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1. INTRODUCTION 

Hydrogen is the ideal fuel from an ecological viewpoint. It 
may, in principle, be derived from water using a non-fossil 
energy source (e.g. solar, geothermal, nuclear) and combust-
ed back to water in a closed chemical cycle involving no 
release of carbonaceous pollutants. Hydrogen also has the 
potential to provide a storage component for renewable for-
ms of energy and to transport this energy, via under-ground 
pipelines, from where it is produced to where it is needed. 
These topics are explored in some detail in a series of papers 
that I am preparing (e.g. Hydrogen Production, Hydrogen 
Distribution and Storage, Hydrogen End-Users, Fuel Cells to 
Generate Electricity) and will be published soon. Here, we 
are concerned with the combustion of hydrogen. 

2. HYDROGEN GENERATION

Today, most hydrogen is produced by the steam reforming of 
natural gas, coal or naphtha, and by the partial oxidation of 
heavy oils to produce synthesis gas. Steam reforming of na-
tural gas, by reacting methane with steam and air (or oxygen) 
over a nickel-based catalyst, i.e.

4 2 2
900º CCH H O CO 3H

Ni catalyst
+ +

 (1)

is the most efficient and widely used process and is combined 
with the water-gas shift reaction

CO + H2O g CO2 + H2  (2)

to increase the amount of hydrogen produced. The final products 
are hydrogen and carbon dioxide. Steam reforming is very ener-
gy intensive since it operates at high temperatures (850-950ºC) 
and high pressure (3.5 MPa). The thermal efficiency can reach 
60-70%. The catalyst is suspended in an array of tubes mounted 

in a hot box. Heat is provided by radiant transfer to the exterior 
of the tubes and is generated by the combustion of natural gas. 
The used reactor-heater system is large and bulky. Efforts are 
being made to reduce the size of the reformer and improve the 
efficiency of heat transfer. Obviously, the process is not envi-
ronmentally benign due to large emissions of carbon dioxide. 
Typically, a steam reformer plant has a capacity of 104-105 t of 
hydrogen per year (i.e. 108-109 m3). In the USA alone, it is said 
that 90 billion cubic metres of hydrogen per year are produced 
by steam reforming of fossil fuels, predominantly methane, for 
use in the petrochemical and related industries. This is 50% of 
the natural gas used in the USA.

In the alternative method for hydrogen production, i.e. the 
partial oxidation process, a fuel and oxygen (and sometimes 
steam) are combined in proportions such that the fuel is con-
verted into a mixture of hydrogen and carbon monoxide. The 
amount of hydrogen is only about 75% of that produced by 
steam reforming. Depending on the composition of the feed 
and the type of the fossil fuel used, the partial oxidation pro-
cess is carried out either catalytically or non-catalytical-ly. 
The latter approach operates at high temperatures (1100- 
-1500ºC) and can be applied to any possible feedstock, inclu-
ding heavy residual oils and coal. By contrast, the catalytic 
process is performed at a significant lower range of tempe-
ratures (600-900ºC) and, in general, uses light hydrocarbon 
fuels as feedstock, e.g. natural gas and naphtha. The draw-
back to partial oxidation is that it requires the use of expen-
sive oxygen (rather than air, which would dilute the product 
hydrogen with nitrogen). 

Only a few percent of world hydrogen is produced by elec-
trolysis and this is mostly as a by-product of the chlor-alkali 
process for the manufacture of chlorine and sodium hydroxi-
de [1-3]. More speculative methods of hydrogen generation 
include: the thermolysis of water and hydrogen sulfide; the 
photochemical and photoelectrochemical de-composition of 
water; biological processes, e.g. solid biomass gasification, 
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Table 1. Technical comparison of hydrogen with other fuels.

Hydrogen Petroleum Methanol Methane Propane Ammonia
Boiling point, K 20.3 350-400 337 111.7 230.8 240
Liquid density, kg m-3 71 702 797 425 507 771
Gas density, kg m-3, s.t.p.a 0.08 4.68 - 0.66 1.87 0.69
Heat of vaporization, kJ kg-1 444 302 1168 577 388 1377
Lower heating valueb

(mass), MJ m-3 120.0 44.38 20.1 50.0 46.4 18.6

Lower heating value (liquid)
(volume), MJ m-3 8960 31170 16020 21250 23520 14350

Diffusivity in air, cm2 s-1 0.63 0.08 0.16 0.20 0.10 0.20
Lower flammability limit
vol.% (in air) 4 1 7 5 2 15

Upper flammability limit
vol.% (in air) 75 6 36 15 10 28

Ignition temperature in air, ºC 585 222 385 534 466 651
Ignition energy, MJ 0.02 0.25 - 0.30 0.25 -
Flame velocity, cm s-1 270 30 - 34 38 -

a s.t.p. = standard temperature (273.15 K) and pressure (101.325 kPa).
b There are two ways to define the energy content of a fuel. The “higher heating value” includes the full energy content by bringing all products of combustion 
to 25ºC. By contrast, the “lower heating value” neglects the energy in the water vapour formed by the combustion of hydrogen in the fuel. This water vapour 
typically represents about 10% of the energy content. The higher heating value represents the true (thermodynamic) heat of combustion, but the lower heating 
value is more relevant because a steam condenser is not used in most practical applications. In this table, the lower heating value is the heat of combustion  
(MJ kg-1) of a fuel based on complete combustion to carbon dioxide and steam at 100ºC.

ties makes it a unique fuel from both utilization and safety 
aspects. Hydrogen has a poor safety reputation, largely on 
account of the Hindenburg airship disaster in 1937. It has 
recently been shown, however, that the Hindenburg fire had 
more to do with the flammability of the fabric chosen for the 
airship’s envelope than with the fact that it was filled with 
hydrogen. Nevertheless, airships and balloons are now filled 
with helium and not hydrogen. There is, however, considera-
ble industrial experience of the safe handling of hydrogen gas 
in bulk, both in refineries and in chemical plants. The general 
opinion of those involved in such operations is that hydrogen 
is safe provided that its properties are clearly understood and 
well-defined safety regulations are followed. A positive safety 
feature of hydrogen is that in the event of a fire, the low lumi-
nosity of the flame restricts the emission of thermal radiation 
to less than one-tenth of that from hydrocarbon flames. Thus, 
bystanders are much less likely to suffer radiation burns.

The low density and high diffusivity of hydrogen results in 
a very rapid dispersal of liquid hydrogen after a spillage, so 
that the risk of fire persists for a much shorter period than 
with other liquid fuels. All confined spaces in which hydro-
gen is handled must be well ventilated. The low ignition ener-
gy makes it necessary to exclude all sources of sparks, such 
as electric motors, synthetic garments, and steel tools. When 
these and similar precautions are observed, experience with 
handling hydrogen in bulk has been favourable.

The combustion characteristics of hydrogen are quite diffe-
rent from those of natural gas or LPG (liquefied petroleum 
gas) and this requires a modified burner design. The princi-
ples involved are well understood and the design of a burner 
for pure hydrogen presents no serious difficulties. The low 
ignition energy of hydrogen favours the use of catalytic bur-
ners that are of higher efficiency and lower flame temperature 
than conventional burners.

liquid biomass fermentation, algae photosynthesis, bacterial 
fermentation (see next paper on Hydrogen Production).

At current prices, hydrogen is used almost exclusively for the 
synthesis of ammonia, methanol, and other petro-chemicals 
– generally in a plant situated in the same petro-chemical 
complex as the reformer – and for petroleum refining (hydro-
cracking, hydro-desulfurization, etc.). A small proportion 
of hydrogen is compressed into gas cylinders and sold for 
small-scale use in industrial plants and laboratories. Typical 
applications include the heat treatment of metals, the hydro-
genation of oils to fats, the reduction of metallic oxides (as 
in the manufacture of refractory metals, nuclear fuels, etc.). 
With the growing importance of fuel cells, there will also be 
an increasing need for hydrogen as a fuel (see next paper on 
Fuel Cells to Generate Electricity). At present, however, the 
production of hydrogen as an all-purpose fuel is simply not 
economic, with so many cheap fossil fuels available.

3. TECHNICAL PROPERTIES

The relevant technical properties of hydrogen as a fuel, in 
comparison with those of conventional and synthetic fuels are 
listed in Table 1. The most characteristic features of hydrogen 
are its low boiling point and its exceptionally low density in 
both the gas and the liquid state. By virtue of this latter feature, 
hydrogen has an extremely high heating value on a unit mass 
basis. On the other hand, the heating value of liquid hydrogen 
per unit volume is less than that of other liquid fuels.

The properties listed in the lower half of Table 1 are relevant 
to safety considerations. Hydrogen is notable for its very ra-
pid diffusivity in air, its high value for the upper flammability 
limit in air, its exceptionally low ignition energy, and its re-
markably high flame velocity. This combination of proper-
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Some interest has been expressed in the possibility of pro-
ducing a new passenger aircraft, possibly supersonic, fuelled 
by hydrogen. Liquid hydrogen fuel is attractive to aircraft 
designers on account of its low mass, which would allow ei-
ther increased range or payload. On the other hand, there is 
a space problem. In rounded terms, the data given in Table 
2 show that liquid hydrogen occupies four times the volume 
of hydrocarbon fuels (i.e. kerosene, the conventional aircraft 
fuel), but has little more than one-third of the mass. A major 
design problem is, therefore, where to accommodate the li-
quid hydrogen in the aircraft. Possibilities include the use of 
tanks (“pods”) suspended below the wings (taking advantage 
of the low mass), or storage above or even within the fusela-
ge. There are also operational problems, mainly the logistics, 
costs and safety of supplying liquid hydrogen in the required 
quantities at major airports. These ideas were first discussed 
in the early 1970s. Later, Lockheed Corporation proposed 
to the US government that two of the Company’s “Tristar” 
freighters should be converted to liquid hydrogen (LH2) and 
operated across the Atlantic as a demonstration project. 

Table 2. Mass and volume comparisons of kerosene and 
liquid hydrogen (lower heating values).

Mass Volume
(kg per GJ) Indexa (m3 per GJ) Indexa

Liquid hydrogen 8.33 0.38 0.112 4.00
Kerosene 22.0 1.0 0.28 1.0

a Taking mass and volume for kerosene as unity.

Nothing came of this and the idea was abandoned, as was ano-
ther proposal in 1980 for “An International Research and De-
velopment Programme on LH2-fuelled Aircraft”. At present, 
there is little prospect of this activity being revived, thanks 
to the availability and low cost of conventional (fossil) fuels, 
although it is pertinent to point out that there is some interest 
in a new generation of supersonic aircraft, and also that there 
is general concern over the release of greenhouse gases in the 
stratosphere by supersonic aircraft.

To assist the reader, a brief summary of synthetic fuels that 
have been, or are being, used is given in Figure 1. Further 
considerations on hydrogen energy are given in references [9] 
to [15].

4. HYDROGEN AS A FUEL

The use of hydrogen as a fuel for internal combustion engines 
was first demonstrated in the 1930s. From the 1970s to the 
present day, there has been a continuing and strong interest 
in “hydrogen energy” and numerous research engines tend to 
exhibit pre-ignition, back-fire, and knock. These phenomena 
are caused by the low ignition energy and high flame speed of 
hydrogen. These problems have now been largely overcome. 
By using lean mixtures of hydrogen in air, it is possible to 
reduce NOx emissions to well below that of a conventional 
petrol engine. In principle, therefore, the practical realization 
of pollution-free, hydrogen fuelled engines appears to present 
no major difficulties.

Several car companies are experimenting models fitted with 
hydrogen-fuelled engines. Ford has demonstrated a mid-size 
saloon (“Mondeo”) with a modified 2-litre petrol engine. 
The hydrogen fuel is stored under pressure (about 30 MPa) 
in cylinders that are located in the boot (trunk). Meanwhile, 
BMW has equipped several of its large (7-series) cars with 
dual-fuel capacity, viz, hydrogen and petrol. In this case, 
liquid hydrogen is used and is stored in cryogenic tanks of 
120-litre capacity, again located in the boot.

The problem of how to store hydrogen for use with internal-
combustion engines is formidable. Pressurized gas cylinders 
are heavy and bulky to accommodate, but recently lightwei-
ght gas cylinders based on carbon-fibre composites are capa-
ble of storing hydrogen at over 30 MPa pressure have been 
developed. Liquid hydrogen is expensive to produce, both in 
monetary terms and also in terms of the energy lost in the li-
quefaction process (see next paper on Hydrogen Distribution 
and Storage). The electricity consumed in the liquefaction of 
hydrogen depends on the size of the plant and ranges from 10 
to 20 kWh per kg of hydrogen. Also, the cryogenic storage 
tanks and associated equipment are costly and take up consi-
derable space. A third option, that of storage as a metal hydri-
de, is discussed in some of my papers [4-8]. Finally, as far as 
road vehicles are concerned, there is the problem of providing 
a network of refuelling stations at which either high-pressure 
hydrogen or liquid hydrogen can be supplied. This will be a 
much more difficult task in their current exercise of providing 
a distribution infrastructure for LPG.
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 Towards Clean Fuels

Upgrading natural gas and coal New transportation fuels

Natural gas steam-reforming Compressed natural gas (CH4)
•	 Synthesis gas (‘syngas’):
 CH4 + steam + air/O2   g   CO + H2
 catalyst
 Fischer-Tropsch  Liquid fuels

Liquefied petroleum gas (C3H8 / C4H10):
•	 CH4 + syngas   g   CH3OH
 catalyst
•	 biomass (distillation / fermentation)

Coal gasification Ethanol (‘gasohol’)
Bio-diesel•	 synthetic natural gas:

 C + 2H2   g   CH4

•	 producer gas:
 C + air   g   CO + N2

Hydrogen: the ultimate clean fuel

•	 water gas:
 C + steam   g   CO + H2

Reforming natural gas, coal or naphtha:
   fuel   g   water gas / syngas
            g   shift reaction   g   H2

Partial oxidation:
fuel + oxygen / steam  g   CO + H2
 x catalyst

•	 shift reaction:
 CO + steam   g   CO2 + H2
 catalyst

Ultra-clean coal
Coal liquefaction:
 pressure
•	 C + H2   g   syncrude
 catalyst

Electrolysis
Photochemistry
Photoelectrochemistry
Thermolysis
Biological process
- biomass gasification / fermentation
- algae photosynthesis
- bacteria photosynthesis / fermentation

 solvent H2

•	 C   g   coal solution   g   syncrude
 pressure catalyst

 Fischer-Tropsch
•	 C   g   water gas   g   syncrude
 H2 catalyst

Fig. 1. Summary of synthetic fuels.




