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Scope 

This course covers hydrogen properties, use and safety, fuel cell technology and its sys-
tems, fuel cell engine design and safety, and design and maintenance of a heavy duty fuel 
cell bus engine. The different types of fuel cells and hybrid electric vehicles are presented, 
however ,  the system descriptions and  maintenance  procedures focus on proton-exchange-
membrane (PEM) fuel cells  with respect to heavy duty transit applications. The PEM fuel 
cell engine  was  chosen  as  it  is  the  most  promising for automotive applications, and its 
transit application is currently the most advanced. 

Specific fuel cell  system descriptions  and  their  maintenance  is  based on the Phase 3 and 
fuel cell buses designed and built by XCELLSiS Fuel Cell Engines, Inc. This information 

represents the most complete description  of  fuel cell bus maintenance currently available, 
although it  cannot  cover  all  hardware  configurat ions and var iat ions or  anticipate future 
developments. 

Fuel cell  technology is proprietary to those organizations developing it, and subject to 
patents ,  confidential i ty agreements and copyright. Consequently, the detai ls  of  fuel  cel l  
stack design, their construction methods and fuel  cell  engine  control systems cannot  be 
presented in detail. 

The various  methods of procuring,  storing and transporting  hydrogen are presented, but 
the practical material only covers  hydrogen  stored on  a vehicle as  a high-pressure gas. 
This course does not  include hydrogen produced by  means of an on-board reformer, or 
stored as a cryogenic liquid on a vehicle. 

This course is part of an emerging curriculum under development by the College of the 
Desert  in  support of  a "Tech Prep Associate Degree"  in  Advanced Transportation  Tech-
nologies. This program starts  at  the  high  school  level  with  basic automotive technologies 
and  progresses through a  r igorous program that includes instruction in electronics,  en-
gine performance, alternative fuels and advanced power train technologies. This manual 
is one of the primary reference books for the study of renewable energies and the use of 
hydrogen as a fuel for transportation purposes. 

Completion  of this course does not qualify the student for  high-pressure cylinder certifica-
tion or for any other form of high-pressure gas certification. The College of the Desert of-
fe rs  the  fo l lowing re la ted  courses per t a ining to  CNG high-pressure  gas t ra ining and 
cylinder safety and certification training: 

• CNG Cylinder Safety and Certification Course (12 Hour Course) 

• Medium & Heavy-Duty Gaseous Fuel Engines and Fuel Systems (40 Hour Course) 
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OBJECTIVES 

At the completion of this module, the technician will understand: 

• the atomic structure of hydrogen 

• the physical and chemical properties of hydrogen 

• how hydrogen compares to hydrocarbon fuels in terms of energy, flammability and safety 

• the fundamental gas laws 

• how pressure, temperature and mass flow are measured 

• the units of pressure, temperature, volume, mass and mass flow as they relate to gases 
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1.1 Atomic Structure Key Points & Notes 

Hydrogen is by far the most plentiful element in the uni-
verse, making up 75% of the mass of all visible matter in 
stars and galaxies. 

Hydrogen is the simplest of all elements. You can visualize a 
hyd r o g e n a t o m a s a dense central nucleus  with  a singl e 
orbiting electron, much like a single planet in orbit around 
the sun. Scientists prefer to describe the electron as occupy-
ing  a “probability cloud”  that  surrounds  the  nucleus  some-
what like a fuzzy, spherical shell. 

Figure 1-1 Atomic Structure of a Hydrogen Molecule 

In most  hydrogen atoms,  the nucleus consists of  a single 
proton, although a rare form (or “isotope”) of hydrogen con-
tains both a proton and a neutron. This form of hydrogen is 
called  deuterium or heavy  hydrogen.  Other  isotopes of hy-
drogen also exist, such as tritium with two neutrons and one 
proton, but these isotopes are unstable and decay radioac-
tively. 

Most of the mass of a hydrogen atom is concentrated in its 
nucleus. In fact, the proton is  more than 1800 times more 
m a s s i  v e  t h a n  t h e e l e c t r o n .  N e u t  r o n s  h a  v e  a l m o s t  t h e 
same mass as protons. However, the radius of the electron’s orbit, 
which defines the size of the atom, is approximately 100,000 
times as large as the radius of the nucleus! Clearly, hydro-
gen atoms consist largely of empty space. Atoms of all ele-
ments consist largely of empty space, although all others are 
heavier and have more electrons. 

A proton has a positive electrical charge, and an electron has 
a negative electrical charge. Neutrons do not carry a charge. 
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Together, the charges associated with the proton and elec ­
tron of each hydrogen atom cancel each other out, so that 
individual hydrogen atoms are electrically neutral. 

Chemica l ly, the a tomic  a r rangement  of  a s ingle electron 
orbiting a nucleus is highly reactive. For this reason, hydro­
gen atoms naturally combine into  molecular  pairs (H2 in-
stead of H).  To further complicate things, each proton in a 
hydrogen pair has a field associated with it that can be visu­
alized and described mathematically as  a “spin”. Molecules 
in  which both protons  have  the same  spin are known as 
“orthohydrogen”. Molecules  in  which  the protons  have oppo­
site spins are known as “parahydrogen”. 

Over 75% of normal hydrogen at room temperature is ortho­
hydrogen. This difference becomes  important  a t  very  low 
t e mp e r a t u r e s  s i n c e o r t h o h y d r o g e n b e c o me s u n s t a b l e  a n d 
c h a n g e s t o t h e  m o r e  s t a b l e  p a r a h y d r o g e n a r r a n g e me n t , 
releasing heat  in  the  process.  This heat can complicate low 
t e mp e r a tu r e  hyd rogen  p rocesse s ,  pa r t i cu la r l y l i q ue fa c t i o n .  

Composition of Other Fuels 

It is natural for us to compare hydrogen to other hydrocar­
bon fuels with which we are more familiar. All hydrocarbon 
fuels are  molecular combinations of carbon and hydrogen 
atoms. There are thousands of  types of  hydrocarbon com­
pounds,  each  with  a specific  combinat ion of carbon and 
hydrogen atoms in a unique geometry. 

The simplest of all  hydrocarbons  is  methane, which is the 
principal const i tuent  of  natural  gas.  (Other  components  of 
natural gas include  ethane,  propane, butane and pentane  as 
well as impurities.) Methane has the chemical formula CH4, 
which means that each  molecule has  four  hydrogen atoms 
and one carbon atom. 

Othe r c o mmo n hyd ro ca rb o ns  a r e  e thane  (C 2 H 6 ) ,  p ropane 
(C3H8) and butane (C4H10). These are all  considered light 
hydrocarbons  since they contain less than  five carbon  atoms 
per molecule and therefore have low  molecular weight (a 
carbon atom is almost 12 times as  heavy as a hydrogen 
atom). 

Gasoline is composed of a mixture of many different hydro-
carbons,  but  an  important  const i tuent i s  heptane  (C7H1 6) .  
Gasoline, diesel, kerosene, and compounds found in asphalt, 
heavy oils and waxes, are considered heavy hydrocarbons as 
they contain  many carbon atoms per molecule, and therefore 
have high molecular weight. 

Key Points & Notes 
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The lightest hydrocarbons are gases at normal atmospheric 
pressure and temperature. Heavier hydrocarbons, with  5 to 
18 carbon atoms per compound, are liquid at ambient condi­
tions and have increasing viscosity with molecular weight. 

Other chemical fuels include alcohols  whose molecules com­
bine an oxygen/hydrogen atom pair (OH) with one or more 
hydrocarbon  groups . Common a lcohol  fue l s a r e me thano l 
(CH3OH) and ethanol (C2H5OH). These may be blended with 
hydrocarbons for use in internal combustion engines. 

Key Points & Notes 

Figure 1-2 Chemical Structure of Common Fuels 
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1.2 Physical Properties 

1.2.1 State 

All substances exist on earth as either a gas, liquid or solid. 
Most substances  will  change  from  one of these states to 
another depending on  the  temperature  and pressure of their 
surroundings. In general, a gas can be changed into a liquid 
by reducing its temperature, and a liquid to a solid by reduc­
ing its temperature further. To  some  extent, an increase in 
pressure will cause a substance to liquefy and solidify at 
higher temperature than would otherwise be required. 

The transition from liquid to gas is known as boiling and the 
transition from liquid to solid as freezing. Accordingly, each 
s u b s t a n c e  h a s  a c h a r a c t e r i s t i c b o i l i n g t e mp e r a t u r e a n d 
freez ing tempera ture (a t a g iven pressure) . The opposi te  
transitions, from gas to liquid and solid to liquid, are known 
as condensation and melting respectively.  The condensation 
temperature is the same as the boiling temperature and the 
melt ing temperature is the same as the freezing tempera ­
ture. The process of condensation is also known as liquefac­
t i o n  a n d  t h e  p r o c e s s o f  f r e e z i n g i s  a l s o  k n o wn  a s 
solidification. 

B o i l ing  and f reez ing tempera tures  a re  most  meaningfu l ly 
compared relative to “absolute zero”. Absolute zero (0 °R; 0 
K; –459.69 °F; –273.15°C)  is  the lowest  temperature in the 
universe at which all molecular motion stops. 

Hydrogen  has the second lowest boiling  point and  melting 
points of all substances, second only to helium. Hydrogen is 
liquid below its boiling point of 20 K (–423 °F; –253 °C) and 
solid below its melting point of 14 K (–434 °F; –259 °C) and 
atmospheric pressure. 

Obviously,  these  temperatures  are  extremely  low. Tempera ­
tures below –100 °F (200 K; –73 °C) are collectively known as 
c ryogenic tempera tures , and l iquids  at these tempera tures  
are known as cryogenic liquids. 

The boiling point of a fuel is  a critical parameter since it 
defines the temperature to which it must be cooled in order 
to store and use it as a liquid. Liquid fuels take up less stor­
age space than gaseous  fuels, and are generally easier to 
transport and  handle. For this reason, fuels that are liquid 
at atmospheric conditions  (such as gasoline, diesel, metha ­
no l  and  e thano l )  a r e par t icula r ly  convenient .  Converse ly, 
fuels that are gases at atmospheric conditions  (such as hy­
drogen and natural gas) are less convenient as they must be 
stored as a pressurized gas or as a cryogenic liquid. 

Key Points & Notes 
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The boiling point of  a pure substance increases with applied 
pressure—up to a point. Propane, with a boiling point of –44 
°F (–42 °C), can be stored as a liquid under moderate pres­
sure,  although it  is a gas at atmospheric pressure.  (At tem­
peratures of 70 °F (21 °C) a minimum pressure of 111 psig 
(7.7 barg) is required for liquefaction). Unfortunately, hydro­
gen’s boiling point can only be increased to a maximum of 
-400 °F (–240 °C) through the application of approximately 
195 psig (13 barg), beyond which additional pressure has no 
beneficial effect. 

Hydrogen as a vehicle fuel can be stored either as a high-
pressure gas or as a cryogenic liquid (Section 2.2). 

1.2.2 Odor, Color and Taste 

Pure hydrogen  is odorless, colorless and tasteless.  A stream 
of hydrogen from a leak is almost invisible in daylight. Com­
pounds  such as  mercaptans and thiophanes  that are used to 
scent natural gas may not be added to hydrogen for fuel cell 
use as they contain sulfur that would poison the fuel cells. 

Hydrogen that derives from reforming other fossil  fuels (Sec­
t ion 2 .1 .2 )  i s  typ ica l ly accompanied by ni t rogen,  carbon 
dioxide, carbon  monoxide and other trace gases. In  general, 
all of these gases are also odorless, colorless and tasteless. 

1.2.3 Toxicity 

Hydrogen is non-toxic but can act as a simple asphyxiant by 
displacing the oxygen in the air. 

Asphyxiation 

Oxygen levels below 19.5% are biologically inactive for hu­
mans. Effects of oxygen deficiency may include rapid breath­
i n g , d i m i n i s h e d m e n t a l  a l e r t n e s s ,  i m p a i r e d  m u s c u l a r 
coordination, faulty  judgement,  depression of all  sensations, 
e mo t i o n a l i n s t a b i l i t y  a n d  f a t i g u e . As  a s p h yx i a t io n p ro ­
gresses,  dizziness, nausea, vomiting,  prostration and  loss of 
consciousness  may result, eventually leading to convulsions, 
coma and death.  At concentrat ions below 12%, immediate 
unconsc iousness  may occur  with  no pr ior  warning symp ­
toms. 

In  an enclosed area, small leaks pose little danger  of as ­
phyxiation whereas large leaks can be a serious problem 
since the hydrogen  diffuses quickly to fill the volume. The 
po tent ia l  fo r  asphyxia t ion in  unconfined  areas  i s  a lmost  
negligible due to the high buoyancy and diffusivity of hydro­
gen. 

Key Points & Notes 
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Inha led  hy dro g en ca n resu l t  in  a  f la mma ble  mixture  
within the body. Inhaling hydrogen can lead to uncon-
sciousness and asphyxiation. 

Other Gases Accompanying Hydrogen 

Gases that accompany hydrogen  when reforming other fossil 
fuels,  such as  ni trogen, carbon dioxide,  carbon  monoxide 
and other trace gases, can also act as asphyxiants by dis ­
placing oxygen. In addition, carbon monoxide  is  a  poisonous 
gas that is a severe health hazard. 

Carbon Monoxide 

The affinity of hemoglobin (in the blood) for carbon monoxide 
is 200–300 times greater than its affinity for oxygen. As a 
resul t , inhalation of carbon  monoxide quickly restricts  the 
amount of oxygen  in the bloodstream and asphyxiation en-
sues. Asphyxiation can continue for some time after a victim 
is moved to fresh air. 

Depending on  levels and duration of exposure,  the symp ­
toms  may inc lude headache ,  d izz iness ,  hear t  pa lp i ta t ions , 
weak n e s s , c o n f u s io n ,  o r  nausea ,  l e ad ing  to  co nvul s io ns ,  
even tua l  unconsc iousness  and  dea th .  With  repea ted lo ng-
term overexposures, carbon monoxide can damage the cen ­
tral  nervous system and possibly lead to  hardening of arter­
i e s .  S i n c e  c a r b o n  mo n o x i d e  i s  o d o r l e s s ,  c o l o r l e ss  a n d 
tasteless, there is  no warning of its presence other than the 
symptoms it causes. 

Published exposure limits vary somewhat depending on the 
regulating body. Typical  values  state  that  exposure  to  carbon 
monoxide becomes a health hazard when it exceeds the time 
weighted average of 25 molar ppm over 8 hours, or 100 
molar ppm over 15 minutes. An exposure of 1200 ppm poses 
immediate danger without warning symptoms. 

Carbon monoxide is poisonous. 

Carbon monoxide  is flammable  over  a very wide range of 
concentrations in air (12.5 – 74%). As a result, even small 
leaks of carbon monoxide have the potential to burn or ex­
plode. Leaked carbon monoxide can concentrate in an en-
c l o s e d  e n v i r o n m e n t ,  t h e r e b y  i n c r e a s i n g t h e r i s k  o f  
combust ion and explosion. The autoigni t ion temperature of 
carbon monoxide is 609 °C (1128 °F).  Carbon monoxide has 
almost the same density as air and will therefore not diffuse 
by rising. Carbon  monoxide burns  with  a characteristic blue 
flame. 

Key Points & Notes 
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A mixture  of  carbon monoxide and air i s  potent ia l ly  
flammable and explosive, and can be ignited by a spark 
or hot surface! 

1.2.4 Density and Related Measures 

Hydrogen  has lowest atomic weight of any  substance and 
therefore has very low density both as a gas and a liquid. 

Density 

Density is  measured as the amount of mass contained per 
unit volume. Density values only have meaning at a specified 
temperature and pressure  s ince  bo th of  these parameters  
affect the compactness of the molecular arrangement, espe ­
cially in a gas. The density of a gas is called its vapor den­
sity, and the density of a liquid is called its liquid density. 

Key Points & Notes 

Substance Vapor Density 
(at 68 °F; 20 °C, 1 atm) 

Liquid Density (at normal 
boiling point, 1 atm) 

Hydrogen 0.005229 lb/ft3 

(0.08376 kg/rn3) 
4.432 lb/ft3 

(70.8 kg/m3) 

Methane 0.0406 lb/ft3 

(0.65 kg/m3) 
26.4 lb/ft3 

(422.8 kg/m3) 

Gasoline 0.275 lb/ft3 

(4.4 kg/m3) 
43.7 lb/ft3 

(700 kg/m3) 

Table 1-2 Vapor and Liquid Densities of Comparative Substances 

Specific Volume 

Specific volume is  the  inverse  of  density and expresses the 
amount of volume per unit  mass.  Thus, the specific volume 
of hydrogen gas is 191.3 ft3/lb (11.9 m3/kg) at 68 °F (20 °C) 
and 1 atm, and the specific volume of liquid hydrogen is 
0.226 ft3/lb (0.014 m3/kg) at –423 °F (–253 °C) and 1 atm. 

Specific Gravity 

A common way of expressing relative  density is as specific 
gravity. Specific gravity is the ratio  of the density of one 
substance to that of a reference substance, both at the same 
temperature and pressure. 

For vapors, air (with a density of 0.0751 lb/ft3; 1.203 kg/m3) 
is  used as the reference substance and therefore has a spe­
cific gravity of 1.0 relative to itself. The density of other va­
pors are then expressed as a number greater or less than 1.0 
in proportion to its density relative to air. Gases with a spe­
cific gravity greater than 1.0 are heavier than air; those with 
a specific gravity less than 1.0 are lighter than air. 
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Gaseous hydrogen,  with  a  density  of  0.00523 lb/ft3 , has  a 
specific gravity of 0.0696 and is  thus approximately 7% the 

Key Points & Notes 

density of air. 

For liquids, water (with a density of 62.4 lb/ft3; 1000 kg/m3) 
is used as the reference substance, so has a specific gravity 
of 1.0 relative to itself. As with gases, liquids with a specific 
gravity greater than 1.0 are heavier than water; those with a 
specific gravity less than 1.0 are lighter than water. 

Liquid  hydrogen, with a density of 4.432 lb/ft3 , has a spe-
cific gravity of 0.0708 and is thus approximately (and coinci-
dentally) 7% the density of water. 

Expansion Ratio 

The difference in volume between liquid and gaseous hydro-
gen can easily be appreciated by considering its expansion 
ratio. Expansion ratio is the ratio of the volume at which a 
gas or liquid is stored compared to the volume of the gas or 
liquid at atmospheric pressure and temperature. 

When hydrogen is stored as a liquid, is vaporizes upon ex-
p a n s i o  n  t o  a t m o s p h e r i c co  n d i t i o  n s  w i t h  a co  r r e sp  o n d i n g 
i n c r ease in  vo lu  me.  Hydrogen’s expansion  r a t i o o f 1 : 8 4 8 
means that  hydrogen in i ts  g as  e o u s s t a t e a t  a tmo s p heric  
conditions occupies 848 times more volume than it does in 
its liquid state. 

Figure 1-3 Hydrogen Liquid to Gas Expansion Ratio 

When  hydrogen is stored as  a high-pressure gas at 3600 
psig (250 barg) and atmospheric temperature, its expansion 
ratio to atmospheric pressure is 1:240.  While a higher stor-
age  pressure  increases the expansion  ratio  somewhat,  gase-
o u s h y d r o g e n  u n d e r  an  y co  n d i t io  n s  can  n o t ap  p r o ach  t h e 
expansion ratio of liquid hydrogen. 
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Hydrogen Content 

Even as a liquid, hydrogen is not very  dense.  Ironically, 
every cubic meter of water (made up of hydrogen and oxy­
gen) contains 111 kg of hydrogen whereas a cubic meter of 
l iquid hydrogen contains only 71 kg of  hydrogen. Thus, 
water packs more mass of  hydrogen per unit  volume, be-
cause of its tight  molecular structure, than  hydrogen itself. 
This is  true of  most other liquid hydrogen-containing com­
pounds as well; a cubic meter of methanol contains 100 kg 
of hydrogen and a cubic meter  of heptane contains 113 kg. 
Hydrocarbons are compact hydrogen carriers  with the added 
advantage  of having higher  energy density than pure hydro ­
gen (Section 1.3.1.2). 

When used as vehicle fuel, the low density of hydrogen ne­
cessitates that a large volume of  hydrogen be carried to 
provide an adequate driving range. 

1.2.5 Leakage 

The molecules of  hydrogen  gas are smaller than all other 
gases,  and  it  can  diffuse  through many materials considered 
airtight or impermeable  to other gases.  This property  makes 
hydrogen more difficult to contain than other gases. 

Leaks of  liquid hydrogen evaporate very quickly  since the 
boiling point of liquid hydrogen is so extremely low. 

Hydrogen leaks are dangerous in that they pose a risk of fire 
where they mix with air (Section 1.3.1). However, the small 
molecule  size that  increases  the likelihood of  a leak also 
results in very high buoyancy and diffusivity, so leaked hy­
drogen r ises and becomes  diluted quickly, especial ly out-
doors. This results in a very localized region of flammability 
that disperses  quickly.  As the  hydrogen dilutes with distance 
from the leakage site, the buoyancy declines and the ten ­
dency for the hydrogen to continue to rise decreases. Very 
cold hydrogen, resulting from  a  liquid hydrogen  leak, be-

Key Points & Notes 

comes buoyant soon after is evaporates. 

In contrast, leaking  gasoline or diesel spreads 
evaporates  slowly resulting in  a widespread, 
hazard. Propane gas is denser than air so it 
low spots and disperses slowly, resulting in a 
o r exp los ion hazard.  Heavy  vapors can also 

laterally and 
lingering fire 
accumulates in 
protracted fire 

form vapor 
clouds or plumes that travel as they are pushed by breezes. 
Methane gas is lighter than air, but not nearly as buoyant as 
hydrogen, so  it disperses rapidly, but  not as rapidly as  hy­
drogen. 
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For small hydrogen leaks, buoyancy and diffusion effects in 
air are often overshadowed by the presence of air currents 
from a slight ambient wind, very slow vehicle motion or the 
radiator  fan.  In general, these currents serve to  disperse 
leaked hydrogen even  more quickly  with  a further reduction 
of any associated fire hazard. 

When used as vehicle fuel, the propensity  for hydrogen  to 
leak necessitates special care in the design of the fuel system 
to  ensure  that  any leaks can disperse with minimum hin ­
drance, and the use  of  dedicated leak detection equipment 
on the vehicle and within the maintenance facility. 

Hydrogen leaks pose a potential fire hazard. 

Key Points & Notes 
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Figure 1-4 Fuel Leak Simulations 
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1.3 Chemical Properties Key Points & Notes 

1.3.1 Reactivity 

High reactivity is characteristic of all  chemical fuels. In each 
case, a chemical reaction occurs  when the fuel molecules 
form bonds with oxygen (from air) so that the final, reacted 
molecules are at a lower energy state than the initial, unre-
acted molecules. 

As the molecules react, the change in chemical energy state 
is accompanied by a corresponding release of energy that we 
can exploit to do useful work. This is true in both a combus-
tive reaction (as in an internal combustion engine where the 
energy is released explosively as heat) or in an electrochemi-
cal reaction (as in a battery or fuel cell where the energy is 
released as an electrical potential and heat). 

T his  chemical  energy releas  e is  analogou s to  that  which 
occurs when water flows from a high level to a low level. The 
water  at  the high level has potential energy that is released 
as it falls to the low level. This energy can be harnessed to 
do useful work, such as turning a turbine. 

Once at the low level, the energy is spent and it cannot do 
further work at that level. In order to do further work, it 
must either fall to an even lower level, or be raised back to 
t he high  le ve l t h r o ugh so me external  ag ency  t hat  input s 
en  e r gy  . T h e na  t u r a l cy  c l e  o f  ev  apo ra t i on  , con  d en  s a t i on  , 
and precipitation that returns water to a higher level is driven by 
solar and wind energy. Alternatively,  a pump can return the 
water to a higher level, but the pump consumes  a corre-
sponding amount of energy. 

Figure 1-5 Chemical Energy States 

Chemical reactions of this type often require a small amount of 
activation energy to  get s t a r t e d ,  b ut then the ener gy  r e-
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leased by the reaction feeds further reaction in a domino 
effect. Thus, when  a small amount of activation energy in 
the form of a spark is provided to a mixture of hydrogen and 
oxygen, the molecules react vigorously, releasing  a substan­
tial amount of heat, with  water as the final product. We 
experience this  react ion as  a fi re  or  explosion, and the 
resulting water vaporizes and is invisible to us since it is a 
supe rhea ted  vapor .  (This  water  vapor can  cond ense and 
become visible as it cools; this is the cloud we see when the 
space shuttle takes off.) 

The  water-forming reaction of hydrogen and oxygen is  re ­
versible. Thus, it is possible to convert water, at a low energy 
state, to hydrogen and oxygen, at a higher energy state, by 
adding energy  slightly  greater than that which  was previ ­
ously released (the extra to cover losses). This is the princi­
ple behind hydrogen  production through electrolysis (Section 
2.1.1). 

Chemical By-Products of Fuel Reactions 

All of the atoms present at the start of a reaction are present 
at the end of the reaction although they may be reorganized 
into  different  molecules. Hydrocarbon  fuels,  in addition to 
hydrogen and carbon, may contain  other impurities such as 
sulfur. Air, in addition to  being a ready source of oxygen, 
also consists of 78% nitrogen and 1% trace gases. 

The presence of carbon, nitrogen and sulfur (as well as un­
reacted hydrocarbons)  result  in  chemical  compounds during 
combustion that  cause smog with serious health and  envi ­
ronmental consequences: 

•	 Oxygen reacts with carbon to form carbon monoxide (CO) 
and carbon dioxide (CO2). CO2 is benign to human beings 
and does not produce smog, but is a greenhouse gas and 
contributes to global warming. CO, on the other hand, is 
poisonous to humans and severely limits the blood’s abil­
ity to transport oxygen to body tissues resulting in dizzi­
ness, headaches, impaired coordination  and death. The 
formation of CO is favored by lack of air during combus­
tion and therefore leaner running engines emit less CO. 
Any reduction in CO formation is accompanied by a pro­
portional increase in CO2 formation. 

•	 Oxygen reacts with nitrogen to form oxides of nitrogen 
(NOx). Oxides of nitrogen damage lung tissue and act as 
a precursor to ozone, which irritates the respiratory tract 
and eyes, decreases the lungs’ ability to work, and causes 
both cough and chest pain. The formation of NOx is fa­
vored by high combustion temperatures (2700 °F; 1480 

Key Points & Notes 

“In the United States, 
emissions from 190 million 
cars, trucks and buses account 
for half of all air pollution – 
more than 80% in major cities 
– and one-third of carbon 
dioxide emissions” 

— American Methanol 
Institute, 1998 
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°C) thus, advanced ignition and increased pressure ra­
tios tend to increase NOx emissions since these increase 
the combustion temperature. Lean burning engines typi ­
cally reduce NOx emissions.  Diesel engines, however, 
generate high NOx emissions when operating lean under 
low load conditions. 

•	 Oxygen reacts with sulfur to form oxides of sulfur (SOx). 
Sulfur also forms the basis for soot, which is a form of 
particulate matter. Large soot particles are visible and 
can be filtered out of the air, or coughed out of the respi­
ratory system. Very small  soot particles (<2.5 microns) 
are not visible and can lodge in the lungs and cause can­
cer. 

•	 H y d r o c a r b o n  e m i s s i o n s  p a s s  i n t o  t h e a t m o s p h e r e  
through incomplete combustion and evaporation. Hydro-
carbons are either volatile organic compounds (VOC’s) or 
reactive hydrocarbons (RHC). The RHC’s, such as gaso­
l ine ,  p roduce  photochemica l  smog (visual po l lut ion) .  
VOC’s, such as natural gas, do not produce smog. Un­
burned hydrocarbons act as precursor to ozone just like 
NOx emissions. 

The type of  fuel and the use of post-combustion catalytic 
converters affect  the amount and type of  smog pollut ion. 
Light hydrocarbons are relatively rich in hydrogen and there-
fore provide less carbon atoms  for CO and CO2  formation. 
Non-sulfur containing fuels eliminate SOx and soot. 

Hydrogen is  a nearly ideal fuel in terms of smog reduction 
when combusted. Hydrogen contains  no carbon or sulfur, so 
no CO, CO2 or SOx or soot is produced during combustion 
(although the  combustion of lubr icating oil  may  result  in 
t r ace  amount s ) . Hydrogen  a l l ows  fo r l e ane r comb us t ion , 
resul t ing in lower combust ion temperatures and very  low 
N O x  e mi s s i o n s .  H yd r o g e n  i s  n o n - t o x i c  s o  u n c o mb u s t e d 
hydrogen does not pose a direct health risk. 

Hydrogen is an ideal fuel in terms of smog reduction when 
used electrochemically in a fuel cell, rather than combusted. 
Hydrogen in  a fuel cell  produces zero harmful emissions. 
Oxides of nitrogen are completely eliminated due to the low 
operating temperature (175 °F; 80 °C) of the cells. Lubricat­
ing oil is not present and is therefore not reacted. 

1.3.2 Energy 

Energy Content 

Every fuel can liberate a fixed amount of energy when it 
reacts completely  with  oxygen  to  form  water.  This energy 

Key Points & Notes 

Use of hydrogen in the U.S. transportation

sector alone

could reduce 70% of CO

emissions, 41% of NOx 

emissions, 38% of hydrocarbon 

emissions, and30% of human-

generated C02 emissions.
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content is  measured experimentally and is quantified by  a 
fuel’s  higher heating value (HHV) and lower heating  value 
(LHV). The difference between the HHV and the LHV is the 
“heat of vaporization” and represents the amount of energy 
required to vaporize a liquid fuel into a gaseous fuel, as well 
as the energy used to convert water to steam. 

The higher and lower heating values of comparative fuels are 
indicated in Table 1-3. Although the terms HHV and LHV do 
not apply to batteries, the energy density of a lead acid bat­
tery is approximately 46 Btu/lb (0.108 kJ/g). 

Key Points & Notes 

Fuel Higher Heating Value 
(at 25 °C and 1 atm) 

Lower Heating Value 
(at 25 °C and 1 atm) 

Hydrogen 61,000 Btu/lb (141.86 kJ/g) 51,500 Btu/lb (119.93 kJ/g) 

Methane 24,000 Btu/lb (55.53 kJ/g) 21,500 Btu/lb (50.02 kJ/g) 

Propane 21,650 Btu/lb (50.36 kJ/g) 19,600 Btu/lb (45.6 kJ/g) 

Gasoline 20,360 Btu/lb (47.5 kJ/g) 19,000 Btu/lb (44.5 kJ/g) 

Diesel 19,240 Btu/lb (44.8 kJ/g) 18,250 Btu/lb (42.5 kJ/g) 

Methanol 8,580 Btu/lb (19.96 kJ/g) 7,760 Btu/lb (18.05 kJ/g) 

Table 1-3 Heating Values of Comparative Fuels 

Gaseous fuels are already vaporized so no energy is required 
to convert them to a gas. The water that results from both a 
combustive reaction and the electrochemical reaction  within 
a fuel cell occurs as steam, therefore the lower heating value 
represents the amount of energy avai lable  to  do external 
work. 

Both the higher and lower heating values denote the amount 
of energy (in Btu’s or Joules) for a given weight  of  fuel  (in 
pounds or kilograms).  Hydrogen has the highest  energy-to-
weight ratio of any fuel  since hydrogen is the lightest ele­
ment and has no heavy carbon atoms. It  is for this reason 
that hydrogen has been  used  extensively  in  the  space pro-
gram where weight is crucial. 

Specifically,  the  amount  of  energy liberated during the reac­
tion of hydrogen, on a mass basis,  is about 2.5 times the 
heat of combustion of common  hydrocarbon  fuels (gasoline, 
diesel, methane, propane, etc.) Therefore, for a given load 
duty, the mass of hydrogen required is only about a third of 
the mass of hydrocarbon fuel needed. 

The high energy content of  hydrogen also  implies  that  the 
energy of a hydrogen gas explosion is about 2.5 times that of 
common hydrocarbon fuels.  Thus,  on  an equal mass basis, Hydrogen Explosion 
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h yd r o g e n ga  s e x p los  ion  s  a re  mo re  des  t ru  c t iv  e an  d car ry  
further. However, the duration of a conflagration tends to be 

Key Points & Notes 

i n v e r s  e l  y p ropor t  i o n a l  t o  t h e c o mb ust i v e en  e rg  y, s o  t h a t  
hydrogen  fires  subside much  more quickly than hydrocarbon 
fires. 

Energy Density 

Whereas the energy  content denotes the amount of energy 
for  a  given weight of fuel, the energy density  denotes the 
amount of energy (in Btu’s or Joules) for a given volume (in 
ft3 or m3) of fuel. Thus, energy density is the product of the 
energy content (LHV in our case) and the density of a given 
fuel. 

The energy density is really  a measure of  how compactly 
hydrogen atoms are packed in a fuel.  It follows that hydro-
carbons of increasing complexity (with  more and more hy-
drogen atoms per molecule) have increasing energy density. 
At the same t ime,  hyd r o c a r b o n s o f  in  creasing co mp lexi ty 
have more and more carbon atoms in each molecule so that 
these fuels are heavier and heavier in absolute terms. 

On this basis, hydrogen’s energy density is poor (since it has 
such low density) although its energy to weight ratio is the 
best of all fuels (because it is so light). The energy density of 
comparative fuels, based on the LHV, is indicated in Table 1-
4. The energy density of a lead acid battery is approximately 
8700 Btu/ft3 (324,000 kJ/m3). 

Fuel Energy Density (LHV) 
Hydrogen 270 Btu/ft3 (10,050 kJ/m3); gas at 1 atm and 60 °F (15 °C) 

48,900 Btu/ft3 (1,825,000 kJ/m3); gas at 3,000 psig (200 barg) and 60 °F (15 °C) 

121,000 Btu/ft3 (4,500,000 kJ/m3); gas at 10,000 psig (690 barg) and 60 °F (15 °C) 

227,850 Btu/ft3 (8,491,000 kJ/m3); liquid 
Methane 875 Btu/ft3 (32,560 kJ/m3); gas at 1 atm and 60 °F (15 °C) 

184,100 Btu/ft3 (6,860,300 kJ/m3); gas at 3,000 psig (200 barg) and 60 °F (15 °C) 

561,500 Btu/ft3 (20,920,400 kJ/m3); liquid 
Propane 2,325 Btu/ft3 (86,670 kJ/m3); gas at 1 atm and 60 °F (15 °C) 

630,400 Btu/ft3 (23,488,800 kJ/m3); liquid 
Gasoline 836,000 Btu/ft3 (31,150,000 kJ/m3); liquid 
Diesel 843,700 Btu/ft3 (31,435,800 kJ/m3); minimum; liquid 
Methanol 424,100 Btu/ft3 (15,800,100 kJ/m3); liquid 

Table 1-4 Energy Densities of Comparative Fuels 
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The energy density of  a fuel is also affected  by whether the 
fuel is stored as a liquid or as a gas, and if a gas, at what 
pressure. To put it into perspective: 

•	 A 132-gal (500-L) diesel tank containing 880 lb (400 kg) 
of fuel is equivalent on an energy basis to a 2110 gal 
(8000 L) volume of hydrogen gas at 3600 psi (250 barg). 
This  is  a  16  times  increase in volume, although the 
weight of the hydrogen is only 330 lb (150 kg), represent­
ing a decrease in fuel weight by a factor of about 2.8. 

• The same diesel tank is equivalent to a 550-gal (2100-L) 

Key Points & Notes 

tank of liquid hydrogen. This is a 4.2 times increase in 
volume. 

•	 If hydrogen is stored as a metal hydride, every kilogram 
of diesel fuel is replaced by approximately 4.5 kg of metal 
hydr ide to main t a i n  t h e s a me  h yd ro ge n / d i e s e l  energy 
equivalence. Thus the same 132 gal (500 L) diesel tank 
containing 880 lb (400 kg) of fuel would have to be re-
placed with a hydride tank containing 3800 lb (1725 kg) 
of “fuel” mass. 

1.3.3 Flammability 

Three things are needed  for a f i re or explos ion to  occur: 
a fuel, oxygen (mixed with the fuel in appropriate quantities) 
and a sou rce o f  igni t ion .  Hydrogen, as  a f lammable fuel ,  
mixes with  oxygen whenever air is allowed to enter a hydro­
gen vessel, or  when hydrogen leaks from any 
air. Ignition sources take the  form of  sparks, 
heat. 

Flashpoint 

All  fuels  bum  only in a gaseous or vapor 
h yd r o g e n  a n d  m e t h a n e a r e  a l r e a d y g a s e s 
conditions ,  whereas  o ther  fuels  l ike  gasol ine 
are l iquids must convert to a  vapor  before 
The characteris t ic  that  describes  how  easily 
be  converted to  a  vapor  i s  the  f l ashpoint . 

vessel  into  the 
flames, or high 

state.  Fuels  like 
a t a t m o s p h e r i c 
or  d iesel  that 

they will  burn. 
these fuels can 

The f lashpoint  
i s  def ined as the temperature a t  wh ich  the fue l  p roduces  
enough vapors to form an  ignitable  mixture  with  air  at i ts 
surface. 

If  the  temperature of the fuel  is below its flashpoint, it  can-
n o t  p ro d u c e  e n o u gh va p o rs to b u m s i n c e  i t s  e va p o ra t i o n  
rate is too slow. Whenever a fuel is at or above its flashpoint, 
vapors  are present. The f lashpoint  is  not  the  temperature  at 
which  the fuel bursts into  f lames;  that  is  the auto igni t ion 
temperature. 
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The  f lashpoint  is a lways lower  than  the  boiling  point. For Key Points & Notes

fuels that  are  gases a t a tmospheric  condi t ions  ( l ike  hydro ­ 

gen,  methane  and  propane), the f lashpoint  is far  below  am­

bient temperature and  has l i t t le relevance since the fuel is 

already fully vaporized. For fuels that are liquids at atmos ­ 

pheric condi t ions (such as  gasoline or  methanol),  the f lash- 

point acts as a lower flammability temperature limit.


Fuel Flashpoint 

Hydrogen < –423 °F (< –253 °C; 20 K) 

Methane –306 °F (–188 °C; 85 K) 

Propane –156 °F (–104 °C; 169 K) 

Gasoline Approximately –45 °F (–43 °C; 230 K) 

Methanol 52 °F (11 °C; 284 K) 

Table 1-5 Flashpoint of Comparative Fuels 

Flammability Range 

The flammability range of  a gas is defined in terms of its 
l o w er  f l ammabi l i ty l imi t  (LFL) and  i t s  upp e r f l a mma b i l i t y  
limit (UFL). The LFL of a gas is the lowest gas concentration 
that  wil l  support  a  self-propagating f lame  when mixed with 
ai r and igni ted .  Below  the  LFL,  there  is  not  enough fuel 
presen t  to suppor t  combus t ion ;  the  fue l /a i r mixture is too 
lean. 

The UFL of a gas  is  the  highest  gas concentration that will 
support  a se l f -p ropaga t ing f l ame  when mixed with a i r  and  
ignited. Above  the  UFL,  there  is not  enough oxygen present 
t o s u p p o r t c o mb u s t i o n ;  t h e  f u e l / a i r  m i x t u r e  i s  t o o  r i c h . 
Between the two limits is the flammable range in which the 
gas and air are in the right proportions to burn when ig­
nited. 

A s to ichiometr ic  mixture occurs  when  oxygen and hydrogen 
molecules are present in the exact ratio  needed to complete 
the combustion reaction . If  more hydrogen is available than 
oxygen, the mixture is rich so that some of the fuel will re-
main unreacted although all of the  oxygen  will be consumed. 
If  less hydrogen is  available  than oxygen, the mixture  is  lean 
so that all the fuel will be consumed  but some  oxygen will 
remain . Pract ica l  in te rna l  combus t ion  and  fuel cel l sys tems 
typically operate  lean  since  this  situation promotes the com­
plete reaction of all available fuel. 

O n e c o n s e q u e n c e  o f  t h e U F L  i s  t h a t  s t o r e d  h yd r o g e n 
(whether gaseous  or  l iquid)  is  not  f lammable wh i le s to red 
due  to  the  absence of oxygen  in  the  cylinders. The fuel only 
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becomes flammable in the peripheral areas of a leak where 
the fuel mixes with the air in sufficient proportions. 

Two related concepts are the lower explosive limit (LEL) and 
the upper explosive limit (UEL). These terms are often used 
interchangeably with  LFL and UFL, although they are not 
the same. The LEL is the lowest gas concentration that will 
support  an explosion when mixed with air, contained and 
ignited. Similarly, the UEL is the highest gas concentration 
that will support an explosion when mixed with air, con­
tained and ignited. 

An explosion is different from a fire in that for an explosion, 
the  combustion  must be contained, allowing the  pressure 
and temperature to rise to levels sufficient to violently de­
stroy the containment. For this reason, it is far more dan­
gerous to release hydrogen into an enclosed area (such as a 
building) than to release it directly outdoors. 

Hydrogen is flammable over a very wide range of concentra­
tions in air (4 – 75%) and it is explosive over a wide range of 
concentrations (15 – 59%) at standard atmospheric tempera­
ture. The flammability limits increase with temperature as 
illustrated in Figure 1-6. As a result, even small leaks of 
hydrogen have the potential to burn or explode. Leaked 
hydrogen can  concentrate  in  an enc losed envi ronmen t ,  
thereby increasing the risk of combustion and explosion. The 
flammability limits of comparative fuels are illustrated in 
Figure 1-7. 

Mixtures of hydrogen and air are potentially  flammable 
or explosive. 

Figure 1-6 Variation of Hydrogen Flammability Limits with Temperature 

Key Points & Notes 
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Figure 1-7 Flammability Ranges of Comparative Fuels at Atmospheric 
Temperature 

Autoignition Temperature 

The autoignition temperature is  the minimum temperature 
required to initiate self-sustained combustion in  a combusti­
ble fuel mixture in the absence of a source of ignition. In 
other words, the fuel is heated until it bursts into flame. 

Each fuel  has a unique ignition temperature. For hydrogen, 
the autoignition temperature is relatively high at 1085 °F 
(585 °C).  This  makes it difficult to ignite  a hydrogen/air 
mixture on the basis of heat alone without some additional 
ignition source. The autoignition temperatures of compara ­
tive fuels are indicated in Table 1-6. 

Key Points & Notes 
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Fuel Autoignition Temperature 

Hydrogen 1085 °F (585 °C) 

Methane 1003 °F (540 °C) 

Propane 914 °F (490 °C) 

Methanol 725 °F (385 °C) 

Gasoline 450 to 900 °F (230 to 480 °C) 

Table 1-6 Autoignition Temperature of Comparative Fuels 

Octane Number 

The octane number  describes the  anti-knock properties of a 
fuel when used in an internal combustion engine. Knock is a 
secondary  detonation that occurs after fuel ignition  due to 
heat buildup in some other part of the combustion chamber. 
When the local temperature exceeds the autoignit ion tem­
perature, knock occurs. 

The performance of  the hydrocarbon  octane is used as  a 
standard to measure resistance to knock, and is assigned a 
relative octane rating of 100. Fuels  with an octane number 
over 100 have  more resistance to auto-ignition than octane 
itself. Hydrogen has a very high research octane number and 
is therefore resistant to knock even  when combusted under 
very lean condi t ions . The oc tane number of compara t ive 
fuels are indicated in Table 1-7. The octane number has no 
specific relevance for use with fuel cells. 

Fuel Octane Number 

Hydrogen 130+ (lean burn) 

Methane 125 

Propane 105 

Octane 100 

Gasoline 87 

Diesel 30 

Table 1-7 Octane Numbers of Comparative Fuels 

Ignition Energy 

Ignition energy is the amount  of external energy that must 
be applied in  order to ignite a combustible fuel mixture. 
Energy  from an external source must be higher than the 
auto igni t ion  temperature  and  be  of  suffic ient dura t ion to  
heat  the fuel  vapor to  i ts  igni t ion temperature.  Common 
ignition sources are flames and sparks. 
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A l tho ugh hy d r o g e n  h a s  a  h i g h e r a u to  igni t io  n te  mp e r a t ur  e 
than methane, propane or gasoline, its ignition energy at 1.9 
x 10-8 Btu (0.02 mJ) is about an order of magnitude lower 

Key Points & Notes 

and is  therefore more easily ignitable .  Even an invisi ble  
spark or static electricity discharge from a human body (in 
dry  conditions)  may have  enough energy to  cause ignition. 
Nonetheless, it is important to  realize that the ignition en-
ergy for all of these fuels is very low so that conditions that 
will ignite one fuel will generally ignite any of the others. 

H y d r o  g e n  h a  s t h e a d d e d  p r o p e r t y o f  l o w  e l e c t r o -
co nductivity so  that  the flow  or  agitatio n o f h y d r o gen 
gas  or  l i q u i d  may gen  era  t e e l e c t r o s t  a t i c  ch  arges  th  at  
result in sparks. Fo r this reason, all  hydrogen conveying 
equipment must be thoroughly grounded. 

Flammable mixtures of hydrogen and air can be easily 
ignited. 

Burning Speed 

Burning speed it the speed at which a flame travels through 
a combustible gas mixture. 

Burning sp eed  is  different from flame speed. The burning 
speed indicates the severity of an explosion since high burn-
ing velocities have a greater tendency to support  the transi-
tion from deflagration to detonation in long tunnels or pipes. 
Flame speed  is  the  sum of  burning speed and displacement 
velocity of the unburned gas mixture. 

Burning speed varies with gas concentration and drops off at 
both  ends  of  the flammability range. Below the LFL  and 
above the UFL the burning speed is zero. 

The burning speed of  hydrogen at 8.7�10.7 ft/s (2.65�3.25 
m/s) is  nearly an order of  magnitude higher than that of 
m e th  an  e o r  g a so  l i  n e ( a t s t o i c h i o m e t r i c  co  n d i t i o  n s ) .  T h u s 
hydrogen fires burn quickly and, as a result, tend to be 
relatively short-lived. 

Quenching Gap 

T he quenc h i ng ga p ( o r  quen chi n g distan ce)  des  c r i  bes  t he 
flame extinguishing properties of  a fuel  when  used in an 
internal combustion engine. Specific a l ly,  the quenching  gap 
relates to the distance from the cylinder wall that the flame 
extinguishes  due  to heat  losses.  The  quenching gap has no 
specific relevance for use with fuel cells. 

The  quenching gap  of  hydrogen (at 0.025 in;  0.064 cm) is 
approximately 3 times less than that of other fuels, such as 
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gasoline. Thus, hydrogen flames travel closer to the cylinder Key Points & Notes

wall before they are extinguished making them more difficult

to  quench than  gaso l ine f l ames . T h i s sma l le r  quenching

distance can also increase the tendency for backfire since

the flame from a hydrogen-air mixture can more readily get

past a nearly closed intake valve than the flame from a hy­

drocarbon-air mixture.


Flame Characteristics 

Hydrogen flames are very pale blue and are almost  invisible 
in daylight due to the absence of soot. Visibility is enhanced 
by the presence of moisture or impurities (such as sulfur) in 
the air. Hydrogen flames are readily visible in the dark or 
subdued light. A  hydrogen  fire can be indirectly visible by 
way of emanating  “heat ripples” and thermal radiation, par ­
ticularly from large  fires. In many instances, flames from a 
hydrogen fire  may ignite surrounding  materials that do  pro ­
duce smoke and soot during combustion. 

Hydrogen flames are almost invisible in daylight. 

Corn brooms are sometimes 
used by emergency response 
personnel to detect hydrogen 
flames. 

Figure 1-8 Invisible Hydrogen Flame Igniting Broom 

Hydrogen fires can only exist in the region of a leak where 
pure hydrogen mixes with  air  a t  sufficient concentrations. 
For turbulent leaks, air reaches the centerline of the leakage 
jet within about five diameters of a leakage hole, and the 
hydrogen is diluted to nearly the composition  of air  within 
roughly 500 to 1000 diameters.  This rapid dilution implies 
that if the turbulent leak were into open air, the flammability 
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zone would exist relatively close to the leak. Therefore, when 
the jet is ignited, the flame length is less than 500 diameters 

Key Points & Notes 

from the  hole  (for  example, for a 0.039 in/1  mm diameter 
leak, the flame length will be less than 19.7 in/0.5 m). 

I n  ma ny  r e sp e c t s ,  hyd r o gen fire s a r e  sa fe r  tha n ga so l ine 
fires.  Hydrogen  gas rises quickly due to  its  high buoyancy 
and diffusivity. Consequently  hydrogen  fires are vertical and 
highly localized. When  a car hydrogen cylinder ruptures and 
is ignited, the fire burns away from the car and the interior 
typically does not get very hot. 

Gasoline forms a pool, spreads laterally, and the vapors form 
a lingering cloud, so  that gasoline fires are broad and en-
compass a wide area. W hen  a car gaso line tank ruptures 
and is ignited,  the fire engulfs the car within a matter  of 
second s (not  mi nut es  ) and caus e s  the temperatur e of the 
entire vehicle to rise dramatically. In some instances, the 
high heat  can cause flammable compounds to  off-gas from 
the vehicle upholstery leading to a secondary explosion. 

Figure 1-9 Hydrogen Flame from Ruptured Fuel Cylinder 

Hydrogen burns with greater vigor than gasoline, but for a 
shorter time. Pools of liquid hydrogen burn very rapidly at 
0.098 to 0.197 ft/min (3 to  6 cm/min) compared to 0.0098 
to 0.00656 ft/min (0.3 to 1.2 cm/min) for liquid methane, 
and 0.00656 to 0.0295 ft/min (0.2 to 0.9 cm/min) for gaso-
line pools. 
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H y d r o g e n  e m i t s  n o n - t o x i c c o m b u s t i o n  p r o d u c t s  w h e n  
burned. Gasoline fires generate toxic smoke. 

1.3.4  Hydrogen Embrittlement 

C o n s t a n t  e x p o s u r e t o  h y d r o g e n  c a u s e s  a  p h e n o m e n o n  
known as hydrogen embri t t lement in  many  materials .  Hy ­
drogen embri t t lement can lead to leakage or  catastrophic 
failures in metal and non-metallic components. 

The mechanisms that  cause hydrogen embri t t lement effects  
are not well defined. Factors known to influence the rate and 
sever i ty o f  hydrogen embr i t t lement  include hydrogen con ­
c e n t r a t i on , hyd rogen  p re ssure ,  t emp e ra tu r e ,  hyd rogen  p u ­
r i t y ,  t yp e  o f imp ur i ty , s t r e s s  l eve l ,  s t r e s s  r a t e ,  me t a l 
composit ion,  metal  tensi le  s trength,  grain s ize, microstruc ­
ture and  hea t t rea tment  his tory.  Moisture content in the 
hydrogen  gas may lead to  metal embrittlement through the 
acceleration of the formation of fatigue cracks. 

Materials in contact  with hydrogen are subject  to hydro-
gen embrittlement. 

Key Points & Notes 

Hydrogen Embrittlement 
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1.4 Gas Laws 

Gas laws deal with how gases behave in response to changes 
in pressure, temperature or volume. 

Pressure 

Pressure is the exertion of continuous force on or against a 
body by another in contact with it. Pressure is expressed as 
force per unit area. 

Since pressure is  force per area (F/A), and force is mass 
times acceleration (m•a),  pressure  can also  be understood as 
mass  times accelerat ion per  area  (m•a/A). The  atmosphere 
has  mass  and gravi ty acce le ra tes  this mass  towards  the 
earth, so there is atmospheric pressure on every area of 
earth.  Atmospheric pressure is also known as air pressure or 
barometric pressure. 

We do not feel air pressure because it is exerted in all direc­
tions, not just downward. It is also acts within our bodies — 
this serves  to  balance  the  pressure outside out bodies so 
that we do not notice its presence. 

Although gravity holds the atmosphere  to  the  earth,  it  is 
unable to draw all of the air molecules to the surface of the 
earth.  This is because the forces associated  with  the gas 
molecules’ movements (as they  jostle each other) are much 
stronger than gravity and resist being drawn together. 

All gases are compressible, that is, they can be compressed 
into  a smaller volume  with  pressure. The pressure of the 
atmosphere itself causes stratification  of the air, with the 
densest  levels near  the earth’s surface. The density  of  the 
atmosphere continues to decrease as  we look  far above the 
earth’s  surface to where the sparse air molecules are no 
longer different than those in interplanetary space. 

Air pressure at  sea level is defined as one atmosphere (1 
atm), which is about 15 psia or 1 bara or 100 kPa. Air pres­
sure varies with altitude and weather changes. At 7000 ft 
(2134 m) altitude, the  air  pressure is only 11.5 psia (0.79 
bara). The weight of the air is corresponding less at higher 
elevations, reducing by about 3% for every 1000 ft (305 m). 
The lower the pressure, the lower the boiling point of liquids, 
such that on the top of Mt. Everest,  boiling water is little 
more than tepid. We notice this change in air pressure when 
out ears pop as we change altitude. 

Pressure  greater than air  pressure is called  positive pres ­
sure, while negative pressure is that below air pressure. 

Key Points & Notes 

A carbureted internal 
combustion engine that is 
finely tuned at sea level, runs 
lean at a higher altitude. 

Hydrogen Fuel Cell Engines and Related Technologies: Rev 0, December 2001 
Word Searchable Version not a True Copy



PAGE 1-27 


Hydrogen Fuel 
Cell Engines MODULE 1: HYDROGEN PROPERTIES 

Volume Key Points & Notes 

When we study gas within a container — a fixed volume — 
we find that the gas pressure is still equal in all directions 
(Pascal’s Law). The pressure of a contained gas is the force 
exerted by its molecules against the walls of the container. 
T he p r essure is  d e termined  b y t h e n u mb e r o f mo lecu les  
within the containe r.  The more molecules,  the greater the 
pressure, as more molecules are colliding with the walls. 

When we press more gas into a container, we move it from 
i ts lo we r -p r e ssur e highe r -vo lume  source to  the higher-pres-
sure lower-volume container. As we force more gas into the 
container (such as during fueling), the volume of the gas is 
reduced, while the pressure is increased. 

Pressure also increases when the volume of the container is 
reduced, such as during the  compression stroke  of  an  inter-
nal combustion engine. 

Boyle’s Law: Pressure vs Volume 

T h e r e l a t i o nsh i  p be t  ween pres  s u re  an  d v o l u m e  wa s  f i r s  t 
shown by Boyle in 1662, who demonstrated that: 

The pressure of a given mass of gas is inversely 
proportional to its volume at a constant tempera-
ture. 

Expressed mathematically, Boyle’s Law (or the first 
gas law) is: 

P1V1 = P2V2 

where: 

P = absolute pressure 
V = volume 

Charles’ Law: Temperature vs Volume 

W h er  eas  B o y l e s t u d i e d  p r essu  r e , l a te r  sc ien  t i s t s  o b s e r  v e d 
th  a t  t emp era  t u r e a l s o h a d an e f  f ec t  on  v o lu  m e .  C h a r les  
quantified the temperature change (1787), and his  law (the 
second gas law) states that: 

The volume of an ideal gas at constant pressure is 
directly proportional to the absolute temperature. 
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Charles was the first to realize that temperature had to be 
measured in absolute terms,  leading to the defini t ion  of 
absolute zero. Expressed mathematically, Charles’  Law (the 
second gas law) is: 

where: 

T = absolute temperature 
V = volume 

Whereas  Boyle r e l a t e s  p r e ssure  (P ) to tempera ture (T ) ,  
Charles relates pressure (P) to temperature (T).  Logically, 
temperature (T) also relates to pressure (P), as in: 

Ideal Gas Law: Pressure, Temperature and Volume 

The third  or ideal gas law combines Boyle’s and Charles’ 
laws into the single equation: 

Key Points & Notes 

one of the variables (absolute pressure, absolute 
volume) must result in  a change in one or 

other variables.  The same relationship can be 

A change in 
temperature or 
both of  the 
expressed as: 

PV = nRT 

where: 

P = absolute pressure

V =  volume

n = number of moles of gas molecules present

T = absolute temperature

R = universal gas constant = 3.4067 ft-lb/mol °F


(8.31434 Nm/mol K) 

A mole is simply a collection of 6.023 x 1023 molecules. This 
large number turns out to be a convenient unit in chemistry, 
and the mass of one mole of any pure substance is known 
with  great accuracy. For hydrogen,  every  mole  of  hydrogen 
molecules (H2) has a mass of 4.445 x 10-3 lb (2.016 x 10-3 

kg). 

The gas relationship can therefore be  written in terms of 
mass instead of moles for a specific substance as: 

PV = mRT 
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where: 

m = mass of gas molecules present 
R = specific gas constant. For hydrogen this con­

stant is 766.8 ft-lb/lb °F (4124.18 Nm/kg K) 

Furthermore, as density (�) is the amount of mass in a given 
volume (m/V), we can substitute density into  the same equa­
tion: 

P = �RT 

This  gas relationship was considered accurate into the 20t h  

century, but was finally found to be only an approximation. 
We now describe the third gas law as the ideal gas law as we 
realize that it only describes an ideal gas, that is, a gas con­
sisting of  molecules occupying  negligible space and without 
attraction for each other. 

In reali ty,  gas molecules do occupy  space, although very 
little,  and they do attract one another, although very weakly. 
The space that the molecules occupy sl ightly reduces the 
volume available to hold more gas, and the molecules attrac­
tion for each other slightly increases the pressure. 

The ideal gas relationship can be used accurately to describe 
the behavior of real  gases  at  pressures  up  to approximately 
1450 psig (100 barg) at  normal ambient  temperatures. At 
higher pressures,  the results become increasingly inaccurate 
as illustrated in Figure 1-10. 

Figure 1-10 Hydrogen Density as a Function of Pressure 

Key Points & Notes 

The ideal gas law cannot be 
applied to liquids. 

Hydrogen is commonly stored 
as a high-pressure gas at up 
to 3600 or even 5000 psig 
(250 to 350 barg) at ambient 
temperatures . Therefore, the 
ideal gas relationship cannot 
be used accurately at gas 
storage pressures. 
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The resulting deviation from the ideal gas law is always in Key Points & Notes

the form of compression — the gas occupies less space than

the ideal gas law predicts. One of the simplest ways of cor­

recting  for this additional compression is through the  addi ­

tion of a compressibility factor, designated by the symbol Z.


Compressibility factors (or “Z factors”) are derived from data

obta ined through experimentat ion and  depend on tempera ­

ture, pressure and the nature of the gas. The Z factor is then

used as a multiplier to adjust the ideal gas law to fit actual

gas behavior as follows:


P = Z�RT 
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1.5	 Key Engineering Parameters and Their 
Measurement 

The key parameters with respect to gases are: 

• pressure 

• temperature 

• volume/capacity 

• mass and weight 

• mass flow 

These parameters are measured in engineering units. 

1.5.1 Pressure 

Pressure can be measured by  a variety of instruments, in ­
cluding: 

• barometers and altimeters 

• pressure gauges 

•	 pressure transducers or transmitters (digital manome­
ters) 

Barometers  measure a tmospher ic  pressure ,  o r igina l ly  us ing 
mercury in  a tube to  measure pressure changes. Modern 
barometers are of aneroid type, consisting of  a hermetically 
sealed metal box, exhausted of air. The top and bottom of 
the box are made of thin corrugated plates held apart by a 
spring.  The top plate is pressed outwards by the spring and 
inwards by air pressure.  Movement  of the  top  plate with 
changes in air pressure is transferred to a pointer on a scale. 
The familiar altimeter is a type of sensitive aneroid  barome­
ter. 

Pressure gauges are normally  designed to read either gauge 
or absolute pressure.  Gauge  pressure  is  measured relative to 
the pressure of  the air  at sea level.  Thus, gauge measure­
ments of air pressure at sea level are always zero regardless 
of the units used. Absolute pressure is measured relative to a 
perfect vacuum. Thus, absolute  measurements of a ir  pres ­
sure at sea level result in a value of 14.7 psig (or equivalent, 
depending on the units). 

Pressure gauges come in various designs. A U-tube manome­
ter is a simple pressure gauge that either has both ends of 
the tube open to the atmosphere or one end closed in a vac­
uum over  the scaling liquid. A ring balance pressure gauge 

Key Points & Notes 
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is similar to the U-tube type except that the tube is pivotally 
mounted. 

T he wide ly  used  sp r ing- tube  (o r  Bourdon- tub e )  p r e ssure  
gauge measures pressure on the basis of the deformation of 
an elastic measuring element (i.e. a curved tube). In a dia­
phragm pressure gauge the elastic element is a stiff  metallic 
diaphragm held between  two flanges; pressure is  applied to 
the  underside  of the diaphragm and the  movement  of  the 
latter is transmitted to a pointer. 

A vacuum gauge is a differential pressure gauge. It measures 
t h e d i f f e r e n c e b e t w e e n  a t m o s p h e r i c  a n d l e s s - t h a n -
atmospheric pressure. 

P r e s s u r e  t r a n s mi t t e r s  o r  t r ansd uce r s have the ad van tage 
over pressure gauges that they can send an electronic signal 
to  a control system. Pressure transmitters typically consist 

Key Points & Notes 

of  a mechanical bellows in contact with 
upon which is bonded a strain gauge.  As 
due to a change in  pressure,  the  strain 
motion  and  converts  it  to  a  proportional 
t ance .  These pressure - ind uced r e s i s t ance  

the process  stream 
the bellows move 

gauge  registers the 
change  in  resis ­

changes  a re  too  
small to  be monitored by the control system directly. As a 
r e su l t , a t ransmi t te r  conver ts (co nd i t i o ns ) t he t r ansd uce r  
resistance  to  a high-level  analog voltage or current signal 
and sends this signal to the control system. This analog 
signal varies with pressure in the same way as the original 
resistance. Once received, the signal  can be converted to 
engineering units for display on a digital readout device. 

Units of Pressure 

Pressure can be expressed in any unit that comprises a force 
divided by an area. Some common units of pressure are: 

• pounds per square inch (psi) 

•	 Pascals (Pa), Kilopascals (kPa), megapascals (MPa), and 
gigapascals (Gpa) 

• bars and millibars (mbar) 

• atmospheres (atm) 

Pressure is given as either absolute, or  relative to atmos ­
pheric  pressure. The  subscript (or postscript) a  is used to 
denote absolute pressure, and g to  denote gauge or pressure 
relative to atmospheric. When using pounds-per-square-
inch, the values 15 psia and 0 psig are equivalent, as at ­
mospheric pressure is approximately 15 psia (14.504 psig). 
Likewise in metric, 1.0 bara equals 0 barg. 
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Where no subscript is appended, it usually means the value 
is absolute  (as in  this  manual),  although some  authors do 
the opposite and drop the subscript to mean gauge! 

Other standard units of pressure are “inches of  water” or 
“inches of  mercury”.  These  measures  refer  to how high a 
column of water  or  mercury rises within a tube in response 
to pressure (at 68 °F; 20° C). Likewise, millimeters or centi­
meters  of  mercury are also used  to  quantify pressure.  Each 
millimeter of mercury is also known as one “torr”. 

The metric unit Pascal (Pa) is defined as one Newton per 
square meter  (N/m2) .  This unit is impractically small for 
most purposes, so the larger units of kilopascal (kPa = 1000 
Pa), megapascal (MPa = 106 Pa), and gigapascal (Gpa = 109 

Pa) are more commonly used. 

Conversions — Units of Pressure 

Key Points & Notes 

Unit Accurately 
Multiply By 

Roughly 
Multiply By 

To Get 

Standard to Standard 

psi 0.068 046 0.07 atm 

psi 2.04 2 in Hg 

Standard to Metric 

psi 6.894 757 7 kPa 

psi 0.068 948 0.07 bar 

atm 1.013 25 1 bar 

Metric to Standard 

kPa 0.145038 0.15 psi 

bar 14.50377 15 psi 

Metric to Metric 

bar  1000 millibar 

bar  100 kPa 

kPa  1000 Pa 

MPa  1000 kPa 

Refer to Module 11 for 
additional conversions. 
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1.5.2 Temperature Key Points & Notes 

Temperature is the degree or intensity of heat of a substance 
in relation to others. This should not be confused with heat, 
which is a  form of  energy  arising  from molecular motion. 
Heat is energy, whereas temperature is an arbitrary  measure 
of relative heat intensity. 

Temperature can be measured by a variety of means, but the 
most important are: 

• thermometers 

• temperature transducers (RTD’s) 

• thermocouples 

Thermometers are most familiar to  us as a measuring device 
that uses a column of mercury within a narrow glass tube. 
As the temperature rises,  the  mercury expands  and  rises up 
the tube.  A cal ibrated temp eratu r e s cale  bes i de the tu  be 
i n  d i ca t e s  t h  e c o r r e s p o n d i n g t e m p e r a t u r e . S u b s t a n ce s  o th  e r 
than  mercury  are  used  for  temperatures below –40° or for 
very high temperatures. 

A thermometer can be based on any substance that changes 
i n s o me ma nne r with temperature. A resistance thermome -
ter is based  on the variation  of electrical resistance with 
temperature. A bimetallic thermometer in  made  of two strips 
of  dissimilar metal soldered together, so that the differ ing 
reaction to temperature of the two  metals causes the sol-
dered mass  to  lean  in one direction or the other. Simple 
household thermostats  use such  a bimetal strip. A thermo-
stat comb ines a thermometer with  a switch that closes  a 
circuit, or causes some action, when a temperature setting is 
reached. 

Temperature transducers typically consist of an element that 
is in contact, directly or indirectly, with a process stream or 
equipment part. This element changes its resistance in pro-
portion to its temp er atur e and i s c o mmo nl y kno wn as a 
r e s  i s t i v e  t e m p e r  a t u r  e d e v i c e  ( R T D ) .  T h e s  e t e m  p e r a t u  r e -
induced changes in resistance are too small to be monitored 
by the control system dire c tly. As  a result, a transmitter 
conditions  the resistance to  a high-level voltage  or current 
signal and sends this signal to the control system. This ana-
log signal  varies  with temperature in the same way as  the 
original  resistance.  Once received, the signal  can  be  con-
verted  to  engineering units for  display on a digital readout 
device. 
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Thermocouples  also  generate  a  voltage in proportion to tem-
perature. A  thermocouple consists of  two wires of different 

Key Points & Notes 

metals connected together; a voltage develops at the junction 
in proportion to  the temperature difference. This voltage can 
be used as an analog input signal to a control system much 
like an RTD. 

Conversions — Units of Temperature 

T h e s t an  dard  meas  u r e o f  t em p e r a t u r e ,  deg  r ees  Fah  r en  h e i t  
(°F), uses 0° as the temperature at which  heavily salted 
water freezes, and 100° as approximately human body tem-
peratu re .  On th is  s ys t em, at  on e atmo s p h ere, p u r e water  
freezes at 32° and boils at 212° — a range of 180°. 

The metric measure of temperature, degrees  Celsius or Cen-
tigrade (°C), is based on the freezing and boiling points of 
pure water at one atmosphere.  On this system, water freezes 
at 0° and boils at 100° — a range of 100°. 

C o m p a r i n g  t h e  r a n  g e s  ,  e a c h  F a h  r e n  h e i t  d e g  r e e  i s 1 0 0 
°C/180 °F  or  5/9  of  a  Celsius  degree.  To convert specific 
t e mp e r a tures, both the range and the z e r o p o i nt fo r t he 
scales must be converted as follows: 

°C =(oF�- 32) x 5/9 °F = °C x 9/5 + 32 

A rough conversion is: 

°C = (°F - 30) x ½ °F = °C x 2 + 30 

The Fahrenheit and Celsius temperature scales  give  no indi-
cation of how much hotter or colder one temperature is from 
another in an absolute sense. To do this, an absolute tem-
perature scale is needed relative to absolute zero, the lowest 
temperature in the universe. All  molecular motion  stops at 
absolute zero. 

Both the standard and metric systems  have absolute scales. 
In  standard, the Rankine  system  uses the symbol ° R  fo r 
degrees Fahrenheit above absolute zero. In metric, the Kelvin 
system uses the symbol K for degrees Celsius above absolute 
zero. Absolute zero is 0 °R or 0 K. (No degree symbol is used 
with K.) Since absolute zero is –273.15 °C or –459.67 °F, the 
conversions within systems are: 

K = °C + 273.15 °R = °F + 459.69 

Both  systems of absolute temperature use absolute zero as 
the zero point of their scales, so only the ranges need be 
converted between standard and metric: 

K = °R x 5/9 °R = K x 9/5 
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1.5.3 Volume and Capacity Key Points & Notes 

Volume  is 3-dimensional space. Capacity  (or  “water  capac-
ity”) is the volume contained within a vessel. 

As  volume is 3-dimensional, it is represented  by  a cubed 
measure of length, such as cubic inches (in3), cubic feet (ft3), 
cubic miles (mi3), cubic millimeters (mm3), cubic centimeters 
(cm3 or cc), cubic meters (m3), etc. Any linear measure can 
be cubed to become a volumetric measure. Cubic measures 
canno t be a co mb i n a t i o n o f d i f fe  r e nt  me asur es, such as  
ft-in2 . 

Capacity or liquid measure expresses the volume of a vessel. 
S tan  dard  capac i  t y me a s u r e s i n c l u d e fl u i d ou  n ces  ( f  l oz) ,  
cups (c), pints (pt), quarts (qt), and gallons (gal). 

Imperial liq uid mea sures  used in  Britain, Canada, Australia 
a n d o t h e r  Co mmo nwe alth co untries have  fl u i d o u n c e s t h a t 
are  4% larger  than in  standard; and pints, quarts and gal-
lons that contain 5/4 as  many fluid ounces as the standard 
measures of t he s a me name. W hen referring to published 
specifications, and the type  of  liquid  measure  is not given, 
check the country of publication. 

Metric measure of capacity centers around liters (L), and the 
correspondingly smaller milliliters (mL). In  metric, volumet-
ric measurements are directly linked to liquid measures. The 
relationship is expressed as: 

1 cm3 = 1 mL 1000 cm3 (1 dm3) = 1 L 1 m3 = 1000 kL 

In standard units,  the r e  i s  n o  s u c h  i ntuitively co nvenient 
r e l a t i o n s h i p b e t w  e e n  v o l u  m e t r i c  a n  d  l i q  u i d m e a s u r e s . 
Rather: 

1 in3 =0.6 fl oz 1 ft3 = 7.5 gal 

1 fl oz = 1.8 in3 1 gal = 0. 13 ft3 
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Unit Accurately 
Multiply By 

Roughly 
Multiply By 

To Get 

Standard to Standard 

ft3 or cu ft 
(cubic feet) 

1728 1700 in3 or cu in 
(cubic inches) 

ft3 7.480519 7.5 gal 

gal 0.133 681 0.13 ft3 

in3 0.554 0.6 fl oz 

fl oz (US fluid 
ounce) 

1.804 688 2 in3 

gal (US gallon) 4 qt (quarts) 

gal 128 130  fl oz 

Standard to Metric 
in3 16.387 064 16 cm3 (cubic 

centimeter) or 
mL (milliliter) 

ft3 28.316 85 30 L (liter) 

ft3 0.028 317 0.03 m3  (cubic 
meter) or 
kL (kiloliter) 

fl oz 29.573 53 30 cm3  or mL 

gal 3.785 412 4 L 

Metric to Standard 
cm3 or mL 0.061 024 0.06 in3 

cm3 or mL 0.033813 0.03 fl oz 

m3 or kL 35.314 475 35 ft3 

Metric to Metric 
cm3 or mL 1000 mm3 

L 1000 cm3 

m3 or kL 1000 L 

Refer to Module 11 for 
additional conversions. 

Hydrogen Fuel Cell Engines and Related Technologies: Rev 0, December 2001 
Word Searchable Version not a True Copy



PAGE 1-38 


Hydrogen Fuel 
Cell Engines MODULE 1: HYDROGEN PROPERTIES 

1.5.4 Mass and Weight Key Points & Notes 

M a s s  a n d  we i g h t  a r e n o t th  e sam e th  in  g .  M a s s  i s  t h e 
amount  of matter  that a body contains. Weight  is  a force, 
and a force is equal to mass times acceleration (F = ma). 
T h u s , wh en  a body ex  per ien  ces  th  e acce le  r a t ion of  th  e 
earth’s gravity, it exerts a force on the surface of the earth 
which is weight. A body in outer space does not experience 
weight, but it has mass. 

The standard unit for both mass and weight is the pound (lb) 
whic h a d d s  to  the ge ner al  co nfus i o n. Str ictly sp e a king,  a 
pound-mass (sometimes written lbm) is the amount  of  mass 
that results in one pound of force under the influence of the 
earth’s gravity. A  pound-force (sometimes written lbf) is  a 
force of one pound, pure and simple. 

The metric unit for mass is the kilogram (kg) and the unit for 
force, and therefore weight, is the Newton (N or kg-m/s2). 
Unfortunately, people  tend  to  think of kilograms as  weight 
thereby instilling the same  confusion that surrounds the use 
of the unit pound. A “weight” of one kilogram is really the 
force exerted under the influence of the earth’s gravity which 
is 9.8 N. 

As the earth is not a sphere but an oblate spheroid (it bulges 
at the equator) the earth’s gravity is not constant. This re-
sults in reduced gravity at the bulge or at higher elevations. 
An object that weighs 200 lb at the North Pole, also weighs 
200 lb at the South Pole, but only 199 lb at the equator. The 
mass of the object, however, remains the same. 

Sp  e l l i n  g  d i f f e r en  t i a t e s  t h  e s t a  n d a r d t o n a n d  th  e m e t r i c  
tonne. The tonne of 1000 kg (2200 lb) is only 10% larger 
than the short ton of 2000 lb, and virtually the same as the 
long ton of 2240 lb. 

In  metric, the relationship  between  volume and capacity is 
extended to include mass in  kilograms (kg) in the special 
case of water at one atmosphere and 4 °C. Specifically: 

1000 cm3 or 1 L of water has the mass of 1 kg 

Likewise, a milliliter has a mass of one gram, and a cubic 
meter of water has  a  mass  of  one  tonne.  This relationship 
makes it  particularly easy  to  convert  between  the  volume, 
capacity and mass of water. The 4 °C is used as water is at 
its maximum density at that temperature — water has the 
rare property that it  expands through both cooling and heat-
ing. 
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To state the equivalent in standard  units, also  with  fresh Key Points & Notes 
water at its maximum density (39 °F): 

One cubic foot or 7.5 gallons of water weighs 62.5 pounds. 

One gallon or 0.134 ft3 of water weighs 8.35 pounds. 

Conversions — Units of Mass 

Unit Accurately 
Multiply By 

Roughly 
Multiply By 

To Get 

Standard to Standard 
lb (pound) 16 oz (ounce) 

ton — short 2000 lb 

Standard to Metric 
oz 28.350 30 g (gram) 

lb 0.453 59 0.5 kg (kilogram) 

ton — short 0.907 18 0.9 tonne 

Metric to Standard 
g 0.035 273 0.035 oz 

kg 2.204 586 2.2 lb 

tonne 1.102 293 1.1 ton — short 

Metric to Metric 
g 1000 mg 

kg 1000 g 

tonne 1000 kg 

Refer to Module 11 for 
additional conversions. 

1.5.5 Mass Flow 

Gas flow is the motion of a gas from a higher pressure zone 
to a lower pressure zone. There is resistance to flow just as 
there is resistance  to  electricity passing through a wire. As 
the gas molecules pass through a pipe, some lose a certain 
amount of their energy due to friction against the sides of 
the pipe. Molecules against the sides the pipe move very 
slowly compared to those in the center. 

Gas flow is typically measured using a rotameter or a mass 
flow meter. 

A rotameter consists of one or more balls within a tube. The 
tube has  a scale  marked on the outside.  As gas  flows 
through the tube, the ball lifts indicating the amount of flow 
relative to the scale.  Rotameters  must  be  chosen  to match 
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the expected flow range and calibrated relative to a specific 
gas composition, temperature and pressure. 

A  mass  flow  meter  accurately  measures  gas  flow  without 
requiring compensations  for variations in  pressure and tem­
perature. The mass flow meter consists of a sensor, a shunt 
assembly  and  electronic  circuitry.  Gas flowing through the 
mass flow  meter  passes either  through the sensor  or  the 
shunt  assembly. These  two  gas  flows are  proport ional to 
each other so that when the sensor flow is  measured, the 
shunt  assembly flow  can  be  determined.  The size of  the 
opening in the shunt  assembly  limits  the  maximum amount 
of gas that can flow through the mass flow meter. This flow 
range, as  sensed by the sensor, is converted by the elec ­
tronic circuitry into a linear output voltage or current signal. 

Units of Gas Flow 

Common  standard  units  of  volumetric fluid flow (fluids in ­
clude liquids and gases) are cubic feet per minute (ft3/min), 
and gallons per minute (gpm). In metric, volumetric flow is 
typically measured in liters per minute (Lpm). 

Volumetric flow can be converted to mass flow by multiply­
ing the volumetric flow by the density of the fluid. This yields 
standard units such as pounds per second (lb/s) and metric 
units such as kilograms per second (kg/s). 

Liquid  densities do  not vary appreciably with temperature or 
pressure since l iquids are  essentially incompressible. How-
ever, gas densities vary significantly with  both temperature 
and pressure as summarized by the ideal gas law. Thus, gas 
flow measurements  must be stated relative to some standard 
temperature and pressure. A  temperature of  0 °C (273 K) 
and a pressure of 1 atmosphere are used for this purpose. 

Using the ideal gas law: 

where: 

VSTD = standard volume or volumetric flow rate

VM = measured volume or volumetric flow rate

PM = absolute measured pressure

PSTD = absolute standard pressure (1 atm)

TM = absolute measured temperature

TSTD = absolute standard temperature (273 K)


Consistent units must be used throughout. 

Key Points & Notes 
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Gas volumes corrected in this way use units with the prefix Key Points & Notes

“s” for “standard”; thus,  slpm (standard liters per minute) or

sft3/min (standard cubic feet per minute).


Conversions — Gas Mass Flow 

Unit Accurately 
Multiply By 

Roughly 
Multiply By 

To Get 

Standard to Standard 

cfm  (ft3/min) 60 cfs (ft3/s) 

cfh  (ft3/hr) 24 cfm (ft3/min) 

gps gallons 
per second) 

60 gpm 

gpm (gallons 
per minute) 8.020 833 8 

cfh  (ft3/hr) 

Standard to Metric 

cfm 28.316 85 30 Lpm 

cfm 0.028 317 0.03 m3 /min 

gpm 3.785 412 3.8 Lpm 

Metric to Standard 

Lpm 0.035 315 0.035 cfm (ft3 /min) 

Metric to Metric 

m3 /min 1000 LPM 

(

Refer to Module 11 for 
additional conversions. 
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OBJECTIVES 

At the completion of this module, the technician will understand: 

• the processes by which hydrogen is extracted from other substances 

•	 how hydrogen is stored, and the inherent advantages and disadvantages of each 
method 

•	 how hydrogen is transported, and the inherent advantages and disadvantages of each 
method 
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2.1 Hydrogen Manufacture Key Points & Notes 

The fundamental question underlying the  use  of  hydrogen as 
a fuel is, Where do we get it from? Despite its abundance in 
the universe, hydrogen does not occur freely on earth, as it 
reacts  very readily with other elements. For this reason, the 
va st ma j o r i ty  o f  hyd r o gen is  b o und in to  mo lecu lar  co m-
pounds. 

To obtain  hydrogen  means  to remove it from these other 
molecules. With respect to the energy required, it is easy to 
remove  hydrogen  from compounds that are at a higher en-
ergy state, such as fossil fuels.  This process releases energy, 
reduc i ng t he  a mo unt  o f  p rocess energy required. It  takes 
more energy to extract hydrogen from compounds that are at 
a lower energy state, such as water, as energy has to be 
added to the process. 

The process of extracting hydrogen from fossil fuels is called 
reforming.  Today, this is the principal and least expensive 
m e t h o d  o f  p r o d u  c i  n g  h y d r o g  e n  . U n f o  r t u n a  t e l y , r e f o  r m i n g 
emits pollutants and consumes non-renewable fuels. 

The process of extracting hydrogen from water is called elec-
t ro ly  s i s  . I n p r i n  c ipa l ,  e l ec t ro ly  s i s  c an  be  en  t i r e ly  n o n -
polluting  and  renewable,  but  it  requires the input of large 
amounts of electrical energy. Consequently, the total envi-
r o nme nta l  imp a c t  o f  a cq uir ing  hyd r o gen through electrolysis 
is largely dependent on the impacts of the source power. 

One way to assess the comparative environmental impact of 
electrolysis and the reforming of various fuels is by compar-
ing the total amount o f c a r b o n d ioxide emitted.  A recent 
study  used a Mercedes-Benz A-Class car as the basis  for 
comparison, and calcul a t e d  t he  t o t a l  c a r b o n  d ioxide emis-
sions per 1000 km of travel. The total carbon dioxide emis-
s i o n s i n c l u d e t h  o s e f r o m  t h  e c a r '  s  t a i l p  i p  e ,  t h  e f u e l 
processor,  and the powerplant that supplied the energy to 
the fuel processor. 

The results of the study, shown in Figure 2-1, clearly indi-
cate that environmental cleanliness of  hydrogen is directly 
linked to its mode of manufacture. Although not included in 
the study,  hydrogen derived from renewable, non-fossil en-
ergy sources would likely have no carbon dioxide emissions. 
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Key Points & NotesFigure 2-1 Total Carbon Dioxide Emissions for Comparative Hydrogen 
Production Methods 

Alternative methods of  hydrogen production  include thermo­
chemica l  wa te r  d eco mp o s i t i o n ,  p ho t o c o n v e r s i o ns , p ho to b i ­
ological processes,  production from biomass, and industrial  
processes.  Although some  of  these  methods show promise 
for the future, they are still largely experimental and capable 
of supplying only small amounts of hydrogen. 

Hydrogen can be produced on  a large scale at  dedicated 
hydrogen production plants, or on  a small scale at  local 
p roduct ion  fac i l i t ies .  Large-sca le  p roduct ion  benefi t s  f rom 
economies of scale and plants can be located near power and 
water,  but  suffers from the difficulties of hydrogen transpor ­
tation. Some methods of  hydrogen production,  such as  from 
coal or biomass, can only be undertaken on a large scale. 

Small scale production can reduce the problems of hydrogen 
transportation by using energy that  is  easily brought to the 
facility, such as electricity, natural gas or solar.  On the 
downside, the amount of equipment required for the amount 
of hydrogen produced  is significantly higher  than for large-
scale facilities, due to the economy of scale. 

At the extreme small scale, fossil fuels could be reformed to 
hydrogen on board  a fuel cell vehicle, but the systems are 
complex and costly. 
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Cur r ently, the vast  majority of a l l hyd r o ge n ma nufa c t ur e d 
worldwide origina t e s from  fo ssil  fuels,  as  a byproduct  in 

Key Points & Notes 

chemical  industries, or crude oil refining p ro cesses.  Hydro-
gen production from renewable energy is not yet  feasible on 
a large scale. 

Production of  hydrogen currently costs  from 3 to  15  times 
more than natural  gas, and from 1.5 to  9 times more than 
gaso l in  e ,  depend ing  o n t h e m e t h o d used.  W hen extracted 
from fossil fuels,  the  initial  production and  refining of  the 
fuel further increases the total cost. 

2.1.1 Electrolysis 

In electrolysis, electricity is used to decompose water into its 
elemental  components: hydrogen and oxygen.  Electrolysis is 
often  touted  as  the  preferred method of hydrogen production 
as it is the only process that need not rely on fossil fuels. It 
also has high product purity, and is feasible  on small  and 
large scales. Electrolysis can operate over a wide range of 
electrical e ne r gy c a p acities,  for example, taking advantages 
of more abundant electricity at night. 

At the heart of electrolysis is an electrolyzer. An electrolyzer 
is a series of cells each with a positive and negative elec-
trode. The electrodes are immersed in  water that has been 
made electrically conductive, achieved by adding hydrogen 
or hydroxyl ions, usually in the form of alkaline potassium 
hydroxide (KOH). 

The anode (positive electrode) is typically made of nickel and 
copper and is coated with oxides of metals such as manga-
ne  se  , t ungs t  e n a n d  r u t h e n i u m.  T h e  a n o d e  me  t a l s a l l o w 
quick pairing of atomic oxygen into oxygen pairs at the elec-
trode surface. 

The cathode (negative electrode) is typically made of nickel, 
coated  with small quantities of  platinum as a catalyst. The 
catalyst allows quick pairing of atomic hydrogen into pairs at 
the electrode surface and thereby increases the rate of  hy-
d r o ge n  p r o d u c t io  n .  W i th  o u t th  e ca ta ly  s t ,  a to  mic h yd r o g e n 
would build up on the electrode and block current flow. 

A gas separator, or diaphragm, is used to prevent  intermix-
ing of the hydrogen and oxygen although it allows free pas-
sa  ge  o f  i o ns .  I t  i s  usua l l y  m a d e  o f  a n a s b e s t o s -b a s e d 
material, and tends to break apart above 176 °F (80 °C). 
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Figure 2-2 Typical Electrolysis Cell 

The reactions at the cathode are: 

(1) K+ + e� � K	 a positively charged potas­
sium ion is reduced 

(2) K + H2O � K+ + H + OH�	 the ion reacts with water to 
form a hydrogen atom and a 
hydroxyl ion 

(3) H + H � H2	 the highly reactive hydrogen 
atom then bonds to the 
metal of the cathode and 
combines with another 
bound hydrogen atom to 
form a hydrogen molecule 
that leaves the cathode as a 
gas 

The reactions at the anode are: 

(1) OH� � OH + e �	 a negatively charged hy­
droxyl ion is oxidized 

(2) OH � ½H2O +  ½O	 the ion reacts to form water 
and an oxygen atom 

Key Points & Notes 
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( 3 )  O + O �2 O	 the highly reactive oxygen Key Points & Notes 
atom then bonds to the 
metal of the anode and com­
bines with another bound 
oxygen atom to form an 
oxygen molecule that leaves 
the anode as a gas 

The rate of  hydrogen generation is related to  the current 
density (the amount of current divided by the electrode area 
measured in amps per area).  In general,  the higher the cur-
rent density,  the higher the source voltage required,  and the 
higher the power cost per unit of hydrogen. However, higher 
voltages decrease the overall  size of the electrolyzer and 
therefore  result  in  a  lower capital cost. State-of-the-art elec­
trolyzers are reliable, have energy efficiencies of 65 to 80% 
and operate at current densities of about 186 A/ft2 (2000 
A/m2). 

Figure 2-3 Electrolyzers 
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A fuel cell reverses the process of electrolysis. Electrolysis 
adds electrical energy to low-energy  water to release two 
high-energy gases.  A fuel cell  allows the gases to react and 
combine to  form water, releasing electrical power.  Both proc­
esses release heat, which represents an energy loss. 

For electrolysis, the amount of electrical energy required can 
be somewhat offset by adding  heat energy to the reaction. 
T he  minimum  amount  o f  vo l tage  requi r ed to d eco mp o se 
water is 1.23 V at 77 °F (25 °C). At this voltage, the reaction 
requires heat energy from the outside to proceed. At 1.47 V 
(and same temperature) no input heat is required. At  greater 
voltages (and  same temperature) heat is released into the 
surroundings during water decomposition. 

Operating the electrolyzer at lower voltages with added heat 
i s advantageous , as heat  energy is  usual ly cheaper  than 
electricity, and can be  recirculated  within  the process. Fur ­
thermore,  the efficiency of the electrolysis  increases  with 
increased operating temperature. 

When  viewed together  with  fuel cells, hydrogen produced 
through electrolysis can be seen as a way of storing electrical 
energy as a gas until it is needed. Hydrogen  produced  by 
electrolysis is therefore the energy carrier, not the energy 
source. The energy  source derives  from an external power 
generating plant. In this sense, the process of electrolysis is 
not very different from charging a battery,  which also stores 
electrical energy.  Viewed  as  an  electricity  storage medium, 
hydrogen is competitive with batteries in terms of weight and 
cost. 

To be truly clean, the electrical power stored during elec ­
trolysis  must derive  from  non-pollut ing, renewable sources. 
If the power is derived from natural gas or coal, the pollution 
has  not  been  eliminated,  only  pushed  upstream.  In  addition, 
every energy transformation  has an associate energy loss. 
Consequently, fossi l fuels  may be used with  greater effi ­
ciency by  means other than by driving the electrolysis of 
hydrogen. Furthermore, the cost of  burning fossil fuels to 
generate electricity for electrolysis is three to five times that 
of reforming the hydrogen directly from the fossil fuel. 

Key Points & Notes 

The approximate efficiencies 
of modern thermal power 
stations are: 

Nuclear: 30-33% 
Natural gas: 30-40% 
Coal: 33-38% 
Oil: 34-40% 

Hydrogen Fuel Cell Engines and Related Technologies: Rev 0, December 2001 
Word Searchable Version not a True Copy



PAGE 2-7 


Hydrogen Fuel 
Cell Engines MODULE 2: HYDROGEN USE 

Figure 2-4 Energy Energy Transformation Processes Based on Fossil Fuels 

Non-pollut ing  renewable  energy sources  inc lude hydroelec ­
tric, solar photovoltaic, solar thermal and wind. These meth­
ods o f power generat ion are applicable only in spec i f ic 
geographic  o r  c l imat ic  condi t i o ns . Fur the rmo r e ,  wi th  t he 
exception of hydroelectric, each of these power sources is 
intermit tent .  Desp i te  growth  in  the  use  o f  these  energy 
sources, they currently provide a very  small amount of the 
power consumed today. 

Hydroelectric power generation  uses the energy of  moving 
water to turn turbines that in turn  rotate generators. Hy­
droelectric power is only feasible in areas with major rivers 
tha t undergo significant  changes  in  height . Most  sui tab le 
locat ions worldwide have a l ready been deve loped .  Hydro-
electric power is  a cheap source of clean power especially 
when utilizing excess,  off-peak power. The efficiency of hy­
droelectric power generation can  top 80%. This  is probably 
the optimum  form of renewable energy although the envi ­
ronmental and ecological cost of dams is high. 

Solar electric power generation uses banks of solar cells  to 
convert the energy of the sun directly into electrical power. 
So la r  p o wer  i s  o n l y f e a s ib l e  i n  a r eas  wi th  s ign i f i can t 
amounts of intense sunlight and requires large tracts of land 
to generate sufficient levels of power. The efficiency of solar 
cells currently ranges from 3 to 17%. 

Key Points & Notes 
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This solar cell array contains 
tracking and flat cells which 
can generate a combined 
rated total of 50 HP (37 kW) 
in bright sunlight, The power 
is supplied at 360 VDC with a 
maximum current of 103 A. 

Figure 2-5 Solar Cell Array 

Solar thermal power generation starts by concentrating the 
sun's heat into a fluid that has a high heat-carrying capac­
ity, such  as  oil.  The  oil's heat  is  transferred  through heat 
exchangers to water, generating  steam  for a steam turbine 
generator. Like solar  electric  power generation, solar  thermal 
power generation is only feasible in areas  with  significant 
amounts of intense sunlight and requires large tracts of land 
in order to generate sufficient levels of power. The overall 
efficiency of converting sunlight  to  electricity for  these sys­
tems is about 8 to 24% depending on the type of technology used. 

Wind power generation uses the energy of moving air to turn 
turbines that in turn  rotate generators. Wind  power is only 
feasible  in  areas  with  favorable  wind  conditions and requires 
large tracts of land in order to  generate sufficient levels of 
power. Wind has low energy density and wind turbines oper­
ating at optimum conditions  (design speed) may obtain  30% 
efficiency at  best.  Real-world  operating conditions may re ­
duce this efficiency considerably. 

Al though a renewable  energy source  in  conjunc t ion  wi th 
electrolysis  would eliminate the dependence on fossil fuels, it 
does  not reduce the number of energy  transformations re ­
quired  to produce mechanical work using hydrogen.  If  clean, 
renewable power were available, it could also be used in 
other  ways  that require fewer  energy  transformations, such 
as direct storage in batteries or to compress air for propul­
sion. 

Wind Turbines 
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Ano the r  considera t ion  assoc ia ted  wi th  e l ec t ro lys i s  i s  t he 
source of water.  Water is already a precious commodity,  and 
would be consumed in vast quantities in order to support a 
large hydrogen economy. The water would also  have to be 
purified prior to use, increasing its cost. 

2.1.2 Reforming 

Refo rming  i s  a c h e mi c a l p r o c e s s t ha t  r eac t s  hyd rogen-
containing  fuels in the presence of steam, oxygen, or both 
into a hydrogen-rich gas stream. When applied to solid fuels 
the reforming  process  is  cal led  gasification. The resulting 
hydrogen-rich  gas  mixture is cal led reformate.  The equip ­
ment  used to produce reformate is  known as a reformer or 
fuel processor. 

The specific composition  of the reformate depends on the 
source fuel and the process  used, but i t  always contains 
other compounds such as nitrogen, carbon dioxide, carbon 
monoxide and some of the unreacted source fuel. 
When hydrogen is removed from the reformate, the remaining gas 
mixture is called raffinate. 

In essence, reforming a fossil fuel consists of the following 
steps: 

1. Feedstock purification (including sulfur removal). 

2.	 Steam reforming or oxidation of feedstock to form hydro­
gen and carbon oxides. 

3. Primary purification — conversion of carbon monoxide to carbon dioxide. 

4. Secondary  purification — further  reduction of carbon 
monoxide. 

The reforming reactions require the input of water and heat. 
Overall reformer thermal efficiency is calculated as the LHV 
of the product hydrogen divided by the LHV of the total input 
fuel. This thermal efficiency depends on the efficiencies of 
the individual processes, the effectiveness to which  heat can 
be transferred from one process to another, and the amount 
of energy  that  can  be  recovered  through means such as 
turbochargers.  In  the  end,  high temperature reformer effi ­
c i e n c i e s  a r e  a p p r o x i m a t e l y  6 5 %  a n d l o w  t e m p e r a t u r e 
methanol reformers can achieve 70 to 75%. 

The advantages of reforming fossil fuels are that they: 

• uses existing fuel infrastructures 

• reduces the need to transport and store hydrogen 

Key Points & Notes 
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• does not need the input of large amounts of energy as in electrolysis 

•	 is  less expensive than other hydrogen production meth­
ods 

The disadvantages of reformers are that they: 

• can have relatively long warm-up times 

•	 are difficult to apply to vehicle engines because of irregu­
lar demands for power (transient response) 

• are complex, large and expensive 

• 	introduce additional losses into the energy conversion 
process, especially those that have small thermal mass 

• use non-renewable fossil fuels 

• generate pollution 

The pollution generated by reformers take three forms: 

• carbon dioxide emissions 

•	 incomplete reactions, leaving carbon monoxide and some 
of the source fuel in the reformate 

• 	production of pollutants through combustion, such as 
nitrous oxides 

Reforming fossil fuels only makes sense  if  the hydrogen is 
needed directly, as in a fuel cell engine. For internal combus­
tion engines, it is always more efficient to use the fossil fuel 
directly without passing it through a reformer first. 

Medium- or large-size reformers can be installed at fuel cell 
vehicle fueling stations. At these scales, the equipment com­
plexity, warmup time and transient response are not issues, 
pollutants can  be controlled  more effectively, and existing 
power infrastructures  can  be  used. The  facility must store 
only  small amounts of  hydrogen, and hydrogen transporta ­
tion is avoided. 

Small-size reformers can be installed in fuel cell vehicles to 
e n t i r e ly  e l imina t e  t he p rob lems  a sso c i a t e d wi t h fue l i ng ,  
storing and  handling  hydrogen directly. In  fact, many fuel 
cell experts think that the true challenge in fuel cell engine 
design now lies in the development of an efficient,  compact, 
reliable and highly integrated fuel  processor.  Other experts 
think that  the  use  of  on-board  reformers will never  pose  a 
realistic solution due to their size, complexity and cost. 

Key Points & Notes 
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This natural gas reformer uses 
a partial oxidation reation, a 
water/gas shift reaction, and 
pressure swing adsorption 
techniques to generate up to 
4,200 sft3/hr (1,980 slpm) of 
hydrogen. The hydrogen purity 
is 99.999%. Maximum water 
consumption is 4,000 gal/day 
(15,100 L/day). 

Figure 2-6 Medium-Scale Natural Gas Reformer 

2.1.2.1 Potential Reforming Fuels 

In theory, any hydrocarbon or alcohol fuel can  serve as  a 
feedstock to  the  re forming process. Natural ly, fuels with 
existing distribution infrastructures are  the most  commonly 
used. 

Methane (Natural Gas) 

Natural gas has a well-established infrastructure and is the 
most  economical  of  al l  reforming feedstocks.  Natural  gas 
.contains low levels  of sulfur  compounds (primarily mercap­
tans) that must be removed, as they would block active cata­
lys t  s i tes  in  the re former  and  fue l ce l l s .  These  sul fur 
compounds requi res  fuel  pur ificat ion (hydro-desul fur iza t ion)  
prior to reforming. 
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Figure 2-7 Typical Fuel Cell Process Schematic with Integral Natural Gas 
Stationary Reformer 

Since  methane  is  a  gas at atmospheric conditions,  it  cannot 
be used to advantage on an on-board vehicular fuel proces­
sor,  although it  is  an  excellent source for stationary fuel 
reformers. Propane  has s imilar  reforming character is t ics  to 
natural gas. 

Methanol 

Methanol is readily available and is a favorite for on-board 
vehicular fuel processors as it can be reformed at relatively 
low temperatures of 390 to 570 °F (200 to 300 °C). However, 
methanol has lower energy content and energy density than 
liquid hydrocarbon fuels. 

Gasoline and Diesel 

Gasoline  and  diesel  have  very well established infrastruc ­
tures but  have  a lower hydrogen-to-carbon ration  than other 
feedstocks. This results in a lower hydrogen yield relative to 
the amount  of  waste gas.  In general, heavier hydrocarbons 

Key Points & Notes 
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also contain sulfur trapped in long chains and cyclic com­
pounds  that  typically require higher processing pressures of 
90 to 650 psig (6 to 45 barg) to remove. 

In add i t ion, pe t ro leum  products  include  compounds  cal led 
olefins and aromatics that result  from  the refining process. 
Olefins are highly reactive and tend to form polymer gums or 
carbon. Aromatics are very stable and difficult to reform and 
may  form carbon. Both  gum and carbon formation block 
active catalyst sites and their formation are highly depend­
ent on processing temperature. The presence of sulfur, olefin 
and aromatic compounds requires  fuel purification and pre-
reforming processes prior to reforming. 

Coal 

Coal has enormous  supply potential but  suffers from high 
impurity levels, low hydrogen yield, and is difficult to handle. 
Coal could only be reformed at large dedicated facilities and 
therefore faces the problems associated with transporting 
and storing hydrogen. Currently, coal reforming is the most 
expensive of all reforming methods. 

Reformate Composition Comparison 

Typical  reformate compositions are indicated  in  Table  2-1. 
For each source fuel, the yield is calculated based on both 
steam reforming and  partial oxidation  (POX)  reforming tech­
niques. In both cases,  the resulting carbon monoxide is  then 
converted to carbon dioxide using  a water/gas  shift reaction 
followed  by a selective oxidation  reaction.  (These techniques 
are described in the sections that follow.) 

Key Points & Notes 

Methane Methanol Gasoline/Diesel Coal 

Steam POX Steam POX Steam POX Steam POX 

Hydrogen 75.7% 47.3% 71.1% 37.8% 71.1% 37.8% 63.1% 23.6% 

Nitrogen 1.9% 33.5% 1.9% 39.8% 1.9% 39.8% 1.9% 49.2% 

Carbon 
Dioxide 

19.9% 16.7% 24.5% 19.9% 24.5% 19.9% 32.5% 24.7% 

Source 
Fuel/Other 

2.5% 2.5% 2.5% 2.5% 2.5% 2.5% 2.5% 2.5% 

Table 2-1 Typical Reformats Compositions 

All oxygen is added in the form of air. Any excess water used 
in  the reforming or purification  reactions  may contribute to 
the humidification of the gas mixture, but is not indicated as 
a portion of the overall mixture. 
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Reformate can be used directly in (PEM) fuel cells instead of 
pure hydrogen  although this has five important implications: 

•	 Firstly, the carbon monoxide and source fuel impurities 
must be reduced to acceptable levels, as they are fuel cell 
poisons. 

•	 Secondly, any unreacted liquid source fuel that passes 
into the fuel cells obstructs the power generation reac­
tion. 

•	 Thirdly,  although nitrogen,  carbon dioxide  and gaseous 
source fuels pass through the fuel cells without detri ­
mental effect, they dilute the amount of hydrogen present 
so that the fuel cell stacks and affiliated system equip­
ment must be larger than if running on pure hydrogen. 

•	 Fourthly, the presence of  gases other than  hydrogen 
precludes the use of the fuel in a “dead-ended” manner: 
pure hydrogen can be recirculated through a fuel cell un­
t i l  ent i re ly consumed,  whereas  re formate must pass 
through and be vented to prevent the steady accumula­
tion of non-reactive gases. Since fuel cells must operate 
with more fuel than is stoichiometrically required, this 
results in direct hydrogen  wastage with an associated 
overall loss in efficiency. 

•	 Fifthly, use of reformate usually eliminates the need for a 
fuel humidifier since the reforming process leaves the gas 
saturated with water. 

2.1.2.2 Types of Reformers 

Reformers are of three basic types:  steam reformers, partial 
oxida t ion reac to rs and  thermal decomposi t ion reac to rs .  A 
fourth type results from the combination  of  partial oxidation 
and steam reforming in a single reactor, called an autother­
mal reformer. 

Steam Reformers 

Steam  reformers  are  currently  the  most efficient, economical 
and widely  used technique of hydrogen production. Steam 
reforming is based on  the principal  that  hydrogen-containing 
fuels decompose in the presence of  steam over nickel-based 
catalysts to produce a mixture of hydrogen and carbon mon­
oxide. The steam reforming  process is illustrated schemati ­
ca l ly  in  F igure 2 -8 .  The o vera l l  r eac t ion  fo r  gener ic 
hydrocarbons is: 

CnHm + n H2O + heat � n CO + (n + m/2) H2 

Key Points & Notes 

When applied to methane, the 
overall reaction reduces to: 

CH4 + H2O + heat � 
CO2 + 2 H2 

For methanol: 

CH3OH + H2O + heat � 
CO2 + 3 H2 
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The  output  p roducts  a l so  conta in some  unreacted  source 
fuel and water. In addition, only light hydrocarbons can be 
completely  vaporized  without leaving  a carbon residue. The 
carbon  monoxide must be converted to carbon dioxide using 
supplementary processes (Section 2.1.2.3). 

A great benefit of steam reforming is that the hydrogen pre-
sent in the water is released  during the reaction and con-
tributes to the overall hydrogen yield. 

The steam  reforming  process typically requires temperatures 
of 840 to 1700 °F (450 °C to 925 °C) and pressures of ap­
proximately 290 to 500 psig (20 to 35 barg). These tempera­
tures are achieved through combustion of  a  portion of the 
reformate. These flame temperatures are too low to form 
nitrous oxides, which begin forming at  temperatures  above 
2700 °F (1480 °C). 

Since the overall  steam reforming react ion is endothermic 
(uses heat), the bulk of the heat energy can be recovered by 
feeding it back into the process. The extent to which the heat 
energy is recovered determines the thermal efficiency of the 
reformer, and can be as  high as 85%. This high thermal 
efficiency is the primary feature of steam reformers. 

Thermal efficiencies can reach 90% when  steam reforming 
methanol. This is because the decomposition reaction  occurs 
at the much lower temperatures of 390 to 570 °F (200 to 300 
°C), decreasing thermal losses accordingly. 

In addit ion to  temperature and pressure, the fuel-to-water  
ratio  plays a significant role in  promoting the formation of 
hydrogen  while suppressing undesired  reactions. This water 
must either be drawn from an external source, or, if used in 
conjunction with a fuel cell, drawn from the fuel cell product 
water stream. 

The complex inte rac t ions  be tween the fue l - to -water  ra t io , 
available heat, thermal mass and hydrogen demand result in 
relatively slow startup  characteristics and poor response to 
transient demands for steam reformers.  As  a result,  steam 
reformers  for automotive applicat ions require complex con ­
t r o l  sys t ems  and c r ea t ive eng inee r ing  p rac t i ce s . Des igns 
must be optimized to provide high  surface area for heat 
transfer, high thermal inertia during transients and compact 
reactor dimensions. 

Key Points & Notes 
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Figure 2-8 Steam Reforming Process 

Steam reformers are not inherently compact. For a typical 
car, a methanol steam reformer would need a catalyst vol-
ume of 1.3 to 1.8 gallons (5 to 7 L) and a tank volume for the Key Points & Notes 
meth  an  o l /water  mi x t u r e abou t th  ree  t imes  the si ze  of  a 
comparable gasoline or diesel tank. 

Partial Oxidation Reformers 

Partial oxidation reformers (or “POX” reformers) react a lean 
mixture of oxygen (air) with fuel  to  produce  a  mixture  of 
hydrogen  and carbon  monoxide. The partial oxidation proc-
ess is illustr ated schematically in Figur e 2-9. The overall 
reaction for generic hydrocarbons is: 

CnHm + n/2O2=> n CO + m/2 H2+ heat 

Since partial oxidation reformers  use  oxygen from air, nitro-
ge n p a sse  s t h r o ugh t h e  r e ac to r  a lo  n g  wi t h  t h e  r eac t ion  
products, thereby diluting the fuel stream. The output prod-
ucts also contain some unreacted source fuel.  T he carbon 
monoxide must be converted to carbon dioxide using  sup-
plementary processes (Section 2.1.2.3). 

Un  l i k  e s t r e a m r e f o r me r s ,  p a r t i a l  o x i d  a t i o  n  r e f  o rm  e r s  a r e  
typically  used to reform heavier hydrocarbons  such as  gaso-
line, diesel and heavy oil. A form of partial oxidation is used 
to ga sify  c o al  altho ugh the  p re s e nc e o f sulfur  a nd  l a r ge 
a mo unts o f  a sh, both of which must  b e  remo ve d ,  fur the r 
complicates this process.  These processes do not use cata-
lysts and occur at 2100 to 2400 °F (1150 to 1315 °C) and on 
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the order of 880 psig (60 barg). Lighter hydrocarbons,  such 
as methane, can be partially oxidized using catalysts at 1090 
°F (590 °C). 

Figure 2-9 Partial Oxidation Process 

P a r t i a l o x id  a t io  n  r e f o r mer  s o f f e r b o t h d i s a d v a n t a g e s a n d Key Points & Notes 
adva nt ages comp ared to  stream reformers . T h e ke y dis  a d-
vantages of  partial oxidation reformers are  higher operating 
temp era tu  r es  an  d pres  s u res  , lowe r th  e rma l e f f i  c i e n c y a n d 
lower h yd ro gen yield. The lower thermal  effi c iency  stems 
primarily from the fact that the oxidation  process in exo-
thermic (releases heat). This  means that a significant portion 
of the inlet fuel energy ends up as heat, which cannot be 
utilized by the reactor itself, nor by the fuel cell. The lower 
yield results  from the  fact  that  additional hydrogen is not 
added to the reaction in the form of  water.  The hydrogen 
yield is also diluted by large amounts of nitrogen when the 
oxygen is added in the form of air. 

L a r g e r h e a t r e j e c t i o n  r e q u i r  em en  t s  a l so  r e su  l t  in  h ig  h e r 
p a rasi t ic  co oling  losses.  In  a  pressurized  p a r tial  o xid at io n 
reactor, some of the waste energy can be recovered using a 
b u r n e r  / tu  r b o e x p an  d e r  co  m b in  a t io  n  to  h e lp  p r essu  r i ze  th  e 
fuel cell process air. Nonetheless, exothermic partial oxida-
tion reformers always face an overall efficiency handicap of 5 
to 10% compared to endothermic steam reformers. 

The effect  of increased  hydrogen  dilution  (due to the pres-
ence of  nitrogen) increases the size of  supplemental refor-
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mate purification equipment, and requires  a larger fuel cell 
stack for a given power output. 

The key advantages of partial oxidation reformers are their 
relative  compactness,  and  potentially good startup and load-
following characteristics. The improvement in these areas is 
related to the exothermic nature of the oxidation reaction — 

there is no time lag for heat transfer from external sources. 
Furthermore, partial oxidat ion  processes  offer  the  potential 
to use readily available gasoline and diesel supplies. 

Autothermal Reformers 

Autothermal reformers attempt to combine the compactness 
and load  following capabilities of  partial oxidation reactors 
with the efficiency of steam reformers by combining the two 
reactors in  one unit. The autothermal process is illustrated 
schematically in Figure 2-10. The overall reactions  for ge-
neric hydrocarbons are: 

CnHm + n/2 O2  n CO + m/2 H2 + heat

CnHm + n H2O + heat � n CO + (n + m/2) H2


Figure 2-10 Autothermal Process 

In an autothermal reformer, fuel, steam and oxygen (or air) 
are fed over a mixed catalyst bed that supports both partial 
oxidation and  steam reforming reactions. The heat generated 

Key Points & Notes 
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by the partial oxidation  reaction  provides  the  heat required 
for the steam reforming reaction, and removes the need for 
an external  burner  or heat  source.  This process requires  
careful thermal integration and tight controls to  ensure heat 
balance and tempera ture matching between the two reac ­
tions. 

While autothermal reformers overcome  some of the efficiency 
limitations of partial oxidation reformers, they still operate at 
efficiencies below those of steam reformers and result in  a 
di lute hydrogen  stream. Furthermore,  autothermal reformers  
are the least developed of all  reformer systems and still re-
quire significant engineering effort before they become prac­
tical. 

Thermal Decomposition Reformers 

T hermal decomposi t ion  re formers (o r  “ca ta lyt ic  c racke r s” ) 
use heat to break down  source fuels yielding high purity 
hydrogen (>95%) and solid carbon. The thermal decomposi ­
tion  process  is illustrated  schematically  in  Figure  2-11. The 
overall reaction for generic hydrocarbons is: 

CnHm + heat n C + m/2 H2 

Figure 2-11 Thermal Decomposition Process 

Therma l  d eco mp o s i t i o n  r e fo rmer s  a r e  ve ry compact wi th 
quick  startup and load-following characteristics but have  the 
lowest thermal efficiency of any of the reforming systems 
(55-65%). The thermal efficiency is  so low partly because a 

Key Points & Notes 
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great deal of the source fuel's energy remains trapped in the 
product carbon (rather than  in  the lower energy forms of 

Key Points & Notes 

carbon  monoxide or carbon dioxide).  Efficiencies  would  im-
prove significantly if the product carbon could be burned for 
heat generation,  but this would lead to  undesirable emission 
lev e ls  o f n i t r o u s o x i d e s a nd  wo uld  sub stant ial ly increase 
system complexity. 

2.1.2.3 Reformate Purification 

Steam,  partial oxidatio n and autothermal  reformers  all  con-
vert the carbon contained in the so urce fuel into carbon 
monoxide. Depending on the feedstock,  the reformate stream 
can also includ e sulfur  compounds, l iqui d methanol  oth er  
contaminants. All of these compounds poison or degrade fuel 
cell performance and must be removed to very low levels. For 
example, alkaline fuel cells can tolerate no more than 3% (by 
volume) carbon monoxide, and PEM fuel cells can tolerate no 
more than 50 ppm carbon  monoxide. Other reformate gases, 
such as  nitrogen and carbon dioxide, dilute fuel cell per-
formance but do not damage the cells. 

Reformate purification is  a two-stage process. In the first 
stage, the bulk of the carbon  monoxide is transformed into 
carbon dioxide using a water/gas  shift reaction. In the sec-
ond stage, the amount of carbon monoxide is further re-
d uc e d u s in  g  s e lec t iv  e ox  ida t ion or  meth  an  a t ion reac t i  o ns , 
and/or the hydrogen is extracted from the reformate stream 
using a pressure swing adsorption process or by  means of 
metal separation membranes. 

The amount of reformate purification chosen is a trade-off 
between fuel cell longevity and performance, and overall 
system complexity, size and cost. 

Water/Gas Shift Reaction 

T he wa ter /ga s  s hift react ion reacts  carbon  mo no xi de with 
steam over a catalyst to produce a mixture of hydrogen and 
car  b o n  d io  x id  e .  T h e sh  i f  t r eac t io  n p r o c e s s i s  i l lu  s t r  a ted  
schematically in Figure 2-12. The overall reaction is: 

CO + H2O < double arrow> CO2 + H2 + heat 

The water/gas shift reaction can be performed using high-
temperature catalysts that support the reaction in excess of 
570 °F (300 °C),  or using l o w-t e mp e r a t ur e ca t a l ysts that 
support the reaction to about 285 °F (150 °C). 

The water/gas shift reaction is an exothermic process; this 
heat can be recovered and used in other parts of the reform-
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ing  process to improve the overall thermal efficiency. Some 
s h i f  t reac t ion ca ta ly  s t s  a l s  o  ox  id ize  ex  o th  e rm i c a l l y w h en  

Key Points & Notes 

exposed to air. This can result in high temperatures that can 
pose a fire hazard and/or damage the catalyst. 

Figure 2-12 Water/Gas Shift Reaction Process 

Like in  a steam reformer, the water  for the shift reaction 
must either be drawn from an external source, or if used in 
conjunction with a fuel cell, drawn from the fuel cell product 
water stream. 

The water/gas shift reaction is an efficient method of elimi-
nating the bulk of carbon monoxide in  a reformate stream. 
Carbon monoxide typically  comprises  between  15  and 60% 
of the reformate stream, depending on the feedstock  used. 
The water/gas shift reaction can  reduce this to levels less 
than 1%, and even as low as 0. 2%. 

Selective Oxidation 

Selective oxidation (or “selox”) is  a chemical process that 
reacts carbon monoxide with oxygen (air) over a catalyst to 
produce carbon dioxid e.  T he selective oxid ation process is 
i l lustrated sche ma t ical ly in Fig ur e 2 -1 3 . The catalyst b e d 
facilitates both of the following competing reactions: 

CO + ½O2 � CO2+ heat 

H2 + ½O2 � H2O+ heat 

The former reaction is preferred and is  selected by control-
ling the temperature pro fi le  within the select ive o xid izer. 
T emp e r a tur e s  t ha t  a r e  t o o  hi gh fa vo r  the water-producing 
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react ion  whereas temperatures that  are  too low resul t  in  
con d en s a t ion.  T he s e lect iv e oxidat ion react io n is  an ex o-

Key Points & Notes 

thermic process; this  heat can be recovered and used in 
other parts of  the reforming process to improve  the overall 
thermal efficiency. 

Figure 2-13 Selective Oxidation Process 

Selective oxidation is the most compact of all purification 
methods and is capable of reducing carbon  monoxide con-
tent to very low levels, such as 5 to 10 ppm. The main draw-
back of  select ive oxidizers is  th  at  they require  comp lex 
control systems, especially to  maintain low carbon  monoxide 
levels during load transients. 

Methanation 

Methanation is a chemical process that reacts carbon  mon-
oxide and  carbon dioxide  with hydrogen to produce methane 
and  water. The  methanation  process  is il lustrated schemati-
cally in Figure 2-14. The overall reactions are: 

CO + 3 H2 � CH4 + H2O + heat 

CO2 + 4 H2 � CH4 + 2 H2O + heat 

These reactions are the opposite of  those that occur during 
steam reforming of methane and are therefore reversing the 
hydrogen production initially accomplished. If this process 
were performed on the reformate stream directly, virtually all 
of the product hydrogen  would  be  consumed  with  no  net 
yield. However, if the carbon  dioxide is removed prior to 
m e t h a n a t i o n u s i n g so  m e  o t he  r  m e a n s ( s uc  h a s  p r e s su r  e 
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swing adsorption) , the remaining carbon  monoxide can be 
successfully  reduced  to  very  low levels  with little loss in 
overall hydrogen yield. 

When reforming methanol, the methanation process  has the 
side  benefi t o f simultaneously  convert ing previously unre ­
acted methanol  into carbon dioxide, hydrogen or methane. 
This  not only increases the hydrogen yield, but also reduces 
the chance of liquid methanol entering the fuel cells where it 
can obstruct the power generation reaction. 

Figure 2-14 Methanation Process 

Pressure Swing Adsorption (PSA) 

Pressure swing adsorption (or “PSA”) is a common industrial 
method of separating  a  gas  mixture  into  its various compo­
nents.  This  technology has been used extensively in  combi­
na t ion  wi th  s team  r e fo rmers  to  ext rac t  hydrogen on an  
industr ial scale . Very  high  pur i ty i s  a t ta inab le  (99 .99%) 
while recovering up to 85% of the available hydrogen. 

At the heart of the pressure swing adsorption process are 
materials called zeolites. A zeolite is a mineral with a highly 
structured crystalline surface  that  attracts  gas  molecules  to 
i ts  surface and holds them there through physical adsorp ­
tion (adsorb means “to stick to the surface of”. This is differ­
ent from absorb that means “to penetrate into the surface 
of”).  Many different  types  of  zeolites are manufactured  com­
merc ia l ly, each capable  of  se lec t ive ly ad so rb ing  sp ec i f ic  
gases or groups of gases. Combinations of zeolites can there-
fore be tailored to form “molecular sieves” capable of trap-
ping unwanted gases while allowing desired gases to  pass 
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unaffected. Pressure swing adsorption devices are routinely 
built to separate  oxygen from air  in  the  same manner that 
hydrogen is separated from fuel. 

Physical adsorption involves relatively  weak  “van der Waals” 
and electrostatic forces. These bonds are easily broken when 
subjected to pressure  and  flow variations.  This principle is 
used to flush the trapped unwanted gases out of the zeolites 
after the purified product  has been removed. The pressure 
difference between the initial gas mixture and the exhaust 
stream drives the process;  hence the term pressure swing 
adsorption.  Repeated cycles result in  a continuous  flow of 
purified product. 

Specifically, the pressure swing adsorption process involves 
four primary phases that together make up a complete cycle. 
During the first ,  or “feed pressurization” phase, reformate 
gas is introduced to the zeolite bed at high pressure. During 
the second, or “production” phase, the unwanted gases are 
adsorbed  by the zeol i tes  while  purified hydrogen concen ­
trates at the top of the bed and is drawn off. During the 
third, or “depressurization” phase, the pressure is reduced 
and some of the unwanted gases are expelled. During  the 
fourth, or “low pressure purge” phase, some of the pure 
hydrogen gas is  back-flushed  through the  bed  at  low pres­
sure  in  order to desorb and  purge  out  the  remaining un­
wanted  gases .  The  p ressure  swing ad so rp t io n p rocess  i s  
illustrated schematically in Figure 2-15. 

Key Points & Notes 
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Figure 2-15 Pressure Swing Adsorption Process 

Convent iona l p ressure swing adsorpt ion  machines use s ta ­
tionary beds filled with small porous pellets formed of zeolite 
crystals  mixed with a clay binder. These pellets can be as 
small as 0.5 mm in diameter but are more typically 2 or 3 
mm in diameter. This configuration results  in  a very high 
surface area and therefore large adsorption capacity, but the 
size and arrangement of the pellets  inhibits rapid gas trans­
fer in and out of the pellets. 

When  operated quickly, the pellet arrangement results in  a 
high pressure drop, fluidization (the pellets lift  with the gas 
and act like a fluid), and attrition (the pellets rub together, 
b reak apar t ,  and d i sappear ) .  To  compensate , convent iona l 
machines must operate at very low speed (typically at 0.5 
cycles/min) and tend to be large. However,  new develop ­
ments in pressure swing adsorption technology use a pro ­
p r i e t a r y  a d s o r b e n t s t r u c t u r e a n d  n o v e l  r o t a r y  v a l v e 
technology that allow two  orders of  magnitude increase in 
the gas separation cycle speed without fluidization  or attri ­
tion. This allows the construction of devices that are a frac­
tion of the size of conventional units  with the potential for 
use on-board vehicles. 
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Figure 2-16 QuestAir Technologies’ State-of-the-Art Compact Pressure 
Swing Adsorption Device 

The greatest problem associated with  using pressure swing 
adsorption in conjunction with fuel cells is the fact that the 
gases that come into contact with the zeolites must be com­
pletely dry. This is because water adsorbs onto the surface of 
the zeolites and  forms strong  bonds that involve electron 
transfer and other strong forces. This is  known as chemical 
adsorption, and is different from the physical adsorption that 
occurs with the waste gases. 

Chemical adsorption bonds are too strong to be broken us­
ing pressure and flow fluctuations. As a result,  these bonds 
displace potential physical adsorption bonds and render the 
zeolite bed less effective, ultimately  disrupting the pressure 
swing adsorption  process.  Once formed, chemical adsorption 
bonds require heat to be broken. To prevent these bonds 
from  forming, a desiccant must be used to adsorb water 
from the incoming wet gas stream before it comes into con-
tact with the zeolites. This can be done concurrent with, and 
within the same  machine as, the gas separation  process so 
that there are  two  pressure  swing  adsorption cycles operat ­
ing — one for water separation and the other for hydrogen. 

Metal Separation Membranes 

Metal separation  membranes present an impermeable physi ­
cal barrier to all gases except hydrogen. 
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To function, the reformate must be  delivered to the mem-
brane across a pressure gradient. Up to 85% of the hydrogen 

Key Points & Notes 

then diffuses from the high pressure (300 psig; 20 barg) 
reformate stream to form a low-pressure (30 psig;  2 barg) 
stream of  very high  purity (>99.999%). The remaining high-
pressure raffinate can be combusted to  provide heat for  the 
r e fo r ming p r o c e ss.  T he  metal  se paration membrane process 
is illustrated schematically in Figure 2-17. 

T h e adv  a n t ag  es  of  me ta l  s e p a r a t i o n m e m b r a ne  s a re  th  a t  
they provide high purity, undiluted hydrogen in  a compact, 
s imp le  an  d r e l iab  l e  m a n n e r .  M e t a l  s e p a r a t io  n me mb r a n e s 
are also  well suited to thermal integration  with steam re-
formers and respond well to thermal transients. 

The primary  disadvantage  of  metal separation  membranes is 
their  very  high  material  and  constructio n  co sts.  Tr  ad i t io  n -
ally, metal separation membranes  are  the  most  costly of  all 
purification techniq ues, o wing to their use of silver palla-
dium or other alloys and the need to eliminate all pinholes 
an d  seal ing leaks. Ho wever, new  d e ve lo p ments  using th in 
film membranes promise to lower the materials cost to prac-
tical levels. 

O th  e r d r a wb ack  s t o  m e t a l  s ep  a r a t io  n  m e m b r an  e s i n  c lu  d e 
the  need to  re-humidify the hydrogen  prior to use by fuel 
cells, and the need for a pressurized reformer. The use of a 
pres  s u r ized  re f  o rmer  r esul t s  in  in  c reas  ed  re f  o rm er  we ig  h t 
and size, although this is offset somewhat by the elimination 
of other purification equipment. 
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Figure 2-17 Metal Separation Membrane Process 

2.1.2.4 Heat Generation 

Heat is an essential part of any reforming process. For endo­
t he rmic reac t ions , such as  s team refo rming  and the rma l 
d eco mp o s i t i o n ,  hea t  mus t  b e  sup p l i ed  f ro m an  externa l  
source. For exothermic reactions,  such as partial  oxidation 
and autothermal reactions, heat  is  generated internal ly  by 
the reaction itself. 

The water /gas shi f t ,  se lec t ive oxida t ion,  and  methanat ion 
reformate purification reactions are  also exothermic. Central 
to the thermal efficiency of a reformer is the thermal integra­
tion of both the  reforming and purification stages. Through 
careful engineering design, heat can be moved from one part 
of the process to another, reducing the amount of net heat 
that must be added or removed. 

E x o t h e r m i c  r e a c t i o n s  h a v e  b e t t e r s t a r t u p a n d t r a n s i e n t 
response  than endothermic reactions as the heat of reaction 
is immediately available without the time lag associated with 
add ing hea t .  Despite  this  advantage,  exothermic processes 
can require complex control  strategies  in  order  to control 
temperatures and avoid overheating catalysts  and materials  
over the entire operating range. Excess heat from exothermic 
reactions must be dissipated through a cooling system. 

Endothermic reactions require the addition  of  heat in con­
cert with the instantaneous load demand. To some extent, 
this problem can be lessened by designing reformers with 
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high thermal inertia  that  tend to  smooth out  the differences 
b e t we en  t r ans i en t peaks  and va l l eys . Ne ve r t he l e s s , he a t 
must be added using burners and complicated control sys ­
terms that attempt to provide the required heat on demand. 

Typical burner designs  use flames or catalytic combustors, 
with or  without a thermal buffer. Burners are usually fueled 
using the  hydrogen-depleted raffinate ,  the fuel  cel l  anode 
exhaust stream, a portion of the reformate, or some of the 
source fuel. Combustion can lead to NOx emissions if the 
burner temperature exceeds 2700 °F (1480 °C). 

Flame Burners 

Flame burners generate heat  through the  direct  combustion 
of the fuel with air. 

Flame burners can  supply the radiant heat of combustion 
directly to a metal reactor wall. This is a very common ap­
proach  for high temperature steam reformers, and can also 
be applied in low temperature reforming systems. 

Flame burning  has the advantage of  mechanical simplicity, 
although hot spots can easily occur where the flame contacts 
the reactor. This can lead to localized overheating and cata­
lyst degradation, especially  when  used in  a low temperature 
application.  To overcome this, a thermal buffer can be used 
as an intermediate  heat  transfer medium, smoothening out 
the temperature profile. 

Thermal buffers usually take the form of flue gases or ther­
mal fluids,  such as heating oils. Oils are applicable only to 
low-temperature  reformer  designs. Oils  are part icular ly ad ­
vantageous since they have  high  heat capacity, which allows 
heat to be stored in a small amount of fluid at temperatures 
significantly lower than that of the flame. This  high  heat 
capacity also allows the reformer to operate at a nearly con­
stant temperature for optimum efficiency. Heat from an oil 
buffer can be transferred to the reformer and to the vapor­
izer beds through a coiled tube embedded in the vessel walls. 
Overhea t ing  r ema ins  a  co nce r n ,  t hough,  as thermal o i l s 
begin to degrade above 645 °F (340 °C). 

Catalytic Combustors 

Catalyt ic  combustors  generate heat through the combustion 
of fuel with air over a catalyst such as platinum. This proc­
ess allows  for complete combustion  without flames at lower 
temperatures than  would be required without the catalyst .  
Combustion temperatures can be maintained at tempera-

Key Points & Notes 
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tures of 1290 °F (700 °C) or less using very lean air/fuel 
mixtures. 

Key Points & Notes 

L i k e f l ame b ur n e rs  ,  ca ta lyt ic  com b u s to rs  can  s u pp ly th  e 
heat of combustion directly to a metal reactor wall or by way 
of  a thermal buffer. In either case, the lower combustion 
temperature decreases the chance of overheating, e i the r  in 
the reactor or in the thermal oil. 

Catalytic combustors also offer the advantages of  very com-
plete fuel combustion, low emissions (less than  5 ppm CO 
and no NOx), and very effective  and  responsive  temperature 
control. Response to load changes is very fast, which is ex-
cellent where rapid startup and good transient response are 
required. 

The disadvantages of catalytic combustors are the increased 
capital cost associated with the catalyst, and the p o tential 
for catalyst poisoning in the event of fuel impurities. 

2.1.3 Thermochemical Water Decomposition 

In  thermochemical water d eco mp o sition, heat alone  is  used 
to decompose water.  This process is similar to electrolysis, 
with the difference that all the energy is added as heat and 
none as electricity. T he maximum theoretical efficiency  for 
this process is about 50%. 

Water decomposes directly at very  high  temperatures (>4500 
°F; 2500 °C) which  is  too high  to be practical. Instead, 
chemical reagents are used  to  decompose  water  in multi-step 
chemical reactions in the following sequence: 

1. Oxygen production 

2. Hydrogen production 

3. Materials regeneration 

These reactions take the generic form of: 

AB + H2O + heat � A H2 + B O 

A H2 + heat � A + H2 

2 BO + heat � 2B + O2 

A + B + heat � AB 

T his is essentially an  oxidatio n-red uctio n r eactio n wher e A 
and B are chemical compounds that commonly include iron, 
oxygen o r chlorine. T his process can take place at about 
1290 °F (700 °C). 
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Selection of the specific chemical compounds for the reaction 
series depends on such factors as the: 

• amount of energy needed for each step 

• stability of the reactants for each step 

•	 ability for the products of one step to be easily reacted in 
the next 

• reaction time 

• reaction yield 

• individual reaction temperature 

• pressure and flow requirements 

• number of steps 

• amount of cleanup required 

• composition of waste products 

In addition, as  with any other chemical process,  heat recov­
ery, mass transfer and materials issues affect the overal l 
system design. 

T he rmo chemica l wa te r  decomposi t ion,  l ike e lec t ro lys is ,  i s  
only as renewable and environmentally clean as its energy 
source. If waste heat is  used from other processes, the re­
sulting hydrogen increases the overall efficiency of  the  heat-
generating parent process.  If  heat  is obtained by  burning 
fossil fuels, the resulting hydrogen will likely have generated 
more pollution than  would have  been  by using the source 
fuel directly. 

2.1.4 Photo Conversion 

Photo conversion is an electrolysis process by which the 
e lec tr ic i ty  needed to decompose water into  hydrogen and 
oxygen is generated directly using solar energy. 

Water cannot absorb solar energy directly since it is trans-
parent to the required wavelengths. The most common proc­
ess uses a series of cells, each with a pair of semi-conductor 
photoelectrodes immersed  in  a  watery  electrolyte and sepa ­
rated by a  membrane that allows ion transfer  but prevents 
gas mixing. The cathode, is made of a “p-type” semiconduc­
tor material (that has an excess of  positive “holes”). The 
anode, is made of  a “n-type” semiconductor material (that 
has an excess of electrons). This is similar to a solar cell. 

When the  anode  is illuminated  by sunlight,  electrons  absorb 
the light energy and pass through an external circuit  to the 

Key Points & Notes 
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cathod e. This creates an  “electron-hole” p air . T he p o sitive 
hole subsequently reacts with the water to cr eate positive 

Key Points & Notes 

hydrogen ions and gaseous oxygen. The hydrogen  ions pass 
thr o ugh the  memb r ane  to  rec o mb i ne  wi t h t he  e l e c t r o ns a t 
t h e c a t h o d e , r e sul t i ng in hyd r o ge n ga s.  T hus,  t he  o ve r a l l 
process results in photoelectrolysis of the water. 

Figure 2-18 Semiconductor Photo Conversion Cell 

A rela t e d me t hod use s p h o t o c he m i cal  catalysts , susp en ded 
in alkaline or acidic  solutions, as opposed to  semiconduc-
tors. T hese catalys t s a b s o r b p ho t o n e n er gy  up o n illumina-
tion,  which creates an electric charge that  drives  a  water-
splitting reaction. 

Like any solar energy power generation process, photo con-
version can only  work in areas of prolonged, concentrated 
sunl  i ght  .  Fur  t he  r m o r e ,  t h i  s  t y p e  o f s ys t em h a s m a xi  m um 
efficiencies of between 8 and 12%. 

Photobiological Processes 

Li ght  e n e r g y c a n a l so  p r o d uc  e  hyd r o ge  n t hr  o ugh p ho t o -
biological processes, using biological systems  such as cya-
n o b a c t e r i a  ( b l u  e - g r e e n ) a l g a e , p h o t o s y n t h  e t i c  a l g  a e  o r  
e uka r yo t ic ( gr een) algae. In principle,  these algae c o nt a i n 
h y d rog  en  -m e t abo l i z in  g  en  zy  m e s t h a t f e  e d  o f  f  ba s  e  com -
p o und s i n a n a n a e r o b i c  environment and release hydrogen 
gas  in  the process. T hese alg ae use  co mpounds  such  as 
wa ter,  whey,  starches,  sugar  re fi ne ry wa ste ,  and d i s t i l lery 
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waste as  electron donors. Unfortunately, the efficiency of  
these processes is very low; typically less than 1%. 

2.1.5 Production from Biomass 

Hydrogen can be produced from  the decomposition of bio ­
mass. Biomass comprises all  manner of p lant and animal 
material that can be converted into energy. Biomass is or ­
ganic in nature and can be derived from a variety of sources 
including residues, wastes and crops. Residues include the 
materials left over after the harvest of crops or trees. Wastes 
include  those  from food processing  plants,  sewage  and  mu­
nicipal solid waste. Crops include those that can be grown 
specifically  for their energy content, such as soybeans, trees 
and woody plants, among many others. 

The appeal of hydrogen production from biomass is the obvi­
ous abundance of  waste materials and its subsequent poten­
t i a l  to  supply  la rge amounts  o f  hydrogen. The pr imary  
problems are that the process is land and  water intensive, 
and is hampered  by the difficulties associated with handling 
solids. Furthermore, the associated technology is not well 
developed with the result that it is currently the most expen­
sive means of obtaining hydrogen. 

Hydrogen production from biomass  takes  two primary  forms; 
thermochemical conversion and anaerobic digestion. 

Thermochemical Conversion 

T hermo chemica l  co nve r s io n  i s  a mul t i s t age  p ro ces s  t ha t  
includes feedstock pre-processing, gasification,  gas cleanup, 
steam reforming, shift reaction and hydrogen  separation (or 
alternatively, methanol synthesis and purification). 

Gasification is at the heart of the thermochemical conversion 
process.  Gasification occurs  through the thermal decomposi ­
tion (or “pyrolysis”) of organic matter with the help  of an 
auxiliary gas such as air, oxygen, or hydrogen to yield pri­
marily gaseous products. 

Typically, the feedstock reacts  with  steam and air (oxygen), 
at a temperature dictated by the feedstock characteristics, to 
rapidly  yield a mixture of  hydrogen, carbon  monoxide, car-
bon dioxide, water and methane along with hydrogen sulfide 
and other trace impurities. 

Hydrogen content is determined by the process temperatures 
and  pressures and can const i tute  about 20%  of the gas 
mixture. A major disadvantage of direct biomass  gasification 
is the co-production  of tars, phenolics and acids. Effective 

Key Points & Notes 

Potential U.S. biomass supplies 
for energy purposes have been 
estimated to be the energy 
equivalent of 7 million barrels of 
oil per day: 40% from biomass 
waste resources and 60% from 
biomass energy crops grown on 
80 million acres of excess 
agricultural lands. 
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separa t ion and pur i f ica t ion  of the decomposit ion  products  
and efficient gas cleanup for  the  removal  of  tars  and  oils 
remain as technical challenges. 

Catalysts  can  be  used  to increase product ion effic iencies, 
reduce tar formation and eliminate the need for oxygen. The 
process can become even more profitable if  undertaken  un­
der pressure, as the equipment needed becomes  smaller and 
less expensive. 

Anaerobic Digestion 

Anaerobic digestion (or “methane fermentation”) is a multi-
stage process in which the waste from one set of organisms 
is the food for another set.  This process takes place in an 
anaerobic environment,  usually  in  a  digester,  in the pres ­
ence of a population of anaerobic bacteria. 

Anaerobic digestion consists of three basic processes. First, 
cellulose and hemicellulose are broken down by enzymes to 
form  soluble organic compounds. Then  the soluble organic 
materials are converted to hydrogen, carbon dioxide, formate 
and acetate by acid-producing  bacteria.  Finally,  methane is 
p r o d u c e d  f r o m  t h o s e  s u b s t a n c e s b y  m e t h a n e - p r o d u c i n g 
bacteria. 

The resulting methane gas production is  very slow at ambi­
en t  t emp era tures , and the d iges t e r  t emp era tur e  mus t  b e 
increased to the order of 100 °F (37 °C). The resultant gas 
has medium fuel value, and the concentration of methane is 
only slightly higher than its carbon  dioxide  content. As  a 
result of these two factors, anaerobic digestion processes use 
almost as  much energy as they produce, or even more, de-
pending on the design of the digester and the operating 
conditions. Although hydrogen  can be obtained from meth­
ane through steam  reforming, this additional step  requires 
too much energy to be cost effective. 

2.1.6 Industrial Processes 

Hydrogen  is produced as  a byproduct of  some conventional 
industrial processes. Hydrogen is: 

• a byproduct of chlorine and polyvinylchloride production 

• a by-product of the sodium hydroxide industry 

• produced among other light gases in crude oil refineries 

• produced from coal in coke oven gases 

• emitted in chemical dehydrogenation processes 

Key Points & Notes 

Industrial Plant 
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2.2 Hydrogen Storage 

If the greatest challenge in hydrogen use is to extract it, the 
second greatest challenge is how to store it. As seen in Sec­
tion 1, hydrogen has the lowest gas density and the second-
lowest  boiling point  of  all known substances, making it a 
challenge to store as either a gas or a liquid. As a gas, it 
requires  very large storage volumes and pressures. As  a 
liquid, it requires a cryogenic storage system. 

Hydrogen's low density,  both as  a gas and  a liquid, also 
results in very low energy density. Stated otherwise, a given 
volume of  hydrogen conta ins  less  energy  than  the same 
volume of other fuels. This also increases the relative storage 
tank size, as  more hydrogen is required to meet a given 
v e h i c l e ’ s  r a n g e  r e q u i r e me n t s . T h e a mo u n t  o f  h yd r o g e n 
needed for fuel cells is offset somewhat by the fact that it is 
used more efficiently than when burned in an internal com­
bustion engine, so less fuel is required to achieve the same 
result. 

Despite its low volumetric energy density, hydrogen  has the 
highest  energy-to -weight  ra t io  o f  any fue l . Unfortunately, 
this  weight  advantage  is usually  overshadowed by the high 
weight of  the hydrogen  storage tanks and associated equip­
ment. Thus, most  hydrogen  storage systems are considera ­
bly bulkier and/or heavier than those used for gasoline or 
diesel fuels. 

For all practical purposes, hydrogen can be stored as either 
a high-pressure gas,  a  liquid in cryogenic  containers,  or  a 
gas chemically  bound to certain  metals (hydrides). The vol ­
ume and weight of each of these systems is  compared to 
gasoline, methanol and battery  storage systems (each con ­
taining 990,000 Btu (1,044,500 kJ) of  stored energy; equiva­
lent to 8.4 gallons of gasoline) in Figure 2-19. Ironically, the 
best way to store hydrogen is  in  the  form of  hydrocarbon 
fuels although it requires additional systems to extract it. 

Key Points & Notes 
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Figure 2-19 Storage Volume and Weight of Comparative Fuels Each With 
Key Points & Notes990,000 Btu (1,044,500 kJ) of Stored Energy 

2.2.1 High Pressure Gas 

High-pressure  gas  s torage systems are  the  most  common 
and most  highly  deve loped methods of  stor ing  hydrogen. 
Most existing  fuel cell vehicles  use this  form of  hydrogen 
storage. 
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High-pressure  hydrogen is  s tored in cyl inders ,  s imilar  to 
those used for  compressed natural gas.  Most  cylinders have 
a cyl indrical ly  shaped sidewall  sect ion  with  hemispherical  
end  domes,  a l though new  conformal designs use  mult iple 
cyl inders in tandem and disto r t  the cyl indrical  shape in 
order to increase the usable volume. 

Ports in the middle of each end dome allow the gas to flow 
into and out of the cylinder, with end bosses that control the 
gas flow. One end boss acts primarily as a plug, although it 
includes a pressure relief device vent port and may contain 
pressure and temperature transducers to measure gas con ­
ditions within the cylinder. The other end boss is a sophisti­
cated portal device that includes a solenoid valve,  an excess 
flow valve, a manual isolation valve, a check valve and a 
pressure relief device vent port. 

Figure 2-20 High Pressure Hydrogen Cylinder Designs 

The solenoid valve is normally closed and isolates the cylin­
er whenever the vehicle is shut down. The excess flow valve 
closes whenever the gas flow leaving the cylinder is too great 
(such as if a pipe bursts). The manual isolation valve allows 
the cylinder contents to be either isolated or vented manu­
ally in the event of solenoid valve failure. The check valve 
allows fueling while the solenoid valve is closed. The pres­
ure relief devices (at either end of the cylinder) release the 
cylinder contents when exposed to fire. 

High-pressure gas cylinders  must be made of thick-walled, 
high strength materials and  must  be very durable. Cylinders 
are classified into four types according to their materials of 
construction. 

Key Points & Notes 

The terminology “high pressure 
gas” usually denotes pressures 
above 3000 psig (207 barg) 
when used in relation to gas 
storage systems. However, any 
gas pressure above 30 psig (2 
barg) has the potential to 
cause serious human injury 
and should be considered 
“high pressure” in human terms. 
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Desig-
nation 

Description % Load Taken 
by Metal vs. 
Composite 

Type 1 A cylinder made wholly of steel or 
aluminum 

100 / 0 

Type 2 A cylinder with a metal line of steel 
or aluminum and a hoop-wrapped 
(circumferential) composite 
overwrap 

55 / 45 

Type 3 A cylinder with a thin metal liner of 
steel or aluminum and a fully wound 
composite overwrap 

20 / 80 

Type 4 A cylinder with a plastic liner and a 
fully wound composite overwrap 

0 / 100 

Table 2-2 High Pressure Gas Cylinder Classifications 

In general, the less metal used, the lower the weight. For 
this reason, Type 3 cylinders are usually used in hydrogen 
applications,  and Type  4  cylinders will  l ikely gain  promi-
nence  in the future. Specific  weights depend  on individual 
manufacturers, but as a point of reference, a 3.5 ft3 (100 L) 
Type 1 (steel) cylinder weighs about 220 lb (100 kg) a Type 3 
(aluminum/composite) cylinder weighs about 143 lb (65 kg), 
and a Type 4 cylinder weighs about 66 lb (30 kg). 

Figure 2-21: Type 3 Cylinder Construction 

Type 3 cylinders derive most of their strength from the com-
posite overwrap that is wound around the inner liner. This 
composite  consists  of high-strength fibers (usually carbon) 
that are wrapped around the cylinder in  many  layers and 
glued together by a resin such as epoxy. 
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Figure 2-22: Composite Cylinder During Manufacturing 

The combination  of  fibers and resin  used in a composite 
cyl inder is extremely  strong provided that the fibers and 
resin remain  undamaged. Composite surfaces  are less tough 
than  metal surfaces and are more susceptible to physical 
damage (cuts, abrasion, impacts, etc.) and chemical damage 
(ammonia,  acids,  etc.),  although they are  less susceptible  to 
corrosion. 

Cylinder  manufacturers strive to attain the highest storage 
pressures possible in order  to  reduce  the  required storage 
volume. High-pressure cylinders typically store hydrogen at 
up to 3600 psig (250 barg) although new designs have been 
certified for 5000 psig (350 barg) operation.  State-of-the-art 
technology cur rent ly under development has exceeded the 
accepted burst test  standard of 23,500 psig (1620 barg) 
using a 10,000 psig (700 barg) Type 4 cylinder. 

High temperatures from  hot ambient condit ions, or as  a 
result  of compression during fueling,  may increase storage 
pressures by 10% or more. Any gas stored at these high 
pressures  is  extremely dangerous  and is capable of releasing 
a gas stream with explosive force or propelling small projec­
tiles like a bullet. An unrestrained cylinder could turn into a 
rocket  if  the gas  were suddenly released through a small 
opening. 

Despite the  potential  danger ,  high-pressure  cyl inders have 
an excellent safety record. Cylinder designs must conform to 

Key Points & Notes 

Cylinders are certified for a 
specific gas and must survive 
rigorous tests before being put 
into service. 
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rigorous  standards  and  survive  certification tests that dem­
onstrate: 
•	 no failures during 13,000 pressure cycles to 100% service 

pressure plus 5000 cycles to 125%  service pressure.  
Some standards also demand 30 cycles to 166% service 
pressure. 

•	 no failures (after pre-conditioning) during 5000 pressure 
cycles to 100% service pressure at 140 °F (60 °C) followed 
by 5000 cycles at �40 °F (�40 °C). 

•	 burst pressure of 2.25 to 3.0 times the service pressure, 
depending on the standard. 

• impact resistance to flaws, drops and pendulum impact. 

• safe venting of contents when exposed to a bonfire. 

• no fragmentation when exposed to gunfire. 

Some cylinder tests performed on a Type 4 cylinder are illus­
trated Figure 2-23. 

During  manufacture,  each cyl inder  is  subjec ted to  hydro-
static and leak tests, and selected cylinders from each lot are 
subjected to cyclic and burst tests. Cylinders are labeled by 
the manufac tur e r  a s  t o  the  const ruc t ion  s tandard ,  se r ia l 
number, service pressure, maximum  fill  pressure, and end-
of-service date. Cylinders that are not subjected to severe 
external abuse or gas pressures above normal service levels 
can expect a service life of 15 years or 11,250 fills. Inspec­
tions and leak tests are a routine part of cylinder mainte ­
nance. 

A typica l  vehic le  appl ica t ion  uses  a  ser ies  of  cyl inders 
mounted  on  a  common manifold.  At a service pressure  of 
3600 psig (250 barg), the fuel  storage system weighs nearly 
four  t imes that  of  a comparable l iquid hydrogen  storage 
system and occupies more than four times the space. When 
compared  to gasoline,  the  gaseous hydrogen storage system 
is 15 times greater by volume and 23 times by weight. To put 
this into perspective, approximately 50% of a transit bus roof 
must be covered with hydrogen cylinders in order to replace 
its standard diesel tank. 

Despite this volume, the entire weight  of hydrogen fuel is 
only 90 to 110 lb (40 to 50 kg), which is negligible compared 
to the weight  of  the  cylinders  and  associated equipment .  
Storing gas at an even higher pressure results in a smaller 
storage volume, but  the overall storage weight to hydrogen 
volume does not change much as the cyl inders  must  be 
more robust. The current record for the highest  hydrogen 

Key Points & Notes 
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Figure 2-23: Cylinder Qualification Tests Key Points & Notes 
Gas compression is an energy intensive process.  The higher 
the end pressure, the greater the amount of energy required. 
However, the incremental energy required to achieve  higher 
and higher pressures decreases so that the initial compres ­
sion is the most energy intensive part of the process. 
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5000 psig (350 barg). Exact energy  usage depends on 
flow capacity and efficiency of the compressors used. 

2.2.2 Liquid 

Liq uid hyd ro gen s to rage sys tems overcome  many of  
weight and size problems associated with high-pressure 
storage systems, albeit at cryogenic temperatures. 

The energy economy of higher compression levels is counter-
b a lanced  b y  an incrementa l  decrease in  gas  d ens i ty  a t 
h igher p ressures ,  so  tha t  fur ther compress ion packs less 
hydrogen  mass into the cylinders  (even if suitable cylinders 
were to exist). A useful way of understanding the energy cost 
of compression is as a percentage of the total energy content 
(LHV) of the hydrogen being stored. In these terms, approxi­
mately 5% of the LHV is required to compress the gas to 

the 

the 
gas 

Key Points & Notes 

Figure 2-24: Automotive Liquid Hydrogen Tank,Sectioned 

Liquid hydrogen can be stored just below its  normal boiling 
point of �424 °F (�253 °C; 20 K) at or close to ambient pres­
sure in  a double-walled, super-insulating tank (or "dewar"). 
This insulation takes the form of a vacuum jacket, much like 
in a Thermos bottle. Liquid hydrogen tanks do not need to be 
as  strong  as  high-pressure  gas  cylinders  although they do 
need to be adequately robust for automotive use. 

Hydrogen cannot be stored in liquid  form indefinitely. All 
tanks, no  matter how good the insulation, allow some  heat 
to transfer from the ambient surroundings. The  heat leakage 
rate depends on the design and size of tank — in this case, 
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bigger is better. This heat causes some of the hydrogen to 
vaporize and the tank pressure to increase. Stationary liquid 
hydrogen storage  tanks  are  often  spherical since this shape 
offers the smallest  surface area for a given  volume, and 
therefore presents the smallest heat transfer area. 

Tanks  have  a maximum overpressure capacity of about 72 
psi (5 bar); if the hydrogen is not consumed as quickly as it 
vaporizes, the pressure builds to a point where it  vents 
through a pressure relief valve. This vented hydrogen is not 
only a direct loss of usable fuel, but it also poses a flamma­
bility hazard if the vehicle is parked indoors. Provision must 
be made to vent the hydrogen safely without the potential for 
accumulat ion. Current automotive hydrogen tank technology 
provides a venting (or “boil-off”) rate of about 1 to 2% per 
day. 

Hydrogen can be drawn from the tank either as a liquid or as 
gas.  When  used  in  an  internal combustion engine, liquid 
hydrogen can be injected directly into the cylinders in order 
to increase the amount of fuel combusted in each power 
stroke.  When used  in  a fuel  cell  engine, gaseous hydrogen 
can be drawn off at sufficient pressure to feed the power 
generating reaction. 

A l t ho ugh  l iq u id  hyd ro gen  s to r age  sys t ems e l i mi n a t e t h e 
danger associated with  high pressures,  they introduce dan ­
gers associated with low temperatures. A  severe frostbi te  
hazard exists  in  association  with  the  liquid  hydrogen,  its 
vapors and contact surfaces. Carbon  steel exposed to tem­
peratures below �22 °F (�30 °C), either directly or indirectly, 
becomes brittle and is susceptible to  fracture. Air  may liq ­
uefy on the outside of exposed liquid hydrogen lines or under 
insulation  resulting in an  oxygen concentration that poses a 
fire or explosion hazard if it drips onto combustible materi ­
als. 

Liquid hydrogen  is  considerably more dense than gaseous 
hydrogen but is still much more bulky than gasoline on an 
equiva lent  energy  basis .  Liquid hydrogen s to rage  systems 
can be four to ten times larger and heavier than an equiva­
lent gasoline tank. 

Hydrogen liquefaction is  a very energy intensive process due 
to  the ext remely low tempera tures  invo lved .  Liquefac t ion  
involves several steps, including: 

1. Compression of hydrogen gas using reciprocating com­
pressors; pre-cooling of the compressed gas to liquid ni­
trogen temperatures �319 °F (�195 °C; 78 K) 

Key Points & Notes 

Liquid Hydrogen Filling Tank 
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2. Expansion through turbines Key Points & Notes 

3. C a t a l yt i c conversion to its stable “parahydrogen” form 
(Section 1.1) 

In total, the energy required for the liquefaction  process is 
the equivalent of up to 40% of the LHV of hydrogen. Once in 
liquid form, hydrogen is relatively efficient to transport and 
easy to use. Clearly, to maximize the energy investment paid 
during liquefaction, it is prudent to store and use the hydro-
gen directly as a liquid whenever possible. 

The worst scenario in terms of energy investment is to liq-
uefy the hydrogen, transport it in liquid form, re-convert it to 
a gas, and store in on-board a vehicle as a high pressure 
gas.  This erodes the net available energy twice, once during 
liquefaction and again  during compression, while still being 
left  with  the disadvantages of  a bulky and heavy on-board 
gaseous fuel storage system. 

2.2.3 Metal Hydrides 

Rare Earth Hydrides 

Metal hydride storage systems are based on the principle 
t h a t so  me  me ta ls  r ead  i ly ab  so  r b  g a seo  u s h yd r o g e n u n d e r 
c o n d i t io ns  o f  hi gh  p r essure an d m o d e r a t e t e m p e r a t u r e t o 
form  metal hydrides. These metal hydrides release the hy-
drogen gas  when heated at low pressure  and  relatively high 
t e mp e r a tur e .  In es  s ence,  the metals  s o ak  u p  an d rel  e a s e 
hydrogen like a sponge. 

T he adv an t ages o f metal  h ydride s t orag e s ys t ems revo lv e 
around  the fa  c t t h a t t h e hy d r ogen become s par t  of  t he 
chemical structure of the metal itself and therefore does not 
require high pressures or cryogenic temperatures fo r o p era-
tion. Since hydrogen is released from the hydride for use at 
low pressure (and must be released before it can burn rap-
idly), hydrides are the most intrinsically safe  of all methods 
of storing hydrogen. 

There are many types of specific metal hydrides, but they are 
primarily  based  on  metal alloys of magnesium, nickel, iron 
and titanium. In general, metal hydrides can be divided into 
those with a low or  high hydrogen desorption (release) tem-
perature. 

T he high temp erature hydrides  may be less expensive and 
hold more hydrogen than the low temperature hydrides, but 
require significant amounts of  heat  in order to release the 
hydrogen. Low temperature hydrides can get sufficient heat 
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Figure 2-25: Metal Hydride Vehicle Storage Tank, Sectioned 

The low desorption temperatures associated with  some hy­
drides can be a problem since the gas releases too readily at 
ambient  conditions. To overcome this,  low  temperature  hy­
drides  need  to  be  pressurized, increasing the complexity  of 
the process. The characteristics of typical metal hydrides are 
summarized in Table 2-3. 

The main disadvantage  of  metal hydride storage systems is 
no t so  much  the  t emp era tur es  and pressures  needed  to  
release the hydrogen, but rather their low mass energy den­
sity. Even the best metal hydrides contain only 8% hydrogen 
by weight and therefore tend to be very heavy and expensive. 
Metal hydride storage systems can be up to 30 times heavier 
and ten times larger than  a gasoline tank  with the same 
energy content. 

Another disadvantage of metal hydride storage systems is  
that they must be charged with only very pure hydrogen or 
they become contamina ted  wi th  a co r r e sp o nd ing  lo ss  of  
capac i ty. Oxygen and wate r a r e p r ime cu lp r i t s  as  they  
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chemically adsorb  onto the metal surface displacing poten- Key Points & Notes

tial hydrogen bonds. The storage  capacity lost  through con­

tamination can to some extent be reactivated with heat.


Hydrogen Fuel Cell Engines and Related Technologies: Rev 0, December 2001 
Word Searchable Version not a True Copy 



PAGE 2-49


Key Points & Notes 

Hydrogen Fuel 
Cell Engines MODULE 2: HYDROGEN USE 

Characteristic 
Low Temperature High Temperature 

Ti2Ni-H2,5 FeTi-H2 VH-VH2 LaNi5-H6,7 Mg2Cu-H3 Mg2Ni-H4 Mg-H 

Alloy mass that can absorb 
hydrogen 

1.61% 1.87% 1.92% 1.55% 2.67% 3.71% 8.25% 

Hydride mass equivalent to 
the energy in 0.264 gal (1 L) 

of gasoline 

342 lb 
155 kg 

295 lb 
134 kg 

286 lb 
130 kg 

355 lb 
161 kg 

No 
Data 

149 lb 
67.5 kg 

79 lb 
35 kg 

Alloy mass necessary to 
accumulate 5.5 lb (2.5 kg) of 
hydrogen 

478 lb 
217 kg 

414 lb 
188 kg 

401 lb 
182 kg 

496 lb 
225 kg 

No 
Data 

209 lb 
95 kg 

110 lb 
50 kg 

Desorption temperature 
at 145 psig (10 barg) 

93 °F 
34 °C 
307 K 

125 °F 
52 °C 
325 K 

127 °F 
53 °C 
326 K 

163 °F 
73 °C 
346 K 

604 °F 
318 °C 
591 K 

662 °F 
350 °C 
623 K 

683 °F 
362 °C 
635 K 

Desorption temperature 
at 22 psig (1.5 barg) 

26 °F 
�3 °C 
270 K 

44 °F 
7 °C 

280 K 

59 °F 
15 °C 
288 K 

70 °F 
21 °C 
294 K 

480 °F 
245 °C 
522 K 

512 °F 
267 °C 
540 K 

565 °F 
296 °C 
569 K 

Charging Easy No 
Data 

No 
Data 

Very 
Difficult 

No 
Data 

Difficult Very 
Difficult 

Safety Safe No 
Data 

No 
Data 

No 
Data 

Highly 
Flam­
mable 

Safe Highly 
Flam­
mable 

Table 2-3 Metal Hydride Characteristics 

A further problem associated with  metal hydrides relates to 
their structure. Metal hydrides are typically  produced in  a 
granular or powder form so that they have a large surface for 
gas s to r age .  These  par t ic les  a re suscep t ib le  to  a t t r i t ion, 
wh i c h  b o t h  r e d u c e s  t h e i r  e f f e c t i v e n e s s  a n d m a y  p l u g 
relief systems or other piping. 

No specific metal hydride has outstanding  performance on 
al l accounts (high  absorption  capacity,  high  densi ty,  low 
heat requirement and low cost). In some cases, a mixture of 
low and high temperature hydrides can be  used  to maintain 
some of the advantages inherent to each while at the same 
time introducing some of disadvantages of each. 

Alkaline Earth Hydrides 

A recent hydride variation that offers  some advantages over 
previous methods  invo lves  the use o f  pe l le t ized  sod ium, 
potassium or l i thium compounds. These hydride compounds 
react with water to release hydrogen without the addition of 
heat. 

The most commercially developed process involves the use of 
sodium  hydroxide (NaOH), which is abundantly available as 
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a waste material from  paper, paint, textiles, plastic, petro-
leum and other industries. Sodium hydroxide  is  converted to 
sodium hydride (NaH) by driving off the oxygen through the 
addition of heat as follows: 

2 NaOH + heat �2 NaH + O2 

The sodium hydride can then be pelletized, using a process 
similar  to  that  used  to  pellet ize charcoal  br iquet tes, and 
coated with a waterproof plastic coating or skin. In this form, 
the sodium is non-volatile and can be transported easily. To 
release the hydrogen, the pellets are cut as  needed while 
immersed in water to react as follows: 

NaH (solid) + H2O (liquid) � NaOH (liquid) + H2 (gas) 

This reaction is fast, and results in a hydrogen pressure of 
125 to 150 psig (8.6 to 10.3 barg). The resulting  sodium 
hydroxide can be retrieved and returned to the original proc-
ess for reuse. 

This process  shares  the advantages with other hydrides of 
not  requiring high pressures or  cryogenic  temperatures for 
operation.  It has the added advantages of not requiring heat 
t o r e l e a s e t h e h yd r o g e n , o v e r c o me s  c o n t a m i n a t i o n a n d 
structural problems, and can be handled with relative ease. 

Like other hydride systems,  sodium hydrides are heavy and 
have a mass energy density that is comparable with  high 
tempera ture hyd r ide  sys t ems  a s  i nd i ca t ed  i n  T ab le  2 -4 . 
Disadvantages of  the sodium  hydride p rocess  include the 
mechanical complications  related to cutting the pellets in a 
controlled fashion, and the materials reclamation issues that 
s u r r o u n d  the was te so d ium hyd r o x id e  a n d  u s e d  p l a s t i c 
coatings. 

Key Points & Notes 

Characteristic NaH 

Alloy mass that can absorb hydrogen 4.4% 

Hydride mass equivalent to the energy in 0.264 gal ( 1 L ) 
of gasoline 

90 lb 
41 kg 

Alloy mass necessary to accumulate 5.5 lb (2.5 kg) 
hydrogen 

130 lb 
59 kg 

Table 2-4 Sodium Hydride Characteristics 

This sodium hydride process is interesting as a combination 
of  hydrogen  generation and storage in one step. Like elec-
trolysis, the hydrogen in sodium hydride is an energy car-
r i e r ,  n o t a n e n e r g y s o u r c e ,  s i n c e  t h e s o u r c e  s o d i u m 
hydroxide is at a low energy state and must be “charged” 
through the addition of heat  energy.  As before, this  process 
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is only as renewable and environmentally  friendly as the 
source  energy. Also l ike electrolys is ,  water  i s  consumed 
during hydrogen release. 

2.2.4 Other Storage Methods 

A variety of other hydrogen  storage methods are currently 
being researched, and are not currently commercially viable. 
Among these are carbon adsorption,  glass  microsphere and 
iron oxidation techniques. 

Carbon Adsorption 

Carbon adsorption is a technique similar to that employed 
with metal hydrides  wherein hydrogen is bound  chemically 
onto the surface of highly porous carbon granules. The car-
bon is adsorbed at �300 to �120°F (�185 to �85 °C) and 300 
to 700 psi (21 to 48 barg). The amount of carbon adsorption 
increases at  lower temperatures. Heat in excess of 300 °F 
(150 °C) releases the hydrogen. 

Glass Microsphere 

Glass  microsphere storage systems  use t iny, hol low  glass 
balls  into  which hydrogen is forced under  very  high pres­
sure. Once stored, the balls can be stored at ambient condi­
t ions  wi tho u t hydrogen loss .  Modera te  hea t  re leases  the 
hydrogen again. Experiments are being done to increase the 
hydrogen release rate by crushing the spheres. 

Iron Oxidation 

Iron oxidation  is  a process by  which  hydrogen  is  formed 
when sponge  iron (the raw ingredient for steel-making fur ­
naces) is reacted with steam as follows: 

Fe + H2O FeO + H2 

3 FeO + H2O Fe3O4+ H2 

The byproduct of this process is rust. Once the iron is fully 
rusted, it must be exchanged for a new tank and then be 
converted  back to sponge  iron using industrial methods. The 
steam and heat needed for the on-board reaction could po­
tentially be provided by the exhaust of an internal combus­
tion engine or the coolant stream of a fuel cell engine. 

Although iron is cheap, it is heavy, so the process is only 
4.5% effective by weight. Furthermore, a catalyst (which is 
expensive) is required to  maintain the reaction at practical 
temperatures of 175 to 390 °F (80 to 200 °C). 

Key Points & Notes 
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2.3 Hydrogen Transportation 
Hydrogen  transportation  issues  are  directly related to hydro ­
gen  storage issues. In  general, compact forms of  hydrogen 
storage are more economical to transport and diffuse  forms 
are more costly. 

2.3.1 Pipelines 
Pipelines can carry hydrogen as gas or as a liquid. 

Gas Pipelines 
Gaseous hydrogen can be transported by pipeline in a simi­
lar fashion as natural gas. 

Hydrogen, being less dense than natural  gas, results  in less 
mass transport  for a given pipeline size and operating pres­
sure. In addition, the energy density of hydrogen is only one-
third that of natural gas on a volumetric basis; hence, three 
times the amount of  hydrogen  gas  must be pumped through 
a pipeline to transmit an equivalent amount of energy. 

To compensate  for both of  these properties,  hydrogen pipe-
lines need to be  designed  to  operate  at higher pressure in 
order to be practical. All pumps and other equipment must 
be  hyd ro gen  co mp a t ib l e .  Fur the rmo re ,  hyd ro gen  p ipe l ines  
must  be resis tant to  hydrogen embri t t lement in o rder to 
prevent cracking. 

Existing hydrogen gas pipelines operate in some parts of the 
world. In the US there are 450 miles (725 km) of pipelines, 
including those in  Texas, Indiana, New Jersey and Louisi ­
ana. Several  hydrogen pipelines exist  in  Canada. In Europe, 
p ipel ines operate  wi thin  Germany (210  km) and between 
Belgium and France (400 km), among several others. Com­
pared to pipelines of others gases,  these lengths are very 
short, however,  they indicate that the high cost of transport­
ing  hydrogen by gas pipeline is already worth  it in some 
areas. 

Liquid Hydrogen Pipelines 

Hydrogen can be transported in a pipeline as  a liquid, but 
liquid hydrogen pipelines  have been accomplished over very 
short  distances  only.  These  pipelines  require  thorough insu­
lation in order to  maintain cryogenic temperatures and pre-
vent the formation of  a two-phase (liquid/gas)  flow. If ex-
posed to air, the low pipeline temperature would cause air to 
liquefy and oxygen to concentrate on the surface of the pipe, 
increasing the fire hazard. 

Key Points & Notes 

There are 285,000 miles of 
natural gas pipelines throughout 
the continental US with a daily 
movement of over 50 billion 
standard cubic feet (sft3) and a 
capacity of approximately 90 
billion sft3/day. 

Hydrogen Pipeline 
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2.3.2 Mobile Transport Key Points & Notes 
M o b i l e  t r a n s p o r t  i n c lu d es t r an sp o r t b y  t ru c k ,  r a i l  o r  b a r g e .  
T h e  h y d r o g e n i s s t o r e d i n  t a n k s  a p p r o p r i a t e  t o  h y d r o g e n 
storage method and transport medium. 

Gas Transport 
Hyd ro gen  as  a  h i gh -p ressu re  gas can be t ran sp o r t ed i n  cyl ­
inders at pressures  ranging  from 2200  to  5800  ps ig  (150 to 
400 barg). 

F o r t ru c k s ,  s p e c i a l l y  d e s i g n e d  t u b e  t r a i l e r s  c a r r y  a n u mb e r 
o f  l a rge ,  h i gh - s t ren g th s t ee l  t u b es  l i n ked t o ge t h e r  t h ro u gh a 
common mani fo ld .  This  des ign  works  wel l  in  p rovid in g smal l  
q u a n t i t i e s o f  h yd r o gen , b u t i s ve ry i n e f f i c i e n t i n  t e r ms o f  
t r a n s p o r t e n e r g y . Th e  we i g h t  o f  c y l i n d e r s  r e q u i r e d i s s u c h  
that the gas is only 2 to 4% of the cargo weight. 

This tube trailer holds 104,000 
sft3 (2,945 sm3) of hydrogen at 
3,160 psig (218 barg). The two 
additional tubes on the ground 
next to the tube trailer hold an 
additional 12,500 sft3 (354 sm3) 
of hydrogen at 4,000 psig (275 
barg). 

Figure 2-26: Tube Trailer 

Liquid Transport 

Hydrogen can be transported by truck, rail or barge as  a 
c ryogenic l iquid in double-walled,  super - insula ted vacuum-
lined tanks. Transporting liquid  hydrogen is far more effi ­
cient than as  a high-pressure gas, particularly  where larger 
quantities are needed. On the downside, maintenance costs 
are much higher for liquid transportation. 

As a point of reference, 150 lb (70 kg) of liquid hydrogen 
occupies a volume of 35.3 ft3 (1000 L) and requires a trans-
port container weighing between 440 and 660 lb (200 to 300 
kg).  The same weight of hydrogen,  transported as a gas or 
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hydride would require between two and five tons of contain­
ers. The liquid option is obviously much more efficient. 

Liquid hydrogen transport  trailers  include  standard 40-foot  
and 80-foot truck trailers. The largest containers  used in 
transport reach 7,000,000 ft3 (200,000 m3). 

Figure 2-27: Liquid Hydrogen Transport 

2.3.3 Site Manufacture 
Site manufacture of  hydrogen sidesteps the issue of trans-
porting it.  The energy for the manufacture  of hydrogen  is 
moved to the site, rather than the hydrogen itself.  The en­
ergy might be in the form of electrical power to an electroly­
sis system, or a fossil fuel piped or trucked to a reformer. 

By manufacturing hydrogen at  or near the location where it 
is required, the high cost and energy inefficiency of transport 
is avoided, and advantage is taken of the high transport 
efficiency of other forms of energy. 

Hydrogen Fuel Cell Engines and Related Technologies: Rev 0, December 2001 
Word Searchable Version not a True Copy 



MODULE 3:

Hydrogen Use In


Internal Combustion 

Engines


College of the Desert 
Revision 0, December 2001 

Word Searchable Version not a True Copy 



Word Searchable Version not a True Copy 



Hydrogen Fuel 
Cell Engines 

MODULE 3: HYDROGEN USE IN INTERNAL 
COMBUSTION ENGINES 

CONTENTS 

3.1 HYDROGEN ENGINES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-1

3.2 COMBUSTIVE PROPERTIES OF HYDROGEN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-3

3.3 AIR/FUEL RATIO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-6

3.4 PRE-IGNITION PROBLEMS AND SOLUTIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-9


3.4.1 FUEL DELIVERY SYSTEMS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-9

3.4.2 THERMAL DILUTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-12

3.4.3 ENGINE DESIGN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-12


3.5 IGNITION SYSTEMS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-14

3.6 CRANKCASE VENTILATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-15

3.7 THERMAL EFFICIENCY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-16

3.8 EMISSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-17

3.9 POWER OUTPUT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-19

3.10 HYDROGEN GAS MIXTURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-20

3.11 CURRENT STATUS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-23


Hydrogen Fuel Cell Engines and Related Technologies: Rev 0, December 2001 
Word Searchable Version not a True Copy 



Hydrogen Fuel 
Cell Engines 

MODULE 3: HYDROGEN USE IN INTERNAL 
COMBUSTION ENGINES 

OBJECTIVES 

At the completion of this module, the technician will understand: 

• the combustive properties of hydrogen that relate to its use as a combustive fuel 

• the air/fuel ratio of hydrogen fuel mixtures and how it compares to other fuels 

•	 the types of pre-ignition problems encountered in a hydrogen internal combustion 

engine and their solutions 

•	 the type of ignition systems that may be used with hydrogen internal combustion 

engines 

•	 crankcase ventilation issues that pertain to hydrogen use in an internal combustion 

engine 

• the thermal efficiency of hydrogen internal combustion engines 

• the type of emissions associated with hydrogen internal combustion engines 

• the power output of hydrogen internal combustion engines 

• the effect of mixing hydrogen with other hydrocarbon fuels 
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Key Points & Notes 
3.1 Hydrogen Engines 

T he sma l l  n u mb e r  o f  v e h i c l e s  u s i n g  h yd r o g e n  in t e r na l  
combustion engines (HICE) makes it  difficult to explain how 
to repair them. Therefore, this section does not serve as a 
repair manual, but as an outline describing the operation of 
a hydrogen  engine  and  its major components, its benefits, 
d rawbacks and how components  can be  modif ied  or  re -
designed to reduce the drawbacks. 

In general, getting an internal combustion engine to run on 
hydrogen is  not d ifficul t .  Gett ing an inte rna l combustion 
engine to run well,  however,  is more  of a  challenge. This 
s e c t i o n p o i n t s o u t  t h e  k e y  c o mp o n e nt s a nd t ec h n i q u e s 
required to  make  the difference between  a hydrogen engine 
that just runs and one that runs well. 

The  earliest  attempt  at  developing a hydrogen engine  was 
reported by Reverend W. Cecil  in 1820. Cecil  presented his 
work before the Cambridge Philosophical Society in  a paper 
entitled “On the Application  of  Hydrogen  Gas  to  Produce 
Moving  Power in Machinery.” The engine itself operated on 
the vacuum principle, in which atmospheric pressure drives 
a piston back against a vacuum to produce power. The vac-
uum is  created  by burning a hydrogen-air  mixture, allowing 
it to expand and then cool. Although the engine ran satisfac-
torily, vacuum engines never became practical. 

Figure 3-1 Hydrogen-Powered 1965 Cobra Replica 
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Sixty years later, during  his  work  with combustion engines 
in the 1860s and 1870s, N. A. Otto (the inventor of the Otto 
cycle)  reportedly  used  a  synthetic producer  gas for fuel ,  
which probably  had a hydrogen content of over 50%. Otto 
also  experimented with gasoline,  but found  it  dangerous to 
work with, prompting him to  return  to using gaseous fuels. 

Key Points & Notes 

The development of  the  carburetor,  however,  initiated a 
era in which  gasoline could be used both practically 
safely, and interest in other fuels subsided. 

Hydrogen has since been used extensively in the space 
gram since it has the best energy-to-weight ratio of any 
Liquid hydrogen is the fuel of choice for rocket engines, 
has been utilized in the upper stages of launch vehicles 
many  space missions including the Apollo missions  to 

new 
and 

pro-
fuel. 
and 
on 

the 
moon, Skylab, the Viking missions to Mars and the Voyager 
mission to Saturn. 

In recent  years,  the  concern for  cleaner air,  along with 
stricter air pollution regulation and the desire to reduce the 
dependency on fossil fuels have rekindled the interest in hy 
drogen as a vehicular fuel. 

Figure 3-2 Hydrogen-Powered Pickup 
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3.2 Combustive Properties of Hydrogen 

The properties of  hydrogen are detailed in Section 1. The 
properties that contribute to its use as a combustible fuel 
are its: 

• wide range of flammability 

• low ignition energy 

• small quenching distance 

• high autoignition temperature 

• high flame speed at stoichiometric ratios 

• high diffusivity 

• very low density 

Wide Range of Flammability 

Hydrogen  has a wide  flammability  range in comparison with 
all other fuels. As a result, hydrogen can be combusted in an 
internal combustion engine over a wide range of fuel-air mix-
tures.  A significant advantage of this is that hydrogen can 
run on a lean mixture. A lean mixture is one in which the 
amount of fuel is less than the theoretical, stoichiometric or 
chemically ideal amount needed for combustion with a given 
amount of air. This is why it is fairly easy to get an engine to 
start on hydrogen. 

Generally,  fuel  economy is  greater and the combustion reac-
tion is more complete when a vehicle is run on a lean mix-
t u r e . Ad d i t i o n a l l y , t h e f i n a l c o mb u s t i o n  t e mp e r a t u r e i s  
generally lower, reducing the amount of pollutants, such as 
nitrogen oxides, emitted in the exhaust. There is a limit to 
how lean the engine can be run, as lean operation can sig-
nificantly reduce the power output due to a reduction in the 

Key Points & Notes 

volumetric heating value of the air/fuel mixture. 

Low Ignition Energy 

Hydrogen has very low ignition energy. The amount 
needed to ignite hydrogen is about one order of 
less than that required for gasoline. This enables 
engines to ignite lean mixtures and ensures prompt ignition. 

Unfortunately, the low ignition energy means that 
and hot spots on the cylinder can serve as sources 
tion,  creating  problems  of  premature ignition and 
Preventing this is one of the challenges associated 
ning an engine on hydrogen. The wide flammability 

of energy 
magnitude 
hydrogen 

hot gases 
of igni-

flashback. 
with run-
range of 
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hydrogen means that almost any mixture can be ignited by a 
hot spot. 

Small Quenching Distance 

Hydrogen  has  a sma l l  quench ing d is tance ,  sma l l e r  t han  
gasoline. Consequently, hydrogen  flames  travel closer to the 
cylinder wall than other fuels before they extinguish. Thus, it 
is more difficult to quench a hydrogen flame than a gasoline 
flame. The smaller quenching distance can also increase the 
tendency  for backfire since the flame from a hydrogen-air 
mixture more readily passes  a nearly closed intake valve, 
than a hydrocarbon-air flame. 

High Autoignition Temperature 

Hyd ro gen  has  a  r e l a t ive ly high auto igni t ion tempera ture . 
This  has important implications  when  a hydrogen-air mix-
ture is compressed. In  fact, the autoignition temperature is 
an important factor in  determining  what compression  ratio 
an  engine  can use,  since the temperature rise during  com-
pression is related to the compression ratio. The temperature 
rise is shown by the equation: 

where: 

V1/V2 = the compression ratio

T1 = absolute initial temperature

T2 = absolute final temperature

� = ratio of specific heats


The tempera tu r e may  no t exceed  hydrogen’s auto igni t ion 
temperature  wi thout  caus ing  p remature igni t ion. Thus, the 
absolute final temperature limits the compression ratio. The 
h igh  au to ign i t i o n  t emp era tu r e o f  hyd ro gen  a l l o ws  l a rge r  
compression ratios to be used in a hydrogen engine than in 
a hydrocarbon engine. 

This  higher  compression ratio is important because it  is  re-
lated to the thermal efficiency of the system as presented in 
Section 3.7. On the other hand, hydrogen is difficult to ignite 
in a compression ignition  or  diesel configurat ion, because 
the temperatures needed for those types of ignition are rela-
tively high. 

High Flame Speed 

Hydrogen  has  high  flame speed at stoichiometric ratios. Un-
der these conditions, the hydrogen flame speed is nearly an 
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order of magnitude higher (faster) than that of gasoline. This 
means that hydrogen engines can  more closely approach the 
thermodynamica l ly idea l  engine cycle ,  At leaner  mixtures, 
however, the flame velocity decreases significantly. 

High Diffusivity 

Hydrogen has very high diffusivity. This ability to disperse in 
air  is  considerably greater than gasol ine and is  advanta-
geous for two main reasons. Firstly, it facilitates the forma-
tion of a uniform mixture  of fuel and air. Secondly, if a 
hyd rogen  l e ak  deve lops , t he hyd rogen  d i sp e r se s  r ap id ly . 
Thus, unsafe conditions can either be avoided or minimized. 

Low Density 

Hydrogen has very low density. This results in two problems 
when used in an internal combustion engine. Firstly, a very 
large volume is necessary to store enough hydrogen to give a 
vehicle an adequate driving range. Secondly, the energy den-
sity of a hydrogen-air mixture, and hence the power output, 
is reduced. 

Key Points & Notes 
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3.3 Air/Fuel Ratio Key Points & Notes 

The theoret ical or stoichiometr ic  combust ion  o f  hydrogen 
and oxygen is given as: 

2H2 + O2 = 2H2O 
Moles of H2 for complete combustion = 2 moles 
Moles of O2 for complete combustion = 1 mole 

Because air is used as the oxidizer instead oxygen, the nitro-
gen in the air needs to be included in the calculation: 

Moles of N2 in = Moles of O2 x (79% N2 in air / 21% O2 in air) 
air 

= 1 mole of O2 x (79% N2 in air / 21% O2 in air) 
= 3.762 moles N2 

Number of = Moles of O2  + moles of N2 
moles of air 

= 1 + 3.762 
= 4.762 moles of air 

Weight of O2	 = 1 mole of O2 x 32 g/mole 
= 32 g 

Weight of N2 = 3.762 moles of N2 x 28 g/mole 
= 105.33 g 

Weight of air = weight of O2 + weight of N 
= 32g + 105.33 g 
= 137.33 g 

Weight of H2 = 2 moles of H2 x 2 g/mole 
=4 g 

Stoichiometric air/fuel (A/F) ratio for hydrogen and air is: 

A/F based on = mass of air/mass of fuel 
mass: 

= 137.33 g / 4 g 
= 34.33:1 

A/F based on = volume(moles) of air/volume (moles) of fuel 
volume: 

= 4.762 / 2 
= 2.4:1 

(1) 

The percent of the combustion chamber occupied by hydro-
gen for a stoichiometric mixture: 

% H2	 = volume (moles) of H2/total volume  (2) 
= volume H2/(Volume air + volume of H2) 
= 2 / (4.762 + 2) 
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=29.6% Key Points & Notes 
As these calculations  show, the stoichiometric or chemically 
correct A/F ratio for the complete combustion of hydrogen in 
air is about 34:1 by  mass.  This means that for complete 
combustion, 34 pounds of air are required for every pound of 
hydrogen. This is much higher than the 14.7:1 A/F ratio re-
quired for gasoline. 

Since hydrogen is a gaseous fuel at ambient conditions it 
displaces more of the combust ion chamber than  a l iquid 
fuel. Consequently less of the combustion chamber can be 
occupied  by air. At stoichiometric conditions, hydrogen dis-
places about 30% of the combustion chamber, compared to 
about 1 to 2% for gasoline. Figure 3-3 compares combustion 
chamber volumes and energy  content for gasoline and hy-
drogen fueled engines. 

Figure 3-3 Combustion Chamber Volumetric and Energy Comparison for 
Gasoline and Hydrogen Fueled Engines 

Depending the method  used to  meter the hydrogen to the 
engine,  the power output compared to a gasoline engine can 
be anywhere from 85% (intake manifold injection) to 120% 
(high pressure injection). 

Because of hydrogen’s wide range of  flammability, hydrogen 
engines can  run on  A/F ra t ios o f  anywhere  f rom  34 :1 
(stoichiometric) to 180:1. The A/F ratio can also  be ex-
pressed in terms of equivalence ratio, denoted by phi (�). Phi 
is equal to the stoichiometric A/F ratio divided by the actual 
A/F ratio. For a stoichiometric mixture, the actual A/F ratio 
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is equal to the stoichiometric A/F ratio and thus the phi Key Points & Notes

equals unity (one). For lean A/F ratios, phi will be a value

less than one. For example, a phi of 0.5 means that there is

only enough fuel available in the mixture to oxidize with half

of the air available. Another way of saying this is that there

is twice as much air available for combustion than is theo-

retically required.
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3.4 Pre-Ignition Problems and Solutions Key Points & Notes 

The primary problem that has been encountered in the de-
velopment of operational  hydrogen engines  is premature ig-
ni t ion.  Premature igni t ion i s  a  much  greater  problem  in 
hydrogen fueled engines than in other IC engines, because of 
hydrogen’s lower ignition energy, wider  flammability range 
and shorter quenching distance. 

Premature ignition occurs when the fuel mixture in the com-
bust ion  chamber  becomes  igni ted  before  igni t io n b y the 
spark plug,  and  results  in an inefficient, rough running en-
gine. Backfire conditions can also  develop  if  the  premature 
ignition occurs  near  the fuel  intake  valve  and  the  resultant 
flame travels back into the induction system. 

A  number of  studies  have been aimed at determining the 
cause  of  pre-ignition in hydrogen engines. Some of  the  re-
sults suggest that pre-ignition are caused by hot spots in the 
combustion chamber, such as  on  a spark plug or  exhaust 
valve, or on carbon deposits. Other research has shown that 
backfire can occur when there is overlap between the open-
ing of the intake and exhaust valves. 

It  is also believed that the pyrolysis (chemical decomposition 
brought about by  heat) of oil  suspended in  the combustion 
chamber or in the crevices just above the top piston ring can 
contribute to  pre-ignition.  This pyrolysed  oil can enter the 
co mb us t io n chamber  through b low-by from  the  c rankcase 
(i.e.  past  the piston rings),  through seepage  past  the valve 
guide  seals  and/or  from the posi t ive crankcase ventilation 
system (i.e. through the intake manifold). 

3.4.1 Fuel Delivery Systems 

Adapting or re-designing the fuel delivery system can be ef-
fective in reducing or eliminating pre-ignition. 

Hydrogen fuel delivery system can be broken down into three 
main types: central injection  (or  “carbureted”),  port injection 
and direct injection. 

Central and  port fuel delivery systems injection  form the 
fuel-air mixture during the intake stroke. In the case of cen-
tral injection or a carburetor, the injection is at the inlet of 
the air intake manifold. In the case of port injection, it is in-
jected at the inlet port. 

Direct  cyl inder in j ec t ion i s  more technological ly sophist i -
cated and involves  forming the fuel-air mixture inside the 
combustion cylinder after the air intake valve has closed. 
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Central Injection or Carbureted Systems 

The simplest method of delivering fuel to a hydrogen engine 
is by way of a carburetor or central injection system. This 
system  has advantages  for a hydrogen engine. Firstly, cen-
tral injection  does  not require the hydrogen supply pressure 
to be as high as for other methods. Secondly, central injec-
tion or carburetors are used on  gasoline engines, making it 
easy to convert a standard gasoline engine to a hydrogen or 
a gasoline/hydrogen engine. 

The disadvantage of central injection is that it is more sus-
cep t ib le  to  i r regular  combust ion  due to  p re-igni t ion and 
backfire. The greater amount of  hydrogen/air mixture within 
the intake manifold compounds the effects of pre-ignition. 

Port Injection Systems 

The port injection  fuel delivery  system injects fuel directly

into the intake manifold at each intake port,  rather than 

drawing fuel in at a central point. Typically, the hydrogen is

injected into the manifold after the beginning  of the intake

stroke. At this point conditions are much less severe and the

probability for premature ignition is reduced.


In port injection, the air is injected separately at the begin-

ning of the intake stroke to dilute the hot residual gases and

cool any hot spots. Since less gas (hydrogen or air) is in the

manifold at any one time, any pre-ignition is less severe. The

inlet  supply  pressure  for port injection tends to  be  higher

than  for carbureted or central injection  systems, but less

than for direct injection systems.


The constant  volume injection (CVI)  system uses  a mechani-

cal cam-operated device to time the injection of the hydrogen

to each cylinder. The CVI block is shown on the far right of

the photo with four fuel lines exiting on left side of the block

(one fuel line for each cylinder)

.

The electronic fuel injection (EFI) system meters the hydro-

gen to each cylinder. This  system uses individual electronic

fuel injectors (solenoid valves) for each cylinder and are 

plumbed to a common fuel rail located down the center of

the intake manifold. Whereas  the  CVI  system uses constant

injection timing and variable fuel rail pressure, the EFI sys-
tem  uses variable inject ion t iming and constant fuel  rai l 

pressure.


Key Points & Notes 

Electronic Fuel Injector 
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Figure 3-4 Constant Volume Injector 

Examples of port injection type systems  are  shown  in  Figure 
3-5. 

Figure 3-5 CVI and EFI Port Injection Systems 
Key Points & Notes 

Direct Injection Systems 

More  sophis t ica ted  hydrogen engines  use d i rec t  in j ec t ion 
into the combustion cylinder during the compression stroke. 
In direct injection, the intake valve is closed when the fuel is 
injected, completely avoiding premature ignition  during the 
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intake stroke. Consequently the engine cannot  backfire  into 
the intake manifold. 

The power output of  a direct injected hydrogen engine is 
20% more than for a gasoline engine and 42% more than a 
hydrogen engine using a carburetor. 

While direct injection  solves the problem of  pre-ignition in 
the intake  manifold , i t  does not necessarily prevent pre-
ignition  within the combustion chamber.  In addition,  due to 
the reduced mixing time of the air and fuel in a direct injec-
t ion engine,  the  air /fuel  mixture  can be non-homogenous. 
Studies have suggested  this  can  lead  to higher NOx emis-
sions than the non-direct injection  systems. Direct injection 
systems require a higher fuel rail pressure than the other 
methods. 

3.4.2 Thermal Dilution 

Pre-ignition conditions can  be curbed  using thermal dilution 
techniques such as  exhaust gas recirculation (EGR)  or  water 
injection. 

As  the name implies,  an  EGR system recirculates a portion 
of the exhaust gases back into the intake manifold. The in-
troduction of exhaust gases helps to  reduce the temperature 
of  hot  spots,  reducing  the  possibility of pre-ignition.  Addi-
tionally,  recirculating exhaust gases reduce the peak com-
b u s t i o n  t e m p e r a t u r e ,  w h i c h  r e d u c e s  N O x e m i s s i o n s . 
Typically a 25 to 30% recirculation of exhaust gas is effective 
in eliminating backfire. 

On the other hand, the power output of the engine is re-
duced when  using EGR. The presence of exhaust gases re-
duces the amount of fuel mixture that can be drawn into the 
combustion chamber. 

Another  technique for  thermally diluting the fuel  mixture  is 
the inject ion  of  water.  Injecting  water  into the hydrogen 
stream prior to mixing with air has produced  better  results 
than injecting it into the hydrogen-air mixture within the in-
take manifold. A potential problem with this type of system 
is that water can get mixed with the oil, so care must be 
taken to ensure that seals do not leak. 

3.4.3 Engine Design 

The most  effect ive means o f control l ing  pre-igni t ion and 
knock is  to  re-design the  engine for hydrogen use, specifi-
cally the combustion chamber and the cooling system. 

Key Points & Notes 
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A disk-shaped combustion chamber (with a flat piston and 
chamber ceiling) can be used to reduce turbulence within 
the chamber. The disk  shape helps produce low radial and 
tangential velocity components  and  does  not  amplify inlet 
swirl during compression. 

Since unburned hydrocarbons are not  a  concern in hydrogen 
engines, a large bore-to-stroke ratio can  be  used  with this 
engine. To accommodate the wider range of  flame speeds 
that occur over a greater range  of equivalence ratios, two 
spark plugs are needed. The cooling system  must be de-
signed to provide uniform flow to all locations that need cool-
ing. 

Addi t io na l measure s to d ecrease  the p robab i l i ty  o f  p re-
ignition are the use of two small exhaust valves as opposed 
to a single  large one, and the development of an effective 
scavenging system, that is,  a  means of  displacing exhaust 
gas from the combustion chamber with fresh air. 

Figure 3-6 Hydrogen Internal Combustion Engine 

Key Points & Notes 
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3.5 Ignition Systems Key Points & Notes 

Due to  hydrogen’s low ignition energy limit,  igniting hydro-
gen is  easy and  gasoline ignition systems can be  used. At 
very lean air/fuel ratios (130:1 to 180:1) the flame velocity is 
reduced considerably and the use of a dual spark plug sys-
tem is preferred. 

Ignition systems that  use  a  waste  spark  system should not 
be used for hydrogen engines.  These systems  energize the 
spark each time the piston is at top dead center whether or 
not the piston is on the compression stroke or on its exhaust 
stroke. For gasoline  engines, waste spark systems work  well 
and are less expensive than other systems. For hydrogen en-
gines, the waste sparks are a source of pre-ignition. 

Spark plugs for a hydrogen engine should have a cold rating 
and have non-platinum tips. A cold-rated plug is  one  that 
transfers heat from the plug tip to the cylinder head quicker 
than a hot-rated spark plug.  This means the chances of the 
spark plug tip igniting the air/fuel charge is reduced. Hot-
rated spark plugs are designed to maintain a certain amount 
of  heat  so  that  carbon  deposits do not accumulate.  Since 
hydrogen does not  contain carbon, hot-rated spark plugs do 
not serve a useful function. 

Platinum-tip spark plugs should  also  be avoided since  plati-
num is a catalyst, causing hydrogen to oxidize with air. 
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3.6 Crankcase Ventilation Key Points & Notes 

Crankcase ventilation is even  more important for  hydrogen 
engines than for gasoline engines. 

As  with gasoline  engines,  unburnt fuel can seep by  the 
piston rings and enter the crankcase. Since hydrogen has a 
l o wer ene rgy ign i t i o n  l imi t  t h a n g a s o l i n e , a n y u nb urn t 
hydrogen enter ing the crankcase has  a greater  chance of  
igni t ing.  Hydrogen  should be prevented from accumulat ing 
through ventilation. 

Ignition within the crankcase can be just a startling noise or 
result  in  engine  fire .  When hydrogen igni tes  wi thin  the 
crankcase, a sudden pressure  r ise  occurs.  To relieve this 
pressure,  a  pressure relief valve  must be installed  on the 
valve cover. A typical pressure relief valve installation is 
shown in Figure 3-7. 

Figure 3-7 Pressure Relief Valve on Engine Crankcase 

Exhaust gases can also seep  by the piston rings into the 
crankcase .  Since  hydrogen exhaust  is water vapor ,  water 
can condense in the crankcase when proper ventilation is 
not provided. The mixing of water into the crankcase oil re-
duces  its  lubrication ability, resulting in a  higher  degree  of 
engine wear. 
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3.7 Thermal Efficiency Key Points & Notes 

The theoretical thermodynamic efficiency of an Otto cycle 
engine is based on the compression ratio of the engine and 
the specific-heat ratio of the fuel as shown in the equation: 

where: 

V1/V2 = the compression ratio

� = ratio of specific heats

�th = theoretical thermodynamic efficiency


The higher  the compression ratio and/or  the specific-heat  
ratio,  the  higher  the  indicated thermodynamic efficiency of 
the engine. The compression ratio limit of an engine is based 
on the fuel’s resistance to knock. A lean hydrogen mixture is 
less susceptible  to  knock than conventiona l gaso l ine and 
therefore can tolerate higher compression ratios. 

The  specific-heat ratio is related  to  the  fuel’s  molecular 
s t ruc ture .  The less  complex the molecular  s t ruc ture ,  the 
higher the specific-heat ratio. Hydrogen (� = 1.4) has a much 
simpler molecular structure than  gasoline and therefore its 
specific-heat ratio is  higher than that of conventional gaso-
line (� = 1.1). 
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3.8 Emissions Key Points & Notes 

The combustion of hydrogen  with oxygen produces  water as 
its only product: 

2H2 + O2 = 2H2O 

The combustion of hydrogen with air however can also pro-
duce oxides of nitrogen (NOx): 

H2 + O2 + N2 = H2O + N2 + NOx 

The oxides of nitrogen are created due to the high tempera-
t u r e s  g e n e r a t  e d w i t h i n  t h e  c o m b u s t  i o n c h a m b e r  d u  r i  n g 
combustion.  T his high temp er atur e causes some  of  the ni-
trogen in the air to combine with the oxygen in the air. The 
amount of NOx formed depends on: 

• the air/fuel ratio 

• the engine compression ratio 

• the engine speed 

• the ignition timing 

• whether thermal dilution is utilized 

In addition to oxides of nitrogen, traces of carbon monoxide 
and carbon dioxide can be present in the exhaust gas, due to 
seeped oil burning in the combustion chamber. 

Depending on the condition of the engine (burning of oil) and 
the operating  strategy used (a rich versus lean air/fuel ra-
tio), a hydrogen engine can produce from almost zero emis-
sions (as low as a few ppm) to high NOx and significant 
carbon monoxide emissions. 

Figure 3-8 illustrates a typically NOx curve relative to phi for 
a hydrogen engine. A similar graph including other  emis-
sions is shown in Figure 3-9 for gasoline. 
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Figure 3-8 Emissions For A Hydrogen Engine 

Figure 3-9 Emissions For A Gasoline Engine Key Points & Notes 

As Figure 3-9 shows, the NOx for a gasoline engine is re-
duced as phi decreases (similar to a hydrogen engine). How-
e v e r , i n a g a s o l i n e e n g i n e  t h e r e d u c t i o n  i n  N O x  i s 
compromised by an increase in carbon monoxide and hydro-
carbons. 
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3.9 Power Output Key Points & Notes 

The theoretical maximum power output  from a hydrogen en-
gine depends on the air/fuel ratio and fuel injection method 
used. 

As mentioned in Section 3.3, the stoichiometric air/fuel ratio 
for hydrogen is 34:1. At this air/fuel ratio, hydrogen will dis-
place 29% of the combustion chamber leaving only 71% for 
the air. As a result, the energy content of this mixture will be 
less than it would be if the fuel were gasoline (since gasoline 
is a liquid, it only occupies a very small volume of the com-
bustion chamber, and thus allows more air to enter). 

Since both the carbureted  and  port  injectio n methods mix 
the fuel and air prior to it entering the combustion chamber, 
these systems limit the maximum  theoretical power obtain-
able to approximately 85% of that of  gasoline engines. For 
direct injection systems, which mix the fuel with the air after 
the intake valve has closed (and thus the combustion cham-
ber has 100% air), the maximum output of the engine can be 
approximately 15% higher than that for gasoline engines. 

Therefore, depending on how the fuel is  metered, the maxi-
mum output for a hydrogen engine can be either 15% higher 
or 15% less than that of gasoline if a stoichiometric air/fuel 
ratio is used. However,  at a stoichiometric air/fuel ratio, the 
combustion temperature is  very high and as a result it will 
form a large amount of nitrogen oxides (NOx), which is a cri-
teria pollutant. Since one of the reasons for using hydrogen 
is low exhaust emissions, hydrogen engines are not normally 
designed to run at a stoichiometric air/fuel ratio. 

Typically hydrogen engines are  designed to use  about  twice 
as  much air as theoretically required for complete combus-
tion. At this air/fuel ratio, the formation of NOx is reduced 
to near zero. Unfortunately, this also reduces the power out-
put to about half that of a similarly sized gasoline engine. To 
make up for  the  power loss, hydrogen engines are usually 
larger than gasoline engines, and/or are equipped with tur-
bochargers or superchargers. 
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3.10 Hydrogen Gas Mixtures 

Hydrogen can be used advantageously in internal combus-
tion engines as an additive to a hydrocarbon fuel

.

Hydrogen is  most commonly mixed with high pressure natu-

ral gas for this purpose since both gases can be stored in the

same tank. If hydrogen is blended with other fuels, it usually

has to be stored separately and mixed in the gaseous state

immediately  before ignition. In general,  it  is  impractical  to

use hydrogen in conjunction with other fuels that  also re-

quire bulky storage systems, such as propane.


Gaseous hydrogen cannot be stored in the same vessel as a

liquid fuel. Hydrogen’s low density will cause it to remain on

top of the liquid and not mix. Furthermore, liquid fuels are

stored at relatively low pressures so that very little hydrogen

could be added to the vessel.


Liquid  hydrogen  cannot be stored in  the same  vessel as 

other fuels. Hydrogen's low boiling point will freeze other fu-
els resulting in fuel “ice”!


Hydrogen can be used in conjunction with compact  liquid

fuels  such as gasoline, alcohol or diesel provided each are

stored separately. In these applications, the fuel tanks can

be formed to fit into unused spaces on the vehicle. Existing

vehicles of this type tend to operate using one fuel or the

other but not both at the same time. One advantage of this

strategy is that the vehicle can continue to operate if hydro-

gen is unavailable.


Hydrogen cannot be used directly in a diesel (or “compres-
sion ignition”) engine since hydrogen’s autoignition tempera-

ture is too high (this is also true of natural gas). Thus, diesel

engines  must be outfitted with spark plugs  or  use  a  small

amount of diesel fuel to ignite the gas (known as pilot igni-
tion). Although pilot ignition techniques have been developed

for use with natural gas, no one is currently doing this with

hydrogen.


One commercially available  gas  mixture  known  as  Hythane

contains 20% hydrogen and 80% natural gas.  At  this  ratio,

no  modifications are  required  to  a natural gas engine,  and

studies have shown that  emissions are reduced by more

than 20%. Mixtures of more than 20% hydrogen with natu-
ral gas can reduce emissions further but some engine modi-

fications are required.


Key Points & Notes 

NGR Tech Natural Gas / 
Hydrogen Ford Pickup 

Ford Alcohol-Fueled Pickup 
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Lean  o p era t i o n  o f  an y i n t e rn a l c o mb u s t i o n  en g in e  i s  ad van -
t a g e o u s  i n t e rms o f o x id es o f  n i t r o g e n  e mi s s i o n s  a n d  fu e l 
economy. 

Figure 3-10 Hythane Powered Bus 

F o r  h yd ro carb o n  engines , lean  o p era t i o n  a l so  l ead s  t o  l o wer 
e m i s s i o n s o f c a r b o n  m o n o x i d e  a n d  u n b u r n e d h y d r o c a r b o n s . 
As mo re o xygen i s ava i l ab l e  t h a n  r e q u i r e d t o  c o mb u s t t h e  
fuel , the excess  o xygen  o x i d i zes  mo re  ca rb o n  mo n o xi d e  in to 
ca rb o n  d i o x i d e ,  a  l e s s  h a rmfu l emi ss io n .  Th e e xcess  o xygen 
a l s o h e l p s t o c o m p l e t e t h e c o m b u s t i o n ,  d e c r e a s i n g t h e 
amount of unburned hydrocarbons. 

As wi th hydrogen , th e  d rawback  o f  l ean  opera t i on  wi th  hy-
drocarbon fuels is  a  reduced power output .  Lean operat ion of  
h y d r o c a r b o n  e n g i n e s  h a s  a d d i t i o n a l d r a w b a c k s .  L e a n  m i x -
tures are hard to ignite, despi te the  mixture being above the 
LFL of the  fuel . This resul ts  in misfire, which increases un-
b u r n e d h y d r o c a r b o n  e m i s s i o n s , r e d u c e s  p e r f o r m a n c e  a n d 
was t es fu e l . An o th er  d i s a d v a n t a g e  i s  t h e  r e d u c e d  c o n v er s io n 
e f f i c i e n c y  o f  3 - w a y  c a t a l y t i c  c o n v e r t e r s ,  r e s u l t i n g  i n  m o r e  
harmful emissions. 

T o  s o m e  e x t e n t ,  m i x i n g  h y d r o g e n  w i t h  o t h e r  h y d r o c a r b o n  
fuels  reduces  a l l  of these drawbacks .  Hydrogen 's  low igni t ion  
e n e r g y  l i m i t  a n d  h i g h  b u r n i n g  s p e e d m a k e s t h e  h y d r o -
g e n / h y d r o c a r b o n  m i x t u r e e a s i e r t o  i g n i t e , r e d u c i n g  m i s f i r e 
a n d  t h e r e b y i m p r o v i n g e m i s s i o n s ,  p e r f o r m a n c e  a n d  f u e l 
e c o n o m y .  R e g a r d i n g  p o w e r  o u t p u t ,  h y d r o g e n  a u g m e n t s  t h e  
mix tu re ’ s  en erg y  d e n s i t y  a t  l e a n  mix tu res  b y in c reas in g th e 
h y d r o g e n - t o - c a r b o n  r a t i o , a n d t h e r e b y  i m p r o v e s  t o r q u e  a t 
wide-open throttle conditions. 

Key Points & Notes 
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However , the d i f f i cu l ty  a s so c i a t ed  wi th s to r ing adequate Key Points & Notes 
amounts of hydrogen can reduce vehicle range. 
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3.11 Current Status 

A few auto manufacturers have been doing some work in the 
deve lopment  o f  hyd ro gen-powered  vehic les  (Ford  has  re -
cently  announced that they have  developed  a “production 
ready”  hydrogen-powered vehicle using an ICE and BMW 
has completed a world tour displaying a dozen or so hydro-
gen-powered 750i vehicles). However, it is not likely that any 
hydrogen-powered vehicles will be available to the public un-
til there is an  adequate  refueling  infrastructure and trained 
technicians to repair and maintain these vehicles. 

Figure 3-11 BMW’s Hydrogen-Powered Internal Combustion Vehicle 

Like current gasoline-powered vehicles, the design of each 
hydrogen-powered  vehicle will most likely vary from  manu-
facturer to manufacturer and model to model. One model 
may be simple in design and operation, for example, a lean-
burning fuel  meter ing strategy using no  emiss ion cont rol 
systems  such as EGR, catalyt ic converter ,  evaporate  fuel  
canister, etc. Another model  may  be very  sophisticated in 
design and operation, for example, using an EGR fuel meter-
ing strategy with  a  catalytic converter, multiple spark plugs, 
etc. 

Until such  time  that  a  hydrogen  infrastructure  exists,  hy-
drogen/natural  gas  fuel  blends  provide  a  logical transition to 
fully  hydrogen-powered vehicles. These vehicles can operate 
on either fuel, depending on availability. 

Key Points & Notes 
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OBJECTIVES 

At the completion of this module, the technician will understand the: 

•	 advantages and disadvantages of fuel cells over conventional means of power pro-
duction 

• principles upon which fuel cells work


• operating principles and chemical reactions of different types of fuel cells


• comparative advantages and disadvantages of different kinds of fuel cells


• detailed construction of PEM fuel cells and fuel cell stacks


• effect of various parameters on PEM fuel cell performance
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4.1 Fuel Cell Technology Use 

4.1.1 History 

The developments leading to an operational fuel cell can be 
traced back to the early 1800's with Sir William Grove rec-
ognized  as  the  discoverer in 1839. Throughout  the  remain-
der of the century, scientists attempted to  develop fuel cells 
using various fuels and electrolytes. Further work in the first 
half of the 20th century served as the foundation for systems 
eventually used in the Gemini and Apollo space flights. How-
ever, it was not until 1959 that Francis  T.  Bacon success-
fully demonstrated the first fully operational fuel cell. 

Proton exchange  membrane fuel  cel ls  were first used by 
NASA in the 1960's as part of the Gemini  space program, 
and were used on seven missions. Those fuel cells used pure 
oxygen and  hydrogen as the reactant  gases  and  were  small-
scale, expensive and not commercially  viable. NASA's inter-
est  pushed further development, as did the  energy crisis  in 
1973. Since then, fuel cell research  has continued unabated 
and fuel cells have been used successfully in a wide variety 
of applications. 

Figure 4-1 Various Proton Exchange Membrane Fuel Cell Stacks 

4.1.2 Advantages of Fuel Cells 

Fuel cell systems are usually compared to internal combus-
tion engines and  batteries  and offer unique advantages  and 
disadvantages with respect to them. 

Fuel cell systems offer the following advantages: 

Key Points & Notes 

5 kW Fuel Cell System at NASA 
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•	 Fuel cell systems operate without pollution when run on 
pure hydrogen, the only by-products being pure water 
and heat. When run on hydrogen-rich reformate gas mix-
tures, some harmful  emissions result  although they are 
less than those emitted by an internal combustion engine 
using conventional fossil fuels. To be fair, internal com-
bustion engines that combust lean mixtures of hydrogen 
and air also result in extremely low pollution levels that 
derive mainly from the incidental burning of lubricating 
oil. 

•	 Fuel cell systems operate at higher thermodynamic effi-
ciency than heat engines. Heat engines, such as internal 
combustion engines and turbines, convert chemical en-
ergy into heat by way of combustion and use that heat to 
do useful  work.  The  optimum (or  "Carnot")  thermody-
namic efficiency of a heat engine is known to be: 

Where: 
T1 = Absolute temperature of inlet (hot) gas (in °R or K) 
T2 = Absolute temperature of outlet (cold) gas (in °R or K) 

This formula indicates that the higher the temperature of 
the hot gas entering the engine and the lower the tem-
perature of the cold outlet gas after expansion, the higher 
the thermodynamic efficiency. Thus, in theory, the upper 
temperature can be raised an arbitrary amount in order 
to achieve any desired efficiency, since the outlet tem-
perature cannot be lower than ambient. 

However, in a real heat engine the upper temperature is 
limited  by  material  considerations.  Furthermore, in an 
internal combustion engine, the inlet temperature is the 
operating temperature of the engine, which is very much 
lower than the ignition temperature. 

Since fuel cells do not use combustion, their efficiency is 
not linked to their maximum operating temperature. As a 
result, the efficiency of the power conversion step (the ac-
tual electrochemical  reaction  as  opposed to the actual 
combustion reaction)  can be significantly higher.  The 
electrochemical  reaction efficiency  is not  the same as 
overall system efficiency as discussed in Section 4.1.2. 
The efficiency characteristics of fuel cells compared with 
other  electric  power generating systems are shown in 
Figure 4-2. 

Key Points & Notes 
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Figure 4-2 Power Generating Systems Efficiency Comparison Key Points & Notes 

•	 In addition to having higher specific thermal efficiency 
than heat engines, fuel cells also exhibit higher part-load 
efficiency and do not display a sharp drop in efficiency as 
the powerplant size decreases. Heat engines operate with 
highest efficiency when run at their design speed and ex-
hibit a rapid decrease in efficiency at part load. 

Fuel cells, like batteries, exhibit higher efficiency at part 
load than at full load and with less variation over the en-
tire operating range. Fuel cells are modular in construc-
tion with consistent efficiency regardless of size. Reform-
ers, however, perform less efficiently at part load so that 
overall system efficiency suffers when used in conjunc-
tion with fuel cells. 

•	 Fuel cells exhibit good load-following characteristics. Fuel 
cells, like batteries, are solid state devices that react 
chemically and instantly to changes in load. Fuel cell sys-
tems, however, are comprised of predominantly mechani-
cal devices each of which has its own response time to 
changes in load demand. 

Nonetheless, fuel cell systems that operate on pure hy-
drogen tend to have excellent overall response. Fuel cell 
systems that operate on reformate using an on-board re-
former, however,  can be sluggish,  particularly if steam 
reforming techniques are used. 
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•	 When used as an electrical energy generating device, fuel Key Points & Notes 
cells  require fewer energy transformations than  those  as-
sociated with a heat engine. When used as a mechanical 
energy  generating device,  fuel  cel ls  require  an  equal  
number of conversions, although the specific  transforma-
tions are different. 

•	 Every energy transformation has an associate energy loss 
so  that  the fewer transformations there are, the  better 
the efficiency. Thus fuel cells are more ideally suited to 
applications that  require  e lectr ical  energy as  the end 
p r o d u c t ,  r a t h e r  t h a n  me c h a n i c a l  e n e r g y. C o m p a r a t i v e 
energy transformations  for  fuel  cells, batteries and heat 
engines are shown in Figure 4-3. 

Figure 4-3 Comparative Energy Transformations 
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•	 Fuel cell systems suitable for automotive applications 
operate at low temperatures (typically less than 212 
oF/ 100 oC). This is an advantage in that the fuel cells re-
quire little  warmup time, high temperature hazards are 
reduced, and the thermodynamic efficiency of the electro-
chemical reaction is inherently better. This is a disadvan-
tage in that medium-grade waste heat is harder to expel 
(especially in hot climates) so that cooling systems must 
be larger, and the electrochemical reaction proceeds more 
slowly than at high temperatures. Reformers used in con-
junction with fuel cells operate at high temperatures and 
therefore may require prolonged warmup periods. 

•	 Fuel cell systems can be used in co-generation applica-
tions. In addition to electrical power, fuel cells generate 
pure hot water and medium-grade heat, both of which 
can potentially be used in association with domestic or 
industrial applications. When this is done, the overall ef-
ficiency of the combined systems increases. 

• Fuel cell systems do not require tuning. 

•	 Fuel cell systems do not require recharging. Rather, fuel 
cell systems must be re-fueled,  which is faster than 
charging a battery and can provide greater range depend-
ing on the size of the storage tank. 

4.1.3 Disadvantages of Fuel Cells 

Fuel cell systems suffer the following disadvantages: 

•	 Ironically, hydrogen which is of such benefit environmen-
tally when used in a fuel cell, is also its greatest liability 
in that it is difficult to manufacture and store. Current 
manufacturing processes are expensive and energy in-
tensive, and often derive ultimately from fossil fuels. An 
effective hydrogen infrastructure  has yet to  be estab-
lished. 

•	 Gaseous hydrogen storage systems are large and heavy to 
accommodate the low volumetric energy density of hy-
drogen. Liquid  hydrogen  storage systems are much 
smaller and lighter, but must operate at cryogenic tem-
peratures. Alternatively, if hydrogen is stored as a hydro-
carbon or alcohol and released on demand by way of an 
on-board reformer, the storage and handling issues sim-
plify, but some of the environmental benefits are lost. 

•	 Fuel cells require relatively pure fuel, free of specific con-
taminants.  These contaminants  include sulfur and car-
bon compounds, and residual liquid fuels (depending on 
the type of fuel cell) that can deactivate the fuel cell cata-

Key Points & Notes 
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lyst effectively destroying its ability to operate. None of 
these contaminants inhibit combustion in an internal 
combustion engine. 

•	 Fuel  cells  suitable for automotive applications typically 
require the use of a platinum catalyst to promote the 
power generation reaction. Platinum is a rare metal and 
is very expensive. 

•	 Fuel cells must not freeze with water inside. Fuel cells 
generate pure water during the power generating reaction 
and most fuel cells suitable for automotive applications 
use wet reactant gases.  Any residual water within the 
fuel cells can cause irreversible expansion damage if 
permitted to freeze. During operation, fuel cell systems 
generate sufficient heat to prevent freezing over normal 
ambient temperatures, but when  shut down in cold 
weather the fuel cells must be kept warm or the residual 
water must be removed before freezing. This normally en-
tails bringing the vehicle into a heated facility or the use 
of a localized hot air heating device. 

•	 Fuel cells that use proton exchange membranes must not 
dry out during use and must remain moist during stor-
age. Attempts to start or operate these fuel cells under 
dry conditions can lead to membrane damage. 

•	 Fuel cells require complex support and control systems. 
Fuel cells themselves are solid state devices, but the sys-
tems required to support fuel cell operation are not. Of 
particular  note is the requirement for compressed air; 
this necessitates a high-speed compressor that imposes a 
large parasitic load on the overall system. System com-
plexity increases significantly when the fuel cells are op-
erated in conjunction with an on-board reformer. 

•	 Fuel cell systems are heavy. Fuel cells themselves are not 
excessively heavy, but the combined weight of the fuel 
cells, their support  systems and their fuel  storage is 
presently greater than for a comparable internal combus-
tion engine system. Systems that include an on-board re-
former are heavier still. Fuel cell systems are generally 
lighter than comparable battery systems even though the 
battery  systems require less  support equipment.  System 
weight will likely continue to decrease as the technology 
develops. Despite their weight, existing fuel cell prototype 
vehicles have shown that systems can be made suffi-
ciently compact for automotive use. 

•	 Fuel cells are an emerging technology. As with any new 
technology, reductions in cost, weight and size concur-

Key Points & Notes 
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rent with increases in reliability and lifetime remain pri-
mary engineering goals. 

Key Points & Notes 

4.1.4 Applications 

Fuel cells are inherently modular and therefore lend them-
selves to a wide range of applications, from large stationary 
powerplants to small portable power packs. 

Stationary Powerplants 

St a t io nary powerplant applic a t i o ns  ha ve  b e e n  d e mo nstra t  ed 
in a number of pilot projects using a variety of fuel cell tech-
nologies o ver the past decades. The largest powerplant to 
date  is  the  Ballard  Generation  Systems 250 kW natural  gas 
fueled proton exchange  membrane  fuel cell powerplant cur-
rently  operating at  a number  of sites worldwide.  Although 
250 kW is a small amount of power compared to convention-
ally  powered  generating stations, it is adequate to service 
i s o l  a t  ed  n e i g h bo rh  oods  o r  t o p rov  i d e em  e rg  e n c y  back  u p 
power to critical facilities, such as hospitals. 

Stationary powerplants are obvious candidates  for operation 
using conventional fuels, such as natural gas, which can be 
piped to the powerplant and reformed on site. Overall size 
and  warmup time are less critical issues than in smaller, 
mobile applications. In addition to the high  operating effi-
ciency, lo w emissions and good transient response charac-
teristic of fuel cell systems, stationary applications also pro-
duce copious amounts of hot water and waste heat that can 
be used  directly  in the surrounding community, further  in-
creasing the overall system effectiveness. 
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Figure 4-4 250 kW Stationary Fuel Cell Powerplant Key Points & Notes 

Submarines 

Fuel cells systems are attractive for  military submarine ap-
plications due to their low noise and infrared signatures. In 
many ways, fuel cells are a logical replacement for the banks 
of  batteries currently used to power many  submarines. As 
with  stationary powerplants, hot product water can be used 
fo r on-board  domest ic  purposes . Pro to type sys tems  us ing 
pure reactants and on-board reformers  have been demon-
strated in recent years. 
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This 80 kW powetplant was 
built by Ballard Power 
Systems for German 
submarine manufacturer 
Howalthswerke-Deutsche 
Werft AD and operates using 
pure hydrogen and oxygen. 

Key Points & NotesFigure 4-5 Submarine Fuel Cell Powerplant 

Buses 

Buses are the most commercially advanced of all fuel cell 
a p p l i c a t io ns  to  d a t e .  S u c c e s s f u l d e mo n s t r a t i o n p r o g r a ms 
have been carried out by XCELLSiS Fuel Cell Engines, Inc., 
with the introduction of three buses each in Vancouver, BC 
and Chicago, IL  into revenue  service for a period of  two 
years,  and  a year-long field trial program in  Palm Springs, 
CA. In the near future, additional buses will enter service 
throughout Europe and in other areas of the world. All of 
these  buses use  pure hydrogen stored as a high-pressure 
gas; other demonstration vehicles have used liquid fuels and 
incorporate on-board reformer systems. 

Buses are a logical starting point for the introduction of fuel 
cell technology into the transportation sector  for several rea-
sons: they offer a reasonably large platform for system com-
ponents and fuel storage, they can be fueled at a central 
fueling station,  and  they are  regularly maintained by trained 
personnel. 
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Figure 4-6 XCELLSiS Fuel Cell Bus Prototypes Key Points & Notes 
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Cars 

Cars  represent the ultimate market for  fuel cell manufactur-
ers due to the quantities involved worldwide. While cars pro-
vide the major stimulus for fuel cell development, as they are 
a major contributor to air pollution, they also pose some of 
the grea tes t cha l lenges to commerc ia l iza t ion.  These cha l -
lenges include their relatively  small  size,  the  vast fueling 
in f r a s t r uc tu re  r eq u i r ed , and  the i nco ns i s t en t  ma in t enance 
habits of the public at large. In addition,  performance and 
reliability expectations are high,  while cost expectations are 
low. 

Many major car companies are engaged in automotive fuel 
ce l l  p r o g r a ms i n c l u d ing  Da imle r -Chrys l e r ,  Fo rd , Gene ra l  
Motors, Nissan, Mazda, Subaru, Toyota, Honda and Hyun-
dai. Some  of these companies have  built prototype vehicles 
using fuel  cells  with  or  without auxiliary batteries, and fu-
eled using either pure (gaseous or liquid) hydrogen or refor-
mate. 

Lack of an existing hydrogen infrastructure is  a serious de-
terrent to automotive fuel cell use. To this end, many current 
prototypes  use an on-board reformer with  methanol as  the 
p refer red  fue l ,  a l though gasoline systems  are  a lso  under 
investigation.  Although this alleviates some of the fuel avail-
ability and  storage  problems,  i t  increases  the  amount of 
hardware that must  be installed in the vehicle (thereby in-
creasing cost and complexity) , and introduces control and 
performance problems associated  with  reformers.  Of course, 
use  of  a  reformer  does  not  completely el iminate harmful 
emissions, and  does little or  nothing to reduce dependence 
on fossil fuels. 

Some automotive manufacturers have  made commitments to 
introduce fuel cell vehicles to the market in the early years of 
the first decade of this century. It is likely that these vehicles 
will make their debut within fleet operations so that fueling 
and maintenance issues can be minimized. 

Key Points & Notes 

Ford TH!NK 2000 Fuel Cell Car 

Nissan Fuel Cell Vehicle 

Honda Fuel Cell Vehicle 
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Figure 4-7 Daimler-Chrysler Necar Fuel Cell Vehicle Prototypes Key Points & Notes 
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Portable Power Systems Key Points & Notes 

Portable fuel cell systems can potentially be used in  many 
app l ica t ions  tha t  cur rent ly r e ly o n  ba t te r ies .  Commerc ia l  
units that provide up  to 1.2 kW (4100 Btuh) of electrical 
power are now available. 

Figure 4-8 Portable Fuel Cell Systems 
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4.2 Principle of Operation 

A fuel cell is an energy conversion device that converts the 
chemical energy of a fuel directly into electricity without any 
intermediate thermal or mechanical processes. 

Energy is released whenever a fuel reacts chemically  with 
the oxygen in air .  In an internal combustion engine, the 
reaction occurs combustively and the energy is released in 
the form of heat, some of which can be used to do useful 
work by pushing a piston. In a fuel cell, the reaction occurs 
electrochemically  and the energy is released as a combination 
of low-voltage DC electrical energy and  heat. The  electrical 
energy can be used to do useful work directly while the heat 
is either wasted or used for other purposes. 

In galvanic (or "voltaic") cells, electrochemical reactions form 
the basis in which chemical energy is converted into electri-
cal energy. A fuel cell of any type is a galvanic cell, as is a 
battery.  In contrast,  in electrolytic  cells, electrical energy is 
converted into chemical energy, such as in an electrolyzer or 
electroplater. 

A basic feature of fuel cells is that the electric current load 
determines the consumption rate of hydrogen and oxygen. In 
an actual systems application,  a variety of electrical loads 
may be applied to the fuel cell. 

4.2.1 Galvanic Cells 

In principle, all galvanic cells consist of two electrodes — an 
anode and  a cathode — and an electrolyte. The anode, or 
negative (fuel) electrode, is made of a substance that is read-
ily oxidized  (releases electrons). The cathode, or positive (oxi-
dant) electrode,  is  made  of  a  substance  that is readily re-
duced  (accepts electrons) . When used together, the anode 
and cathode are two halves of  a spontaneous oxidation -
reduction  reaction. In other words, the anode and cathode 
are at a high energy state and wish to combine to achieve a 
lower energy state. 

For a chemical reaction to occur,  the reactive elements must 
be in contact with each other so that electrons can be ex-
changed and bonds formed. If the anode and cathode are in 
direct contact,  a  react ion can  occur where their surfaces 
touch. No useful  work results as the electrons pass between 
the electrodes directly; all of the energy of reaction manifests 
itself as heat. 

In order to take advantage of the available electrical energy, 
the electrodes must be separated in  such  a way that elec-

Key Points & Notes 

The term cathode always 
applies to the electrode at 
which reduction (a gain of 
electrons) takes place and the 
term anode always applies to 
the electrode at which 
oxidation (a loss of electrons) 
takes place. Thus, during 
operation of a fuel cell, the 
cathode is electrically 
positive and the anode is 
negative. During the opposite 
reaction of electrolysis, the 
cathode is electrically 
negative and the anode is 
positive. Electrons flow 
spontaneously from an 
electrically negative terminal 
to an electrically positive 
terminal. 
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trons can flow from the  anode  to  the  cathode  through an 
external load while still being in  some form of  contact  to 

Key Points & Notes 

enable the reaction to proceed. To achieve this, the anode 
and cathode are separated by an electrolyte. 

An electrolyte is a substance that conducts ions. An ion is an 
a tom or  gr oup of a t  oms  t hat  has acqui red an electr ical  
charge through the loss or gain of one or more electrons. 
Ions with a positive charge have lost one or more electrons 
and are known as positive ions or “cations”. Ions  with  a 
negative charge have gained one or more electrons and are 
known as negative ions or “anions”. 

For example, when table salt (NaCl) is dissolved in water, it 
dissociates into a sodium cation (Na+) and a chlorine anion 
(Cl�). When an ion moves through an electrolyte, the charge 
moves with it. Thus, ionic movement imparts a form of con-
ductivity to the electrolyte. Consequently salty water is more 
conductive than fresh water. 

Although an electrolyte  conducts ions ,  it  does not  conduct 
electricity. Electricity is the flow of  free electrons  such as 
through a metal. If the electrolyte were to conduct electricity 
in addition to ions, the anode and cathode would be short-
circuited just as if they were in full contact. It is this duality 
of ionic conduction and electrical insulation that allows elec-
trolytes to form the essential basis of all practical galvanic 
cells. 

Figure 4-9 Galvanic Cell Operation 

In practice, the anode material dissolves into the electrolyte 
forming positively charged cations and leaves behind  a cor-
responding buildup of  free electrons  within the anode itself. 
T his buildup  o f  e l e c t r o ns  ma ni  fe  s t  s i t s e l f as  a ne ga t ive 
charge. Conversely, the cathode material has a tendency to 
attract  positive cations that originate from either the anode 
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(with which it reacts) or from the substance of the electrolyte 
itself. 

The accumulation of cations on the cathode manifests itself 
as a positive charge. Thus, an electrical potential exists be-
tween the cathode and the anode since the former is posi ­
tively charged with respect to the latter. However, this is a 
static situation since the charge  only builds up to a point 
beyond  which there  i s  insufficient chemical  a t t ract ion  to 
generate additional ions. This charge can  be  measured as 
the open-circuit voltage (OCV) and is a property of the chosen 
electrode materials and to some extent on cell temperature. 

The chemical reaction between the anode and cathode can-
not move to completion as long as the electrons remain 
trapped  within the anode. These electrons are essential to 
the formation of the final reaction product and to the release 
of the reaction energy. In order to release the electrons, the 
electrical circuit between the two electrodes  must be com­
pleted  through an  external flow path.  If the external flow 
path includes a load, the electrons do useful  work on their 
way to the cathode. 

Once  the anode  and cathode are connec ted ,  the surp lus 
electrons from the anode flow into the cathode, completing 
the chemical reaction.  As  the  cathode  loses  its  electron ex­
cess and therefore its  negative charge, more cathode ions 
dissolve to produce a new excess of electrons. As the cathode 
gains  electrons  and  loses its positive charge,  more  positive 
cations are attracted to the cathode. 

In  short, electrons flow from the anode to the cathode by 
way of the external load and then join the positively charged 
ions that  migrate  through the  electrolyte. This flow contin ­
ues until the anode is consumed, the electrolyte is unable to 
furnish further cations, or the load path is removed. The rate 
of reaction is set by the size of the load. 

Overall, the net chemical change that occurs  within  a gal ­
vanic cell is the result of the individual reactions at the an-
ode and the cathode, which always remain balanced in such 
a way that the same number of electrons are gained and 
lost. As the react ion completes,  a react ion product com­
pound is formed at the cathode.  The reaction product de ­
pends on the chemical composition of the electrodes and can 
be a gas, a liquid or a solid. This product compound must be 
removed as it would otherwise  block the reaction sites and 
thereby impede further reaction. 

Practical galvanic cell designs often include a porous barrier 
between the anode and cathode. This barrier is permeable to 

Key Points & Notes 
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the electrolyte but slows the ion flow and provides mechani­
cal separation between the electrodes. 

The electrolyte is the heart of every galvanic cell. Different 
types of electrolytes account  for fundamentally  different de-
signs of both batteries and fuel cells. Electrolytes may be 
liquids  or solids and typically include salt, acid  or alkali 
c o mp o und s .  Rega rd le s s  o f  t he i r  co mp o s i t i o n ,  e l ec t r o l y t e s 
must  have  good ionic conductivity  while being electrically 
no n-cond uc t ive ,  mus t  be  no n- reac t ive wi th  t he e l ec t rode  
ma t e r i a l s ,  a n d  e x h i b i t  l i t t l e  c h a n g e  i n  p r o p e r t i e s wi t h  
changes in temperatures. 

4.2.2 Fuel Cells 

In a fuel cell, the fuel and the oxidant gases themselves 
co mp r i se the ano d e  and ca thode  respec t ive ly.  Thus , t he 
physical structure of a fuel cell is one where the gases are 
directed through flow channels to either side of the electro­
lyte. The electrolyte  is  the  dist inguishing feature between 
different types of  fuel cells. Different electrolytes conduct 
different specific ions. 

Electrolytes can be liquid or solid; some operate at high tem­
pe ra tu re ,  and  some  a t  l ow  t emp era tu r e .  Lo w- t emp era tu r e 
fuel cells tend to require a noble metal catalyst, typically 
p l a t i n u m, t o  e n c o u r a g e t h e e l e c t r o d e  r e a c t i o n s  wh e r eas 
high-temperature fuel cells do  not. Most fuel cells suitable 
for automotive applications use a low temperature solid elec­
trolyte that conducts hydrogen  ions as shown in Figure 4-

Key Points & Notes 

10. 

In principle, a fuel cell can operate using a variety of 
and oxidants. Hydrogen  has  long  been  recognized as  
most effective fuel for practical fuel cell use since it 
higher electrochemical reactivity than other fuels, such 
hydrocarbons or alcohols. Even  fuel  cells  that  operate 

fuels 
the 
has 

as 
di ­

rectly on fuels other than hydrogen tend to  first decompose 
into  hydrogen and  other elements before the reaction takes 
place. Oxygen is the obvious choice of oxidant due to its high 
reactivity and its abundance in air. 
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Figure 4-10 Generic Hydrogen Fuel Cell Operation Key Points & Notes 

Comparison of Fuel Cells with Batteries 

Fuel cells and batteries are both galvanic cells and therefore 
have many similarities. Both  fuel cells and  batteries consist 
of an anode and a cathode in contact with an electrolyte. 
Both devices generate electrical  energy by converting chemi­
cal energy from a high energy state to a lower energy state 
using an electrochemical reaction. 

These reactions occur at the anode and cathode with elec ­
tron  transfer  forced through an external  load  in  order  to 
complete the reaction.  Individual cells of  both batteries and 
fuel cells generate only small DC voltages, which are then 
combined in series to achieve substantial voltage and  power 
capacities. 

Fuel cells differ from batteries in the nature of their anode 
and cathode. In a battery, the anode and cathode are metals; 
zinc or lithium is typically used for the anode and metallic 
oxides for the cathode. In a fuel cell, the anode and cathode 
are composed of gases often in contact with a platinum cata­
lyst to promote the power generating reaction. Hydrogen or a 
hydrogen-rich gas mixture is typically used as the anode and 
oxygen or air as the cathode. 

Fuel cel ls a lso differ  f rom  ba t te r ies  in  the fundamental 
method in  which the chemical reactants are stored. In  a 
battery, the anode and cathode form an integral part of the 
ba t te ry  s t ruc ture and a re  consumed during use. Thus,  a 
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battery can only operate until these materials are fully con- Key Points & Notes 
sumed after which it must either be replaced or recharged, 
depending on the nature of the materials. 

In a fuel cell, the chemical reactants are supplied from an 
e x t e r nal  so ur ce so  th  at  i ts  mater ials  of const r uc t i o n a r e 
never consumed and do not need to be recharged. A fuel cell 
continues  to  operate  as  long  as  reactants are supplied and 
the reaction products are removed. 

Comparison of Fuel Cells with Internal Combustion Engines 

Fuel  cells  and  internal  combustion  engines share similarities 
of form. Both fuel cells and internal combustion engines use 
gaseous fuel, drawn from an external fuel storage system. 
Bo t h s ys t e ms us e hydrogen-rich  fuel.  Fuel cells  use pure 
hydrogen or  a refo rmate gas mixture. Internal  comb u st ion 
e ngi  ne  s t y p i c a l l y use  hy d r o ge  n-con t a i n i  ng fo  ss i  l  fue  l s d i -
rectly,  although they c o ul d b e c o nfigured  to  operate using 
pure hydrogen. 

Both systems use compressed air as the oxidant; in  a fuel 
cell engine the air is compressed by an external compressor. 
In an interna l c o mb us t i o n engi ne,  the air  is  comp ressed 
internally  through p i ston a c t ion.  Both systems require  cool-
ing,  a l though engine s  o p e r a t e  a t  hi ghe r  t e mp e r a tur e s  tha n 
fuel cells. 

In  some respects,  fuel cells and internal combustion engines 
a r e fund a me ntally different. Fuel cells react the fuel a n d 
o x idan  t e lec t roch  emica l ly  wh ereas  in  te rn  a l  com b u s t ion  e n -
gines react the fuel and oxidant combustively. Internal com-
bu s t ion en g i n es are  mech an ical  devi ces that  generate  me-
chanical energy while  fuel  cells  are  solid  state devices that 
ge  ne r a t e e lectr i  c a l  e ne  r gy  ( a l t ho ugh t he  syst  e ms use  d  t o 
support fuel cell operation are not solid state). 
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Key Points & Notes 

Figure 4-11 Fuel Cell, Battery and Internal Combustion Engine Comparisons 

Pollution is related to the fuel composition and the reaction 
temperature. Fuel cell  engines operat ing on pure hydrogen 
produce  no  harmful  emissions;  those  that  operate on hydro ­
gen-rich reformate  produce some harmful  emissions depend ­
ing  on the nature of the process. Internal combustion en­
g i n e s o p e r a t i n g  o n  p ur e  hyd r o ge n  c a n  b e  d e s i g n e d t o 
produce almost zero harmful emissions; those that run on 
conventional fuels produce significantly more pollution. 
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4.3 Types of Fuel Cells 

Types of fuel cells differ primarily by the type of electrolyte 
they employ. The type of electrolyte, in turn, determines the 
operating temperature, which varies widely between types. 

High-temperature  fuel  cells  operate  at greater than 1100 °F 
(600 °C).  These high temperatures permit  the spontaneous 
internal  reforming  of l ight hydrocarbon  fuels  — such as  
methane — into hydrogen and carbon in the presence of 
water. This reaction occurs at the anode over a nickel cata­
lyst provided that adequate heat is always available. This is 
essentially a steam reforming process (see Section 2.1.2.2). 

Internal reforming eliminates the need for  a separate fuel 
processor ,  and can  use fue ls  o ther than pure  hydrogen. 
These significant advantages lead to an increase in overall 
efficiency by as  much as 15%. During the electrochemical 
reaction that follows, the fuel cell draws on the chemical 
energy released during the reaction between  hydrogen and 
oxygen to form water ,  and the reac t ion be tween  carbon 
monoxide and oxygen to form carbon dioxide. 

High-temperature fuel  cel ls  a lso  generate  high-grade waste 
heat, which can be used in downstream processes  for co ­
generation purposes. 

High-temperature fuel cells react easily and efficiently with-
out an expensive noble metal catalyst, such as platinum. On 
the other hand, the amount of energy released by the elec­
t rochemica l  reac t ion degrades  as  the reac t ion temperature 
increases. 

H igh- t emp era tu r e fue l  ce l l s  suffe r f rom  seve re  ma te r i a l s  
p rob lems. Few  ma te r i a l s can  wo rk  for  extended  per iods  
without degradation  within  a chemical environment at high 
t emp era tu r e .  Fur thermore ,  h igh- t emp era tu r e ope ra t i on  does  
not lend itself easily to large-scale operations and is not 
suitable where quick startup is required. As a result, current 
high-tempera tu r e fue l  ce l l s  app l i ca t i ons  have focused on 
s ta t ionary power p lan t s  whe re  t he e f f i c i enc i e s  o f  i n te rna l 
reforming  and co-generative capabilities outweigh  the  disad ­
vantages of material breakdown and slow startup. 

The most prominent high-temperature fuel cells are: 

• molten carbonate 

• solid oxide 

Low-temperature fuel cells typically operate below 480 °F 
(250 °C). These low temperatures do not permit  internal re-

Key Points & Notes 
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forming, and therefore require  an  external source of hydro­
gen.  On the  other hand, they  exhibit  quick startup, suffer 
fewer materials problems and are easier to handle in vehicle 
applications. 

The most prominent low-temperature fuel cells are: 

• alkaline 

• phosphoric acid 

• proton exchange membrane (or solid polymer) 

4.3.1 Molten Carbonate Fuel Cells 

Molten carbonate fuel cells  use an electrolyte that conducts 
carbonate (CO3

2–) ions from the cathode to the anode. This is 
the opposite of many other types of fuel cells, which conduct 
hydrogen ions from the anode to the cathode. 

The electrolyte is composed  of  a  molten mixture  of lithium 
and potassium carbonates. This mixture is retained by capil ­
lary  forces within  a ceramic support matrix of lithium alu­
minate. At the fuel cell operating temperature, the electrolyte 
structure is  a thick paste, and the paste provides gas seals 
at the cell edges. 

Figure 4-12 Molten Carbonate Fuel Cell 

Key Points & Notes 
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Molten carbonate fuel cells operate at about 1200 °F (650°C) 
and a pressure of 15 to 150 psig (1 to 10 barg). Each cell can 
produce up to between 0.7 and 1.0 VDC. 

Advantages and Disadvantages 

The advantages of molten carbonate fuel cells are that they: 

•	 support spontaneous internal  reforming of  light  hydro-
carbon fuels 

• generate high-grade waste heat 

• have fast reaction kinetics (react quickly) 

• have high efficiency 

• do not need noble metal catalysts 

The disadvantages are that they: 

•	 require the development of  suitable materials that are 
resis tant to  corrosion,  are dimensional ly s table,  have 
high endurance and lend themselves to fabrication. 

Corrosion is a particular problem and can cause nickel 
oxide from the cathode to dissolve into the electrolyte, 
loss of electrolyte, deterioration of separator plates, and 
dehydration or flooding of the electrodes. All of these cor­
rosion effects result in a decline in performance, limit cell 
life, and can culminate in cell failure. Use of a platinum 
catalyst overcomes some  of these problems, but elimi­
nates an important cost-saving advantage. 

Dimensional instability  can cause electrode  deformation 
that alters the active surface and loss of 

Key Points & Notes 

area 
contact and high resistances between components. 

•	 have a high intolerance to sulfur. The 
cannot tolerate more than 1-5 ppm 
(primarily H2S and COS) in the fuel 
a significant performance loss. 

may cause 

anode in particular 
of sulfur compounds 
gas without suffering 

•	 have a liquid electrolyte, which introduces liquid han­
dling problems 

• require a considerable warmup period 

Reaction 

Molten carbonate fuel cells  can  operate using pure hydrogen 
or light  hydrocarbon  fuels.  When a hydrocarbon, such as 
methane, is introduced to the anode in the presence of wa­
ter, it absorbs heat and undergoes  a steam reforming reac­
tion: 
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CH4 + H2O � 3H2 + CO 

When using other  light hydrocarbon fuels,  the number  of 
hydrogen and carbon monoxide  molecules may  change but 
in principle the same products result. 

The reactions at the anode are: 

(1) 3H2 + 3CO3 
2– 
� This is the hydrogen reaction 

3H2O + 3CO2 + 6e– and occurs regardless of fuel 

(2) CO + CO3
2– 
� This is the carbon monoxide 

2CO2 + 2e– reaction and occurs only when 
using a hydrocarbon fuel 

The reaction at the cathode is: 

(1) 2O2 + 4CO2 + 8e– This is the oxygen reaction and 
4CO32– occurs regardless of fuel 

The CO3
2- ion is drawn through the electrolyte from the cath­

ode to the anode by the reactive attraction of hydrogen and 
ca rbon  mo no xide  t o  oxygen, whi le e l ec t rons  a r e  fo r ced  
through an external circuit from the anode to the cathode. 

Combining the anode and cathode reactions, the overall cell 
reactions are: 

(1) 2H2 +O2 � 2H2O	 This is the hydrogen reaction 
and occurs regardless of fuel 

(2) CO + 1/2O2 � CO2	 This is the carbon monoxide 
reaction and occurs only when 
using a hydrocarbon fuel 

Thus, the fuel cell produces water, regardless of  fuel, and 
carbon dioxide if  using  a hydrocarbon  fuel. Both product 
water and carbon dioxide must be continually removed from 
the cathode to facilitate further reaction. 

4.3.2 Solid Oxide Fuel Cells 

Solid oxide fuel cells  use an electrolyte that conducts oxide 
(O2-) ions from the cathode to the anode. This is the opposite 
of most types of fuel cells, which conduct hydrogen ions from 
the anode to the cathode. 

The electrolyte is composed of a solid oxide, usually zirconia 
(stabilized with other rare earth element oxides like yttrium), 
and takes the form of a ceramic. 

Solid oxide fuel cells are built like computer chips through 
sequential deposition of various layers of material. Common 
configurations include tubular and flat (planar) designs. The 

Key Points & Notes 
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designs differ in the extent of dissipative losses within cells, Key Points & Notes

in the manner of sealing between the fuel and oxidant chan­

nels, and in the manner that cell-to-cell electrical connec ­

tions are made in a stack of cells. Metals such as nickel and

cobalt can be used as electrode materials.


Solid oxide fuel cells operate at about 1830 °F (1000 °C) and

a pressure of 15 psig (1 barg). Each cell can produce be-

tween 0.8 and 1.0 VDC.


Figure 4-13 Solid Oxide Fuel Cell (Tubular Design) 

Advantages and Disadvantages 

The advantages of solid oxide fuel cells are that they: 

•	 support  spontaneous  internal  reforming of  hydrocarbon 
fuels. 

Since oxide ions — rather than hydrogen ions — travel 
through the electrolyte, the fuel cells can in principle be 
used to oxidize any gaseous fuel. 
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• operate equally well using wet or dry fuels Key Points & Notes 

• generate high-grade waste heat 

• have fast reaction kinetics 

• have very high efficiency 

• can operate at higher current densities than molten car-
bonate fuel cells 

• have a solid electrolyte,  avoiding problems asso ciated 
with handling liquids 

• can be fabricated in a variety of self-supporting shapes 
and configurations 

• do not need noble metal catalysts 

The disadvantages are that they: 

• require  the  development of suitable  materials that have 
the required conductivity, remain solid at high tempera-
tures, are chemical1y compatible with other cell compo-
ne nt  s ,  a r e  d i me nsi  o na l l y st  a b l e ,  ha ve hi  g h e n d u r a nc e 
and lend themselves to fabrication. 

Few materials can operate at high temperatures and re-
main solid over long periods of time. Furthermore, the se-
lected materials must be dense to prevent mixing of the 
fuel and oxidant gases, and must have closely matched 
thermal expansion  c ha r a c t e r i s t i c s  t o  avo id d elamination 
and cracking during thermal cycles. 

• have a moderate intolerance to sulfur 

Solid oxide fuel cells are more tolerant to sulfur com-
pounds than are molten carbonate fuel cells, but overall 
levels must still be limited to 50 ppm. This increased sul-
fur tolerance makes these fuel cells attractive for heavy 
fuels. Excess sulfur in the fuel decreases performance. 

• do not yet have practical fabrication processes 

• the technology is not yet mature 

Reaction 

Solid oxide fuel  cells can operate using pure hydrogen or 
hydrocarbon fuels,  just  like molten carbonate fuel cells. This 
results in an inlet fuel stream comprised of hydrogen with or 
without carbon monoxide. 
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The reactions at the anode are: 

(1) H2 + O2– 
� This is the hydrogen reaction 
–H2O + 2e and occurs regardless of fuel 

(2) CO + O2– 
� This is the carbon monoxide 

CO2 + 2e– reaction and occurs only when 
using a hydrocarbon fuel 

The reaction at the cathode is: 

(1) 1/2O2 + 2e– 
� O2–	 This is the oxygen reaction and 

occurs regardless of fuel 

The  O2– ion is drawn through the electrolyte from the cath­
ode to the anode by the reactive attraction of hydrogen and 
ca rbon  mo no xide  t o  oxygen, whi le  e l ec t rons  a r e  fo r ced  
through an external  circuit from the anode to the  cathode. 
Since the ions move from the cathode to the anode, this is 
the opposite of most types of fuel cells, the reaction products 
accumulate at the anode rather than the cathode. 

Combining the anode and cathode reactions, the overall cell 
reactions are: 

(1) H2 + ½O2 � H2O	 This is the hydrogen reaction 
and occurs regardless of fuel 

(2) CO + ½O2 � CO2	 This is the carbon monoxide 
reaction and occurs only when 
using a hydrocarbon fuel 

Thus, the fuel cell produces water — regardless of fuel — 
and carbon dioxide if  using a hydrocarbon fuel. Both prod­
uct  water and carbon dioxide must be continually removed 
from the cathode to facilitate further reaction. 

4.3.3  Alkaline Fuel Cells 

Alkaline fuel cells use an electrolyte that conducts  hydroxyl 
(OH–) ions from the cathode to the anode. This is opposite to 
many other types of  fuel cells that conduct hydrogen  ions 
from the anode to the cathode. 

The electrolyte is typically composed of  a molten alkaline 
mixture such as potassium hydroxide (KOH). The electrolyte 
can be mobile or immobile. 

Mobile alkaline electrolyte fuel cells  use a fluid electrolyte 
t ha t  con t inuo us ly  c i r cula tes be tween  the e l ec t rodes .  T he 
product water and waste heat dilute and heat the liquid elec­
trolyte but are removed from the cell as the electrolyte circu­
lates. 

Key Notes & Notes 
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Immobile alkaline electrolyte fuel cells use an electrolyte that 
consists of a thick paste retained by capillary forces within a 
porous  support  matr ix  such as asbestos. The paste itself 
provides  gas  seals at the cell edges. Product water evapo­
rates into the source hydrogen gas stream at the anode from 
which it is subsequently condensed. The waste heat is re-
moved by way of a circulating coolant. 

Alkaline fuel  cells operate at about 150 to 430 °F (65 to 
220 °C) and a pressure of about 15 psig (1 barg). Each cell 
can produce up to between 1.1 and 1.2 VDC. 

Figure 4-14 Alkaline Fuel Cell 

Advantages and Disadvantages 

The advantages of alkaline fuel cells are that they: 

• operate at low temperature 

•	 have fast startup  times  (50% rated power at ambient 
temperature) 

• have high efficiency 

• need little or no expensive platinum catalyst 

• have minimal corrosion 

• have relative ease of operation 

• have low weight and volume 

Key Points & Notes 
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The disadvantages are that they: Key Points & Notes 

• are extremely intolerant to CO2 (about 350 ppm maxi-
mum) and somewhat intolerant of CO 

This is a serious disadvantage and limits both the type of 
oxidant and fuel that can be used in an alkaline fuel cell. 
The oxidant must be either pure oxygen or air that has 
been scrubbed free of carbon dioxide. The fuel must be 
pure hydrogen due to the presence of carbon oxides in re-
formate. 

• have a liquid elec tr o lyte,  introducing liquid handling 
problems 

• require complex water management 

• have a relatively short lifetime 

Reaction 

Alkaline fuel cells must operate  using pure hydrogen free of 
carbon oxides. 

The reactions at the anode are: 

(1) H2 + 2K+ 2OH– 
� 2K + 2H2O 

(2) 2K � 2K+ + 2e– 

The reactions at the cathode are: 

(1) 1/2O2 + H2O 2OH 

–(2) 2OH + 2e � 2OH– 

The OH– ion is drawn through the electrolyte from the cath-
ode to the anode by the reactive attraction of hydrogen to 
oxygen,  while electrons are forced  through an  external  cir-
cuit from the anode to the cathode. 

Combining the anode and cathode reactions, the overall cell 
reactions are: 

–(1) H2 + 2OH– 
� 2H2O + 2e 

–(2) 1/2O2 + H2O + 2e � 2OH– 

Thus, the fuel cell produces water that either evaporates into 
the source hydrogen  stream (in an immobile system) or is 
flushed out of the cells along with the electrolyte (in a mobile 
system). This water must be continually removed to  facilitate 
further reaction. 
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4.3.4 Phosphoric Acid Fuel Cells 

Phosphoric acid fuel cells  use an electrolyte that conducts 
hydrogen ions (H+) from the  anode  to  the  cathode. As its 
name implies, the electrolyte is composed of liquid phospho­
ric acid  within a silicon carbide matrix material. (Some acid 
fuel cells use a sulfuric acid electrolyte.) 

Phosphoric acid fuel cells operate at about 300 to 400 °F 
(150 to 205 °C) and a pressure of about 15 psig (1 barg). 
Each cell can produce up to about 1.1 VDC. 

Figure 4-15 Phosphoric Acid Fuel Cell 

Advantages and Disadvantages 

The advantages of phosphoric acid fuel cells are that they: 

•	 are tolerant of carbon dioxide (up to 30%). As a result, 
phosphoric acid fuel cells can use unscrubbed air as oxi­
dant, and reformate as fuel. 

•	 operate at low temperature,  but  at  higher  temperatures 
than other low-temperature fuel cells. Thus, they produce 
higher grade waste heat that can potentially be used in 
co-generation applications. 

•	 have stable electrolyte  characteristics  with  low volatility 
even at operating temperatures as high as 392 °F (200°C) 

Key Points & Notes 

A new form of acid fuel cell 
currently under development 
uses a solid acid electrolyte. 
These cells are made of 
compounds such as CsHSO4 
and operate at temperatures up 
to 480 °F (250 °C) with open 
circuit voltages of 1.11 V. 
These cells offer the advantages 
of operation without humidity, 
moderate carbon monoxide 
tolerance, and support auto-
reforming of methanol. They 
suffer from disadvantages of 
sulfur degradation, high 
ductility at temperatures above 
257 °F (125 °C), and water 
solubility. Practical 
manufacturing techniques have 
not yet been developed. 
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The disadvantages are that they: 

• can tolerate only about 2% carbon monoxide 

• can tolerate only about 50 ppm of total sulfur compounds 

•	 use a corrosive liquid electrolyte at moderate tempera­
tures, resulting in material corrosion problems 

•	 have a liquid electrolyte, introducing liquid  handling
problems. The electrolyte slowly evaporates over time. 

• allow product water to enter and dilute the electrolyte 

• are large and heavy 

• cannot auto-reform hydrocarbon fuels 

•	 have to be warmed up before they are operated or be 
continuously maintained at their operating temperature 

Reaction 

Phosphoric acid fuel cells react hydrogen with oxygen. 

The reactions at the anode are: 

(1) H2 � 2H+ + 2e– 

The reaction at the cathode is: 

(1) ½O2 + 2e– + 2H+ 
� H2O 

The H+ ion is drawn through the electrolyte from the anode 
to the cathode by the reactive attraction of hydrogen to oxy­
gen,  while  electrons  are  forced  through an external  circuit. 
Combining the anode and cathode reactions, the overall cell 
reaction is: 

(1) H2 + ½O2 � H2O 

Thus,  the  fuel  cell  produces water that accumulates at the 
cathode. This product water  must be continually  removed to 
facilitate further reaction. 

4.3.5 Proton Exchange Membrane (PEM) Fuel Cells 

Proton exchange membrane (PEM) (or “solid polymer”) fuel 
cells use an  electrolyte that conducts hydrogen ions  (H+) 
from the anode to the cathode. The electrolyte is composed of 
a solid polymer film that consists of a form of acidified Tef­
lon. 

PEM fuel cells typically operate at 160 to 195 °F (70 to 90 °C) 
and a pressure of 15 to 30 psig (1 to 2 barg). Each cell can 
produce up to about 1.1 VDC. 

Key Points & Notes 

PEM fuel cells are currently the 
most promising types of fuel cell 
for automotive use and have 
been used in the majority of 
prototypes built to date. As a 
result, the remainder of this 
course will focus exclusively on 
PEM fuel cells. 
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Figure 4-16 PEM Fuel Cell 

Advantages and Disadvantages 

The advantages of PEM fuel cells are that they: 

•	 are tolerant of carbon dioxide. As a result, PEM fuel cells 
can  use unscrubbed air as oxidant, and reformate as 
fuel. 

•	 operate at low temperatures. This simplifies materials 
issues, provides for quick startup and increases safety. 

•	 use a solid, dry electrolyte. This eliminates liquid han-
dling, electrolyte migration  and  electrolyte replenishment 
problems. 

•	 use  a non-corrosive electrolyte.  Pure water operation 
minimizes corrosion problems and improves safety. 

• have high voltage, current and power density 

• operate at low pressure which increases safety 

• have good tolerance to differential reactant gas pressures 

• are compact and rugged 

• have relatively simple mechanical design 

• use stable materials of construction 

Key Points & Notes 
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The disadvantages are that they: 

• can tolerate only about 50 ppm carbon monoxide 

• can tolerate only a few ppm of total sulfur compounds 

• need reactant gas humidification 

Humidification is  energy intensive and increases  the 
complexity of the system. The use of water to humidify
the gases limits the operating temperature of the fuel cell 
to less than water’s boiling point and therefore decreases 
the potential for co-generation applications. 

• use an expensive platinum catalyst 

• use an expensive membrane that is difficult to work with 

Reaction 

PEM fuel cells react hydrogen with oxygen. 

The reactions at the anode are: 

(1) H2 � 2H+ + 2e– 

The reaction at the cathode is: 

(1) ½O2 + 2e– + 2H+ 
� H2O 

The H+ ion is drawn through the electrolyte from the anode 
to the cathode by the reactive attraction of hydrogen to oxy­
gen,  while electrons are forced through an external circuit. 
Combining the anode and cathode reactions, the overall cell 
reaction is: 

(1) H2 + ½O2 � H2O 

Thus, the fuel cell produces water that accumulates at the 
cathode. This product  water must be continually removed to 
facilitate further reaction. 

Direct Methanol PEM Fuel Cells 

PEM fuel cells can also run  using  methanol fuel directly, 
rather  than hydrogen.  Although the  energy  released during 
this reaction is  less than  when using pure hydrogen, it re­
sults in a much simpler fuel storage system and circumvents 
the need to produce hydrogen. 

In a direct  methanol PEM fuel  cell, the cells are supplied 
with a liquid mixture of methanol and water at the anode, 
and air at the cathode. At 266 °F (130 °C), a noble catalyst 
immediately decomposes the methanol according to the reac ­
tion: 

Key Points & Notes 
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CH3OH + H2O � 6H+ + CO2 + 6e– Key Points & Notes 

Oxygen, from the air, ionizes and reacts with the hydrogen to 
form water: 

3/2O2 + 6e– + 6H+ 
� H2O 

Combining the anode and cathode reactions, the overall cell 
r eac t ion results  in  pure  water  and carbon  d ioxide .  This 
technology is still in its infancy, but holds great promise for 
the future. 
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4.4 PEM Fuel Cell Stack Construction Key Points & Notes 

Individual fuel cells have an maximum output voltage on the 
order of 1 VDC. Substantial  voltages and power outputs are 
obtained by connecting many cells electrically in  series to 
form a fuel cell stack, much like a loaf of sliced bread. Differ-
ent designs of fuel cell stacks use fuel cells of varying di-
mensions and in varying quantities. 

Physically, each  fuel  cell  consists  of  a membrane electrode 
assembly (MEA), which consists of the anode, cathode, elec-
t ro  l y t e a n d ca ta ly  s t ,  s an  d wi ch  ed  be tween two f l ow  f i e ld  
plates made of graphite. The plates channel the fuel and air 
to opposite sides of the MEA. The MEA and flow field plates 
are presented in greater detail in the next section. 

Coolant is used to regulate the fuel cell reaction tempera-
ture.  T o fa c ilitate this,  cooling plates  are  placed between 
each fuel cell. These cooling plates channel the coolant past 
the fuel cells to absorb or supply  heat as required. Seals 
between the gr aph i te  plates ens ure that the oxidant, fuel  
and coolant streams never mix within the fuel cells. 

Electrical endplates are placed at either end of the series of 
flow field plates. These endplates are connected to the termi-
nals from which the output power is extracted, and typically 
include the fluid and gas interface connections. The entire 
sequence of plates is held together by a series of tie rods or 
other mechanical means. 

Practical fuel cell design focuses on achieving a high power 
output per area of  membrane, scaling the active membrane 
area to a useful  size, and making the overall stack suitably 
compact for its intended use. Critical areas of concern are 
seals, flow field  pattern  tolerances  and cell alignment. As 
with any commercial product, the resulting  design  must be 
r e l i a b l e , m a nu  f ac tu  r ab le ,  econ  o mi ca l ly  v i ab le  an  d h a v e  a 
significant operating life. 
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Figure 4-17 Basic PEM Fuel Cell Stack Arrangement 
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4.4.1 Membrane Electrode Assembly (MEA) Key Points & Notes 

The MEA is the heart of the fuel cell. The MEA consists of a 
solid  p o lymer electr o lyte membrane sandwiched  between two 
porous carbon  electrodes.  A platinum catalyst is integrated 
between the membrane and the electrodes. T he electrode 
as  s emb lies  often  include  integral  seals where they con t act  
adjacent components. 

Figure 4-18 PEM Membrane Electrode Assemblies 

Electrodes 

T he  e l e c t r o d e s  p r o vi d e  t he  i nt erface bet we e n  t he  r eactant 
gases and electrolyte. As such they must allow wet gas per-
meation, provide a reaction  surface where they contact the 
electrolyte, be conductive to the free electrons that flow from 
anode to cathode, and  be constructed  of compatible materi-
als.  Carbon  fiber paper is  typically used for this purpose 
s ince i t  is  p o r o us,  h yd r o p h o b ic  (n o n -wettab l e) ,  co nd uc t ive 
and non-corrosive. The electrode material is very thin to 
maximize gas and water transport. 

A catalyst is added to the surface of each electrode where it 
contacts the electrolyte in order to increase the rate at which 
the chemical reaction occurs. A catalyst promotes a chemical 
reaction by providing ready  reaction  sites but is  not con-
sumed in the process. Platinum is typically used  for this 
purp o se  d u e  t o  i t s  h i g h  e l e c t r o -c a t a l ytic activity, stab ility 
and electrical conductivity. Platinum is very  expensive,  so 
the amount used (known as the catalyst loading) is a signifi-
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cant factor in the cost of a fuel cell. Fuel cell designers strive 
to  minimize the amount of platinum used  while maintaining 

Key Points & Notes 

good cell performance. 

Electrolyte 

The solid polymer electrolyte is the ultimate d istinguishing 
characteristic of a PEM fuel cell. 

The electrolyte is a thin membrane of a plastic-like film that 
ranges  in  thickness  from 50  to 175 �m (microns). These 
me mb r a nes are composed of per fl  u o r o s ulfo nic acid s , which 
are Teflon-like fluorocarbon polymers  that  have  side chains 
ending in sulfonic acid groups (–SO3 

2–).  Thus, PEM fuel cells 
ultimately  use an acidic electrolyte just like phosphoric acid 
fuel cells. 

All acidic solid polymer electrolytes require the presence of 
water molecules for hydrogen ion conductivity since hyd r o -
gen ions move together with water molecules during the ion 
exchange reaction. The ratio of water to hydrogen ions for 
effective conductivity is typically  about  3:1.  For  this  reason, 
the gases in contact with the membrane must be saturated 
with water for effective fuel cell operation. 

Figure 4-19 A Solid Electrolyte Membrane For Ballard's PEM Fuel Cells 

At the molecular level, the polymer  has a tubular structure 
in which the sulfonic acid groups are on the inner surface of 
the tubes. These groups provide the hydrophilic (readily wet-
table] conduits  for conduction. The outer parts of  the tubes 
are hydrophobic fluorinated material. T he tubular structures 
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shrink  and  rearrange  as  the  water content decreases. As 
these  tubes cont rac t  d ur ing d ehyd ra t ion,  the conduct ivi ty  
drops  sharply resulting in  higher contact resistance between 
the membrane and the electrode. This can lead to cracks or 
holes in the membrane. 

A number of commercial membranes are available such as 
Nafion, produced by Dupont,  and others by the Dow Chemi­
cal Company.  In addition,  fuel cell manufacturers like Bal­
lard  Power Systems have developed their own proprietary 
membranes. 

All electrolytes must perform the fundamental functions  of 
being  a proton conductor, an electron insulator and a gas 
separa to r .  In  add i t ion,  manufac tu r e r s s t r ive to p roduce  
membranes  tha t  have r ea sonab le  mechanica l  s t rength,  d i ­
mensional stability (resistance to swelling), high ionic con ­
ductivity, low equivalent weight (the weight of polymer rela­
t ive to  the number of acid si tes) , and tha t  a re  eas i ly  
manufacturable .  To  some extent , mechanical  and dimen ­
sional stability  of the polymer is provided through its inte­
gration into  a  membrane  electrode assembly which adds  a 
supporting structure. 

4.4.2 Flow Field Plates 

The flow field plates channel fuel and oxidant  to opposite 
sides of the MEA. 

Each flow field plate contains a single gas channel of serpen­
tine design that maximizes gas contact with the MEA. The 
specific shape of the gas channels is critical for uniform 
power generation, stable cell performance and correct prod ­
uct water management.  Different flow field plate designs are 
tailored to various fuel cell applications. 

Each plate must be electrically conductive so that the cur-
rent released during the electrochemical reaction can  flow 
from one cell to the next, and  ultimately to the electrical 
endplates from which the stack power is drawn. 

The plates are typically made of graphite into which the flow 
channels are either machined or  pressed.  Graphite is the 
preferred material due to its excellent conductivity, low con­
tamination and relatively low cost. 

Coolant plates, placed between each fuel cell, are of similar 
design and construction to the gas flow field plates. Coolant 
flow channels are designed for effective heat management. 

Key Points & Notes 
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Figure 4-20 PEM Flow Field Plates

Flow field and coolant plates incorporate gas and water ports Key Points & Notes

used to distribute evenly the fuel, oxidant and coolant that

enter and exit the stack. Seals between the graphite plates

ensure that these flow streams do not mix.


Figure 4-21 Assembling a PEM Fuel Cell Stack 
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4.4.3 Humidifiers Key Points & Notes 

Humidification of the reactant  gases is an important aspect 
of PEM fuel cell operation.  Without adequate humidification, 
ion conduction cannot occur and fuel cell damage can result. 

The amount of water that a gas can absorb is highly depend-
ent on the humidification temperature — particularly at low 
pressure. Ho tter  gases can  hold  mo r e  wa ter than  colder 
gases. 

Since the goal of  humidification is to saturate the reactant 
gases with as much  water  as  possible,  the  gases must be 
humidified at or near the fuel cell operating temperature (as 
set by the stack coolant temperature). If  humidified at a 
lo  we r temp erature, the gas would  no lo n g e r b e  saturated 
once it reached the operating temperature. If humidified at a 
higher temperature, some  water  would condense into the gas 
paths once it dropped to the operating temperature. 

On some fuel cell stacks, humidifiers are integrated into the 
stack itself. On other fuel cell stacks, humidifiers are sepa-
rate, external components. 

Internal  humidifiers  consist  of  an additional series of  graph-
ite plates assembled into the fuel cell stack. This separates 
the stack into an active section, which contains the fuel 
cells, and an inactive section,  which contains the humidifier 
plates. The humidification plates are similar to flow field 
plates and are used to channel gas and water to either side 
of  a  hydrophilic membrane. The  water  migrates  across  the 
me mb r a ne and saturates the adj ace nt  ga s.  A var ie ty  o f 
membranes are commercially available for this purpose. 

Internal humidifiers draw water  directly from the  stack cool-
ant stream and results in a simple, well integrated system 
with excel lent te mp er atu r e ma tch i n g ch aracter ist ics  .  How-
eve r , this a r r a ngement  precludes  the use  of  anything other 
than pure water as coolant. Pure water exacerbates cold 
weather starting problems as  the  cooling water would freeze. 
I n a d d i t i o n , t h  e co  m b in  ed  s t ack  /h  u m id  i f  i e r  t en  d s t o  b e 
bulky and complicates  service since both components  must 
be repaired concurrently. 

External humidifiers  are  most  commonly  of either a mem-
brane or a contact design. Membrane humidifiers operate in 
the same fashio n a s inte r na l humidifiers  although they  are 
packaged separately. Contact humidifiers operate by spray-
ing humidification water onto a hot surface or into a cham-
ber  of high surface area through which one of the reactant 
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gases flows. The water then evaporates directly into the gas 
causing it to saturate. 

External  humidifiers  draw water either  from the stack cool-
ant stream  or  from  a separate humidification  water circuit. 
The advantages and disadvantages of drawing  water  from 
the coolant stream are the same as with an internal humidi­
fier.  When using a separate humidification water circuit,  a 
stack coolant wi th  super ior  low-tempera ture character ist ics 
than  water  may be used,  although the humidifier  and stack 
tempera tur e ma tch ing  p rocess  becomes  mo re  comp l i ca t ed .  
Regardless of the water source, use of external humidifiers 
results  in individual  components that  are  less bulky and 
potentially more robust, especially on a contact design. 

Key Points & Notes 
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Ballard’s Mk900 fuel cell stack 
generates 80 kW of power from 
a volume of only 61 L when run 
on pure hydrogen. 

Figure 4-22 Ballard's State-of-the-Art Mk900 PEM Fuel Cell Module 

4.5.1 Efficiency 

The efficiency of fuel cells is often touted as one of the pri­
mary benefits of the technology. Although this is true in 
principle,  it  is  important to dist inguish between fuel cell  
stack efficiency and fuel cell system efficiency. 

Fuel Cell Stack Efficiency 

Fuel cell stack efficiency is commonly taken to mean the 
actual efficiency of the electrochemical reaction.  This effi ­
ciency can be derived as follows. 

The amount of energy released when  hydrogen and oxygen 
combine to form water according to the reaction H2 + ½O2 � 
H20 is quantified as the “enthalpy of reaction” (�H°).  This 
value is measured experimental ly and depends on  whether 
the water is formed as a gas or a liquid. For fuel cells, the 
water forms as a gas and the enthalpy of reaction is known 
to be: 

Where: 
moleWater = 6.023 x 1023 molecules of water 

The negative sign denotes that the energy is released during 
the reaction, and not absorbed. 

Key Points & Notes 
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This value of the enthalpy of reaction is only strictly correct Key Points & Notes

at 77 °F (25 °C) and 1 atmosphere. The effect of temperature

is  more significant than pressure, and the amount of re- 

leased energy decreases as the temperature goes up. This

change in available energy only varies by  a few percent

within  PEM fuel cell operating temperatures, but can be as

much as 30% lower for high-temperature fuel cells. For this

reason, high-temperature fuel cells are inherently  less pow­

erful than low-temperature fuel cells.


Unfortunately, not all of the enthalpy of reaction is available

to do useful work. A portion of the enthalpy adds to the dis­

order of the universe in the form of entropy and is lost; the

remainder is known as the “Gibbs free energy” (�G°). For

gaseous  water (at 77 °F/25 °C and 1 atmosphere) this is

known to be:


The amount of hydrogen and 
oxygen consumed is directly 
related to the operating 
current: 

•	 0.43 in3 (7.0 cm3 ) of 
hydrogen are consumed per 
minute per ampere per cell 

•	 0.21 in3 (3.5 cm3) of oxygen 
are consumed per minute per 
ampere per cell 

Actual gas flow rates may be 
higher depending on 
stoichiometry and dilution of 
the fuel and oxidant with non-
reactive gases. 
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Similarly, using metric units: 

Thus each cell  can generate  a  maximum theoretical voltage 
of 1.187 V (at 77 °F/25 °C and 1 atmosphere). The fuel cell 
efficiency  is  therefore simply  the  proportion of the actual 
voltage the cell  produces with respect to this theoret ical 
maximum: 

For a real fuel cell, typical voltages are between 0.5 and 
0.6 V at normal operating loads and can reach 1.1 V at open 
circuit conditions. The electrochemical efficiency is therefore 
typically between approximately 40 and 50% with open cir ­
cuit conditions reaching 90%. 

Fuel Cell System Efficiency 

Fuel cell system efficiency relates to the overall performance 
of a fuel cell powerplant. 

A fuel cell stack can only operate if provided with pressur­
ized air and hydrogen and flushed with coolant. Practical 
fuel cel l  systems require addit ional equipment to regulate 
the  gas  and  fluid  streams,  provide lubrication, operate auxil ­
iary equipment, manage the electrical output and control the 
process.  Some systems include reformers for fuel processing. 
All of this equipment introduces losses and reduces the total 
efficiency of the system from its theoretical ideal. 

In  order  to  make  meaningful efficiency comparisons between 
fuel cell and other power generating  systems, each power-
plant must be defined in a similar way. 

When comparing a fuel cell powerplant to an internal com­
bustion engine for  an  automotive application,  it  is  conven­
ient to define each as a device that inputs fuel and air and 
delivers mechanical output power to a driveshaft. In either 
case, fuel is drawn from a tank in either gaseous or liquid 
form that has been stored after refining or other processing. 

Both  systems compress atmospheric  air ;  the internal  com­
bust ion engine uses p i s ton ac t ion  whereas  the fue l  ce l l  
powerplant uses an external compressor. The internal com-

Key Points & Notes 
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bustion engine delivers  mechanical power to the driveshaft 
directly  while the fuel cell powerplant uses an inverter and 

Key Points & Notes 

electric motor. Both systems reject waste heat to the ambi-
e nt sur r o undings using a  coolant  pump,  radiator and o t he r 
he  a t ma na ge me nt  e q ui  p me nt .  Bot  h  s ys t ems  suppl  y  e q ua  l 
auxiliary vehicle loads. 

The overall efficiency of an internal combustion engine is 
often quoted as between 15 and 25%. These values are rep-
resentative of the output efficiency at the wheels of a vehicle; 
efficiencies at the output of  the flywheel are more typically 
between 30 to 35% and even higher for diesel engines. 

For a fuel cell powerplant operating on pure hydrogen, the 
comp arable efficiency  breakdown  at  the output of  the fly-
wheel is roughly as follows: 

Fuel cell efficiency: 40 to 50% 
Air compression: 85% (uses 15% of gross power) 
Inverter efficiency: 95% 
Electric motor efficiency: 97% 

Multiplying each of these values together  yields  an overall 
system efficiency of roughly 31 to 39%. 

For a fuel cell  system that operates using a reformer, these 
efficiencies are further reduced by 65 to 75% (depending on 
the type  of  reformer) for  an  overall system efficiency of 
roughly 20 to 29%. 

More difficult to q uantify is the effect of  overall system 
weight. Fuel cell systems (including fuel storage) are heavier 
t h  a n  i n  t e r n  a l  c o m  b u s t i o n  e n g i n e s y s t e m  s  o f  c o m  p a r a b l e  
power and range, and therefore use more power on an ongo-
ing basis. 

Batteries  have  electrochemical  efficiencies comparable to fuel 
cells. When used as an automotive powerplant, battery sys-
tems  also  require  an  inverter and electric mo tor,  although 
they do not require air compression,  complex cooling equip-
ment or reformers.  Batteries as a means of power storage are 
heavier  than fuel  cells  although this  is  offset somewhat  by 
the elimination of other components. 

When stepping back  further, the source of  fuel becomes an 
essential component of the overall efficiency. With an inter-
nal  combustion engine,  this usually  involves  refining hydro-
carbon fuels.  With a fuel cell, this involves producing hydro-
gen  from fossil fuels or through water  electrolysis,  or  the 
production of secondary fuels  such as methanol for use with 
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an on-board reformer. With a battery system, this involves a 
source of electrical power for charging. 

Analysis of these factors  is complex and depends on the 
source fuel, processing  method, handling and transportation 
difficulty, and other factors  such as the energy required to 
compress or liquefy the final fuel. In the end, these factors 
reduce the overall fuel cost although this cost may not take 
into account the cost associated with long-term damage of 
the environment. 

4.5.2 Polarization Characteristics 

In an ideal world, the theoretical optimum fuel cell voltage of 
1.2 V would be realized at all operating currents.  In reality 
fuel cells achieve their highest output voltage at open circuit 
(no load) conditions and the voltage drops off with increasing 
current draw. This  is known as  polarization and is repre­
sented by a polarization curve as shown in Figure 4-23. 

Figure 4-23 Typical PEM Fuel Cell Polarization Curve 

The polarization curve characterizes the cell  voltage as  a 
function of  current.  The  current, in turn,  depends on the 
size of the electrical load placed across the fuel cell. In es­
sence the polarization  curve shows the electrochemical effi ­
ciency of the fuel cell at any operating current since the effi­
ciency is the ratio of the actual cell voltage divided by the 
theoretical maximum of 1. 2 V (see Section 4.5.1) 

Key Points & Notes 

Fuel cell designers often use 
“current density” rather than 
current when characterizing 
fuel cell performance. Current 
density is calculated as the 
current divided by the active 
area of the fuel cell with units 
of A/cm2. Current density 
indicates how effictively the 
MEA materials are being 
utilized; high current density 
indicated greater utilization 
than low current density. 
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Batteries  have polarization curves very much like fuel cells. Key Points & Notes

Both  batteries and  fuel cells exhibit excellent partial load

performance since the vol tage increases as the load de- 

creases. In contrast , internal  combustion engines operate 

most efficiently at full load and exhibit 
efficiency at part load. 

Polarization is caused by chemical and 
sociated with various elements of the fuel 
limit the reaction processes when current 
are three basic regions affecting the overall polarization: 

•  activation polarization 

•  ohmic polarization (or resistance polarization) 

•  concentration polarization 

The deviation of cell potential from ideal 

a rapid decrease in 

physical factors as-
cell. These factors 
is flowing.  There 

behavior is a direct 
result of the sum of these factors over the entire load range. 

Activation Polarization 

Activation polarization is  related  to  the energy barrier that 
must be  overcome to initiate a chemical reaction  between 
reactants.  At low current draw, the electron transfer rate is 
slow and a portion of the electrode voltage is lost in order to 
compensate for the lack of electro-catalytic activity. 

Ohmic Polarization 

Ohmic  polarization (or “resistance polarization”) occurs  due 
to resistive losses in the cell. These resistive losses occur 
within the electrolyte (ionic),  in the electrodes (electronic and 
ionic), and in the terminal connections in the cell  (elec ­
tronic). Since the stack plates and electrolyte obey Ohm’s 
law (V=IR), the amount of voltage lost in order to force con­
duction varies linearly throughout this region. 

Concentration Polarization 

Concentrat ion polar izat ion results  when  the  electrode reac ­
tions are hindered by mass transfer effects.  In this region, 
the reactants become consumed at greater rates than they 
can be supplied while the product accumulates at a greater 
rate than it can be removed. Ultimately these effects inhibit 
further reaction altogether and the cell voltage drops to zero. 

4.5.3 Power Characteristics 

Electrical power is the product of its voltage and current 
(P=Vl). Since a fuel cell’s polarization curve indicates the 
relationship between voltage and current at all operating 
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conditions, it can  be  used to  derive a corresponding  power 
curve. At any point along the curve the instantaneous power 
is  represented  graphically as the  rectangular  area  that  just 
touches the curve. A typical power curve is shown in Figure 
4-24. 

Maximum power occurs at approximately 0.5 to 0.6 V, which 
corresponds to relatively high current. At the peak point, the 
internal resistance of the cell is equal to the electrical resis­
tance of the external circuit. However, since efficiency drops 
with increasing voltage,  there  is  a  t radeoff  between high 
power and high efficiency. Fuel cell system designers must 
select  the  desired  operating range according to whether  effi ­
ciency or power is paramount for the given application. It is 
never desirable to  operate in the range beyond  where the 
power curve drops off. 

Figure 4-24 Typical PEM Fuel Cell Power Curve 

4.5.4 Temperature and Pressure Effects 

The shape of a polarization curve depends on the operating 
temperature and pressure of the stack. In general, a family 
of polar ization curves can be drawn that characterize the 
stack performance over its entire operating envelope. 

Key Points & Notes 

Fuel cell designers assess the 
overall effectiveness of a fuel 
cell stack in terms of its 
volumetric power density. This 
is calculated as its maximum 
power divided by its physical 
volume with units of W/L.  High 
power density indicates that 
much power is being drawn 
from a small unit. Power 
density for state-of-the-art 
PEM fuel cells exceeds 1350 
W/L; a decade ago power 
density was on the order of 90 
W/L. 
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Fuel cell polarization curves 
tend to drop as the fuel cells 
age. 

Figure 4-25 Polarization Curve Variations 

In general,  any  parameter variation that causes the polariza ­
tion curve to  go  up is beneficial since this results in  greater 
power and higher electrochemical efficiency. The converse is 
also true. 

Pressure 

Fuel cel l polar izat ion curves typically increase with increas ­
ing  operat ing  pressure .  Conversely, the polar izat ion curves  
decrease with decreasing operating pressure. 

The reason  for  this  is  that  the  rate  of the chemical reaction 
is proportional to the partial  pressures  of  the  hydrogen  and 
the oxygen.  (Each gas  within  a gas mixture contributes a 
partial pressure, the sum of which makes up the total pres ­
sure.) Thus, the effect of increased  pressure is most promi­
nent  when using a dilute oxidant  (like  air) or  a dilute fuel 
(like reformate). In essence, higher pressures  help to  force 
the hydrogen and  oxygen in to  contac t wi th  the e lectro lyte .  
This sensitivity to pressure is greater at high currents. 

A l t h o u g h a n i n c r e a s e  i n p r e s s u r e  p r o m o t e s  t h e e l e c t r o ­
chemical  react ion , i t in t roduces  other  problems.  Fuel  cel l  
stack flow field plates  work better  at  low pressure since they 
exhibit smaller flow-induced pressure losses. Fuel cell seals 
operate  under  addi t ional s t ress .  Addit ional a i r  compress ion 
is required, which absorbs more  of  the gross  power.  Other 
system components  must  be  re-designed accordingly;  some gases. 
components must increase in size and cost. 

Key Points & Notes 

Use of a pure fuel (like 
hydrogen) or oxidant (like 
oxygen) increases stack 
polarization curves. This effect 
is essentially one of partial 
pressure: when no other gases 
are present, all of the available 
pressure helps force the 
hydrogen and oxygen into 
contact with the electrolyte and 
none is lost pressurizing other 
gases. 
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Ult imate ly  ,  i n c r e a s e s  i n  p r essu  r e ach  iev  e d imin  i sh  in  g r e -
t ur ns whe n c o nsi d e r i ng both  s t ack e f  f i c ien  cy and o ve r a l l 

Key Points & Notes 

system  conseq uences. Because of these factors, PEM fuel 
cells are typically operated at pressures  no  greater than  a 
few atmospheres. 

Temperature 

Fuel cell polarization curves increase with increasing operat-
ing temp eratur e .  Co nversely,  th  e polar izat ion c u r ves de-
crease with decreasing operating temperature. 

T he reaso n  f o r th  is  is  th  at  h i g h e r t e m p e r a t u r e s i mp r o ve 
mass transfer within the fuel cells and results in a net de-
crease in cell resistance (as the temperature increases, the 
electronic conduction in  metals decreases but the ionic con-
duction in the electrolyte increases). Together, these effects 
improve the reaction rate. 

T h e a c c u  m u l a t i o n  o f p r o d u c t  w a t e r  w i t h  i n  t h  e o x  i d a n  t 
stream effectively limits operating temperatures to below 212 
°F (100 °C). At this temperature, the water boils and the 
resulting steam severely reduces the partial pressure of the 
oxygen.  This, in turn, drastically  reduces cell performance 
due to oxygen starvation.  This can damage the fuel cells and 
reduce their life. 

T o  so me  e xt e nt  ,  higher temperatures ca n b e  achieve d  b y 
operating at higher  pressures since this increases the  water 
boiling point accordingly. However, this effect is slight at the 
practical PEM fuel cell operating pressures. 

The net effect is that fuel cell voltage increases with tempera-
ture  until  the temperature approaches the b o iling  point  of 
water at which point the voltage begins to decline. The opti-
mum temperature occurs near 175 °F (80 °C) where the two 
effects balance each other as shown in Figure 4-26. Typically 
operating temperatures are 158 to 194 °F (70 to 90 °C). 
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Figure 4-26 Effect of Temperature on Fuel Cell Voltage 

As with  high pressure operation, operation at elevated tem­
p e r a tu r e s a f fec t s  a l l  sys tem components , some of  which 
must be re-designed accordingly. 

4.5.5 Stoichiometry Effects 

Fuel cell polarization curves  increase  with  increasing reac ­
tant gas stoichiometry. Conversely, the polarization curves 
decrease with decreasing reactant gas stoichiometry. 

The reason for this is that higher stoichiometry increases the 
chance  tha t  suf f i c i en t  numb er s  o f hydrogen  and oxygen  
molecules interact with the electrolyte. Insufficient stoichi ­
ometry deprives (or “starves”) the fuel cell stack of sufficient 
reactants and may cause permanent damage. 

Stoichiometry is the ratio of the amount of gas present rela­
tive to the amount of that gas that is needed to exactly com­
plete the reaction.  This is much like the definition of specific 
gravity where densities are indicated  relative to  a reference 
substance.  Thus,  a stoichiometric  ratio of 1.0 provides ex­
actly the  correct  number  of  gas  molecules to theoretically 
complete the reaction. Stoichiometric ratios greater than 1.0 
provide  excess gas and  ratios less than 1.0 provide insuffi­
cient gas. A stoichiometric ratio of 2.0 provides exactly twice 
the number of gas molecules as required. 

As  gas stream stoichiometr ic rat io increases, the resulting 
fuel cell voltage approaches its terminal voltage asymptoti ­
cally as shown in Figure 4-27. Practical fuel cell stacks are 

Key Points & Notes 

The stoichiometric ratio 
provides a fundamental method 
of comparing the gas utilization 
of different energy conversion 
divices.  For example, steam 
plants typically run at an air 
stoichiometric ratio of about 
4.0 and diesel electric 
generators typically run at a 
ratio of about 7.0 
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typically  operated  at  a hydrogen stoichiometric ratio of 1.4 
and an air stoichiometric ratio  of  2.0 at rated load; addi ­
tional gas provides little additional benefit. Higher stoichi­
ometric ratios are required when operating at low power. 

Figure 4-27 Effect of Stoichiometry on Fuel Cell Voltage 

4.5.6 Humidity Effects 

Sufficient  gas  stream humidification is essential  to PEM fuel 
cell operation since water molecules move  with the hydrogen 
ions during the ion exchange reaction. 

Insuff ic ient humid i f icat ion  water  dehydra tes  the membrane 
and can lead to cracks or holes in the membrane. This re­
sults in a chemical short circuit, local gas mixing, hot spots, 
and the possibility of fire. 

Conversely,  excess  humidificat ion water  leads  to  condensa ­
tion and flooding within the flow field plates. This, in turn, 
can result in  a phenomenon  known as cell reversal where 

Key Points & Notes 

the affected cells produce a zero or negative voltage. If a large 
enough negative voltage occurs,  the  affected fuel  cells start 
to act like an electrolyzer. This produces a lot of heat and 
can potentially destroy the cell. Cell monitoring systems are 
typically installed to detect cell reversal before cell damage 
occurs. 

Humidity is typically  measured as “relative humidity”; rela ­
tive since it depends on the pressure and temperature of the 
gas.  When a gas has absorbed as much water as it is physi-
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cally able to at a given pressure and temperature, it is said 
to be saturated and has a relatively humidity of 100%.  If 

Key Points & Notes 

that saturated  gas then  becomes hotter  (without the addition 
of more water), the relative humidity drops. (Every degree 
Celsius increase in temp erature drops  the relative humidity 
by approximately 4%.)  If the gas cools, some of the water 
co nd enses and the gas remains saturated  at the new tem-
perature. 

Fuel cells are typically operated at or near saturated condi-
tions at the fuel cell operating temperature (as  set by the 
s tack co  o l an  t te  mp e r a t u r e ) .  T h i s  p r o v id  es  th  e ma x i mu m 
amount of water possible while preventing flooding. 

The use of water for humidification purposes effectively lim-
i t s fue l o p e r a t i n g and storage temperature to betwe e n 3 2 
and 212 °F (0 and 100 °C). Outside of these limits, the water 
freezes and boils respectively. 

A fu r t h er co nsid er atio n is that the humidifier  wat e r must 
remain  non-conductive. Failure to do so causes short cir-
cuits and corrosion currents within the fuel cell stack. Water 
becomes conductive as it  abso r b s io ns  fr o m its sur r o und -
ings.  To  eliminate these ions, the  water  must  continuously 
flow through a de-ionizing filter. 
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OBJECTIVES 

At the completion of this module, the technician will understand: 

• the systems required to operate a fuel cell engine 

• the components and functionality of each fuel cell system 
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5.1 Introduction 

A fuel cell stack requires fuel, oxidant and coolant in order 
to  operate. The composition, pressure and flow rate of each 
of these streams must be regulated. In addition, the gases 
must  be  humidified and the coolant temperature must  be 
controlled. To achieve this, the fuel cell stack must be sur­
rounded by a fuel system, fuel delivery  system, air system, 
stack cooling system and humidification system. 

Once operating, the output power generated by the fuel cells 
mus t  be  cond i t ioned and abso rbed  by  a l oad .  Su i t ab l e  
a la rms  must  shut  down the p ro cess i f  unsafe  opera t ing 
conditions  occur  and  a  cell  voltage  monitoring  system must 
monitor  fuel  ce l l s tack per fo rmance . These funct ions are  
performed by electrical and control systems. 

When a fuel cell powerplant is installed in a transit bus, it 
must interface with  the  power  train,  steering circuit ,  bus 
cooling  system and HVAC system. The power train includes 
the drive motor, transmission and ancillary components. The 
steering circuit uses pressurized  hydraulic oil to  operate the 
steering  mechanism.  The bus cooling system removes  heat 
from standard bus and fuel cell components, supplies heat 
to the HVAC system, and rejects waste heat to the environ­
ment. The HVAC system provides coach heat and air condi­
t ioning. This  equipment  requires  subsidiary lubricat ion and 
hydraulic systems in order to operate. 

In addition, the presence of hydrogen on-board  a bus re-
quires additional equipment to ensure passenger safety. This 
takes the form of a leak detection system to detect escaped 
hydrogen and a fire suppression system to detect and exting­
uish fires. 

Key Points & Notes 
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5.2 System Descriptions Key Points & Notes 

The following system descriptions  pertain  to  a  bus applica-
tio n using p u r e h yd r o g e n s t o r e d  a s  a hi gh p r e ssur e ga s. 
These descriptions are based on the Phase 3 and 4 fuel cell 
buses designed and  built by XCELLSiS Fuel Cell Engines, 
Inc. T his information represents the most complete descrip-
tion curr e ntly available,  although it  cannot  cover  all hard-
ware configurations and variations. 

These system descriptions indicate the basic functionality  of 
each  syst em, the typ e o f components required,  and their  
interrelationships. Specific fuel cell buses differ from these 
descriptions in a variety of details depending on the state of 
the art at the time of manufacture, constraints imposed by 
the specific bus chassis, and the level of component integra-
tion. 

For the purpose of clarity, transducers, switches and other 
incidental components are not included in the descriptions. 

5.2.1 Air System 

The air system supplies regulated air to the fuel cells to feed 
the power generation reaction. 

A m b i  e n t  a i r  e n t e r s  t h e a i r s ys t e m a n d p a  s s e  s t h r o u g  h a 
particulate filter to remove debris from the air and a silencer 
to muffle the downstream compressor noise. 

Th e air is co mpressed in two stages using a air compressor 
an d  a tu  r b o c h a r g e r .  T h e sp eed  o f  th  e a i r  co mp resso r b o t h 
in creases th e  a i r  p r e s s u r e  a n d  s e t s  t h e air  f l o w rate.  Th e 
t u  r b  o c h  a r g  e r  f u r t h  e r  i n  c r e a s e s  t h  e p r e s s u  r e  b y  r e c o  v e r i n  g 
ene rgy fr  om  t he  e xha ust  a i r  s t  re a m. U nde r norma l  ope r a t i ng 
c o n d i t io n s , th e air  p r essu re en terin g th e f u el  cell  stack s i s 
nominally 30 psig (2 barg). 

Ai r  p r e ssu  r i za t io  n  g r e a t ly in  c reases  th  e t emp e ra tu  r e o f  th  e 
air stream and may introduce oil particles (a fuel  cell poison) 
f ro m th e interactio n  o f the lu b ricatio n system with the com-
p r esso rs.  To  p r ev en t d a mag e to th e f u e l  cells,  th e h o t air  
s t ream p asses  th  ro  u gh a n i n t e r c o o l e r a f ter  th  e a i r  co mp res-
sor to cool it to the fuel cell operating temperature. The heat 
is transferred to the bus cooling system. 

The cooled air destined  for the fuel cell stacks flows through 
an in let  f i l ter to remo ve an y  o i l  co n t amin an ts an d  a mass 
f l o w meter to measu re th e actual air fl  o w. Th e air  stream 
t h e n p a s s e s th rough  a humidif ier, where it is saturated wi t h 
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w a t e r  a t  t h e s t a c k  o p e r a t i n g  t e m p e r a t u re ,  a n d  e n t e r s  t h e 
fuel cell stacks where it feeds the power generation reaction. 

The depleted  hot air that exits the fuel cell stacks contains 
water as a  p roduc t  o f  the  power  genera t ion  reac t ion  and 
f rom  humid i f ica t ion .  Th is  wate r  i s  pr imar i ly in  the vapor 
state  and is largely recovered by passing  the  air  through a 
c o n d e n s e r  a n d  a  c o a l e s c i n g  a i r / w a t e r s e p a r a t o r .  Th e  c o n -
denser  t ransfers  heat  to  the bus  coo l ing system.  Both  the 
c o n d e n s e r  a n d  s e p a ra to r pass recovere d w a t e r  t o t h e  h u ­
midification water  tank. Some air flows into the header  tank 
along with the water; this provides positive ventilation  of the 
tank wh i le main ta in ing a pressure  balance between the a i r  
and water systems. 

Downstream of the water separator,  the air turns  the turbo-
charger  turbine,  passes through a second silencer, and vents 
to the atmosphere. 

Figure 5-1 Air System Flow Diagram 

Key Points & Notes 
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5.2.2  Fuel Storage System Key Points & Notes 

The fuel  s torage system receives ,  s tores  and d i spenses the 
hydrogen  fuel. The fuel storage system consists of  a fueling 
circuit ,  the storage cylinders, a high pressure  circuit  and a 
motive pressure circuit. 

Figure 5-2 Fuel Storage System Flow Diagram 

Fueling Circuit 

The fueling circuit receives fuel through  a fueling  receptacle. 
The fuel then flows through  a check  valve to  prevent back-
flow, and into the high  pressure circuit which in turn f i lls 
the hydrogen storage cylinders. 
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Hydrogen Storage Cylinders Key Points & Notes 

The hydrogen storage cylinders store the hydrogen fuel as  a 
high pressure gas for consumption by the engine. 

Figure 5-3 Typical Fuel Storage System Layout 

Figure 5-4 Hydrogen Storage Cylinders 
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The end boss through which the fuel flows into and out of 
each cyl inder  inc ludes  an in tegra l  solenoid va lve ,  check  
valve,  excess  flow  valve and shutoff  valve assembly  (or 
“manual lockdown assembly”). 

The so leno id  va lve automat ical ly closes and i so la tes  the 
cylinder whenever the bus is off.  The check  valve permits 
fueling while the solenoid valve is closed. 

The excess flow valve interrupts the fuel flow out of the cyl­
inder whenever the flow rate is excessive (such as if a pipe 
bursts  or  during vigorous venting).  When closed,  the  excess 
flow valve permits  a small amount of leakage so that the 
outlet and cylinder pressures equalize over a period of time, 
thereby restoring normal valve function. 

The manual lockdown assembly can be used to  isolate the 
cylinder contents, but is normally left fully open. In the 
event that a solenoid valve fails closed, the manual lockdown 
assembly can  be removed and replaced with  a venting tool 
that forces the solenoid valve open in order to discharge the 
cylinder contents. 

An external hand valve is typically installed in the inlet pipe 
associated with each cylinder. This  valve provides an addi ­
tional level  of safety (in addition to the integral solenoid 
valve) and is a convenient method  of isolating individual 
cylinders during fueling or venting. 

Pressure relief devices are attached to the end bosses at both 
ends of each cylinder and protect against explosion in the 
event of a fire. Each pressure relief device is in contact with 
the internal gas pressure and contains  a eutectic compound 
that acts as a plug. When exposed to fire, the eutectic com­
pound melts  and  the  internal  gas  escapes  through a vent 
line that passes through the roof canopy. 

Key Points & Notes 

Hand Valves 
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Figure 5-5 Pressure Relief Devices 
Key Points & Notes

High Pressure Circuit 

The high pressure circuit consists of  a common  manifold 
that links the hydrogen storage cylinders with both the fuel­
ing circuit and the motive pressure circuit. 

During operation, high pressure hydrogen passes from  the 
cylinders into the high pressure circuit where it flows though 
an excess flow valve to the motive pressure regulator assem­
bly.  The excess flow valve closes if excessive flow occurs, 
providing redundancy to  the excess  flow  valves  integrated 
into each cylinder end boss. 

The  high p ressure  c i rcui t  inc ludes a hand -o p era ted  vent  
valve, mounted on the common manifold, used when venting 
and purging the high pressure circuit during maintenance. 

Motive Pressure Circuit 

The mot ive  pressure circui t  supplies  intermediate pressure 
hydrogen to the fuel delivery system. 

The motive pressure circuit consists of a pressure regulator 
assembly, a filter, and a fuel shutoff valve the fuel delivery 
tube to the engine. The pressure regulator assembly is an 
integral unit that includes a pressure regulator, a solenoid 
valve and a pressure relief valve. 
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Figure 5-6 Motive Pressure Regulator Assembly 

The pressure regulator reduces  the hydrogen pressure  from 
its storage pressure to the intermediate (or “motive”)  pres-
sure of approximately 175 psig (12 barg). This type of pres-
sure regulator is the same as that used on  a CNG bus, 
where the CNG is supplied at intermediate pressure to the 
internal combustion engine. 

The solenoid valve automatically closes and isolates the high 
pressure circui t  (enter ing the pressure regulator)  whenever  
the bus is off. This valve operates in tandem with the indi-
vidual solenoid valves mounted  within the end boss of each 
hydrogen storage cylinder. 

The pressure relief  valve protects the fuel cell engine and 
releases hydrogen through a roof vent if the motive pressure 
exceeds 250 psig (17 barg). This pressure relief valve is of 
spring-loaded design and remains closed until the pressure 
in the circui t  exceeds the pressure se tpo int  by a small  
amount. Once exceeded, the force causes the spring to open 
and bleed off the excess  hydrogen. The spring stays open 
until the pressure is reduced below the setpoint. 

The filter removes particulate debris and liquid from the fuel. 

The fuel shutoff valve provides a manual method  for inter-
rupting the flow of fuel to the fuel cell engine. This valve is 
meant for emergency use only, since interrupting the fuel 
flow to a fuel cell engine while it is operating can cause fuel 
cell damage. As an alternative, some fuel cell buses include a 

Key Points & Notes 
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fuel shutoff valve that is electrical rather than mechanical in 
nature. When actuated, this valve immediately shuts down 
the  engine  in  a  controlled  manner and closes the  cylinder 
and pressure regulator assembly solenoid valves. 

5.2.3 Fuel Delivery System 

The fuel delivery  system regulates the hydrogen that passes 
through the fuel cell  stacks. The system consists of a fuel 
delivery circuit and a purge circuit. 

Figure 5-7 Fuel Delivery System Flow Diagram 

Fuel Delivery Circuit 

The  fuel  delivery circuit  receives intermediate  pressure  hy-
drogen  from the motive pressure circuit.  A pressure regula-
tor at the inlet to the fuel delivery circuit controls the fuel 
pressure entering the stack  module. This regulator receives 
its  feedback signal from the hydrogen inlet to the fuel cell 
stacks. 

The  low pressure hydrogen circulates  through the fuel  cell 
stacks using an  ejector .  New hydrogen enters the ejector 
where it mixes with and drives the recirculating flow by way 
of suction. A portion of the hydrogen is  consumed  by the 
power generation reaction, and the excess is recirculated. 

The excess  hydrogen contains water from humidification of 
the fuel stream. This water is in both vapor and liquid states 
since some of the vapor super-saturates and condenses as 
the hydrogen is consumed.  This water is recovered  by  a 
water separator and  is  either  drained  through a water trap 
to the road, or collected for use in the humidification system. 

Key Points & Notes 
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A burst disk protects  the fuel delivery circuit and releases 
hydrogen through a roof vent if the pressure exceeds 46 psig 
(3.2 barg). The burst disk contains a rupture disk that con­
sists of a membrane  of  predetermined  thickness.  The  mem­
brane  is often scored. The thickness,  and scoring,  is  de-
signed to  withstand a  certain pressure. At pressures greater 
than the design pressure, the disk bursts releasing the gas. Ring 
Rupture disks do not reset and must be replaced once burst. 
Rupture disks tend to fatigue under normal  pressure fluc ­
tuations and are therefore prone to premature failure. Rup ­
ture point and lifetime are also affected by temperature. 

Purge Circuit 

The purge circuit is linked to the fuel delivery circuit and 
permits periodic fuel discharge to atmosphere.  This occurs 
periodically and automatically in order  to  drive  out  any ac­
cumulated water or residual non-fuel gases. 

A solenoid  valve controls the gas discharge. This solenoid 
valve  remains open whenever the  engine  is shut  down and 
allows the motive and low pressure hydrogen circuits to vent 
when not in use. This prevents a vacuum from building up 
within the fuel delivery circuit since any residual hydrogen 
would slowly react within the fuel cell stacks while the en­
gine is off. 

The  escaping gas is  expelled  through a  roof-mounted hydro­
gen diffuser . Residual  water  is  e i ther  drained  through a 
water trap to the road, or collected for use in the humidifica­
tion system. 

The diffuser consists of a pair of tubes that pass in front of a 

Key Points & Notes 

Burst Disk 

ducted fan. One tube carries the purged 
series of holes that release the hydrogen 
stream.  The second tube carries coolant 
ing system)  which  warms the discharge 
formation. The fan dilutes the hydrogen 
that it is non-flammable. 

hydrogen and has a 
into the forced air 

(from the bus cool-
tube to  prevent ice 

with sufficient air so 
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5.2.4 Humidification System Key Points & Notes 

T he h u mid ificat io n system satu rates  the hyd r o gen and air  
with water prior to their use in the fuel cells, and manages 
the product water that results from the fuel cell reaction. 

Figure 5-8 Humidification System Flow Diagram 

Humidification 

Some fuel cell powerplants combine the humid ification  sys-
tem with the stack cooling system. This results in a simple, 
well integr ated s ys t em  with ex cel lent temperature matching 
c h  a r a c t e r i s  t i c s  .  H o w  e v e r ,  t h  i s  a r r a n g e m e n t p r e c l u d e s  t h  e 
use of anything othe r than pu re  wa ter  as  s t ack coolant, 
which exacerbates cold weather starting problems (since the 
cooling water freezes). 

The humidification system consists of  a single circuit that 
draws humidification water from a  product  water  tank, using 
a pump, and passes  the water through a particulate filter 
and  a de-ionizing  filter.  The particulate filter removes par-
ticulate debris from the water. The de-ionizing filter contains 
a mixed-bed resin to remove anions and cations. 

Ions cause fluid conductivity and accumulate during  normal 
o p eratio n.  Conductivity  within any  fluid stream that passes 
through the fuel  cell stacks can  cause short  circuits  within 
the fuel cells. This results in corrosion currents that lower 
performance and can cause fuel cell damage. 
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The water  leaving the de- ioniz ing  f i l te r  sp l i t s  into two Key Points & Notes

streams; one stream is used for fuel humidification and the

other  for  air  humidification.  Each  stream  flows  through a

check valve and into a humidifier. Some of the water passes

into the gas stream and the remainder collects in a reservoir

within the humidifier.  This  excess  water  passes  through a

drain valve back into the product water tank.


Source heat for the humidifiers is drawn from the stack 

coolant. This ensures  that both the fuel cells and the hu­

midifier operate at the same temperature so that the maxi-

mum amount of  water vapor can be carried into the fuel 

cells. This  heat can be used directly, by  using the same

water in both  the stack cooling and humidification circuits,

or indirectly by transferring the heat from the stack coolant

to the humidification water using a heat exchanger.


5.2.5  Stack Cooling System 

The stack cooling  system regulates the fuel cel l react ion 
temperature,  provides  source heat to humidify the reactant 
gases, serves as a heat  sink  for an electrical resistor and 
provides source heat for the HVAC system. 

The stack cooling system consists of a main coolant loop and 
a bypass filtration loop. 

Figure 5-9 Stack Cooling System Flow Diagram 
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Main Coolant Loop 

The main coolant  loop circulates the stack coolant  through 
the fuel cell stacks where it  absorbs heat and maintains the 
fuel cells at their optimum operating temperature. As the 
coolant leaves the stacks, it flows through the air and hydro­
gen humidifiers where it supplies the heat required to vapor­
ize the humidification  water.  The coolant then enters the 
dump chopper. 

The dump chopper consists of a chamber through which the 
stack coolant flows and into  which is suspended  a resistor. 
The resistor transfers heat to the stack cooling system both 
d ur ing in i t i a l  s t a r tup ,  to  quickly  ra ise  the  coo lant and 
thereby the  fuel cells to their operating temperature, and 
whenever the bus is off, to deplete residual reactants  from 
the fuel cell stacks. 

Coolant leaving the dump chopper passes  through a heat 
exchanger that transfers heat to the heating/air conditioning 
circuit as required. 

A motor  operated  control  valve then splits the  coolant  flow 
into  two streams.  One stream passes through the  main heat 
exchanger (which transfers  heat to the bus cooling  system) 
and the second  stream bypasses it. The two streams re-mix 
after the heat exchanger with  a resulting  final temperature 
that depends on the relative flow within each path. 

Coolant leaving the main heat exchanger enters  a pump and 
passes back into the fuel cell stacks. 

Additional coolant is fed into the main coolant loop from a 
header tank as required. 

Bypass Filtration Loop 

As with the humidification water, the stack coolant must be 
non-conductive in  order to  prevent internal short circuits as 
it passes through the fuel cells. The stack coolant can there-
fore  be either pure de-ionized water, or  a  mixture  of 50% 
pure de-ionized water with 50% pure ethylene glycol (the 
glycol must be free of additives that could damage the fuel 
cells). 

When pure  water  is used,  the stack cooling system can be 
me r g e d  wi th  the humid i f i ca t io n  sys t em red u c i n g o v e r a l l 
complexity (since the stack cooling water can be used di ­
rectly to humidify the reactant gases). However, the use of 
water complicates cold weather operation since it freezes at 
32  °F (0  °C).  Conversely,  using a water/glycol mixture im-

Key Points & Notes 

De-Ionizing Filter 
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proves cold weather performance but necessitates the use of 
a separate humidification system. 

Key Points & Notes 

Regardless of the coolant composition, it must remain non-
conductive just like the humidification water. This is accom-
plished by diverting  a portio n of  the stack  c o o l a nt  flow 
through a  bypass filtration loop that includes  a de-ionizing 
filter. 

Coolant for the bypass filtration loop is drawn from the main 
coolant loop at the pump outlet. The coolant passes in suc-
cession  through a heat  exchanger, a strainer,  the  de-ionizing 
filter, a second strainer and a solenoid valve before re-joining 
the main coolant loop at the inlet to the dump chopper. 

The de-ionizing  filter contains  a mixed-bed resin to  remove 
anions and cations. T he heat excha nger reduces the filtra-
tion coolant  temperature  in  order  to protect the de-ionizing 
filter  resin,  transferring the  heat  to the bus cooling system. 
The strainers remove particulate debris from before and after 
the filter assembly to  protect the fuel cell stacks from es-
caped  filter resin  or  other particulate matter. The solenoid 
valve controls the coolant flow through the filter loop. 

5.2.6 Bus Cooling System 

T he  bus cooling system absorbs heat from various systems 
associated with the fuel cell engine and expels excess heat to 
the atmosphere. 
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Key Points & Notes 

Figure 5-10 Bus Cooling System Flow Diagram 
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The bus cooling  system circulates coolant,  using  a pump, 
through the following components: 

• inverter 

• condenser 

• intercooler 

• bus chassis air compressor 

• main heat exchanger 

• de-ionizing filter heat exchanger 

•  lubrication oil cooler 

•  transmission fluid cooler 

The coolant absorbs  heat from each component except the 
hydrogen diffuser, which it heats  in order to prevent  ice 
formation.  The  manner  in  which the individual  components 
are plumbed together  (whether  in  parallel  or series)  depends 
on the nature of each cooling load and the physical location 
of each component within the bus chassis. Some compo ­
nents,  such as the condenser,  may include  a  solenoid valve 
or other flow control device to regulate the amount of coolant 
flow. 

Af t e r p a s s i n g t h r o ugh  the  va r io us co mp o nent s ,  t he  b us 
coolant streams merge  and flow through a filter to  remove 
par t icula te  debr i s . A tempera ture cont ro l led  bypass  va lve 
then splits the coolant flow, causing some to flow through a 
radiator and some to bypass it. The two streams re-mix after 
the radiator  with  a resulting  final temperature that depends 
on the relative flow within each path. The radiator expels the 
heat to the atmosphere using  fans driven by the hydraulic 
system. 

Additional coolant is fed into the coolant circuit from  a 
header tank as required. 

Since the bus coolant does not come into direct contact with 
the fuel cells, it does not need to be de-ionized and consists 
of a standard solution of 50% ethylene glycol with 50% clean 
water. 

Key Points & Notes 
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5.2.7  HVAC System Key Points & Notes 

The HVAC system provides source heat to warm the passen­
ger compartment. 

Figure 5-11 HVAC System Flow Diagram 

Source heat for the HVAC system is  drawn from the stack 
coolant stream by way of the HVAC heat exchanger. A by-
pass solenoid  valve is used to  regulate whether the HVAC 
coolant flows through the heat exchanger or around  it de-
pending on the heating demand. The hot coolant then flows 
through a heater,  which adds additional electrical heat i f 
required, and  passes into the coach heater, which  distrib ­
utes  the hea t throughout  the  passenger  compartment.  The 
coolant then flows back to the booster pump and the circula­
tion repeats. 

Additional coolant is fed into the HVAC circuit from a header 
tank as required. 

Since the HVAC coolant does  not come into direct contact 
with the fuel cells, it does not need to  be de-ionized and 
consists of a  standard solution of 50% ethylene glycol with 
50% clean water. 
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5.2.8  Lubrication System Key Points & Notes 

The lubrication system provides lubrication and cooling to 
key rotating components. 

Figure 5-12 Lubrication System Flow Diagram


Lubrication oil resides within the sump of the drive motor. A

pump,  located  within the sump, forces  the  oil 
particulate filter and into  a  distribution manifold. 
fold first  directs the  oil  through the  lubrication 
where it expels heat  to  the  bus  cooling system, 
distributes the oil flow through the following components: 

•  bus chassis air compressor 

•  turbocharger 

•  air compressor 

•  gearcase (used to drive ancillary components) 

•  drive motor 

•  alternator 

through a 
The  mani-
oil  cooler, 

and then 

T h e m a n n e r  i n  w h i c h  t h e i n d i v i d u a l  c o m p o n e n t s a r e 
plumbed together (whether in parallel or series) depends on 
the nature of each lubricating load and the physical location 
of each component within the bus chassis. 

The lubrication system uses synthetic oil with  a low vapor 
pressure in order to minimize the amount of oil that diffuses 
into the air  stream  within the air  compressor and turbo-
charger. This decreases the risk of fuel cell contamination. 
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5.2.9 Hydraulic System Key Points & Notes 

The hydraulic  system powers  the radiator fans and power 
steering  system. The hydraulic system consists of  a radiator 
fan circuit and a power steering circuit. 

Figure 5-13 Hydraulic System Flow Diagram 

Radiator Fan Circuit 

The radiator fan circuit draws  hydraulic  fluid from a tank 
using a variable speed pump. The fluid then splits into three 
streams. Two of the streams pass directly through respective 
radiator fan  motors. The third stream  flows  to  a pressure 
relief  valve. The pump speed, and therefore fan speeds, var-
ies according to heat rejection requirements. 

Each of the two radiator fan motors is connected to a fan 
that  draws air  through the radiator  in  order  to  expel heat 
from the bus cooling system to atmosphere. 
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The pressure relief  valve protects the variable speed pump 
from damage by providing a flow path should the fan motors 
offer too great a flow resistance. 

A check valve links the motor outlets to inlets and acts as a 
pressure relief during system shutdown. 

The hydraulic streams re-combine after the fan  motors and 
flow through a fluid cooler and a filter before returning to the 
tank. The fluid cooler is exposed to the air stream that flows 
through the radiator and expels  waste heat  to atmosphere. 
The filter removes particulate debris from the fluid. 

Figure 5-14 Radiator Fan Assembly Components 

Power Steering Circuit 

The power steering circuit draws hydraulic fluid from a tank 
using a pump. In some systems this tank is the same as that 
used in the radiator fan circuit; in others, a separate tank is 
used. The fluid leaving the pump enters the vehicle’s power 
steering  system  where it drives  standard bus  manufacturer’s 
components. The fluid returns to the tank. 

5.2.10 Electrical System 

The e lec t r ica l system regulates ,  condit ions and  distr ibutes 
the power generated by the fuel cell stacks. 

Key Points & Notes 

Power Steering Pump 
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Figure 5-15 Electrical System 

The DC electrical power generated by the fuel cell stacks 
passes direct ly into  an inverter.  The  inverter generates a 
variable frequency 3-phase AC waveform to operate  the drive 
motor in response to  torque commands from the cont ro l 
system. The inverter  assembly a lso  energizes the resistor  
within  the dump chopper during engine  warmup  to quickly 
raise the stack coolant temperature and energizes the HVAC 
coolant heater as required. The inverter includes  a ground 
fault detector that triggers  a warning if  a leakage current 
exists between the stack  module power connections and the 
bus chassis.  Waste heat generated  by  the  inverter assembly 
is transferred to the bus cooling system. 

The dr ive motor t ransfers  mechanica l  power  to  the bus 
driveshaft and to  a gearcase. The gearcase drives ancillary 
components including the al ternato r , a ir compressor ,  s tack 
coolant pump, bus coolant pump, radiator fan  motors pump, 
power steering  pump, lubrication  oil pump, HVAC refriger ­
a n t comp resso r and t he bus  chass i s  a i r compresso r .  A 
starter motor rotates the  drive motor and ancillary compo­
nents during startup. 

Inverter 

Key Points & Notes 
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Figure 5-16 Power Train 

The alternator  generates 24 VDC electrical power; this out-
Key Points & Notes


put  is  regulated and charges the bus  batteries.  An equalizer

provides  equal  charging,  resulting in 12 VDC and 24 VDC

source power.


This source  power  is  distributed  through a series  of fuses,

circuit breakers and relays to fuel cell engine and standard

bus chassis components throughout the bus.
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5.2.11 Control System 

The control system manages  the  operation of  the  fuel cell 
engine and collects operational data. 

Control logic resides in three primary components: the en­
gine controller, the bus controller arid the data acquisition 
system. 

Figure 5-17 Control System 

Engine Controller 

The  engine  control ler manages fue l cel l  engine functions 
such as  sys tem  s tar tup, shutdown, operat ing  s ta te  t rans i ­
t i o n s , a n d wa r n i n g s  a n d a l a r ms . T h e c o n t r o l l e r  i n p u t s  
driver's commands (by  way of the accelerator treadle), re ­
c e i v e s  t r a n s d u c e r f e e d b a c k  s i g n a l s , c o m m u n i c a t e s  w i t h  
other control devices (such as the bus controller and trans-
mission controller), and receives inputs  from other systems. 
The controller 's algorithms  der ive inverter commands, com­
ponent  setpoints,  and  valve  positions using a  set  of  mathe­
matical relationships. Warnings and alarms are indicated by 
way of dashboard lights,  a  message display center,  or  other 
means.  The engine controller relays real-time operating data 
to the diagnostics interface for diagnostics purposes. 

Bus Controller 

The bus controller is supplied  by the bus chassis manufac­
turer and manages standard  bus functions such as lights, 
doo r s  a n d c l i ma t e c o n t ro l .  T he bus  con t ro l l e r  r e ce ives 
dr iver 's commands  (from  driver 's  area  switches) and feed-
back  from  standard bus t ransducers and components. The 
bus controller relays  commands  and  communicates with the 
engine controller. 

Key Points & Notes 

Control system algorithems 
are proprietary information. 
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Data Acquisition System 

The data acquisition system (DAC) is an optional component 
installed  on some  buses to record  operating conditions  for 
future analysis. The DAC stores  engine controller and other 
non-control transducer signals on disk whenever the bus is 
running. These signals can  be viewed using the  diagnostics 
interface or downloaded to a host computer. 

5.2.12 Leak Detection System 

The leak detection  system  senses the presence of hydrogen 
and passes alarm signals to the vehicle’s control system. The 
leak detection system consists  of  a  series  of leak sensors, 
leak indicators, and a junction box. 

The leak detect ion  system is  powered whenever  the bus 
control system is powered. 

Figure 5-18 Leak Detection System 

Leak Sensors 

Hydrogen gas leak sensors are cal ibrated to measure hydro ­
gen gas concentrations. 

Ea c h s e n s o r c o n s i s t s  o f  a n e x p l o s i o n - p r o o f  c h a mb e r t h a t 
con t a i n s  t w o  e l e m e n t s .  E a c h  e l e m e n t i s  c o n s t ruc ted o f a 
small coil of wire sealed in a ceramic substance. One ele ­
ment  is  coated  with  a catalys t (which  encourages chemical  
reaction) while the other element is coated with  a passivating 
s u b s t a n c e  ( w h i c h  d e t e r s  c h e m i c a l  r e a c t i o n ) . B o t h  e l e m e n t s  
are heated by passing electrical power through their coils. 

W h e n  a c o m b u s t i b l e g a s / a i r m i x t u r e e n t e r s  t h e c h a m b e r  
through the s in tered  f lame arrestor, i t burns eas i ly  on  the 
ca ta lyt i c  e lemen t bu t  no t  on  the pass iva ted  e lemen t .  Th is  
combus t ion  fu r ther  hea t s  the in te rna l  co i l of the catalyt ic  
e lement ,  which undergoes a  subsequen t  change  in  e lectr ical 

Key Points & Notes 

Leak Sensor 
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r e s i s t ance .  T he  hyd ro gen  l ea k  i n d i c a t o r  a s s o c i a t e d  wi th 
the sensor compensates for this resistance change by alter ­
ing the electrical power fed to the element until the original 
coil resistance is restored. This change in electrical power is 
therefore  proport ional  to  the amount  o f gas p resent  and 
forms the basis of the gas concentration measurement. 

The passivated element acts as a reference to compensate for 
changes  i n  amb ien t t emp era t u r e , humi d i t y a n d p re ssure .  
Since these ambient changes affect both  elements  whereas 
the combustion affects the catalytic element only, the com­
bustive effect is isolated by subtracting the reference element 
resistance from the catalytic element resistance. 

The measured gas concent ra t ion accuracy depends on the 
oxygen concentrat ion and humidity  within the chamber.  In 
add i t ion, the measured  concent ra t ion i s  accura te  fo r the 
sensor location only; greater gas concentrations  may exist at 
other locations where no sensor is present. 

Sensors are typically installed  by the fuel cylinders, within 
the filling box and in the engine, radiator and battery com­
par tments . The sensors  a re  instal led above the hydrogen  
components or in dead air spaces where hydrogen is likely to 
accumulate.  Sensors are often covered with a foam splash 
guard to prevent water and  dirt  ingress,  and  mounted using 
rubber vibration mounts to  protect  against  vibrat ion dam-
age. 

Hydrogen leak sensors are poisoned  by silicones, chlorinated 
and  f luor ina ted so lven t s  (caulking,  sea l ing and  gaske t ing 
c o m p o u n d s )  h a l o g e n a t e d  c o m p o u n d s a n d  m e t a l l o - o r g a n i c  
compounds. 

Sensors have a useful life of about 2-3 years and their out-
put drifts  with  age, or after poisoning.  Sensors  must be 
calibrated after installation and regularly thereafter. When  a 
sensor has been unpowered for several days, it may take up 
to 24 hours of operation to stabilize fully. 

Leak Indicators and Junction Box 

Each  gas  sensor  is  linked to  a hydrogen leak indicator. 
Where mult ip le  sensors are used , mul t ip le  ind ica to rs a re 
also  used.  Each  hydrogen leak indicator  powers a single 
sensor and displays  the gas concentration detected by  that 
sensor. 

Gas concent ra t ions are  displayed as  a percentage of the 
lower flammability limit of  hydrogen, or %LFL (see Section 
1.3.3). At  gas concentrations above the upper flammability 

Key Points & Notes 

Leak Indicator 
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limit (UFL) of hydrogen, there is not enough oxygen in the 
air/gas mixture for  a  flame to propagate. Since the sensor 
operates by burning  the gas  that enters  its explosion-proof 
chamb er , ga s c o n c e n t r a t i o n s  a b o v e t h e U F L  c a n n o t b e 
sensed. 

When subjected to  gas concentrations above the UFL, the 
sensor quickly  indicates  a high value (result ing in alarm 
trigger), but the value drops as the available oxygen depletes. 
For this reason the high alarm setpoint is latched and does 
not reset when the gas concentration drops after alarm trig­
ger. 

When the gas concentration on any hydrogen  leak  indicator 
exceeds an internal threshold, a warning or alarm signal is 
sent from the indicator through a junction box to the control 
system. The control system then alerts the driver by way of 
dashboard lights,  a  message  display  center, or other means 
and shuts down the engine if an alarm concentration occurs. 

Typical setpoints for leaks are warnings at 5, 10 or 15% and 
alarm at 25%  LFL hydrogen. These setpoints correspond to 
concentrations of 0.2, 0.4, 0.6  and  1.0% hydrogen  in  air 
respectively. 

Key Points& Notes 
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5.2.13 Fire Suppression System Key Points & Notes 

The fire suppression  system protects against fire and passes 
alarm signals to the vehicle's control system. The fire sup­
pression system may be organized in a series of zones that 
serve specific areas in the bus. Each zone may or may not 
contain  fire sensors, thermal wire, fire retardant tanks and 
nozzles. 

Fire sensors to detect 
hydrogen fires must use 
optical (IR-or UV-type) 
detection principles. 
Thermal-type fire sensors 
are not suitable. 

Figure5-19 Fire Suppression System

The fire suppression  system is active at all times, unless

battery  power is interrupted. The bus control system does

not need to be active for the fire suppression system to func­

tion,  although the dashboard  lights,  message  display  center,

or other driver indicators will not come on when the control

system is off.


Fire Sensors and Thermal Wire 

Fire sensors are located in areas of highest fire  probability

and are installed in a particular orientation to cover the area

of interest.


Each  fire sensor  monitors two separate bands of infrared 

energy throughout a 90o solid cone field of view to a trigger

distance of 5 feet (1.5 m). A sensor triggers (within 10 ms)

whenever it detects the infrared energy pattern characteristic

of a fire. In this way the sensor remains immune to  false

a l a r ms f r o m  s u n l i g h t , f l a s h l i g h t s ,  l i g h t n i n g ,  h e a d l i g h t s , 

incandescent lights (100 W at 2 in; 5 cm) and welding arcs

(at greater than 30 in; 76 cm) all of which have different

energy patterns. The fire sensors do not detect high tempera- Fire Sensor
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tures,  only flames.  A green LED on each sensor  comes  on 
whenever that sensor has electrical power. 

Thermal wire is  wound in close contact with the fuel cell 
s t a c k s . E a c h  wi r e  c o n s i s t s  o f  t wo s e p a r a t e co n d u c t o r s  
wound together but separated  by insulation.  This insulation 
is designed to melt at 356 °F (180 °C) temperature, causing 
the conductors to come into contact thereby creating a short 
circuit. 

The sensors and thermal wire within each zone are wired in 
series and are terminated by an end-of-line resistor attached 
to the last sensor in the series. If any device trips within a 
series,  a  discrete ground signal is sent to the fire suppres­
sion system controller resulting in a fire alarm. If  a sensor 
fault occurs or the end-of-line resistor is  missing, the con-
troller  detects incorrect impedance within the series result ­
ing in a system fault warning. 

When  a warning  or alarm occurs, the fire suppression  sys­
tem controller sends a signal to the bus control system. The 
bus control system then alerts the driver by way of dash-
board lights,  a message display center, or other means.  The 
bus shuts down automatically in the event of a fire and the 
fire retardant discharges  soon after if the affected area in­
cludes a fire retardant tank and nozzles. 

Fire Retardant Tanks and Nozzles 

The fire retardant tanks contain the fire retardant that dis ­
charges  following  sensor trip. Individual tanks are associated 
with individual zones and specific discharge nozzles. Tanks 
are typically charged with  a dry chemical retardant at high 
p ressure  a l though different  re ta rdants  a re  somet imes  used 
for different zones. Once triggered, the retardant discharges 
fully as  a single shot and travels through distribution hoses 
to the nozzles. 

The nozzles are located in area of  highest fire  probability, 
such as in the engine compartment, near the fuel cylinders, 
or in the battery compartment. The nozzles are designed for 
the specific type of retardant used and discharge to provide 
blanket coverage of the target area. Fire retardants do not 
discharge into the interior of the bus. 

Key Points & Notes 

Fire Retardant Tank 

Nozzles 
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OBJECTIVES 

At the completion of this module, the technician will: 

•	 Understand the hazards and safety provisions associated with hydrogen and fuel cell 
engine systems 
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6.1 Hydrogen Key Points & Notes 

All fuels are dangerous because they are  highly chemical 
react ive. I t is this  reac t ivi ty tha t  makes  fue ls  exce l lent 
sources of energy.  Hydrogen is not  inherently more  danger ­
ous than other fuels, such as natural gas or gasoline, but its 
properties are unique and must be handled with appropriate 
care. In many ways, hydrogen is safer than other fuels. 

Hydrogen leaks form the basis of all  gaseous hydrogen haz­
ards, since without a leak 
gen to mix with air, and 
or asphyxiation  hazards. In 
perature of liquid hydrogen 
oxygen condensation hazards. 

6.1.1 Hydrogen Leaks 

The properties of hydrogen 
are: 

there is no opportunity for hydro-
therefore no basis for flammability 

addition to leaks, the low tem­
forms the basis for frostbite and 

that contribute to its leak hazard 

•	 it has the lowest molecular weight, and the smallest 
molecule, of any element 

•	 it has the lowest density and therefore highest buoyancy 
of any element 

• it can cause embrittlement in some materials 
• it is colorless, odorless and tasteless 
•	 it acts as a simple asphyxiant when present in a suffi­

cient concentration to reduce the level of oxygen 

These properties are detailed in Section 1. 

The small size of hydrogen molecules makes them more diffi­
cult to contain than the molecules of other gases. To a large 
extent , the po tent ia l  fo r  hydro gen l eakage i s min imized  
through design.  Materials of  construction are designed for 
hydrogen use and are resistant to  metal embrittlement. Fuel 
lines never  pass through the  passenger compartment, elimi ­
nating the potential for hydrogen to leak into the vehicle. 

In a transit bus application,  hydrogen is stored on the roof 
in a series of high-pressure cylinders. Placing the fuel stor ­
age cylinders on the roof takes advantage of hydrogen's high 
buoyancy – any leaked gas dissipates quickly and vertically 
to the atmosphere with little impedance. 

The storage cylinders contain the vast  majority of  hydrogen 
on the vehicle.  The amount of hydrogen present in the fuel 
cell or internal combustion engine is very small when operat-
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ing,  and none  while shut  down. Furthermore,  the hydrogen 
in the storage cylinders and associated  manifold  is  at  high-
pressure, whereas the hydrogen within the engine is at low-
pressure.  The higher  the pressure, the more likely  that  a 
leak  will occur. Fuel lines, unwelded connections, and  non-
meta l  sea ls  such a s gaske ts ,  O-r ings , p ipe  thread  com­
pounds and packings a re po tent ia l leakage or  permeat ion 
sites. 

When hydrogen is used in a fuel cell  engine,  the hydrogen 
and air that pass through the fuel cell stacks are designed to 
not mix directly. This is accomplished using seals.  A heavy-
duty fuel  cell  engine  may have  thousands of seals. Over 
time, fuel cell stacks develop leaks either internally (between 
flow paths) or externally to the ambient environment. To deal 
with this potential leakage, fuel cell stacks are typically en-
closed and the enclosure is vented with forced air in order to 
prevent hydrogen accumulation. Fuel cell  stack leaks often 
manifest  themselves  in  other  ways,  such as poor electrical 
performance of individual fuel cells. 

A hydrogen leak in itself is not a hazard, but it poses a po­
tential  fire hazard when mixed  with  air  at  appropriate  con­
c e n t r a t i o n s  ( S e c t i o n 6 . 1 . 2 ) ,  a n d p o s e s  a n  a s p h yx i a t i o n 
hazard when it displaces the oxygen in air. 

Sufficient hydrogen to  pose  an  asphyxiation hazard can only 
accumulate if  hydrogen  leaks into an enclosed area. Out-
doors, the hydrogen diffusion is so rapid that the risk is neg­
ligible. However, since hydrogen is  colorless,  odorless and 
taste less , I t s  presence  cannot  be  detected by  humans,  
and there are no warning symptoms before unconscious-
ness results. 

Leakage gases may be hot and pose a burn hazard as de-
tailed in Section 6.3.  Leakage gases  may pose  a high-
pressure hazard as detailed in Section 6.4. 

Detecting Hydrogen Leaks 

Hydrogen leaks will occur. Undetected leaks are the cause of 
the greatest number of  hydrogen accidents.  To this  end,  
transit bus applications include a leak detection system. 

The leak detection system consists of a series of sensors that 
are linked to the vehicle's control system. The sensors are 
located at strategic locations around the vehicle (such as the 
beneath the roof canopies  and in the engine compartment) 
and are typically calibrated to trigger  warnings at 5 and 
15%, and an alarm at 25% of the LFL of hydrogen. Since the 
LFL of hydrogen is 4% hydrogen in air, these warning and 

Key Points & Notes 
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alarm thresholds represent hydrogen concentrat ions of 0 .2,  
0 .6 and 1% respectively.  Thus, the leak detection  system 
indicates an alarm before gas concentrations reach a dan­
gerous level. 

When a sensor trigger occurs, the control system alerts the 
driver by way of dashboard lights,  a  message display center, 
or other means and shuts down the engine if an alarm con­
c e n t r a t i o n  o c c u r s . Measu r e d  g a s  c o n c e n t r a t i o n s  ma y  b e  
concurrently displayed on dedicated leak  indicators.  A  typi ­
cal leak detection system is described in  detail in Section 
5.12. 

In most cases, the on-board leak detection  system is only 
active whenever the vehicle is on. When the vehicle is off, it 
is probably unoccupied and so there is little benefit to dash-
b o a r d  a n n u n c i a t i o n .  A c c o r d i n g l y ,  a  s u p p l e m e n t a r y  l e a k 
detection system is an essential part of any parking or main­
tenance facility into which the vehicle is driven while fueled. 
Facility  gas leak  requirements are further described in Sec­
tion 10. 1. 

Hydrogen leaks may be large or small. Leaks may manifest 
themselves through an audible gas rushing sound, a slow or 
sudden drop in fuel pressure, or a trigger of the leak detec­
tion system. Very slow leaks may not be noticeable through 
any of these means, and can only be detected through leak 
tests. 

Leak tests are a routine part of fuel system  maintenance, 
and fuel cell stack leak tests are an important part of fuel 
ce l l  engine  maintenance.  Leak tes t s  genera l ly take  three 
forms: pressure drop (or “leak-down”) observations over time, 
use of a hand-held leak detector (or “sniffer”), or application 
of  a leak detection  solution.  These methods provide increas­
ingly precise  means of locating hydrogen leaks and are usu­
ally performed in sequence: 

•	 Pressure drop tests indicate whether a leak exists in a 
large, generalized area. 

•	 Hand-held leak detector tests indicate whether a leak 
exists within a localized area. Hand-held leak detectors 
only work on circuits pressurized with a flammable gas; 
they do not work on circuits pressurized with air or inert 
gases such as nitrogen. 

•	 Leak detection solution tests indicate whether a leak 
exists at a precise location. These solutions work on any 
gas, flammable or not. 

Key Points & Notes 

Hand-held Leak Detector 
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Stopping Hydrogen Leaks 

In principal,  hydrogen  leaks are stopped by  tightening or 
replacing the leaking fitting or component. 

Leaks must be remedied in a safe area where the hydrogen 
cannot accumulate and that is free  of ignition sources. Ide­
ally, this is outdoors away  from overhead obstructions, or 
i n s i d e a  h y d r o g e n - s a f e m a i n t e n a n c e  f a c i l i t y . P e r s o n n e l 
should be limited to those fixing the leak. Smoking is strictly 
forbidden. 

When a leak exists, the remaining hydrogen is safely stored 
on board the vehicle. The only reasons to vent the remaining 
fuel are to repair a component on the fuel storage circuit, or 
to move the bus into a facility that is not certified 
gen-safe. 

Before a leak can be fixed, it must be located using 
and leak detection equipment as indicated above. If 
occurs on a hydrogen powered vehicle, leak tests 
used  during routine maintenance  may  be  employed 
determine the leak location. A leak can only occur 
components are pressurized. 

as hydro-

leak tests 
the leak 
normally 
to help 

when the 

The fuel storage circuit remains pressurized even  when the 
vehicle is off. Other circuits, such as the fuel delivery circuit 
(that is, downstream  of the motive pressure regulator), are 
only pressurized when the vehicle is on. If the vehicle can be 
off,  open (disconnect) the battery knife switches so that the 
vehicle is electrically dead while fixing the leak. 

Once you locate a leak, tighten the connections, and if the 
l eak  pe r s i s t s  de sp i t e  t i gh ten ing,  r ep l ace  t he sur round ing 
components. Tighten  fitt ings  only at low  or ambient pres ­
sure:  t ightening  a fi t t ing  while  under high-pressure could 
cause it to shatter with serious personal injury. Thus, if  a 
leak is detected in the high-pressure circuit, vent the circuit 
t o nea r a tmospher ic  condi t ions  (us ing  p rescr ib ed ven t ing 
p r o ced ur es  and  eq u ip ment )  before  t i gh ten ing  the f i t t i ng . 
Similarly, if  a component must be replaced, vent the circuit 
to atmospheric  pressure  before  opening  the circuit: loosen­
ing a fitting while under pressure could cause it to be pro­
pelled with extreme force. 

Never tighten any fitting while it is under pressure; do-
ing so could cause the fitting to shatter with serious 
personal injury. Never loosen  a fitting  while under pres-
sure; doing so may cause the fitting or component to be 
propelled with extreme force. 

Key Points & Notes 
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Once a fuel circuit has been vented to atmospheric pressure 
and exposed to air,  it  requires nitrogen and hydrogen purges 
before fuel ing.  This normally  applies to  hydrogen storage 
cylinders  only, but  may include other components according 
to manufacturer 's  instruct ions. After  a leak  has been re-
paired, purge as required  using  facility  equipment and pro ­
cedures, re-pressurize the component ,  and repeat the leak 
test. 

6.1.2 Hydrogen Fires 

The properties of  hydrogen that contribute to its flammabil ­
ity hazard are: 

• it has the widest flammability range of any fuel 

• it has the lowest ignition energy of any fuel 

• it has the greatest energy per weight of any fuel 

• it burns invisibly and without smoke 

•	 it can  potentially  generate electrostatic charges that re ­
sult in sparks through flow or agitation 

These properties are detailed in Section 1. 

Once leaked, hydrogen mixes with air and is flammable over 
a wide range of concentrations. This  flammable mixture is 
very easy to ignite, and, once ignited, bums with great vigor. 
The flame is  nearly invisible in daylight. If  hydrogen leaks 
into an enclosed environment, the 
explosion is increased. If  hydrogen 
ronment, it r ises quickly and is 
the risk of fire. Existing fires bum 
short periods of time. 

Most mixtures  of hydrogen and 
mable and explosive, and can be 
or hot surface. Hydrogen flames 
daylight. 

To some  extent, the potential for 

risk of combustion and 
leaks into an open envi­
rapidly diffused, reducing 
vertically and generally for 

air are potentially flam-
easily ignited by a spark 

are almost invisible in 

fire is reduced through 

Key Points & Notes 

design. Materials of construction are fire-resistant and are 
thoroughly grounded to prevent static charge accumulat ion. 
High-pressure fuel  storage cyl inders  include pressure relief 
devices that are designed to release the cylinder contents 
when immersed in  fire,  thus preventing explosive pressure 
buildup  within the cylinders. The pressure  relief  device dis ­
charge is routed to vents that protrude to the top surface of 
the bus canopy, allowing  unimpeded access to the atmos ­
phere. 
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Pa  r t i c u l a r  d i l i g  en  ce  m u s t  b e  a p p l i e d  b y  p e r s o n n e l  wh e n 
handling hydrogen directly, such  as  during venting or fuel-

Key Points & Notes 

ing.  When venting  or  fueling,  facility equipment and  proce-
dures must be  followed exactly, and all sources of ignition 
must be eliminated. 

T h e f u e l i ng  a nd v enting  facilit y  must be g r o u n d e d t o -
gether w ith the vehicle to prevent  static electrical dis-
charge. Suitable facility fire detection, fire extinguishing 
equipment and procedures must be in place. 

Fueling facility  requirements are further  described in Section 
10.2. 

Detecting Hydrogen Fires 

The near  invisibility of  hydrogen fires  makes  them hard  to 
detect and a serious hazard to personnel. 

Hydrogen fires may be large or small. The ferocity of a fire is 
directly related to the level of pressure behind the underlying 
leak.  Fires may manifest  themselves through the  presence of 
f l a m e s ,  s m ok  e  f r om  a d j acen t  eq  u ip  m en t  engu l f  e d in  t h e 
flames, heat waves, a burning  smell,  explosion, component 
damage, or trigger of the fire suppression system. Very small 
fires may not be noticeable through any of these means. 

Some t ran  s i t  bu  s  appl ica t  i o n s  in  c lu  d e a f i re  s u ppres  s i on  
system in order to detect and extinguish fires. The fire sup-
p r e ssio n syste m  c o nsists  o f  a  se r i e s o f sensors tha t ar e 
linked to the vehicle's control system. The sensors are lo-
cated at strategic  locations around  the vehicle  (such as  the 
beneath the ro o f  cano p ies  and  in the engine compartment) 
and are designed to trigger an alarm in the event of fire. 
Some types of sensors can also detect high heat. Fuel cell 
a p p l i c a t i o ns  ma y  i ncl  ud e therma l  wi re  wo und a r o und t h e 
fuel cell stac k s t h a t a r e d esigned to short when  melted , 
thereby signaling the control system. 

When  a sensor trigger occurs, the control system alerts the 
driver by way of dashboard lights, a message display center, 
or other means and shuts down the engine. After the vehicle 
is  shut off,  single-shot fire retardants  may be released into 
one or more zones associated with the triggered sensor.  A 
fire  su p p r ession system is  d e scrib e d  in  d e tai l  in Sect io n 
5-12. Fire retardants do not discharge into the vehicle pas-
senger compartment. 

When a retardant discharge occurs, expect a high noise 
level. A cloud of dry chemical retardant dust may exit 
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the vehicle  from the discharge areas . Avoid breathing 
the dry chemical dust as it will irritate throat and lungs. 

In  most cases, the fire suppression  system is active at all 
times unless the vehicle battery knife switches are open (dis­
connected). Accordingly, a supplementary fire detection sys ­
t em is  an essential  part  of any  parking  or  maintenance 
facility into which the vehicle is driven. Facility requirements 
are further described in Section 10. 1. 

Extinguishing a Hydrogen Fire 

The protocol for fighting a hydrogen fire is similar to fighting 
any fire fueled by a gas. The main thing to do is eliminate 
the fuel source. If this is not an option, allow the fuel to burn 
itself  out under controlled conditions. The object is to  mini­
mize the risks of injury and danger to people, and risk of 
damage to equipment in the surrounding area. As  with any 
fire,  evacuate all  personnel except those fighting the fire,  
contact local fire authorities if needed, and fight the fire from 
as great a distance as possible. 

Large fires can only be extinguished by shutting off the fuel 
supply. Small fires can be fought with a dry powder retar-

Key Points & Notes 

dant  ( recommended) ,  carbon  dioxide 
Carbon dioxide extinguishers, modified 
nozzle, may be used to blow out the 
it. A fire blanket may also be used. 
fire is  extinguished  without shutting 

or  halon extinguisher. 
by sawing off  the fog 

fire rather than smother 
However, if a hydrogen 

off its fuel supply,  an 
explosive or  flammable  mixture  may  re-form  and can re-
i g n i t e  f r o m s u r r o u n d i n g  ho t su r fa c e s  o r  o t h e r  i g n i t i o n 
sources. 

When the source of hydrogen cannot be shut off, the stan­
dard fire fighting practice is to prevent the fire from spread­
ing while it burns out. Use copious amounts of water to cool 
surrounding equipment;  and continue the water  flow  unti l  
well after the fire is out. Remove  flammable materials from 
the surrounding area if it is safe to do so. When fighting a 
hydrogen fire, stay away  from  storage cylinder ends. With-
draw immediately in case of a rising sound from a venting 
safety device or any discoloration of a storage cylinder due to 
the fire. 

For massive  fires,  use an unmanned hose holder or  monitor 
nozzles, or withdraw from the area and let the fire burn. 
Keep  upwind and avoid breathing the vapors. Evacuate to a 
radius of 1500 ft (450 m) for uncontrollable fires. Consider 
evacuation of the downwind area. 
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If a fire occurs on board a hydrogen powered vehicle, shut it 
down as soon as it is safe to do so. This closes the solenoid 
valves associated with each cylinder and the high-pressure 
solenoid, effectively isolating the fuel in the fuel storage sys­
tem.  An  a la rm shutdown by the fi re  suppression system 
should automat ica l ly  d i scha rge r e t a rd an t s  wi th in  the f i re 
area. If  the fire continues,  use standard fire fighting tech­
niques as described above. Once the fire is out, tow the vehi­
c l e  b a c k t o t h e m a i n t e n a n c e f a c i l i t y  a n d  n o t i f y  t h e 
manufacturer. 

6.1.3 Low Temperature Hazard 

The property of  hydrogen that  causes  a low temperature 
hazard is: 

•	 it has second lowest boiling point of all substances, after 
helium. 

This property is detailed in Section 1. 

Low temperature hazards only exist when hydrogen is stored 
in liquid  form. The extremely low temperature of liquid  hy­
drogen results in severe frostbite danger and secondary  fire 
danger. 

Liquid hydrogen is stored below –423 °F (–253 °C; 20 K) in 
v a c u u m- l i n e d  v e s s e l s .  L i q u i d  h yd r o g e n vesse l s mu s t  b e 
completely insulated with specified  materials to  prevent any 
contact with the vessel. 

A severe frostbite  hazard  danger  occurs  whenever skin 
comes into contact with liquid hydrogen,  l iquid hydro-
gen vapors or surfaces directly in contact  with l iquid 
hydrogen. Any  skin contact  can cause extensive t i ssue 
damage, burns, freezing or tearing. 

Any surface  in  contact  with liquid hydrogen poses  a  se-
vere frostbite danger. 

A secondary  fire danger occurs  whenever air comes directly 
into contact with cryogenic surfaces that contain liquid hy­
drogen. The temperature of liquid hydrogen is low enough to 
l iquefy a i r  and thereby concent ra te  the a i r ’s  co ns t i tuent 
components. Among these, liquid oxygen poses an explosion 
or  flammability hazard if it drips onto combustible materials 
such as asphalt. 

To  minimize these low temperature hazards, all pipes,  ves ­
sels and other  equipment  that  contain liquid hydrogen must 
be completely insulated  with appropriate  materials .  Liquid 
hydrogen  must be removed from  the vehicle or otherwise 

Key Points & Notes 
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i so la ted  dur ing maintenance .  Maintenance  fac i l i ty sur faces  Key Points & Notes 
should be of concrete or be covered with suitable drip pans. 

Air must not be allowed to liquefy  on pipes, vessels or 
other components that contain liquid hydrogen. 
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6.2 High Temperature Key Points & Notes 

Water ,  glycol  solut ions, o i ls  and  gases c i rcula te  through 
pipes and other  vessels within  a transit bus. The maximum 
temperature achieved by any of these streams is the turbo-
charger  compressor  outlet,  which can exceed 400 °F  (200 
°C). Exposed surfaces  can  cause  serious  burns if touched. 

During normal  opera t ion,  engine  compar tment  covers  pre-
vent  exposure  to hot  surfaces; however,  the  engine  may be 
operated with the engine covers open. If the covers are open, 
such as during  maintenance procedures , contac t wi th any 
in t e rna l  su r faces  con ta in ing  c i r cu la t i ng l i q u i d s o r ga se s  
must be avoided. Internal components  may remain hot  for a 
long time after the engine has been shut down. 

Avoid contact with internal surfaces that are In contact 
with liquids or gases. Heed all warning decals. 
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6.3 High Pressure 

Hydrogen to  fuel a transit bus is typically stored in  roof-
m o u n t e d c y l i n d e r s  a t  a n  o p e r a t i n g  p r e s s u r e  o f  u p  t o 
3600 psig (250 barg), and potentially as  high as 5000 psig 
( 3 4 5  b a r g) .  P e r so nne l  hand le  hyd r o g e n a t h i g h - p r e s s u r e 
when  fue l ing  these cyl inde r s . This high-p re ssure  i s  ex ­
tremely dangerous and could result in an explosive force if a 
leak or component rupture occurred.  Even  when depleted, 
the hydrogen cylinders are often at a residual pressure of 
300–500 psig (21–35 barg). 

Never crack  open  or  loosen  the  f i t t ing of  any high-
pressure component; doing so  may cause the fitting or 
co mponent  to  be  propel led  with  extreme force .  Never  
tighten a high-pressure fitting  while under pressure; do-
ing so could cause the fitt ing to shatter with serious 
personal  injury.  Fo l low  fuel ing  and  venting procedures 
exactly. 

All high-pressure components are  cer t i fied pressure vessels 
and must be inspected regularly and replaced if any damage 
or fault occurs. Hydrogen  storage cylinders  must  survive a 
battery of tests to obtain certification as described in Section 
2.2.1. 

Hydrogen  s torage cyl inders have mult ip le  sa fe ty  fea tures . 
Each cylinder contains  a solenoid valve that automatically 
closes whenever the engine is shut down or when a collision 
sensor trips as the result of bus impact. Each cylinder also 
includes an internal excess  flow valve that closes  whenever 
the gas flow leaving the cylinder is too great (such as if a 
pipe bursts). An additional excess flow valve, on the common 
cylinder manifold, serves the same function. Pressure relief 
devices  mounted at each end of each cylinder release the 
cylinder contents when exposed to fire. 

Refer to warning and cautions in Section 7.1.1 whenever 
accessing rooftop components. 

All high-pressure components reside on  the roof and within 
the filling box. Hydrogen leaving the cylinders is regulated to 
the in t e rmedia te  (o r  “mot ive”)  p ressure  o f  approxima te ly 
178 psig (12 barg); this is further regulated to pressures up 
to 30 psig (2 barg) within the fuel delivery circuit. 

Additional components  protect  the  motive- and  low-pressure 
circuits against fuel overpressure. A pressure relief  valve is 
mounted downstream of the  motive  pressure  regulator and 
vents  to atmosphere if the pressure exceeds 200 psig (14 
barg). A burst disk  vents  hydrogen from the fuel delivery 

Key Points & Notes 
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circuit to the atmosphere if the pressure within the circuit 
exceeds 46 psig (3 barg). 

Hydrogen, a i r , water and coolant  operate  a t  a maximum 
pressure of approximately 35 psig (2.4 barg) within the fuel 
cell engine. The lubrication oil and hydraulic fluid operate at 
a maximum pressure of approximately 90 psig (6.2 barg).  
The bus chassis air system (air brakes) operates at up 125 
psig (9 barg). These pressures are potentially dangerous and 
caution  must be exercised when dealing with any pressur ­
ized component. 

When a fuel  cell  engine shuts down,  the following circuits 
vent or depressurize: 

• motive pressure fuel circuit 

• fuel delivery circuit 

• air delivery circuits 

• humidification water circuits 

• hydraulic circuits 

• lubrication circuits 

When a fuel  cell  engine shuts down,  the following circuits 
remain pressurized for some time, but depressurize slowly: 

• stack coolant circuit 

• bus coolant circuit 

When the a fuel cell engine shuts down,  the following cir­
cuits do not depressurize: 

• fuel storage cylinders 

• high-pressure fuel circuit 

• bus chassis air system 

The hydrogen cy l inders  and  h igh-pressure  c i rcu i t  are  
pressurized even when the engine is shut down. 

In addition,  fuel cell vehicles that include a fire suppression 
system contain  fire retardant tanks that remain pressurized 
at all times. 

Key Points & Notes 
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6.4 Electrical Shock Key Points & Notes 

A fuel cell powered transit bus contains a variety of high and 
low voltage components. 

Fuel cell stacks produce voltage in proportion to the number 
of fuel cells, and overall levels can exceed 1000 VDC (open 
circuit voltage) for a heavy-duty engine such as for a transit 
bus. This is converted to AC power within an inverter to op-
erate the drive motor. The inverter adjusts the AC output 
frequency and current  to  achieve  a prescribed torque  set-
p o i nt  and the output  voltage  floats as requir ed , b ut can 
reach levels as high as 460 VAC. 

At times, some of this AC power is diverted into one or more 
water- or coolant-cooled bleed resistors (or “dump choppers”) 
where it is converted to heat. These high voltage components 
pose a severe shock or electrocution danger and can remain 
charged for up to five minutes even after the engine has shut 
down. 

Fuel cell engines contain high DC and AC voltages. Exer-
c i s e  c a u t i o n  w h e n  a c c e s  s i n g  e l e c t r i c a l  c o m p o n e n t s t o 
prevent shock or electrocution. 

The fuel cell stacks,  inverter and other high voltage compo-
nents are individually enclosed  and  located  within  the en-
gi ne comp ar tment .  During  no rmal  operat ion,  these barr iers  
o ffe r protection against shock and electrocution, a nd must 
be in place. 

Do not operate a fuel cell engine unless all  high voltage 
barriers are in place. 

Whenever the engine is  shut down, the reactant gases are 
automatically  vented and one or more dump choppers are 
e n g a g e d .  T h  e s e  d u m p c h  o p p e r s  c o  n t i n u o u s l y  a b s o r b  a n y 
p o w  e r  g e n  e r a  t e d b y  r e s  i d u  a l  r e a c t a n  t g a s  e s  w i t h  i n  t h  e 
stacks. If groups of fuel cell stacks or individual stacks have 
been removed from  the vehicle,  the dump chopper is no 
longer connected and a residual voltage may build up in as 
little as several minutes. Furthermore, a reading of zero volts 
(0 V) across an entire fuel cell stack does not guarantee that 
all cells are uncharged. 

Always assume that the fuel cell  stacks are electrically 
cha r g e d. Do no t  touch  the  fuel  cell  stack,  its graphite 
cells, or the cell voltage monitoring wires until you con-
firm that no voltage exists. 
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The bleed resistor is located on the bus chassis. When 
the stacks are removed from the chassis or electrically 
disconnected, the bleed resistor Is  no longer connected. 

Jewelry (such as r ings, necklaces, bracelets  and watches) 
may concentrate an electric current  when it comes into con-
tac t  wi th  charged  compo nent s , o r when  a shock passes  
through the human body. These concentrat ions  can cause 
serious heat burns. 

Do not wear jewelry near the fuel cell engine. To mini-
mize  conductivity, your  hands and clothes  should be  dry. 

The vehicle  control system and  other components operate on 
12 and/or 24 VDC. This power derives  from one or more 
batteries while the engine is off,  and  from an alternator 
when the  engine  is  on.  These  low voltage components are 
located in many  places throughout the vehicle and  do not 
pose a shock hazard. Some of these components may remain 
charged even when the engine is shut down. 

Vehicle Ground Fault Monitor 

High voltage components are electrically isolated from the 
vehicle chassis. In order to guard against inadvertent charge 
leakage onto the vehicle chassis,  a ground  fault monitor is 
incorporated into the inverter that constantly  monitors the 
approximate electrical resistance between the two planes. A 
high resistance indicates that there is little or  no current 
leakage onto the chassis (as it should be), and a low resis­
tance indicates that a leakage current exists. 

A leakage current, or ground fault, occurs wherever an elec­
trical short-circuit occurs and usually derives  from ion ac ­
cumulation in the humidification  water or stack coolant. If 
the resistance is too low, the ground fault monitor generates 
a warning or alarm. 

Key Points & Notes 
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6.5 Chemical 

A fuel cell powered transit bus does  not pose any serious 
c h e mi c a l  h a z a r d s  a l t h o u g h  c a u t i o n s h o u l d  b e  e x e r c i s e d  
when handling the following substances. 

6.5.1 De-Ionizing Resin 

De-ioniz ing f i l t e r s  conta in  a  mixed-bed  de- ioniz ing  res in 
used to remove anions and cations  from the humidification 
water or stack coolant. De-ionizing resin is inert and consid­
ered safe, but can cause mechanical eye irritation. As a pre-
venta t iv e measure ,  w ear safety  g la sse s  w hen  ha ndl ing 
the filters  or  resin. Respirators and  ventilation are not re ­
quired under normal conditions. 

Store new de-ionizing resin above freezing and below 120 °F 
(49 °C). Keep containers sealed to prevent drying. Dispose of 
used resin  by incineration or landfilling according to local 
regulations. 

Refer to the manufacturer’s Material Safety Data Sheet for 
comprehensive safety information. 

6.5.2 Ethylene Glycol 

The stack and bus coolant circui ts contain solutions  that 
include  ethylene glycol.  (Ethylene glycol  is  d ifferent from 
propylene glycol, which is  essential ly  non-toxic.  Propylene 
glycol is not used as it is incapable of sufficient heat absorp­
tion.) 

Ethylene glycol is toxic. Ingestion can lead to central nervous 
system, cardiovascular and kidney  effects, including  kidney 
failure and death. Symptoms of ethylene glycol ingestion are 
numerous and include  slight inebriation, eye problems, de-
p r e s s e d  r e f l e x e s ,  c o n v u l s i o n s ,  m i l d h yp e r t e n s i o n ,  r a p i d 
heartbeat and increased respiration among others. 

Ethylene  glycol  is  toxic  if  ingested, or if its vapors are 
inhaled. 

Ethylene  glycol  vapors pose little hazard  due to low vapor 
pressure, however ,  when heated  or  misted they present a 
s igni f icant hea l t h  haza rd .  I r r i t a t i on ,  cough  and  headache 
may occur from repeated exposure to vapors, and more se ­
vere symptoms including coma  can occur from inhalation of 
heated or misted vapors. 

Heated or misted ethylene glycol  is  a significant health 
hazard. 

Key Points & Notes 

Process fluids and cleaning 
solutions can also pose 
chemical hazards if ingested, 
inhaled or absorbed. Always 
refer to manufacturer’s 
instructions and Materials 
Safety Data Sheet prior to 
use. 
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Skin  absorption occurs,  a l though toxic amounts have no t 
been reached in human cases. 

As preventative measures: wear safety  glasses  or  chemi-
ca l  sa f e ty  gogg le s , w e a r chemica l ly  pro tec t iv e g loves , 
boots, aprons and gauntlets  made of natural or nitrile 
rubber or of Neoprene to prevent skin contact. Do not 
eat, drink or smoke in the work area. Follow OSHA respi-
rator regulations and if necessary, wear a MSHA/NIOSH 
approved respirator.  Provide genera l and local  venti la-
t ion or  loca l exhaust  vent i la t ion  to  minimize  ethy lene 
glycol vapors. 

Wash hands after contact  with  ethylene glycol, and be-
fore eating, drinking, smoking, using  the toilet or  apply-
i n g  c o s m e t i c s .  S e p a r a t e c o n t a m i n a t e d  c l o t h i n g  f r o m 
street clothes and launder before re-use. Clean contami-
nated boots. 

Heated or misted ethylene glycol is a moderate fire and ex­
p los ion  hazard .  The auto- igni t ion temperature of  e thylene 
glycol is approximately 748 °F (398 °C). 

A v o i d e x p o s i n g  e t h y lene g ly co l  t o  h e a t  a n d  i g n i t i o n 
sources. 

Ethylene glycol fires can be  extinguished  with carbon diox­
ide, dry chemical, water spray or alcohol-resistant foam fire 
ext inguishers .  To  f ight  e thylene g lyco l f i r e s , wea r  se l f -
c o n t a i n e d b r e a t h i n g  a p p a r a t u s  ( p r e s s u r e - d e m a n d 
MSHA/NIOSH approved or equivalent) with  a full facepiece 
o p e r a t e d i n p r e s s u r e - d e ma n d  o r  p o s i t i v e -p r e s s u r e  mo d e . 
Apply cooling water to sides of containers until well after the 
fire is out. 

Ethylene  glycol is chemically incompatible with  many chemi­
cals and causes ignition at 212 °F (100 °C) with others. Refer 
to the MSDS for the complete list of incompatibles. Avoid 
exposing ethylene glycol to incompatible chemicals. 

Ethylene glycol can absorb twice its weight in water at 100% 
relative humidity.  Avoid exposing new ethylene glycol to wa­
ter or high humidity. 

U s e d e t h y l e n e  g l yc o l  ma y  b e  c o n t a mi n a t e d  wi t h  t r a c e 
amounts of  lead or other metals and should be disposed of 
in accordance with local regulations. 

Refer to the manufacturer’s Material Safety Data Sheet for 
comprehensive safety information. 

Key Points & Notes 
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6.5.3 Purple K Dry Chemical Fire Retardant Key Points & Notes 

F i r e s uppression  syst em retardant tanks con t a in  P urple  K 
dry chemical fire retardant. Purple K dry chemical is a pow-
der consisting of  a mixture of chemicals and is  gener ally 
non-hazardous, except when present in  sufficient concentra-
tion to cause asphyxiation by oxygen displacement. 

During normal operation, Purple K dry chemical is contained 
under  p r essur e  within the fire suppressio n system retardant 
tanks. In the event of a fire sensor trigger, the dry chemical 
mixture is discharged through  nozzles into each of the af-
fected zones. 

W h e n a r e t a r d a n t disc h a rge occu rs, ex pect  a hi gh no i s e 
level. A cloud of dry chemical retardant dust  may exit the 
vehicle from the discharge areas. Avoid inhalation of  Purple 
K dry chemical. Skin does not absorb Purple K dry chemical. 
It is slightly irritating to skin or eyes. Prolonged or repeated 
skin contact may cause irritation, drying and cracking. 

Avoid inhalation and contact with Purple K powder. 

If  ingestion of Purple K dry chemical occurs,  do not in-
duce vomi t i n g ,  r inse mo uth w i th w a ter and contact  a 
physician or poison control center. Purple K dry chemi-
cal reacts violently with lithium. 

A s preventa t i v e  me a s ur e s :  w e a r  sa f e t y  g l a sse s ( o r gog-
gles) and gloves when handling the Purple K dry chemi-
cal;  wash hands with soap  and water and flush for 15 
minutes after contact. Do not eat, drink or smoke during 
handling. 

Dispose of used Purple K dry chemical or its containers ac-
cording to local regulations. Purple K dry chemical is known 
to contribute  to ozone depletion  in  the upper atmosphere -
recycling is either required or encouraged by local authori-
ties. 

Refer to the manufacturer’s Material Safety Data Sheet for 
comprehensive safety information. 
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6.6 Physical Key Points & Notes 

P h  y s i c a l  h a z a r d s  i n  c l u  d e r o t a t i n g e q u i p m e n t a n d w e i g h t 
hazards. 

Rotating Equipment 

T he fuel cell engine contains  fans and belt-driven rotating 
equipment  that  may be partially exposed, or could become 
exposed if protective guards are removed. 

D ur ing no r ma l  o p e r a t i o n,  e ngi ne  a nd  r a d i a t o r  c o mpartme nt 
covers prevent exposure to these rotating components; how-
ever, the engine may be operated with these covers open. If 
the c o ve r s a r e o p e n,  such as during  main tena nce proce-
dures, contact with rotating equipment  is possible and must 
be avoided. Loose clothing may become entrained in ro-
tating equipment and should not be worn. 

Weight 

A fuel cell powered transit bus is very heavy and weighs ap-
proximately 2200 lb (1000 kg) more than a CNG bus. Hoist-
ing equipment capable of  s a fe  ly  l i f t i n g  t h i s  w e ig ht  is  
required during some maintenance procedures. 

Ind ividual fuel cell engine components, such as the power 
t rain, s tack  modules and other components can  we igh as  
much as  2200 lb (1000 kg) and  require  either  a  crane  or 
hoist to lift, and special cradles to handle. To prevent slip-
page, properly  secure the components to the lifting equip-
ment. 

Wear appropriate  s a f e t y  equipment ,  s u ch  as  s t ee l - toed 
boots when handling heavy components. 
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OBJECTIVES 

Upon completion of this module, the technician will be able to: 

• understand general maintenance procedures 

• understand fuel system fueling, venting and purging procedures 

• understand fuel cell engine routine service requirements 

• understand the principles of the fuel cell engine service procedures 

• understand the principles of the fuel system service procedures 

•	 understand the principles of the conventional service procedures as they pertain to a 
fuel cell bus 

• understand and interpret fuel cell engine diagnostics and fault information 
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7.1 General Key Points & Notes 

Apply the following  general service instructions  during  main-
tenance. Many of the instructions are just as applicable to 
the  maintenance  of a  conventional  powered bus as they are 
to a fuel cell powered bus. These instructions are not meant 
to be exhaustive, or as a substitute for common sense or ba-
sic maintenance skills. 

7.1.1 Warnings and Cautions 

General Warnings and Cautions 

• B e familiar with the safety information,  hazard s and 
emergency procedures prior to maintaining the bus. 

• Always follow lockout procedures prior to servicing the 
bus. Lockout procedures vary, but must prevent inadver-
tent engine start even where various personnel are work-
ing independently. 

• Be familiar with the location and operation of emergency 
shutdown switches. A bus normally contains two  emer-
ge nc y shutd o wn swi t c he s,  o ne  mo unt e d  i n t h e  mo t o r 
control center and the other at the rear of the engine 
compartment. These switches enable the engine to be 
shut down from either location, and may allow engine 
start from the rear of the bus. 

• When elevating the bus, beware of the limitations of the 
blocking equipment, and always ensure that the jarring 
and shaking created by component removal and installa-
tion procedures do not overload the blocks, or cause the 
bus to become unstable. 

• Always depres  s u r ize air  l ines pr ior  to  dis  c onn ect ion. 
Failure to do so will cause the hose end to whip uncon-
trollably as the air is expelled and solid particles depos-
ited in the line to be propelled. 

• Do  not tamper  with any control system communication 
signals while the bus is operating. Doing so may result in 
unsafe operating modes, equipment damage, or injury to 
personnel in or near the bus. Repair all faulty sensors or 
wiring before operating the bus. 

• Open (disconnect) the battery knife switches prior to re-
moving or installing electrical components. 

• Understand the conditions under which the fire suppres-
sion system is active (if installed). In many buses, the fire 
suppression system is disabled if the batteries are dis-
charged or if battery knife switches are open (discon-
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nected). The fire suppression system may need to be dis­
ab led  dur ing some  maintenance  p rocedure s ( such as 
during welding) to prevent false trigger. 

•	 After torquing a bolt, add a spot of paint to the interface 
between the bolt head and its mating surface to indicate 
that torquing is complete. 

•	 Always use a hand-held voltmeter to ensure that no volt-
age exists prior to servicing any electrical component. 

Fuel Cell Engine Warnings and Cautions 

•	 Always wait at least five minutes after the engine is shut 
down prior to servicing any fuel cell engine component in 
order to discharge any residual electrical charge from the 
fuel cell stacks and/or electrical components. 

•	 Always ensure that stack voltmeters indicate 0 VDC prior 
to servicing any fuel cell engine component. 

•	 Always use a hand-held voltmeter to ensure that a given 
stack is at 0 VDC prior to servicing that stack. 

•	 Take care when handling fuel cell engine components to 
prevent damage. 

•	 Some fuel cell  stack components are fragile.  Follow 
documented procedures  when handling stacks to prevent 
damage. 

•	 Keep foreign objects, materia ls ,  petroleum-based prod ­
ucts, oil and grease away from the fuel cell stacks or any 
fuel cell engine components that pass fuel, air or coolant 
to or from the fuel cell stacks. Doing so may destroy the 
fuel  cell  stacks. Clean these components  only  as  de-
scribed in Section 7.1.6. 

•	 Never introduce any leak inhibitors or other foreign sub-
stances into the water system. Doing so may destroy the 
fuel cell stacks. 

•	 Replace all non-rubber gaskets once used. Replace rub­
ber gaskets during maintenance if they have been in ser­
vice for six months or if damaged. 

Fuel Storage System (Rooftop) Warnings and Cautions 

•	 W heneve r poss ib le ,  access  roof to p co mp o nent s whi l e 
parked indoors. If outdoors,  latch the  canopies open. 
Canopies can suddenly close when exposed to wind. 

•	 Access rooftop components by opening one canopy and 
standing on the opposite (closed) canopy. 

Key Points & Notes 
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• Where available, wear a personal safety harness and at-
tach it to an overhead safety cable when on the bus roof. 

Key Points & Notes 

• Never open or tighten any high-pressure fitting or com-
ponent without first venting the hydrogen and verifying 
that all high-pressure gauges or displays  indicates 10 
psig or less.  This ensures that the high-pressure circuit 
is depressurized even if one of the gauges or displays in-
dicates an incorrect value. 

• All personnel  working with hydrogen storage components 
must have high pressure gas training or high pressure 
gas certification, if available. 

• Close the fuel shutoff valve that supplies fuel to the en-
gine only in case of emergency. Closing the valve during 
operation can damage the fuel cell stacks. Instead, turn 
off the engine in order to automatically close the solenoid 
valves associated with each  hydrogen cylinder and the 
high-pressure  manifold; this isolates all fuel within the 
fuel storage system. 

• Take care when handling fuel storage system components 
to prevent damage. 

• Do not walk on cylinders. Do not expose cylinders to any 
form of abrasion. Protect cylinders from tool impact. Do 
not expose cylinders to corrosive acids or bases, or add 
coatings. 

• Do not leave tools or other items on the roof. 

• Do not step on roof covers or hatches. 

7.1.2 Work Procedures 

• Make a sketch of component installation prior to removal 
and keep parts in order during disassembly to facilitate 
re-assembly. 

• Keep parts clean, and clean them before re-assembly. 

• When disconnecting unlabeled hoses or  connectors, use 
tags to identify how they should be reconnected. After 
completing a repair, check wiring and hose connectors to 
ensure that they are properly connected and secure. 

• Cover open ends of lines, hoses and fittings with caps, 
tape or clean plastic bags to prevent the entry of foreign 
objects, substances or dirt. 

• To disconnect vacuum hoses, pull on the end, not the 
middle of the hose. 
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•	 To uncouple electrical connectors, pull on the connector 
itself, not the wires. 

•	 Replace used lock nuts. Do not substitute a regular nut 
for a lock nut. 

• Use stainless steel hardware unless otherwise specified. 

•	 When replacing fuses or breakers, be sure that the new 
fuse or breaker has the correct amperage rating. 

•	 Understand electrical circuits prior to diagnosis and con­
necting the test equipment. 

•	 Do not drop electrical components such as sensors or re-
lays as they may become damaged. If they are dropped 
on a hard floor, they should be verified or replaced. 

•	 Label replacement parts in an identical fashion to the 
components they replace. Install wires so that their labels 
are easily readable wherever possible. 

•	 Always replace warning labels (such as for high voltage, 
high pressure, high temperature or hydrogen). 

•	 When unfastening fittings, ensure that there is no pres­
sure in the circuit before opening and open the fitting 
slowly so that any trapped gas can escape safely. 

7.1.3 Fittings 

Fuel cell engines use a variety of fittings for attaching hoses, 
tubes and other components. Some of the most common are 
described in the following sections. 

7.1.3.1 Flared Tube Fittings 

Flared tube  fittings are commonly  used  on  hydraulic fluid, 
oil, coolant and  bus chassis air  hoses. Each  fitting consists 
of a tube or hose, a support sleeve and a nut that is free to 
turn, and a fitting body that includes male threads. 

When fastening pre-swaged flared tube fittings: 

1. Ensure that all parts are clean and undamaged, and that 
the sealing surfaces are round and smooth and free of all 
nicks, scratches, spiral tool marks, splits or weld beads 
in the seal area. 

2.	 Align the tube flair against the nose of the fitting body. 
Do not apply Teflon tape or other thread compounds to 
the threads of fittings, sleeve or nut. 

3. Tighten the nut by hand, then tighten the nut with a 
wrench either to the specified torque or by the specified 

Key Points & Notes 
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number of flats (as shown in Table 7-1). When using the Key Points & Notes

flats method, hand tighten, mark one of the nut flats with

a vertical line, and tighten. When tight, mark the body

hex in line with the line on the nut.


Figure 7-1 Fastening Flared Tube Fittings 

Size Thread Size Torque 
(in-lb) 

Torque 
(ft-lb) 

Tube 
Connection 

(Flats) 

Swivel Nut or 
Hose Connection 

(Flats) 
-2 5/16-24 40 ± 5 3 + 1 - -

-3 3/8-24 70 ± 5 6 ± 1 - -

-4 7/16-20 140 ± 10 12 ± 1 2 2 

-5 ½-20 180 ± 15 15 ± 1 2 2 

-6 9/16-18 250 ± 15 21 ± 1 1½ 1¼ 

-8 3/4-16 550 ± 25 45 ± 2 1½ 1 

-10 7/8-14 700 ± 50 60 ± 5 1½ 1 

-12 1 1/16-12 1000 ± 50 85 ± 5 1¼ 1 

-14 1 5/16-12 1250 ± 50 105 ± 5 1 1 

-16 1 5/16-12 1450 ± 50 150 ± 5 1 1 

-20 1 5/8-12 2000 ± 100 170 ± 10 1 1 

-24 1 7/8-12 2400 ± 150 200 ± 15 1 1 

-32 2 ½-12 3200 ± 200 270 ± 20 1 1 

Table 7-1 Flared Tube Fitting Torque Specifications 
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Re-tighten existing flared tube fittings only. New flared Key Points & Notes 
t ube  f i t t i n g s b e  s w a g e d a cco rd ing ma nufa cmu s t  
turer's specifications using approved equipment. 

7.1.3.2 Compression Fittings 

Compression  fittings are commonly  used  on 
are  rated  to  very high pressure.  Each fitting 
tube, on which two ferrules are swaged and a 
move, and a fitting body that includes male threads. 

When fastening pre-swaged compression fittings: 

1. Ensure that all parts are clean and undamaged. 

t o  -

fuel lines and 
consists  of  a 

nut is free to 

2. Insert the tube with pre-swaged ferrules into fitting body 
until front ferrule seats. Do not apply Teflon tape or other 
thread compounds to the threads of fittings, ferrules or 
seat. 

3. Tighten the nut by hand, then tighten the nut with a 
wrench 1/4 turn beyond the original position (an increase 
in resistance occurs at the original position). 

Figure 7-2 Fastening Compression Fittings 
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4. Attempt to insert the thin end (with rounded corners) of a 
gap inspection gauge (for the appropriate size of tube) be-
tween the nut and fitting body: if it fits, further tighten 
the nut and re-test; if it does not fit, the nut is suffi­
ciently tightened. Six different gap inspection tools are 
required, for c", ¼", d", ½," ¾," and 1" tubes. 

Re- t ighten  ex i s t ing  compress ion  f i t t ings . New  compres -
sion fittings  must  be  swaged  according  to  manufacturer's 
specifications. 

7.1.3.3 Pipe Thread Fittings 

Pipe thread fitt ings are commonly  used  on  all  manner  of 
fluid and gas connections. Each fitting consists of a tapered 
thread that forms an interference fit with a mating tapped 
hole. Teflon tape or sealant is added to the pipe threads to 
aid in seal formation. 

When fastening pipe thread fittings: 

1. Remove any old Teflon tape or sealant  from the pipe 
threads. 

2. Apply ample new Teflon tape to the pipe threads (typically 
two to three turns). Ensure that the leading 1.5 threads 
remain clear of tape to prevent orifice blockage. 

3. Screw the two components together until tight: use only 
wrench flats provided when applying torque (never use 
sleeves or enclosures). Do not exceed the following tight­
ening torques: 

d" NPT: 225 in-lb (25 Nm) 

½" NPT: 300 in-lb (34 Nm) 

¾" NPT: 450 in-lb (50 Nm) 

Figure 7-3 Pipe Thread Fitting 

If an adequate seal cannot be achieved, replace the fitting or 
component as required. 

Key Points & Notes 
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7.1.3.4 Quick-Connect Fittings 

Quick-connect fit t ings are commonly  used  on  fluid  or  gas 
lines that  must be disconnected frequently or while under 
pressure. Each fitting consists of a stem and a body and the 
body  is  surrounded by  a sleeve. The body, and sometimes 
the stem, contains a built-in check valve to minimize content 
spillage when disconnected. 

When using quick-connect fittings: 

• 	To couple, align stem with body and push stem into body 
until it clicks into place. 

• To uncouple, pull body sleeve towards stem. 

Figure 7-4 Quick-Connect Fitting 

7.1.4 Valves 

Fuel cell engines use a variety of valves for isolating and con-
trolling gas and liquid flow. Some of the most common are 
described in the following sections. 

7.1.4.1 Shutoff Valves 

Shutoff valves are used on liquid and gas lines to interrupt 
or permit  flow. Shutoff valves are also  known as 2-way 
valves since they have two possible flow configurations: open 
and closed. 

To use shutoff valves: 

•	 The valve is open when the handle is parallel to the pipe 
on which it is mounted. 

•	 The valve is closed when the handle is perpendicular to 
the pipe on which it is mounted. 

Key Points & Notes 
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Figure 7-5 Shutoff Valve Use 

7.1.4.2 Three-Way Valves 

Three-way valves are used on fluid and gas lines to interrupt 
flow, or permit  flow in  either of two directions. Three-way 
valves therefore two flow positions and one off position. 

Figure 7-6 Three-Way Valve Use 

To use three-way valves: 
Key Points & Notes 

•	 The valve is open when the handle is parallel to the pipe 
on which it is mounted; the flow path passes between the 
direction the handle points and the outlet at the bottom 
of the valve 

•	 The valve is closed when the handle is perpendicular to 
the pipe on which it is mounted. 
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7.1.5 Materials 

A fuel cell bus uses special materials to prevent contamina­
tion of the fuel cells and to provide resistance to hydrogen 
embrittlement. These material restrictions apply  to all proc ­
ess lines that pass fuel, air or coolant to or from the fuel cell 
stacks and apply equally  to  the system plumbing (lines, in­
t e r face  f i t t ings  o r connections) and component par t  con ­
struction. 

Use only the materials  specified. Failure to do so  may 
lead to component failure or damage to the fuel cells. 

Key Points & Notes 
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• For any wet or dry fluid or gas components: 

Use 316 stainless steel, Teflon, EPDM, or Viton 

•	 For any dry fluid or gas components, or wet compo-
nents that are not in direct contact with process flu-
ids that pass through the fuel cell stacks (such as the 
hydraulic fluid circuit): 

Use 316 stainless steel, Teflon, EPDM, Viton, brass, cop-
per, carbon steel, zinc, aluminum or Buna N. Stainless 
steel has  better hydrogen embrittlement resistance than 
carbon steels. 

• At all times: 

No rare earth metals, alkali metals and alkaline earth 
metals. These metals react with hydrogen. 

•	 All components must be kept free of contaminants. In 
particular, all surfaces and components  must be kept 
free of oils, sulfur containing pipe dope, dirt, sand, rust, 
metal shavings and other particulates. 

7.1.6 Cleaning 

A fuel cell bus requires special cleaning solutions and meth­
ods to prevent contamination of the fuel cells and to protect 
the hydrogen  s torage cyl inders . Di ffe rent  c leaning proce ­
dures apply to each of the following four categories: 

Fuel Cell Stacks And Membrane Humidifiers 

Use only a dry or damp cloth when cleaning the fuel 
s t ack  o r  memb rane  humid i f i e r  su r faces . Never  use 
vents, steam, or soap or allow them to contact the 
ponents in any way.  These  solutions can be absorbed 
the fuel ce l l  s tack  or  membrane humidif iers  and 
cause serious damage. 

Fuel Cell Engine Process Component Interior Surfaces 

cell 
so l -

com-
by 

can 

Key Points & Notes 

Use on ly  manufac tur e r  app roved  c l ean ing  so l u t i o n  when  
cleaning the interior of any component (other than the fuel 
cell stacks) that passes fuel, air or coolant to or from the fuel 
cell stacks. Never use soap or solvents (such as varsol, 
a c e t o n e ,  m e t h y l - e t h y l - k e t o n e ,  p a i n t  t h i n n e r ,  l a c q u e r  
t h i n n e r ,  g a s o l i n e ,  a l c o h o l ,  e t c . ) . These so lu t io ns  ma y 
leave residues that  could cause serious damage  to  the 
fuel cells. 
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Fuel Cell Engine Exterior Surfaces 

Use standard cleaning procedures  when cleaning  fuel  cel l  
engine exterior  surfaces provided that no soap or solvents 
contact the fuel  cells  or  the  interior  of process components 
in any way.  Use water  and  cleaning solution sparingly.  For 
intensive cleaning, remove the stacks and seal manifold in­
terfaces thoroughly to  prevent contact . Do not use steam 
since this  may penetrate electronic components or process 
streams. 

Bus Exterior and Standard Bus Equipment (Including 
Hydrogen Storage Cylinders) 

Use standard cleaning procedures  when cleaning the exte ­
rior of the bus provided that no soap or solvents contact the 
fuel cells or the interior of process components in any way. 

The soaps used in transit authority bus  wash  facilities are 
benign to the hydrogen  storage cylinders. Never expose the 
cylinders to unapproved soaps  or any solvents. These so-
lut ions  may corrode , weaken or  ser iously damage  the 
cylinders. 

7.1.7 Fluids 

A fuel cell bus uses specific fluids within its systems. Some 
of these fluids are different  from those used on a conven­
tional powered bus. 

Humidification Water 

The humidif ica t ion sys tem  uses pure de-ionized (dis t i l led) 
water. Regular water is not suitable as the ions in it would 
cause short-circuits within the fuel cells.  De-ionized  water 
must be stored in  non-metal containers to  prevent ion ac ­
cumulation or  passed  through a  de-ionizing filter prior  to 
use. Do not re-use de-ionized water. 

Use only pure de-ionized (distilled) water. Do not use tap 
water, drinking water or any other liquid. 

Stack Coolant 

The  stack  coolant  system  uses  either  de-ionized  (dist i l led) 
water, or a custom  mixture of de-ionized water with pure 
ethylene glycol. Regular water is not suitable as the ions in it 
would cause short-circuits within the fuel cells. Regular eth­
ylene glycol is not suitable as it contains additives that can 
damage the fuel cell stacks.  Pure propylene  glycol is not 
suitable as it has insufficient cooling capacity. Used stack 
coolant may be re-used if kept clean. 

Key Points & Notes 
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Use  only  de-ionized ( d istilled) water  with  or  without  pure 
ethylene glycol solution as specified by the manufacturer. Do 

Key Points & Notes 

not use tap water, drinking water, regular ethylene gly-
col,  propylene glycol or any other liquid. Never add leak 
inhibitors or other additives. 

Bus Coolant 

The bus cooling system uses  a standard water/ethylene gly-
col solution since it never comes into direct contact with the 
fuel cell stacks. A propylene glycol solution is not suitable as 
it has insufficient cooling capacity. Used bus coolant may be 
re-used if kept clean. 

Lubrication Oil 

The lubrication system uses a specified synthetic oil of spe-
cific viscosity. This oil has been specially selected for its low 
vapor pressure property so that oil is less likely to enter the 
air stream that passes through the fuel cell stacks. Used lu-
brication oil may be re-used if kept clean. 

Use o n ly  the specif ied lubrica t io  n o i l .  Never substitute 
other oil brands or viscosities. 

Hydraulic Fluid 

The hydraulic system uses  a specified hydraulic fluid, typi-
ca l ly commerc  i a l -g r ade  au  tomat ic  t ran  s m i s  s i on  f l u i d .  Us  ed  
hydraulic fluid may be re-used if kept clean. 

Use only the specified hydraulic fluid. Do not substitute 
other fluid brands or specifications without prior permis-
sion from the bus manufacturer. 

Transmission Fluid 

The transmission  fluid circuit uses  a specified, commercial-
grade automatic transmission fl  ui d .  U s e d  t r a ns mi ssion fluid 
may be re-used if kept clean. 

Use only the specified transmission fluid. Do not substi-
tu te  oth er f luid  br ands or sp ecif icat ion s  w i th ou t p r i o r 
permission from the transmission manufacturer. 

HVAC Compressor Oil 

T h e HVAC comp res  s o r u s es  a s p ecifi ed,  commercial-gr ade 
compressor oil. This oil has been selected for its compatibil-
ity with the type of refrigerant used. Use of other oils may 
lead to air conditioning equipment  damage. Used compressor 
oil may be re-used if kept clean. 
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Use only the specified HVAC compressor oil.  Do not sub-
stitute other fluid brands or specifications without prior 

Key Points & Notes 

permission from the air conditioner manufacturer. 

7.1.8 Hoisting and Jacking 

Lift or jack a fuel cell bus using standard bus manufacturer 
procedures with an awareness  of  the following special con-
siderations: 

• A fuel cell bus typically weighs approximately 5000 lb 
(2300 kg) more than a diesel bus, and about 2200 lb 
(1000 kg) more than a CNG bus. Ensure that hoisting 
and jacking equipment is capable of  safely supporting 
this weight. 

• A fuel cell bus is taller than a diesel bus, especially with 
a roof canopy open. Ensure that sufficient space exists 
when hoisting or jacking the bus. 

• Avoid lifting or supporting a fuel cell bus from the rear 
unless absolutely necessary since this may strain the fuel 
cell engine and/or the support chassis. Never lift or 
support the  bus  from the  rear  unless all support 
struts  are in place. Lifting or supporting  the bus 
without the rear support struts could cause structural 
damage. 

7.1.9 Towing and Pulling 

Towing and pulling instructions for a fuel cell bus vary ac-
cording to whether the distance is less or greater than one 
mile (1.6 km). As an alternative to towing, the bus may be 
transported on a flatbed bus trailer. 

Distances Greater Than One Mile 

W hen transport ing  a  fuel  cell  bus over  dis  t ances gr eater  
than one mile (such as returning the bus to the transit facil-
ity after a road breakdown), tow or pull the bus using stan-
d a r d  b u  s m a n u f a  c t u r  e r  p r o c e d u r  e s  w i t h  t h e  f o  l l o w i n g  
restrictions: 

• Disconnect the driveshaft or remove the rear axle shafts. 
This prevents transmission damage since it is not actively 
lubricated when the engine is off. It is not sufficient to 
place the shift selector in neutral and flat tow the bus. 

• The bus may be towed from either the front or the rear. If 
towed from the rear, ensure that all rear support struts 
are in place. Towing the bus without the rear support 
struts in place could cause structural damage. 
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Distances Less Than One Mile 

When transporting  a fuel cell bus over distances less than 
one mile (such as moving the bus within the transit facility), 
flat-tow or  pull the bus from either the front or the rear 
without disconnecting the dr iveshaft  or  removing the rear  
axle shaft provided that: 

• the towing distance does not exceed one mile (1.6 km) 

•	 the towing/pulling speed does  not exceed 5 mph (8 
km/h) 

•	 there has been no major failure within any portion of the 
power train 

• there has been no loss of oil or fluid from the power train 

• the shift selector is in neutral mode 

• the towing/pulling occurs on  structural components only 

Do not flat tow or pull the bus even over short distances 
unless all above conditions are met. Doing so  may cause 
serious damage. 

7.1.10 Welding and Heating 

Special  safety precautions (in addition to those prescribed in 
s tandard  bus  weld ing procedures) mus t  b e  app l ied when  
welding components or circuits on a fuel cell bus, or when 
heating components with oxygen/acetylene or propane 
equipment.  Different  welding and heating procedures apply 
to  non-hydrogen bus chassis  components and to  hydrogen 
components and circuits. 

Welding and heating are hazardous activities  in the vi-
cinity  of hydrogen. Strict ly  fol low these safety precau-
tions. 

Non-Hydrogen Components or Circuits 

When welding or heating non-hydrogen bus chassis compo ­
nents or circuits, remove the component from the bus chas­
sis if possible. If not: 

1.	 Vent the fuel storage system (including all hydrogen stor­
age cylinders) to 300 psig (21 barg). 

2.  Close all cylinder hand valves. 

3. Disable the fire suppression system, if installed. (A weld­
ing arc near a fire sensor will cause it to trigger.) 

Key Points & Notes 
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4. Clamp the welding ground as close as possible to the 
weld area. 

Key Points & Notes 

5. Protect stacks and fuel storage components from sparks 
and splatter. 

Hydrogen Components or Circuits 

When welding or heating hydrogen components or circuits: 

1. Isolate and vent the hydrogen circuit and remove compo-
nent from bus 

2. Weld the component away from the bus. Clean or pas-
sivate the component as required. 

3. Allow component to cool to room temperature before re-
installing. 

4. Install the component into the bus. 

5. Purge the hydrogen circuit if required. 

6. When pressurized, leak test the circuit with special atten-
tion to all weld areas. 

Never weld hydrogen components or circuits on the bus. 

7.1.11 Parking and Storage 

A fuel cell bus may be parked or stored at either an outdoor 
or indoor location provided all environmental and safety re-
quirements are satisfied. 

7. 1.11.1 Parking (0–1 Month) 

Parking is defined as storing the bus for any period less than 
one month with the intention  of continued  operation.  Park-
ing of the bus requires attention to  hydrogen safety and to 
freeze protection. 

Hydrogen Safety 

T he par ki ng l o c a t i o n mu st accommodate potential  hydrogen 
leaks.  The on-board leak detection  system typically inactive 
unless the engine is on.  If the leak sensors have been un-
powered for several days, they may take up to 24 hours of 
o p eratio n to stab ilize. T he fire suppressio n system, if in-
stalled,  may be inactive when the battery knife switches are 
open (disconnected). 
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Indoor Parking 

When parking in a hydrogen safe facility (with specific leak 
detect ion, ventilation  or electrical shut-off provisions) , the 
fuel  cylinders  may remain pressurized. When  parking  in  a 
non-hydrogen safe  facility, the bus fuel cylinders must be 
vented to 10 psig (0.7 barg) prior to entrance. If parking the 
bus for several days, open (disconnect) the battery knife 
switches to prevent battery discharge. 

Outdoor Parking 

When parking outdoors, check  the parking area for sources 
o f  igni t ion ( such as  opera t ing e lec t r ica l  equipment)  and 
overhead obstructions (such as wires or  overpasses). If park­
ing  the bus for several days, open  (disconnect) the battery 
knife switches to prevent battery discharge. 

Freeze Protection 

The parking location must prevent the fuel cell stacks from 
freezing at all times. All fuel cell stacks contain water in the 
air and hydrogen paths that is created during the power 
generation reaction and as a result of humidification. 

In addition, some fuel cell  stacks are cooled using pure de-
ionized water, while others are cooled using a mixture of de-
ionized water and ethylene glycol. If any of this water freezes, 
it can damage or destroy the fuel cell stacks. If the fuel cell 
stacks freeze in the absence of water, they may be harmed 
but not destroyed. Ice within other parts of the fuel cell en­
gine can damage components. 

Some fuel cell  buses are equipped with  freeze protection 
equipment that circulates warm water or heats  specific areas 
in order to prevent freezing. 

When parking the bus, ensure that the ambient temperature 
will not drop below 41 °F (5 °C). If the temperature may drop 
to this temperature, the options are: 

• Operate the freeze protection equipment, if installed. 

•	 Park the bus inside a heated facility. All heating equip­
ment  must  conform to  faci l i ty requirements (Sect ion 
10.2). 

•	 Leave  the engine  running (only viable for short-term 
parking). 

• Remove the stacks and store within a heated facility. 

Key Points & Notes 
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7.1.11.2 Short-Term Storage (1–4 Months) 

Short-term storage is defined as storing the bus for a period 
between  one and  four  months  with the intention to return 
the bus to operation. Short-term storage of the bus requires 
attention  to  hydrogen  safety, freeze protection and  to  fuel 
cell stack ion protection. 

Hydrogen Safety and Freeze Protection 

Hydrogen safety and freeze protection  for short-term storage 
is the same as for parking. 

Fuel Cell Stack Ion Protection 

Water in both the humidification system and the stack cool-
ant system ionizes over time and can cause short-circuits 
within the fuel cells stacks. To minimize ionization, drain the 
humidification and coolant circuits. 

When  returning the bus to service, the humidification  water 
and stack coolant circuits  should be flushed with de-ionized 
water to remove residual ions from the fuel cell stacks. The 
on-board  de-ionizing  filters may become saturated  with ions 
and need to be replaced. The control system may not permit 
the engine to start if the level of ionization is excessive. 

7.1.11.3 Long-Term Storage (4+ Months) 

Long-term storage is defined as storing the bus for a period 
or  more than four months with no intention to  operate the 
bus within the foreseeable future. Long-term  storage of the 

Key Points & Notes 

bus requires  attention  to  hydrogen  safety, 
and to fuel cell stack ion protection. 

Hydrogen Safety and Freeze Protection 

Hydrogen  safety and  freeze protection  for 
is the same as for parking. 

Fuel Cell Stack Ion Protection 

Long-term fuel cell  stack  ion  protection 

freeze protection 

long-term  storage 

requires fuel cell  
stack  purges in addition to the short-term provisions. The 
purges  blow compressed  air  through the fuel  cell stacks to 
blow trapped water out of all circuits. The purges do not 
eliminate the need for fuel cell stack freeze protection. 

7.1.12 Pre-Maintenance Preparation 

Perform the following in preparation for fuel cell bus mainte­
nance: 
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•	 Maintenance of the bus is normally done in a hydrogen 
sa fe  fac i l i ty  (outf i t ted  wi th  hydrogen leak  de tec t ion 
equipment and automated alarm response systems) that 
has been certified for full bus  hydrogen pressure. To 
maintain the bus in a non-hydrogen safe indoor facility 
that does not have these safety provisions, vent the fuel 
storage system to 10 psig (0.7 barg). 

• Record the fuel storage pressure. 

• Apply lockout procedures. 

•	 Wait five minutes after engine shut down before conduct­
ing any maintenance on the fuel cell engine components. 

•	 Open (disconnect) the battery knife switches when servic­
ing electrical components. This disconnects battery power 
from all circuits, and may disable the fire suppression 
system if installed. 

7.1.13 Post-Maintenance Checks 

Perform the following power-off,  power-on and engine-start  
checks after fuel cell bus maintenance: 

Power-Off Checks 

•	 Perform a leak-down test after any maintenance to the 
fuel delivery circuit or the fuel cell stacks. 

•	 Perform a leak test and ground integrity on any hydrogen 
components or circuits that have been serviced. 

•	 Ensure  that  the  power cables are securely fastened  to 
each stack and the inverter assembly. 

• Ensure all electrical control cables have been connected. 

• Ensure that all emergency shutdown switches are off. 

• Ensure that all circuit breakers are closed. 

•	 Ensure  that  the humidification, stack coolant, bus cool-
an t ,  l ub r i ca t io n ,  h yd r a u l i c  a n d  t r a n s mi s s io n c i r cu i t s  
have been filled and all vents are closed. 

•	 Ensure that the bus chassis air system is pressurized to 
greater than 100 psig (7 barg). 

•	 Ensure that all isolation valves are open on all circuits, 
including the cylinder shutoff valves. 

•	 Ensure that the post-maintenance fuel storage pressure 
is not less than the pre-maintenance reading. If the cur-
rent reading is lower, perform leak tests. 

Key Points & Notes 
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•	 Ensure that the amount of fuel pressure is adequate to 
start the bus (absolute minimum of 100 psig; 7 barg). 

• Ensure that your lockout is removed. 

•	 Check that there are no dangers around or under the 
bus. 

Power-On Checks 

Close (connect) the battery knife switches: 

• Check that all hydrogen leak indicators are powered. 

• Check that all fire sensors are powered, if installed. 

• Check that no alarms are active. 

•	 Turn off  the dump chopper  pre-heat  switch, i f  so 
equipped. When off, fuel cell power is not fed into the 
coolant by way of the dump chopper heater coils. This 
causes the fuel cell engine to warm more slowly which is 
advantageous in the event of a problem during startup. 
This switch is normally left on during normal operation. 

Engine-Start Checks 

Start the engine: 

•	 If the engine fails to start, turn on the dump chopper pre-
heat switch for two minutes  to  bleed  residual voltage 
from the fuel cell stacks, if so equipped. Turn the switch 
off prior to the next start attempt. 

•	 Have an assistant observe the rear of the bus and be 
prepared to shut off the engine if necessary. 

•	 Check that  the  instrument  panel, the message display 
centre,  and other information  systems are active and 
show no warnings, alarms or errors (other than a low fuel 
indication). 

After two minutes of trouble-free operation: 

•	 Check the humidification, stack coolant, bus coolant, lu­
brication, hydraulic and transmission fluid levels. 

After five minutes of trouble-free operation: 

•	 Turn on  the dump chopper  p re-hea t swi tch,  i f so  
equipped. 

Key Points & Notes 
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7.2 Fuel System Operations 

7.2.1 Fueling 

A fuel cell bus requires fueling when the hydrogen pressure 
in the cylinders drops to 500 psig (35 barg). At  this  fuel 
pressure, the bus provides a low fuel  indication by way of 
dashboard lights, a message display centre or other means. 

•	 At 500 psig (35 barg), there is fuel for about 25 miles 
(40 km) 

•	 At 300 psig (21 barg), there is fuel for about 12 miles 
(20 km) 

• At 100 psig (7 barg), fuel is absolutely essential 

• At 50 psig (3.5 barg), the bus is unable to move 

Fuel cell buses are fueled by way of a fueling receptacle, and 
are grounded during fueling by way of a grounding recepta­
cle. These are typically located together at the rear of the bus 
within  a special compartment. With some designs, the fuel ­
ing compartment cannot be  opened  until the ground connec­
tion is made. 

7.2.1.1 Fuel Specification 

Hydrogen stored in  high-pressure cylinders  for fuel cell use 
must be very pure. In general, the fuel composition must be 
greater than 99.9%  hydrogen, with  no carbon  monoxide or 
sulfides. Carbon  monoxide and sulfide impurities can con ­
taminate the catalyst within the fuel cells. Other impurities, 
although benign to the fuel cells, accumulate in the recircu­
lating  fuel delivery circuit and must be purged periodically, 
resulting in some hydrogen wastage. 

7.2.1.2 Fueling Procedures 

Hydrogen powered buses are normally fueled at  a hydrogen 
fueling facility. When access to a fueling facility is not possi­
ble, a hydrogen tube trailer may bring fuel to the bus. 

Fueling Facility Fueling Procedure 

Perform pre-fueling checks. Verify that: 

•	 the ambient temperature is above 40 'F (5 'C). If below 
this temperature, the fuel cell  stacks must be protected 
from freezing. If the engine is warm and the fueling time 
is short, this is unlikely to be an issue. If the engine is 
not warm or the fueling time is long, external heat must 
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Fueling at BC Transit 

Fueling at Chicago Transit 
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be provided in a manner that is compliant with fueling 
facility requirements. 

Figure 7-7 Hydrogen Fueling Station at SunLine Transit Agency 

• all emergency fire equipment is in place 

•	 no open flames, electric heat, sparks or smoking exist 
near the fueling site 

• 	sufficient supply fuel pressure exists to fuel the bus 
the fueling supply hose is undamaged 

•	 the fueling nozzle and internal O-ring (on hose) are clean 
and undamaged 

• the fueling receptacle (on bus) is clean and undamaged 

If  any  problems are found during  the  pre-fueling  checks, 
do not continue with fueling. 

Prepare the bus: 

1. Turn the bus off, apply the parking brake, and chock the 
wheels. 

2. Open (disconnect) the battery knife switches. 

3. Record the fuel pressure. 

Ground the bus: 

4. Ground the bus to the fueling facility using the provided 
ground cable and receptacle. This is imperative to pre-
vent static charge buildup. 

Key Points & Notes 
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Warning: Failure to provide an adequate ground may Key Points & Notes 
result in hydrogen auto-ignition during fueling. 
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Make fueling connections: 

5. Remove the bus fueling receptacle cap. If it does not 
loosen by hand, a fault may have occurred and the recep­
tacle may be pressurized; if this occurs, do not continue 
fueling. 

6. Couple the fueling facility supply hose nozzle to the bus 
fueling receptacle. Turn the nozzle lever to the locked po­
sition. The nozzle and receptacle are designed to prevent 
air ingress into the supply hose and the bus. 

Figure 7-8 Hydrogen Fueling Equipment at SunLine Transit Agency 

Fuel the bus: 

7. Operate the fueling  facility according to established pro­
cedures. The fueling station must never exceed the rated 
fueling pressure or temperature of the cylinders. 

The fueling pressure of a cylinder is higher than the 
normal  service  pressure  since the heat of compression 
raises the temperature of the fuel as it enters the cylin­
ders. As the cylinders cool to ambient conditions, the 
pressure then drops accordingly.  This pressure drop can 
be as much as several hundred psi and does not indicate 
a leak. Regardless of this pressure drop, cylinder manu­
facturers specify the maximum allowable pressure at any 
temperature. For example, a cylinder with a 3600 psig 
(250 barg) service pressure may never exceed 4040 psig 
(280 barg). 

The maximum allowable cylinder temperature is  a com­
bination of the ambient temperature and the temperature 

Key Points & Notes 

Automotive Fueling 
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rise during fueling. The temperature rise during fueling is Key Points & Notes

governed by the fueling rate. The fueling station must

therefore be calibrated to prevent cylinder overtempera­

ture, or it must operate with reference to a temperature

transducer located inside one of the bus fuel cylinders. A

typical composite cylinder has a maximum allowable ser­

vice temperature of 185°F (85°C) at any pressure.


Never exceed the cylinders’ rated filling pressure or 
service temperature. 

Figure 7-9 Fueling the XCELLSiS Phase 4 Bus at SunLine Transit 
Agency 

After fueling: 

8. Uncouple the fueling facility supply nozzle and re-cap, the 
fueling receptacle. 

9. Remove the fueling  facility ground connection  from the 
bus. 

10. Record the fuel pressure and complete a fueling log. 

11. Close (connect) the battery knife switches and remove the 
wheel chocks. 

Tube Trailer Fueling Procedure 

A tube trailer may be used to fuel the bus when away from 
the fueling facility. Tube trailers are normally supplied at a 
maximum pressure of 2600 psig (180 barg) and are therefore 
not able to fully fuel the bus to the 3600 psig (250 barg) 
level. Typically, five tubes are required to fuel a bus to 
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2600 psig (180 barg).  Tube trailer fueling  must occur out-
doors. 

A typical tube trailer is illustrated in Figure 7-10 and must 
include the following fueling equipment: 

•	 A ground cable with a or suitable grounding clamp that 
can be attached to earth 

•	 A ground cable capable of mating with the bus ground 
receptacle 

•	 A fuel supply hose capable of mating with the bus fueling 
receptacle. The fuel supply hose must be constructed of 
synthetic material,  stainless  steel braid, and pressure 
tested to 1.5 times the rated pressure. 

•	 A 3-way manual tube trailer bleed valve vented to atmos-
phere (to purge the supply hose) 

Note: Different  tube  trailers  may  have  different means of 
purging the supply hose. 

Key Points & Notes 

Figure 7-10 Typical Hydrogen Tube Trailer 
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Perform pre-fueling checks and prepare the bus as during 
facility fueling. Verify that: 

Key Points & Notes 

• ambient conditions are suitable 

• no ignitions sources exist all emergency equipment is in 
place 

• the fueling supply hose, nozzle and receptacle are un-
damaged 

• the engine is off, the parking brake is on, and the wheels 
are chocked 

• the battery knife switches are open 

• the fuel pressure has been recorded 

Warning:  I f  a n y  p r o b l e ms  a r e  f o u n d during the pre-
fueling checks, do not continue with fueling. 

Check the tube trailer pressure: 

1. Ensure that the tube trailer’s pressure gauge indicates at 
least 500 psi (35 bar) more than the bus fuel pressure. 

Make ground connections: 

2. Connect the tube trailer ground cable connector to earth. 

3. Connect the bus ground cable to the bus grounding re-
ceptacle. 

Purge the supply hose of air: 

4. Open the master tube trailer valve. 

5. Ensure that the fueling receptacle is not attached to the 
bus. 

6. Set the tube trailer bleed valve so that the gas flows into 
the supply hose. 

7. Open any individual tube trailer valve; this pressurizes 
the fuel supply hose. 

8. Close the individual tube trailer tank valve. 

9. Set the tube trailer bleed valve so that the gas vents to 
atmosphere. 

10. Set the tube trailer bleed valve so that the gas flows into 
the supply hose. 

11. Repeat for a total of three times. 
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Make fueling connections: 

12. Remove the bus fueling receptacle cap. If it does not 
loosen by hand, a fault may have occurred and the recep­
tacle may be pressurized; if this occurs, do not continue 
fueling. 

13. Couple the fueling facility supply hose nozzle to the bus 
fueling receptacle. Turn the nozzle lever to the locked po­
sition. The nozzle and receptacle are designed to prevent 
air ingress into the supply hose and the bus. 

Fuel the bus using only one tube trailer tank at a time: 

14. Open any individual tube trailer valve so that gas flows 
into the bus. Fuel the bus using only one tube trailer 
tank at a time. 

15. Continue to fuel the bus until the sound of rushing gas 
stops. The bus fuel pressure should be within 200 psi (14 
bar) of  the supply pressure as indicated on the tube 
trailer pressure gauge. 

16. Close the individual tube trailer valve and open another 
tank’s valve. 

17. Repeat until the bus fuel pressure matches that in any of 
the individual tube trailer tubes, or the tube trailer is de­
pleted. 

18. Close the master tube trailer valve, and ensure that all 
other individual tube trailer valves are closed. 

Never exceed the cylinders’ rated filling pressure or 
service temperature. 

Perform post-fueling activities as during  facility  fueling. Ver­
ify that: 

•	 the fueling facility supply nozzle has been disconnected 
and the fuel receptacle cap has been installed 

• the facility ground connector has been removed 

• the fuel pressure has been recorded 

• the knife switches are open 

After completion: 

19. Set the tube trailer bleed valve so that the gas trapped in 
the supply tube vents to atmosphere. 

Key Points & Notes 
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7.2.2  Venting 

Hydrogen resides  under three different  pressures  within  a 
fuel cell powered bus: high,  motive and low. The high and 
motive-pressures are contained within  the fuel storage sys ­
tem, and the low-pressure is contained within the fuel deliv­
ery circuit. 

High-pressure hydrogen at up to the storage capacity of hy­
drogen cylinders resides in  the  cylinders  and high-pressure 
circuit as  far as the motive pressure regulator. This cylinder 
pressure reduces as  hydrogen is  consumed by the engine. 
The cylinders and high-pressure circuit are pressurized at all 
times, and can be vented manually through the vent valve. 

Motive-pressure  hydrogen at an intermediate pressure  (typi ­
cally 178 psig; 12 barg) exists during engine run between the 
motive pressure regulator and the pressure regulator of  the 
fuel delivery circuit. 

Low-pressure hydrogen at nominally 20 to 30 psig (1.4 to 2 
barg) exists during engine run downstream of  the pressure 
regulator and includes all components that circulate the hy­
drogen through the fuel  cell stacks. The  actual  pressure  is 
set to match the instantaneous air pressure entering the fuel 
cell stacks. 

The mo t ive and  lo w-p res sure  c i r cu i t s  au to ma t i ca l ly  ven t 

Key Points & Notes 

upon bus  shutdown, and remain open 
ever the engine is off. 

The terms depressurizing, venting and 
the release of gas from a vessel. The 
here to mean the discharge of hydrogen 
system. The term de-fueling  is used to 
released hydrogen for  future use;  the 
Whenever venting is required, de-fueling 

to atmosphere when-

de-fueling all  mean 
term venting is used 
from the fuel storage 
mean the capture of 
reverse  of fuel ing. 

is  a superior option 
where facilities exist as it conserves hydrogen. Specific de-
fueling procedures are determined by the de-fueling facility. 

Venting of the  fue l  s to rage  sys tem  (cylinders and high-
pressure circuit) is not required when the bus is going into a 
hydrogen safe  facility  (with specific leak  detection,  ventila ­
tion or electrical shutoff provisions). 

Venting of the fuel storage system to 10 psig (0.7 barg) is re­
quired when the bus is going into a non-hydrogen safe facil­
ity or prior to some maintenance procedures. 

Venting to atmospheric  pressure (0  psig/barg)  is  required 
prior  to  maintenance access of cyl inders or  high-pressure 
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circuit  components. Venting of cylinders  must be accompa- Key Points & Notes

nied by  nitrogen and hydrogen purges before returning  to

service.


Venting cylinders to 0 psig (0 barg) will potentially allow 
oxygen to enter the fuel cylinders! 

7.2.2.1 Fuel Venting Equipment 

Fuel cell buses include a roof-mounted vent  valve to  facili-
tate venting.  In  order to  vent the fuel storage system, its 
high-pressure circuit and/or one or all of its cylinders, a fa-
cility venting tower or a portable venting tube must be con-
nected to the vent valve. Typical venting equipment is shown 
in Figure 7-11. Direct opening of the vent valve is unaccept­
able since the hydrogen would be discharged in an  undi ­
r e c t e d ma n n e r ,  t h e r e b y  i n c r e a s i n g  p o t e n t i a l  d a m a g e t o 
surrounding components and exposing personnel to an as ­
phyxiation hazard. 

Facility Venting Tower 

A facility venting tower is the preferred device for venting hy­
drogen from the high-pressure circuit or cylinders. The facil ­
ity venting tower connects to  the vent valve (by way of a 
tube) and directs the hydrogen to a remote location where it 
is  released  into  the  atmosphere. A facility ground connection 
connects to the bus and prevents static charge buildup. 

Portable Venting Tube 

A portable venting tube  is  designed for venting or  purging 
the high-pressure  circuit and cylinders  whenever  a facility 
venting tower  cannot  be used. The portable  venting tube 
connects to  the vent valve  and  releases hydrogen above the 
level of the canopies. The tube and vent valve are both metal, 
so  the  por tab le  vent ing tub e i s g ro und ed to  the  high-
pressure circuit once attached. It  may not always be possible 
to attach the bus to a ground reference point  when venting 
in the field. For this reason it is always preferable to vent at 
a facility with a proper ground connection. 
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Figure 7-11 Typical Venting Equipment 

7.2.2.2 Facility Venting 

Venting usually occurs at a designated facility, often in con-
junction with the bus fueling equipment. 

When venting, heed the following warnings: 

• Heed all rooftop warnings and cautions (Section 7. 1. 1). 

•	 Wear eye and hearing protection at all times when vent-
ing. Gas venting can be very noisy. 

• Keep all sources of ignition away. Do not smoke. 

• Do not vent during an electrical storm. 

•	 Each cylinder has an internal excess  flow valve that 
closes if venting with an excessive flow rate. This can give 
the false impression that the cylinder has depressurized 
whereas it remains at a potentially high pressure. Ac-
cessing a cylinder in this condition is extremely danger-
ous; furthermore, the valve may re-open after several 
minutes expelling the remaining cylinder contents. 

Key Points & Notes 
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To ensure complete venting, never open the vent valve 
more than one turn. After venting, close the vent valve, 

Key Points & Notes 

wait five minutes,  and re-check the high-pressure gauge 
be f  o r e  acces  s i n g  an  y  h i g h -p r e s  s u r e  co  mp o n e n t . Th  i s  
waiting period permits any closed excess flow valves to 
reset. 

Prepare to vent: 

1. Park the bus in the designated venting area only and 
turn off the engine. Apply the parking brake and chock 
the wheels. 

2. Insert the facility ground connector into the bus ground-
ing receptacle. 

3. Open and latch the canopy. 

4. Ensure that vent valve is closed. 

5. Slowly unfasten the plug from the vent valve. 

6. Fasten the facility venting tower connection tube or the 
venting tube to the vent valve. 

7. Ensure that the cylinder hand valves are open on any cyl-
inder that needs to be vented. Close the cylinder valves 
on any cylinder that should not be vented. When venting 
the fuel storage system, hydrogen flows from the high-
pressure circuit and from any cylinders with open hand 
valves. 

8. Open the cylinder solenoid valves. These valves are nor-
mally open during operation and closed whenever the en-
gine is off. Consequently, the solenoid valves must be 
opened using some specific sequence of switches on the 
side console and/or engine compartment that has been 
programmed into the control system. Listen for the click-
ing sound of the cylinder solenoid valves opening. Since 
the solenoid  valves must remain open throughout vent-
ing, the battery knife switches must remain closed (con-
nected). 

Vent fuel: 

9. Slowly open the vent valve one turn. If using the portable 
venting tube, a loud hissing sound indicates that gas is 
venting. 

An excessive venting flow rate causes the cylinders’ 
internal excess flow valve to close. 
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10. Have an assistant monitor the fuel pressure and allow 
the system to vent to the specified pressure. If a cylin-

Key Points & Notes 

der’s internal excess flow valve closes, close the vent 
valve, wait five minutes,  and slowly re-open the vent 
valve. When closed, the excess flow valve permits a small 
amount gas to escape from the cylinder to equalize the 
pressure. 

11. Once venting is complete, close the vent valve. 

12. Wait five minutes and re-read the fuel pressure. If the 
pressure has increased, re-open the vent valve to resume 
venting. If the pressure remains the same, proceed as be-
low 

Complete: 

13. Close the cylinder solenoid valves using a specific se-
quence of switches defined by the bus manufacturer. 

14. Unfasten the facility venting tower connection tube or the 
venting tube from the vent valve. 

15. Re-fasten the cap on the vent valve. 

16. Unlatch and close the canopy. 

17. Remove the facility ground connector from the grounding 
receptacle. 

7.2.2.3 Emergency Venting 

Venting normally occurs at the facility fueling station. If the 
fuel must be vented away from the fueling station, locate the 
b us  away  fro m so ur ces o f ig n i t io n  and  o verhead  o b struc-
tions, such as: 

• open flames 

• operating electrical equipment 

• overhead power lines 

• electrical storms 

• overhead roofs, canopies or bridges 

Venting with a portable venting tube is the same as for facil-
ity venting p r o c e d ur e e xcep t for  the  absence  of  a ground 
connection. 
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7.2.3 Purging Key Points & Notes 

Purges flush residual gases from the fuel storage system and 
are used after cylinder maintenance, or any time the cylinder 
pressure has vented to atmospheric (0 psig).  Purges  are not 
required before  servicing the cylinders or high-pressure cir-
cuit. Once vented to atmospheric pressure, the residual gas 
volume within the fuel storage system is too small to pose a 
combustible gas hazard. 

A nitrogen  purge eliminates air  from the cylinders  prior to 
re-exposure to  hydrogen, thereby preventing the formation of 
a potentially combustible gas.  When returning the cylinders 
to  service, a hydrogen purge flushes out  the nitrogen  from 
the nitrogen purge, and leaves only pure hydrogen in the cyl-
inders. 

Purges  are not normally performed after servicing the  other 
h i g h -p r essu  r e  c i r  c u i t  co  mp o n en  t s .  A n y  r e s id  u a l  a i r  wi th  in  
t h  e h i g h - p r e s s u r e  c i r c u i t  a f t e r  s e r v i c e  i s  a u  t o  m a t i c a l l y  
p ur  ge  d  d ur  i ng e ngi  ne  o p e r a t i o n .  P ur  ge  s  a r e  no t  r e q ui  r e d 
when servicing components of the motive circuit or the fuel 
delivery circuit. These circuits  vent and are exposed to air 
whenev er  th  e engine is  shut  d o wn,  a nd  a r e  a uto ma t ical ly 
purged during operation. 

Nitrogen Purge 

Nitrogen purges require a source of regulated nitrogen that 
i s  i n t r o d u c e d  t hr  o ugh t he  fue  l i ng r e c e p t a c l e  a n d  v e n t e d 
through the vent valve. The vent valve must be connected to 
the facility venting tower connection tube or a portable vent-
ing tube. 

Typical nitrogen purge equipment is illustrated in Figure 7-
12 and must include: 

• Multiple standard T bottles of nitrogen (99.99% minimum 
purity) 

• To nitrogen purge one cylinder, one bottle is normally 
sufficient. Six bottles are required to purge eight cylin-
ders. Note: For convenience and speed, the bottles 
should be connected to a common manifold. 

• A nitrogen supply hose capable of mating with the bus 
fueling receptacle. The fuel supply hose must be con-
structed of synthetic material, stainless steel braid, and 
pressure tested to 1.5 times the rated pressure. 
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•	 a venting pressure regulator (4,000-psig (275-barg) inlet; 
300-psig (21-barg) outlet)  with inlet  and outlet pressure 
gauges 

Figure 7-12 Typical Nitrogen Purge Equipment 

Key Point & Notes 

Prepare to nitrogen purge just l ike during  venting. Verify 
that: 

•	 the engine is off, the parking brake is applied, and the 
wheels chocked. 

•	 the facility ground connector is properly fitted into the 
bus grounding receptacle. 

•	 the bus vent valve is attached to the facility venting tower 
or portable venting tube, and the valve is closed. 

•	 the  fuel storage system and associated cylinders have 
been vented to atmospheric pressure. 

•	 the cylinder hand valves are open on those cylinders that 
need to be purged, and closed on those cylinders that can 
remain pressurized. 

• the cylinder solenoid valves are open. 

Attach supply hose: 

1. Remove  the  cap from the bus fueling receptacle, and 
couple the supply hose nozzle to the bus fueling recepta-
cle. Turn the nozzle lever to the locked position. 
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Purge: Key Points & Notes 

Heed all venting warnings when purging. 

2. Open the shutoff valve on any of the nitrogen bottles. 

3. Pressurize the fuel circuit to 100 psig (7 barg). Adjust the 
pressure regulator on the nitrogen supply as required. 

4. Slowly open the vent valve one turn. If using the portable 
venting tube, a loud hissing sound indicates that gas is 
venting. 

An excessive  venting  flow rate causes the cylinders’ 
internal excess flow valve to close. 

5. Have an assistant monitor the fuel pressure and allow 
the system to vent to 10 psig (0.7 barg). If a cylinder’s in-
ternal excess flow valve closes, close the vent valve, wait 
five minutes, and slowly re-open the vent valve. When 
closed, the excess flow valve permits a small amount gas 
to escape from the cylinder to equalize the pressure. 

6. Repeat purge for a total of three times, replacing nitrogen 
bottles as required. 

7. Wait five minutes and re-read the fuel pressure. If the 
pressure has increased, repeat the purge procedure. If 
the pressure remains the same, proceed as below. 

8. Proceed with a hydrogen purge if required. 

Remove supply hose: 

9. Uncouple the supply hose nozzle and re-cap, the fueling 
receptacle. 

Complete the nitrogen  purge just like during venting. Verify 
that: 

• the solenoid valves are closed. 

• the facility venting tower connection tube or venting tube 
has been removed from the vent valve, and the vent valve 
cap has been installed. 

• the facility ground connector has been removed 

• the canopies are closed. 
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Hydrogen Purge Key Points & Notes 

Hydrogen purges require  a source  of regulated hydrogen that 
is vented  through the vent valve.  When purging the high-
pressure  circuit,  plus at  most  a few cylinders, the hydrogen 
stored in the remaining cylinders may be used as a hydrogen 
s o u r c e ,  p rov  i ded  t h  o s  e cy  l i n  de r s  con  t a i n  a m i n i m u m o f  
100 psig (7 barg) hydrogen. 

If insufficient hydrogen volume exists in the remaining cyl-
inders, a fueling facility or a tube trailer is required to pro-
vide hydrogen by  way of the fueling receptacle. The vent 
valve must be connected to the facility venting tower connec-
tion tube or a portable venting tube. 

During the hydrogen purge, it is essential to differentiate be-
tween those c yl i  nders that supply the hydrogen and those 
that receive it. One supply cylinder with at least 100 psig of 
hydrogen is  enough to  purge  the high-pressure ci r c ui t sev-
eral times. Multiple supply cylinders with at least 100 psig of 
hydrogen are required to purge other cylinders. 

Hydrogen purges only occur after cylinder service, and only 
following a nitrogen purge. With respect to this, verify that: 

• the fuel storage system and associated receiving cylinders 
have been purged with nitrogen and vented to 10 psig 
(0.7 barg). 

• the hand valves are open on the receiving cylinders (cyl-
inders that need to be hydrogen purged) and closed on 
the supply cylinders (cylinders that remain pressurized 
with hydrogen). 

In  addition, prepare for the  hydrogen purge just  like  during 
venting or a nitrogen purge. Verify that: 

• the engine is off, the parking brake is applied, and the 
wheels chocked. 

• the facility ground connector is properly fitted into the 
bus grounding receptacle. 

• the bus vent valve is attached to the facility venting tower 
or portable venting tube, and the valve is closed. 

• the cylinder hand valves are open on those cylinders that 
need to be purged, and closed on those cylinders that can 
remain pressurized. 

• the cylinder solenoid valves are open. 
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Purge: Key Points & Notes 

1. Open the hand valve on one or more of the supply cylin-
ders that contain at least 100 psig (7 barg) hydrogen. 

• Have an assistant monitor the fuel pressure. Allow the 
circuit to pressurize to 100 psig and close all supply cyl-
inder  ha nd  valves.  I f  the  p r essure does no t reach 
100 psig, open the hand valves on additional supply cyl-
inders. If all supply cylinder hand valves are open and 
the pressure still does not reach 100 psig, fuel the bus 
unti l  the fue l  pre ssure  indicates 100 p s ig.  P r e ssur e 
greater than 100 psig is not required, but does no harm. 

3. Slowly open the vent valve one turn. If using the portable 
venting tube, a loud hissing sound indicates that gas is 
venting. 

An excessive venting flow rate causes the cylinders’ 
internal excess flow valve to close. 

4. Have an assistant monitor the fuel pressure and allow 
the system to vent to 10 psig (0.7 barg). If a cylinder's in-
ternal excess flow valve closes, close the vent valve, wait 
five minutes, and slowly re-open the vent valve. When 
closed, the excess flow valve permits a small amount gas 
to escape from the cylinder to equalize the pressure. 

5. Repeat purge for a total of three times, adding additional 
hydrogen as required. 

6. Wait five minutes and re-read the fuel pressure. If the 
pressure has increased, repeat the purge procedure. If 
the pressure remains the same, proceed as below. 

Complete  the hydrogen purge just  like during venting or a 
nitrogen purge. Verify that: 

• the solenoid valves are closed. 

• the facility venting tower connection tube or venting tube 
has been removed from the vent valve, and the vent valve 
cap has been installed. 

• the fueling facility supply nozzle has been disconnected 
and the fuel receptacle cap has been installed if fuel was 
added externally. 

• the facility ground connector has been removed. 

• the canopies are closed. 
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7.3 Routine Maintenance 

Fuel cell bus routine maintenance can  be  divided into the 
following categories: 

•	 Fuel cell engine procedures that are unique to fuel cell 
buses 

•	 Fuel  system procedures  that  are  common to those 
found on CNG or hydrogen powered internal combustion 
engine buses 

•	 Conventional procedures that are typical of those nor­
mally required on any bus, although different in detail 
when applied to a fuel cell bus 

•	 Standard coach procedures that are identical to those 
performed on any bus, irrespective of the type of engine 

Of these four service categories, the first three are described 
below whereas the fourth is not as it has no bearing on fuel 
cell engines or hydrogen fuel systems. 

The fol lowing  maintenance schedules and 
tion is based on the Phase 3 and 4 fuel 
and built by XCELLSiS Fuel Cell Engines, 
tion represents the most complete description 
maintenance  currently available, although it 
hardware configurations and variations. 

service informa ­
cell buses designed 
Inc. This informa­

of fuel cell bus 
cannot  cover  all 

Fuel cell  technology is evolving rapidly,  and no two current 
bus designs are identical.  With this in  mind, the mainte ­
nance information is  intended  to  be  representative  of  the 
type of service required, why it is required, and how it is 
done  in  principal,  without  providing hardware-specific, step-
by-step instructions. 

Always refer to  manufacturer's instructions  when servic-
ing a fuel cell bus. 

Routine maintenance  is  performed  at  Daily,  Weekly, 3750 
Mile (6000 km), 7500 Mile (12,000 km), 15,000 Mile (24,000 
km), and 30,000 Mile (48,000 km) service intervals, or at 
so me  va r i a t io n  o f  t hese  in t e rva l s .  Representa t ive servi ce  
schedules are presented in the following tables. Procedure 
descriptions are presented in Sections 7.4 to 7.6. 

Key Points & Notes 

Fuel Cell Buses Under Test 
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Fuel Cell Engine Procedures 
Check ground fault monitor resistance and replace water or de-ionizing 
filter if required 

Check stack vent fans 

Inspect water traps 

Inspect air system oil detector 

Inspect hydrogen diffuser 

Fuel System Procedures 
Inspect burst disk vent cap 

Conventional Procedures 
Check leak indicators and sensors, and calibrate system if required 

Check for fluid leaks or puddles 

Check humidification water level 

Check lubrication oil level 

Check transmission fluid presence 

Inspect air intake, air exhaust and canopies 

Weekly Inspection and Service 

Fuel Cell Engine Procedures 
Perform leak-down test 

Check cell voltage monitor 

Fuel System Procedures 
Perform fuel delivery circuit leak test 

Conventional Procedures 
Inspect fire suppression sensors 

Clean stack vent fan filters 

Inspect stack air inlet filters and replace if required 

Inspect sintered air vents and clean as required 

Inspect filter minder and replace air intake filter if indicated 

Inspect lubrication oil sump magnetic plug 

Drain turbocharger oil trap 

Check transmission fluid level 

Check hydraulic fluid level 

Check stack coolant level 

Check bus coolant level 

Inspect hoses and tubes 
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3750 Mile (6000 km) Inspection and Service Key Points & Notes 

Fuel Cell Engine Procedures 

Perform fuel cell external and transfer leak test 

Perform glycol system integrity test 

Check power cable connections 

Fuel System Procedures 

Perform high-and motive-pressure circuit leak test 

Inspect high, motive and fuel delivery circuit components 

Inspect roof vent caps 

Compare fuel pressure transducer readings 

Replace hydrogen particulate filter 

Conventional Procedures 

Inspect fire suppression hoses, nozzles and retardant tanks 

Inspect belts 

Inspect radiator 

Inspect HVAC compressor oil 

Inspect transmission 

7500 Mile (12,000 km) Inspection and Service 

Fuel Cell Engine Procedures 

Check dump chopper resistance 

Fuel System Procedures 

Check the motive pressure regulator solenoid valve 

Conventional Procedures 

Take a lubrication oil sample 

Take a transmission fluid sample 

Take a hydraulic fluid sample 
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15, 000 Mile (24, 000 km) Inspection and Service Key Points & Notes 

Fuel Cell Engine Procedures 

None 

Fuel System Procedures 

Perform cylinder installation and external inspections 

Perform ground integrity test 

Conventional Procedures 

Inspect and/or replace bus chassis air intake filter 

Inspect and/or clean humidification water strainers 

Replace lubrication system filter and oil 

Replace hydraulic system filter and fluid 

Replace transmission filters and fluid 

30, 000 Mile (48, 000) Inspection and Service 

Fuel Cell Engine Procedures 

None 

Fuel System Procedures 

Perform cylinder internal inspection 

Replace pressure regulator diaphragm, seal and seat replacement 

Perform fire suppression system tests 

Conventional Procedures 

Inspect power train and stack vibration mounts 
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7.4 Fuel Cell Engine Procedures 

Fuel cell  engine procedures pertain to routine service that is 
unique to fuel cell powered buses. 

7.4.1	 Ground Fault Monitor Check and Conditional 
De-Ionizing Filter Replacement 

The ground fault monitor is an integral part of the inverter. 
The ground  fault monitor measures the approximate electri ­
cal resistance between the fuel cell stack power connections 
and the bus chassis. A high resistance indicates that there is 
little or no power leakage onto the chassis (as it should be), 
and a low resistance indicates that a leakage current  exists. 
A leakage current (or "ground faul t" ) occurs  wherever  a 
short-circuit occurs. If the resistance is too low, the ground 
fault monitor generates a warning or alarm. 

A ground fault can occur as the result of an electrical com­
ponent failure, but most occurrences result from an increase 
in conductivity  of the humidification  water  or stack coolant. 
As the ions found in normal water  conduct electricity, both 
these circuits use de-ionized water. 

The de-ionized water ionizes over time through contact with 
metal. Both the humidification  water  and  stack coolant cir ­
cui ts  have  de-ionizing  fi l ters  to  remove the accumulat ing 
ions, but these filters  degrade with time, especially at ele ­
vated temperatures.  The ground fault  monitor, therefore, be-
comes  a  useful  ind ica to r o f f i l te r  condit ion as well  as  
guarding against dangerous short circuits. 

A ground fault monitor check consists of reading the resis­
tance as  measured by the ground fault monitor. Typically, 
this resistance can be read directly from the bus' diagnostics 
interface. Ground  fault  readings  should be taken with the 
bus running at the end of the service day. This ensures that 
all water has passed through the de-ionizing  filters and as 
many accumula t ed  ions  have  been  removed  a s  poss ib l e .  
P r e ma t u re t e s t ing  r e su l t s  i n  a l o w  measured  r e s i s t a n c e 
value: 

• If the resistance is >200 k� no action is required 

• If the resistance is <200 k� assess the results: 

a) If the decrease in resistance is sudden, an electrical 
short may exist. Trace as required. 

b)	 If the decrease in resistance has been gradual (over a 
period of days), water ionization may be increasing. 

Key Points & Notes 
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Replace the water sometime before the resistance 
drops to 120 kW . The resistance should increase dur-
ing the subsequent engine ru n and remain above 200 
kΩ for up to six weeks. If the water has been replaced 
within the last four weeks, replace the de-ionizing fil-
ters at the next convenient service interval. If the re-
sistance drops below 40 kΩ , the filters must be 
replaced immediately. 

De-ionizing  filter  media consist of  a mixture of  resins that 
take the form of small beads of plastic material. These beads 
are used to fill large filters directly, or are arranged into car-
tridges for use in small filters. Filter canisters and cartridges 
a re  des igned  fo r easy rep lacement ;  this usually invo lves  
draining all  or  part  of  the corresponding water or coolant 
circui t ,  d isconnect ing  fi t t ings and  undoing  brackets .  Large 
canisters can be emptied and refilled with new resin. 

Figure 7-13 Typical De-ionizing Filters 

7.4.2 Water Trap Inspections 

Water traps allow the separation of liquid water from a gas 
stream while under pressure. In  a fuel cell engine, water 

Key Points & Notes 
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traps are used when  venting  a wet gas stream, or when 
draining  a water stream with entrained gas. Typical circuits 

Key Points & Notes 

include the hydrogen purge line, the hydrogen/water separa-
tor drain or the humidifier drain. 

Water  traps consist of a chamber through which the  wa-
ter/gas mixture passes and in which the water can condense 
and collect. A float at the bottom of the chamber opens and 
closes according to water level. 

Water trap inspections  consist  of  a  visual confirmation that 
the water traps are half-filled  with  water, the float is not 
stuck open, and the float moves freely when jostled.  If the 
water is not present or the float is stuck open, the gas dis-
charges through the water outlet port. In the case of a hy-
d r o g  e n  l i n e , t h i s c a u s e  s h y d r o g  e n  d i  s c h a r g  e a n  d a 
flammable gas leak hazard. If the float does not move freely, 
the water may not drain as required. If the float does not 
function properly, the water trap must be replaced. 

Figure 7-14 Typical Water Trap 

7.4.3 Air System Oil Detector Inspection 

The oil detector is installed within the air system to detect 
the presence of oil in the air stream. Oil presence can seri-
ously damage the fuel cells and can potentially enter the air 
stream where it interacts  with the air compressor or turbo-
charger. 

The oil detector inspection is a visual check for oil presence. 
T he oil detector contains crystals that are pale p ink, but 
turn vibrant red when they have been exposed to oil. When 
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oil exposure is indicated, inspect the air inlet filters for oil 
presence, and report to the bus  manufacturer; do not oper-
ate the bus  until  repairs are completed. The oil  detector 
must be replaced once exposed to oil. 

Figure 7-15 Oil Detector 

7.4.4 Hydrogen Diffuser Inspection 

Key Points & Notes 

The hydrogen diffuser disperses  hydrogen purged from  the 
fuel delivery circuit into a forced air stream. This ensures 
that the hydrogen concentration is lowered to well below 
LFL, thereby preventing potential fire and explosions. 

The hydrogen diffuser  consists  of  a  fan that  passes 
through a series  of flow channels.  An embedded  tube 
leases hydrogen into  the flow channels  through a series 
holes.  A bus coolant tube accompanies  the hydrogen 
and prevents water in the vent  stream  from  freezing 
blocking the vent holes. 

the 

air 
re-
of 

tube 
and 

The hydrogen diffuser  inspection consists  of  a visual confir-
mation that the fan is operating and that the inlet and outlet 
are free of obstructions. The hydrogen diffuser only operates 
when the engine is on. 

7.4.5 Stack Vent Fans Check 

The stack vent fans provide positive pressure to the fuel cell 
stack enclosures to prevent any potential hydrogen accumu-
lation in the event of fuel cell stack leakage. 

Stack  vent  fan  checks consist of tactile confirmation that 
each fan is sucking air into the corresponding fuel cell stack 
enclosure and an audible check for any evidence of bearing 
failure.  Replace faulty fans. The stack vent fans only operate 
when the engine is on. 

7.4.6 Cell Voltage Monitor Check 

The cell voltage monitor measures the voltage of each fuel 
cell, and  transmits these voltages to the control system, in 
addition to low-voltage warnings and alarms. 
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Fuel cell stack voltages are monitored by a series of pins, 
each in contact with the graphite plates on either side of 
each individual fuel cell. These pins transmit the voltages to 
the cell voltage monitor, which converts the cell voltage data 
into  digital form  and generates analog warning and  alarm 
signals. The resulting cell voltage values pass to the control 
system where they can be viewed directly using the bus’ di-
agnostics interface. 

A cell voltage monitor check consists of a visual assessment 
of all  individual cell  voltages for irregular high-low patterns 
or unusual cell voltages.  These  patterns  are illustrated in 
Figure 7-16 based on  the cell  voltage monitor display from 
the XCELLSiS Phase 4 bus: 

•	 High-low patterns are representative of one or two dis-
connected cell  voltage monitor wires. If these are ob-
served, note the fuel cell stack letter designator and cell 
number and service the cell voltage monitor the next time 
that stack is disassembled. 

•	 Individual cell voltages are normally between 0.78 and 
0.85 V at idle. Note any cell voltages below 0.5 V and 
monitor the cell daily for further degradation. A low cell 
voltage warning occurs at 0.4 V; alarms occur at 0.0 V 
and –0.2 V. 

•	 If any cell voltage registers off-scale (above 1 V or less 
than –1 V without generating an alarm), note the fuel cell 
stack letter designator and cell number and service the 
cell voltage monitor the next time that stack is disassem-
bled. 

Key Points & Notes 
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Figure 7-16 Cell Voltage Monitor Check 

7.4.7 Fuel Cell Engine Leak Tests 

Fuel cell stacks are designed so that the internal air, hydro-
gen and coolant streams never mix or leak. This is also true 
of membrane humidifiers, which  are  constructed  in  a similar 
fashion to stacks, but not of contact humidifiers (which mix 
the water and gas directly). In reality, some small amount of 
leakage always occurs. If  a leak becomes excessive, replace 
the stack or membrane humidifier. 

Leaks  can be external (leaking to atmosphere) or internal 
(leaking from one flow path to another). External leaks result 
from seal malfunctions, plate cracks or other damage. Inter-
nal leaks result from membrane holes or other damage. 

External and internal leaks reduce the power generating ca-
pacity of the fuel cell  engine,  and they permit hydrogen to 
mix  with air, resulting in  a  potentially  flammable mixture. 
The amount of mixing that can occur during an internal leak 
is limited by the pressure balance between the fuel and air 
streams; during steady state conditions, the air  stream is 
approximately 2 psi (14 kPa) above the fuel pressure. 

To combat leaks, each stack enclosure is actively  ventilated 
and leak tests are performed routinely to  quantify leakage 
rates. These leak tests are by far the most important set of 
fuel cell engine maintenance procedures and, along  with the 
cell voltage monitor, the primary indicators of fuel cell stack 
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and  humidifier condition.  The leak tests are important in 
identifying potential fire hazards,  as  well  as  maintaining the 
power output and efficiency of the engine. 

Leak tests fall  into  three  categories: leak-down test, external 
leak test and transfer leak tests. 

Leak-Down Test 

The  leak-down test  indicates  the presence of leaks  within 
any part of the fuel delivery circuit. This test uses pressure-
drop principles to determine whether a leak exists in the fuel 
path of any of the fuel cell stacks, any of the components 
within the re-circulating fuel  circuit  ( including humidifiers), 
or any associated plumbing. 

The leak-down test measures leaks that flow both to the at-
mosphere and to other internal  flow paths (oxidant or cool-
an t )  wi th in  t he s t acks .  S ince  i t  ope ra t e s  on  so  many 
components at once, it is not good at isolating and quantify-
ing leaks within individual stacks. However, it is quick and 
easy to perform and is  a useful indicator of whether more 
detailed tests are required. 

The amount of leakage flow that corresponds to a given pres-
sure drop depends on the internal volume of all  components 
within the tes t  c i rcui t .  Consequent ly, the leak-down test 
thresholds cannot be stated as a general value and must be 
calibrated for the engine design. 

External Leak Test (and Variations) 

The external leak test quantifies the total amount of leakage 

Key Points & Notes 

from all flow paths (fuel, oxidant and coolant) to atmosphere. 
This test  measures the leakage flow directly  using an up-
stream mass flow meter or rotameter. Variations of this test 
use similar techniques to measure the leakage flow from an 
individual flow path to atmosphere and the other internal flow 
paths, or to measure the leakage flow from an individual flow 
path to atmosphere only. 

Cumulatively, the external leak test and its variations can be 
applied equally to  groups of stacks (typically arranged within 
a single enclosure or module) or individual stacks. The test 
thresholds  must reflect the total internal  volume of  the  test 
circuit. When applied to groups of stacks, external leak tests 
serve to indicate whether individual stack tests are required. 
When applied to an individual stack, the tests serve to iso-
late specific leaks. 

Adjoining stack groups can be tested while installed on the 
bus, whereas individual  stacks must  be  removed prior to 
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testing. Similarly, these tests can also  be applied to  mem-
brane humid i f i e rs  ( i  n  grou ps or  indi  vi dual  l y) .  T hese leak 

Key Points & Notes 

tests do not apply to contact humidifiers, which do not re-
quire leak tests. 

Transfer Leak Tests 

The transfer leak tests quantify the amount of leakage from 
one flow path into another flow path. These leak tests meas-
ure the leakage flow directly using  downstream, volumetric 
displacement  techniques.  The  transfer  leak tests can be ap-
plied to each combination of flow paths (fuel-to-oxidant, oxi-
dant-to-fuel, fuel-to-coolant, etc.)  but  in  practice  are  usually 
limited to fewer combinations. 

Like the external leak test and its variations, the transfer 
leak test can be applied equally to groups of stacks or indi-
vi  d u a l  st  a c k s usi  ng a p p r opria te te st  t h r e sho l d s .  W h e n  a p -
plied to  groups  of stacks, the transfer leak tests serve to 
indicate whether further ind ividual stack tests are required. 
When applied to an individual stack, the tests serve to iso-
late specific leaks. Ad j o ining  s t a c k  gr o up s  c a n  b e tested 
while installed o n the bus,  whereas individual stacks  must 
be removed prior to testing. 

Also like the external leak test and its variations, the trans-
fer leak tests can also be applied to  membrane humidifiers, 
and do not apply to contact humidifiers. 

Leak Test Sequence 

The purpose of the stack (and  humidifier) leak tests is to 
identify and  isolate  leaks  so  that  the defective component 
can be replaced. When taken as a whole, the range of all 
possible leak test combinations is quite large and very time-
consuming to conduct in their entirety. 

To reduce the amount of work, specific leak tests are done in 
a logical sequence that successively isolate the le a k while 
bypassing tests that are of  no immediate consequence. For 
example, if a group of stacks fails a fuel path external test, 
but passes the oxidant and coolant external tests, there is 
no need to conduct oxidant or coolant path transfer tests. 
The fuel path transfer tests alone are needed to locate the 
leak. 

The logical leak test sequence is encapsulated in a flowchart 
such as the one shown in Figure 7-17.  Although this flow-
chart looks complicated, it actually simplifies  the  process of 
isolating leaks. 
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The leak-down test provides the initial leak assessment, and 
is performed at the weekly service interval. If the fuel cell en-
gine passes this test, no further tests are required. If the fuel 
cell engine fails the leak-down test, a leak exists  somewhere 
within the fuel delivery circuit. If no leaks can  be  found 
within the components of the fuel circuit or any associated 
plumbing (using a leak detection solution), the leak must ex-
ist within a fuel cell stack or membrane humidifier. 

Fuel cell stacks are typically arranged in modules that in-
clude several stacks and associated humidifiers. These mod-
ules  are  tested  at  the 3750 mile service interval  (regardless 
of the leak-down test results) for external leaks from all flow 
paths combined, and internal/external leaks  from each indi-
vidual flow path. If the stack module passes these four tests, 
no further tests are required. 

If the stack module fails the external leak test from all flow 
paths, the leak exists within  one or  more individual stacks 
or membrane humidifiers. If the stack  module fails any of 
the internal/external leak tests from individual flow  paths, 
corresponding transfer tests  must be performed on  the entire 
module to isolate the leakage path. As an additional diagnos-
tic tool, the external leakage (to atmosphere only) from the 
fuel path is also conducted prior to transfer tests on that cir-
cuit. 

Once external and transfer tests have been completed on the 
o v e r a l l s t a ck  module ,  t he co r r e spond ing  ex t e rna l  and /o r  
transfer tests are required on individual stacks or membrane 
humidifiers in order to isolate the faulty component. 

Transfer tests that indicate leakage  to  or from the  coolant 
path  may  originate within  a stack  or  membrane humidifier, 
a l t h o ugh  l eakage be tween  gas  pa ths  can  on ly o r ig in a t e 
within a stack due to the  construction arrangement  of  the 
humid i f i e r s .  T h ese  t e s t s  neces s i t a t e  t he r emo va l o f  t he 
s tacks and  membrane  humidifiers  from the s tack module . 
Individual stacks or humidifiers that fail any of these tests 
must be replaced. 

If  individual stack or  membrane humidifier leak cannot  be 
found despite leak indications at the module level, the leak 
exists in some  portion  of the manifolding that interconnects 
the components  wi thin  the mo dule .  These leaks  can be  
t raced using leak detection solution, and repaired as re-
quired. 

Key Points & Notes 

Fuel cell stacks and mem-
brane humidifiers can only be 
serviced by the original 
manufacturer. In preparation 
for shipping, fill humidifiers 
with de-ionized water, and 
the inlet and outlet ports on 
both humidifiers and stacks 
must be capped. Crate 
components securely to pre-
vent damage during shipment. 
Ensure that the shipment will 
not be subject to freezing 
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Figure 7-17 Typical Leak Test Sequence Flowchart 

Hydrogen Fuel Cell Engines and Related Technologies: Rev 0, December 2001 
Word Searchable Version not a True Copy 



PAGE 7- 53 


Hydrogen Fuel 
Cell Engines MODULE 7: FUEL CELL BUS MAINTENANCE 

Leak Test Logs Key Points & Notes 

Leak test logs identify the test and summarize the resulting 
leak data. These records are important for assessing compo-
nent behavior over time. Typical test logs are shown in Fig-
ures 7-18 and 7-19. 

Bus/Module Leak Test Log 

IDENTIFICATION 

Bus 

Hourmeter Reading Technician 

Hubodometer Reading Date 

LEAK-DOWN 
TEST 

Test 
Pres. 
(psig) 

Acceptance 
Threshold 

(psig) 

Pressure After 1 Minute 
(psig) 

External 7.0 >xxx 

STACK 
MODULE 

LEAK TESTS 

Test 
Pres. 
(psig) 

Acceptance 
Threshold 
(cc/min) 

Module 1 
(Roadside) 

(cc/min) 

Module 2 
(Curbside) 

(cc/min) 

Total External 30.0 <xxx 

Fuel Path External 30.0 <xxx 

Fuel Path 
Internal/External 

7.25 <xxx 

Fuel to Oxidant 7.25 <xxx 

Fuel to Coolant 7.25 <xxx 

Oxidant Path 
Internal/External 

7.25 <xxx 

Oxidant to Fuel 7.25 <xxx 

Oxidant to Coolant 7.25 <xxx 

Coolant Path 
Internal/External 

7.25 <xxx 

Coolant to Fuel 7.25 <xxx 

Coolant to Oxidant 7.25 <xxx 

Disassembled: � yes 
� no 

Disassembled: � yes 
� no 

Figure 7-18 Typical Stack Module Leak Test Log 
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Stack/Humidifier Leak Test Log 

IDENTIFICATION 

Bus 

Hourmeter Reading Technician 

Hubodometer Reading Date 

Stack Identifier / Serial Number: 

STACK 
LEAK TESTS 

Test 
Pres. 
(psig) 

Acceptance 
Threshold 
(cc/min) (cc/min) (cc/min) (cc/min) (cc/min) 

Total External 
30.0 < xxx 

7.25 < xxx 

Fuel Path External 30.0 < xxx 

Fuel to Oxidant 7.25 < xxx 

Fuel to Coolant 7.25 < xxx 

Oxident to Coolant 7.25 < xxx 

Replaced: � yes 
� no 

� yes 
� no 

� yes 
� no 

� yes 
� no 

Humidifier Identifier / Serial Number: 

HUMIDIFIER 
LEAK TESTS 

Test 
Pres. 
(psig) 

Acceptance 
Threshold 
(cc/min) (cc/min) (cc/min) 

Total External 30.0 < xxx 

Fuel to Water 7.25 < xxx 

Oxidant to Water 7.25 < xxx 

Replaced: � yes 
� no 

� yes 
� no 

Figure 7-19 Typical Stack/Humidifier Leak Test Log 
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Leak Test Box 

Leak tests require a source of regulated nitrogen to pressur-
ize  the  flow paths  under  test. For some tests, the supply's 
flow rate must be measured. For other tests, measured and 
unmeasured nitrogen streams are required. For convenience, 
this  flow distr ibut ion and control  equipment  is  combined 
into a leak test box. A typical leak test box, linked to a nitro-
gen supply, is shown in Figure 7-20. The components shown 
have the following functions: 

•	 The nitrogen supply consists of a standard T bottle of ni-
trogen with a minimum purity of 99.99%. The integral 
shutoff valve isolates the bottle contents. 

•	 The nitrogen supply pressure regulator (4000-psig (275-
barg) inlet; 100-120 psig (7-8 barg) outlet) with inlet and 
outlet  pressure gauges provides first-stage  regulation of 
the nitrogen pressure. The pressure regulator must be a 
venting type so that it can be bled to atmospheric condi-
tions while the outlet flow path is blocked. 

•	 The nitrogen supply tube mates with and passes nitrogen 
to the leak test box. 

•	 The stack pressure regulator and gauge on the leak test 
box set the test pressure. An electronic pressure display 
could be used instead of the pressure gauge. 

•	 The rotameter valve on the leak test box engages or by-
passes the rotameters, depending on its position. 

•	 The rotameter selection valves on the leak test box en-
gage or disengage  individual  rotameters,  depending on 
their positions. 

•	 The rotameters on the leak test box each has a different 
flow range and measure the nitrogen flow. An electronic 
mass flow meter could be used instead of the rotameters. 

•	 The metered supply tube mates with and passes the ni-
trogen from the rotameter flow path to the equipment 
under test. 

•	 The unmetered supply tube mates with and passes nitro-
gen directly from the outlet of the stack pressure regula-
tor to the equipment under test. 

Key Points & Notes 
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Figure 7-20 Typical Leak Test Box 

Downstream  of  the  metered and unmetered  supply  tubes ,

other special equipment is needed depending on the specific 

Key Points & Notes


test. That equipment is described in the following sections.


When the leak test box uses rotameters instead of an elec-
tronic mass flow meter to measure the nitrogen flow, calibra-
tion curves are required to convert the rotameters readings 
to  flow units  of cc/min. These curves are derived  through 
e x p e r i m e n t  u s i n g  s t a n d a r d  c a l i b r a t i o n  p r o c e d u r e s .  P u b -
lished calibration curves are valid  only for the specific ro-
tameter,  pressure and gas composition indicated. A sample 
calibration curve is shown in Figure 7-21. When referring to 
a calibration curve: 

•	 Locate the rotameter reading on the vertical axis of the 
graph. 

•	 Draw a line horizontally from the rotameter reading until 
it intersects the calibration curve for the given test pres-
sure. 

•	 Draw a line vertically downwards from the intersection to 
the horizontal axis of the graph. 

• Read the flow rate in cc/min off the horizontal axis. 

Rotameters and  mass flow meters must be calibrated regu-
larly to maintain test accuracy. 
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Figure 7-21 Typical Rotameter Calibration Curve 

7.4.7.1 Leak-Down Test 

The leak-down test indicates the presence of leaks within 
any part of the fuel delivery circuit by pressurizing the cir-
cuit and measuring the pressure drop over time. 

The fuel delivery circuit is normally vented to atmosphere by 
way of the purge line whenever the engine is off. In order to 
pressurize this circuit, isolate it by closing the purge valve. 
You can then apply pressure through a pressurization port 
incorporated into the circuit. 

Typical leak-down test equipment is illustrated in Figure 7-
22 and must include the following: 

•	 a nitrogen supply, leak test box, and metered supply tube 
as described above 

• an extension tube with digital manometer 

• two stack module blanking plates 

• a stopwatch 

Key Points & Notes 
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Figure 7-22 Typical Leak-Down Test Equipment 

Prepare to test: 

Key Points & Notes 

1.	 Ensure the fuel cell engine is warm and off. If the engine 
is not warm, misleading results may occur since some 
sealing surfaces may not have fully sealed. 

2. Remove the cap from the bus' pressurization port and 
connect the test equipment as illustrated in Figure 7-23. 

Prepare the test equipment: 

3. Set the rotameter selection valves off and the rotameter 
valve on; this stops all flow from the metered supply 
tube. 

4. Open the nitrogen  supply  shutoff  valve and 
nitrogen supply and  stack pressure regulators 
stack pressure gauge indicates 7.0 psig (0.5 barg). 

Pressurize the circuit: 

5. Close the bus purge solenoid valve. This valve 
open whenever the engine is off. Consequently, 
must be closed using some specific sequence of 
on the side console and/or engine compartment 
been programmed into the control system. Listen 
clicking sound of the solenoid valve closing. 

adjust the 
until the 

is normally 
the valve 

switches 
that has 

for the 
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Figure 7-23 Leak-Down Test 

6. Pressurize the fuel circuit by turning the rotameter valve 
off. This allows nitrogen to flow into the fuel delivery cir-
cuit. 

7. Use a leak detection solution to confirm that no leaks ex-
ist on the leak test equipment. 

8. Adjust the stack pressure regulator as required until the 
digital manometer indicates 7.0 psig (0.5 barg). 

This pressure acts on one internal flow path only and causes 
a differential pressure across the fuel cell stack  membranes. 
Never exceed the test pressure. Excessive pressure may 
cause fuel cell stack damage. 

Key Points & Notes 

Hydrogen Fuel Cell Engines and Related Technologies: Rev 0, December 2001 
Word Searchable Version not a True Copy 



PAGE 7- 60 


Hydrogen Fuel 
Cell Engines MODULE 7: FUEL CELL BUS MAINTENANCE 

9. Turn the rotameter valve on and re-read the digital ma- Key Points & Notes 
nometer accurately. 

Assess the results: 

10. Allow one minute to pass and re-read the manometer. 
Record the results on the leak test log: 

a) If the pressure remains higher than 
cated on the test log, no further action is required. 

b) If the pressure drops to less than 
cated on the test log, there is an 
leaks in the fuel delivery circuit, 
stack modules. To eliminate any leaks 
delivery circuit: 

•	 Depressurize the test equipment, 
modules , d isconnect  the stack 
tions, and attach a blanking plate 

the amount indi-

the amount indi-
excessive leak or 

plumbing, or the 
within the fuel 

drain the stack 
module connec-

to both sides of 
the exposed connections. This isolates the fuel de-
livery circuit from the stack modules. 

•	 Repeat the leak test and apply a leak detection 
agent on every fitting and component within the 
fuel delivery circuit. Use a hand-held leak detector 
to probe the hydrogen diffuser: leaked hydrogen 
within the hydrogen  diffuser indicates that the 
purge solenoid valve is leaking. Tighten any leak-
ing  fi t t ings and/or  replace leaking components  
and repeat the test as required until all leaks are 
eliminated. 

•	 Remove  the  blanking  plates, re-attach the stack 
modules, and repeat the test. 

11. Refer to the leak test sequence flowchart for additional 
actions. 

If no further tests are required: 

12. Depressurize the test equipment and close the nitrogen 
supply shutoff valve. 

13. Open the purge solenoid valve using the specific se-
quence of switches defined by the bus manufacturer. 

14. Disassemble the test equipment. 
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7.4.7.2 External Leak Test (and Variations) 

The external leak test  quantifies the total amount of leakage 
from all flow paths (fuel, oxidant and coolant) to atmosphere. 
Variations  of this test include the individual  internal/external 
leak test, which measures the leakage flow from an individual 
flow path to atmosphere and the other internal flow paths, and 
the individual external  leak test  which measures  the leakage 
flow from an individual  flow path to atmosphere only. These 
tests can be  applied  to  stack modules, individual stacks, or 
individual membrane humidifiers. 

In each test, pressurized nitrogen is supplied to one or more 
terminated flow paths and the amount  of nitrogen  flow is 
measured directly. Since the flow paths are terminated, all 
nitrogen flow is the direct result of leakage. These tests are 
upstream tests, since the leakage is measured in terms of the 
dry nitrogen flowing through the  leak  test box upstream of 
the equipment under test. 

Typical external leak test equipment is illustrated in Figure 
7-24 and must include the following: 

•	 a nitrogen supply, leak test box, and metered and un-
metered supply tubes as described above 

•	 two stack  module leak test adapters  (with  non-venting 
quick-connection fittings) 

•	 six stack/humidifier leak test adapters (with non-venting 
quick-connection fittings) 

• four open (venting) stems (for quick-connection fittings) 

• two linkage tubes (to mate with quick-connection fittings) 

•	 two  discharge tubes with  2-way valve (to  mate with 
quick-connection fittings) 

Key Points & Notes 
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Figure 7-24 Typical External Leak Test Equipment 
Key Points & Notes 

Total External Leak Test 

In the total external leak test, all flow paths are linked to-
gether, terminated and pressurized.  Since al l  internal  c ir-
cuits are pressurized together,  all  leakage flow  must pass 
into the atmosphere. 

Prepare to test: 

1. Ensure the fuel cell engine is off. 

2. When performing stack module tests, drain the modules, 
disconnect the module connections, and attach the stack 
module leak test adapter. When performing stack or hu-
midifier tests, remove the component and attach the 
stack/humidifier leak test adapters. 

3. Connect the test equipment as illustrated in Figure 7-25. 
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Figure 7-25 Typical Individual Internal/External Leak Test Equipment 

Prepare the test equipment: 

4. Set the rotameter selection valves off and the rotameter 
Key Points & Notes 

valve on; this stops all flow from the metered supply 
tube. 

5. Open the nitrogen supply shutoff valve and adjust the 
nitrogen supply and  stack pressure  regulators  until the 
stack pressure gauge indicates 30.0 psig (2.07 barg). As 
this pressure acts on all internal flow paths, a differential 
pressure across the internal membranes cannot develop. 

Pressurize the circuit: 

6. Turn the high flow rotameter selection valve on. This al-
lows nitrogen to flow into the equipment under test. Al-

low the flow paths to pressurize until the flow indicated 

on the rotameter stabilizes. 

7. Use a leak detection solution to confirm that no leaks ex-
ist on the leak test equipment. Do not allow leak detec-
tion solution to contact the fuel cells or humidifier 
plates. 

8. Read the flow rate indicated on the rotameter: if the flow 
rate is too small to read accurately on the rotameter, use 
the rotameter selection valves to select the medium flow 
or low flow rotameters as required. 

Complete: 

9. Turn all three rotameter selection valves off. 
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10.	 Slowly open the 2-way valve on the discharge tube to de-
pressurize the equipment under test. 

Assess: 

11. Convert the rotameter flow readings to units of cc/min 
using the published rotameter calibration curves. Record. 
the results on the leak test log: 

a)	 If the flow rate is less than the amount indicated on 
the test log, no further action is required. 

b)	 If the flow rate is greater than the amount indicated 
on the test log, there is an excessive leak within the 
component under tested. 

12. Refer to the leak test sequence flowchart for additional 
actions. 

If no further tests are required: 

13. Depressurize the test equipment and close the nitrogen 
supply shutoff valve. 

14. Disassemble the test equipment. 

Individual Internal/External Leak Test 

In the individual internal/external leak test, one flow path 
( fue l ,  oxidant or coolant) is  t e rmina ted  and pressur ized .  
Leakage gas can therefore pass  from the pressurized circuit 
into one of the other flow paths or to the atmosphere. 

This test is performed in an identical manner to the external 
leak with the following differences: 

•	 Connect the test equipment as in Figure 7-26. The figure 
illustrates the test setup for the fuel path; if testing a dif-
ferent flow path the setup is similar: plumb the metered 
supply tube to the flow path outlet and the discharge 
tube to the flow path inlet. Add open stems to all other 
ports. 

• Pressurize the flow path to 	7.25 psig (0. 5 barg), not 30.0 
psig (2.07 barg). 

This pressure acts on one internal flow path only and causes 
a differential pressure across the fuel cell stack  membranes. 
Never  exceed the test pressure.  Excessive  pressure  may 
cause fuel cell stack damage. 

Key Points & Notes 

Units of “ml” and “cc” are 
equivalent. 
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Figure 7-26 Fuel Internal/External Leak Test 

Individual External Leak Test 

In the individual external leak test, one flow path (fuel, oxi­
dant  or  coolant) is  terminated and pressurized while the 
other two flow paths are linked together,  terminated and 
pressurized using a separate,  unmetered gas  stream. Leak-
age gas can therefore pass from the pressurized circuit only 
to the atmosphere since no  differential pressure exists be-
tween the tested and untested flow paths. 

This test is performed in an identical manner to the external 
leak with the following differences: 

•	 Connect the test equipment as in Figure 7-27. The figure 
illustrates the test setup for the fuel path; if testing a dif­
ferent flow path the setup is similar: plumb the metered 
supply tube to the flow path outlet and the discharge 
tube to the flow path inlet. Plumb the unmetered supply 
tube to the outlet of either of the other two flow paths, 
link the two flow paths using a linkage tube, and termi­
nate the remaining port with a discharge tube. 

•	 Pressurize the flow path to 30.0 psig (2.07 barg), not 7.25 
psig (0.5 barg). Since this pressure acts on all internal 
flow paths, a differential pressure across the internal 
membranes cannot develop. 

•	 When venting, open both discharge valves in tandem to 
avoid a differential pressure within the equipment under 
test. 

Key Points & Notes 
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Figure 7-27 Fuel External Leak Test 

7.4.7.3 Transfer Leak Tests 

The transfer leak tests quantify the amount of leakage from 
one flow path (fuel, oxidant or coolant) into another flow path. 
These tests can be app l ied  to  stack  modules,  individual  
s tacks ,  o r  ind ividua l  membrane  humid i f i e r s . S ix p o ss ib le 
transfer leak test combinations exist: 

• Fuel to oxidant 

• Fuel to coolant 

• Oxidant to fuel 

• Oxidant to coolant 

• Coolant to fuel 

• Coolant to oxidant 

At  first glance, transfer tests that comprise complementary 
pairs (fuel to oxidant and oxidant to fuel) should produce the 
same  results  and  therefore seem redundant.  Although this is 
usually  true,  the  process of  pressurizing one path as op ­
posed to the other can sometimes affect the internal seals in 
different  ways, leading to different results. For this reason 
both tests are often performed. 

In each transfer test, pressurized nitrogen is  supplied to a 
single terminated flow path and is allowed to leak to another 
flow path and the ambient environment. The specific leakage 
coming out  of  the  other flow path is then measured using 
v o l u me t r i c  d i s p l a c e me n t t e c h n i q u e s . T h e r e ma in ing f l o w  

Key Points & Notes 
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path plays no part in the test and is vented to atmosphere so 
that pressure cannot build up within it. 

Transfer  tests  are  downstream  tests,  since the leakage is 
measured in terms of the nitrogen flowing out of a flow path, 
downstream of the equipment under  test.  The nitrogen flow 
measurement equipment on the leak test box is not used. 

Downstream test  measurements are complicated by the fact 
that stacks and  humidifiers are fundamentally  wet so that 
some water always passes out of a flow path in conjunction 
with the leakage gas. The resulting wet gas stream cannot be 
measured using rotameters or electronic mass  flow  meters 
and the water content must be excluded from the leakage 
calculation. 

For this reason, leakage measurements are  made using a 
wa t e r - f i l l e d  g r a d u a t e d  c y l i n d e r  a s s e mb l y . T h i s  a s s emb l y  
consists of  a pair of nested, graduated cylinders, with the 
inner cylinder inverted. At the start of the test, both cylin-

Key Points & Notes 

ders are completely full of water. As the wet gas 
duced into the inner cylinder, the water combines 
water  already there,  and the gas accumulates at  the 
the cylinder, causing it to rise. The leakage gas can 
be obtained  directly  by measuring the quantity  of 
accumulates within the inner cylinder over a period 

is intro­
with the 

top  of 
therefore 

gas that 
of time. 

Typical transfer leak test equipment is illustrated in Figure 
7-28 and must include the following: 

•	 a  nitrogen  supply, 
tubes as described above 

•	 two stack  module 
quick-connection fittings) 

• 	six stack/humidifier 
quick-connection fittings) 

• two  open  (venting) 

leak  test box, and metered supply 

leak test adapters  (with non-venting 

leak test adapters (with non-venting 

stems (for quick-connection fittings) 

•	 one discharge tube with 2-way valve (to mate with quick-
connection fittings) 

•	 one vent tube with 3-way vent valve (to mate with quick-
connection fittings) 

• graduated cylinder assembly (water-filled) 

• stopwatch 
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Figure 7-28 Typical Transfer Leak Test Equipment 
Key  Points & Notes 

Prepare to test: 

1. Ensure the fuel cell engine is off. 

2. When performing stack module tests, drain the modules, 
disconnect the module connections, and attach the stack 
module leak test adapter. When performing stack or hu­
midifier tests, remove the component and attach the 
stack/ humidifier leak test adapters. 

3.	 Connect the test equipment as in Figure 7-29. The figure 
illustrates the test setup for the fuel to oxidant test; if 
testing a different combination of flow paths the setup is 
similar: plumb the metered supply tube to the source 
flow path outlet and the discharge tube to the source flow 
path inlet. Attach the vent tube and water-filled gradu­
ated cylinder assembly to the measured flow path inlet 
and leave the outlet closed (by virtue of the non-venting 
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quick-connection fitting). Add open stems to the remain-
ing two ports. 

Figure 7-29 Fuel to Oxidant Transfer Leak Test 

Key Points & Notes 

Prepare the test equipment: 

4. Detach the vent tube from the leak test adapter and turn 
the vent valve so that any air trapped in the inner gradu-
ated cylinder expels  to atmosphere. Re-attach the vent 
tube. 

5. Set the rotameter selection valves off and the rotameter 
valve on; this stops all flow from the metered supply 
tube. 

6. Open the nitrogen  supply shutoff  valve and adjust the 
nitrogen supply and stack  pressure  regulators until the 
stack pressure gauge indicates 7.25 psig (0.5 barg). 

This pressure acts on one internal flow path only and causes 
a differential pressure across the fuel cell stack  membranes. 
Never exceed the test pressure. Excessive pressure may 
cause fuel cell stack damage. 

Pressurize the circuit: 

7. Turn the rotameter valve off. This allows nitrogen to flow 
into the equipment under test. 
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Key Points & Notes 
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8. Use a leak detection solution to confirm that no leaks ex-
ist on the leak test equipment. Never allow leak detec-

Key Points & Notes 

tion solution to contact the fuel cells or humidifier 
plates. 

9. Set the vent valve position so that any leakage gas expels 
to atmosphere. 

10. Once a steady state stream of gas is established, simul-
taneously turn the vent valve so that the leakage gas 
passes into the graduated cylinder assembly and begin 
timing. 

11. Continue collecting  gas until two  minutes has passed, 
then simultaneously turn the vent valve so that the leak-
age gas expels  to  the atmosphere and stop timing. 

12. Read the displaced volume in the inner graduated cylin-
der and calculate the flow rate as follows: 

Complete: 

13. Turn the rotameter valve on. This interrupts the nitrogen 
flow. 

14. Slowly open the 2-way valve on the discharge tube to de-
pressurize the equipment under test. 

Assess: 

15. Record the results on the leak test log: 

a) If the flow rate is less than the amount indicated on 
the test log, no further action is required. 

b) If the flow rate is greater than the amount indicated 
on the test log, there is an excessive leak within the 
flow path tested. 

16. Refer to the leak test sequence flowchart for additional 
actions. 

If no further tests are required: 

17. Depressurize the test equipment and close the nitrogen 
supply shutoff valve. 

18. Disassemble the test equipment. 
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7.4.8 Power Cable Connection Checks Key Points & Notes 

Power cables link the fuel cell stacks to the inverter, and the 
inverter to  the drive motor and dump choppers. If any of 
these power cables are not attached during operation of the 
fuel cell stacks, a very large charge can result with no dis­
charge path presenting a serious shock hazard. 

The power cable connection checks consist of checking by 
hand that each of the  power  cable  connections  are  tightly 
connected. Some connectors  have  a molded arrow on their 
ends that indicate the location of its locking pin. All cables 
tighten clockwise. 

When tightening cables, ensure that they do not spring 
back to their original position. Take care to avoid  inad-
vertently loosening connections in this way. 

7.4.9 Glycol System Integrity Test 

The glycol system integrity test ensures that no leakage ex­
ists between the air and coolant circuits. The air and stack 
coolant streams come into  close  contact within the humidifi ­
ers and the stacks. The air and bus coolant streams come 
into  close contact  within the intercooler ,  aftercooler, and 
condenser. Any glycol leak into the air stream could cause 
serious fuel cell damage as glycol can poison the fuel cell 
catalyst. 

The  glycol system integrity test is similar to  a conventional 
radiator leakage test and consists of pressurizing each cool-
ant  path  in turn and measuring any pressure  drop over  
time. Test equipment typically consists of  a standard  radia ­
tor system pressure tester ,  an external  d igi tal  manometer ,  
and a stopwatch. The digital manometer is  more accurate 
t han  the p re ssure  gauge tha t  no rma l l y  accomp anie s  t he 
pressure tester. 

Figure 7-30 Typical Glycol Integrity Test Equipment 
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To perform the glycol system integrity test, the stack and 
bus coolant circuits must be fully charged and the engine 

Key Points & Notes 

must be off.  The system pressure tester is applied, in turn, 
to the stack and bus coolant header tank fill ports. Ensure 
that the tester makes a fully sealed connection with the fill 
port. Each circuit is pressurized using the tester pump until 
the manometer indicates 16 psig (1.1 barg). After 20 min-
utes, the manometer pressure must be re-assessed: 

• If the pressure remains  greater than 15.5 psig (1.07 
barg), no action is required. 

• If the pressure drops to less than 15.5 psig (1.07 barg), 
inspect all fittings and components associated with that 
coolant circuit (including the  pressure  tester  connection) 
for leaks: Tighten any leaking fittings and repeat the test. 
If no leak can be found but the pressure loss persists, 
contact the bus manufacturer. Do not operate the bus 
until authorized to do so by the bus manufacturer. 

Test results are normally recorded on  a test log that indi-
cates  the  d a te ,  the ho ur me t e r  and odometer readings and 
the measured pressure drop. 

7.4.10 Dump Chopper Resistance Check 

A dump chopper is essentially a resistor in contact  with a 
coolant stream. T his resistor converts electrical power into 
he a t  e i ther  dur ing  star t  up ( t  o hasten wa r mup ) o r d u r i ng 
situations  where excess power must be “dumped”. The dump 
chopper is typically installed in the stack coolant circuit, but 
some buses  include a second dump chopper in  the bus or 
HVAC coolant circuits. 

The dump chopper resistor  is part  of an assembly that may 
contain other fluid flow control equipment.  The resistor  itself 
consists  of  a  series  of  individual  resistive elements that are 
wired together in parallel. Each element has the same resis-
tance so that the power absorption is shared equally. If an 
element burns out (becomes an open circuit), the net parallel 
resistance of the remaining elements increases. 

T he dump chopper resistance  check use s  a n ohmmeter to 
confirm that the overall  resistance is  within  specifications. 
The resistance is measured directly across the entire resistor 
by removing the power cables from each dump chopper as-
sembly with  the  engine  off.  Mo isture  within the electrical 
portion of  the dump chopper can a ffe c t r e si  st  ance values 
slightly. 
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Resistance specifications are unique to each bus design. The 
low end of the acceptable resistance range represents the 
expected value if all  elements are functional; lower resis ­
t a n c e s  i n d i c a t e  t h a t  t h e r e s i s t o r  i s  c o m p l e t e l y  s h o r t -
circuited.  The high end  of the acceptable resistance range 
represents the expected value if at most two elements  have 
burned out;  higher resistance indicate that an unacceptable 
number  of  elements  are no  longer functional.  If  measure ­
ments are within the specified range, no further action is re­
quired. If the measurements are outside the specified range, 
individual resistor elements must be replaced as required 

Key Points & Notes 

Figure 7-31 Dump Chopper 
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7.5 Fuel System Procedures 

Fuel system procedures  per tain to  routine  service that is 
common to that found on CNG or hydrogen powered internal 
combustion engine buses. 

7.5.1 Fuel Circuit Leak Tests 

Fuel circuit leak tests  ensure  that fuel  is not leaking from 
any part of the system. These tests augment the use of the 
on-board leak detect ion system to  mi t iga te  po tent ia l  f i re 
hazards. 

Hydrogen is present in three circuits of different pressures: 

•	 high-pressure circuit at high pressure up to 3600 psig 
(250 barg) 

•	 motive-pressure circuit at intermediate pressure of 178 
psig (12 barg) 

•	 fuel delivery circuit at the low-pressure of up to 30 psig 
(2 barg) 

Leak tests are conducted using a  hand-held leak detector 
and leak detection solution as described in Section 6.1.1. 

Never tighten any  fitting  while  it  is  under  pressure; do-
ing so could cause the fitting to shatter with serious per-
sonal injury.  Never  loosen a  fitting while under pressure; 
doing so  may cause the fitting or component to be pro-
pelled with extreme force. 

High-Pressure Circuit Leak Test 

The high-pressure circuit is always pressurized so that it can 
be tested for leaks while the engine is off. However, to obtain 
meaningful  results,  the leak test must be  performed  when 
the circuit contains at least half of its  service pressure i.e. 
1800 psig (125 barg). Inspect fittings and components for 
damage when performing the leak test. 

To test for leaks, apply a leak detection solution to every fit­
ting, connection and component, including: 

• semi-spherical ends of cylinders, including end bosses 

• pressure relief devices and valves 

• shutoff, vent and other hand valves 

• solenoid, check and excess flow valves 

• hydrogen particulate filter 

• fueling receptacle 

Key Points & Notes 
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•	 p r e s s u r e  a n d  t e m p e r a t u r e  t r a n s d u c e r s ,  s wi t c h e s a n d 
gauges 

If a leak is detected, vent the high-pressure circuit to 10 psig 
(0.7 barg) (and cylinder, if applicable), tighten leaking fit ­
tings, and repeat the test. Do not tighten any fitting while 
it is under pressure. Doing so could cause the fitting to 
shatter with serious potential injury. 

Replace any component or  fitting that continues to leak de-
spite tightening. Do not loosen any fitting on the high-
pressure circuit or any cylinder without first venting the 
high-pressure circuit  to  atmospheric pressure. Vent indi-
vidual cylinders  prior to loosening any fitting or compo-
nent  associated with that  cy l inder .  Do not  loosen or  
adjust cylinder solenoid valves in any way. 

Cyl inders  tha t  have  been vented to atmospheric  p ressure 
and exposed to air  require nitrogen and hydrogen purges be-
fore fueling. 

After repairing  a leak, pressurize the component and repeat 
the leak test. 

Motive-pressure Circuit Leak Test 

The motive-pressure circui t is only pressurized during en ­
gine operation, so the engine must be on to test for leaks. 
Inspect fittings  and  components for  damage  when  perform­
ing the leak test. 

To test for leaks, apply a leak detection solution to every fit­
ting, connection and component, including: 

• motive pressure regulators or regulator assemblies 

• fuel shutoff and other hand valves 

• solenoid valves 

• pressure transducers, switches and gauges 

If a leak is detected, shut down the engine to vent the mo­
tive-pressure circuit, tighten the leaking  fittings, and repeat 
the test. Do not tighten any fitting while it is under pres-
sure. Doing so could cause the fitting to shatter with se-
rious potential injury. 

Replace any components or  fittings that continue to leak de-
spite tightening. Do not loosen any fittings on the motive-
pressure circuit  without first shutting down the engine 
to vent the fuel. 

Key Points & Notes 
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T h e mo t i v e - p r e s s u r e  c i r c u i t  i s  c o n n e c t e d t o t h e h i g h - Key Points & Notes

pressure circuit at the motive pressure regulator. Therefore,

the regulator (or its assembly) is always exposed to high-

pressure  fuel. Do not service the motive pressure regula-
tor without first venting the high-pressure circuit.


Fuel Delivery Circuit Leak Test 

The fuel delivery circuit is only  pressurized during engine 
operation so the engine must be on to test for leaks. Inspect 
fi t t ings and components  for damage 
leak test. 

To  test for leaks, use a hand-held 
every fitting, connection and component, including: 

• pressure regulator 

• ejector 

• contact humidifiers 

• hydrogen/water separator 

• filters 

• water traps 

• burst disk 

• solenoid valves 

• check valves 

• stack module interface hoses 

•	 p r essur e , t emp era ture and leve l  
and gauges 

when  performing the 

leak detector to probe 

t ransducers ,  swi tches 

If a leak is evident using the hand-held leak detector, apply a 
leak detection solution to localize it. 

If a leak is detected, shut down the engine to vent the fuel 
delivery circuit, tighten the leaking  fittings, and repeat the 
test. Do not tighten any fitting while it is under pressure. Do­
ing so could cause the fitting to shatter with serious poten­
tial injury. 

Replace any components or  fittings that continue to leak de-
spite tightening. Do not loosen any fittings on the fuel deliv­
ery circuit without first shutting down the engine to vent the 
fuel. 

If a leak appears to originate within the fuel cell stacks, per-
form the fuel cell engine leak tests (Section 7.4.7). 
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7.5.2 Fuel System Inspections Key Points & Notes 

Fuel  sys tem inspect ions  ensure  the overa l l  in t egr i ty and 
safety of the fuel system. Specific checks include vent cap 
i n s p e c t i o n s , c o m p o n e n t i n s p e c t i o n s , a n d f u e l  p r e s s u r e  
transducer comparisons. 

7.5.2.1 Vent Cap Inspections 

Vent caps seal the end of gas pressure relief lines to prevent 
debris and water from getting in and clogging the 
sides clogging the line,  water can expand through 
and damage the line or components. 

Vent  lines  serve all three fuel circuits.  The vent 
linked to: 

• each cylinder pressure relief device (two per cylinder) 

• the motive-pressure circuit pressure relief valve 

• the fuel delivery circuit burst disk 

line. Be-
freezing 

lines  are 

All hydrogen vents are at roof level. During a hydrogen re-
lease, the vent pressure is sufficient to blow the cap off the 
vent line. 

The vent cap inspections consist of  a visual confirmation 
that each vent cap is  firmly installed, undamaged and unob­
structed. 

The vent caps associated with the pressure relief devices 
(PRD) and the motive-pressure relief valve should be com­
pletely sealed with silicone. 

The burst disk vent cap should be screwed into place: do not 
attach the burst disk vent cap with silicone. A seal of sili­
cone  would  result in  pressure build-up  within the line, and 
the consequent  false trigger of the nearby pressure switch, 
resulting in alarm shutdown. 
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Figure 7-32 Typical Vent Cap Locations 

Some vent caps include an extension tube to align the dis­

charge point  with holes in the canopy or to otherwise pre-

vent  obstruction. Alter these extension tubes if required to

mainta in  a l ignment.  For  vent  l ines  that p ro t rude through

holes in the canopy, confirm that each cap is located within Key Points & Notes


the canopy hole, that it is protected by the hole, and that it

does not stick out beyond the canopy surface.


If a vent cap is damaged or missing, check for water or dirt

in the vent line and clean as required. Replace the cap as

soon as possible.  Damaged, missing or incorrectly sealed

vent caps can lead to pressure relief component failure.
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7.5.2.2 Component Inspections Key Points & Notes 

Component inspections apply to all components in the high-
pressure, motive-pressure and fuel delivery circuits. Refer to 
Section 7.5.2 for a component inspection list. 

Component inspections consist of  a visual confirmation that 
no component shows signs of deformities or  other damage. 
Ch eck th  a t  a l l  e lec t r  ic  a l c o nne c t i o n s  to  so  len  o id  v a lv  es ,  
t r an  s d u ce r s  an  d p r e s  s u r e  s w i t c h e s a r e t i gh t  a nd  u n c o r -
roded. Wherever po ssib le ,  c he c k  the  se c ur i ty of electrical 
connections by hand. 

Check  specifically that pressure relief devices are not exud-
ing their eutectic compound. To check,  run your finger over 
each of the two protrusions; they should be flat or slightly 
concave. If  not, the eutectic compound is  starting to pro-
trude and the PRD must be replaced. Confirm that all hand 
valve handles are tight. 

Fuel cylinder inspections  form a special class of component 
inspections and are described in detail in Section 7.5.6. 

7.5.2.3 Fuel Pressure Indicator Readings Comparison 

Th e f u e l p r essu  r e  wi th  in  th  e cyl in  d e r s  an  d  h i g h -p r e s s u r e 
circuit is normally  measur ed  using  multip le p r essur e tr ans-
ducers or gauges.  The  pressure value  is normally displayed 
at various locations on the bus, such as on a message dis-
play center,  through the  diagnostics interface,  within  the fu-
eling box, or by other means. If any one of these indicators is 
fa ul ty, yo u  ma y  g e t the f a lse imp r essio n that  the high-
pressure circuit is d ep ressurized  (thereby  p ermitting access) 
while it is not. 

The fuel pressure indicator readings comparison consists of 
a visual  con fi rma t i o n t h a t a l l i n d i c a t ors di  s p l a y approx i -
mately the same pressure, typically within 250 psi (17 bar). 
If the values do not coincide, the faulty indicator  must be 
traced and replaced. 

7.5.3 Hydrogen Particulate Filter Replacement 

The hydrogen particulate filter collects any debris that may 
enter the  high-pressure  circuit  during fueling. This filter im-
pedes hydrogen flow as it clogs and therefore must be re-
placed periodically. 

As  with al l  hi gh-p r essure circui t  ma in ten a n ce,  th  e circu i t 
must be vented to atmospheric pressure prior to access al-
though it is not necessary to vent any of the cylinders. To 
d i sassem b le ,  u n s c r  ew th  e f i l t e r  en  c l  o s u r e f r o m th  e f i l t e r  

Hydrogen Fuel Cell Engines and Related Technologies: Rev 0, December 2001 
Word Searchable Version not a True Copy 



PAGE 7-81 


Hydrogen Fuel 
Cell Engines MODULE 7: FUEL CELL BUS MAINTENANCE 

base. Inspect the retaining spring for damage and replace as Key Points & Notes

required. Replace the filter element and ensure that it is ori­

ented correctly prior to installation. Check the filter for leaks

once the circuit is pressurized.


The used  filter element and any accumulated  material may

provide useful  diagnost ic informat ion when  troubleshooting

fuel storage system problems.  Return this  mater ial  to the

bus manufacturer on their request.


Figure 7-33 Typical Hydrogen Filter 

7.5.4 Motive Pressure Regulator Solenoid Valve Check 

The motive pressure  regulator  reduces  the high pressure of 
the cylinders to an intermediate pressure  during  operation. 
This regulator is outfitted  with a solenoid valve that isolates 
the fuel cell engine from the fuel storage system whenever 
the engine is off. 

Upstream of the solenoid valve, pressure is retained when 
the engine is off. Downstream, pressure is  vented when the 
engine is off. If the solenoid valve leaked while the engine is 
off, hydrogen would continue  to vent  through the inactive 
hydrogen diffuser, resulting  in a potentially  flammable mix­
ture. 
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The motive pressure solenoid  valve check is  a confirmation 
that all  operating and non-ope r a t i ng p r e ssures are correct.  

Key Points & Notes 

Incorrect values indicate solenoid valve leakage. 

View the high and motive pressures while the engine is on: 

• The  motive-pressure display  should indicate 170 – 186 
psig ( 11.5 – 12.5 barg.) 

• T he high-p r essur e  d i s p l a y s h o u l d  i n d i c a t e  t h e  c u r r e nt 
fuel pressure  within the hydrogen cylinders  (varies be-
tween 300 psig (21 barg) when effectively empty, up to 
3600 psig (250 barg) when fully fueled.) 

Shutdown  the engine and view  the high and motive pres-
sures: 

• If the motive pressure drops to 0 psig/barg and the high 
p ressure is less than the fuel pressure, the soleno id 
valve is not leaking and no further action is required. 

• If the motive pressure does not drop to 0 psig or the high 
pressure is less than the fuel pressure (or is dropping), 
the solenoid is leaking and the pressure regulation as-
sembly needs to be replaced. Confirm the leak using a 
portable hydrogen leak detector directed at the hydrogen 
diffuser. 

7.5.5 Ground Integrity Check 

The flow of hydrogen can result in static electricity buildup. 
This static c a n generate sparks and  provide ignition to  a 
flammable gas  mixture. T o eliminate this potential hazard, 
all metal  hydrogen-containing equipment on the bus  is  thor-
oughly grounded. 

Ground integrity is essential to hydrogen safety. 

The ground integrity check consists of verifying by ohmmeter 
that al  portions  o f  t he hi  gh-p r e ssur e ,  mo t ive-p r essur e  a nd 
fuel delivery circuits are grounded. Refer to Section 7.5.1 for 
a component list. This check proceeds by touching the first 
probe of the ohmmeter to a known ground point (such as the 
f u e l i n  g g r o u n d i n g  r e c e p t a c l e ) ,  a n  d t o u  c h  i n g  t h  e s e c o n  d 
probe to  the metal body of every component and length of 
tubing within the immediate vicinity. The meter should show 
continuity for each item. 

A n y  r ead in  g  o th  e r t h  an  con  t i nu i  t y i n d i c a t e s  a l a ck  o f  
grounding integrity.  Once  the ground  integrity  of  a given 
component has b e e n e s t a b l i s he d,  i t  can act  as the new 
ground reference: in this way, the entire fuel system can in-

Hydrogen Fuel Cell Engines and Related Technologies: Rev 0, December 2001 
Word Searchable Version not a True Copy 



PAGE 7-83 


Hydrogen Fuel 
Cell Engines MODULE 7: FUEL CELL BUS MAINTENANCE 

spected, incrementally  moving  farther away from the original 
ground reference at each step. 

Concurrent  wi th  the cont inui ty  measurements, visual ly in ­
spect all components and ground connections  for corrosion, 
and check each  ground connection by  hand for t ightness. 
Repair ground connections as required. 

7.5.6 Fuel Cylinder Inspections 

The fuel cylinders hold the majority of all the hydrogen on 
the bus, and are subject to the highest  fuel pressures.  To 
assure the safety of the cylinders, inspections of their instal­
lation and their external and internal surfaces are required. 

7.5.6.1 Fuel Cylinder Installation Inspections 

Fuel cylinder installation inspections consist of a visual con­
firmation that each cylinder is affixed to the bus roof in an 
appropriate  manner .  A typical  fuel cylinder installation is 
shown in Figure 7-34. 

To inspect the cylinder installation, check that: 

•	 the surface of the installed cylinder is clear of all objects 
by at least ¾" (20 mm) 

•	 the lines to the cylinder show no evidence of damage due 
to bus flexure or cylinder expansion 

•	 water and other fluids can drain freely from the cylinder’s 
position 

• the label is clearly visible 

To inspect the cylinder mounting  bracket installation, check 
that: 

•	 the cylinder mounting system allows the cylinder to ex­
pand and contract as the internal pressure fluctuates 
without causing the cylinder to be abraded 

•	 the interface between the cylinder and the bracket is 
lined with a rubber pad to allow limited movement of the 
cylinder 

• the rubber pads are in place and in good condition 

• the cylinder is firmly restrained 

•	 the cylinder and brackets are firmly attached to the bus 
and do not permit rocking of other looseness 

•	 the bolts that secure the brackets to the bus are present 
and tight 

Key Points & Notes 

Refer to the scope at the start

of this manual for other

courses offered by the College

of the Desert pertaining to high-

pressure gas training and

cylinder safety and

certification training.
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•	 where brackets are bolted to sheet metal panels, washers 
with minimum 3" (76 mm) outside diameter are used 

• the brackets are in good condition 

•	 a ½ “ SAE washer is used in conjunction with bracket 
bolts 

•	 the clamp-down bolts that secure the cylinder to the 
mounting bracket are properly torqued to manufacturer’s 
specifications 

• the metal strips do not touch the cylinder at any point 

•	 the  hardware, bolt and  bus attachments do  not exibit 
severe corrosion or cracking 

Figure 7-34 Typical Cylinder Installation 

To inspect the cylinder pressure  relief  device installation, 
check that: 

•	 all pressure relief devices are installed and are of a type 
approved by the bus manufacturer 

•	 the pressure relief device vents pass without obstruction 
through holes in the roof canopies so as to vent external 
to the bus, are free of debris, and are capped (see Section 
7.5.2.1) 
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7.5.6.2 Fuel Cylinder External Inspections Key Points & Notes 

Fuel cylinder external inspections consist of an assessment 
of any external damage on all cylinders. 

Inspection Documentation 

C yl in  der  ex  te rn  a l  i n s p e c t ion records  prov  ide  a perm an  en  t 
chronicle of cylinder history. Inspection results are normally 
recorded on a test log that indicates the date, the hourmeter 
and odometer  readi  ngs ,  c yl i n d e r  se  r i a l  numb e r s ,  a n d  ob-
served  damage  levels  for  all  components  in each inspection 
c a t e go r y. D a ma g e  des  c r i  p t  i o n s , r epa i  r s  an  d o ther r e le v a n t 
comments  must also be added to  the inspection documenta-
tion. 

Tools 

Assemble the following tools in preparation  for the external 
cylinder inspections: 

• mirrors to provide visual access to obscured portions of 
the cylinders 

• depth gauge to measure cut depth 

• caliper or ruler to measure cut length 

Preparation 

In preparation for the external cylinder inspections: 

1. C h eck th  e cyl in  der ’  s  in  s p ec t ion  a n d s e r v i ce  record ,  
and/or speak to the bus drivers and maintenance per-
sonnel for information on known conditions or incidents 
that may have caused damaged to the cylinder. Incidents 
that may lead to the cylinder being condemned include 
but are not limited to: 

• dropping or impacts of the cylinder 

• exposure of cylinder to excessive heat,  fire or harsh 
chemicals 

• accidents 

2. Open canopies or remove shields to access all cylinder 
surfaces. 

3. Clean the outside surface of the cylinders using clean wa-
ter or water mixed with a mild soap solution consistent 
with bus exterior cleaning procedures. Do not remove or 
add coatings of any type. Contact the cylinder manufac-
turer if surface re-finishing is required. 
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4.	 Ensure cylinders are well illuminated for damage obser­
vations. 

Never expose  hydrogen  storage cylinders to  unapproved 
soaps or  solvents  (such  as  varsol, acetone, methyl-ethyl-
ketone, paint  thinner, lacquer thinner, gasoline, a lcohol,  
ammonia,  etc . ) .  These solut ions  may corrode,  weaken or  
seriously damage the cylinders. Contact the manufacturer if 
in doubt. 

Damage Observations 

Cylinder damage is categorized as either level 0, 1, 2, or 3 
depending on severity. Refer to the Table 7-2 and Figure 7-
35 when performing the external cylinder inspection. 

Composite cylinders do not dent like all-metal cylinders. Im-
pacts may cause more severe damage within the wall of 
the cylinder than at the surface, as the surface tends to 
return to its original shape after impact. 

Key Points & Notes 

Damage 
Level 

Observations and Limiting Parameters 

Cut, Scratch, Abrasion and Scuff Damage 

Level 1 Shallow cuts, scratches, abrasions or scuffs are noticeable in the laminate. The depth 
and length of these defects are too small to be measured. A very limited amount of 
carbon fibre or epoxy has been worn away. 

Level 2 Definite cuts, scratches, abrasions or scuffs are noticeable in the laminate: 
Defects over 1" (25 mm) long are less than 0.06" (1.5 mm) deep 
Defects under 1" (25 mm) long are less than 0.08" (2 mm) deep 

Level 3 Definite cuts, scratches, abrasions or scuffs are noticeable in the laminate: 
Defects over 1" (25 mm) long are more than 0.06" (1.5 mm) deep 
Defects under 1" (25 mm) long are more than 0.08" (2 mm) deep 
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Observations and Limiting Parameters 
Impact Damage 

Level 1 Highly localized imprinting as caused by impact of a small stone. Damage is limited in 
both length and depth. 

Small random hairline cracks in the resin surface parallel to the reinforcing fibers, but not 
localized in one area of the cylinder. These cracks are common on glossy laminate 
surfaces and are not a sign of impact damage. 

Level 2 Light impact damage indicated by scuffs, surface discoloration, concentration of micro-
cracks and/or a few broken fibers. 

A coin tap test does not indicate damage. 

Level 3 Heavy impact damage indicated by obvious scuffs, surface discoloration, concentration 
of micro-cracks and/or numerous broken fibers. 

A coin tap test indicates damage. 

Obvious damage to cylinder ports; the end boss or valve is skewed and/or leaking. 

Chemical Surface Damage 

Level 1 Minor discoloration and/or etching of the cylinder surface caused by a mild non-corrosive 
contaminant. The contaminant is easily removed by cleaning. 

Level 2 The cylinder surface has been exposed to a corrosive chemical. Discoloration is not 
easily removed by cleaning, but there are no soft spots, blistering, swelling, etching, 
unraveling of fibers, or removal of resin. 

Level 3 Heavy chemical attack has occurred. The cylinder surface shows any of the following: 
• soft spots 
• blistering 
• swelling 
• etching 
• unravelling of fibers 
• resin removal 

Fire and Excessive Heat Damage 
Level 3 The cylinder has been exposed to excessive heat or fire. The cylinder surface shows any 

of the following: 
• darkening 
• charring 
• bubbling of epoxy 

Weather Damage 
Level 1 Discoloration or chalking of the epoxy on the cylinder surface external after prolonged 

exposure to sunlight, but no evidence of loose fibers. 

Gas Leaks 
Level 3 Cylinder does not hold gas at full pressure when outlets are definitely undamaged and 

properly sealed as verified by applying a leak detection solution. 

Table 7-2 Cylinder Damage Levels 
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Figure 7-35 Composite Cylinder Damage Key Points & Notes 
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Procedure 

For each cylinder, check and inspect the following: 

1. Check cylinder data: 

•	 Check that the cylinder's pressure rating is equal to 
the pressure it is being used for 

•	 Check the cylinder  service  life:  cylinders that have 
reached their service life must be replaced. 

•	 Check that the cylinder serial number is clearly legi­
ble on the cylinder label. If the serial number is not 
legible,  contact the manufacturer for a replacement 
label. Record each serial number. 

2. Inspect exterior surface of cylinder laminate for cuts, 
loose fibers, abrasion, wear or dents and assess cylinder 
damage level according to Table 7-2 and Figure 7-35. Pay 
particular attention to cylinder areas in contact with the 
cylinder clamps. 

3. Inspect the exposed aluminum end boss (at both ends of 
the cylinder): 

•	 Check for signs of corrosion and assess damage level 
according to Table 7-2 and Figure 7-35. 

•	 Using a leak detection solution, check the O-ring seal 
between the end boss and the cylinder shell for leak-
age. 

4. Inspect the mounting bracket (at both ends of the cylin­
der): 

•	 Confirm that the rubber extrudes beyond the top and 
bottom metal portions of the clamp and is well seated. 
Use a mirror as required to inspect the bottom clamp. 

•	 Remove top clamp of the mounting bracket and in­
spect cylinder laminate for wear, and assess cylinder 
damage level according to Table 7-2 and Figure 7-35. 

•	 With top clamp of the mounting bracket removed, in­
spect the rubber pad for deterioration. 

5. Perform a coin tap test: 

•	 Grasp a quarter between your fingers, tap on the cyl­
inder surface, and listen to the sound it makes. 

•	 Compare zones of potential damage to undamaged ar­
eas. Cylinder and dome areas have naturally different 
sounds. 

Key Points & Notes 
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•	 If differences in sound are evident within like areas, 
the cylinder is damaged (Level 2) and must be re-
paired by the manufacturer. If uncertain, contact  the 
manufacturer. 

6. Inspect the pressure relief devices (at both ends of the 
(cylinder): 

•	 Using  a leak detection agent, inspect pressure relief 
devices for leaks. 

•	 Check that the pressure relief devices are not exuding 
their eutectic compound: run your finger over each of 
the two protrusions; they should be flat or slightly 
concave. If not, the eutectic compound is starting to 
protrude and the pressure relief device must be re-
placed. 

Disposition 

Assess cylinder damage with reference to Table 7-3. 

Key Points & Notes 

Damage Level Description Action 

External Cylinder Damage Levels 

Level 0 Cylinder is not damaged No action is required. The cylinder may return to 
service. 

Level 1 Cylinder is slightly 
damaged 

Leave the cylinder in service, but isolate the source 
of damage to prevent further damage. Contact the 
manufacturer for repair procedures and use 
approval. 

Level 2 Cylinder is damaged, but 
can be repaired 

Remove cylinder from service and contact the 
manufacturer for inspection/repair. 

Level 3 Cylinder is damaged and 
cannot be repaired 

Remove the cylinder for service, condemn and 
return to the manufacturer for recycling. 

Table 7-3 Cylinder Disposition 

7.5.6.3 Fuel Cylinder Internal Inspection 

Fuel cylinder internal inspections consist of an assessment 
of any internal damage on one cylinder. 

Tools 

A boroscope is required for internal cylinder inspections. 
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Procedure Key Points & Notes 

For one cylinder: 

1. Vent the cylinder to atmospheric conditions and close its 
shutoff valve. 

2. Confirm that the cylinder has vented by measuring the 
resistance of the cylinder solenoid valve coil and compar-
ing it to manufacturer's specifications. A short circuit (0 
�) indicates that the solenoid valve has failed and that 
high-pressure gas may be trapped within the cylinder de-
spite venting or other procedures. 

An increase in resistance indicates that some form of cor-
rosion or material buildup has occurred within the coil or 
connecting wires. If  the resistance increase is  sufficient, 
the solenoid may not draw enough current to actuate the 
valve and high-pressure gas may be trapped within the 
cylinder despite venting or other procedures. 

Report any resistance variations to the bus  manufac-
turer. If you are in any way uncertain that the cylinder 
has  fully depressurized, open  the manual  lockdown as-
sembly on the cylinder end boss according to manufac-
turer’s instructions. 

Do not access the cylinder unless you are positive it  has 
fully vented. 

3. Remove the end boss (with pressure relief device at-
tached) and O-ring from the non-solenoid valve end of the 
cylinder. 

4. Using the boroscope, inspect interior surface of the cylin-
der liner for corrosion pitting, moisture or damage. Re-
cord  th  e cy  l in  der  tag  i d e nt i f i e r , se r i a l n u mber  an  d 
observation results. 
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Figure 7-36 Cylinder Internal Inspection 

Report any damage to the manufacturer before proceed-
ing. 

5. Replace the O-ring,  apply the manufacturer  approved 
thread lubricant to the end boss threads, and torque the 
end boss into the cylinder according to manufacturer's 
specifications. Ensure that at least seven threads have 
engaged. Confirm that  the  pressure  relief device points 
straight up, and adjust as required. 

6. Open the shutoff  valve, nitrogen purge, and hydrogen 
purge the cylinder. Once pressurized, perform a leak test 
in the vicinity of cylinder end boss. 

7.5.7	 Pressure Regulator Diaphragm, Seal and Seat 
Replacement 

The pressure regulator  reduces  the hydrogen  gas pressure  
for use in the fuel cell engine. The regulator diaphragm, 
seals and seats  must be replaced periodically as a preventa ­
tive measure to prevent leaks that could otherwise occur due 
to hydrogen embrittlement. 

The pressure regulator service uses  a manufacturer supplied 
kit and instructions. Perform a leak check and a ground in­
tegrity check on the regulator after installation. 

Key Points & Notes 
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7.6 Conventional Procedures 

Conventional procedures pertain  to  routine  service that  is  
typical of any bus, although different in detail on a fuel cell 
bus. 

7.6.1 General Inspections 

General  inspections provide  a  quick check for  obvious bus 
damage or failures. 

7.6.1.1 Air Intake and Exhaust Inspection 

The air intake draws process air from the ambient environ­
ment. The air exhaust discharges depleted air back to the 
environment. Both the intake and exhaust are at roof level. 

The air intake and exhaust inspection consists of  a visual 
confirmation that neither component is obstructed  or  dam-
aged. Clear or replace as required. 

7.6.1.2 Canopy Inspections 

The canopies cover and protect the fuel cylinders and other 
roof components. 

The canopy inspection consists of  a visual confirmation that 
no  canopy  displays obvious damage.  If  canopy  damage  ex­
ists,  check for  cylinder  and cylinder installation damage;  re-
pair as required. 

7.6.1.3 Fluid Leak Checks 

The bus uses a variety of fluids in the coolant, lubrication, 
hydraulic, transmission and HVAC circuits. 

The fluid leak checks consist of a visual confirmation that no 
fluid leaks or puddles are evident. Check for leaks and pud­
dles: 

• beneath the bus 

• in the engine compartment 

• in the cooling compartment 

• in the radiator compartment 

• on or around the power train 

• in the holding tank area 

As the fuel cell engine produces water,  some water naturally 
accumulates beneath the holding tank drain  valves as  well 

Key Points & Notes 

Hydrogen Fuel Cell Engines and Related Technologies: Rev 0, December 2001 
Word Searchable Version not a True Copy 



PAGE 7-94


Hydrogen Fuel 
Cell Engines MODULE 7: FUEL CELL BUS MAINTENANCE 

as under water trap drain ports. This water can be ignored, 
unless substantial enough to indicate leaking components. 

Identify the type of fluid by its color and viscosity, and as­
sess the severity of any leak. Repair as required. 

7.6.2	 Leak Detection System Checks and Conditional 
Calibration 

The leak detect ion  system  guards aga ins t hydrogen leaks 
and must be checked for functionality and calibrated for ac­
curacy. If any part of the system is not functioning or is un­
calibrated, the system may fail to  detect gas leaks, resulting 
in  a potential fire hazard. The bus  may  not be operated 
without a fully functional leak detection system. 

Key components of the leak detection  system include leak 
indicators (or some other form of system controller) and leak 
sensors. 

7.6.2.1 Leak Indicator Checks 

Some leak de tec t ion sys tems inc lude leak indicators that  
display gas concentration, alarm or fault  information associ ­
ated with each leak sensor. Typically,  the leak detection sys­
tem indicators are only active when the engine is on. 

The leak indicator checks consist of  a visual confirmation 
that each indicator  is  powered,  does  not  display  any error 
codes, and indicates  no  hydrogen presence.  Specific mes ­
sages and error codes  depend on the leak detection  system 
manufacturer, but in general the codes differentiate between 
warning or alarm triggers (at 5, 15 and 25% LFL) and differ­
ent types of faults. All faults or errors must be remedied ac­
cording to manufacturer's instructions. 

Figure 7-37 Typical Leak Indicator 

Key Points & Notes 
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During normal operation,  the indicators display  the hydro ­
gen concentration value  in  %LFL at  the  corresponding sen­
sor location. Leak sensors tend to drift over time and as a 
result the leak indicators  may display  a hydrogen concentra­
tion where none exists. However, all leak indications must be 
taken seriously and be either confirmed or disproved using a 
hand-held leak detector in the vicinity of the sensor. All le­
gitimate  leaks must be traced and repaired. False readings 
below 4% LFL may be ignored. If a false reading above 4% 
LFL occurs, calibrate the system (Section 7.5.5.3). 

7.6.2.2 Sensor Inspections 

The leak  sensors detect hydrogen presence and are located 
at key locations throughout the bus.  These sensors  must be 
undamaged for the leak detection system to operate prop ­
erly. Typically, the leak sensors are only active when the en­
gine is on. 

Each leak  sensor consists of the sensor base, a sintered 
flame arrestor,  a foam splash guard, vibration isolators and 
an electrical connector. The sensor base contains the sensor 
electronics  into which gas passes through the sintered flame 
arrestor .  The foam  splash  guard prevents  water  and dir t  
from plugging the flame arrestor. The vibration isolators re ­
duce shocks to the sensor. The electrical connector passes 
power and signals to and from the sensor. 

The sensor inspections consist of  a visual confirmation that 
no  sensor components are missing, and that all components 
are undamaged and free of cracks, distortion, dirt or ob ­
s t r u c t i o n .  R e p l a c e  c o mp o n e n t s  a s  r e q u i r e d .  T h e s p l a s h 
guard  may  be cleaned with soapy water  if  not  excessively 
dirty. If replacing the splash guard, trim the new unit as re­
quired using the shape of the original splash  guard as  a 
guide. 

Replace the sensor if the flame arrestor is impeded in any 
way. Do not attempt to clean the sensor with steam, sol-
vents or other cleaning solutions. 

Key Points & Notes 
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Figure 7-38 Typical Leak Sensor 

7.6.2.3 System Calibration Key Points & Notes 

The leak detection system must be calibrated  periodically to 
correct for sensor drift and aging. On  systems that include 
leak indicator displays, the system is commonly calibrated 
whenever any indicator displays  greater than >4% LFL with 
no gas present. 

System calibration consists of exposing each  sensor to labo-
ratory gases with 0 and 50% LFL hydrogen and  program-
ming the leak detection system controller at each of the two 
concentrations. In effect, these two reference gas concentra-
tions establish the “zero” point (system offset) and the “span” 
(system scaling factor) for the interpretive algorithms. After 
calibration, the leak  detection  system interprets detected gas 
concent ra t ions  re la t ive to  these  two  ca l ib ra t ion  re fe rence 
points. 

Typical leak detection system test equipment is illustrated in 
Figure 7-39 and must include the following: 

• “Zero Air” (pure air) calibration gas 

• “Span Gas” (2% hydrogen (50% LFL)) calibration gas 

• Calibration gas regulator and sensor connector assembly 

•	 System specific programming tool. Some systems use  a 
magnetic calibrator  for this purpose; the calibrator  has 
“zero” and “span” ends that are placed near appropriate 
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spots on the corresponding leak indicator during calibra- Key Points & Notes 
tion. 

Figure 7-39 Typical Leak Detection System Calibration Equiptment 

Leak  detection system calibration  usually requires two  peo-
ple. One person applies the calibration gases to the sensors 
while the other person programs the system. Test results are 
normally recorded on  a calibration record that indicates the 
date, the hourmeter and odometer readings, and sensor se-
rial numbers. 

Specif ic ca l ib ra t ion  (and  par t icular ly  p rogramming)  p roce-
dures depend  on the leak de tec t ion  sys tem  manufac turer  
but generally involves  the following  steps.  Systems usually 
display calibration  related messages, fault or error codes by 
way of the leak indicators or other means. 

Prepare to calibrate: 

1. Ensure that the leak detection system is powered and is 
free of faults or errors. All errors must be cleared before 
calibration can proceed. 

2. Ensure that no combustible gas is present. 

Apply Zero Air: 

3.	 Assemble the zero air test equipment, and open the regu-
lator valve for a couple of seconds so that the sensor 
connector assembly is flushed out with the test gas. 
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4. For each leak sensor: Key Points & Notes 

a) Remove the foam splash guard, and inspect the sen-
sor and ensure that the sintered flame arrestor is in-
tact, undamaged and clean. 

b) Place the end of the sensor connector assembly onto 
the flame arrestor, and open the regulator valve to 
apply Zero Air to the sensor. 

c) Program the leak detection  system using the system 
specific programming tool. If applicable, view the leak 
indicator codes to confirm that the calibration  was 
successful. 

d) Close the regulator valve and remove the sensor con-
nector assembly from the sensor. 

Apply Span Gas: 

4. Repeat steps 3 and 4 using the span gas test equipment. 

Complete: 

5. Wait while system stores the new calibration values into 
memory. 

6. Confirm that each sensor now indicates 0% LFL. Repeat 
calibration as required; if a sensor cannot be successfully 
calibrated, it must be replaced. 

7. Disassemble test equipment. 

7.6.3 Fluid Level Checks, Samples and Assessments 

The fuel cell bus uses the following fluids: 

•  humidification water 

• stack coolant 

• bus coolant 

• lubrication oil 

• hydraulic fluid 

• transmission fluid 

• HVAC compressor oil 

These fluids  must be  present in adequate quantities and  be 
free of contamination for  proper  engine  operation. Like  a 
c o nve  n t  i o na l  powered  bu  s ,  f l  u i  d  l e ve  l s  m a y  b e  r e d u c e d 
through leakage  or  lost  during maintenance  procedur e s, and 
con t aminants  may be introduced fr om external  or  internal  
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sources. Unlike a conventional powered bus, the fuel cell  
bus produces water, does not bum oil, and does not  gener­
ate combustion related contaminants. 

Standard fluid procedures include level checks, sample col ­
lections, and condition assessments  as  described  in  the  fol ­
lowing sections. 

7.6.3.1 Humidification Water 

Level Check 

The humidification  water level check is normally done with 
reference to a header tank sightglass. The engine may be on 
or off and the water may be hot or cold for the level check. 
Water for the humidification circuit is drawn from the prod­
uct water stream produced by the fuel cells; thus, any water 
shortfall indicates that the bus is not recovering  sufficient 
water from the air exhaust stream. 

Humidification water may be added  directly  through a fill 
port.  Use  only clean de-ionized  (distilled) water. Record the 
amount of water added. 

The  humidification  water circuit is pressurized  during opera ­
tion but  depressurizes upon  engine shutdown. Always turn 
off the engine before opening the fill port. 

7.6.3.2 Stack Coolant 

Level Check 

The stack coolant level check is normally done with reference 
to a header tank sightglass. The engine may be on or off and 
the coolant may be hot or cold for the level check. 

Stack coolant may be added directly through a fill port. Use 
only clean de-ionized water with or without pure ethylene 
glycol as  specified by the manufacturer. Record the amount 
of coolant added. 

The stack coolant circuit is pressurized during operation and 
remains pressurized for some period of  time after engine 
shutdown. Always turn off the engine and relieve the cir-
cuit pressure before opening the fill port. 

7.6.3.3 Bus Coolant 

Level Check 

The bus coolant level check is normally done with reference 
to a header tank sightglass. The engine may be on or off and 
the coolant may be hot or cold for the level check. 

Key Points & Notes 
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Bus coolant may be added directly through a fill port. Use a 
standard water/ethyl e ne gl yc o l  mixt ur e .  Re c o r d  t he  a mo unt 

Key Points & Notes 

of coolant added. 

The bus coolant circuit is pressurized during operation and 
remains pressurized for some period o f t ime after engine 
shutdown. Always turn off the engine and relieve the cir-
cuit pressure before opening the fill port. 

7.6.3.4 Lubrication Oil 

Level Check 

The bus lubrication oil level check is normally done with ref-
erence to a dipstick. The engine must be off for an accurate 
level indication, but the oil must be hot or cold. Do not allow 
any dirt or foreign matter to enter the oil while removing or 
re-inserting the dipstick. If it is necessary to lay the dipstick 
down, ensure that it lies on a clean surface. 

Lubrication oil may be added directly through a fill port. Use 
the specified lubrication oil only.  Record the amount of oil 
added. 

The lu b r icat io n  o i l  c ircu i t  is  pressurized during operation 
but depressurizes on engine shutdown. Do not open the fill 
port while the engine is on. 

Inspection 

The bus lubrication oil sump is fitted with a magnetic drain 
plug in order to collect metal filings or debris. Material ac-
cumulation of this  sort  indicates  component  wear or dam-
a g  e ,  a n  d p r o v  i d e s  u s e  f u l  d i  a g  n o s t i c  i n f o r m  a t  i o n  w h e n  
troubleshooting or anticipating power train problems. 

The magnetic drain plug has a two-part nut, such that  you 
can remove the inner nut without draining the oil, or remove 
both to drain the oil. 

All collected materials  should  be  retained  for  future  analysis 
and be labeled with  the bus identification, date, odometer 
and hourmeter readings. Al ert  the bus  manufacturer imme-
diately if  significant material has co llected and r etur n the 
debris on their request. The plug must be clean before re-
insertion. 

Sample 

B us l ub r i c a t i o n o i l  sa mpl e s can provide use f ul  d i a gno st  i c 
i n f o r m  a t  i o n  w h e n  t r o u  b l  e s h o  o t i n g  o r a n t i c i  p a t  i n g  p o w  e r  
train problems. Oil samples can be drawn directly from the 
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oil sump drain plug. Samples should be collected in sealable 
containers of approximately ½ CUP (120 mL) volume and be 

Key Points & Notes 

l a b e l e d w i t h  t h e bu  s  i d en  t i f i c a t  i o n ,  d a t  e , odome t e r a n d 
hourmeter readings. Alert the bus  manufacturer immediately 
up o n evidence of discoloration, contamination, foreign  mate-
rials or other fluids; return the sample on their request. 

7.6.3.5 Hydraulic Fluid 

Level Check 

The  bus hydraulic fluid level check is normally done with 
reference to a header tank sightglass. The engine must be off 
for an accurate level indication, but the fluid may be hot or 
cold. 

Hydraulic fluid may be added directly through a fill port. Use 
the specified hydraulic fluid only. Record the amount of fluid 
added. 

T he hydraulic  fluid c i rcuit  is pressurized during operation 
but depressurizes on engine shutdown. Do not open the fill 
port while the engine is on. 

Sample 

B us hydraulic  fluid samples can provide use ful d iagno st  i c 
i n f o r m  a t  i o n  w h e n  t r o u  b l  e s h o  o t i n g  o r a n t i c i  p a t  i n g  p o w  e r  
train problems. Fluid samples can be drawn directly  from 
the hydraulic circuit drain plug.  Samples should be collected 
in sealable containers of approximately ½ CUP (120 mL) vol-
ume and be labeled with the bus identification, date, odome-
t e r  an  d h o u r me t e r r e a d i n g s .  A l e r t  t h  e bu  s  m an  u f a c tu  r e r  
immediately  upon evide n c e o f dis  colorat ion,  cont aminat ion , 
foreign materials or other fluids; return the sample on their 
request. 

7.6.3.6 Transmission Fluid 

Presence Check 

The transmission fluid presence check is normally done with 
reference to a dipstick. The engine must be off, but the fluid 
may be hot or cold. 

The transmission  fluid presence check does  not give accu-
rate level information when performed cold, but it provides a 
quick indication  of  massive  fluid loss prior to starting the 
engine. 
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Level Check 

The bus transmission fluid level check is normally done with 
reference to a dipstick, or using an electronic method spe­
cific  to  the  transmission  manufacturer.  Where an electronic 
method is available, it is preferable to the manual method 
since it is more reliable and provides more information. The 
engine must be off  for an accurate level indication, but the 
fluid must be at its normal operating temperature. 

Transmission fluid may be added directly through a fill port. 
Use the specified automatic transmission  fluid only. Record 
the amount of fluid added. 

The transmission  fluid circuit  is pressurized during opera ­
t ion but depressurizes on engine shutdown. Do  not  open 
the fill port while the engine is on. 

Sample and Inspection 

Bus transmission fluid  samples can provide useful diagnos ­
t ic information  when troubleshooting  or  ant icipat ing trans-
mission problems. Fluid samples  can  be  drawn directly from 
the transmission drain  plug. Samples  should be collected in 
sealable  containers  of  approximately ½ CUP (120 mL)  vol ­
ume and be labeled with the bus identification, date, odome­
ter and hourmeter readings. 

Check the fluid for the following: 

• Dirt:  Investigate source of dirt and eliminate. 

•	 Water:  Some condensation appears in the transmission 
fluid  during operation. For  obvious water  contamination, 
inspect and  pressure test the transmission  cooler. Re-
place leaking coolers. 

•	 Glycol: Glycol in the transmission hydraulic system re-
quires immediate action to prevent malfunction and seri­
ous damage. Completely  disassemble, inspect and clean 
the transmission. Remove all traces of glycol and varnish 
deposi t s  resul t ing  from glycol contamination.  Replace  
friction clutch plates contaminated with glycol. 

•	 Metal Particles: Metal particles in the transmission fluid 
indicates internal transmission damage. If  metal particles 
are found in the sump, the transmission must be disas­
sembled and closely inspected for the source of the metal. 
Clean all internal and external hydraulic circuits, cooler, 
and all other areas where the metal particles could lodge. 

Key Points & Notes 
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Al er t  the bus  ma nufacturer imme diately  upon evidence of  
d isc o l o r a t i o n,  c o nt a mi na t i o n,  fo r e ign ma te r ia ls o r  o t he r  flu-

Key Points & Notes 

ids; return the sample on their request. 

7.6.3.7 HVAC Compressor Oil 

Inspection 

The HVAC compressor oil inspection can provide useful di-
ag  n o s t ic  in  f o r m a t i o n w h e n t r o u b l e s h o o t in  g  o r  an  t ic ip  a t in  g 
compressor or refrigerant circuit problems. The oil is self-
contained within the compressor and can be viewed through 
a sightglass. Check the oil for the following: 

• Colorless or Light Yellow Oil: Good. 

• Brown Oil: Indicates copper plating caused by moisture 
in the system or acidic oil. Return the compressor to the 
manufacturer for oil replacement. 

• Black Oil: Indicates carbonization caused by air in the 
system or the presence of  wear particles that contain 
iron. Return the compressor to the manufacturer for oil 
and filter replacement. 

• Green Oil: Indicates water in the system, and that cop-
per plating may have occurred. Return the compressor to 
the manufacturer for inspection of shaft seals, bearings, 
gears and rotors, and oil and filter replacement. 

• Gray or Silver (Metallic) Particles: Indicates the pres-
ence of  wear particles that contain aluminum. This is 
usually caused by bearing wear or piston scoring. Return 
the  compressor  to  the manufacturer fo r insp ection  of 
worn or damaged components, and oil and filter replace-
ment. 

Al er t  the bus  ma nufactu r er immed iately  upon evidence of  
d isc o l o r a t i o n,  c o nt a mi na t i o n,  fo r e ign ma te r ia ls o r  o t he r  flu-
ids. 

7.6.4 Turbocharger Oil Trap Drain 

Lubrication oil becomes infused with air as it interacts with 
the turbocharger. This air must be removed to prevent the 
oil from turning into a froth.  This is accomplished using a 
separator vessel on the oil return line, which directs the air 
stream to an oil trap. This air stream carries a small amount 
of oil with it that collects in the oil trap while the air escapes 
through an air vent. 
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The  turbocharger  oil  trap drain consists of opening a  drain 
port on the bottom of the oil trap and removing any accumu-

Key Points & Notes 

lated oil. 

Figure 7-40 Typical Oil Trap 

7.6.5 Fire Suppression System Inspections and Tests 

T he fire suppression system must be inspected for  damage 
and tested  for functionality. If any  part of the system is 
damaged or not functioning, the system may fail to detect or 
suppress fires. The bus may not be operated without a fully 
functional fire suppression system. 

Key c omponents of the fire suppression  system include a 
system controller, fire sensors,  nozzles and hoses, and retar-
dant tanks. 

7.5.5.1 Sensor Inspections 

The fire sensors detect fire presence and are located at key 
lo c a t i o ns t hr o ughout  the bus.  T hese se nso r s must b e un-
damaged for the fire suppression system to operate properly. 
Typically, the fire sensors are only active when the bus bat-
tery knife switches are closed (connected). 

Each fire sensor includes two windows, an LED, and a pair 
of electrical connectors. The windows pass infrared energy 
into the sensor electronics. The LED provides a power and 
fa ul t  ind i cat io n.  The electrical connectors pass power and 
signals to and from each sensor. The sensors of a given zone 
are arranged in a serial fashion so that the output of one 
sensor is the input of the next. The output connector associ-
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ated  with  the terminating sensor of each  zone  contains  an 
“end-of-line" resistor. 

The sensor inspections consist of  a visual confirmation that 
all sensors are powered (LED on), operating without fault in-
dication (LED not flashing), and free of damage, cracks, dis-
tortion,  dirt or obstruction. Clean the sensor  windows using 
water and non-abrasive towels or rags as required. 

Do not attempt to clean the sensor with  steam,  solvents 
or other cleaning solutions. 

Figure 7-41 Typical Fire Sensor 

7.5.5.2 Hose, Nozzle and Retardant Tank Inspections 

The hoses and nozzles distribute and discharge the contents 
of the fire retardant tanks in the event of a fire. 

Hose inspections consist of a visual confirmation that all ac-
cessible distribution  hoses are free of cuts, tears, abrasion, 
cracks or damage. Remove sources of abrasion. 

Nozzle inspections  consist  of  a  visual  confirmation that all 
nozzles are  functional , undamaged and unobstructed.  Noz-
zles are of two styles, depending on their mounting location. 
For nozzles with a hinged cap, ensure that the hinged nozzle 
cap is normally closed but opens easily. For nozzles with a 
blow-off cap, ensure that the cap is seated on the end of the 
nozzle. 

Key Points & Notes 
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Retardant tank inspections consist  of  a  visual  confirmation 
that  a l l  tanks are  undamaged and at  the correct  charge 
pressure. A tank is fully charged if its valve pressure gauge 
pointer is  within the green arc at room temperature. (If the 
tank is cold, allow it to warm up to room temperature). If the 
pointer is outside the green arc, replace the retardant tank 
and have it charged or serviced. 

Replace damaged components as required. 

Key Points & Notes 

Figure 7-42 Typical Fire Retardant Distribution Equipment 

7.5.5.3 System Tests 

The fire suppression system must be tested periodically for 
functionality. 

System  tests  consis t o f  d i sconnec t ing each  fire  retardant 
tank and substituting an electronic device that indicates 
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whether the tank would have discharged under the test con-
ditions. Different test conditions are simulated using a sec-
ond electronic device in contact with each  fire sensor. The 
simulated test conditions comprise: 

• False Alarm Immunity Test (all sensors) 

• Fire Response Test (all sensors) 

• Engine Shutdown Test (1 sensor only) 

• Fault Test (all zones) 

Typical  fire  suppression  system test  equipment is illustrated 
in Figure 7-43 and must include the following: 
• one source simulator 

• one extinguisher valve simulators per fire retardant tank 

Figure 7-43 Typical Fire Suppression System Test Equipment 

Fire  suppression  system  tests  usually require  two people .  
One person  operates the source simulator  while the other 
person monitors the extinguisher valve  simulators.  Test  re-
sults are normally recorded on a test record that indicates 
the date, the  hourmeter and odometer readings, and a pass 
or fail indication for each test. 

Specific test procedures depend on the fire suppression  sys-
tem manufacturer but generally involves the following steps. 

Preparation 

Prepare to test: 

1. Disconnect the squib connector from the electrical  wiring 
harness at the tank valve of each tank. Failure to dis-

Key Points & Notes 
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connect  a l l  f ire  retardant  tanks  win resul t  in  retar-
dant discharge during testing. 

2. Connect a valve simulator to the harness disconnected 
from each fire retardant tank as shown in Figure 7-44. 

3. 	Connect the source simulator power cable to the bus bat-
teries. 

4. Ensure the bus control system is active. 

5. Ensure that the fire suppression system is powered and 
operating without fault indication. 

Figure 7-44 Extinguisher Valve Simulator in Use


False Alarm Immunity Test (Bus Off)


For each fire sensor:


1. Ensure the bus engine is off. 

2. Align the source simulator with the fire sensor face as 
shown in Figure 7-45. 

Key Points & Notes 
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Figure 7-45 Source Simulator in Use 

3. Set the source simulator to its near false alarm test mode 
and operate. Confirm that the bus control system does 
not register a fire alarm and the valve simulator associ-
ated with the current zone does not trip. 

4. Repeat step 3 with the source simulator set to its far false 
alarm test mode. 

If  a sensor false triggers, reset the fire suppression system 
controller and  repeat the test. If the fault persists, replace 
the sensor. 

Fire Response Test (Bus Off) 

For each fire sensor: 

1. Ensure the bus engine is off. 

2. Align the source simulator with the fire sensor face as 
shown in Figure 7-45. 

3. Set the source simulator to its fire test mode and operate. 
Confirm that the bus control system does register a fire 
alarm and the valve simulator associated with the cur-
rent zone does trip after a period of time (as defined by 
the bus manufacturer). 

4. Reset the fire suppression system controller. 

If a sensor does not trigger, clean the sensor windows, check 
alignment with source simulator, and  repeat the test. If the 
fault persists, replace the sensor. 

Engine Shutdown Test (Bus On) 

For one fire sensor: 

Key Points & Notes 
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1. Start the bus. 

2. Align the source simulator with the fire sensor face as 
shown in Figure 7-45. 

3. Set the source simulator to its fire test mode and operate. 
Confirm that the bus control system does register a fire 
alarm and that the engine shuts down automatically after 
a period of time (as defined by the bus manufacturer). 
Confirm that the valve simulator associated with the cur-
rent zone does trip soon after the engine shuts down (the 
time period as defined by the bus manufacturer). 

4. Reset the fire suppression system controller. 

If the engine does not shut down, it is incorrectly con-
nected with the fire suppression system. 

Fault Test (Bus Off) 

For each zone: 

1. Ensure the bus engine is off. 

2. Disconnect  the terminat ing connector  with the end-of-
line resistor. Confirm that the bus control system regis-
ters a system fault but the valve simulator associated 
with the current zone does not trip. 

3. Reset the fire suppression system controller. 

4. Re-install the end-of-line resistor. 

If the bus does not register a system fault, the bus is in-
correctly connected with the fire suppression system. 

Post-Test Checks 

Once all tests are complete: 

1. Disconnect  the source s imulator and  valve simulators ,  
and reconnect the fire retardant tank squib connectors. 

2. Ensure that the fire suppression system is powered and 
operating without fault indication. 

7.6.6 Mechanical Inspections 

Mechanical inspections relate to the general condition of the 
fuel cell engine and related components. Specific checks in-
clude hose, radiator, transmission, belt and vibration  mount 
inspections. 

Key Points & Notes 
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7.6.6.1 Hose and Tube Inspections Key Points & Notes 

Hoses transfer fluids  throughout  the fuel  cell engine.  Hoses 
and tubes are constructed of  a variety of materials, depend-
ing on the fluid they convey. Standard materials (typical of 
hydraulic systems) are used to convey oil, hydraulic fluid, 
au  t o  m a t i c  t r an  s m i s s i o n f l  u i d , c o o l an  t an  d  w a t e r .  T e f  l o n 
tubes are used to convey hydrogen, air or  water. Silicone 
hose is used to convey hydrogen. 

Ho se inspections co nsist of  a visual co nfirmatio n that all  
visible hoses and tubes are free of cuts, tears, abrasion or 
dama ge . I n s p e c t a l l ho se/ tube interfaces  with  sect ion s of  
me t a l  t ub i ng.  I f  d a ma ge d ,  rep lace  as  requi r e d  usi ng  t he 
same hose material. Remove any sources of abrasion. 

7.6.6.2 Radiator Inspection 

The radiator transfers  waste heat to the environment. The 
cooling capacity of a radiator is directly related to its surface 
area. Any material that clogs the radiator fins reduces the 
effective surface area and thereby reduces the effectiveness 
of the radiator. 

The radiator inspection consists of a visual inspection for ra-
d i a to r  o b s t ru c t io  ns , includ ing  d ust ,  d i r t ,  plant ma t ter  and 
bugs.  Vacuum or air  blow the radiator face as required.  Do 
not use pressurized water to clean the radiator if there is any 
chance of the water contacting the fuel cell stacks or mem-
brane humidifiers. 

In addition,  visually check the fan blades and other compo-
nents for damage. Replace as required. 

7.6.6.3 Transmission Inspection 

The transmission  is  subj ect  to  stand ard  inspections as de-
fined  b y the tr ansmission ma nuf a cturer.  T ypical inspections 
check for: 

• loose mounting bolts 

• fluid leaks 

• damaged or loose hoses 

• worn, frayed or improperly routed electrical harnesses 

• worn, damaged, loose or corroded electrical connectors or 
motor speed pick-up 

• worn or out-of-phase driveline U-joints 

In addition: 
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•	 Visually inspect the transmission air breather for cleanli- Key Points & Notes 
ness, damage or obstruction. The air breather cap should 
move freely. Remove the air breather cap and clean using 
soap and water or replace as required. Do not spray 
steam, water or cleaning  solution directly at the air 
breather. 

Hydrogen Fuel Cell Engines and Related Technologies: Rev 0, December 2001 
Word Searchable Version not a True Copy 



PAGE 7-113 

Hydrogen Fuel 
Cell Engines MODULE 7: FUEL CELL BUS MAINTENANCE 

Figure 7-46 Typical Transmission Inspections 

7.6.6.4 Belt Inspections 

The belts transfer power to the alternator and HVAC com-
pressor. 

The belt inspections consist of a visual check for alignment, 
looseness, cracks,  wear or damage. Replace belts or repair 
b e l t  s ys t e ms  a s  r e q u i r e d .  S o me b e l t s a r e p e r m a n e n t l y  
aligned (by design) and others use special alignment j igs. 
Generally, belts are  self-tensioned  using  automatic tensioner 
devices. 

7.6.6.5 Vibration Mount Inspections 

The vibrat ion  mounts  minimize the t ransfer o f vib rat ions 
from the bus chassis to the power train and stack modules. 

The vibration mount inspections consist of a visual check for 
missing components (bolts, nuts, etc.), cracks, distortion or 
o t h e r d a m a g e . R e p l a c e  m o u n t s  a s  r e q u i r e d . V i b r a t i o n 
mounts  are  designed to accept a high torque  to  ensure  a 

Key Points & Notes 
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solid installation. Use a torque  wrench to ensure that the 
mount ing to rque o f each mount  meets the  bus manufac-
turer's specification. 

7.6.7 Filter Inspections and Replacement 

Filters collect particulate and/or liquid  debris from the cir-
cuits in which they are installed. Filters impede flow as they 
clog and must be cleaned or replaced periodically. 

7.6.7.1 	 Stack Air Inlet Filter Inspection and Conditional 
Replacement 

The stack air inlet filters are installed specifically to trap oil 
pa r t ic l e s ( o r ig ina t ing  from  the a i r compressor o r  turbo-
charger lubrication circuits) before they can enter the fuel 
cell stacks. Oil can seriously damage  or  destroy fuel cells. 
Some bus designs use two filters (each installed on half of 
the air stream) while other buses use a single filter (installed 
on the whole air stream). 

The stack air inlet filters must be inspected for oil presence, 
and replaced whenever oil is detected. However, oil presence 
is a serious situation and has greater ramifications than just 
replacing the filter: alert  the  bus  manufacturer  immediately 
and do not operate the bus until repairs are completed. At a 
minimum, repa i r s inc lude t rac ing and el iminat ing the oi l 
leak  and  thoroughly  cleaning al l  contaminated  ai r system 
components. 

The stack air inlet filters are of cartridge design, and are ac-
cessed by removing  a cover.  Cartridges can then be in-
s p e c t e d  a n d  e x c h a n g e d  d i r e c t l y .  R e p l a c e m e n t c a r t r i d g e s 
must be installed in the correct orientation. When replacing 
a filter  cartridge, inspect  O-rings or  other sealing surfaces 
for damage, and replace or repair as required. Clean the fil-
ter enclosure as required. 

Label the used filter element with the bus identifier, filter lo-
cation, date and odometer reading and return along with any 
accumulated material to the  bus  manufacturer  on  their re-
quest. 

7.6.7.2 Stack Fan Filter Cleaning and Replacement 

The  stack fan filters accompany  the  stack  vent fans  that 
provide positive pressure to the fuel cell stack enclosures. 
These fans  prevent  any  potential hydrogen accumulation in 
the event of fuel cell stack leakage. 

The stack fan filters consist of a foam or fine mesh material 
that is clamped or screwed in place. This filter material can 

Key Points & Notes 
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be removed and cleaned using soap and water,  and must be 
replaced if damaged. 

Key Points & Notes 

7.6.7.3 Air Intake Filter Minder Inspection and Conditional 
Filter Replacement 

The air intake filter removes particulate debris from the pro-
cess air stream inlet. This filter is usually accompanied by a 
standard filter minder. 

The filter  minder  monitors  the  absolute  gauge pressure just 
downstream of the air inlet filter and thereby provides a vis-
ual indication  of  filter condition.  When the filter  is  clean, 
there is little gauge pressure. As the filter clogs, the pressure 
downstream  of the filter decreases (drawing a vacuum) and 
th  e abs  o l u  t e  g au  g e p r e s  s u r e i n d i c a t i o n i n  c r ea s  e s  acco rd -
ingly. 

T he  filter minder visual indicator is latched, to show the 
highest recorded differential pressure, and changes  from yel-
low to red when the filter needs replacement. A reset button 
resets the indicator. 

Figure 7-47  Typical Filter Minder 

Inspect the filter minder pressure scale and record the pres-
sure reading. If the indicator window is red instead of yellow, 
replace the filter element. The air intake filter is of cartridge 
design, and is typically replaced by removing a cover and ex-
changi ng the car tr  i d ge d i r e c t ly. T he replacemen t car tr idg e 
must be installed in the correct orientation. 

When  replacing the filter cartridge, inspect O-rings or other 
sealing surfaces  for  damage,  and  replace or repair as re-
quired. Clean the filter enclosure as required. After filter 
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element replacement ,  press the reset button  on the fi l ter  
minder and check that the yellow indicator mark shows 0. 

Label the used filter element with the bus identifier, filter lo-
cation, date and odometer reading and return along with any 
accumulated material  to  the  bus  manufacturer  on their re-
quest. 

7.6.7.4 Sintered Air Vent Inspection and Cleaning 

Sintered air  vents accompany various components that  e i-
ther vent air to atmosphere, or are vented to atmosphere at 
all times in order to  prevent pressure buildup. Typical com-
ponents  with  sintered air vents include the air compressor, 
alternator and  variable vane controller. (The term  “sintered” 
refers to a powder that has been coalesced into a solid by 
heating.) 

Inspect all sintered air vents  for cleanliness, damage or ob-
struction. Remove and clean using soap and water or replace 
as require. 

7.6.7.5 Bus Chassis Air Intake Filter Replacement 

The bus chassis air intake  filter removes particulate debris 
from the bus chassis air stream inlet. 

The bus chassis air intake filter is of cartridge design, and is 
typically replaced by removing  a cover and exchanging the 
car tr idge direct ly. The replacement car tr idge must be in-
stalled in the correct orientation.  When replacing the filter 
cartridge, inspect O-rings or other sealing  surfaces  for dam-
age, and replace or repair as required. Clean the filter enclo-
sure as required. 

Label the used filter element with the bus identifier, filter lo-
cation, date and odometer reading and return along with any 
accumulated  material  to  the  bus  manufacturer on their re-
quest. 

7.6.7.6 Strainer Inspection and Cleaning 

The water strainers remove  particulate debris from the hu-
midification water and stack coolant circuits. These strainers 
are installed to trap any resin beads that may escape from 
the de-ionizing  filters that could  otherwise migrate into and 
clog the fuel cell stacks. As a result, these strainers tend to 
be  installed  at  the  inlet  and  outlet of each bank of  de-
ionizing  filters, and sometimes at the outlet of the water 
and/or stack coolant header tanks. 

Key Points & Notes 

Sintered Air Vent 
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Water or coolant flows through the strainer in such 
ion that any debris collects  within the element. The 
can be accessed by way of a removable end cap. 

a fash-
element 

the wa-
out of 
Check 
beads: 

and do 

Inspect each strainer with 
ter or coolant as required 
the strainer while open) 
each strainer  for  debris, 
if present, alert  the bus 
not operate the bus until 

the engine off by draining 
(to prevent it from gushing 

and removing the end cap. 
particularly  de-ionizing resin 

manufacturer immediately 
repairs are completed. At a mini-

mum, repairs include tracing and eliminating the source of 
debris. Retain all collected material and clean the strainer 
with water prior to re-installation. 

Label any collected material  with the bus identifier, strainer 
location, date and odometer reading and return to the bus 
manufacturer on their request. 

Figure 7-48  Typical Strainer 
Key Points & Notes 

7.6.7.7 Lubrication System Filter and Oil Replacement 

The lubrication system filter  removes particulate debris from 
the lubrication circuit. 

The lubrication oil is usually changed in conjunction  with 
the filter. This is convenient since the oil must be drained 
prior to removing the filter in order to avoid spillage. Drain 
the oil by way of the oil sump drain plug; retain a sample 
and inspect as described in Section 7.6.3.4. 
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The lubrication oil filter consists of  a replaceable canister, 
much like a standard automotive oil filter. Unscrew the used 
filter, wet the sealing surfaces of the new filter with oil, and 
use a filter wrench to install a half-turn past hand-tight. Use 
only  the specified replacement part.  Once installed, fill the 
lubrication oil circuit and check the level as described in 
Section 7.6.3.4. 

Label the used filter element with bus identifier, filter loca-
tion,  date and odometer  reading  and  return  with  any accu-
mulated material to the bus manufacturer at their request. 

7.6.7.8 Hydraulic System Filter and Fluid Replacement 

The  hydraulic  system filter removes  particulate  debris  from 
the hydraulic circuit. 

The hydraulic fluid  is usually  changed  in conjunction with 
the filter. This is convenient since the fluid must be drained 
prior to removing the filter in order to avoid spillage. Drain 
the fluid by way of the circuit drain plug; retain a sample 
and inspect as described in Section 7.6.3.5. 

The hydraulic system filter consists of a replaceable canister, 
much like a standard automotive oil filter. Unscrew the used 
filter, wet the sealing surfaces of the new filter with fluid, 
and use a filter  wrench to install one-half turn past hand-
t ight . Use only the specified replacement part .  Once in-
stalled,  fill the hydraulic circuit and check the level as de-
scribed in Section 7.6.3.5. 

Label the used filter element with the bus identifier, filter lo-
cation, date and odometer reading and return along with any 
accumulated  material  to  the  bus  manufacturer on their re-
quest. 

7.6.7.9 Transmission Filter and Fluid Replacement 

The transmission  filters  remove  particulate debris from the 
transmission fluid. 

The t ransmiss ion f luid i s usua l ly changed in conjunct ion 
with the filter although it may not be necessary to drain the 
fluid in order to change the filters (depending on the trans-
mission). If changing the fluid, drain by way of the transmis-
sion drain plug; retain a sample and inspect as described in 
Section 7.6.3.6. 

The transmission filters consist  of  replaceable elements. Ex-
change the elements according to the transmission  manufac-
t u r e r ' s  i n s t r u c t i o ns .  U s e  o n ly  t he sp ec i f i ed  r ep l aceme n t 

Key Points & Notes 
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parts.  Once  instal led, fi l l  the t ransmission  and  check  the Key Points & Notes 
level as described in Section 7.6.3.6. 

Label the used filter elements  with  the  bus  identifier,  filter 
location, date and odometer reading and return with accu-
mulated material to the bus manufacturer on their request. 
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7.7 Diagnostics Key Points & Notes 

D i a g n o s t i c s  p e r t  a i  n s  t o  m e t h o d s  o f  t r o u  b l  e s  h o o t i n g b u s 
faults that fall outside of routine maintenance. 

The fo llowing diagno stic interface info rmation is based on 
the pre-production Phase 4 fuel cell bus designed and built 
by XCELLSiS Fuel Cell Engines, Inc.,  and represents the 
mo s t adva n ced approach  to  fuel  cell  diagnostics cu rren t ly  
available. Fuel cell technology is evolving rapidly, and no two 
bus designs are identical. With this in mind, the diagnostic 
interface information is intended to  be  representative of the 
type of equipment used,  although details vary from one bus 
model to another. 

7.7.1 Diagnostics Interface 

Bus diagnostics are performed using a  portable  diagnostics 
interface tha t  p r o vi d e s  r e a l -t  i me access to  t ransd ucer  and 
control signals. The diagnostics interface: 

• d isp lays ind iv id ua l  b us  systems  schematical ly with in-
stantaneous analog and digital signal state indications 

• displays individual fuel cell and overall stack voltages 

• provides a fuel cell and stack voltage data capture utility 

• indicates abnormal and near-abnormal states of analog 
signals 

• indicates abnormal states of digital signals 

• calculates important operating values instantaneously 

• provides an alarm history 

Concurrent  with the diagnostics interface, the on-board data 
acq u i s i t io  n co mp u t er  mo ni to rs  and sto r es  t ransd ucer signal 
values  at  one-second in terv als  wh en ev er  the  b us  o p er ates. 
This data  is stored on a memory card that  may be down-
loaded to a host computer for later analysis. 

The  diagnostics interface is designed  either  to  operate  on a 
portable computer, or on  a touch  screen  monitor. Portable 
computer screen objects are selected using a mouse. Touch 
s c r e e n s  ob j  e c t  s  a r e  m a n i pu  l a t e d by p r e s  s i n g  t h e t o u c h -
sensitive cells associated with that object. 

Touch screen cells are organized in a grid pattern as shown 
in Figure 7-49; these cells are combined to form push but-
t o ns a nd o ther screen obj ects.  In both portable comp ut e r 
and  touch screen  configurations,  col o r a nd sha p e a r e used 
t o d ist inguish b e twe e n  t h e  d i f f e r e n t  b u t t o n  f u n c t i o n s ,  a n d 

Hydrogen Fuel Cell Engines and Related Technologies: Rev 0, December 2001 
Word Searchable Version not a True Copy 



PAGE 7-121 

Hydrogen Fuel 
Cell Engines MODULE 7: FUEL CELL BUS MAINTENANCE 

between buttons that cause an action to occur, and those 
that are inactive. 

Figure 7-49 Touch Screen Active Cells 

7.7.2 Diagnostic Interface Screens 

The diagnostics interface is  started by plugging it  into  the Key Points & Notes


corresponding bus connector and, in the case of the portable

computer version, running a  program.  The  menu screen ap-

pears  after the diagnost ics  interface ini t ial izes.  A sample 

menu screen in shown in Figure 7-50.


Figure 7-50 Sample Menu Screen 
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The menu screen is used to  select all other screens.  There 
are  fundamentally  four  types  of  screens accessible  from the 
me nu sc  r e e n : sc  he  m a t ic  sc  r e e n s ,  c o n t r  o l s c r e e n s , v o l t a g e 
screens, and alarm history  screens.  A typical  screen hierar-
chy is shown in Figure 7-51. Some screens  have  multiple 
pages. 

Figure 7-51 Sample Screen Hierarchy Key Points & Notes 

7.7.2.1 Schematic Screens 

The schematic  screens  present a pictorial representation of  a 
given system. On the screen are also displayed analog values 
for each transducer, and state representations  for each digi-
tal signal within that system. 

The schematic screen uses icons  or figures  to  represent the 
signal components. All signals are labeled with the tags used 
t h r o ugho ut  b u s d o c ume n t a t i o n .  W h e n  a  sy  s t  e m sc  r e e n  i s 
activated, all of  the  icons  indicate  their  current state, and 
are then updated once per second. 

Signals originating  with the fuel cell engine controller are 
t i e d  t o  e ngi ne  wa r ni  ngs a nd a l a r ms . T h e s e s i g n a l s ha ve 
square symbols. Signals originating with the data acquisition 
computer are not tied to engine warnings and alarms. These 
signals have round symbols. 

Some screens (such as this one), include other parameters, 
such as power and pressure readings, organized within a ta-
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ble. These data items are for display only and do not change 
color. 

Where a numeric value appears next to an icon, the icon is 
for an analog  signal and the value shown  is the current 
value. Analog signals result from transducers like pressure 
sensors,  temperature sensors, flow meters,  etc. Analog signal 
icons  have four color sta tes  used to  represent undefined 
(white), normal (green), warning or near-abnormal (yellow) and 
alarm or abnormal (red) operation. Additionally, a flashing 
red color indicates a diagnostic system error (such as if the 
signal cable is unplugged). 

Where a numeric value does not appear next to an icon, the 
icon is for a digital signal. Digital signals result from devices 
such  as pressure switches, level switches, solenoid valves, 
cell voltage alarms, etc. Digital signal states are represented 
by icon color: green icons indicate open, on, or normal opera-
tion as appropriate; red, blue, purple or yellow icons indicate 
closed, off or abnormal operation, as appropriate. 

As  a troubleshooting aid, each  schematic screen is accom-
panied by a table that indicates the normal operating range, 
warning threshold, and alarm threshold for each signal. 

7.7.2.2 Control Screens 

The control screens present a sequential representation of all 
cont ro l  sys tem  inputs  and outputs ,  upon  which are dis-
played analog  values  for each transducer and state represen-
tations for each digital signal. Much of the data presented in 
t he con t ro l  sc r eens  i s  r ep re sen t ed  e l sewhere wi thin the 
schematic screens, but the control screens are organized ac-
cording to the physical layout of the controller. 

Key Points & Notes 
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Figure 7-52 Sample Engine Controller Screen 

Typically, each controller  input  or  output  card  is  represented 
on a separate control screen page.  A sample engine control-
ler screen is illustrated in Figure 7-52. 

The control screen shows a list of signals with its full name 
and corresponding tag identifier. 

Analog  signals display their current value after the signal 
name. The values are updated once per second. The colors of 
the analog values do not change. 

Digital signals have a light to the left of the signal name. The 
light illuminates green or  red  depending on the  signal  state 
in the same manner as within the schematic screens.  If no 
signal is received, the light remains gray. 

7.7.2.3 Voltage Screens 

The voltage  screens  display  fuel cell  operating information 
and are divided into a stack voltages screen and a series of 
cell voltages screens. 

Stack Voltage Screen 

The stack voltages screen displays the overall voltage of each 
fuel cell stack. A sample stack voltages screen is illustrated 
in Figure 7-53. 

Key Points & Notes 
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Figure 7-53 Sample Stack Voltages Screen 

The stack voltages screen displays the  voltage of each fuel

cell stack as a bar graphs. Specific voltage levels are indi- Key Points & Notes

cated beneath the bar for each stack. Pressing any bar dis-
plays the cell voltages screen for that stack.


The  stack voltages  screen includes a capture  button that

saves the previous 30 seconds of all fuel cell voltage data at

half-second intervals  when pressed. Each  time the button is

pressed,  the  data  is  stored to the data acquisition computer

memory card using sequential file names. This data may be

downloaded to a host computer for later analysis.


Cell Voltages Screens 

The cell voltages screen displays individual fuel cell voltages 
within a given stack. A sample cell voltages screen is illus-
trated in Figure 7-54. 
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Figure 7-54 Sample Cell Voltages Screen 

The cell voltages screen displays individual fuel cell voltages 
within a given stack as a bar graph. The stack identifier, and 
total stack voltage is indicated at the top left  hand corner. 
The right and left arrow keys select other stacks. 

A cursor (illustrated beneath cell 1) denotes the selected fuel 
cell. The selected fuel cell number and voltage is displayed at 

Key Points & Notes 

the bottom left hand comer. The 10- and 
arrow keys next to the cell voltage display 
position. 

The upper arrow at the right indicates the 
tor warning threshold. The lower arrow at 
the cel l  vol tage  monitor alarm threshold. 
cell voltage monitor alarm threshold, at 0 
graphically. 

1- right and left 
change the cursor 

cell voltage moni-
the right indicates 

An intermediate 
V, is not shown 

The capture button saves cell voltage data in the same man-
ner as the capture button on the stack voltages screen. 

7.7.2.4 Alarm History Screen 

The alarm  history  screen displays  sequent ial  warning and 
alarm messages.  A sample  alarm history screen is illustrated 
in Figure 7-55. 
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Figure 7-55 Sample Alarm History Screen 

The alarm history  screen  displays  bus  warnings and alarms 
in chronological order  with the oldest fault displayed at the 
top of the list. New faults append to the bottom of the list as 
they are received. The cursor keys scroll through the list. 

Each entry contains an HH:MM:SS  time code (24-hour clock), 
the fau l t  co d e , t he s eq uen t i a l  b us run  number , and a 
MM/DD/YY date code. The fault list is contained on the data 
acquisition computer hard drive in an alarm file. Once 998 
entries have been received, a new file is created. 

Alarm  codes  cannot  be  logged when the data acquisition 
computer hard drive is removed from the bus. Once in-
stalled,  fault entries are appended to the existing alarm file, 
or if non-existent, a new alarm file is created. 

Key Points & Notes 
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7.8 Faults Key Points & Notes 

The  bus  cont ro l  system automatica l ly  de tec ts unusua l  o r 
unsafe operating conditions. These conditions result in fuel 
cell engine warnings and alarms that alert the driver by way 
of  dashboard  l ights ,  a  message display center ,  or  o ther 
means.  Cumula t ive ly,  these  faul t  ind ica t ions faci l i ta te  the 
process of troubleshooting engine problems. 

7.8.1 Warnings 

Warnings occur in response to fuel 
conditions that  are  outside  the  normal 
do not pose an immediate  danger  to 
component damage. 

When a warning occurs: 

• an instrument panel light comes on 

cell  engine operat ing 
operating  range  but 

passengers  or  risk of 

•	 a fault message appears on the driver's message display 
center (if installed), and is registered within the data ac-
quisi t ion computer (accessible  through the  diagnost ics 
interface) 

•	 the fuel cell engine controller automatically tries to cor-
rect the fault 

• the engine does not shut down 

• available power may be reduced 

Warnings are not latched, and  therefore clear automatically 
when the fault condition  disappears.  If the warning  persists, 
or  the  fault condition worsens,  an  alarm may occur.  If  the 
warning does not clear, the bus should  be  returned to the 
maintenance facility for repair. 

7.8.2 Alarms 

Alarms occur in response to fuel cell engine operating condi-
tions that are outside the normal operating range and may 
potentially pose a danger to passengers or risk of component 
damage. In practice, only fire and gas leak alarms indicate a 
potent ial  threat  to  passenger safety and al l  o ther alarms 
conditions are designed to  protect the fuel cell engine  or 
other equipment from damage. 

The bus engine must shut down in the event of an alarm. 
Control strategies vary as to whether the shutdown is imme-
diate, delayed, or at  the discretion of the operator. In any 
event, the bus should be steered to a safe location and shut 
down manually as soon as it is safe to do so, even if the de-
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l a y  a s s o c i a t e d wi t h a u t o m a t i c  s h u t d o wn h a s n o t  f u l l y 
passed. 

When an alarm occurs: 

•	 an instrument panel light comes on and a buzzer may 
sound 

•	 a fault message appears on the driver's message display 
center (if installed), and is registered within the data ac-
quisition computer (accessible through the diagnostics 
interface) 

•	 the fuel cell engine controller automatically tries to cor-
rect the fault 

•	 the engine either shuts down immediately or  within a 
short period of time 

• available power until shutdown may be reduced 

•	 in the event of a fire alarm, fire retardants (if a fire sup-
pression system is installed) discharge into the appropri-
ate zones soon after shutdown 

Alarms are latched and are reset by turning the engine off 
and on. The engine will not start if an alarm condition per-
sists. 

7.8.3 Fault Messages 

Each warning and alarm is accompanied by a specific fault 
message.  These fault  messages are visible  either  through a 
driver's  message  display center, if installed, and/or the di-
agnost ic in terface (alarm  history  screen; Sec t ion 7 .7 .2 .4 ) . 
Faul t  messages are typ ica l ly a lphanumer ic  in  na ture  and 
help clarify the exact nature of the fault as opposed to the 
gener ic indica t ion tha t  resul t s  when an ins t rument pane l 

Key Points & Notes 

light comes on. 

Supplemental fault  codes may 
ponents, such as the inverter, 
tors. These fault codes can 
u s i n g  m a n u f a c t u r e r  s p e c i f i c 
documentation. 

Multiple Faults 

be generated by specific com-
transmission or leak  indica-

be  monitored and interpreted 
d i a g n o s t i c  e q u i p m e n t  a n d  

W hen an eng ine p ro b lem  occurs , mul t ip le  warnings  and 
alarms often result in rapid  succession  much like a domino 
effect. When  a single-line driver's  message display center is 
used, some  method  of  p r io r i t iz ing the messages is pro-
grammed into the control system. Typically: 
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• alarms take precedence over warnings 

• messages scroll 

• messages clear once the fault condition clears 

• there is a limit to the total number of messages 

Fault Record 

Fault messages that appear on  a driver 's  message display 
center are transitory in nature, and are only visible as long 
as the control system is powered. In addition, the occurrence 
of multiple faults can obscure the initial cause of a sequence 
of faults. To compensate, all fault messages are stored in a 
permanent chrono logica l  record  wi th  the da t a acq uis i t ion 
computer. This record can be viewed on the alarm screen of 
the diagnostics  interface, or downloaded to  a host computer 
for later analysis. 

Fault List 

Fault messages are cryptic due to memory and processing 
requirements and may consist of only  a code instead of 
words.  The specific conditions, thresholds and controller re-
s p o n ses a s so c ia t e d  wi t h  e a c h  f a u l t  me s s a g e a r e  c r o s s -
referenced within a fault list. The fault list may include op-
erational messages in addition to  warnings and alarms. A 
portion of a sample fault list is shown in Table 7-4. 

An essential part of every message is the delay that occurs 
before the message is activated. The delay allows the control-
ler to  confirm the  signal,  and  to  let  momentary conditions 
pass without activating the alarm. Serious faults that pose a 
threat to humans or equipment are given the shortest delay. 

Fault conditions that do pose little or no threat to humans or 
equipment  have longer  delays. Fault conditions that are ac-
tive prior to startup are given the longest delays in order for 
conditions to stabilize as components energize. 

Key Points & Notes 
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Message Fault 
Class 

Condition 

OK TO START Message No faults exist 

OK TO DRIVE Message The engine has warmed up and bus 
is ready to drive 

BUS SHUTTING 
OFF 

Message Voltage bleed-down is underway 

STARTUP 
FAILED 

Alarm Startup failure 

LOW FUEL 
PRESSURE 

Warning Low-pressure in hydrogen 
cylinder(s); bus is low on fuel 

MODERATE 
GAS LEAK 

Warning Moderate hydrogen leak has been 
detected 

SIGNIFICANT 
GAS LEAK 

Alarm Significant hydrogen leak has been 
detected 

GAS SENSOR 
FAIL 

Warning A hydrogen sensor has failed 

CHECK 
TRANSMISSION 

Warning A transmission fault 

ALTERNATOR 
FAIL 

Alarm An alternator fault 

FIRE ALARM Alarm Fire is detected 

FIRE SENSOR 
FAIL 

Warning A fire sensor has failed 

LOW OIL 
PRESSURE 

Warning Low oil pressure 

Table 7-4 Sample Fault List (Portion) 
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OBJECTIVES 
At the completion of this module, the technician will understand the types and uses of: 

• hybrid electric vehicles 

• electric motors 

• auxiliary power units 

• generators 

• energy storage systems 

• regenerative braking 

• control systems 
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8.1 Hybrid Electric Vehicles 

A hybrid electric vehicle (HEV) augments an electric vehicle 
(EV) with a second source of power referred to as the alter-
native power unit (APU). 

Pure electric vehicles  currently do not have  adequate  range 
when powered by batteries alone, and since recharging re-
quires  several hours, the vehicles are viewed as impractical 
for driving extended distances. If air conditioning or heating 
is used,  the vehicle’s range  is further  reduced. Accordingly, 
the hybrid concept, where the alternative power unit is used 
as a second source of energy, is  gaining acceptance and is 
overcoming some of the problems of pure electric vehicles. 

1916 Range & Lang Electric 

More electric vehicles were in 
use in 1915 than there are at 
present. 

Figure 8-1 Electric Vehicles 

The hybrid electric vehicle operates the al ternat ive power 
unit to supply the power required by the vehicle, to recharge 
the batteries, and to power accessories  like the air condi-
tioner and heater. Hybrid electric cars can exceed the limited 
100 mile (160 km) range-per-charge of most electric vehicles 
and  have the potential to limit emissions to  near zero.  A 
hyb r id  can achieve  the  c r u i s ing  r ange  and  p e r fo r mance 
advantages of conventional vehicles  with the low-noise, low-
exhaus t  emiss ions ,  and ene rgy  indepe nd e n c e b e ne f i t s  o f  
electric vehicles. Two types of  hybrid vehicle configurations 
are the series and the parallel hybrids. 

8.1.1 Series Hybrids 

A  series  hybrid is  similar to an  electric vehicle with an 
on-board generator. The vehicle runs on battery power like a 

Key Points & Notes 
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pure electric vehicle until  the bat ter ies reach  a predeter-
mined discharged level. At that point the APU turns on and 
begins  recharging  the  battery. The  APU  operates until  the 
batteries are charged to a predetermined level. 

The length of time the APU is on depends on the size of the 
batteries and the APU itself. Since the APU is not directly 
connected to the drive train, it can be run at its optimal 
operat ing condition;  hence, fuel economy is increased and 
emissions are reduced relative to a pure IC engine vehicle. A 
schematic of a series hybrid is shown in Figure 8-2. 

Key Points & Notes 

Figure 8-2 Schematic of a Series HEV 

8.1.2 Parallel Hybrids 

In the parallel hybrid configuration, an APU capable of pro-
ducing motive force is mechanically linked to the drive train. 
This approach eliminates the generator  of the ser ies ap-
proach. When the  APU is  on,  the  controller divides energy 
between the drive train (propulsion) and the batteries (energy 
storage).  The  amount  of energy divided between the two is 
determined by the speed and driving pattern. 

For example, under acceleration, more power is allocated to 
the drive train than to the batteries. During periods of idle or 
low speeds, more power goes to the batteries than the drive 
train. 

When the APU is off, the parallel hybrid runs like an electric 
vehicle.  The batteries provide electricity to the electric motor 
where  it is converted to mechanical  energy  to  power  the 
vehicle. The batteries also  provide additional power to the 
drive train when the APU is  not producing enough and to 
power auxil iary systems such as the air  condit ioner and 
heater. 

L3 Research Aeris Parallel Hybrid 
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The drive train for a parallel hybrid is more complex than 
that of a series hybrid as both the electric motor and the 
APU  must  be  mechanically linked to the  driveshaft.  Since 
parallel hybrids only  work  with  APU's  that produce a me-
chanical output, fuel cells cannot be used for this option. 
Figure 8-3 shows a schematic of a parallel hybrid. 

Key Points & Notes 
Figure 8-3 A schematic of a Parallel HEV 
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8.2 Major Components of Hybrid Vehicles Key Points & Notes 

8.2.1 Electric Drive Motors 

Hybrid electric vehicles use an electric driveline and motor to 
provide the power for propulsion.  The electric motor is  a 
simple, efficient and durable device that is used every day in 
all  sorts of applications. Electric motors range from  those 
wi th  f r a c t i o na l h o r s ep  o wer  th  a t  r u n  smal l  ap  p l ian  ces ,  to  
5000-horsepower giants  used in paper mills and other in-
dustries. 

An electr ic  mo t o r c o nve r t s e lectr ic  energy to mechanical  
energy (motion) to drive the hybrid vehicle. Every motor can 
be used as a generator by rewiring it to transform mechani-
cal energy into electrical current, but not all motors make 
efficient generators. For this dual use, the hybrid  may use 
the electric motor to start the engine and then switch to 
gen erat ing electr ic i ty to  k eep th e bat ter ies  c h a r ge d . T h i s 
reduces both  the weight and cost of having two separate 
devices for engine starting and battery recharging. 

In co n v e nt io nal vehicles, engin e  s ize d e termin es  the to tal  
power available  to  a  moving vehicle.  Hybrids, on the other 
ha nd , h a v e  elec t r i c m o t o r s t h at  p r o v id e ad d i t io  n a l p o wer 
when needed by the vehicle. 

Both electric motors and engines can be rated in  kilowatts 
(kW) — the preferred international standard — or in horse-
p o we r ( hp ) . O n e h p  equ  a l s  0 .746  k W . Wh en  co mp ar ing 
horsepower ratings of a motor to an engine, it appears that 
e l e c t r i c  v eh  i c l e s  a r e  d r a s  t i c a l l y  u n d e r -powered  . H o we v e r , 
i n  t e r n  a l  c o m  b u s t i o n e n g i n e s a r e r a t e d  a t  t h  e m a  x i m u  m 
power output, while electric motors are rated at their con-
tinuous power capabilities. A motor that can produce 10  hp 
c o nt i nuo usly can easily produc e  t hr e e  o r  fo ur  t i me s  t ha t 
much power for  a few  minutes. Unlike internal combustion 
engines, electric motors emit zero harmful emissions. 

The electric motor  changes  electric  energy  into mechanical 
power for work.  Operation of  the  motor  is based on three 
concepts: 

• an electric current that produces a magnetic field 

• the direction of current in an electromagnet that deter-
mines the location of the magnet's poles 

• and the magnetic poles attraction or repulsion to each 
other 
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An electric motor consists chiefly of  a rotating electrical 
conductor situated between  the north and south poles of  a 
stationary magnet. It also contains a conductor known as an 
armature, a stationary  magnet called the field structure, and 
a commutator. 

The field structure establishes  a constant magnetic field in 
the  motor.  The  armature  rotates  and  becomes an electro-
magnet  when a current  passes through it. Connection to  the 
driveshaft allows it to  drive the load. The commutator  re-
verses the direction of the current in the armature and helps 
t r a n s mi t c u r r e n t b e t we e n  t h e a r m a t u r e  a n d t h e p o we r  
source. 

There are two types of motors: direct current and alternating 
current. 

8.2.1.1 Direct Current Motors 

In  the  direct current (DC) motors,  the  current  always  flows 
in the same direction.  There are three types of DC motors: 
series, shunt and compound. 

In the series  motor, the armature and the field magnet are 
connected  electrically  in ser ies. Current flows through the 
field  magnet to the armature, increasing the strength of the 
magnets. The motor can  start quickly  under a heavy  load, 
but such a heavy load decreases the motor speed. 

The shunt  mo to r  co nnec t s  t he  magne t  and  a r ma ture in 
parallel. Part of the current goes  through the  magnet  while 
the rest goes through the armature. It runs at an even speed 
regardless of the load, but if the load is too heavy, the motor 
is difficult to start. 

In the compound motor, two field magnets are connected to 
the armature, one in  series and the other in parallel. The 
compound motor has the benefits of both the series and the 
shunt.  It starts  easily  with a heavy load and  maintains a 
relatively constant speed even when the load is increased. 

Key Points & Notes 
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Figure 8-4 Direct Current Motor 

8.2.1.2 Alternating Current Motors 
Key Points & Notes 

A l t e rn  a t  i n g  cu  r ren  t  (A C ) mo t o r s r e gula r ly rev  e r s  e cu  r ren  t 
flow direction.  The reversal is typically 60 times per second 
or 60 Hz  in  North  America and 50 Hz in Europe. Two 
changes of direction completes one cycle.  T he number of 
cycles per second is called  the  frequency of  the  alternating 
current. 

The AC motor has many advantages over the DC motor. It is 
easy to build and convenient to use. Most AC motors do not 
require commutators because  the  current  reverses  its direc-
t io n auto ma t ical ly. T ho se that  use commutators d o so to 
conduct the current  from the external power source to the 
moving part of the motor and back. 

The two types of AC motors are the induction and the syn-
chronous motors. 

In the induction motor, the rotor has no direct connection to 
an external source of electricity. T he current  flows around 
the field coils in the stator and produces a rotating magnetic 
field. This field induces an electric current  in the rotor re-
sulting in another magnetic  field. The magnetic  field from 
the rotor interacts with the magnetic field from the stator 
causing the rotor to turn. 
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Figure 8-5 Alternating Current Induction Motor 

In a synchronous motor, the stator also  produces a rotating 
magnetic field. However, the rotor receives current directly 
from the power source  instead  of  relying on the  magnetic 

Key Points & Notes 

field from the stator to induce an electric current. The rotor 
moves at a fixed speed in step with the rotating field of the 
stator.  T her efo r e,  the synchronous motor  maintains a fixed 
speed and uses less energy than an induction motor. 

8.2.1.3 Electric Motor Configurations 

The two possible configurations of electric drive motors in a 
hybrid  vehicle are a single electric motor connected to the 
wheels through a drive train, or multiple electric motors, one 
located at each wheel. 

The electric motor connected to the wheels through the drive 
train is the simplest  design and is the present design  of 
conventional vehicles. 

Mu l t ip  le  e le  c t r i c  mo t o r s ,  ho we ve r ,  p r o d uc e  b e t t e r  t r a c t io  n 
and regenerative braking at each wheel, allow more room for 
other parts, and continue to function even when one or more 
mo t o rs  ma l fun c t i o n .  T h i s c o nf i  gur  a t i o n ha s  been  u sed i n 
some all-terrain vehicles. 

8.2.2 Auxiliary Power Units 

The auxiliary power unit (APU) of a hybrid vehicle supplies 
the baseline power r e q u i r ed to the vehicle,  recharges the 
batteries and  powers accessories such as the air conditioner 
and heater. The APU can consist of a mechanical type engine 
or a fuel cell. A mechanical type engine can be a spark igni-
tion, compression ignition, rotary, turbine or Stirling engine. 
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8.2.2.1 Spark Ignition Engine 

In 1862, Beau de Rochas proposed a sequence of operations 
that remains typical  of  most  spark ignit ion engines. The 
four-stroke cycle requires two revolutions of the crankshaft 
for each power stroke and allows the piston to slide back 
and forth in the cylinder while transmitting the power to the 
drive shaft. 

Toyota Prius Hybrid 

Honda Insight Hybrid 

Figure 8-6 Four-Stroke Engine Operation 

The spark ignition engine has  a simple, mature, well under- Key Points & Notes
stood design, a good power-to-weight ratio, and the ability to

burn  gasol ine,  methanol , e thanol ,  natural  gas,  propane  or

hydrogen. It also has well developed emission controls. The

disadvantages ,  however ,  a re  poor par t-load effic iency and

r e l a t i v e l y h i g h  u n c o n t r o l l e d e mi s s i o n s  o f  h yd r o c a r b o n s ,

carbon monoxide and oxides of nitrogen.


In order to produce a higher output from the same size en-
gine  and  to  obtain some valve simplification, the  two-stroke

cycle was developed by Dugald Clerk in 1878. This cycle is

applicable  both to  compression ignition and  to  spark ignition

operation, but has been primarily  successful only  with  the

latter.


The two-stroke  engine’s combustion cycle  is  completed in

two strokes (one revolution) of the crankshaft as opposed to

the four  strokes (two revolutions) required by the four-stroke

engine.
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Figure 8-7 Two-Stroke Engine Operation 

Compared to the four-stroke, the two-stroke engine  has a 
higher power-to-weight  ratio,  a simpler  design,  lower  manu-
facturing costs,  and  is  lightweight.  The  emissions, however, 
are a major problem. There are relatively high  uncontrolled 
hydrocarbons and carbon  monoxide emissions, and emission 
control  systems have not been  sufficiently developed. Two-
stroke engines are common in  small gasoline motors, such 
as on chainsaws and smaller motorcycles. 

8.2.2.2 Compression Ignition Engines 

The compression ignition engine is typified  by the diesel 
engine. The diesel cycle is similar to the Otto cycle except 
that a high compression ratio and air are required instead of 
a combustible mixture. Air is admitted to the engine on the 
intake stroke and the rapid compression of the air raises the 
temperature to such a point that a fuel, when delivered into 
the combustion chamber, ignites  spontaneously. There is  no 
requirement for a spark to initiate the combustion, or for a 
homogeneous mixture to propagate the flame. 

The advantages of Compression Ignit ion engines are effi-
ciency at high compression ratios, they are well developed 
and dependable, and have low carbon  monoxide and hydro-
carbon emissions. The disadvantages, however,  are a high 
levels of carbon particulate and oxides of nitrogen emissions. 

Key Points & Notes 
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8.2.2.3 Wankel (Rotary) Engines Key Points & Notes 

In 1954, Felix Wankel found that an engine could be made of 
three variable-volume  chambers  formed  between a stationary 
epitrochoid-shaped housing and  a rotating equilateral tr ian-
gular rotor. (A epitrochoid is a curve like an epicycloid, but 
generated by any point on a radius. An epicycloid is a curve 
described by a point on the circumference of a circle rolling 
on the outside of the circumference of another circle. Basi-
cally, the housing is circular, and the action is rotational.) 

Together  with proper  arrangement o f in take , exhaust  and 
ignition  mechanisms,  this  variation  of  volume  in the three 
chambers  makes i t  possible  to  carry  out the four  main 
events of the Otto cycle within each of the three chambers. 

Wankel  engines have  a  compact  design,  a high power-to-
weight ratio, are lightweight, and use the same emission 
control systems as the four-stroke SI engines. However, they 
have relatively poor efficiency and high  uncontrolled emis-
sions of hydrocarbons, carbon monoxide and oxides of  nitro-
gen. Wankel engines  were produced commercially  for Mazda 
cars in the 1980's, but were eventually replaced by conven-
tional spark ignition engines. 

Figure 8-8 Wankel (Rotary) Engine Operation 

8.2.2.4 Stirling Engines 

An alternative to the internal combustion engine is an exter-
nal  combustion engine known as  the Stirling engine. The 
Stirling cycle has two isothermal processes and two con-
stant-volume processes.  The thermal efficiency of the Stirling 
cycle with perfect regeneration is equal to that of the Carnot 
cycle for the same temperature range. The Stirling engine 
has low emissions, good efficiency,  and operates quietly.  The 
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disadvantages  a re  a compl ica ted  design, a low power-to-
weight ratio, high cost and a large cooling requirement. 

Figure 8-9 Stirling Engine Operation Key Points & Notes 

8.2.2.5 Gas Turbines 

Gas turbines, one of the oldest forms of combustion engines, 
are composed of  a turbine, a combustion chamber and an 
air compressor. 

The turbine has a rotor that is turned by moving fluid such 
as water, steam, gas or wind. It changes kinetic energy (en-
ergy of movement) into mechanical energy (energy in form of 
mechanical power). The mechanical energy is transmitted  by 
the turbine through the spinning motion of the rotor’s axle. 

Williams Gas Turbine Engine 
A gas turbine burns fuels such as oil, natural gas or kero-
sene.  Gas turbines  are small,  l ightweight,  smooth running, 
have good power-to-weight  rat ios and  low  emissions.  The 
fundamental problem with them,  however,  is  their expense, 
poor efficiency at part load and their high operating tempera-
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ture. Gas turbines engines are used on jet aircraft and burn 
jet fuel, which is a kind of kerosene. 

Figure 8-10 Gas Turbine Engine Major Components 

8.2.2.6 Fuel Cells Key Points & Notes 
Fuel  cells  are  discussed in detail in other modules of  this 
course. Fuel cells are convenient in electrical hybrid applica-
tions since they can be used in tandem with other electricity 
generating devices. 

8.2.3 Generators 

All the power  systems described above, except for the fuel 
cell, require a  generator to convert the mechanical power 
into electrical power  when used  in  a  series  hybrid. Genera-
tors, like electrical motors, are either AC or DC. 

8.2.3.1 AC Generators 

An AC generator (or alternator) produces an electric current 
that reverses direction many times per second. It  is also 
called a synchronous  generator because it generates a volt-
age  containing a  high frequency proportional  to,  or synchro-
nous with, the speed of the rotor. 

A simple AC generator has each end of its wire loop, or ar-
mature, attached to a slip ring. A carbon brush connected to 
the outside circuit rests against each of the slip rings. As the 
armature  rotates, the current  moves in the direction  of the 
arrows. The brush at the first slip ring conducts the current 
out of the armature, and the brush at the second slip ring 
brings it back in. 
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When the armature rotates parallel to the magnetic field, no 
current  is  generated for a moment. When the armature ro-

Key Points & Notes 

ta tes  into  th e ma g n e t ic  f i e ld  ag ain ,  th  e cu r r e n t r e v e rses  
d i r e c t i o n . I t the n flo ws o ut  o f  the  ar matur e  thr o ugh the 
second slip ring and back into the armature at the first slip 
ring. 

8.2.3.2 DC Generators 

A DC generator p ro d uces an electr ic  cu rrent  that  always 
flows in the same direction. It is different from the AC gen-
erator in both the way it is built and how it is used. 

The commutator rotates with a loop of wire just as the slip 
rings do with the rotor of an AC generator. Each half of the 
commutator  ring is called the commutato r  segment and is 
insulated from the other half. Each end of the rotating loop 
of wire is connected to a commutator segment. Two carbon 
brushes connected to the ou ts  ide circu i t  res  t  against th  e 
rotating commutator.  One  brush conducts  the  current  out  of 
the generator and the other brush feeds the current back in. 

The commutator is designed so that no  matter  how current 
i n t he loop al te rnates,  the  commutator  segment  containing 
outward-going current is always against the “out” brush at 
the proper time. 

8.2.4 Energy Storage Systems 

The peak power required in hybrid vehicles is met by devices 
like batteries, capacitors or a flywheel. These devices  store 
energy and readily release it when needed. 

8.2.4.1 Batteries 

Batteries are one of  the most  important parts of  a hybrid 
vehicle. A battery produces electricity by means of chemical 
action. It consists of one or more electric cells. Each cell has 
all the chemicals and parts  needed to produce an electric 
current. 

There are two types of batteries: primary and secondary (or 
storage) batteries. P rimary batteries discharge and must be 
discarded after one or more of the chemicals is  used up. 
Secondary  b a t t e r ies, on the other hand, can be recharged 
a ft e r  th  ey  h av  e de l iv  e red  th  e i r  e lec t r ica l  en  e rg  y . C o n s e -
quently, secondary batteries  are  ideal for hybrid application. 
They are able to supply power to the vehicle and be re-used. 

T h e c r i te r ia  u s ed  f o r ba t te ry  s e lec t ion a re :  t emp era tu  r e , 
energy density, power density, service life, shelf life, cost, 
rel iab i l i ty,  cell  configuratio n,  c har ge/d ischarge  cycle,  safety, 
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ope ra t i ng  env i ronment ,  r ecyc l ing ,  min ima l  memo ry e f fec t  
and efficiency. 

8.2.4.2 Capacitors 

A capacitor is  a device that stores electrical energy in the 
form of an electrical charge. 

A capacitor consists of two  metal plates with an insulating 
mater ia l  ca l led a dielectr ic  between  them.  Wires  usua l ly 
connect the plates to a source of electric current such as a 
battery. When an electric  charge flows through the  wires 
from one plate of the capacitor to the other, both plates 
become charged — one with a positive charge, and the other 
with  a negative charge. The two plates then  have potential 
difference in energy  — a voltage — between them. 

The plates release their charge when their wires are discon-
nected from the source and touched together. The ability of 
the capacitor to store electric energy is its capacitance. The 
main difference between a battery and a capacitor is that a 
capacitor can be rapidly charged and discharged. 

8.2.4.3 Flywheels 

The flywheel is an alternative energy storage system that is 
capable of replacing chemical batteries in  conventional  elec-
tric vehicles. 

A flywheel  is  a  balanced  mass spinning around a constant 
axis that stores energy  as  rotational kinetic  energy. Simply 
put, a flywheel is  a mechanical battery that is capable of 
delivering  multi-kilowatt-hours of energy to the drive system 
of an electric vehicle. 

Flywheel energy storage (FES) systems  have been researched 
for many decades, but their application has been limited due 
to the high cost of inefficient materials.  However, recent 
advancement in  fiber-composi te  mater ials ,  control  e lec t ron-
ics, and frictionless  magnetic bearings  have led researchers 
to believe that modern FES systems could be used to power 
efficient non-polluting electric vehicles. 

The FES systems  have been  shown to theoret ically rival 
chemical batteries in  terms  of  power,  energy  density, cycle 
l i fe ,  cha rge t ime ,  ope ra t i ng  t emp era tu r e r ang e , e nv i ron-
mental friendliness and maintenance needs. 

The FES systems are now a viable technology for regenera-
tive braking, for averaging peak power demands, and for 
storing energy on electric and hybrid vehicles. In hybrids, for 
e x a m p l e , F E S s y s t e m s  c a n  r e p l a c e  e x p e n s i v e u l t r a -

Key Points & Notes 

Capacitors 
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capaci tors  fo r energy  storage energy and to  average out 
power demands. 

Key Points & Notes 

8.2.5 Regenerative Braking 

Brakes are devices that slow or stop the movement of  a 
wheel, engine or entire vehicle. Most brakes have a fixed part 
called a brake  shoe or block that presses against a turning 
wheel to create friction (heat) that causes the wheel to stop 
or slow down. 

In regenerative (or  dynamic) braking, some of the energy is 
converted into electrical energy and stored. Pressing on the 
brake pedal first activates  the  regenerative  braking system, 
an  d  th  en th  e co  n v e n t io  n a l f r i c t io  n  b r ak  e .  T h e r o ta t io  n a l 
energy of the braking  mechanism  generates electrical power 
and stores it in the batteries. 

Electric and hybrid vehicles are well suited to use regenera-
tive braking, as the captured electricity can power the drive 
motor. This electricity can be used in place of, or to supple-
ment the APU, further reducing fuel use and improving fuel 
economy. 

8.2.6 Control Systems 

The e lec t ron  i c con  t ro l  s ys t em reg  u l a tes  th  e h i g h -i n t e ns i t y 
current, helping it work with the APU counterparts. It con-
trols  the power flow between the battery and the motor as 
well  as  regenerative  braking.  A control system contains two 
main components, namely the command and power compo-
nents.  The command component manages and processes  the 
d r i v e r '  s  i n  s t r u  c t i on  s . T h e power  com pon  en  t c h o p s p o we r 
flows to control the motor's power intake. 

There are two choppers to manage this power flow. The pri-
mary chopper is  the startup phase and works at  low motor 
speeds. The excitatio n chopper regulates  the motor at  me-
dium and high motor speeds. 
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OBJECTIVES 
At the completion of this module, the technician will: 

• understand the mandating of alternative fuel vehicles in the US 

• understand the codes, regulation and guidelines concerning the use of hydrogen 

• know where to look for additional information on hydrogen standards 
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9.1	 Mandating of Alternative Fuel Vehicles In 
The U.S. 

Alternative fuels for vehicles has been mandated through Federal and 
State laws in the US in response to the need to reduce air pollution, par-
ticularly in major cities. This section is a review of pertinent acts and 
regulations that were passed to instigate the development of alternative 
fuels for transportation uses. The following information is not all-
inclusive since new acts, regulations and political initiatives continue to 
evolve. 

9.1.1 Introduction 

Air pollution is not a new problem in the nation or the world. In 1955, the 
Department of Health, Education and Welfare was authorized to begin a 
study of air pollution. Before this time, no one knew the extent to which 
automobiles contributed to the problem. By 1962, vehicle engines were 
determined to be responsible for over 40% of all airborne emissions—the 
single largest source of air pollution. 

Legislation has been passed to mandate efforts to reduce these toxic and 
polluting emissions. A number of these regulations offer financial incen-
tives to assist the transition to alternative fuel vehicles. 

The major laws and policies are: 

• Clean Air Act of 1963 

• Alternative Motor Fuels Act of 1988 

• Clean Air Act Amendments of 1990 

• Energy Policy Act of 1992 

• Federal Executive Order 12759-1991 

• Federal Executive Order 12844-1993 

• California Air Resource Board Regulations 

9.1.2 The Clean Air Act, 1963 

The U.S. Congress passed the original Clean Air Act (CAA) in 1963. This 
act required compliance with the National Ambient Air Quality Standards 
(NAAQS) by December 31, 1982. From then until the present, Congress 
has amended the act several times. Since the original Clean Air Act has 
failed to clean the air to the desired standard, Congress has made each 
new revision to the act more stringent. 

9.1.2.1 1970 Clean Air Act Amendments 

The Clean Air Act Amendments (CAAA) of 1970 required that the con-
centration of pollutants in exhaust gases from transportation vehicles be 
reduced below the previously prescribed pollution limits. To ensure this 

Key Points & Notes 
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reduction, specific emission standards for different types of vehicles were 
established under the Act for carbon monoxide, hydrocarbons, and oxides 
of nitrogen. 

These amendments also required states that had areas in which pollutant 
concentrations exceeded the NAAQS (non-attainment areas) to develop 
State Implementation Plans (SIPs). These plans had to detail how the state 
planned to control emissions and reduce ambient air concentrations to the 
federally required levels. 

9.1.2.2 1988 Clean Air Act Amendments 

The 1988 amendments to the Clean Air Act were significant because they 
gave the Environmental Protection Agency (EPA) the power to enforce 
regulations such as: 

•	 Withholding federal funds from states with non-attainment areas. 
These funds include federal grants, highway trust funds, and new 
sources of construction money. 

•	 Preparing and enforcing a Federal Implementation Plan (FIP) where 
states have failed to develop an adequate SIP for attaining NAAQS. 

•	 Requiring non-attainment states to have revised SIPs filed with the 
EPA by May, 1991. In 1991, nearly 100 urban areas still failed to 
comply with NAAQS for at least one automotive pollutant. 

•	 Providing manufacturers with CAFE (Corporate Average Fuel Econ-
omy) incentives to develop alternative fueled vehicles. 

9.1.2.3 1990 Clean Air Act Amendments 

The 1990 Clean Air Act Amendments are among the most far-reaching 
environmental initiatives ever passed by the U.S. Congress, containing 
eleven separate titles under which the EPA issues regulations. 

The 1990 CAAA Tier I standards began with vehicles produced in model 
year (MY) 1994. The proposed EPA phase-in for Tier I standards were: 

Year Vehicles 

1994 40% of all new vehicles 
1995 80% of all new vehicles 
1996 100% of all new vehicles 

Tier II standards are required for vehicles produced in MY 2004 and later. 
In order to reduce the amount of emissions from mobile sources, the only 
viable options are to reduce private travel or to use cleaner fuels and 
vehicles. Since it is nearly impossible to mandate a reduction in private 
travel, the Title II mobile source reduction program has three major com-
ponents that deal with cleaner fuels and vehicles: 

•	 Conventional gasoline and diesel powered vehicles sold throughout 
the U.S. after 1993 must meet tougher emission standards. 

Key Points & Notes 
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•	 In the country's nine smoggiest cities, all conventional gasoline must 
be replaced by reformulated gasoline. A program to promote the use 
of clean vehicular fuels as an alternative to gasoline is required. 

•	 The federal program also mandates that fleets in 22 urban non-
attainment areas must purchase clean fuel vehicles along with a pilot 
alternative program for California. 

The CAAA 1990 also extends the useful life requirements for passenger 
car emission control systems to comply with 5 years/50,000 miles to 10 
years/100,000 miles. The law also establishes similar standards for all 
other types of vehicles. 

From 1995 through 2005, the CAAA 1990 is estimated to result in 4.5 to 
9.7 million vehicles operating on alternative fuels. 

9.1.2.4 1990 CAAA-Fleet Requirements 

Fleets covered by this mandate include those with 10 or more vehicles that 
are capable of central refueling. The following fleet types are excluded: 

• emergency vehicles 

• rental vehicles 

• demonstration vehicles 

• off-road vehicles 

• privately garaged vehicles 

The CAAA 1990 covers vehicles with weight classifications from zero to 
26,000 pounds GVW (gross vehicle weight) and applies to fleets located 
in the serious, severe, and extreme ozone non-attainment areas with 1980 
populations of over 250,000. It also includes vehicles in one CO non-
attainment area-Denver. The air quality standards compliance deadlines 
for the 96 non-attainment areas with populations over 250,000 range from 
three to 20 years, depending on the severity of their air quality. The most 
polluted non-attainment areas have the longest amount of time to achieve 
compliance. 

In Phase I of the program, the percentages of passenger cars and light-duty 
trucks (up to 6000 GVW), which must be clean fuel vehicles (CFVs) are: 

30% by MY 1998 
50% by MY 1999 
70% by MY 2000 

For heavy-duty trucks (above 8,500 GVW and below 26,000 GVW), 50% 
must be CFVs by MY 1998. 

The 1990 CAAA allows fleet owners to earn credits from early or extra 
purchases of CFVs or by acquiring vehicles that are certified to stricter 
emission standards than required, beginning in MY 1998. These stricter 
emission standards can be met by purchasing new vehicles that meet the 
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clean fuel fleet vehicle standards of LEV (low emission vehicle), ULEV 
(ultra low emission vehicle) or ZEV (zero emission vehicle), or by con-
verting conventional vehicles to cleaner fuels, or by redeeming credits. 

9.1.3 Alternative Motor Fuels Act, 1988 (AMFA) 

The Alternative Motor Fuels Act of 1988 (AMFA) encourages the devel-
opment and use of alternative transportation through the development and 
widespread use of natural gas, methanol, and ethanol as transportation 
fuels and the production of alternative fuel powered vehicles. Three 
programs have been established to fulfill this goal. 

The Alternative Light Duty Vehicle Program requires the federal gov-
ernment to purchase a "practical number" of alternative fueled passenger 
automobiles and light-duty vehicles. These vehicles must be powered by 
natural gas, alcohol or dual energy and must be purchased from original 
equipment manufacturers (OEM). The Department of Energy is also 
designated to conduct studies between standard passenger automo-
biles/light-duty trucks and alternative fueled vehicles that compare fuel 
economy, safety, emissions, operating and maintenance cost, and per-
formance in cold weather and at high altitude. 

The Truck Commercial Application Program conducts commercial 
application projects for alternative fueled vehicles in real-world operation 
environments in cooperation with heavy-duty engine manufacturers and 
other federal agencies. 

The Alternative Fuels Bus Testing Program assists state and local 
government agencies in comparison testing of natural gas and diesel buses 
in urban areas. These tests include emissions levels, durability, safety and 
fuel economy. 

Data collected from these projects are submitted to the Alternative Fuels 
Data Center (AFDC) which is operated and managed by the National 
Renewable Energy Laboratory in Golden, Colorado. The data is available 
to the public on-line and through the National Alternative Fuels Hotline. 

9.1.4 Energy Policy Act, 1992 (EPACT) 

The Energy Policy Act of 1992 (EPACT) was designed to establish a firm 
energy policy for the United States to reduce America's dependence on 
foreign oil and to increase energy security through the use of domestically 
produced alternative fuels. EPACT includes a combination of mandates, 
incentives, funding for research and development, public information 
dissemination, and purchasing requirements for alternative fueled vehicles 
for the nation's largest fleets. 

EPACT defines alternative fuels to include methanol, ethanol, natural gas, 
propane, hydrogen, coal-derived liquids, biological materials, electricity 
or any other fuel that the Secretary of Energy finds to be substantially not 
petroleum and that would yield substantial energy security benefits and 
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substantial environmental benefits. Under this definition traditional liquid 
fuels such as gasoline and diesel are not considered to be alternative fuels. 

EPACT is designed to facilitate the development and implementation of 
alternative fuel technologies. Federal agencies and fuel providers (gas and 
electric utilities) are required to purchase AFVs beginning in fiscal year 
1993. The law also encourages the purchase of more alternative fuel 
vehicles for federal fleets in order to accelerate the development of an 
OEM market. The goals for the following decade include: 

• 5000 vehicles 

• 7500 vehicles 

• 10,000 vehicles 

• 25% operating with clean fuels 

• 33% operating with clean fuels 

• 50% operating with clean fuels 

• 75% operating with clean fuels 

Executive Order No. 12448 (Nov. 1993) increased by 50% the number of 
alternative fuel vehicles mandated by the 1992 EPA for MY 1993-95. 

EPACT also provides the following financial incentives: 

•	 $25 million per year for transit and school bus fleets to develop a 
clean-fuels urban bus program. 

• $30 million to provide low-interest loans. 

•	 Income tax incentives including deductions from $2000 to $50,000 
for buying clean-fuel vehicles. 

• $100,000 for clean-fuel refueling stations. 

The U.S. Department of Defense and other research and development 
institutions also receive financial support. 
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9.1.5 State Implementation Plan (SIP) 

States with ozone non-attainment areas must include a Clean Fuel Vehicle 
Support Program that contains measures necessary to ensure the effective-
ness of the Clean Fuel Vehicle Program established under Tier II of the 
1990 CAAA. This program must be in their SIP. 

9.1.6 California 

9.1.6.1 California Federal Pilot Program, 1996 

The California Pilot Program started in MY 1996. This program mandated 
the production and sale of 150,000 clean fuel vehicles (CFV) per year for 
model years 1996 through 1998. For model years 1999 and beyond, the 
mandate increased to 300,000 vehicles per year. In addition, other states 
may voluntarily opt into the program. Vehicles must comply with low 
emission vehicle (LEV) standards. 

The California federal pilot program is postponed if the CFVs are not 
available from original equipment manufacturers. The fleet operators are 
permitted, but not required, to purchase vehicles converted by a non-
OEM. 

9.1.6.2 The California Air Resources Board (CARB) 

California is the most proactive state in the U.S. for establishing stringent 
vehicle emission standards. The air quality in many regions in California 
is so poor that the California Air Resources Board decided not to wait 
until federal mandates take effect. The standards developed by CARB are 
more stringent than those called for by the CAAA. Many states have 
adopted or are adopting legislation similar to California's. If standards 
have not been established by federal agencies pertaining to LPG kits and 
conversions, the standards adopted by the CARB are recommended. Refer 
to 1994 Progress. 

9.1.6.3 California Non-Attainment Areas 

The following California cities have been identified as non-attainment 
areas for ozone and/or carbon monoxide. 
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Key Points & NotesCity Severity 
Ozone Non-Attainment 
Los Angeles (including LA County, 
Anaheim and Riverside) 

Extreme 

Oakland Moderate 
San Diego Severe 
Santa Barbara Moderate 
Bakersfield Serious 
San Francisco Moderate 
Fresno Serious 
San Jose Moderate 
Sacramento Serious 
Visalia Moderate 
CO Non-Attainment 
Los Angeles (including LA County, 
Anaheim and Riverside) 

Serious 

Sacramento Moderate 
Chico Moderate 
San Diego Moderate 
Fresno Moderate 
San Francisco Moderate 
Modesto Moderate 
San Jose Moderate 
Oakland Moderate 
Stockton Moderate 

Table 9-1 California Non-Attainment Areas 

9.1.6.4 California LEV Phase-In Program 

California legislation allows Air Quality Management Districts (AQMDs) 
to mandate the purchase of LEV's by fleets having 10 or more vehicles if 
the state's air quality standards are not met. The law also required retail 
fuel suppliers to provide 90 alternative fuel fueling locations by 1994 and 
400 refueling locations by 1997. Passage of SB 135 in late 1991 required 
all passenger vehicles for hire in non-attainment areas to use alternative 
fuels. Twenty-five percent of vehicles purchased by the Department of 
General Services must be LEVs. AQMDs in non-attainment areas can 
mandate fleet purchases of LEVs. 

A minimum number of LEVs, ULEVs, and ZEVs have been mandated for 
new car sales. The California LEV Phase-in program mandates the follow-
ing percentage of vehicles for every model year. 
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Model 
Year 

STD. 
(0.39) 

STD. 
(0.25) 

TLEV LEV ULEV ZEV 

1994 10% 80% 10% 

1995 85% 15% 

1996 80% 20% 

1997 73% 25% 

1998 48% 48% 

1999 23% 73% 2% 2% 

2000 96% 2% 2% 

2001 90% 5% 5% 

2002 85% 10% 5% 

2003 75% 15% 10% 
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9.2  Codes and Standards Key Points & Notes 

Standards, rules, regulations and guidelines affecting alternative fuel 
vehicles are still changing. As a result, the following summary is not all-
inclusive and may not reflect the most recent information. Transportation 
businesses for each country, state or county should have an understanding 
of the most recent codes and standards. 

US Department of Transportation (DOT) Regulations 

The US Department of Transportation establishes rules and regulations 
governing interstate transportation of materials. These regulations are 
covered by Title 49 of the Code of Federal Regulations (CFR), entitled 
Transportation. The DOT regulations have been adopted from specifica-
tions and regulations, which evolved from existing industry standards. 

National Fire Protection Agency (NFPA) Regulations 

The National Fire Protection Association (NFPA) is a non-profit, volun-
tary association devoted solely to fire prevention and safety. Since 1896, 
the NFPA has published guidelines for fire prevention, fire fighting pro-
cedures, and fire protection for many different industries. Motor vehicle 
fuel storage, fuel dispensing, and engine operation are covered by NFPA 
guidelines. These guidelines are generally accepted as minimum require-
ments. 

The NFPA provides various services including fire prevention training 
programs for use in public education programs and technical publications 
on fire prevention and safety. One of the most important services provided 
by NFPA is the coordination of the development of fire safety codes for 
specific industries. The latest edition was published in 1995. 

Your shop safety policy should reflect the appropriate local and state laws 
that apply. If there is no other standard to follow, refer to relevant Na-
tional Fire Protection Association publication. 

9.2.1 Industrial Use Of Hydrogen 

Current codes, standards and guidelines for hydrogen were developed for 
industrial applications. The following list includes hydrogen-specific and 
related codes and standards used for a long time in industrial applications. 

9.2.1.1 U.S. Codes and Standards for Industrial Use of 
Hydrogen 

American Petroleum Institute 

API 941 Steels for Hydrogen Service at Elevated Temperatures 
and Pressures in Petroleum Refineries and Petrochemical 
Plants 
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American Society for Mechanical Engineers 

ASME Boiler and Pressure Vessel Code 

ASME B31.3	 American National Standard Code for Chemical Plant and 
Petroleum Refinery Piping 

Compressed Gas Association 

CGA G-5 Hydrogen, Fourth Edition 

CGA G-5.3 Commodity Specification for Hydrogen, Fourth Edition 

CGA G-5.4	 Standard for Hydrogen Piping Systems at Consumer 
Locations 

CGA G-5.5 Hydrogen Vent Systems 

CGA P-6	 Standard Density Data, Atmospheric Gases & Hydrogen, 
Fifth Edition 

CGA S- 1.1	 Pressure Relief Device Standards, Part 1 - Cylinders for 
Compressed Gases 

CGA S-1.2	 Pressure Relief Device Standards, Part 2 - Cargo and 
Portable Tanks for Compressed Gases 

CGA S-1.3	 Pressure Relief Device Standards, Part 3 - Compressed 
Gas Storage Containers 

Dept. of Transportation — National Highway Transportation Safety 
Administration (NHTSA) 

FMVSS 301 Fuel System Integrity 

FMVSS 303 Fuel System Integrity of CNGVs 

FMVSS 304 CNG Fuel Containers 

49 CFR	 Regulations for Transportation Equipment and the Trans-
port of Hydrogen (Parts 100-199, 3 01-398) 

Department of Labor — Occupational Safety and Health Administra-
tion (OSHA) 

29 CFR 1910.103 Hydrogen 

Federal Specification 

BB-H-866	 Gaseous Hydrogen Grades for Cutting and Welding and 
as a Lifting Medium for Balloons 

ZZ-H-461 D	 Hose and Hose Assembly, Rubber, Gas (Acetylene-
Hydrogen, Air and Oxygen) 

Key Points & Notes 
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National Fire Protection Association 

NFPA 10 Standard for Portable Fire Extinguishers 

NFPA 30A Automotive & Marine Service Station Code 

NFPA 50A Standard for Gaseous Hydrogen Systems at Consumer Sites 

NFPA 50B 	 Standard for Liquefied Hydrogen Systems at Consumer 
Sites 

NFPA 52 CNG Vehicular Fuel Systems 

NFPA 54	 National Fuel Gas Code. This code is a safety code that 
applies to the installation of fuel gas piping systems, fuel 
gas utilization equipment and related accessories. 

NFPA 55 Compressed & Liquefied Gases in Portable Cylinders 

NFPA 58 Storage & Handling of Liquefied Petroleum Gases 

NFPA 70 	 National Electric Code. Practical safeguarding of persons 
and property from the hazards arising from the use of 
electricity. 

NFPA 88A	 Standards for Parking Structures. Covers the construction 
and protection of, as well as the control of hazards in, 
open, enclosed, basement and underground parking struc-
tures. It does not apply to one- and two-family dwellings. 

NFPA 88B	 Standards for Repair Garages. Covers the construction 
and protection of, as well as the control of hazards in ga-
rages used for major repairs and maintenance of motor-
ized vehicles and any sales and servicing facility 
associated therewith. 

NFPA 496 	 Purged & Pressurized Enclosures for Electrical Equip-
ment 

NFPA 497A	 Classification of Class I Hazardous Locations. Applies to 
locations where flammable gases or vapors, flammable 
liquids or combustible liquids are processed or handled 
and where their release to the atmosphere may result in 
their ignition by electrical systems or equipment. 

NFPA 497M 	 Classification of Gases, Vapors and Dusts for Electrical 
Equipment in Hazardous Locations 

NFPA 513 Standard for Motor Freight Terminals 

NFPA 853 Installation of Stationary Fuel Cell Power Plants 

NFPA MY-HLH-88 Electrical Installations in Hazardous Locations 
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Natural Gas Vehicle Coalition 

NGV1 CNGV Fueling Connection Devices


NGV2 Basic Requirements for CNGV Fuel Containers


9.2.1.2 	 Canadian Codes, Standards and Regulations for 
Industrial Use of Hydrogen 

Canadian Electrical Code 

Canadian Electrical Code Part 1, C22.1, Safety Standard for Electrical 
Installations 

Electrical Systems in Hydrogen Installations 

Transport Canada 

Regulations for the Transportation of Hydrogen 

Transportation of Dangerous Goods Act and Regulations 

Transportation of Liquid Hydrogen 

Transportation of Portable Hydrogen Containers and Cylinders 

Canadian Standards Association International (CSA) 

CSA B51 	 Code for Boilers, Pressure Vessels and Pressure Piping 
Code Containing Hydrogen 

CSA B51-M 	 Construction and Inspection of Boilers and Pressure 
Vessels 

9.2.2 Non-Industrial Use Of Hydrogen 

A variety of organizations have been working on codes, standards and 
guidelines for the design and operation of non-industrial hydrogen appli-
cations, including fueling stations and fuel cell vehicles. 

Prominent are the role played by the International Standards Organization 
Technical Committee 197 (ISO), the National Hydrogen Association 
(NRA), and the Canadian Hydrogen Association (CHA). These organiza-
tions used the Natural Gas Vehicle Coalition codes as a model. 

American National Standards Institute (ANSI) 

ANSI Z21.83 Fuel Cell Power Plants 

American Society for Mechanical Engineers 

ASME PTC 50 Performance Testing for Fuel Cells 

Institute of Electrical and Electronics Engineers (IEEE) 

IEEE SCC.21 Standard for Instrumentation 
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International Standards Organization — Published 

ISO 13984 	 Liquid Hydrogen - Land vehicle fueling system 
interface 

ISO 14687 Hydrogen Fuel - Product specification 

International Standards Organization — Under Development 

ISO/CD 13985 	 Liquid hydrogen - Land vehicle fuel tanks. 
Part 1: Design, fabrication, inspection and testing. 
Part 2: Installation and maintenance. 

ISO/WD 13986 	 Tank containers for multi-modal transportation of 
liquid hydrogen 

ISO/WD 15594 Airport hydrogen fuelling facility 

ISO/WD 15866 	 Gaseous hydrogen blends and hydrogen fuel - Service 
stations 

ISO/WD 15869 	 Gaseous hydrogen and hydrogen blends - Land 
vehicle fuel tanks. 
Part 1: General Requirements. 
Part 2: Particular requirements for metal tanks. 
Part 3: Particular requirements for hooped wrapped 
composite tanks with a metal liner. 
Part 4: Particular requirements for fully wrapped 
composite tanks with a metal liner. 
Part 5: Particular requirements for fully wrapped 
composite tanks with a non-metallic liner. 

ISO/WD 15916 	 Basic requirements for the safety of hydrogen sys-
tems 

ISO/AWI 17268 Gaseous hydrogen - Land vehicle filling connectors 

National Hydrogen Association — Working Groups 

WG1 Connectors 

WG2a. Tanks and Containers 

WG2b. Hydrides 

WG3 Refueling Stations 

WG4 (Disbanded) 

WG5/6 	 Codes and standards for self-service refueling of vehicles with 
hydrogen and certification program for hydrogen vehicle fuel sys-
tems 

WG7	 Codes and standards for maritime unique applications of hydro-
gen 
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9.3 Hydrogen Publications 

The Sourcebook for Hydrogen Applications 

By the Canadian Hydrogen Association (CHA) and the National Hydro-
gen Association (NHA) for the Department of Natural Resources Canada 
and the U.S. Department of Energy. 1998. 

This sourcebook is a single-volume reference on the safe use of hydrogen, 
including applicable codes, standards, regulations, guidelines and prevail-
ing practices. It provides an outline of key safety considerations for non-
industrial applications. A content outline is posted on the NRA website. 
The sourcebook comes as both paper and CD-ROM. It is available from 
the CHA, the NHA or the publisher: 

TISEC Inc. 2113A St. Regis Boulevard 
Dollard, Montreal, Quebec, Canada H9B 2M9 
514-684-9096 or 800-531-2863 
sourcebook@tisec.com 

Safety Standards for Hydrogen and Hydrogen Systems 

By the National Aeronautics and Space Administration, Office of Mission 
Assurance, Washington, DC, NSS 1740.16, February 1997 

These standards establish a ?uniform agency process for hydrogen system 
design, materials selection, operation, storage and transportation.? It 
includes the minimum guidelines for NASA. For a copy, contact: 

Director, Safety and Risk Management Division, NASA 
Office of the Associate for Safety and Mission Assurance 
Washington, DC 20546 USA. Phone 202-358-2406 

Direct-Hydrogen-Fueled Proton-Exchange-Membrane Fuel Cell System 
for Transportation Applications. Hydrogen Vehicle Safety Report 

By Directed Technologies, Inc., and the Ford Motor Company for the U.S.

Department of Energy DOE/CE/50389-502, May 1997


This report presents a detailed review of the safety characteristics of a

hydrogen-fueled fuel cell vehicle. Emphasis is given to on-board high-

pressure gaseous hydrogen storage methods. The analysis includes the

normal operation of a vehicle, its fueling, indoor storage, collisions and

tunnel operation. The report identifies risks and failure modes with poten-
tial hazardous conditions, as well as potential countermeasures for preven-
tion and harm reduction. The risks are compared to vehicles powered by

gasoline, propane and natural gas. For a copy, contact:


National Technical Information Service

U.S. Department of Commerce

5285 Port Royal Road

Springfield, VA 22161 USA

www.ntis.gov
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9.4 Regulatory Organizations 

9.4.1 USA 

American Gas Association (AGA) 
1515 Wilson Blvd. 
Arlington, VA 22209 USA 
703-841-8574 
www.aga.org 

American National Standards Institute (ANSI) 
11 W. 42nd St., 13th Floor 
New York, NY 10036 USA 
212-642-4900 
www.ansi.org 

American Society of Mechanical Engineers (ASME) 
Three Park Avenue

New York, NY 1001 6-5990 USA

800-THE-ASME

www.asme.org


Compressed Gas Association (CGA) 
Suite 1004 - 1725 Jefferson David Hwy.

Arlington, VA 22202-4102 USA

703-412-0900

www.cganet.com


International Code Council, Inc. (ICC) 
5203 Leesburg Pike, Suite 708 
Falls Church, VA 22041 USA 
703-931-4533 
www.inticode.org 

National Fire Protection Association (NFPA) 
1 Batterymarch Park

Quincy, MA 02269-9101 USA

617-770-3000

www.nfpa.org


National Hydrogen Association (NHA) 
1800 M Street N.W. Suite 300 
Washington, DC 20036-5802 USA 
202-223-5547 
www.hydrogenus.com 

Society of Automotive Engineers (SAE) 
400 Commonwealth Dr.

Warrendale, PA 15096-0001 USA

724-776-3760

www.sae.org
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U.S. Department of Labor 
Occupational Safety & Health Administration (OSHA)

Office of Public Affairs - Room N3647

200 Constitution Avenue

Washington, D.C. 20210 USA

202-693-1999

www.dol.gov


U.S. Department of Transportation (DOT) 
400 7th Street, SW

Washington, DC 20590 USA

202-426-4000

www.dot.gov


U.S. Environmental Protection Agency (EPA) 
National Vehicle and Fuel Emissions Laboratory

2565 Plymouth Rd.

Ann Arbor, MI 48105 USA

313-668-4275

www.epa.gov


California Air Resources Board (CARB) 
9528 Telstar Ave.

El Monte, CA 91731-2900 USA

818-575-6800

www.arb.ca.gov


South Coast Air Quality Management District (AQMD) 
21865 E. Copley Dr.

Diamond Bar, CA 91765-4182 USA

909-396-2000

www.aqmd.gov


9.4.2 Canada 

Canadian Gas Association (CCA) 
20 Eglinton Avenue West

Suite 1305, P.O. Box 2017

Toronto, Ontario, Canada M4R 1 K8

416-481-1828

www.cga.ca


Canadian General Standards Board (CGSB) 
CGSB Sales Centre

Ottawa, Ontario, Canada K1A 1G6

819-956-0425 or 800-665-CGSB (within Canada)

www.pwgsc.gc.ca/cgsb
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Canadian Hydrogen Association (CHA) 
5 King's College Road

Toronto, Ontario, Canada M5S 3G8

416-978-2551

www.h2.ca


Canadian Standards Association International (CSA International) 
604-244-6652 
www.cssinfo.com 

Canadian Standards Organization (CSO) 
178 Rexdale Blvd.

Etobicoke, Ontario, Canada M9W 1 R3

416-747-4000

www.csa.ca


Transport Canada 
330 Sparks Street

Ottawa, Ontario, Canada K1A 0N5

613-990-2309

www.tc.gc.ca

For Transportation of Dangerous Goods Act and Regulations


9.4.3 Japan 

High-pressure Gas Safety Institute of Japan 
Sumitomo Shin Toranomon Bldg.

4-3-9, Toranomon, Minato-ku

Tokyo, Japan 105-8447

81-3-3436-6103

www.khk.orjp


Japan Industrial Gases Association (JIGA) 
3-2-6, Kasumigaseki, Tiyoda-ku

Tokyo, Japan 100-0013

81-3-3580-0886

www.jiga.gr.jp


9.4.4 International 

International Standards Organization (ISO) 

Ms. Sylvie Gingras, or

Secretary of ISO/TC 197 Dr. Tapan K. Bose

Bureau de normalisation du Quebec Hydrogen Research Inst., UQTR

333, rue Franquet P.O. Box 500

Sainte-Foy, Quebec Trois-Rivieres, Quebec

Canada G1P 4C7 Canada G9A 5H7

418-652-2238 819-376-5139

www.iso.ch/iso/en Tapan-Bose@UQTR.UQuebec.ca
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9.5 Research Organizations 

Contact the following organizations for more information on hydrogen 
powered and fuel cell vehicles: 

Alternative Fuels Data Center 
National Renewable Energy Laboratory 
1617 Cole Blvd. 
Golden, CO 80401-3393 USA 
303-231-1288 

Daimler-Chrysler Corporation 
FFVs and NGVs

800 Chrysler Dr. East

Auburn Hills, MI 48326-2757 USA

313-576-4991


Ford Motor Company 
Alternative Fuels Division 
14310 Hamilton Ave. 
Highland Park, MI 48203 USA 
800-258-3835 

Gas Research Institute 
8600 Bryn Mawr Ave. 
Chicago, IL 60631 USA 
312-399-8170 

General Motors Corp. 
Alternative Fuels Division 
30500 Mound Rd., ARMB 336 
Warren, MI 48090 USA 
313-986-5719 

Idaho National Environmental Engineering Laboratory 
Institute of Gas Technology

3424 S. State Street

Chicago, IL 60616-3896 USA

312-567-3877


National Alternative Fuels Hotline 
P.O. Box 70879 
Washington, DC 20024 USA 
800-423-1363 

U.S. Department of Energy (DOE) 
Office of Domestic and Energy Policy

Mail Stop EP (PE-50)

1000 Independence Ave., SW

Washington, DC 25085 USA

202-586-4456

www.doe.gov
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OBJECTIVES 

At the completion of this module, the technician will: 

• understand safety guidelines for hydrogen safe maintenance facilities 

• understand safety guidelines for hydrogen fueling facilities 
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10.1 Maintenance Facility Guidelines Key Points & Notes 

The maintenance facility guidelines detailed in the following sections are 
representative of those used in current fuel cell bus applications and are 
intended as guidelines only. Specific guidelines may vary depending on 
facility location and application. At all times, the maintenance 
must conform to all pertinent government regulations and comply 
local, state and federal building codes and hydrogen related regulations. 

Maintenance facilities for hydrogen fueled buses must include: 

• leak detection systems 

• fire detection systems 

• electrical classification for hazardous locations 

• positive ventilation 

• emergency stop equipment 

• designated parking and storage areas 

• ignition-free space heating equipment 

facility 
with all 

The specifications for each guideline are detailed in the following sec­
tions. 

10.1.1  Leak Detection Systems 

The facility must include appropriate hydrogen gas leakage detectors with 
a minimum of two detector heads mounted over the maintenance area. 
These detectors must be interlocked with the facility so that: 

Upon detection of 20% LFL hydrogen: 

•  an audible alarm sounds inside and outside the maintenance area 

• a red light flashes inside and outside the maintenance area 

•	 a 20% LFL alarm sounds and indicator light illuminates at the moni­
toring station 

•  all gas supplies shut off 

• all bay doors open 

• room ventilation increases from 6 to 12 air changes/hour 

Upon detection of 40% LFL hydrogen (as above, plus): 

•	 a 40% LFL alarm sounds and indicator light illuminates at the moni­
toring station 

•	  all electrical power to the test lab is disconnected, with the exception 
of the ventilation fan and other explosion proof equipment (such as 
emergency equipment, lights and signs) 

• the fire department is notified automatically 
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• the fire alarm sounds for building evacuation 

The leak detection system on-board the bus may not be operational during 
parking or maintenance activities. 

Hand-Held Leak Detectors 

Portable hand-held hydrogen leak detectors should be accessible at the 
indoor maintenance and parking areas. Hand-held leak detectors are used 
for routine leak tests, and can locate small leaks that do not trigger the 
facility leak detection system. 

Emergency Response Plan For Hydrogen Leaks 

A proper written response plan for various sizes and locations of  hydrogen 
leaks must be part of the facility's safety plan. The plan should include 
evacuation plans for personnel within and nearby the facility, and the safe 
withdrawal of all compressed gas buses. Other responses to a gas leak 
may include opening the bay doors, increasing the ventilation fan rate, 
alerting or evacuating other personnel, ceasing nearby operations, moving 
the bus outdoors, etc. 

The length of time that a hydrogen fueled bus can be run inside the facility 
should be limited as larger quantities of gas may be released when the bus 
is operating. Repairs should not be carried out in an area designated for 
parking only. 

10.1.2 Fire Detection Systems 

The facility must include appropriate fire (IR- or LTV-type) detectors, with 
a minimum of two detector heads mounted over the maintenance area. 
These detectors must be interlocked with the facility so that: 

Upon fire detection for <15 seconds: 

•  An audible alarm sounds inside and outside the lab area 

• A red light flashes inside and outside the lab area 

Upon fire detection for > 15 seconds, as above, plus: 

•  All gas supplies shut off 

•	 All electrical power to the test lab is disconnected, with the exception 
of the ventilation fan and other explosion proof equipment (such as 
emergency equipment, lights and signs) 

• The fire department is notified 

• The building is evacuated (fire alarm sounds) 

Proper maintenance facility fire detection systems are essential. 

Key Points & Notes 

Hydrogen Fuel Cell Engines and Related Technologies: Rev 0, December 2001 
Word Searchable Version not a True Copy 



PAGE 10- 3 


Hydrogen Fuel 
Cell Engines 

MODULE 10: MAINTENANCE AND FUELING 
FACILITY GUIDELINES 

Flammable gas mixtures of hydrogen in air are easily ignited by elec-
trical discharges or other ignition sources. Once ignited, a hydrogen
flame is almost invisible in daylight due to the absence of soot. 

The fire suppression system on-board the bus may not be operational 
during parking or maintenance activities. 

Emergency Response Plan For Hydrogen Fires 

A proper written response plan for various sizes and locations of  hydrogen 
fires must be part of the facility's safety plan. The plan should include 
evacuation plans for personnel within and nearby the facility, and an 
appropriate fire fighting strategy for the emergency response team. 

10.1.3  Electrical Classification For Hazardous Locations 

All electrical equipment and machinery that have a potential for exposure 
to hydrogen should conform to NFPA 70, National Electrical Code re­
quirements. According to NFPA 50A, all equipment within 15 ft (4.6 m) 
of hydrogen equipment must be classified Class I, Div 2. All equipment 
within 4.9 ft (1.5 m) must be classified Class I, Div 1. 

In the US, the electrical installation must conform to the National Electri­
cal Code, Article 500 and supplements pertinent to “Hazardous Locations: 
Class 1 Installations”. 

In Canada, the electrical installation must conform to the Canadian Elec­
trical Code Part 1, Section 18, which describes electrical equipment 
classification for hazardous locations. 

In general, these classifications dictate that all electrical power must be 
interrupted during a facility alarm condition except power that feeds 
explosion proof equipment. 

10.1.4 Positive Ventilation 

A maintenance facility must have positive ventilation that can operate at a 
normal rate of 6 air changes per hour, and increase automatically to 12 air 
changes per hour when hydrogen is detected. Ventilation flow should be 
designed such that any hydrogen leaks is exhausted to the outside without 
dispensing throughout the maintenance shop or accumulating below the 
ceiling. 

10.1.5 Emergency Stop Equipment 

The facility must have an automatic emergency stop capability to shut 
down all facility hydrogen flow and electrical power. At least one emer­
gency stop button should be located away from the immediate shop area 
so that personnel can evacuate the area in an emergency prior to pressing 
the button. 

Key Points & Notes 
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10. 1.6  Designated Parking and Storage 

Indoor areas where a hydrogen fueled bus is parked while fueled must 
contain the same hydrogen safety equipment described for maintenance 
facilities. In addition, vehicles fueled with liquid hydrogen must be at­
tached to a dedicated vent so that any fuel bleed-off discharges directly 
outdoors. Indoor parking or maintenance bays should be situated to make 
it easy to quickly move the vehicle outdoors should a leak occur. 

Any vehicle that is known to be leaking hydrogen must not be 
brought indoors. 

Outdoor areas where the bus is parked while fueled must be free of 
sources of ignition (such as operating electrical equipment) and overhead 
obstructions (such as wires or overpasses). 

The bus can be parked in any indoor or outdoor location provided the fuel 
storage system has been vented to 10 psig (0.7 barg). This slightly above 
atmospheric pressure prevents air from entering the system. As a matter of 
course, the fuel storage system should always be vented if a vehicle is 
stored for one month or longer. 

10. 1.7  Heating Equipment 

Facility heating equipment must not use electrical elements, generate 
sparks, or present open flames within the electrical classification area. 
This applies equally to systems used to heat the facility at large, and local 
systems used to prevent the fuel cell stacks from freezing (whether indoor 
or outdoor). To comply with this, heat must be ducted into the area using 
hot air, hot water, or steam. No surface should exceed 800 °F (426 °C. 
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10.2 Fueling Facility Guidelines 

The fueling facility guidelines detailed in the following sections are 
representative of those used in current fuel cell bus applications and are 
intended as guidelines only. Specific guidelines may vary depending on 
facility location and application. At all times, the fueling facility must 
conform to all pertinent government regulations and comply with all local, 
state and federal building codes and hydrogen related regulations. 

The fueling facility must be located outdoors away from any operating
electrical machinery or overhead wires. A weather awning or structure 
over portions of the fuel dispensing area is allowed, provided it does 

Key Points & Notes 

not 
interfere with the venting or diffusion of hydrogen gas. 

Fueling facilities for hydrogen fueled buses must provide: 

• appropriate mechanical design 

• appropriate electrical design 

• adequate clearances 

• adequate safety provisions and equipment 

• appropriate use of materials 

• appropriate security arrangements 

• appropriate maintenance procedures 

The specifications for each guideline are detailed in the following sec­
tions. 

10.2.1 Mechanical Design 

For safe operation, the mechanical design of the fueling facility must meet 
the following guidelines: 

•	 The dispensing hose, compressors, tanks, piping manifold and other 
hydrogen containing portions of the fueling facility must be grounded 
together by a dedicated cable. 

•	 During fueling, the fueling facility dispensing equipment and the bus 
must be grounded together using a dedicated cable. A positive 
grounding interlock system may be used to prevent access to the bus 
fueling receptacle until a positive ground connection has been made. 

•	 Check valves must be installed within the fuel dispensing station and 
inside the bus fill port to ensure that there is no backflow during any 
transfer of hydrogen. 

•	 All storage tanks must have pressure relief devices that release on 
overpressure or when exposed to fire. 

•	 The compressors must be explosion proof and designed for hydrogen 
compression. 
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•	 The lines from the compressor, storage tanks and bottles must have 
automatic fast closing valves and manual shutoff valves at both the 
storage and dispenser ends. 

•	 The fuel dispenser must have a breakaway connection on each hose 
that limits the breakaway force to 150 lb (660 N). A manual isolation 
valve must be installed immediately upstream of this breakaway con­
nection. A bleed-off device must be located between the manual isola­
tion valve and the breakaway connection. The breakaway connection 
must incorporate double shutoff features that isolate both sides of the 
connection when uncoupled. 

•	 The excess-flow and normal hydrogen shutoff valves at the fueling
station should be positioned and anchored so that they will not be dis­
turbed if the fuel hose and/or piping are strained or torn apart. 

•	 Hoses must have retractors or counterweights to prevent fueling 
connections from hitting the ground. 

• The fueling receptacle must be approved for hydrogen use. 

•	 The fueling receptacle must have a sealed vent-back connection. This 
connection must be designed to convey the vent gas to a safe area. 
The hose or pipe used in this line must de-couple so that it cannot in­
terfere with the breakaway on the dispenser hose. 

•	 The fueling system (hoses, lines and receptacle) must prevent the 
entry of air into the vehicle fuel system and fueling station equipment. 

•	 Fuel transfer must be automatically interrupted when the bus fuel tank 
contains low-pressure (15 psig; I barg). Low tank pressure may indi­
cate that the tank contains air. The pressure relief device may have 
leaked the hydrogen out of the tanks and air may have diffused into 
the tanks. 

•	 The fuel dispenser must have a temperature compensation system. 
This system must either adjust the fill pressure to compensate for 
variations in ambient temperature and the heating of the tanks during
fueling, be calibrated to prevent tank overtemperature, or operate with 
reference to a temperature transducer located inside one of the bus 
tanks. 

•	 The fuel dispenser must automatically shut down when the vehicle 
storage system is full and must prevent tank overpressure at all tem­
peratures. 

•	 Automatic electronic systems must interrupt fueling both during 
overtemperature or overpressure conditions (as above) or during other 
fueling station faults. The automatic shutdown must interrupt all elec­
trical power to the fueling apparatus including compressors and other 
equipment. 

•	 The fueling station must include a vent provision capable of discharg­
ing the entire contents of the vehicle fuel storage to the atmosphere in 
a safe location and manner. The fueling station may include an op­
tional defueling system, capable of capturing the hydrogen for re-use. 

Key Points & Notes 

Hydrogen Fuel Cell Engines and Related Technologies: Rev 0, December 2001 
Word Searchable Version not a True Copy 



PAGE 10- 7 


Hydrogen Fuel 
Cell Engines 

MODULE 10: MAINTENANCE AND FUELING 
FACILITY GUIDELINES 

• All safety relief valves vent ports must discharge in a safe location 
and manner. 

Key Points & Notes 

• The structural foundation must be adequate to support all components 
including the bus. The fueling area must be level. 

10.2.2 Electrical Design 

For safe operation, the electrical design of the fueling facility must meet 
the following guidelines: 

• All electrical equipment and machinery that have a potential for 
exposure to hydrogen should conform to NFPA 70, National Electri-
cal Code requirements. According to NFPA 50A, all equipment 
within 15 ft (4.6 in) of hydrogen equipment must be classified Class I, 
Div 2. All equipment within 4.9 ft (1.5 in) must be classified Class I, 
Div 1. 

• Electrical equipment that produces sparks may not be used. Unclassi-
fied electrical equipment must be located away from the fuel dispens-
ing and fuel delivery equipment. 

• All hydrogen-bearing equipment and all electrical equipment must be 
grounded to the facility (including the dispensing station and hose). 

• A lightning arrestor must be connected to the facility. The cable and 
its footing must be correctly sized to ensure proper grounding. 

• Electric and open flame heaters may not be used. Any required heat 
must be supplied convectively by way of hot air, hot water, steam or 
some other indirect method. 

10.2.3 Clearances 

The fueling facility must include the following clearances: 

• The facility may not be located under overhead wires, roadways or 
other obstructions. 

• The facility must provide adequate space to access the bus. 

10.2.4 Safety Provisions 

The fueling facility must include the following safety features: 

• The fueling facility must be outdoors. 

• No ignition sources may be present at any time. 

• An infrared or ultraviolet flame sensor is required in the vicinity of 
the fueling facility. The flame sensor must interrupt all electrical 
power to the fueling apparatus and shut off the gas flow when trig-
gered. 

• Emergency stop buttons are required at each fuel dispenser and at 
each exit from the fueling area. 
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• Only non-sparking tools may be used to operate or maintain the 
facility. 

Key Points & Notes 

• Fire extinguishing equipment and procedures must be in place. 

• All personnel must be trained in emergency procedures and an 
evacuation plan. 

• A fueling and maintenance record must be kept. 

• All certifications and permits must be in place. 

Regulatory signs must be included as required. In the absence of specific 
regulations, signs should indicate: 

• that no smoking is permitted at any time 

• that the bus must be grounded to the fueling facility and the ignition 
must be off 

• that only non-sparking tools are permitted 

• the location of fire extinguishers 

• the location of the emergency stop buttons 

• the location of manual shutoff valves 

10.2.5 Materials 

The fueling facility must use materials that are non-combustible, resistant 
to hydrogen embrittlement and compatible with fuel cell systems. Specifi-
cally: 

• Materials must meet fuel cell system requirements as detailed in 
Section 7.1.5. 

• Hoses must be made of synthetic material with stainless steel braid 
and be certified for compressed hydrogen gas use. Hoses must be 
electrically conductive. The hose ends should be installed by the hose 
manufacturer and the hose assembly must be pressure tested to 1.5 
times the rated pressure. Hoses should be documented with serial 
number, test pressure, test date and first date of service. 

The design of hydrogen facilities should include use of low tensile 
strength steels wherever possible, proper annealing and welding proce-
dures, and the avoidance of notches, rapid temperature changes, an 
temperature excursions above and below ambient temperature wherever 
possible. 

10.2.6 Security 

The fueling facility should provide adequate security. 

Hydrogen Fuel Cell Engines and Related Technologies: Rev 0, December 2001 
Word Searchable Version not a True Copy 



PAGE 10- 9 


Hydrogen Fuel 
Cell Engines 

MODULE 10: MAINTENANCE AND FUELING 
FACILITY GUIDELINES 

10.2.7 Maintenance 

The fueling facility instruments and equipment must be regularly main­
tained. A maintenance record must be kept. This maintenance should 
include, as a minimum: 

• regular testing and calibration of hydrogen flame detectors. 

•	 regular testing and calibration of gas dispenser temperature compensa­
tion systems. 

• regular testing and calibration of gas dispenser excess flow valve. 

• regular testing and calibration of low-pressure shut off valve. 

• regular testing and calibration of all pressure relief devices. 

• regular compressor service as required by the manufacturer. 

• regular leak tests. 

• regular inspection of all components for damage, wear or corrosion. 

•	 hoses should be discarded after 12 months of use or immediately after 
any mechanical abuse such as a breakaway incident. 

Facilities should undergo regular fire prevention inspections. This fire 
prevention inspection includes all devices that are commonly inspected in 
transit garages, such as: 

•	 general condition of automatic sprinkler heads, sprinkler valve assem­
blies, dry pipe valves and locked valve shutoffs 

• yard hydrants, hoses and portable fire extinguishers 

• water supplies


• operational verification and readiness of automatic systems


•	 housekeeping issues, including cutting and welding procedures, 
smoking regulations and emergency procedures 

10.2.8  Liquid Hydrogen Fueling Facilities 

A liquid hydrogen fueling facility consists of a liquid hydrogen storage 
tank, a vaporizer, a dispensing unit, and associated piping, tubing and 
valves. The purpose of the vaporizer is to generate enough vapor pressure 
to initiate liquid flow. The dispensing system must include a vapor return 
line to the liquid hydrogen storage tank. 

A liquid hydrogen fueling facility has the same basic requirements as a 
gaseous fueling station. In addition: 

•	 Special materials and procedures must be used with respect to cryo­
genic temperatures. Insulation must be non-combustible and provide a 
vapor-tight seal in the outer covering to prevent air condensation and 
subsequent oxygen enrichment within the insulation. The insulation 
and outside shield must prevent attrition under normal operating con-

Key Points & Notes 
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ditions. Personnel must wear eye protection, gloves and outerwear 
made of fire resistant clothing designed for use with cryogenic materi­
als. 

•	 Equipment must not be installed above asphalt surfaces or other 
combustible materials in order to prevent the contact of liquid air with 
these surfaces. Concrete is ideal. Drip pans are suitable where re­
quired. 

• Bleed-off gas must vent in a safe manner 

•	 All vent lines must discharge safety without impingement on the 
storage container, adjacent structures or personnel. 

•	 A high-pressure air or nitrogen supply needs to be available at the 
dispenser to clean ice and frost from the receptacle. The nozzle’s mat­
ing surface must be clean and free of dust, frost, or other solid parti­
cles before use. 

•	 Air leaks into the liquid systems must not occur. Helium must be used 
to purge cold liquid systems since all other gases will condense and 
freeze at liquid hydrogen temperatures. 

Key Points & Notes 
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11.1 Glossary 

This glossary covers words, phrases, and acronyms that are used with fuel 
cell engines and hydrogen fueled vehicles.  Some words may have different 
meanings when used in other contexts. 

There are variations in the use of periods and capitalization for abbrevia ­
tions, acronyms and standard measures. The terms in this glossary are pre­
sented without periods. 

ABNORMAL COMBUSTION –  Combustion in  which knock,  pre-ignition, run-
on or surface ignition occurs; combustion that does not proceed in the nor­
mal  way  (where  the  flame  front  is initiated  by  the  spark  and  proceeds 
throughout the combustion chamber smoothly and without detonation). 

ABSOLUTE PRESSURE – Pressure shown on the pressu re gauge plus at­
mospheric pressure (psia). At  sea level atmospheric pressure is 14.7 psia. 
Use absolute pressure in compressor calculations and when  using the ideal 
gas law.  See also psi and psig. 

ABSOLUTE TEMPERATURE – Temperature scale  with  absolute  zero  as  the 
zero of the scale. In standard, the absolute temperature is the temperature 
in °F plus 460, or in metric it is the temperature in °C plus 273. Absolute 
zero is referred to as Rankine or r, and in metric as Kelvin or K. Use abso­
lute temperature in compressor calculations, and when using the ideal gas 
law. 

ABSORPTION – To draw into the surface of. See also adsorption. 

AC – Alternating Current. 

AC GENERATOR (or ALTERNATOR) – An electric device that produces an 
electric current that reverses direction many times per second. Also called a 
synchronous generator. 

ACTUAL CAPACITY – The quantity of gas actually compressed and delivered 
by a compressor cylinder.  This is cylinder displacement (PD) times volumet­
ric efficiency (VE). This is the capacity normally quoted on air compressors 
only, expressed in ACFM (actual cubic feet per minute). 

ADP – Advanced Digital Processor 

ADSORPTION – To stick to the surface of. See also absorption. 

AIR-FUEL RATIO (A/F) – The proportions, by weight, of air and fuel supplied 
for combustion. 

AIR POLLUTION – Any contamination of the air that is harmful to humans, 
animals or plants. 

ALCOHOLS – A group of colorless organic compounds, each of which con­
tains a hydroxyl (OH) group.  The simplest alcohol is methanol CH30H. 
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ALGORITHM – A process or procedure used to solve a problem. Generally 
synonymous with “programs” or “software” in a computer system. 

ALTERNATING CURRENT (AC) – A type of current that flows from positive to 
negative and from negative to positive in the same conductor. 

ALTERNATIVE FUEL – An alternative to gasoline or diesel fuel that is not 
produced in a conventional way from crude oil, for example CNG, LPG, LNG, 
ethanol, methanol and hydrogen. 

AMPERES (Amps or A) – Unit of current flow. One Amp equals one coulomb 
of charge passing by a point per second. 

ANALOG SIGNAL – An electrical signal that varies in voltage within a given 
parameter. 

ANION – A negatively charged ion. 

ANODE – The electrode at which oxidation (a loss of electrons) takes place. 
For fuel cells, the anode is electrically negative; for the opposite reaction of 
electrolysis, the anode is electrically positive. 

ANSI – American National Standards Institute 

AROMATICS – Chemical compounds added to natural gas in order to impart 
odor. Aromatics cannot be added to hydrogen for fuel cell use. 

ASME CODE – The American Society of Mechanical Engineers’ Boiler and 
Pressure Vessel Code. 

ASME CONTAINER – Any container/cylinder manufactured to the specifica ­
tions of the American Society of Mechanical Engineers in effect at the time of 
fabrication. 

ATMOSPHERIC PRESSURE – The absolute pressure above a perfect vacuum 
at any geographic location or temperature. The atmospheric pressure at sea 
level is 29.92 "Hg or 14.74 psi at 59 °F. Any change in altitude, temperature 
or movement of atmospheric air masses alters this figure. 

AUTOIGNITION TEMPERATURE – The minimum temperature required to 
initiate self-sustained combustion in  a combustible fuel mixture in the ab­
sence of a source of ignition.  (Also known as self-ignition temperature.) 

AUTOMOTIVE AIR POLLUTION – Evaporated and unburned fuel and other 
undesirable by-products of combustion that escape from a vehicle into the 
atmosphere, mainly carbon  monoxide (CO), hydrocarbons (HC), nitrogen ox-
ides (NOx), sulfur oxides (SOx) and particulates. 

BACKFIRE – The accidental explosion of an overly rich mixture in the ex­
haust manifold of a spark-ignition engine. Backfire conditions can also de­
velop  if  the  premature ignition occurs near the fuel  intake  valve  and  the 
resultant flame travels back into the induction system. 
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bar – Metric unit of pressure equal to one atmosphere. Bar is more correctly 
indicated as bara — pounds per square inch absolute, or the absolute pres­
sure measured relative to a perfect vacuum. Related to this is barg – pounds 
per square inch gauge as  measured relative to atmospheric pressure. 0 barg 
= 1 bara. 

BASIC GAS LAWS – The relationships between pressure, temperature and 
volume/density of gas.  See Boyle’s Law, Charles’ Law and Ideal Gas Law. 

BATTERY – An energy storage device that produces electricity by means of 
chemical action.  It consists of one or more electric cells. each of which has 
all the chemicals and parts needed to produce an electric current. 

BENZENE – The simplest aromatic hydrocarbon, consisting of a single aro­
matic ring. A common constituent of gasoline and gasoline engine exhaust. 
It is a known carcinogen and is considered a toxic air contaminant. 

BI-FUEL – A system that can operate on two fuels, one at a time and not si­
multaneously, such as gasoline and CNG. 

BOILING POINT – The temperature at which a liquid becomes a gas or vice 
versa. 

BOROSCOPE –  Apparatus  that enables detailed visual inspection of  internal 
cylinder and tube surfaces, and allows for close up inspection of affected ar­
eas. 

BOYLE’S LAW (First Gas Law) – If temperature remains constant, the vol­
ume occupied by a given weight of gas varies with its absolute pressure.  As 
the volume of a gas is reduced, its pressure increases. Named for British 
physicist Robert Boyle (1627-1691). Also known as Mariotte’s Law. 

BRITISH THERMAL UNITS (Btu) – The quantity of heat required to raise the 
temperature of one pound of water 1 °F. Also Btuh: British thermal units 
per hour. 

Btuh - British Thermal Units per Hour 

BURST DISK – A safety device commonly used to relieve accidental high-
pressure from a circuit.  The burst disk is designed to rupture when sub­
jected to a predetermined pressure level. 

BURNING SPEED – The speed at which a flame travels through a combusti­
ble gas mixture (different from flame speed). 

BUTANE – A type of petroleum gas that is liquid below 32 °F (0 °C) at at­
mospheric pressure. 

BYPASS – A separate passage that permits a liquid, gas, or electric current 
to take a path other than that normally used. 

CAA – Clean Air Act 
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CALIBRATE – To check or correct the initial setting of a test instrument. 

CALIFORNIA AIR RESOURCES BOARD (CARB) – The California Air Re-
sources  Board certifies alternative fuel systems  for adequate emissions per ­
formance.  Any al ternat ive fuel  system  conversions  should  employ only 
components approved by CARB, otherwise the EPA can require that the ve­
hicle be returned to its original configuration. 

CAPACITOR – An energy storage device that stores electrical energy in the 
form of an electrical charge. A capacitor consists of two metal plates with an 
insulating dielectric between them. 

CAPACITY – The water volume of a container in standard cu ft (cf or ft3) per 
gallon.  (NFPA 52) 

CARB - California Air Resources Board; see entry. 

CARBON (C) – An atom and primary constituent of hydrocarbon fuels. Car-
bon is routinely left as a black deposit left on engine parts such as pistons, 
rings, and valves by the combustion of fuel. 

CARBON DIOXIDE (CO2) – A colorless, odorless gas that results from the 
complete combustion of carbon with oxygen. Carbon dioxide is a greenhouse 
gas and is a major contributor to the greenhouse effect. 

CARBON MONOXIDE (CO) – A pollutant from engine exhaust that is a color-
less, odorless,  tasteless, poisonous gas that results  from  incomplete com­
bustion of carbon with oxygen. 

CARBURETION – The actions that take place in the carburetor: converting 
liquid fuel to vapor and mixing it with air to form a combustible mixture. 

CARBURETOR – The device in an engine fuel system that mixes fuel with air 
and supplies the combustible mixture to the intake  manifold  for  varied 
speed and load conditions of the engine. 

CATALYST – A substance that can speed or slow a chemical reaction be-
tween substances, without itself  being consumed by the  reaction. Platinum 
is a typical catalyst. 

CATALYTIC CONVERTER – A device in  the  exhaust  system containing a 
catalyst so that reactions can occur that convert undesirable compounds in 
the exhaust gas into harmless gases. 

CATHODE – The electrode at which reduction (a gain of electrons) takes 
place. For fuel cells, the cathode is electrically positive; for the opposite reac­
tion of electrolysis, the cathode is electrically negative. 

CATION – A positively charged ion. 

cc – Cubic centimeter; see entry. 
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CELSIUS – Metric temperature scale and unit of temperature (°C). Named 
for Swedish as t ronomer  Anders  Cels ius  (1701-1744) al though the  ther ­
mometer first advocated by him in 1743 had 100° as the freezing point of 
water, and 0° as the boiling point, the reverse of the modem Celsius scale. 
Also called the Centigrade scale, for the Latin for “hundred degrees.” 

CENTIMETER (cm) – A metric unit of linear measure. One centimeter equals 
about 0.4 inch, and one inch equals about 2.5 centimeters. One foot is equal 
to approximately 30 centimeters. 

CENTRAL (FUEL) DELIVERY SYSTEM – This system forms the fuel-air mix­
ture during the intake stroke. The injection is at the inlet of the air intake 
manifold. A carburetor is a central delivery system. 

CETANE NUMBER – An indicator of the ignition quality of diesel fuel. A 
high-cetane fuel ignites more easily (at lower temperature) than a low-cetane 
fuel.  Cetane numbers for diesel fuels range from 30 to 70 while 40 to 50 is 
typical. 

cf (ft3) – Cubic foot of gas determined at 14.7 psia and 70 °F (100 kPa and 21 
°C). 

CHARLES’ LAW (Second  Gas Law)  –  Named for French scientist Jacques 
A.C. Charles (1746-1823). Charles’ law states that if pressure remains con­
stant,  the volume of  a gas increases proportionately  with any increase in 
temperature. Also known as the Gay-Lussac law for French chemist Joseph 
Louis  Gay-Lussac (1778-1850) who published his work in 1802, whereas 
Charles claimed to have reached his conclusions in 1787 but never pub ­
lished them. Charles was the first to use hydrogen in a balloon, and his 
work on gas temperature led to the discovery of absolute zero. 

CHECK – To verify that a component, system or measurement complies with 
specifications. 

CHECK VALVE – A valve that opens to permit the passage of air or fluid in 
one direction only, or operates to prevent (check) some undesirable action. 

CHEMICAL FORMULA – A chemical formula describes the chemical compo­
sition of  a  molecular  compound  or  substance according to its constituent 
atoms.  Hydrogen, methanol and ethanol are pure substances with a definite 
formula.  Natural gas,  commercial propane, gasoline and diesel fuel have 
variable compositions. 

CHEMICAL REACTION  – The formation of one or more new substances 
when two or more substances are brought together. 

CLEAN AIR ACT (CAA) – Legislation enacted to regulate emissions and air 
pollution. 

cm – Centimeter; see entry. 

CNG – Compressed Natural Gas; see entry. 
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CNG CYLINDER – A cylinder or other container designed for use or used as 
part of a CNG system 

CO – Carbon Monoxide; see entry. 

CO2 – Carbon Dioxide; see entry. 

COALESCING FILTER – A filter designed to separate liquid from gas. 

COMBUSTION – Burning,  fire produced by the proper combination of fuel, 
heat, and oxygen.  In the engine, the rapid burning of the air-fuel mixture 
that occurs in the combustion chamber. 

COMBUSTION CHAMBER – The space between the top of the piston and the 
cylinder head, in which the air-fuel mixture is burned. 

COMPOUND MOTOR – A type of DC electric motor in which two field mag-
nets are connected to the armature, one in series and the other in parallel. 

COMPRESSED HYDROGEN GAS (CHG) – Compressed hydrogen gas is hy­
drogen compressed to a high-pressure and stored at ambient temperature. 

COMPRESSED NATURAL GAS (CNG) – Mixtures of  hydrocarbon gases and 
vapors, consisting principally  of  methane  in  gaseous form that has been 
compressed for use as a vehicular fuel. (NFPA 52) 

COMPRESSION – Reducing the volume  of  a gas by squeezing it  into  a 
smaller space. Increasing the pressure reduces the volume and increases 
the density and temperature of the gas. 

COMPRESSION IGNITION (CI) ENGINE – An internal combustion engine in 
which air is admitted to the engine on the intake stroke and the rapid com­
pression of the air raises the temperature to such a point that the fuel ig­
nites.  Typified by the diesel engine. 

COMPRESSION RATIO (CR) – The volume of the cylinder when the piston is 
at BDC, divided by the volume of the cylinder when the piston is at TDC. 

COMPRESSION RING – The upper ring or rings on a piston, designed to hold 
the compression in the combustion chamber and prevent blowby. 

COMPRESSION STROKE – The piston movement from bottom dead center to 
top dead center immediately following the intake stroke, during which both 
the intake and exhaust valves are closed while the air fuel mixture in the 
cylinder is compressed. 

COMPRESSOR – Equipment that pressurizes air, gas, etc. into a com­
pressed state. 

COMPUTER – A programmable electronic device that can store, retrieve and 
process data. 

CONDENSATION – A change of state during which a gas turns to liquid, 
usually because of temperature or pressure changes. 
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CONDENSER – A device used to liquefy water from a moist gas stream. 

CONSTANT VOLUME INJECTION (CVI) SYSTEM – A type of port injection 
fuel delivery system in which air  is injected separately at the beginning of 
the intake stroke to dilute the hot residual gases and cool any hot spots. 

COOLANT – A liquid used to transfer heat to or from engine components. In 
a fuel cell engine, the coolant consists of either pure de-ionized water, a mix­
ture of de-ionized water with pure ethylene glycol, or standard antifreeze de-
pending on the circuit. 

COOLING SYSTEM – A system that removes heat from engine components 
by the forced circulation of coolant. Fuel cell engines typically have a bus 
cooling system and a stack cooling system. 

CR – Compression Ratio; see entry. 

CRANKCASE – The lower part of the engine in which the crankshaft rotates; 
includes the lower section of the cylinder block and the oil pan. 

CRANKCASE VENTILATION – The circulation of air through the crankcase of 
a running engine to remove water,  blowby and other vapors to prevent oil 
dilution, contamination, sludge formation and pressure buildup. 

CRYOGENIC TEMPERATURES – Temperatures below –100 °F (200 K; –73 
°C). 

CTC - Canadian Transportation Commission. 

CUBIC CENTIMETER – A volume of space equal to a cube that is one centi­
meter on each side. Abbreviated as cc or cm3, and equivalent to a milliliter 
(mL) in capacity. 

CYLINDER –  A high pressure gas container  (constructed, inspected, and 
maintained according to DOT or CTC regulations, ANSI/AGA NGV2, or CSA 
B51 standards.  (NFPA 52)). Alternatively, a cylinder is also the circular tube-
like opening in an engine block or casting in which a piston moves up and 
down. 

DC – Direct Current; see entry. 

DC GENERATOR – An electrical device that produces an electric current 
that always flows in the same direction. 

DECELERATION– A decrease in velocity or speed with time; allowing the car 
or engine to coast to idle speed from a higher speed with the acceleration at 
or near the idle position. 

DEFUELING – The terms depressurizing, venting and defueling all mean the 
release of gas from a vessel. The term defueling is used to mean the capture 
of released hydrogen for future use; the reverse of fueling. 
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DE-IONIZED WATER:  Water  wi th  i t s  ions  removed to make i t non-
conductive. Also known as distilled water. 

DE-IONIZING FILTER: A filter that removes ions from a liquid. 

DENSITY – Density is measured as the amount of mass contained per unit 
volume. Density values only have meaning at a specified temperature and 
pressure since both of these parameters affect the compactness of the mo­
lecular arrangement, especially in a gas. The density of a gas is called its 
vapor density, and the density of a liquid is called its liquid density. 

DETONATION  – The very rapid burning of  vapor resulting  in  a self-
sustaining shock wave,  the  pressure  behind  which is several atmospheres. 
Detonation waves travel at speeds exceeding the speed of sound in air. In an 
internal  combustion engine,  detonation is  commonly  referred to as spark 
knock or ping.  In the combustion chamber, an uncontrolled second flame 
front  (after  the spark occurs at the spark plug)  with  spontaneous  combus­
tion of  the  remaining compressed  air-fuel  mixture,  resulting in a pinging 
noise. See pre-ignition and octane. 

DEUTERIUM – Heavy hydrogen: containing a neutron in addition to a proton 
and electron. 

DIAGNOSIS – A procedure followed in locating the cause of a malfunction. 

DIAGNOSTIC CODE – A code obtained from a computerized diagnostic tool. 

DIAPHRAGM – A thin dividing sheet or partition that separates an area into 
compar tments ;  used  in  fue l  pumps ,  modula to r  va lves ,  vacuum ad vance 
units and other control devices. 

DIELECTRIC – A nonconductive, insulating material. 

DIESEL FUEL – Diesel fuel is the most common fuel for heavy-duty engines 
and is therefore a standard of comparison for other fuels. 

DIESEL VOLUME EQUIVALENT (DVE) – The number of standard cubic me­
ter of hydrogen equivalent to a liter of diesel (or, alternatively, scf of hydro­
gen equivalent to a gallon of diesel on an energy-equivalent basis). 

DIPSTICK – An engine fluid level indicator. 

DIRECT CURRENT (DC) – A current that flow through a circuit in one direc­
tion only. Direct current voltage is designated VDC. 

DIRECT CYLINDER (FUEL) INJECTION SYSTEM – A sophisticated system 
that forms the fuel-air mixture inside the combustion cylinder after the air 
intake valve has closed. 

DIFFUSIVITY – The ability of a gas to diffuse in air. 
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DISTRIBUTOR PILATE – The plate in the ignition distributor to which the 
coil switching device (points or pickup coil) is mounted and is usually moved 
by the vacuum advance. 

DOT – US Department of Transportation. 

DRY GAS – A gas that does not contain water vapor. 

DUAL-FUEL – A system that operates on two fuels simultaneously, such as 
a fumigated diesel engine that runs on diesel and natural gas. 

EFFICIENCY– The ratio between an actual result and the theoretically pos­
sible result. 

EFFICIENCY, THERMAL – The ratio of the useable work that results from a 
thermodynamic process (such as a chemical reaction) to the total amount of 
energy released during the process. 

EFFICIENCY, SYSTEM (OR OVERALL) – The ratio of the useable work that 
results from some series of processes to the total amount of energy used 
during those processes. System efficiency is only meaningful in relation to a 
defined series of processes; for example, the system efficiency for an engine 
at the flywheel is different  (and necessarily higher  than)  the  system effi ­
ciency at the wheels of a vehicle. The system efficiency for one system is of-
ten compared inappropriately to the system efficiency  for another system 
that is defined differently. 

EJECTOR – A device used to circulate gas: new gas enters the ejector where 
it mixes with and drives the recirculating flow by way of suction. 

ELECTRONIC FUEL INJECTION (EFI) SYSTEM – A type of port injection fuel 
delivery system that meters the hydrogen fuel to each cylinder, using indi­
vidual electronic fuel injectors for each cylinder and plumbed to a common 
fuel rail. The system uses variable injection timing and constant fuel rail 
pressure. 

ELECTRODE – A conductor through which electricity enters  or  leaves an 
electrolyte. Batteries and fuel cells have a negative electrode (the anode) and 
a positive electrode (the cathode). 

ELECTRONIC FUEL INJECTION SYSTEM (EFI) – A system that injects fuel 
into a spark ignition engine, and uses computer controls to meter and time 
fuel delivery.  (see GFI) 

ELECTROLYSIS – The decomposition  water into its elemental components 
(hydrogen and oxygen) through the application of electrical energy. 

EMISSION CONTROL – Any device or modification added onto or designed 
into a motor vehicle for the purpose of reducing air polluting emissions. 

EMISSION STANDARDS – Allowable automobile emission levels, set by local, 
state and federal legislation. 
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ENCLOSURE – A structure whose purpose is to protect equipment from the 
environment or to provide noise attenuation.  (NFPA 52) 

ENDOTHERMIC – A chemical reaction that draws heat inward during the 
process of reaction. 

ENERGY – The quantity of work a system or substance is capable of doing, 
usually measured in British thermal units (Btu) or Joules (J). 

ENERGY CONTENT – Amount of energy for a given weight of fuel. Every fuel 
can liberate a fixed amount of energy when it reacts completely with oxygen 
to form water.  This energy content is measured experimentally and is quan­
tified by a fuel’s higher heating value (HHV) and lower heating value (LHV). 
The difference between the HHV and the LHV is the “heat of vaporization” 
and represents the amount of energy required to vaporize a liquid fuel into a 
gaseous fuel, as well as the energy used to convert water to steam. 

ENERGY DENSITY – Amount of energy for a given volume of fuel. Thus, en­
ergy density is the product of the energy content and the density of a given 
fuel. 

ENGINE – A machine that converts heat energy into mechanical energy. 

ENTHALPY – The thermodynamic measure of heat content. Enthalpy is used 
as a way to quantify the amount of energy released or absorbed when a sys­
tem changes from one state to another. 

ENTHALPY OF REACTION – The amount of energy released or absorbed dur­
ing a chemical reaction.  When water and oxygen combine to form water, the 
amount  o f  energy released  i s  equiva lent  to  –230  BTU/mole w a t  e r  (–242  
kJ/molewater). 

ENTROPY – The thermodynamic measure of the relative disorder or ran­
domness of the universe.  In any spontaneous process, entropy must always 
increase. It is this principle that makes perpetual motion machines impossi­
ble. 

ENVIRONMENTAL PROTECTION AGENCY (EPA) – The independent agency 
of the United States government  that sets standards and  coordinates activi­
ties related to automotive and stationary emissions and the environment. 

EQUIVALENCE RATIO – The actual A/F ratio divided by the stoichiometric 
A/F ratio. Lean mixtures are described as less than 1.0 and rich mixtures 
are greater than 1.0. 

ETHANOL – An alcohol composed of carbon, hydrogen and oxygen. It is a 
clear colorless liquid and is the same alcohol found in beer, wine and whis­
key.  Ethanol is produced by fermenting a sugar solution with yeast. 

EVAPORATION – The transforming of a liquid to the gaseous state. 

EXHAUST EMISSIONS – Pollutants emitted into the atmosphere through 
any opening downstream of the exhaust ports of an engine. 
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EXHAUST GAS RECIRCULATION (EGR) – A thermal dilution and/or NOx 
control system that recirculates a portion of the exhaust gases back into the 
intake manifold. 

EXHAUST STROKE – The piston stroke (from BDC to TDC) immediately fol­
lowing the power stroke, during which the exhaust valve opens so that the 
exhaust gases can escape from the cylinder to the exhaust manifold. 

EXHAUST SYSTEM – The system through which exhaust gases leave the ve­
hicle. Consists of the exhaust manifold, exhaust pipe, muffler, tail pipe and 
resonator. 

EXOTHERMIC – A chemical reaction that expels  heat outward during the 
process of reaction. 

EXPANSION RATIO – The ratio of the volume at which a gas or liquid is 
stored compared to the volume of the gas or liquid at atmospheric pressure 
and temperature. 

EXPANSION TANK (SURGE TANK) – A tank that provides room for fuel ex­
pansion or heated coolant, giving off any air that may be trapped in the sys­
tem. 

EXPLOSIVE LIMITS – The explosive range of a gas is defined in terms of its 
lower explosive limit (LEL) and its upper explosive limit (UEL).  Between the 
two limits is the explosive range in which the gas and air are in the right 
proportions to burn when ignited. Below the LEL there is not enough fuel to 
burn.  Above the UEL there is not enough air to support combustion.  An ex­
plosion is different from a fire in that for an explosion, the combustion must 
be contained, allowing the pressure and temperature to rise to levels  suffi­
cient to violently destroy the containment. 

FAHRENHEIT – Temperature scale and unit of temperature (°F). Named for 
German  physicist  Gabriel Daniel Fahrenheit (1686-1736) who  was  the  first 
to use mercury as a thermometric fluid in 1714. 

FAN – The bladed device on the front of the engine that rotates to draw cool­
ing air through the radiator and around the engine. 

FILTER – A device through which air, gases, or liquids are passed to remove 
impurities. 

FLAME SPEED – The sum of burning speed and displacement velocity of the 
unburned gas mixture. 

FLAME TEMPERATURE – The temperature of a flame burning a stoichiomet­
ric mixture of fuel and air (neither fuel nor air is in excess). 

FLAMMABILITY LIMITS – The flammability range of a gas is defined in terms 
of its lower flammability limit (LFL) and its upper flammability limit (UFL). 
Between the two limits is the flammable range in which the gas and air are 
in the right proportions to burn when ignited.  Below the lower flammability 
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limit there is not enough fuel to burn. Above the higher flammability limit 
there is not enough air to support combustion. 

FLANGE – A rib or rim added for strength.  Also used for guiding or attaching 
another object (component). 

FLASHPOINT – The temperature at which the fuel produces enough vapors 
to form an ignitable mixture with air at its surface. 

FLYWHEEL – An energy storage device in which a balanced mass spinning 
around a constant axis stores energy as rotational kinetic energy. 

FOUR-STROKE CYCLE – The four piston strokes composed of intake, com­
pression, power, and exhaust,  that  make  up  the complete cycle of piston 
movements in the four stroke engine. 

FREEZING POINT  – The temperature at which crystals of  hydrocarbons 
formed on cooling disappear when the temperature of the fuel is allowed to 
rise. 

FUEL – A substance that releases energy when reacted chemically with oxy­
gen. 

FUEL GAUGE – A gauge that indicates the amount of fuel in the fuel tank or 
cylinder. 

FUEL INJECTION SYSTEM – A system (replacing the conventional carbure­
tor) that delivers fuel under pressure into the combustion chamber, pre-
combustion  chamber, turbulence chamber,  or into the airflow  just as it  
enters each individual cylinder. 

FUEL INJECTOR – A device for introducing fuel into a piston engine (replac­
ing the carburetor). 

FUEL STORAGE SYSTEM – One or  more containers,  including their  inter-
connecting equipment designed for use in the mobile containment of fuel. 

FUEL SYSTEM – The system (fuel cylinders and lines, gauge, fuel pump, 
carburetor,  and  intake  manifold)  that  delivers the combustible mixture of 
vaporized fuel and air to the engine cylinders. 

FUEL TANK – The storage tank for fuel on a vehicle. 

FUELING FACILITY – A system of cylinders,  pressure vessels,  compression 
equipment, buildings, structures and associated equipment used for storage 
and dispensing of gaseous engine fuel in vehicle operations.  Also known as a 
refueling facility. 

GAS – A state of matter in which the matter has neither a definite shape nor 
a definite volume. Also an abbreviation for gasoline in North America. 
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GAS TURBINE ENGINE – A type of internal combustion engine in that the 
shaft is  spun by the pressure of combustion gases flowing against curved 
turbine blades located around the shaft. 

GASKET – A layer of material, usually made of cork or metal or both, that is 
placed between two machined surfaces to provide a tight seal between them. 

GASOHOL – A blend of 90% gasoline and 10% ethanol used as an automo­
tive fuel. 

GASOLINE – A liquid blend of hydrocarbons obtained from crude oil, cur­
rently used as fuel in most automobile engines. 

GAUGE PRESSURE – A pressure read on a scale that ignores atmospheric 
pressure. Thus, the atmospheric pressure of 14.7 psi absolute is equivalent 
to 0 psi gauge (PSIG) the pressure above atmospheric pressure — as shown 
on dial of a pressure gauge in pounds per square inch. 

GENERATOR  –  An  electrical  device  that converts mechanical power into 
electrical power. 

GIBBS FREE ENERGY – The amount of energy available to do useful work 
resulting from a chemical reaction.  When water and oxygen combine to form 
wa te r ,  the  useful  energy  i s e q u iva len t t o – 2 1 7  B T U/mo le w a t e r  ( – 2 2 9  
kJ/molewater). 

gpm – gallons per minute, or grams per mile. 

gps – gallons per second. 

GRAMS PER MILE (gpm) – A mixed measure for the weight of pollutants 
emitted into the atmosphere with the vehicle exhaust gases. Anti-pollution 
laws set maximum limits for each exhaust pollutant in grams per mile. 

GREENHOUSE EFFECT– The tendency for the atmosphere to hold in infra­
red radiation, or heat, because of increased levels of carbon dioxide (CO2). 

H2 – Hydrogen; see entry. 

H20 – Water; see entry. 

HAZARD – An existing or potential condition that can result in an accident. 

HAZARDOUS – A substance or circumstance that may cause injury or darn-
age by reason of being explosive, poisonous, corrosive, oxidizing, or other-
wise harmful. 

HC – Hydrocarbon; see entry. Also used to represent emissions from an in­
ternal combustion engine. 

HEAT – A form of energy that is released by the burning of fuel. In an en­
gine, heat energy is converted to mechanical energy. 
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HEAT OF COMPRESSION – An increase in temperature brought about by 
the compression of a gas. 

HEV – Hybrid Electric Vehicle; see entry. 

Hg – Chemical symbol for mercury. 

HICE – Hydrogen internal combustion engines 

HIGH PRESSURE CYLINDER – Cylinders used for storing high pressure gas 
with a service pressure of 1000 psig (68 barg) or greater. 

HORSEPOWER (hp) – A standard measure of mechanical power, or the rate 
at which work is done. One hp equals 33,000 ft-lb of work per minute; it is 
the power necessary to raise 33,000 lb a height of 1 ft in 1 min.  One horse-
power equals 746 Watt, or 0.746 kW. 

HYBRID ELECTRIC VEHICLE (HEV) – A vehicle that is powered by both an 
electric drive system and a second source of power, such as an internal 
combustion engine, referred to as the alternative power unit (APU). 

HYDROCARBON (HC)  – An organic  compound  containing only carbon and 
hydrogen, usually derived from fossil  fuels  such as petroleum,  natural  gas, 
and coal: an agent in the formation of photochemical smog. 

HYDROGEN (H2) – The simplest and lightest element in the universe, which 
exists as a gas except at low cryogenic temperatures. Hydrogen gas is color-
less, odorless and highly flammable gas when mixed with oxygen over a wide 
range of concentrations. Hydrogen  forms  water when combusted, or when 
otherwise joined with air, as within a fuel cell. Hydrogen molecules in which 
both protons have the same spin are known as “orthohydrogen”. and those 
in which the protons have opposite spins are known as “parahydrogen”. 

HYTHANE – A commercial gas product that contains 20% hydrogen and 80% 
natural gas. 

IC Engine (ICE)– Internal Combustion Engine; see entry. 

IDEAL GAS LAW (Third Gas Law) – Approximates the behavior of  many 
gases  under  condi t ions  c lose to ordinary atmospher ic tempera tures  and 
pressures. 

IDLE (IDLE SPEED) – Engine speed when the accelerator is fully released, 
and there is no load on the engine. 

IGNITION – The action of the spark in starting the burning of the com­
pressed air-fuel mixture in the combustion chamber. 

IGNITION ENERGY – The amount of external energy that must be applied in 
order to ignite a combustible fuel mixture. 

IGNITION SYSTEM – In the automobile, the system that furnishes high-
voltage sparks to the engine cylinders to fire the compressed air-fuel mix-
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ture. Consists of the battery, ignition coil, ignition  distributor, ignition 
switch, wiring, and spark plugs. 

INDUCTION MOTOR – A type of AC electric motor in which the rotor has no 
direct connection to an external source of electricity. 

INERTIA – Property of an object that causes it to resist any change in its 
speed or direction of travel. 

INJECTOR – The tube or nozzle through which fuel is introduced into the 
intake airstream or the combustion chamber. 

INSPECT  –  To  examine a component or system for surface condition,  or 
function. 

INSULATION – A material that prevents the transfer of electricity or heat. 

INTEGRAL – Built into, as part of the whole. 

INTERNAL COMBUSTION ENGINE (ICE) – An engine in which the fuel is 
burned inside the engine itself, rather than in a separate device, such as a 
boiler on a steam engine. 

JOULE (J) – Metric unit of energy, work, heat or torque. Equal to the New-
ton-meter (Nm).  Named  for  English  physicist  James  Prescot Joule (1818– 
1889) who pioneered the measurement and understanding of heat. 

KELVIN – Metric scale of absolute temperature (K). Named for Scottish 
physicist (1824–1907) who formulated the second law of thermodynamics in 
1850 and introduced the absolute scale of temperature. 

KILOGRAM (kg) – Metric unit of weight or mass, equal to approximately 2.2 
lb. Related units are the milligram (mg) at 1000 per kg, and the metric tonne 
at 1000 kg. 

KILOMETER (km) – Metric unit of length, equal to 0.62 miles (1.6 km per 
mile). Related units are the meter at 1000 per kilometer, the decimeter at 10 
per meter, the centimeter at 100 per meter, and the millimeter at 1000 per 
meter. 

KILOPASCALS (kPa) – Metric unit of pressure. One psi equals 6.9 kPa. One 
inch of mercury (HG) equals 3.38 kPa.  Related units are the Pascal (Pa) at 
1000 per kPa, the bar at 100 kPa and the megapascal at 1000 kPa. See also 
Pascal. 

KILOWATT (kW) – A unit of power equal to about 1.34 hp, or 1000 watts. 
The Watt is named for James Watt, Scottish engineer (1736-1819), a pioneer 
in steam engine design. 

km/h – Kilometer per hour. Note the use of the slash to indicate “per” in-
stead of the abbreviation “p” as in mph or gps. 
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KNOCK – A common term that refers to the results of preignition or detona­
tions sound caused by excessive clearance between moving parts in an en­
gine.  A knock can be overcome by increasing the octane number of the fuel, 
retarding ignition timing  or  by reducing  engine load. In diesel engines, 
knock is caused by excessive pressure within the combustion chamber and 
abnormal fuel combustion.  In diesel engines it  is avoided by the use of 
higher cetane fuels. 

kPa – Kilopascal; see entry.  Note capitalization. 

kW – Kilowatt; see entry.  Note capitalization. 

LABELED – Equipment or materials to which  has been attached a label, 
symbol or other identifying mark of an organization acceptable to the “au­
thor i ty  having  jurisdict ion”  and concerned  with  product  evaluat ion,  that  
maintains periodic inspection of production of  labeled equipment or materi ­
als and by whose labeling the manufacturer indicates compliance with ap­
propriate standards or performance in a specified manner. (NFPA 52) 

LAMBDA (�) – Equal to the stoichiometric F/A ratio divided by the actual 
F/A ratio. Lambda is the inverse of PHI. 

LEAK TESTING – Testing by use of a solution, such as a soap solution, to 
observe a leak under pressure by the formation of bubbles as gas escapes 
from the leak. 

LEAN MIXTURE – An air-fuel mixture that has a relatively low proportion of 
fuel in relation to air. For example, an air-fuel ratio of 16:1 indicates a lean 
mixture, compared to an approximately normal air fuel ratio of 14.7:1 for 
gasoline. 

LEV – Low Emission Vehicle; see entry. 

LH2 (Liquefied Hydrogen) – Hydrogen cooled to 20.3 K (–423 °F; –253 °C) 
and ambient pressure becomes a liquid. 

LIGHT-DUTY VEHICLE – A motor vehicle manufactured primarily for trans-
porting persons or property and having a gross vehicle weight of 6000 lb 
(2720 kg) or less. 

LIQUEFIED NATURAL GAS (LNG) – A motor fuel composed of natural gas 
that has been liquefied. Liquefied natural gas cooled to 111 K (–259 °F; –162 
°C) and ambient pressure becomes a liquid. 

LIQUEFIED PETROLEUM GAS (LPG) – Any material that is composed pre-
dominantly of any of  the following  hydrocarbons or mixtures of  hydrocar ­
bons: propane, propylene. normal butane, isobutylene and butylenes. 

LITER (L) – Metric measure of capacity corresponding to a volume of 1000 
cm3 (or 1 dm3). One liter is approximately equal to 34 fl oz, 0.26 gal (US) or 
61 cubic inches. Related units are the milliliter (mL) at 1000 to the liter, and 
the kiloliter (kL) at 1000 L.  Note use of capital L in abbreviations. Engine 
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displacement is often given in cubic centimeters (cc) for smaller engines, and 
in liters for larger engines. 

LNG – Liquefied Natural Gas; see entry. 

LPG – Liquefied Petroleum Gas; see entry. 

LOW-PRESSURE CYLINDER – Those cylinders with a marked service pres­
sure below 900 psi (6205 kPa). 

LOWER EXPLOSIVE LIMIT (LEL) – The LEL is the lowest gas concentration 
that will support an explosion when mixed with air,  contained and ignited. 
The LEL is always higher than the LFL. 

LOWER FLAMMABLE LIMIT (LFL) – The LFL of a gas is the lowest gas con­
centration that will support a self-propagating  flame when  mixed with air 
and ignited. 

MALFUNCTION – Improper or incorrect operation.  See Check Engine light. 

MANIFOLD  – A device with  several inlet or outlet passageways  through 
which a gas or a liquid is gathered or distributed. 

MANUAL SHUTOFF VALVE – A hand valve used to isolate a component or 
circuit. 

MANUFACTURER – Any person, firm, or corporation engaged in the produc­
tion or assembly of products, components, or systems. 

MASS AIRFLOW SENSOR (MAF) – A sensor that measures the volume of air 
entering an engine, usually in grams per second (g/sec). Used in on-board 
computer systems. 

MASS FLOW METER – A device for measuring the mass flow of gases. 

MECHANICAL EFFICIENCY – In an engine, the ratio between brake horse-
power and indicated horsepower. 

MECHANICAL PROPERTIES – Properties of a material that pertain to its 
elastic and  plastic  behavior  when force  is  applied: yield strength, ultimate 
strength, elongation, hardness, etc. 

MELTING POINT – The temperature at which a solid becomes a liquid or vice 
versa. 

METER (m) – Basic metric unit of length equal to 3.28 feet, 1.09 yards or 
39.37 inches. Related units are the decimeter (dm) at 10 per meter, the cen­
timeter (cm) at 100 per meter, the millimeter (mm) at 1000 per meter and 
the kilometer (km) at 1000 meters. 

METHANE (CH4) – See Natural Gas. 
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METHANOL (CH30) – Methyl alcohol, , is the simplest of the alcohols. It 
has been used, together with some of the higher alcohols, as a high-octane 
gasoline component and is a useful automotive fuel in its own right. 

MILES PER HOUR (mph) – Standard measure of speed. Equal to 1.6 km/h. 

MILLIGRAM (mg) – Metric unit of weight or mass equal to 1/1000 of a kilo-
gram. The weight of 1 mL or 1 cc of water at atmosphere pressure. 

MILLIMETER (mm) – Metric unit of length, equal to 0.04 inch, or 25 min per 
inch. There are 1000 millimeters in a meter. 

mm – Millimeter; see entry. 

MODIFICATION – An alteration; a change from the original. 

MOLECULAR WEIGHT – Sum of the weights of atoms making up a molecule. 

MOLECULE – The smallest particle of a substance that retains all the prop­
erties of the substance; it is composed of atoms. 

MOTIVE PRESSURE REGULATOR –  A pressure  regulator that reduces gas 
pressure from the high pressure conditions within the fuel storage system to 
an intermediate pressure, typically around 175 psig. 

MOTOR – An electric motor. A motor converts electric energy to mechanical 
energy (motion). 

mph – Miles per hour; see entry. 

N2 – Nitrogen; see entry. 

NATURAL GAS – Mixtures of hydrocarbon gases and vapors consisting prin­
cipally of methane in gaseous form. (NFPA 52) 

NEWTON (N) – Metric unit of force that, acting on a mass of one kilogram, 
increases its velocity by one meter per second every second along the direc­
tion that it acts.  Named for English mathematician Sir Isaac Newton (1642– 
1727) who had the greatest single influence on theoretical physics until Al­
bert Einstein. He discovered the binomial theorem and differential calculus. 
In  his  major treatise Principia Mathematica (1687), generally considered the 
greatest scientific work ever  written,  he  gave a mathematical description of 
the laws of mechanics and gravitation, and applied these to planetary and 
lunar motion.  He also discovered that white light is made up of a mixture of 
colors,  built the first reflecting telescope and revolutionized the minting of 
coins to prevent counterfeiting. 

NITROGEN (N2)– A colorless, tasteless, odorless gas that constitutes 78% of 
the atmosphere by volume and is a part of all living tissues. 

NITROGEN OXIDES (NOx) – Any chemical compound of nitrogen and oxy­
gen. Nitrogen oxides result from high temperature and pressure in the com­
bustion chambers of automobile engines and other power plants during  the 

Hydrogen Fuel Cell Engines and Related Technologies: Rev 0, December 2001 

Word Searchable Version not a True Copy 



 PAGE 11-19


Hydrogen Fuel 
Cell Engines MODULE 11: GLOSSARY AND CONVERSIONS 

combustion process. When combined with hydrocarbons in the presence of 
sunlight, nitrogen oxides form smog. A basic air pollutant; automotive ex­
haust emission levels of nitrogen oxides are regulated by law. 

NOBLE METALS – Metals (such as gold, silver, platinum, and palladium) 
that do not oxidize readily or enter into other chemical reactions. These 
metals will promote reactions between other substances. Platinum and pal­
ladium are used as the catalysts in catalytic converters. 

NON-COMBUSTIBLE MATERIAL – A material that in the form in which it is 
used  and  under  the conditions anticipated,  will not ignite, burn, support 
combustion, or release flammable vapors  when  subjected to  fire or heat. 
(NFPA 52) 

NOx – See Nitrogen Oxides; see entry. 

NOx CONTROL SYSTEM – A device or system used to reduce the amount of 
nitrogen oxides produced in an engine. 

NUCLEUS – The positively charged particle that is the center of an atom. 

O2 – Oxygen; see entry. 

OCTANE NUMBER – The number used to indicate the octane rating of a 
gasoline.  The octane number describes the anti-knock properties of a fuel 
when used in an internal combustion engine.  Knock is a secondary detona­
tion that occurs after fuel ignition due to heat buildup in some other part of 
the combustion chamber. When the local temperature exceeds the autoigni­
tion temperature, knock occurs. 

OCTANE RATING – A measure of the antiknock properties of a gasoline. The 
higher  the  octane  rating,  the  more  resistant the gasoline is to abnormal 
combustion. 

ODORIZATION – A process of adding a distinctive odor to natural gas so that 
its presence can be easily detected. 

OHM – A unit of electric resistance equal to the resistance of a circuit in 
which a potential difference of one volt produces a current of one ampere. 

OEM – Original Equipment Manufacturer 

OHM’S LAW – This law explains the relationship of voltage, current, and re­
sistance in a circuit. One volt of electrical pressure is needed to push one 
ampere of electrical current through one ohm of resistance (V = I x R). 

OHMMETER  – An instrument  used to measure the amount of resistance 
(number of ohms) in an electric conductor or circuit. 

OIL – A liquid lubricant; made from crude oil and used to provide lubrication 
between moving parts.  In a diesel engine, oil is used for fuel. 
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OLEFIN  – An  unsaturated hydrocarbon conta ining one or  more double 
bonds. 

ORIFICE – A small opening, or hole, that controls the flow rate of a gas or 
liquid into a cavity. 

O-RING – A type of sealing ring, made of a special rubber compound. The 
O-ring is placed into a groove to provide the sealing action. 

OTTO CYCLE – The cycle of events in a four-stroke cycle engine. Named for 
the German inventor, Dr.  Nikolaus Otto. 

OVERHEAT – To become excessively hot. To operate above the manufac­
turer’s recommended temperature range. 

OXIDATION – Burning or combusting; the combining of material with oxy­
gen.  Rusting is slow oxidation, and combustion is rapid oxidation. 

OXIDES OF NITROGEN (Nox) – See Nitrogen Oxides. 

OXYGEN (O2) – A colorless, tasteless, odorless, gaseous element that makes 
up about 21% of air. Oxygen is capable of combining rapidly with ALL ele­
ments (except inert gases) in the oxidation process called burning (combus­
tion). Oxygen combines very slowly  with  many metals in the oxidizing 
process called rusting. 

Pa – Pascal; see entry. 

PARALLEL HYBRID – A type of hybrid electric vehicle in which the alterna­
tive power unit is capable of producing  motive force and is mechanically 
linked to the drive train. 

PARALLEL CIRCUIT – The electric circuit formed when two or more electrical 
devices have their terminals connected together, positive to  positive and 
negative to negative, so that each may operate independently from the same 
power source. 

PARTIAL PRESSURE – The amount of pressure contributed by an individual 
gas in a mixture of ideal gases toward the overall, total pressure. 

PARTICLE – A very small piece of metal, dirt, or other impurity that may be 
contained in the air, fuel, or lubricating oil used in an engine. 

PARTICULATES (PARTICULATE MATTER – PM) – Small particles (generally 
less than 30 microns) of carbon and other pollutants occurring as solid mat­
ter in the exhaust systems of vehicles. These particles generally remain sus­
pended in the atmosphere,  causing a major pollution problem in many U.S. 
cities. Current EPA regulations address only “respirable” or ‘fine” particles 
that are less than 10 microns in diameter (PM 10). 

PASCAL (Pa) – Metric unit of pressure. Related units are the kilopascal (kPa) 
at 1000 Pa, the bar at 100,000 Pa and the megapascal at 1,000,000 Pa. The 
Pascal is named for Blaise Pascal , French  mathemat ic ian  and physicis t 
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(1623-1662) who  discovered  that  air  has  weight,  confirmed  that  a  vacuum 
could exist and derived the principle that the pressure of fluid at rest is 
transmitted equally in all directions. He also founded the theory of  probabil­
ity, and developed a forerunner of integral calculus. 

PASCAL’S LAW – The pressure of a gas is equal in all directions. 

PASSIVATED ELEMENT  –  A substance that does not readily enter into 
chemical combination. 

PETROLEUM – The crude oil from which gasoline, lubricating oil. and other 
such products are refined. 

PHI (�) – Equal to the stoichiometric A/F ratio divided by the actual A/F ra­
tio. Phi is the inverse of LAMBDA. 

PHYSICAL PROPERTIES – Characteristics that pertain to the nature and 
composition of a material or object. 

PISTON – A movable part, fitted into a cylinder, that can receive or transmit 
motion as a result of pressure changes in a fluid. In the engine, that cylin­
drical part  which moves up and down within a cylinder as the crankshaft 
rotates. 

PISTON DISPLACEMENT – The cylinder volume displaced by the piston as it 
moves from the bottom to the top of the cylinder during one complete stroke. 

PISTON RINGS – Rings fitted into grooves in the piston to seal a cylinder as­
sembly. There are two types: compression rings for sealing the compression 
in the combustion chamber, and oil rings to scrape excess oil off the cylin­
der wall. 

POLARITY – The condition in an electric component or circuit that indicates 
the direction of current flow. The identification of one point as positive (+) 
and another point as negative (–) for a voltage. 

POLLUTANT – Any substance that adds to the contamination or degrading of 
the environment. In a vehicle, any substance in the exhaust gas from the 
engine or evaporating from the fuel system. 

POLLUTION – Any gas or substance that makes the environment less  fit. 
Types of pollution include: air, ground water, ocean, noise, etc. 

PORT (FUEL) DELIVERY SYSTEMS – This system forms the fuel-air mixture 
during the intake stroke. It is injected at the inlet port. 

POWER OUTPUT – For an engine power output is based on the speed the 
engine is turning, multiplied by the torque produced. 

ppb – Parts per billion 

ppm –  Parts per million 
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PREMATURE IGNITION or PRE-IGNITION – This occurs when the fuel mix­
ture in the combustion chamber  becomes ignited  before ignition  by  the 
spark plug, and results in an inefficient, rough running engine. 

PRESSURE – The exertion of continuous force on or against a body by an-
other in contact with it, expressed as force per unit area. 

PRESSURE DIFFERENTIAL (<P)– The difference between the pressure of the 
air/fuel mixture in the intake manifold and atmospheric pressure. 

PRESSURE RELIEF DEVICE (PRD) – A safety device on a pressure vessel, 
actuated by either overpressure or overtemperature, that relieves the pres ­
sure by opening to vent some or all of the contents of the vessel. 

PRESSURE  TRANSDUCER  – A  sensor that converts pressure readings to 
electrical signals. 

PRESSURE VESSEL –  A container  or  other  component  designed in accor­
dance with the ASME Code. (NFPA 52) 

PRESSURIZE – To apply more than atmospheric pressure to gas or  liquid. 

PROCESS VARIABLE – A sensor used to set the setpoint of any PID control 
loop. In automotive fuel injection systems, the O2 sensor is always the proc­
ess variable. 

PROPANE (C3H8)– A type of liquid petroleum gas (LPG) that is liquid below – 
44 °F (– 42 °C) at atmospheric pressure. Propane gas is heavier than air. 

PROTON – A subatomic particle in the nucleus of an atom that carries a 
positive electric charge, and is not moveable by electrical means. 

psi – Pounds per square inch; a unit of pressure. Psi is more correctly  indi­
cated as psia – pounds per square inch absolute, or the absolute pressure 
measured relative to a perfect vacuum. Related to this is psig – pounds per 
square  inch gauge as measured  relative to atmospheric pressure. 0  psig  = 
14.7 psia. 

PULLEY – A metal wheel with a V-shaped groove around the rim that drives, 
or is driven by, a belt or rope. 

PUMP – A device that develops pressure or transfers gas or liquid from one 
place to another. 

PURGE – The use of a gas to flush residual gases and/or liquids from a con­
tainer. 

PYROLYSIS – The chemical decomposition brought about by heat. 

QUENCH – During combustion, the removal of heat from the end gas or out-
side layers of air-fuel mixture by the cooler metallic surfaces of the combus­
tion chamber, thus reducing the tendency for combustion to occur. 
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QUENCH AREA – The area of the combustion chamber near the cylinder 
walls that tends to cool (quench) combustion because of the nearby cool wa­
ter jackets. 

RADIATOR – A heat exchanger in the cooling system that removes heat from 
coolant  passing  through it,  thus returning the  coolant  to  the  engine  at  a 
lower temperature. 

RADIATOR PRESSURE CAP – A type of cap placed on the radiator filler tube 
that allows for the pressurization of the cooling system for more efficient op­
eration. 

RAFFINATE – The gas mixture that results when hydrogen is removed from 
reformate. 

RATIO – Proportion; the relative amounts of two or more substances in a 
mixture. Usually expressed as a numerical relationship, as in 2:1. 

REACTANT – A substance that enters into chemical combination  with an-
other substance. 

REFORMING – A chemical process that reacts  hydrogen-containing fuels in 
the presence of steam, oxygen, or both into a hydrogen-rich gas stream. 

REFORMATE –  The hydrogen-rich gas mixture  that  results from processing 
hydrogen containing fuels in a reformer. 

REGENERATIVE (or DYNAMIC) BRAKING – A energy recovery system in 
which energy generated by vehicle braking is converting into electricity and 
stored. 

REGULATOR – A device that controls generator output to prevent excessive 
voltage, excessive current output, or excessive air/gas pressure. 

RELAY – An electrical device that opens or closes the high current portion of 
a circuit or circuits in response to a relatively low voltage signal. An electro­
magnetically operated switch. 

RELIEF VALVE – A valve that opens when a preset pressure is reached. This 
relieves or prevents excessive pressures. 

REMOVE AND REPLACE R AND R) – To perform a series of servicing proce­
dures on an original part or assembly; includes removal, inspection, lubrica­
tion, all necessary adjustments, and reinstallation. 

REPLACE – To remove a used part or assembly and install a new or rebuilt 
part or assembly in its place; includes cleaning, lubricating, and adjusting 
as required. 

RESISTANCE (R) – The characteristic of a device to oppose the passage of 
electrical current. The opposition to a flow of current through an electric cir­
cuit or device; measured in ohms. A voltage of 1 volt will cause 1 ampere to 
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flow through a resistance of 1 ohm. This is known as Ohm’s law and can be 
written in three ways: 

RESISTIVE TEMPERATURE DEVICE (RTD) – A device whose electrical resis­
tance changes in proportion to its temperature. 

REVOLUTIONS PER MINUTE (rpm) – A measure of rotational speed. 

RICH MIXTURE – An air-fuel mixture that has a relatively high proportion of 
fuel and a relatively low proportion of air. 

ROOM TEMPERATURE – A temperature from 68 to 72 °F (20 to 22 °C). 

ROTARY – A circular motion of a moving part. 

ROTOR – A revolving part of a machine, such as an alternator rotor, disk 
brake rotor, distributor rotor or Wankel-engine rotor. 

rpm – Revolutions per minute; see entry. 

SAE – Society of Automotive Engineers; used to indicate a grade or weight of 
oil measured according to the SAE. 

SCAVENGING – The displacement  of  exhaust  gas  from  the  combustion 
chamber by fresh air. 

scf – Standard cubic feet 

scfd – Standard cubic feet per day 

SCHEDULED DEFUELING/VENTING –  The planned removal of  hydrogen 
from a vehicle fuel storage system in order to make repairs or modifications 
to the bus equipment. 

SEAL – A part or material that is used to close off the area of contact be-
tween two machine parts, usually to prevent fuel, gases, coolant or oil leak-
age. 

SERIES  CIRCUIT  –  An electric circuit in which the  same  current  flows 
through all devices; positive terminals are connected to negative terminals. 

SERIES HYBRID – A type of hybrid electric vehicle is which runs on battery 
power like a pure EV until the batteries discharge to a set level, then the 
alternative power unit turns on to recharge the battery. 

SERIES MOTOR – A type of DC electric motor in which the armature and 
the field magnet are connected electrically in series. 

SERVICE PRESSURE - The settled pressure at a uniform gas temperature of 
70 OF (21 °C) and full gas content. It is the pressure for which the equipment 
has been constructed, under normal conditions. (NFPA 52) 

SHORT CIRCUIT – A defect in an electric circuit that permits current to take 
a different path, instead of following the desired one. 
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SHUNT – A parallel connection or circuit. 

SHUNT MOTOR – A type of DC electric motor that connects the magnet and 
armature in parallel. 

SI SYSTEM – The metric system of measurement. 

s1pm – Standard liters per minute. Used to quantify the flow of gas adjusted 
to standard temperature and pressure. 

SOLENOID – An electromechanical device (a coil of wire wound around a 
movable core) that, when connected to an electrical source such as a bat­
tery, produces a mechanical movement. This movement can be used to con­
trol a valve or to produce other movements. 

SOLENOID SWITCH –  A switch  that  is  opened and closed electromagneti­
cally by the movement of a solenoid core. The core also causes a mechanical 
action, such as the movement of a drive pinion into mesh with flywheel teeth 
for cranking. Also solenoid valve. 
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SOURCE(S) OF IGNITION – Devices or equipment that, because of their 
modes of use or operation, are capable of providing sufficient thermal energy 
to  ignite flammable  compressed natural gas-air  mixtures  when introduced 
into such a mixture or when such a mixture comes into contact with them 
and that will permit propagation of flame away from them. (NFPA 52) 

SOx – Sulfur oxides; see entry. 

SPARK PLUG – A device that screws into the cylinder head of an engine, 
provides a spark to ignite the compressed air-fuel mixture in the combustion 
chamber. 

SPECIFIC GRAVITY – Ratio of the weight of the gas to the weight of air or 
the ratio of the weight of a liquid to an equal volume of pure water. 

SPECIFIC HEAT – Ratio of the amount of heat required to raise the gas tem­
perature one degree compared to the amount of heat required to raise an 
equal amount of water one degree. 

SPECIFICATIONS  – Information provided by  the manufacturer,  describing 
systems and their components, operations, and clearances. Also, the service 
procedures that must be followed for a system or component to operate 
properly. 

SPEED – The rate of motion. For vehicles, speed is measured in miles per 
hour or kilometers per hour. 

STANDARD CONDITIONS –  Temperature and  pressure conditions that cor ­
respond to 0 °C (32 °F) and 14.7 psig (1 barg) respectively. Sometimes, stan­
dard temperature is taken as room temperature. 

STANDARD CUBIC FEET (SCF) – Cubic feet of gas determined at standard 
conditions. 

STATOR – In the torque converter, a third member (in addition to turbine 
and pump) that changes the direction of  a fluid under certain operating 
conditions (when stator is stationary). 

STIRLING ENGINE – A type of internal combustion engine in which the pis-
ton is moved by changes in the pressure of a working gas that is alternately 
heated and cooled.  I t  has two isothermal  processes and two constant-
volume processes. 

STOICHIOMETRIC (STOICH) – A chemically perfect reaction of fuel and air 
in an engine (the only products of combustion are water  and carbon diox­
ide). 

STOICHIOMETRIC AIR-FUEL RATIO – The exact air-fuel ratio required to 
completely react a fuel into water and carbon dioxide. 

STP – Standard temperature and pressure. 
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STROKE – In an engine cylinder, the distance that the piston moves in trav­
eling from BDC to TDC or from TDC to BDC. 

SULFUR OXIDES (SOx) – Acids that can form in small amounts as the result 
of a reaction between hot exhaust gas and the catalyst in a catalytic con­
verter. 

SWITCH – A device that opens and closes an electric circuit. 

SYNCHRONOUS MOTOR – A type of AC electric motor in which the stator 
also produces a rotating magnetic field. 

THERMAL – Of or pertaining to heat. 

THERMAL EFFICIENCY – Ratio of the energy output of an engine to the en­
ergy in the fuel required to produce that output. 

THERMOSTAT – A device for the automatic regulation of temperature: usu­
ally containing a temperature sensitive element that expands or contracts to 
open or close off the flow of a gas, liquid or electricity. 

THREE-WAY CATALYTIC CONVERTER (TWC) – A catalytic converter that 
uses platinum, rhodium, and palladium to reduce vehicle emissions.  Three-
way catalysts require mixtures extremely close to stoichiometric for effective 
conversion of NOx. 

TORQUE – The ability of a force to move a load or to do work. Turning or 
twisting motion;  measured in standard in pound-feet (ft-lb), or in metric in 
the Newton-meter (Nm). 

TORQUE WRENCH – A wrench that indicates the amount of twisting effort 
(rotary motion) being applied with the wrench. 

TORRICELLI (torr) – Unit of pressure equal to 1 mm of mercury (1 mm Hg) 
or 1 atm = 760 torr. Named for the Italian physicist Evangelista Torricelli 
(1608–1647), who first measured the pressure of  the atmosphere using  a 
tube of mercury upended within a dish of mercury, coincidentally producing 
the first vacuum within the tube. 

TRANSDUCER – Any device that converts an input signal of one form into 
an output signal of a different form. 

TROUBLE DIAGNOSIS (TROUBLESHOOTING) –  The detective work  neces­
sary to find the cause of a problem. 

TURBOCHARGER – A supercharger driven by the engine exhaust  gas pres­
sure for pressurizing the intake air or air-fuel charge of an engine, so as to 
increase the mixture delivered to the cylinders thus increasing power out-
put. 

UPPER EXPLOSIVE LIMIT (UEL) – The UEL is the highest gas concentration 
that will support an explosion when mixed with air, contained and ignited. 
The UEL is always lower than the UFL. 
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UPPER FLAMMABLE LIMIT (UFL) – The UFL of a gas is the highest gas con­
centration that will support a self-propagating  flame when mixed with air 
and ignited. Above the UFL, there is not enough oxygen present to support 
combustion; the fuel/air mixture is too rich. 

VAC – Volts Alternating Current. See Alternating Current. 

VACUUM – Negative gauge pressure, or a pressure less than atmospheric 
pressure. Vacuum can be measured in psi,  but is  usually measured in 
inches or millimeters of mercury (Hg); a reading of 30 in. Hg [762 mm Hg] 
would indicate a perfect vacuum. 

VACUUM GAUGE – A device that measures pressures below atmospheric. 

VALVE – A device that can be opened or closed to allow or to stop the flow of 
a liquid or gas. 

VAN DER WAALS – Named after Dutch physicist Johannes Diderick van der 
Waals (1837–1923) who first worked out the adjustments  to  the ideal  gas 
law in 1873. Van der Waals equation is (P+a/V2)(V-b) = RT. The feeble at-
tractive  forces  between  gas  molecules  that necessitate the probability ad ­
justment (a/V2) are called “van der Waals forces.” 

VANE – A flat, extended surface that is moved around an axis by or in a 
fluid: part of the internal revolving portion of a turbocharger. 

VAPOR – A gas: any substance in the gaseous state, as distinguished from 
the liquid or solid state. 

VAPORIZATION – A change of state from liquid to vapor by evaporation or 
boiling; a general term including both evaporation and boiling. 

VDC – Volts Direct Current. See Direct Current. 

VENT – An opening through which a gas can leave an enclosed chamber. 

VENTILATION – The circulating of fresh air through any space to  replace 
impure air. 

VENTING – The discharge of hydrogen from a fuel storage system to the at­
mosphere. 

VISCOSITY – A measure of the resistance to flow of a liquid. The lower the 
viscosity, the thinner the fluid is and the more easily it will flow. This is af­
fected by temperature. At low temperatures, viscosity is high,  while at high 
temperatures viscosity is low. 

VISCOUS – Thick; tending to resist flowing. 

VOC - Volatile Organic Compounds; see entry. 

VOLTAGE (V) – The force that causes electrons to flow in a conductor. One 
Volt equals one Joule of work per Coulomb of electrons. The difference in 
electrical pressure (or potential) between two points in a circuit. 
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VOLTMETER – An electric meter for measuring the voltage or electrical pres­
sure of an electric device, such as a battery or alternator, or for measuring 
the voltage between two points in an electric circuit. 

VOLUME (V) – An area defined by  measurement of length,  width, and 
height, and expressed in cubic units such as the cubic feet, cubic centime­
ter, etc. Volume is constant, being a measurement of space rather than a 
condition of air or gas. 

WANKEL (ROTARY) ENGINE – A rotary engine in which a three-lobe rotor 
turns eccentrically in an oval chamber to produce power. 

WASTE SPARK SYSTEM – An ignition systems that energizes the spark each 
time the piston is at top dead center whether or not the piston is on the 
compression stroke  or  on  its  exhaust stroke. For hydrogen  engines,  the 
waste sparks are a source of pre-ignition. 

WATER (H2O) – A colorless,  transparent, odorless,  tasteless  liquid compound 
of hydrogen and oxygen. The liquid form of steam and ice. Fresh water at 
atmospheric pressure is  used as a standard for describing the relative den­
sity of liquids, the standard for liquid capacity, and the standard for fluid 
flow. The melting and boiling points of water are the basis for the Celsius 
temperature system. Water is the only byproduct of the combining of hydro­
gen and oxygen, and is produced during  the burning of any hydrocarbon. 
Water is the only substance that expands on freezing as well as by heating, 
and has a maximum density at 4 °C. 

WATER INJECTION – A technique for thermally diluting a fuel mixture by 
injecting water into the hydrogen fuel stream. 

WEIGHT AND DENSITY OF AIR – Weight and density of a given volume of 
air vary proportionally with pressure. An air receiver tank filled with air at 
atmospheric pressure floats on water, whereas the same tank of air pressur­
ized to 1000 psig contains a denser mass of air, and the increased weight 
causes it to sink. 

WORKING PRESSURE – The pressure at which the equipment was designed 
to  function,  or if conditions  have changed, the maximum pressure allowed 
at specified temperatures. 

ZEV – Zero Emissions Vehicle 

Z-FACTOR – Compressibility factor of a gas; a multiplier that accounts  for 
its deviation from the ideal gas law. 
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11.2 Measurement Systems 

Metric or SI System 

The meter is the central unit of the metric system. Other measures, such as 
for area, volume, capacity, mass, energy, force, power, voltage and others 
are directly linked to the meter,  greatly simplifying calculations. Orders of 
magnitude are in multiples of ten. The meter was first defined as 1.0 x 10-7 

of the distance between the North Pole to the Equator as measured on a line 
through Paris. It is now defined as the length of the path traveled by light in 
a vacuum during 1/299,792,458th of a second. 

The metric system was first introduced in France in 1793, but was not ac­
cepted until after 1837. Since then, the metric or “SI” system has become 
the official measurement system throughout most of the world. 

Prefix Symbol Factor Scientific Notation 

exa E 1,000,000,000,000,000,000 1018 

peta P 1,000,000,000,000,000 1015 

tera T 1,000,000,000,000 1012 

giga G 1,000,000,000 109 

mega M 1,000,000 106 

kilo k 1,000 103 

hecto h 100 102 

deca  da 10 101 

1 100 

deci d 0.1 10-1 

centi c 0.01 10-2 

milli m 0.001 10-3 

micro � 0.000001 10-6 

nano n 0.000 000 001 10-9 

pico p 0.000 000 000 001 10-12 

femto f 0.000 000 000 000 001 10-15 

atto a 0.000 000 000 000 000 001 10-18 

bold = commonly used 

Table 11-1 Metric Prefixes and Their Meaning 

Standard, English or Imperial System 

The standard/English/Imperial system does not have a central unit. The 
system grew out of various units that had been established ad hoc over cen­
turies in many countries. Common units, such as the yard, foot and inch, 
were defined as the king’s reach, the length of his foot and the width of his 
thumb, and therefore subject to continual change. The mile started as the 
distance an army could travel in an hour. Dimensions were eventually stan-
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dardized by  the English and the Imperial  system spread throughout the 
British Empire. 

In the US, the Imperial system was adapted in minor ways (as in liquid 
measure) and is known as the standard, English or US system. While mixed 
units and fractions are commonly used, it is the decimal measures (or “en­
gineering units”), such as the decimal foot, that are used by scientists, engi­
neers, etc. The foot is now officially defined as a portion of a meter. 

Prefix Symbol Factor Scientific Notation 

millions MM 1,000,000 106 

thousands M 1,000 103 

Table 11-2 Standard Prefixes and Their Meaning 

Engineering Units 

Use engineering units without mixing units of different magnitude. For ex-
ample, use 1.5' instead of 1'-6".  The former can be multiplied with other 
numbers, while the latter cannot. 

Use engineering units as decimals, not as fractions. For example, use 1.5 ft 
instead of 1 ½ ft.  Fractions cannot be multiplied or otherwise manipulated 
mathematically in a practical way. 

Prefixes to units should not be combined. For example, use billion instead of 
thousand-million, and giga instead of kilo-mega. 

Periods, Commas and Plurals 

In English-speaking countries,  Asia  and  in  many  other  countries, commas 
are used to separate thousands, while a period is used to indicate the deci­
mal point. In France, Germany and many other European countries, the 
practice is the reverse; indicating the decimal point  with  a comma, and 
thousands by periods. 

A zero should precede numbers that are less than zero, in order to draw at­
tention to the decimal point. For example, write 0.24 rather than .24. 

Periods should never be used with metric abbreviations. Standard units are 
often written with a period, but need not be. 

Abbreviations for units should not be pluralized. For example, write 2 lb in-
stead of 2 lbs. 
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11.3 Conversion Table 

Unit Accurately 
Multiply By 

Roughly 
Multiply By 

To Get 

Length (Distance) 

ft or’(feet) 12 in 

yd (yards) 3 ft 

mi (miles) 5280 5000 ft 

in or " (inches) 1000 mill or thou 
(thousandths 
of an inch) 

in 25.400 25 mm 
(millimeters) 

in 2.540 2.5 cm 
(centimeters) 

ft 0.304 80 0.3 m (meters) 

m (meters) 3.280 84 3.3 ft 

mi 1.609 344 1.6 km 

km (kilometer) 1000 m 

m 10 dm (decimeter) 

m 100 cm 

m 1000 mm 

mm 1000 �m (micron) 

light-years 9.46 x 1012 km 

light-years 5.88 x 1012 mi 

Speed (Velocity) 

mph (miles per 
hour) 

1.609344 1.6 km/h 
(kilometers per 
hour) 

fps (feet per 
second) 

0.30480 0.3 m/s (meters 
per second) 

fpm (feet per 
min) 

0.30480 0.3 m/min (meters 
per minute) 

knots 1.151 1.2 mph 

mach (speed 
of sound) 

741.455 750 mph 

c (speed of 
light) 

186,281.7 1.86 x 105 mi/s (miles per 
second) 

c 299,792,800 3 x 108 m/s (meters 
per second) 
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Unit Accurately 
Multiply By 

Roughly 
Multiply By 

To Get 

Acceleration 
mph/s 
(miles per hour 
per second) 

0.026 823 0.027 km/h-s 
(kilometers 
per 
hour per sec) 

ft/s2 (feet per 
second per 
second) 

0.304 80 0.3 m/s2 (meters 
per second 
per 
second) 

ft/s2 1.097 28 1.1 km/h-s 
gravity 32.174 05 32 ft/s2 

gravity 9.806 65 10 m/s2 

Area 
ft2 or sq ft 
(square feet) 

144 150 in2 or sq in 
(square inch) 

yd2 or sq yd 
(square yards) 

9 10 ft2 

in2 6.45 6 cm2 (square 
millimeters) 

ft2 0.093 0.1 m2 (square 
meters) 

mi2 or sq mi 
kilometers) 

2.590 2.6 km2 (square 
(square miles) 

acre 43,560 44,000 ft2 

acre 0.404 96 
0.4 

hectare 

hectare 10,000 m2 

Volume, Capacity 
ft3 or cu ft (cubic 
inches) 

1728 1700 in3 or cu in 
(cubic feet) 

ft3 7.480519 7.5 gal 
gal 0.133 681 0.13 ft3 

yd3 or cu yd 
(cubic yards) 

27 30 ft3 

fl oz 
(fluid ounce) 

2 Tb 
(tablespoon) 

fl oz 1.804 688 2 in3 

in3 0.554 0.5 fl oz 
cup 8 fl oz 
pt (pint) 2 cup 
qt (quart) 2 pt 
gal (gallon) 4 qt 
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Unit Accurately 
Multiply By 

Roughly 
Multiply By 

To Get 

gal 128 130 fl oz 

US liquid 
barrel 

31.5 30 gal 

US liquid 
barrel 

0.119 24 0.12 m3 

Imperial fl oz 0.960 76 1 fl oz 

Imperial pt 2.5 cup 

Imperial gal 153.721 7 150 fl oz 

Imperial gal 160 Imperial fl oz 

in3 16.387 064 16 cm3 (cubic 
centimeter) or 
mL (milliliter) 

ft3 28,316.85 30,000 cm3 or mL 

ft3 28.316 85 30 L (liter) or dm3 

(cubic deci­
meters) 

ft3 0.028 317 0.03 m3 (cubic 
meter) or 
kL (kiloliter) 

fl oz 29.573 53 30 cm3 or mL 

Imperial fl oz 28.413 07 30 cm3 or mL 

gal 3.785 412 4 L or dm3 

Imperial gal 4.546 092 4.5 L or dm3 

cm3 or mL 0.061 024 0.06 in3 

cm3 or mL 0.033 813 0.03 fl oz 

m3 or kL 35.314 475 35 ft3 

cm3 or mL 1000 mm3 

L or dm3 1000 cm3 or mL 

m3 or kL 1000 L or dm3 

Mass 

lb(pound) 16 oz (ounce) 

ton — short 2000 lb 

ton — long 2240 2200 lb 

ton — long 1.12 1.1 ton — short 

oz 28.350 30 g (gram) 

lb 453.592 500 g 

lb 0.453 59 0.5 kg (kilogram) 

ton - short 0.907 18 0.9 tonne 

g 0.035 273 0.035 oz 
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kg 35.273 368 35 oz 
Unit Accurately 

Multiply By 
Roughly 
Multiply By 

To Get 

kg 2.204 586 2.2 lb 
tonne (metric) 2205 2200 lb 
tonne 1.102 293 1.1 ton — short 
tonne 1.016 064 1 ton — long 
g 1000 mg 
kg 1000 g 
tonne 1000 kg 
Mt 
(megatonne) 

1,000,000 tonne 

Mass Flow 
cfm(ft3/min) (cubic 
feet per 
minute) 

60 cfs (ft3/s) 
(cubic feet per 
second) 

cfh (ft3/h)(cubic 
feet per hour) 

24 cfm (ft3/min) 

gps(gallons 
per second) 

60 gpm 

gpm (gallons 
per minute) 

8.020 833 8 cfh (ft3/h) 

cfs 28.317 30 slps (standard 
liters per sec.) 

cfs 0.028 317 0.03 m3/s 
(cubic meters 
per second) 

cfm 28.316 85 30 slpm 
(standard liters 
per minute) 

cfm 0.0283 17 0.03 m3/min 
(cubic meters 
per minute) 

cfh 0.472 0.5 slpm 
gpm 3.785 412 3.8 slpm 
slpm 0.035 315 0.035 cfm 
m3/min 1000 slpm 
slpm 60 slps 
Force 
IbF or lb 
(pound force) 

4.448 222 4.5 N (Newtons) or 
J/m (Joules 
per meter) 
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N 0.224 809 0.22 lbF 

Unit Accurately 
Multiply By 

Roughly 
Multiply By 

To Get 

Pressure 
psi (pound-
force per 
square inch) 

16 15 oz per sq in 
(oz/in2) 

psf (pounds 
per square ft) 

144 150 psi 

psi 0.068 046 0.07 atm 
psi 2.04 2 in Hg 
psi 27.72 28 in of water 
atm 14.696 15 psi 
in Hg (inches 
of mercury) 

0.491 0.5 psi 

in Hg (or "Hg) 13.6 14 in of water 
psi 6.894 757 7 kPa 
psi 0.068 948 0.07 bar 
psi 0.006 895 0.007 MPa 
psi 51.715 50 Torr 
in Hg 25.4 25 Torr 
in Hg 3.386 39 3.4 kPa 
in wg (inches 
of water) 

248.84 250 kPa 

atm 101.325 100 kPa 
atm 1.013 25 1 bar 
kPa 
(kilopascals) 

0.145 038 0.15 psi 

bar 14.503 77 15 psi 
bar 0.986 923 1 atm 
bar 0.1 mpa 
bar 100 kPa 
bar 1000 mbar 

(millibars) 
kPa 1000 Pa 
Mpa 
(megapascals) 

1000 kPa 

GPa 
(gigapascals) 

1000 mpa 

Torr 
(millimeters of 

0.133 322 0.13 kPa 
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mercury) 
Unit Accurately 

Multiply By 
Roughly 

Multiply By 
To Get 

Energy, Heat, Work, Torque 
ft-lb or ft-IbF 
(foot-pounds) 

16 in-lb (inch­
(pounds) 

ft-lb 1.355 818 1.4 J (Joules) or 
Nm (Newton-
meters) 

Btu (British 
thermal units) 

777.477 800 ft-lb 

Btu or W-h 
(Wafts per 
hour) 

10,000 therm 

Btu 1055.056 1000 J 
Btu 1.055 056 1 kJ (kilojoules) 
J 0.947 364 1 Btu 
kW-h 
(kilowatt-
hours) 

3.6 MJ 
(megajoules) 

kW-h 3600 kJ 
Temperature 
°F (degrees 
Fahrenheit) 

–32; x 5/9 –30; x 0.5 °C (degrees 
Celsius) 

°C x 9/5 + 32 x 2 + 30 °F 
<°F x 5/9 x 0.5 <°C 
<°C x 1.8 x 2 <°F 
K x  1.8 °R 
°F +459.67 460 °R (degrees 

Rankine) 
°C +273.15 + 273 K (degrees 

Kelvin) 
Power, Heat Flow Rate 
Btuh 
(British thermal 
units per hour) 

0.293 07 0.3 W (Wafts) or 
J/s (Joules per 
second) 

hp 
(horsepower) 

0.000 393 0.0004 Btuh 

hp – electric 0.746 0.7 kW (kilowatts) 
Btuh 0.000 293 0.0003 kW 
MBh (thou-
sands of Btuh) 

0.293 0.3 kW 
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Unit Accurately 
Multiply By 

Roughly 
Multiply By 

To Get 

Density 
oz/in3 (ounces 
per cubic inch) 

1730 1700 kg/m3 

(kilograms per 
cubic meter) 

lb/ft3 (pounds 
per cubic foot) 

16.018 16 kg /m3 

kg /m3 0.062 43 0.06 lb/ft3 

Specific Volume 
ft3/lb(cubic 
feet per pound) 

0.062 43 0.06 m3/kg (cubic 
meters per kg) 

m3/kg 16.018 16 ft3/lb 
Energy Density or Heat Density 
Btu/ft2 (British 
thermal units 
per sq. foot) 

11.357 11 kJ/m2 

(kilojoules per 
square meter) 

Btu/ft3 (British 
thermal units 
per cubic foot) 

37.297 37 kJ/m3 

(kilojoules per 
cubic meter) 

Btu/gal (Btus 
per gallon) 

1000.279 1000 kJ/L (kilo-
joules per liter) 

Power Density 
kW/ft2 

(kilowatts per 
square feet) 

10.764 10 kW/m2 

(kilowatts per 
square meter) 

Btuh/ft2 3.1546 3 kW/m2 

Specific Heat 
Btu/lb (British 
thermal units 
per pound) 

2.326 2.3 kJ/kg 
(kilojoules per 
kilogram) or 
J/g (Joules per 
gram) 

Thermal Capacity 
Btu/Ib-°F (Btu 
per pound-°F) 

4.1868 4 kJ/kg-°C 
(kilojoules per 
kilogram-°C) 
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Unit Accurately 
Multiply By 

Roughly 
Multiply By 

To Get 

Fuel Consumption 
mpg (miles per 
gallon) 

4.251 436 4 km/L 
(kilometers per 
liter) 

mpg (miles per 
gallon) 

0.235 21 0.25 u100km (liters 
per 100 km) 

gal/hp-hr 
(gallons per 
horsepower-
hour) 

0.079 317 0.08 L/kW-hr 
(liters per 
kilowatt-hour) 

Humidity Ratio 
grain of moist­
ure per pound 
of dry air 

1/7000 or 
1.428 57 x 10-4 

kg of moisture 
per kg of dry 
air 

Pressure Drop (Water at 68 °F; 20 °C) 
ft/100ft (feet 
per 100 feet) 

98 100 Pa/m (Pascals 
per meter) 

ft/100ft 0.098 0.1 kPa/m 
(kilopascals 
per meter) 

psi/100ft (psi 
per 100 feet) 

226 230 Pa/m 

kPa/m 10.2 10 ft/100ft 
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