrogen production using thermochemical processes:

• The advanced gas reactor (AGR) is a commercial

thermal reactor for electricity production that can attain

coolant temperatures at the reactor exit of 650–750 �C
during normal operation. The AGR core consists of a

carbon dioxide coolant and uranium oxide fuel pellets

in stainless-steel cladding within graphite blocks, which

act as a moderator.

• The thermal energy for some thermochemical processes

is the high-temperature gas-cooled reactor (HTGR),

which has a maximum operating temperature of

800–1000 �C (Onuki et al. 2005).

• The modular helium reactor (MHR) is a thermal reactor

that can be used for both hydrogen and electricity

production. It uses a helium coolant, which can reach

temperatures of 850–1000 �C at the reactor exit, and

consists of a core of prismatic graphite blocks with

ceramic fuel.

• The advanced high-temperature reactor (AHTR) is a

new reactor design to provide high-temperature

(750–1000 �C) heat to enable efficient low-cost ther-

mochemical production of hydrogen or electricity

generation (Forsberg et al. 2003; Forsberg 2003). The

AHTR uses a molten fluoride salt as a coolant and a

solid coated-particle fuel in a graphite matrix.

Some state that hydrogen production through water

electrolysis using renewably generated electricity from

wind turbines and photovoltaic cells is not efficient as high-

quality energy carrier is converted to one of lower quality

in these processes, and these energy sources should be used

for meeting power demands. They suggest biologically

based processes for hydrogen production such as use of

gasification, fast pyrolysis and acid hydrolysis of harvested

biomass with aqueous phase reforming (Tanksale et al.

2010). Artificial or biomimetic photosynthesis, where

artificial photosynthetic systems capture light energy and

drive proton reduction, is another biological path to

hydrogen production (Magnuson et al. 2009). Some sug-

gest microbial paths to hydrogen production such as dark

fermentation, microbial electrolysis, biophotolysis and

photofermentation (Hallenbeck 2011). However, all these

processes suffer from technical barriers which prevent their

practical applications at present.
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Many of these processes, such as thermochemical pro-

cesses and high-temperature electrolysis, are only at the

research and development stage. Hydrogen production

processes using energy from renewable sources, such as

photochemical, photoelectrochemical and photobiological

processes, are only at the conceptual development or early

research stage. Abbasi and Abbasi (2011) discuss and

compare various processes for production of hydrogen

from solar energy as well as other renewable sources such

as wind, hydroelectric, geothermal, ocean thermal energy

conversion, anaerobic digestion of biomass and biowastes

and conclude that none of the technologies available for

production of hydrogen from renewable sources are not

economically viable at their current status.

In the hydrogen era, the production of hydrogen will be

accomplished almost exclusively from water and non-hy-

drocarbon energy (Bargigli et al. 2004; Chiesa et al. 2005;

Damen et al. 2006, 2007; Rydén and Lyngfelt 2006; Cohce

et al. 2010), using the methods which will likely be

introduced during the transition era.

4.6 Hydrogen production via integrated processes

Many of the methods to produce hydrogen described above

can be integrated and operated simultaneously. This is

usually done where each provides benefits and an inte-

grated process seeks to exploit, on balance, the most

advantageous aspects of each process.

4.7 Overview of hydrogen production processes

The main processes for hydrogen production are summarized

in Fig. 4. Three main categories of processes are highlighted:

processes based on fossil fuels, processes not based on fossil

fuels, and integrated processes that advantageously combine

one or more hydrogen production processes.

Apart from production of hydrogen using the various

methods mentioned above, hydrogen can also be provided from

the chemical industry where it is produced as a by-product. An

example of such processes is the chlor-alkali process, where

hydrogen is produced as a by-product in an electrochemical cell

that produces chlorine and sodium hydroxide. Where available,

such acido-alkaline electrochemical cells are recognized as

cheap hydrogen production methods that can have a distinct

role for sustainable energy conversion and storage and waste

utilization (Zeradjanin et al. 2014).

4.8 Hydrogen storage and distribution

One of the principal reasons hydrogen complements well

electricity as an energy carrier is that hydrogen can be

stored over long periods of time. Furthermore, hydrogen

production from intermittent renewable energy sources,

such as solar energy sources, is only viable with an inte-

gration of a hydrogen storage system with production. The

reversible storage of hydrogen is a substantial challenge,

especially for use of hydrogen as a fuel in automotive

applications. Hydrogen has a low energy density on a

volume basis compared to the other fuels, requiring a much

larger fuel tank for a vehicle operating on hydrogen rather

than petrol/diesel. Furthermore, hydrogen is the lightest of

all elements and harder to liquefy than methane and pro-

pane. Due to its low density and also its small molecular

size, it can leak from containment vessels. In addition, for

hydrogen to be used in automotive applications, the storage

system should have the ability to extract/insert hydrogen at

sufficiently rapid rates. To date, only relatively small-scale

storages have been developed; however, several large-scale

storages are being developed to satisfy future storage

requirements, which are expected to be much greater than

present ones. New materials with improved performance,

or new approaches to the synthesis and/or processing of

existing materials, are highly desirable for use of hydrogen

as a vehicular fuel. Desirable characteristics for hydrogen

storage materials are investigated by Yang et al. (2010) and

Winter (2009), accounting for fuel cell vehicle require-

ments. Hydrogen can be stored in bulk in many forms and

using many technologies:

• as a compressed gas in tube banks;

• as a cryogenic liquid (at 20.3 K) in well-insulated

tanks;

• as a mixed phase, called hydrogen slush;

• as a gas in underground reservoirs and caverns (as large

quantities of natural gas are currently stored);

• in chemical bonds with other materials such as metal

hydrides, which allow large quantities of gaseous

hydrogen to be thermally adsorbed and desorbed in

chemical bonds with the surface of certain metals;

• by weak adsorption of H2 molecules by a porous

material such as glass microspheres, which allow large

quantities of gaseous hydrogen to permeate into small

(5–200 lm diameter) glass spheres; compared to metal

hydrides, glass microspheres have twice the storage

capacity per unit mass and one half the storage capacity

per unit volume; and

• using cryoadsorbent technologies, which allow large

quantities of gaseous hydrogen to be adsorbed and

desorbed from the surfaces of the adsorbent materials

when they are at low temperatures (80 K).

More detail on various hydrogen storage technologies is

provided by Niaz et al. (2015). While some storage types,

such as adsorptive storage, have already reached close to

their potential storage limits, none of the hydrogen storage

technologies mentioned above has yet reached a satisfac-

tory level of performance (Eberle et al. 2009). All
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hydrogen storage technologies involving heat absorption or

release face issues in thermal management, and their per-

formance remains limited. Pressurized storage systems

such as liquid hydrogen and compressed hydrogen gas as

well as some adsorption storage systems have efficiency

losses during compression and cooling; up to 20 % of the

energy content of hydrogen is required to compress the gas

and up to 40 % to liquefy it (Edwards et al. 2008; Dale-

brook et al. 2013). In addition, there are numerous unre-

solved safety issues related to use of pressured hydrogen

(Dalebrook et al. 2013). Eberle et al. (2009) review various

hydrogen storage methods, including high-pressure and

cryogenic liquid storage, adsorptive storage on high-sur-

face-area adsorbents, chemical storage in metal hydrides

and complex hydrides, and storage in boranes. They sug-

gest liquid hydrogen and pressure storage to be the most

viable solutions for large- and small-scale hydrogen stor-

age at present, respectively. Chemical hydrogen storage

systems appear to have much room for improvement as

new materials are investigated (Eberle et al. 2009; Dale-

brook et al. 2013). However, significant investments are

required before these storage systems become economi-

cally viable for use in the industrial scale.

As well as technologies for hydrogen storage, several

technologies for the distribution of hydrogen exist. Many of

the hydrogen distribution methods use technologies also

used for storage. For instance, the last three hydrogen stor-

age technologies listed above are also hydrogen distribution

technologies. Also, hydrogen can be transported in bulk by:

• pipeline as a gas, or possibly, for short distances, as a

liquid;

• truck or rail as a highly compressed gas in tube tanks;

and

• truck or rail or ship as a liquid.

In general, the choice of storage and distribution method

depends on such factors as (a) what form the hydrogen is

ultimately to be used in, (b) what constraints, such as volume

or mass, exist, (c) which technologies are commercially

available (metal hydrides, glass microspheres and cryoad-

sorbents are all at the research and development stage), and

(d) which technologies are economically viable. Considering

the cost of hydrogen for end users, in some cases, decen-

tralized local hydrogen production using methane reforming

or electrolysis of water becomes economically feasible.

5 Economics of hydrogen energy systems

An assessment of the economics of hydrogen energy sys-

tems must account for the costs of producing, storing,

distributing and utilizing hydrogen (Ekins 2010; Kothari
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et al. 2008). In a hydrogen era, all of these costs are likely

to be significant [in some cases even up to 95 % (Ajanovic

2008)]. At present and in the near term, the cost of pro-

ducing hydrogen is expected to remain a dominant factor in

its use, which represents a pattern that has persisted over

the last few decades (Johnson et al. 1981). Costs of

hydrogen production are very dependent on the cost of

primary energy source used for hydrogen production (e.g.,

photovoltaics).

Economic assessments of hydrogen production, storage,

distribution and utilization technologies are dependent on

many assumptions. For instance, the assumptions used in

past assessments are available [e.g., the Ontario Hydrogen

Task Force assumptions are listed by Johnson et al.

(1981)], while the assumptions used in other economic

assessments for hydrogen energy systems in Canada are

published elsewhere (Hammerli 1984).

5.1 Costs of hydrogen production

It is not easy to project, in general, future costs for pro-

ducing hydrogen from conventional and non-conventional

methods. Many factors must be considered, such as chan-

ges in the costs of feedstocks, labor and capital. As these

factors can vary markedly from country to country, a new

analysis is required for each case considered.

The cost CH of hydrogen energy can be expressed as the

sum of the costs that contribute to its manufacture and

distribution:

CH ¼ CP þ CT þ CS

where CP denotes the production cost, CT the transportation

cost and CS the storage cost. The production cost can be

further broken down as follows:

CP ¼ CE þ CW þ CF þ CO þ CM

Here, CE denotes the cost of energy needed to drive the

process, CW the cost of water, CF the production facility

cost, CO operation costs and CM maintenance costs.

Approximate present and predicted future unit costs of

hydrogen are shown in Table 5. In that table, the low cost

category is based on conventional technologies and energy

sources such as steam reforming of natural gas and water

electrolysis using nuclear electricity, while the high cost

category includes expensive renewable technologies such

as solar photovoltaics. Also, current costs are based on

present technology extended to the mid- to late 2000s,

while future costs are based on current research and

development efforts aimed at cost reductions being suc-

cessful and therefore are not linked to a particular year.

Note that the cost of electricity greatly influences the

costs of producing hydrogen from non-fossil sources, since

the most advanced method of producing hydrogen is by

electrolysis using electricity derived from non-fossil sour-

ces. Similarly, the cost of hydrogen production from fossil

fuels is significantly dependent on their prices. More

detailed comparisons of costs of hydrogen production via

various technologies is provided in the literature (Partha-

sarathy and Narayanan 2014; Abanades et al. 2013), and a

summary for selected technologies is shown in Table 6.

Costs of steam reforming of methane are strongly influ-

enced by the natural gas price, and the authors often take

into account this factor in estimating hydrogen production

costs using this technology by considering linear depen-

dences of hydrogen costs in relation to the natural gas

prices.

It is instructive to consider how expectations of hydro-

gen costs have varied since discussions of a hydrogen era

began to become prominent in the 1970s. To compare

present costs with cost predictions made in the past, we

concentrate on the province of Ontario in Canada. Ontario,

with a population of about 13 million, has many hydrogen

activities and initiatives ongoing. Evaluations of the eco-

nomics of hydrogen in Ontario were carried out 30 years

ago by the Ontario Hydrogen Energy Task Force (Johnson

et al. 1981). Predicted costs of producing hydrogen are

listed in Table 7 for the period between 1980 and 2025,

based on data provided in the Task Force’s report, for three

hydrogen production methods: electrolysis using nuclear-

derived electricity, catalytic steam-methane reforming and

the steam-iron coal gasification. In Table 7, low estimates

and high estimates of costs are provided, with the ranges in

unit costs intended to account for the primary uncertainties

recognized at the time the estimates were made. A note-

worthy observation is that the costs predicted in the past in

Table 7 are relatively consistent with actual costs in

Table 5.

An interesting feature of Table 7 is its projection that

the cost of hydrogen produced from nuclear-derived elec-

tricity would be competitive with fossil-derived hydrogen

between 1990 and 2000 in Ontario. In fact, it was expected

that by 2000 the cost of hydrogen produced by electrolysis

would be lower than the cost of hydrogen produced by

either steam-methane reforming or coal gasification. This

prediction was predicated mainly on the view that, during a

transition era, the cost of electricity (derived from non-

Table 5 Approximate range of present and predicted future unit

costsa of hydrogen supply (National Academies of Engineering 2004)

Cost category Current Future

$/GJ $/kg $/GJ $/kg

Low 15 2.1 12 1.7

High 66 9.1 30 4.2

a Monetary values are in 2005 US$
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fossil sources) would escalate at a slower rate than the cost

of fossil fuels. In Ontario, this seems reasonable since the

province has a successful and large nuclear power program

and Canada has large uranium reserves. Other economic

assessments (Mitchell 1983; Wallace and Ward 1983) also

suggested that non-fossil-derived hydrogen would be

competitive in Ontario before 2000. Although these pre-

dictions were not accurate in terms of timing, the expec-

tation of higher costs for hydrogen from fossil fuels is

likely to be valid at some time.

5.2 Economics of hydrogen transport, storage

and utilization

The costs of bulk transport and storage of hydrogen are

normally significantly less than production costs. For large

volumes and large distances, transport of hydrogen as a

compressed gas by pipeline is often the least expensive.

However, this method requires large capital investment for

infrastructure. Over short distances, small volumes of

gaseous hydrogen can usually be transported most eco-

nomically in tube tanks by truck (Ajanovic 2008). The

transport cost of liquid hydrogen is much less than that for

compressed gaseous hydrogen. However, the liquefaction

process is very expensive, increasing the cost of hydrogen

supply by approximately 60 % (Muradov and Veziroglu

2008; Bose and Malbrunot 2007; Penner 2006; Ball and

Weeda 2015). In lower hydrogen production capacity, on-

site production is economically the best solution because

the additional cost for hydrogen transport could be elimi-

nated (Ajanovic 2008).

There are several uses for hydrogen which are expected

to be economic in the near future. The earliest large-scale

application of electrolytic hydrogen is expected to be in the

upgrading of refinery products, where hydrogen produced

by steam-methane reforming can be replaced. There may

also be an opportunity for hydrogen to be used in biomass-

to-methanol conversion. A main thrust, however, has been

and likely will continue to be to make the utilization of

hydrogen as a transportation fuel economic.

6 Social and political implications of hydrogen
energy

If the world’s progress toward a hydrogen era is to proceed

smoothly and rapidly, all issues surrounding the use of

hydrogen energy must be addressed. As pointed out pre-

viously, hydrogen technologies must be developed to the

stage where they are economically and commercially

viable. This task includes overcoming any existing safety

problems and building up the infrastructure, probably in a

gradual manner, needed to support hydrogen energy sys-

tems. There are, however, many social and political issues

surrounding hydrogen energy which must be understood

(Ekins 2010; Kothari et al. 2008). Several of these issues

are now discussed.

The numerous social and political implications of con-

verting to a hydrogen era have been examined by gov-

ernments, universities and private industries. In general, the

entry of hydrogen is subject to the goals of a country, some

of which are

• healthy levels of employment

• a reasonably good rate of economic growth

• reasonable stability in prices

Table 6 Costs of hydrogen

production technologies [data

from Parthasarathy and

Narayanan (2014)]

Cost category Source Technology Hydrogen cost ($/kg)

Low Methane Steam reforming 0.75

Coal Gasification without CO2 sequestration 0.92

High Nuclear Electrolysis 2.6–3.0

Water splitting 1.4–2.3

Biomass Centralized biomass gasification 1.2–2.4

Solar Photocatalytic water splitting 5.0

Table 7 Predicted plant gate

unit costs (in $/GJ)a of hydrogen

supplyb based on estimates from

1981 [adapted from Johnson

et al. (1981)]

Process 1980 1990 2000 2025

Water electrolysis via nuclear-derived electricity 8.2 7.5–8.1 5.6–6.6 6.1–7.2

Steam reforming of natural gas 4.9–5.4 7.9–9.8 10.7–11.8 12.9–18.1

Steam-iron coal gasification 9.1–9.8 9.7–10.7 10.3–11.5 11.2–13.1

a Monetary values are in 1980 US$. To obtain cost per unit mass instead of cost per unit energy, use the

following conversion factor: 1 $/tonne = 138.1 $/GJ
b The hydrogen is assumed to be produced by a new plant and supplied at 7 MPa
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• viable balance of payments

• an equitable distribution of rising incomes.

In line with these goals, there are several factors that are

instrumental in forming a hydrogen policy for a country.

For example, important issues in the development and

establishment of a national hydrogen energy policy for

Canada have been examined over many years (Slotin 1983)

and include the following:

• Canadian energy systems should be gradually directed

away from hydrocarbons in the long term, which was a

recommendation as long ago as 1981 of a Parliamen-

tary Special Committee on Energy Alternatives (Le-

febvre et al. 1981). In this way, Canada could (a) avoid

the environmental problems accompanying continued,

large-scale hydrocarbon use, (b) conserve its remaining

hydrocarbons for non-energy uses, such as chemical

production, and (c) reduce its use of foreign oil

supplies.

• Canada possesses an array of hydrocarbon energy

sources which includes large quantities of natural gas,

coal, heavy oils and oil sands.

• Canada possesses an array of non-hydrocarbon energy

sources which result in large quantities of hydro- and

nuclear-generated electricity.

• Hydrogen technologies, some of which are being

developed in Canada, can assist in accelerating the

use of non-hydrocarbon resources while conserving

hydrocarbon resources.

• In developing hydrogen technologies, Canada would

not only help solve its own energy problems, but would

also develop new Canadian high-technology industries.

Recognizing these issues, many studies over several

decades have resulted in recommendations for increased

funding of hydrogen projects. In Canada, for instance, such

studies were carried out by the Special Committee on

Alternative Energy and Oil Substitution (discussed earlier)

and provincial authorities in Ontario and Quebec. Several

encouraging developments in the hydrogen energy field

followed in Canada including, for instance, the establish-

ment of a Hydrogen Industry Council comprised of rep-

resentatives from users and manufacturers, and an Institute

for Hydrogen Systems in Ontario.

Public perceptions, often concerning costs and benefits,

affect significant market and behavioral patterns for new

technologies. Understanding public perceptions is therefore

a crucial step in managing the transition to new technolo-

gies. Methodologies that can handle knowledge elicitation,

representation and reasoning efficiently are needed to

accomplish this task.

Public support and public opposition influence the

implementation of hydrogen technologies. Therefore,

public perception toward a hydrogen economy is often

analyzed to help policy makers devise strategies that could

assist in improving the public perception and implementing

hydrogen technologies. This is often done by using surveys

and mathematical tools such as Fuzzy Cognitive Mapping

to analyze cognitive structures underlying beliefs related to

a low-carbon future (Kontogianni et al. 2013). Financial

gains, environmental concerns, safety and knowledge about

the new technology seem to be some of the factors that are

often analyzed in studying public perception toward any

new technology, including renewable and hydrogen tech-

nologies. One study shows that willingness to pay to par-

ticipate in projects contributing to the use of fuel cell

vehicles despite the vehicle’s current limitations (i.e.,

reduced range and limited refueling possibilities) seems to

be driven mostly by users’ expectation of personal financial

gains (i.e., reduced running costs). In such cases, a finan-

cially attractive package is essential for hydrogen promo-

tion among users (Kontogianni et al. 2013; Mourato et al.

2004). There seem to be not much safety concerns among

some users about driving hydrogen-fueled vehicles. It

seems that in highly regulated industries where rigorous

tests are conducted to ensure safety, users may not be as

concerned as expected about safety of hydrogen use

(Mourato et al. 2004). In some studies, environmental

considerations are found to affect users’ willingness to pay

for hydrogen technologies (Mourato et al. 2004). This

could mean that improving public awareness of such

technologies and air pollution promotes the use of these

technologies in the future. In contrary, in some studies,

users with better knowledge of the technology emphasize

more the difficulties of the hydrogen future (Kontogianni

et al. 2013).

Huijts et al. (2014) examine psychological determinants

of citizens’ supporting or opposing hydrogen fuel station

technology. They suggest that policy makers should engage

citizens in relatively effective, easy and appreciated sup-

porting actions in order to receive support from users. They

also show that users’ opposing actions occur when they

have a lower trust in industry. Gaining and keeping trust

therefore seems important in minimizing oppositions

against hydrogen technologies (Huijts et al. 2014).

7 When and where will hydrogen come?

The arguments leading to the conclusion that the world is

inevitably moving toward a hydrogen era are often uncer-

tain about one important detail: time. It is useful to know

when hydrogen will start to play the role of an energy

carrier, and when it will become a principal chemical

energy carrier. Based on the discussions in this chapter of
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the technical, economic, social and political factors

affecting hydrogen energy and the world’s progress toward

a hydrogen era, a question can be addressed, which was

posed by Marchetti (1985): When will hydrogen come?

It is generally agreed that hydrogen energy will become

important in different countries at different times. So, in

answering the question of when hydrogen will come, one

must also answer the question: Where will hydrogen come?

Most of the predictions have been made for developed

countries. This is because they will likely be the first

countries to need hydrogen as an energy carrier (Sigfusson

2007; Penner 2006; Maack and Skulason 2005; Scott 2007;

Johnson et al. 1981). This is not to say that developing

countries will not need hydrogen. To the contrary, they will

likely need hydrogen as much as any developed country if

they hope to continue developing. However, the entry of

developing countries into the transition era is almost cer-

tain to follow that of developed ones. Hence, most of the

following discussion pertains to developed countries.

In trying to predict when and where hydrogen will

come, many lines of reasoning, ranging from intuitive

estimates to detailed calculations, have been used. In the

early 1980s, many researchers predicted when they expect

hydrogen to begin to become ‘‘important’’ as an energy

carrier. This time would roughly correspond to the begin-

ning of the transition era, following terminology used in

this paper. In general, the values predicted for many dif-

ferent developed countries ranged from 1990 to 2020.

Some of the most intriguing reasoning methods used to

predict when hydrogen will important were presented by

Marchetti (1973, 1985). In his 1973 paper, Marchetti

introduced the concept of an ‘‘energy island,’’ a small

island on which massive amounts of nuclear energy would

be generated. This energy would be distributed to the

world’s users in the form of hydrogen. Using what he

called ‘‘dreamy guesses,’’ Marchetti predicted that hydro-

gen energy will become important in 1991.

Subsequently, Marchetti (1985) developed two inde-

pendent and more rigorous arguments which he used to

predict when hydrogen would begin to penetrate the

world’s energy markets. In the first argument, he showed

that, in the course of time, the market has required more

fluid fuels, fuels that have ever-increasing hydrogen-to-

carbon atomic ratios (H/C). That is, wood (H/C = 0.1) was

replaced by coal (H/C = 1), which was replaced by oil (H/

C = 2), which was finally replaced by natural gas (H/

C = 4). This evolution is illustrated in Fig. 5, using the

same plot format as in Fig. 1. In Fig. 5, Marchetti plotted

H/C in the world’s fuel mix as a function of time in and,

after modeling the data, predicted H/C in the world’s fuel

mix would eventually be greater than four. But as no other

hydrocarbons have a hydrogen-to-carbon ratio greater than

4, Marchetti deduced that H/C[ 4 in the world’s fuel mix

implies pure hydrogen must be used as a fuel. By extrap-

olating the curve on Fig. 5 to H/C = 4, Marchetti predicted

that pure hydrogen will begin to penetrate the world’s

market as a fuel around 2000.

In the second argument, Marchetti showed that, for

many technologies, the time when a new technology is

marketed (an ‘‘innovation’’) follows in quite an orderly

way the time when the first successful prototype worked

(an ‘‘invention’’). Noting the existence of certain operating

hydrogen-technology prototypes and applying this ‘‘rela-

tion’’ to them, Marchetti predicted hydrogen penetration of

the market around 1995–2000.

Slightly later, Scott (1987) used the arguments of

Marchetti and others to predict that between the years 1990

and 2015, all developed nations will reach a point when at

least 0.5–2.0 % of their energy transactions will involve

non-hydrocarbon-derived hydrogen (using the terminology

developed in this paper, this time would roughly corre-

spond to the beginning of the transition era). By observing

that in some developed countries, such as Germany, France

and Japan, (a) nuclear-generated electricity is expected to

saturate electricity markets, and (b) hydrogen energy sys-

tems’ technologies are actively being developed, Scott

predicted that the most developed countries will begin

production of non-fossil hydrogen by 1990. That is, they

will enter the transition era by 1990. Scott then predicted

that between 2000 and 2010, most other developed coun-

tries will enter the transition era and that, by 2015, all

developed countries will have entered the transition era.

However, he notes that the countries entering after 2000

may be using technologies imported from the leading

hydrogen-technology countries.

Fig. 5 Variation over time of the hydrogen-to-carbon atomic ratio

(H/C) in the world’s fuel mix, in terms of the ratio H/

(H ? C) (adapted from Marchetti (1985)). The ratio H/C is approx-

imately 4 for natural gas, 2 for petroleum, 1 for coal and 0.1 for wood.

The triangle denotes the point at which H/C = 4
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Other reports (e.g., Marchetti (1985)) predicted in the

early 1980s that over the following few decades Canada,

Japan and several members of the European Community

(e.g., Germany, France and Belgium) would likely intro-

duce hydrogen technologies in special applications. Scott

(1987) examined Canada in detail and concluded that some

regions in Canada will enter the transition era by 1990.

Some characteristics of Canada that support this conclusion

include the following:

• a unique energy matrix, including a large nuclear power

generation capacity;

• a large and not fully developed hydraulic power

generation capacity;

• advanced electrolyzer technologies; and

• some of the world’s most extensive, but hard to extract,

hydrocarbon resources.

Scott (1987) pointed out that of all regions of Canada,

Ontario will probably be the first to enter the transition era,

noting that Ontario’s electricity markets had been saturated

by nuclear-generated electricity since 1980.

Some argue that these predictions have been proven

valid and that some countries or regions have entered a

transition era. Others feel that it is not clear if the transition

era has been reached. Certainly, the fluctuations in energy

prices and concerns about the environment over the last

four decades have affected the predictions. But their gen-

eral premises and conclusions appear to remain valid

qualitatively, even if the predictions of dates have not been

precise.

8 Conclusions

The world’s supplies of fossil fuels, such as coal, oil and

natural gas, are becoming scarcer, and concerns over the

environmental impacts associated with their use are

growing. Fossil fuels are gradually being replaced by non-

fossil energy sources, such as solar, wind and nuclear

energy. Whereas fossil energy sources are also energy

carriers, non-fossil energy sources must be converted to

energy carriers. Using present technology, non-fossil

energy sources are converted almost exclusively to elec-

tricity. Although energy consumers need electricity to

satisfy some of their energy demands, they also need a

chemical fuel for certain applications, such as transporta-

tion. The logical choice for this chemical fuel is hydrogen

because, among other reasons, it can be efficiently pro-

duced from non-fossil energy sources or from the elec-

tricity they currently can produce.

The technologies needed for hydrogen energy systems

are currently receiving much research and development

effort. There are many commercial processes for producing

hydrogen from fossil sources, such as steam-methane

reforming and partial oxidation of heavy oils. As well,

there are several processes for producing hydrogen from

non-fossil sources existing or under development, such as

electrolysis and thermochemical water splitting. Tech-

nologies for the storage and distribution of hydrogen are

also receiving much attention. Hydrogen can be stored and

transported as a compressed gas or as a cryogenic liquid, or

using methods by which hydrogen is absorbed onto the

surface, or permeates into, specially chosen substances.

Technologies for utilizing hydrogen in certain industrial

processes, such as upgrading of heavy oils and production

of methanol and ammonia, are presently in place; tech-

nologies for utilizing hydrogen as an energy carrier, mainly

in transportation applications, are being developed.

Today, the cost of producing hydrogen is the most sig-

nificant factor in the total cost of using hydrogen; the costs

of utilization, storage and distribution are relatively small,

except for liquefaction costs, which can increase the cost of

supplied hydrogen by approximately 60 %. An economic

assessment from several decades ago projected for Ontario

that hydrogen produced from nuclear-generated electricity

will be economically competitive with hydrogen produced

by steam-methane reforming (the currently economic

method) by 2000, while more recent assessments predict

dates varying from 2020 to 2050. Thus, non-fossil-derived

hydrogen may be used in the future in applications such as

upgrading of refinery products, where it can replace

hydrogen presently produced by steam-methane reforming.

Many countries will benefit from the introduction of

hydrogen energy technologies, primarily because these

technologies will help stabilize the fossil-fuel supply prob-

lems of many nations today. These problems are expected to

worsen in the future. For the benefits to be realized, however,

policies for the introduction of hydrogen technologies into

the energy infrastructure of a country must be developed and

politically supported. In Canada, political efforts have been

spent in developing such policies, and many regions of

Canada, especially Ontario, stand to benefit through the

introduction of hydrogen technologies.

Most researchers agree that hydrogen technologies will

be introduced in developed countries first. Although diffi-

cult to make, past estimates of when these countries will

begin to use hydrogen as an energy carrier have ranged

from 1990 to 2020. Countries such as Germany, France,

Japan and Canada appear to be advanced the furthest down

the path to hydrogen energy. These predictions, however,

are subject to great uncertainty. Technological, economic,

social and political factors will all continue to affect the

prospects for hydrogen as an energy carrier. Nevertheless,

it is likely that the world will eventually move toward an

era when hydrogen and electricity are the world’s two

dominant energy carriers.
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