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Abstract: The process of hydrogen absorption and release, working conditions, capacity and efficiency of
storage system, are modeled and simulated using a simulation model to investigate the process of hydrogen
storage in metals in the form of hydrides. The first and second laws of thermodynamics are used taking into
account that the quantity of heat required to store H2 into hydride is analogous to the heat required by an engine
to perform certain amount of work. The difference in pressure as implied by the quantity of H2 stored in hydride
container represents the work done by the system, in another form the temperature level reached and the starting
temperature represent the two temperature levels of a heat source and heat sink between which an engine
operates, thus the first and the second law efficiencies, η1 (W/Q) and η2 (ratio between h1 first law efficiency
and η, efficiency of Carnot cycle assumed to work between two temperatures levels T1 and T1+∆T ) are used
to describe the process. Through a simulation model, a basis for choosing a suitable hydride to store and release
hydrogen have been developed, taking into account the process cost through studying the first law efficiency
and the second law efficiency using thermodynamics principles. Proper conditions have been discussed to
choose optimum possible storage conditions.
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INTRODUCTION 

With the 1990 Clean Air and the 1992 Energy Policy
world awareness, the world recognized the need for a
long-term transition strategy to cleaner transportation
fuels[1]. Because of the potential for tremendous adverse
environmental, economic and national security impacts,
fossil fuels must be replaced with pollution-free fuels
derived from renewable resources. Hydrogen is an ideal
candidate as it is available from domestic renewable
resources and usable without pollution. It could therefore
provide the long-term solution to the problems created by
the Nation’s dependence on fossil fuel.

Interest in hydrogen as a fuel has grown dramatically
since 1990 and many advances in hydrogen production
and utilization technologies have been made[2]. However,
hydrogen storage technology must be significantly
advanced in performance and cost effectiveness if the
countries are to establish a hydrogen based transportation
system. 

Hydrogen provides more energy than either gasoline
or natural gas on a weight basis. New approaches
enabling more compact, lightweight and energy efficient
hydrogen storage are required in order for the wide-spread
use of hydrogen powered vehicles to become a reality.

Process modeling and simulation: To simulate the
process of hydrogen storage in metals to form hydrides, 

we will use the first and second law of thermodynamics
taking into account that the quantity of heat required to
store H2 into hydride is analogous to the heat required by
an engine[3] to perform certain amount of work. The
difference in pressure as implied by the quantity of H2
stored in hydride container represents the work done by
the system, in another form the temperature level reached
and the starting temperature represent the two
temperatures levels of a heat source and a heat sink
between which an engine operates, thus the first law
efficiency η1 (W/Q) and the second law efficiency η2
(ratio between η1 and η; efficiency of Carnot cycle
operating between two temperatures levels T1 and
T1+∆T) are used to describe the process.

MATERIALS AND METHODS

Energy and energy conversion studies[4,5] deal with
the study of several energy resources and their
economical impact. A source of energy to be considered
economic, the whole system from obtaining the energy
from its main source till its utilization by the end user in
the required form; of heat or mechanical work, has to be
studied. No matter what source of the energy was, the
conversion system will involve a step where storage is
required, at a certain stage and where the energy is in a
certain form.
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In energy systems using hydrogen as a source one of
the most promising storing techniques is the use of metal
hydrides. This involves a reversible reaction where
hydrogen can be absorbed by a material (generally
metallic) to form a metal hydride, then it can be released
when required, in the form of free hydrogen ready to be
utilized in the energy conversion system to develop
energy. Several materials can absorb hydrogen and
release it, i.e. metal hydrides, with different capacities.
The capacity and the heat and/or work required in the
storage and release will affect the economy of the system
as a whole. Because metal hydrides release heat during
their formation and absorb heat during the release of
hydrogen in the reverse action, this principle can be used
to develop power cycles using metal hydrides as a
compressor and producing shaft power by expanding
hydrogen through a hydrogen turbine. The concept of
hydrogen compression (model) is very simple and is
shown in Fig. 1.

Although there are essentially no moving parts in a
hydride compressor, it operates by a two step procedure
analogous to a mechanical compressor and uses
temperature increases to increase the pressure according
to the Van't Hoff equation:

        (1)
2ln   C  HP
m RT

∆⎡ ⎤= +⎢ ⎥⎣ ⎦
Where m is defined from the hydride formation reaction:

    (2)2 m
m   MeH
2

Me H+ ←→

Where ∆H is the enthalpy change of the hydride
formation, R is the universal gas constant, "Me" for metal,
H for Hydrogen and C is a constant related to the entropy
change of the hydriding reaction. Referring to Fig. 1, the
"intake" step involves absorption of hydrogen into the bed
at low temperature and pressure and the "exhaust" step;
the desorption of hydrogen at a higher bed temperature
and hence high pressure.

The theoretical minimum quantity of work, W,
required to isothermally compress one mole of a gas at a
temperature T1 from an initial pressure, P1, to a final
pressure, P2, is given by

W = RT1 ln(P2/P1) (3)

There are two rather different ways to evaluate the
efficiency of a hydride based hydrogen compressor. These
ways may be referred to as the first law efficiency, h1 and
second law efficiency h2 defined by Equations 4 and 5

η1 =  W/Q (4)
η2 = η1/ηC (5)
ηC = (T2 – T1)/T2 (6)

Where,  Q is the total heat input to the device and ηC is  

the maximum  efficiency  attainable   for  an  ideal  device
operating between a heat source at a temperature T2 and
a heat sink at a temperature T1.

Thus, the first law efficiency, η1 is a measure of the
efficiency with which the thermal energy input to the
device is converted to isothermal work of compression.
The second law efficiency, η2, is a measure of how η1
compares  to  the  maximum  efficiency  with  which
work can be obtained from the transfer of thermal energy
from a source at a temperature T2 to a sink at a
temperature T1.

In the following section, theoretical expressions for
η1 and η2, are derived in terms of T1, T2 and the parameter
X which is equal to Cp/∆H where Cp is the total heat
capacity of the device (hydride plus container) per mole
of hydrogen capacity and ∆H is the heat of formation of
the hydride per mole of hydrogen.

Theoretical hydride compressor efficiencies: The total
heat input, Q, to a hydride based hydrogen compressor is
given by

Q = ∆H + Cp ∆T (7)

Substitution for Q and W from Equations 7 and 3,
respectively, in Equation 4 gives : 

η1 = RT1 ln (P2/P1)/(∆H + Cp ∆T) (8)

The relationship between the equilibrium hydrogen
pressure and temperature for a hydride is given by the
Van’t Hoff equation:

ln P = -∆H / RT + B (9) 

Thus, for a hydride based hydrogen compressor operating
between a heat source at a temperature T2 and a heat sink
at a temperature T1, the compression ratio, P2/P1, is given
by:

ln (P2/P1) = ∆H (T2—T1)/RT1T2 (10)

Substitution for ln (P2/P1) from Equation 10 in Equation
8 gives

η1 = ∆ T / (T1 + ∆T) (1 + X ∆T) (11)

Where ∆T = T2 -T1 and X = Cp/∆H. This expression for
η1 shows that for any non-zero value of X there is a value
of ∆T which will maximize η1. This maximum value, η1M,
will occur at that value of ∆T which satisfies the relation

The optimum value of ∆T determined in this way is
given by:

∆T = (T1/X)1/2 (12)
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Table 1: Maximum theoretical efficiency of a LaNi5 based hydrogen compressor operating between 303K and 303 + ∆T 0K.
Case 1(9) Case 2 (10)

----------------------------------------------- -------------------------------------------------
∆T, oK η1 % η2 % η1 % η2 %
0 0 100 0 100
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
50 11.85 83.68 10.19 71.94
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
100 17.85 71.94 13.94 56.18
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
150 20.89 63.09 15.26 46.08
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
200 22.34 56.18 15.53 39.06
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
250 22.89 50.63 15.32 33.90
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
300 22.93 46.08 14.90 29.94
(1) Case 1 is for X = 0.0039 which corresponds to a system having a heat capacity due only to that of the LaNi5.
(2) Case 2 is for X = 0.0078 which corresponds to a system having a heat capacity equal to twice that of the LaNi5, that is to say, the heat capacity
of the hydride containment vessel is equal to that of the LaNi5.

Thus, the maximum attainable first law efficiency, η1M,
can be found by substitution of ∆T from Equation 12 in
Equation 11. This gives.

η1M = (T1/X)1/2/[T1 +(T1/X)1/2] [1 + (T1X)½]              (13)

The efficiency discussed thus far is what may be
considered as a first law efficiency, namely, the ratio of
the theoretical isothermal work of compression to the total
heat input to the hydride-based compressor. It is also of
interest to examine what may be considered the second
law efficiency, η2, namely, the ratio of the thermal
efficiency as defined by Equation 4 to the maximum work
theoretically obtainable from an ideal heat engine
operating between T2 and T1. Substitution of η1 and ηC
from Equations 11 and 6, respectively, in Equation 5
gives:

η2 = l/ (l + X∆T)                                             (14)

Thus, if X equals zero (Cp = 0, hence, Q = ∆H) the
second  law efficiency, η2, is independent of T1 and ∆T
and is always equal to 1, while the first law efficiency, η1,
will increase with increasing ∆T; as ∆T for any value of
X greater than zero increases. Thus it starts at zero and
increases to a maximum when ∆T = (T1/X)l/2, then
decreases as ∆T is increased any further. The second law
efficiency in contrast starts at 1 when ∆T = 0 and
decreases toward zero as ∆T is increased. Hence, as ∆T
increased from zero up to a value given by ∆T= (T1/X)1/2

a hydride compressor makes increasingly more efficient
use of the thermal energy supplied, while at the same time
becoming increasingly less efficient, as compared to an
ideal heat engine operating over the same ∆T. Fig. 2 in
Appendix A gives values of ∆T which will maximize h1
as a function of T1 and X. Values of η1 and η2 as a
function  of  T1,  ∆T and X are given in Fig. A-1 to A-5.

In  the  following  section,  calculated  theoretical  first
and  second  law  efficiencies  of  a  LaNi5  based hydride

compressor are discussed to illustrate the utility of the
relationship derived in this section.

Theoretical efficiencies for a LaNi5 based hydrogen
compressor: The following examples are based on the
use of LaNi5 to compress hydrogen using thermal energy
from a heat source at a temperature T2 = T1 + ∆T and a
heat sink at a temperature =303K. While theoretically,
some of the thermal energy associated with the term Cp
∆T in Equation 7 could be recovered, this has been
neglected in the following examples, since in most cases
recovery of this energy, which is small compared to ∆H,
would not be economically justifiable.

The heat of formation of LaNi5 hydride is 7.2 kcal per
mole of hydrogen. The heat capacity of LaNi5H6 per mole
of deliverable hydrogen is 28.2 cal/oC (deliverable
hydrogen  is  taken  to  be  85 percent of the total
hydrogen  content  of  LaNi5H6). Thus, the minimum
value X (Cp/ ∆H) can have 0.0039.

When the only contribution to the system heat
capacity is that of the LaNi5, i.e., the container has no heat
capacity. The first and second law efficiencies are
discussed below for two cases. The first of these is for the
case of X = 0.0039 (zero container heat capacity) and
represents the highest efficiency one could achieve with
an ideal LaNi5 based hydrogen compressor. The second
case is for a value of X = 0.0078; this corresponds to a
compressor having a container heat capacity equal to that
of the LaNi5.

The results plotted in Fig. 2 illustrate the dependence
of, η1 and η1m on ∆T and X and clearly show the negative
effect on efficiency of any heat capacity added to that of
the LaNi5 by the container. One interesting  feature  of 
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Table 2: Values of ∆H, Cp and X for various hydrides.
Hydride ∆H * Cp ** Cp/H
A1H3 2.7 18.8 0.0070
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
TiCr1.8H2.7 4.6 28.8  0.0063
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
MNi40Fe1.0H42 6.3 34.3 0.0054
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
MNi3.5Cu15H45 6.4 32.9 0.0051
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Ca0.7M0.3N15H4.2 6.5 34.3 0.0053
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
FeTiH 6.7 42.4 0.0063
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
MNi45A15H45 6.7 32.9 0.0049
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
LaNi5H6 7.2 28.2 0.0039
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
CaNi5H42 7.6 34.3 0.0045 
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
TiFe07Mn02H133 7.7 34.3 0.0045
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
FeTiH16 8.1 31.8 0.0039
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
NaH 13.6 28.2 0.0021 
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Mg2NiH4 15.4 24.7 0.0016
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
MgH2 18.0 21.2 0.0012
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
LiH 21.7 28.2 0.0013 
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
TiH2 30.0 21.2 0.0007
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
UH3 30.8 18.8 0.0006
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
ZrH2 39.7 21.2 0.0005
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
CaH2 41.7 21.2 0.0005
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
LaH2 49.7 21.2 0.0004 
* Kcal/mole of H2.  ** cal/mole of available H2 -0C, calculated assuming the law of Dulong and Petit and that 85% of the hydrogen in the hydride is
obtainable[6,7].

Fig. 1: Thermal  compression  of hydrogen using
hydrides.

these results is the relatively slow fall-off in η1 for values
of ∆T greater than the optimum value, (T1/X)1/2, as
compared to the rapid decrease of η1 for values less than
this optimum value.

Values of X for a number of hydrides are given in
Table 2. Most of these hydrides have values of X which
lie within the range 0.0039 to 0.0078 covered by cases 1
and 2 above. Hence, the data given for these two cases in
Table 1 and Fig. 1 can be used to obtain a rough estimate
of the dependence of the efficiency on ∆T for many
hydrides of practical interest.

RESULTS AND DISCUSSIONS

This study describes a simple way of determining the
maximum first and second law efficiencies obtainable for
thermally driven hydride based hydrogen compressors in
terms of three parameters, the temperature of the heat
sink, Ti, the difference in temperature between the heat
sink and heat source, ∆T and X, which is the ratio Cp/∆H
where Cp is the total system heat capacity (hydride plus
container) per mole of hydrogen capacity and ∆H is the
heat of formation of the hydride per mole of hydrogen. 
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Fig. 2: The effect of  ∆T on both  η1 and   η2 values for T1=303°K in two cases of  ratio.
Case 1: x=0.0039 for LaNi5 hydride neglecting the Cp for the container
Case 2: x=0.0078  i.e. assuming Cp of the container same as that of the hydride material LaNi5.

Fig. A-1: The values of ∆T for which the efficiency is maximized, are plotted against values of X,(X=Cp/∆) for several
values of T1.

This  analysis  of compressor efficiency shows that for
any given system there is a value of ∆T (∆T = (T1/X)l/2)
for which the first law efficiency will be maximized. It
does not necessarily follow however, that the optimum
point to operate a compressor is at the ∆T that will
maximize the first law efficiency. As shown in Fig. 1, if
one operates at a very low ∆T, the first law efficiency is
very low while the second law efficiency is very high; in
fact, as ∆T tends to 0, η1 tends to 0 and η2 tends to 1.0.
Thus, at low ∆T a hydride compressor can approach an
efficiency as high as any cycle can; at that ∆T. However,

the first law efficiency will be extremely low. That means
a large quantity of heat must flow into or out of the
system to yield a very small net work of compression.
Hence, large and expensive heat exchangers would be
required. As ∆T is increased toward (T1/X)1/2, the heat
exchanger size and cost will decrease, reaching a
minimum at ∆T = (T1/X)1/2 at the expense, however, of a
large decrease in η2. Thus, by the time h1 reaches a
maximum, η2 may have decreased enough to lead one to
choose a different cycle to extract work so as to more
efficiently use the available thermal energy. It should be
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Fig. A-2: The values of  η2 (the second law efficiency) is plotted  against values of X for several values of  T1.

Fig. A-3: The effect of hydride capacity on the temperature at which  η1max  occurs against ∆T for different T1,X=0.003.

noted, however, that many proposed applications for
hydride compressors are based on the use of waste heat
and the most thermodynamically efficient use of the
available thermal energy is not the principal factor. It is
clear that operation at ∆T > (T1/X)1/2 is never desirable as
one loses on both the first and second law efficiencies.
Thus, the optimum point of operation for a hydride based
hydrogen compressor is at a value of ∆T in the range 0
<∆T < (T1/X)l/2 chosen to achieve an optimum trade-off
between second law efficiency, which decreases with
increasing ∆T and system cost, which will decrease with
increasing ∆T. Note, however, that as ∆T tends to

(T1/X)1/2 the second law efficiency will generally fall to a
value sufficiently low to make alternate cycles more
attractive. One important exception to this may be in the
case of very small systems where the hydride cycles, due
to their simplicity, may provide the lowest cost way of
extracting mechanical work from the available heat flux.
Fig. A-1, A-2 show that the efficiency η2 decreases as the
X ratio increases for any value of ∆T. Also for a certain
value of efficiency, DT decreases as X increases Fig. A-3
To A-5 show the effect of hydride capacity on the
temperature at which η max occurs, as a function of DT and
several T1 values.
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Fig. A-4: The effect of hydride capacity on the temperature at which η1max  occurs against  ∆T for different T1,X=0.006.

Fig. A-5: The effect of hydride capacity on the temperature at which  η1max  occurs against  ∆T for different T1,X=0.009.

Conclusions: The attractiveness of metal hydrides stems
from their high hydrogen density per unit volume and
their ability to release and absorb significant quantities of
thermal energy during the hydride formation and the
reversible reactions.

The  principal  aim is to derive a comparative basis
for  storage  capacity  of  different  metal  hydrides to
store  and  release  hydrogen  and  to compromise
between  the  system  heat  capacity  per mole of
hydrogen capacity and the efficiency of hydrogen
compression.

Several devices, such as compressors (model), have
been proposed which all share a common feature; namely,
the use of heat in conjunction with a reversible hydride to
compress hydrogen. Several factors will determine the
technical and economic viability of these devices. One of
these factors is the thermal efficiency of hydride
compressors. This paper discusses the maximum
efficiencies obtainable for hydride compressors as a
function  of  the  temperature  of the heat source, T2, the
temperature of the heat sink, T1 and X which is the ratio
Cp/∆H where Cp is the system heat capacity (hydride plus
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container) per mole of hydrogen capacity and ∆H is the
heat of absorption per mole of hydrogen.

The optimum point of operation for a hydride based
hydrogen compressor is at a value of ∆T in the range 0 <
∆T < (T1/X)l/2 chosen to achieve an optimum trade-off
between second law efficiency, which decreases with
increasing ∆T and system cost, which will decrease with
increasing ∆T.

For any T1 value, the ∆T value decreases as the X
ratio increases. For a specified ∆T, to get higher storage
capacity (defined by X), T1 increases meanwhile, η will
decrease.

The efficiency η2 decreases as the X ratio increases
for any value of ∆T. Also for a certain value of efficiency,
∆T decreases as X increases.

For all T1 values, the value of η max decreases as X
increases for a certain value of X, η max is higher for lower
T1 values.

The maximum value of η1max occurs at a value of ∆T
which decreases with increasing X. Also, for the same T1
and same ∆T, η1M is lower the higher X.
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