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Abstract: In this study, we investigate a numerical-modeling method uniquely performing analyses
of 50 different metal hydrides to find the optimized thermal effect. This paper presents a
metal-hydride thermal energy conversion method, which offers an alternative approach to the
traditional vapor-compression heat pump associated with conventional heating, ventilation, and air
conditioning (HVAC). The authors have developed an innovative heat pump applicable to non-vapor
compression-based systems, which are in compliance with low-temperature heat source requirements
for operation. The new heat pump has a high-energy savings potential for both heating and
cooling that featured two different metal-hydrides, that are distributed inside parallel channels
filled with porous media. Thermal energy conversion is developed as a set of successive thermal
waves. The numerical-modeling results present the enhanced thermal effect, which is attained in a
synchronous motion of the thermal waves and the heat source (or sink) inside paired porous media
channels, which accompanies the phase transition in the succession of unit metal-hydride heat pumps.
The results present in a form convenient for the prediction of thermal energy efficiency based on the
proposed thermal-conversion method in real devices that were experimentally verified in previous
work. The non-vapor technologies will be operational with low energy input, which makes it possible
to utilize waste heat or low-level heat often found in the environment such as solar radiation, exhaust
gas from a heat engine, or high-temperature fuel cell system.

Keywords: metal-hydride; heat pump; porous media; thermal wave; temperature; HVAC;
non-vapor compression

1. Introduction

The increasing daily environmental issues on earth have encouraged us to develop
environmentally-friendly technologies in the broad fields of science and industrial areas. Particularly,
chlorofluorocarbons (CFCs) emitting from a vapor compression type of heating, ventilation, and air
conditioning (HVAC) system or a refrigerator, cause problems not only in the local environment but
also in the global environment. It has been gradually restricted in its applications to 38 industrialized
nations since the Montreal Protocol was established in 1987 by the United Nations Environment
Programme [1,2]. Thus, it is not necessary to emphasize the research and development (R&D) efforts,
which preceded finding a new activation fluid and developing a cooling mechanism without using
CFCs such as the non-vapor-compression systems. However, the conventional HVAC systems still
heavily rely on the principle of the vapor-compression, which has shown some critical environmental
and cost issues. Thus, more affordable and practical non-vapor compression technologies have been
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determined as necessary in the energy and HVAC area. This is because, according to a DOE report,
none of the non-vapor priority technologies seem to satisfy most of the desired requirements and
ultimate directions set by DOE, including cost-effectiveness, system complexity, reliability issue,
and technical maturity [3].

The non-vapor technologies should be operational with low energy input, which makes it possible
to utilize waste heat or low-level heat often found in the environment. Examples of this type of heat
can come from several sources, such as solar radiation or possibly exhaust gas from a heat engine or
from a high-temperature fuel cell system. Most importantly, these non-vapor technologies should be
applicable to both space heating and cooling.

There is a need to develop a new system that may provide not only the environmentally friendly
advantage of avoiding CFC consumption but also effective usage of thermal energy. The reaction
enthalpy of metal hydrides in the range of 30 to 80 kJ/mol·H2 is reasonably higher than the phase
transition energy of H2O (40 kJ/mol) or CFCs (6 kJ/mol). The thermodynamic cycle of a metal hydride
heat pump (MHHP) system was developed by Argonne National Laboratory in 1979 and became
popular worldwide [4]. The MHHP keeps the typical advantages of a sorption-type chemical-heat
pump while avoiding their disadvantages, such as system complexity and a limited temperature ranges
due to the material characteristics of reaction agent (i.e., water and LiBr or NH3). In addition, the R&D
protocol of the metal hydride system offers a wider prospect of hydrogen energetics. Controlling the
metal hydride pairs makes the system possible to determine the hydrogen storage capacity, operating
temperature, and pressure. This type of control also provides good reversibility that allows the heat
pump system to operate under various input heat sources/sink temperatures. However, it still has
some critical issues in practical applications due to the irreversible heat loss caused by the bulky metal
reactor and metal hydride powder itself, which has a very low thermal conductivity level of glass or
ceramic material but with significantly high hydrogen reaction rate [5].

To avoid the critical challenges of the metal hydride system as defined thus far, several researchers
have proposed a metal hydride thermal conversion system that employs a heat exchange between the
metal hydride reactor and a thermal wave, which propagates into an adiabatic porous media with a
highly developed surface area [6,7]. In this study, we investigate the numerical-modeling method to
find an optimized pair of metal hydrides for the suggested system using synchronous motions of the
thermal waves in the heat source and heat sink inside paired porous media channels. Uniquely we
perform numerical analyses on the thermodynamic cycle performance of the metal hydride thermal
energy conversion system elaborating the superadiabatic condition composed by 122 combinations of
metal hydride pairs using 50 different metal hydrides. This paper also presents the prediction of the
thermal effectiveness of the proposed thermal-conversion method in a laboratory setup that has been
experimentally verified in previous research efforts.

2. Mathematical Model

2.1. Thermodynamic Characteristics of a Metal Hydride

Metal hydrides are a unique type of alloys, which can absorb and desorb hydrogen reversibly,
while releasing and absorbing thermal energy, respectively. Absorbing and desorbing hydrogen is the
fundamental working principle presented in this article. Many metals and alloys react reversibly with
hydrogen to form metal hydrides according to the following reaction:

Me +
x
2

H2 ↔ MeHx + Q (1)

where Me is a metal, solid solution, or intermetallic compound. MeHx is the respective hydride, and x
is the ratio of a hydrogen atom to metal, Q is the quantity of heat (kJ).

Since the entropy of the hydride is lowered in comparison to the metal and the gaseous hydrogen
phase at ambient and elevated temperatures, the hydride formation is exothermic, while the reverse
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reaction of hydrogen release is accordingly endothermic [8]. The reaction equilibrium can be described
by the van’t Hoff expression:

ln
p
p0

= −
∆h
RT

+
∆s
R

(2)

where p is equilibrium pressure of hydrogen (atm); p0 is the atmospheric pressure (1 atm); R is the ideal
gas constant (J/(mol·K)); T is temperature (K); ∆h is the enthalpy (J/ mol·H2), and ∆s is the entropy of
the metal hydride (J/mol·H2·K).

We collected thermodynamic equilibrium properties of 50 well-defined metal hydrides from
various publications (see references in Table 1). Those properties helped us to apply the alloys and
metals in a performance prediction of the thermal energy conversion system, and its thermodynamic
properties are represented in Table 1. The table shows the enthalpy and the entropy changes that
measured when a metal hydride in the desorption process. The number of each metal hydrides and
its order in Table 1 are based on its integration values, as noted in Equation (2) among temperatures
ranging from −100 ◦C to 400 ◦C, in order to select an appropriate metal hydride in the specific
temperature and pressure range.

Table 1. Thermodynamic equilibrium properties of metal hydrides reported in various peer-reviewed
journal articles. ∆h is reaction enthalpy, and ∆s is reaction entropy measured in the desorption process.

No.
Nominal

Composition
∆h

(kJ/mol·H2)
∆s

(kJ/mol H2·K) No. Nominal Composition ∆h
(kJ/mol·H2)

∆s
(kJ/mol H2·K)

1 TiCr1.8 [9] 20.2 0.111 26 LaNi4.7Al0.3 [10] 34.0 0.1068
2 CeNi5 [11] 22.2 0.111 27 (V0.9Ti0.1)0.95Fe0.05 [12] 43.20 0.1396
3 MmNi5 [13] 21.1 0.097 28 Zr(V0.2Mn0.2Ni0.6)2.4 [14] 39.9 0.1257
4 NdNi5 [15] 27.8 0.116 29 Pd0.9Rh0.1 [16] 34.2 0.102
5 MmNi4.5Mn0.5 [9] 17.6 0.067 30 LaNi4.6Al0.4 [17] 36.4 0.1092
6 MmNi4.15Fe0.85 [18] 25.3 0.105 31 MmNi4.2Co0.2Mn0.3Al0.3 [19] 36.5 0.1087
7 MmNi3.5Cu1.5 [20] 23.4 0.097 32 LaNi4.6Mn0.4 [21] 39.4 0.117
8 PrNi5 [22] 27.6 0.113 33 LaNi4.5Al0.5 [23] 38.49 0.11129
9 Pr2Ni7 [24] 27.8 0.111 34 MmNi3.5Co0.7Al0.8 [25] 39.8 0.115

10 TiMn1.5 [26] 28.7 0.114 35 TiFe0.8Ni0.2 [27] 41.2 0.119
11 ZrFe1.5Cr0.5 [28] 25.61 0.0975 36 LaNi4.25Al0.75 [29] 44.1 0.117
12 Ca0.7Mm0.3Ni5 [20] 26.6 0.1 37 Pd [30] 41.0 0.0976
13 TiFe [27] 28.1 0.106 38 LaNi4Al [31] 47.7 0.11883
14 MmNi4.5Al0.5 [32] 28 0.105 39 TiCo [33] 54 0.135
15 TiV0.62Mn1.5 [34] 28.6 0.107 40 ZrCr2 [35] 45.2 0.103
16 TiFe0.9Mn0.1 [36] 29.5 0.107 41 ZrMn2 [37] 53.2 0.121
17 SmCo5 [38] 34.95 0.129 42 GdFe3 [39] 50.4 0.105
18 MmNi3Co2 [40] 32.7 0.12 43 Pd0.7Ag0.3 [41] 50.0 0.101
19 Zr0.8Ti0.2MnFe [42] 29.6 0.101 44 Mg2Ni [43] 64.5 0.122
20 LaNi5 [44] 30.8 0.108 45 Mg [45] 74.5 0.135
21 LaNi4.9Al0.1 [46] 32.64 0.11046 46 ZrNi [47] 76.85 0.136
22 CaNi5 [48] 31.9 0.101 47 Mg51Zn20 [49] 84.0 0.157
23 LaNi4.8Sn0.2 [50] 32.8 0.105 48 U [51] 127 0.180
24 LaNi4.75Al0.25 [52] 34.73 0.11046 49 Ti [53] 164 0.179
25 V [54] 40.1 0.1407 50 Zr [55] 217 0.188

Figure 1 shows some examples of the van’t Hoff plot, which presents a relationship between the
equilibrium hydrogen pressure and the temperature of each metal hydride alloy as the relationship
relates to a lnP − 1/T scale, according to Equation (2) and Table 1. For different metal hydrides,
the reaction enthalpy, ∆h and the reaction entropy, ∆s are represented by the slope and intercept,
respectively. In the estimation of the van’t Hoff plot, the metal and hydrogen keep in dissociated status
in the lower-left condition while it forms a metal hydride status in the upper-right condition for each
metal hydride as shown in Figure 1.
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performance of the system does not require any environmentally harmful chemicals or materials. 

To operate the MHHP cycle based on the equilibrium thermodynamic characteristics of the 
metal hydride, at least one pair of metal hydride alloys with different equilibrium temperatures at a 
given pressure has to be selected. One with higher equilibrium temperature is referred to as “HT” 
and the other to “LT” of the subscript letter in this paper (Figures 1–4). Figure 2 (left) shows the actual 
metal hydride reactor pair used in the experimental setup in the MHHP system illustrated in Figure 
4 [7]. The two reactors filled with different metal hydride alloys, ܪܯு் and ܪܯ௅் that allow cyclical 
hydrogen exchange through the tube fittings between the reactor pair. The vertical part of the tube 
fitting with a valve is prepared to charge hydrogen initially. Figure 2 (right) is the thermodynamic 
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hydrogen are at States 3 and 4, respectively. 

Figure 1. Metal hydride materials with their equilibrium temperature and pressure on the van’t Hoff

plot demonstrates a wide range of temperature selections for an application of the metal hydride
thermal energy conversion system.

2.2. Thermodynamic Cycle of a Metal Hydride Heat Pump (MHHP)

According to the plot in Figure 1, various metal hydrides are distributed in a wide range of
temperatures. It indicates that the system can operate flexibly in three distinct thermodynamic cycles:
cooling, heat pump, and conversion of low-grade heat to high-grade heat (heat upgrade cycle), based
on metal/hydrogen interaction characteristics and choice of a metal hydride alloy pair having different
thermodynamic properties of the reaction enthalpy and entropy. The system can be modified for
varying input waste-heat temperature sources by adjusting the metal hydride pairs. The performance
of the system does not require any environmentally harmful chemicals or materials.

To operate the MHHP cycle based on the equilibrium thermodynamic characteristics of the metal
hydride, at least one pair of metal hydride alloys with different equilibrium temperatures at a given
pressure has to be selected. One with higher equilibrium temperature is referred to as “HT” and the
other to “LT” of the subscript letter in this paper (Figures 1–4). Figure 2 (left) shows the actual metal
hydride reactor pair used in the experimental setup in the MHHP system illustrated in Figure 4 [7].
The two reactors filled with different metal hydride alloys, MHHT and MHLT that allow cyclical
hydrogen exchange through the tube fittings between the reactor pair. The vertical part of the tube
fitting with a valve is prepared to charge hydrogen initially. Figure 2 (right) is the thermodynamic cycle
diagram of an MHHP system illustrated in the van’t Hoff plot [4]. MHHT cycles between temperatures
TM and TH with corresponding equilibrium pressures of hydrogen at States 1 and 2. MHLT cycles
between temperatures TM and TL where its corresponding equilibrium pressures of hydrogen are at
States 3 and 4, respectively.
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2.4. Heat Transfer Model for Parametric Study 

Kim [6] developed theoretical heat transfer models of the superadiabatic TECW propagation in 
a thermally activated porous media. This paper describes the thermodynamic relationship between 

Figure 4. Metal hydride thermal energy conversion system with an arrayed dual metal hydride heat
pump (MHHP) reactor pair units (left); the laboratory setup configuration is for the verification test
of the system inducing superadiabatic TECW (right). Experimental results of the superadiabatic
TECW is induced by deploying arrayed dual metal hydride reactor pairs in an adiabatic porous media.
The temperature profiles, T1–T7, show the temperature variation over time in each location of the
high-temperature channel (left), demonstrating the effectiveness of the configuration on the formation
of TECW accumulating-induced heat.

The MHHP cycle is driven by heat input QHT to MHHT at the high-temperature TH, thereby
desorbing hydrogen. Hydrogen flows to MHLT which absorbs it and releasing the absorption exotherm
QLT at the medium temperature level TM (first half cycle). In the second half cycle, there is the heat
input QLT to MHLT at a low-temperature TL, which is the cooling load. The endotherm QHT is the most
important in the cooling system. This heat is upgraded to a higher temperature level TM by desorption
at MHLT. Then hydrogen flows to MHHT, where it is absorbed, releasing absorption exotherm QHT
at TM.

The ideal coefficient of performance, COPideal, of the cycle can be described by the relationship
between the reaction enthalpy of the metal hydride pair as follows:

COPideal =
∆hLT

∆hHT
(3)

where ∆hLT is the reaction enthalpy of the MHLT, and ∆hHT is the reaction enthalpy of the MHHT.
However, in the actual performance of the cycle, each quantity of heat, QHT, and QLT is distributed

to the metal hydride alloy bulk and reactor. Thus, the possible quantity of heat charged by each metal
hydride alloy bulk is:

QmLT = mmLTcmLT(TL − TM) (4)

and:
QmHT = mmHTcmHT(TH − TM) (5)

where mmX is a mass, and cmX is the heat capacity of metal hydride alloy bulk. Furthermore, the charged
heat from reactors should be considered. The possible quantity of heat charged by each reactor can be
expressed as:

QrLT = mrLTcrLT(TL − TM) (6)

and:
QrHT = mrHTcrHT(TH − TM) (7)



Energies 2020, 13, 3095 7 of 18

where mrX is mass, and crX is heat capacity of a reactor; therefore, the overall quantity of heat during
the cycle operation can be expressed as follows:

QLT = QmLT + QrLT − ∆mH2 ∆hLT (8)

and:
QHT = QmHT + QrHT + ∆mH2 ∆hHT (9)

where ∆mH2 is the amount of hydrogen gas that interacts with the metal hydride alloy bulk during the
cycle operation (mole). Accordingly, the actual COP of cooling (COPcool) should be defined as follows
considering the metal hydride alloy bulk and reactors:

COPcool =
|QLT |

QHT
(10)

2.3. A Metal Hydride Thermal Conversion System with Superadiabatic Thermal Energy Conversion
Waves (TECWs)

The metal hydride thermal conversion system is theoretically a highly efficient system. Compared
to other heat pump systems, high productivity and efficacy in space cooling and heating of buildings
can be achieved by using a waste heat source/sink and without the introduction of harmful materials
used in conventional sorption systems [56]. In addition, the dual (or binary) metal hydride system
can be modified to accept various temperatures of heat sources and sinks by properly selecting metal
hydride pairs. However, there are two critical challenges of the MHHP system in actual practice;
the first problem is caused by a comparably high reaction rate between metal hydride alloy and
hydrogen but with very low heat conductivity. The second problem is oriented irreversible loss
of reaction heat potential due to thermal mass, as shown in Equations (4)–(7), which involves heat
exchange between the metal hydride system and heat carrier. These critical challenges delay the heat
exchange between the metal hydrides and heat carrier. Accordingly, desorption heat offers a reasonably
high cooling effect up to −100 ◦C [57]. However, it is also possible to gain a low-grade cooling effect
that operates at only 10–30 ◦C below the mean temperature level. Research efforts have been made to
tackle the drawback by advancing the MHHP reactor design and configuration [58–61]. Nonetheless,
the prevention of thermal energy dissipation into the ambient environment is still challenging; thus,
the overall useful amount of produced thermal effect is always lower than the theoretical expectations
stated in Equation (3). The challenge is to transfer the released heat/cold as fast as possible with
small gradients to a desired heat transfer fluid [59]. Managing the thermal effect is the key to efficient
hydrogen storage [61]; thus, knowledge of transient heat and mass transfer in a deformable metal
hydride bed is essential.

To address the challenges, Fateev and Rabinovich introduced the heat exchange mechanism based
on an adiabatic porous medium where the reaction exotherm and endotherm are collected in the form
of thermal wave and propagated by the stream of heat carrier [62]. In this mechanism, the amplitude
of the thermal wave is increased by accumulation of reaction exotherm and endotherm when the
MHHP reactors (shown in Figure 2 left) are arrayed along the length of the porous media channel
as shown in Figure 4 and react subsequently by the propagation of the thermal wave. As shown
in Figure 3 (bottom), it is important to keep a certain distance between the leading exotherm wave
and the following endotherm wave to maximize the accumulation of the thermal effects leading a
superadiabatic condition and to avoid an offset interference of the waves.

To properly realize the TECW mechanism, experimental tests were performed deploying a series
of MHHP (as shown in Figure 2 left) units arrayed in an adiabatic porous media channel to ultimately
induce superadiabatic conditions shown in Figure 4 (left) [7]. An air-blower is applied to provide the
air stream as a heat carrier with specific flow rates. The multiple metal hydride reactors with MHHT
located in the high-temperature channel equipped with an independent electrical heating element to
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provide heat input QHT. Several thermocouples are installed inside of the porous media channels and
on the surface of reactors’ fin to measure temperature profiles of TECW. Some other thermocouples are
placed inside of the reactor to measure the equilibrium temperature of metal hydride alloy bulk.

The porous media channel is expected to form a superadiabatic TECW. In particular, thermal
energy becomes accumulated inside the channel, which makes it possible to overcome the heat loss to
ambient conditions. Figure 4 (right) shows the effect of superadiabatic conditions that are producing
efficiently induced heat (in the right part of red and yellow-orange thermal waves in the figure) by
heat source input.

The figure illustrates a testing configuration for synthetic superadiabatic conditions (i.e.,
high-temperature airflow using an electrical heating element in the high-temperature channel and
ambient temperature airflow moving through the low-temperature channel in the same direction while
exchanging thermal energy induced by hydrogen migration.

Figure 5 shows the most important results that demonstrate the formation of induced heating
and objective cooling effects (targeted temperature) by a pair of AB2 type metal hydrides of
Zr0.9Ti0.1Cr1.0Fe1.0–Zr0.9Ti0.1Cr0.6Fe1.4. The former is used for MHHT and the latter for MHLT.
The system was successfully able to produce both the 60 ◦C of heating and −15 ◦C of cooling
in the low-temperature channel by use of heat input at 200 ◦C in the high-temperature channel.
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Figure 5. Experimental results of induced exotherm and endotherm by the reactors in the
low-temperature channel (right channel). The result verified the formation of leading heat and
following objective cooling effect by use of the original heat source input at high-temperature channel
shown in Figure 4 right. The accumulated endotherm by arrayed reactors of metal hydride heat pump
with superadibatic condition.

2.4. Heat Transfer Model for Parametric Study

Kim [6] developed theoretical heat transfer models of the superadiabatic TECW propagation in
a thermally activated porous media. This paper describes the thermodynamic relationship between
the adiabatic temperatures of high- and low-temperature channels and the heat transfer between
the reaction heat of unit metal hydride heat pumps and the gas flow as a heat carrier in adiabatic
porous media. The numerical-modeling method applied in this study is based on a one-dimensional
quasi-steady-state thermodynamic model. The thermal inertia in porous media is not considered in
the model. A heat transfer modeling for the superadiabatic thermal wave propagation in the thermally
activated porous media applied in the thermodynamic model is:

(ρc)pHT
∂THT(τ, x)

∂τ
= λpHT

∂2THT(τ, x)
∂x2 − (vρc)gHT

∂THT(τ, x)
∂x

+ wHT (11)
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and:

(ρc)pLT
∂TLT(τ, x)

∂τ
= λpLT

∂2TLT(τ, x)
∂x2 − (vρc)gLT

∂TLT(τ, x)
∂x

+ wLT (12)

where, v, ρ, c are velocity (m/sec), density (kg/m3) and specific heat (W/m3
·
◦C) respectively, T(τ, x)

is heat carrier gas temperature, x is coordinate from the channel entrance (m), τ is time (sec), λ is
thermal conductivity (W/m·◦C), w is internal heat source (W/m3) originated to the metal hydride
reaction enthalpy when the subscript letter p denotes for porous media, g for heat carrier gas, HT for
the high-temperature channel where the MHHT reactors are arrayed, and LT for the low-temperature
channel where the MHLT reactors are arrayed.

The internal heat source wHT, and wLT are modeled as following equations by introducing ηLT

ranging between 0 and 1 as a hydrogenation degree of metal hydride MHLT contained inside of
arrayed reactors in the low-temperature channel. ηLT is also representing a preparation degree of
the dual MHHP reactor pair unit, and it comes to 1 when it is situated at State 4 after it passes the
first-half cycle and about to start the second-half cycle in Figure 2 according to the working principle of
the metal hydride thermodynamic cycle. The hydrogenation degree of metal hydride MHHT in the
high-temperature channel ηHT is assumed 1− ηLT:

wHT = −(ρc)pHT∆Tad,HT
dηHT

dτ
= αHT

{
TmHT(τ, x) − THT(τ, x)

}
(13)

and:

wLT = −(ρc)pLT∆Tad,LT
dηLT

dτ
= αLT

{
TmLT(τ, x) − TLT(τ, x)

}
(14)

where, α is the volumetric heat transfer coefficient between metal hydride alloy and porous media,
Tm(τ, x) is temperature of metal hydride alloy bulk based on the equilibrium temperature defined in
van’t Hoff Equation (see Equation (2)). The adiabatic temperature ∆Tad used in Equations (13) and (14)
is implicating the idea specified by Equations (8) and (9) and modeled as follows:

∆Tad =
∆mH2 ∆h

(mmcm + mrcr) +
mpcp
NHP

(15)

where, NHP is a number of the dual MHHP units arrayed in the channel, ∆mH2 is the amount of
hydrogen associated with metal hydride alloy bulk (mole), ∆h is reaction enthalpy of metal hydride
(kJ/mol·H2), m is mass (kg), c is specific heat (W/m3

·
◦C) when the subscript m denotes for metal hydride

alloy bulk, r for reactor and p for porous media. The relationship between the adiabatic temperatures
of high- and low-temperature channels, according to Equation (15) is:

∆Tad,LT

∆Tad,HT
=

∆hLT

∆hHT
(16)

and according to the Equations (13)–(16):

αLT
{
TLT(τ, x) − TmLT(τ, x)

}
αH

{
THT(τ, x) − TmHT(τ, x)

} = −
∆hLT

∆hHT
(17)

The temperature of metal hydride alloy bulk TmHT, and TmLT are derived by Equation (2):

TmHT =
∆hHT

∆SHT −R lnpHT
(18)

and:
TmLT =

∆hLT

∆SLT −R lnpLT
(19)
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where, the quasi-steady-state assumption that the equilibrium hydrogen pressure inside of both high-
and low-temperature reactors are assumed to be the same at each finitely divided time fragments
(p = pH = pL) is applied. The velocity of the superadiabatic thermal wave propagating into the porous
media channel is referred to the free thermal wave velocity defined by following expressions:

UHT =
(vρc)gHT

(ρc)pHT
(20)

ULT =
(vρc)gLT

(ρc)pLT
(21)

The induced cooling effect is a form of a thermal wave that is collected at the outlet of the porous
media channel; therefore, its specific cooling power per unit area of the channel cross-section and COP
must be estimated by the range of desired temperature level. Therefore, the cumulative amount of
induced cooling effect is evaluated with an integrated quantity of endotherm for cooling QLT in a range
between the heat carrier gas temperature TLT(τ, Lc) of induced cooling at the end of the channel (Lc)

as shown in Figure 4 (right), and the ambient mean temperature TM, which is expressed as:

QLT =

∫ τ2

τ1

(ρvc)gLT
{
TLT(τ, Lc) − TM

}
dτ (22)

where x is the location inside the channel from 0 to Lc (m), v is the gas velocity (m/sec); ρ is the
density (kg/m3), c is the specific heat (J/(kgK)); τ1 is the time when the TLT(τ, x) becomes lower than
the objective cooling temperature TL, and τ2 is the time when it becomes higher than TL. Based on
this study, the specific cooling power WLT and the final COPcool considering a superadiabatic TECW
propagation and thermally activated porous media of the system, we can determine the specific cooling
power WLT (12) and final COPcool (13) as:

WLT =
QLT

τ2 − τ1
(23)

and:
COPcool =

QLT

(vρc)gHT
{
THT(τ, x) − TM

}
τHT −

∫ τ2

τ1
(vρc)gHT

{
THT(τ, Lc) − TM

}
dτ

(24)

where τHT is a time duration of heat input QHT in the high-temperature channel.

3. Numerical Calculation Results and Discussion

3.1. Selecting the Hydride Pair

The setting up of the operating temperature range for the system is established with a specific
temperature: the 20 ◦C of the ambient mean temperature (TM) and the 320 ◦C of heat source gas
temperature (TH). These make up the porous media, and the high temperature represents the
requirement of the unit heat pumps of the high-temperature channel in a thermally activated status;
moreover, the−50 ◦C temperature that is set to be a maximum achievable temperature and is down 70 ◦C
from the TM. It is necessary to select the proper metal hydride pair as they must satisfy the following
two conditions: (1) They must provide an efficient reaction with hydrogen at a temperature range
from 20 ◦C to 320 ◦C in the high-temperature channel and from −50 to 20 ◦C in the low-temperature
channel; (2) they must prove proper of the MHHT the reactor at 320 ◦C, which must be higher than the
MHHT reactor at 20 ◦C, and the equilibrium hydrogen pressures of the MHLT reactor at −50 ◦C must
be higher than the the MHHT reactor at 20 ◦C, according to the principle of the thermodynamic cycle of
the MHHP (as shown in Figure 2).
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The arbitrary selection of the MHHT is made among the list of metal hydrides that interact with
hydrogen in the comparatively higher temperature range for the parametric study such as the No.
37, No. 38, No. 40, No. 41, and No. 42 metal hydrides from Table 1. The selection of an MHLT to
match the MHHT must be according to their van’t Hoff plot criteria of a geometrical consideration.
This narrows the options to a number between No. 3 and No. 25 for the MHHT No. 37. For the MHHT

No. 38, the options are between No. 2 and No. 26. For the MHHT No. 40 and No. 41, the options are
between No. 3 and No. 28. For MHHT No. 42, the options are between No. 7 and No. 28. The van’t
Hoff plot indicates 122 possible pairs of metal hydrides to organize a heat pump/cooling cycle in the
selected temperature range of the system operation.

To choose optimized hydride pair among the selected possible hydride pairs, the computer code
based on the mathematical model is performed. Those hydride pairs are selected with the efficient
cooling effect up to −50◦C with a higher COPcool than others. For the calculation of the metal hydride
pairs, initial input parameters are shown in Table 2 from the previous study [9], which was performed
by the LaNi4.5Al0.5-MmNi4.15Fe0.85 pair.

Table 2. The design and operation parameters.

Parameter Value Unit

Length of Channel (Lc) 50 cm
Ambient mean temperature (TM) 20 ◦C

Input heat temperature at HT Channel (TH) 320 ◦C
Time duration of heat input at HT Channel (τHT) 7.5 min
Free Thermal Wave Velocity at HT Channel (UHT) 5 cm/min
Free Thermal Wave Velocity at LT Channel (ULT) 3 cm/min

The Adiabatic Temp. of the HT Channel (∆Tad,HT) 40 ◦C
The Adiabatic Temp. of the LT Channel (∆Tad,LT) 20 ◦C

The Thermal Conductivity of the Porous Medium (λp) 1 W/m·◦C
The volumetric heat transfer coefficient between metal hydride alloy and porous media at HT Channel (αHT) 10,000 W/m·◦C
The volumetric heat transfer coefficient between metal hydride alloy and porous media at LT Channel(αLT) 10,000 W/m·◦C

The Density of the Porous Medium (ρp) 1500 kg/m3

The Specific Heat of the Porous Medium (cp) 1000 W/m3
·
◦C

The results of the numerical calculation from Equation (24) provide the COPcool based on the
induced heat of cooling QLT in a range between objective cooling temperature (TL) and ambient mean
temperature (TM) for each hydride pair as show in Figure 6. At −50 ◦C of the cooling temperature,
a few MHLT reactors showed a high COPcool value. The high COPcool values at the lowest temperature
indicate that the system using the optimized pairs can operate at the lowest cooling temperature.
For example, only MHLT No. 11 to No. 16 for MHHT No. 37 can generate the lowest temperature
shown in Figure 6a. In addition, among those MHLT, No. 16 shows the highest COPcool value as
shown in Figure 6a. The results in Figure 6a–e clearly show specific optimized pairs having the highest
COPcool value at −50 ◦C of the cooling temperature.

Each optimized hydrogen pair for MHHT and MHLT are No. 37-No. 16, No. 38-No. 17,
No. 40-No. 19, No. 41-No. 21, and No. 42-No. 23. Notably, MHLT No. 5 shows exceptionally high
COPcool value with MHHT No. 42 as shown in Figure 6e while the COPcool value of MHLT No. 5 are low
with other MHHT. It is because the COPcool value affected by not only enthalpy but also entropy that
chanced by specific MHHT.The calculated COPcool from Equation (24) of each high COPcool hydrogen
pair at the various objective cooling temperatures, TL is presented in Figure 7. According to the results,
the hydrogen pair of No. 38-No. 17 provides the highest COPcool at the most of the desired cooling
temperatures, and the hydrogen pair of No. 42 and No. 23 presents the lowest cooling temperature of
up to −60 ◦C. Thus, among the parametric study results, the hydrogen pair of No. 38-No. 16 show the
best performance.
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Figure 6. The calculation result of COPcool with each MHLT hydride paired to MHHT of (a) No. 37;
(b) No. 38; (c) No. 40; (d) No. 41; and (e) No. 42. The results provide a base to select the best hydride
pairs to the various objective cooling temperatures.
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Figure 7. COPcool of the optimized pairs. Each optimized hydride pair shows a different performance
with a different objective cooling temperature, TL.

3.2. Design and Operation Parameters of the Thermal Conversion System

The effect of the channel length and the gas velocity in both channels are presented to review the
performance of the proposed metal hydride thermal conversion system. For the analysis, the hydrogen
(MHHT −MHLT) pair, No. 38-No. 15 (LaNi4Al-TiV0.62Mn1.5) are selected among high COPcool results
with initial input parameters shown in Table 2.

The COPcool and the specific cooling power with various channel lengths were calculated and
obtained with the results shown in Figure 8 when the free thermal wave velocity of 10 cm/min that
is in linear proportion to the gas velocity is applied. 30 ◦C of the TM is applied in the calculation
of Equations (23) and (24). There is a certain elevated temperature of thermal wave propagation
formed by the exotherm of the absorption process from the MHLT reactor channel (a leading elevated
temperature wave) before the propagation of the induced effective thermal wave of cooling in the
low-temperature channel. Therefore, it is important to design the channel length to keep the proper
distance between the leading elevated temperature wave and the following low-temperature wave.
For instance, when the channel length is too short, the following low-temperature wave goes just
behind the leading elevated temperature wave, and both waves get into reciprocal action during their
propagation into the low-temperature channel, which drives the operation results into the reduction of
the wave amplitudes at the end of the channel where the cooling effect has to be gathered. On the
contrary, when the channel length is too long, there are no certain positive gains to the COPcool or
the specific cooling power since its cycle frequency is made longer, which eventually drives the net
power of the system into a lower level. According to the calculations, it is estimated that 0.9~1 m of the
channel length provides the optimized output of the system, as shown in F.

Figure 9 presents the calculation results of the COPcool and specific cooling power when the system
varies the ratio of the free thermal wave velocity in the low-temperature channel to the one in the
high-temperature channel (ULT/UHT). When the velocity in the low-temperature channel was 65%
of the velocity in the high-temperature channel, the best COPcool and specific cooling power were
obtained among most of the cooling temperature range.
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Figure 9. Performance of the proposed metal hydride thermal conversion system affected the ratio of
the free thermal wave velocity in the low-temperature channel to the corresponding velocity in the
high-temperature channel (ULT/UHT), which affected the (left) COPcool; and (right) specific cooling
power at various ratios between free thermal wave velocities.

Notably, COPcool reached to 0.6 of COPideal (=∆hL/∆hH) for the selected hydride pair when the
cooling effect, TL − TM is −10 ◦C. Our experimental results indicate that the critical problem of the
traditional metal hydride thermal conversion system caused by the irreversible heat loss was overcome
by the proposed system.

4. Conclusions

The presented study mainly focuses on a numerical study to estimate the thermodynamic cycle
performance of the metal hydride thermal energy conversion system elaborating the superadiabatic
condition composed by 122 combination of metal hydride pairs using 50 different metal hydrides.
The authors’ new metal hydride thermal energy conversion system is applied by using the heat
exchange between the arrayed MHHP reactor pair units and the thermal wave propagation in a porous
media in order to enhance the thermal conversion effectiveness by avoiding the irreversible heat loss.
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The thermal energy conversion system presented in this paper is using a novel heat transfer mechanism
that operates a superadiabatic thermal wave with hydrogen gas as the working fluid to generate
reaction exotherm and endotherm. The achievements are noted in the following conclusion.

• The chosen hydride pair of LaNi4Al [10] and TiV0.62Mn1.5 [11], provided the highest cycle
performance among the other pairs, achieving the cooling effect by high-temperature gas input at
320 ◦C and the ambient mean temperature of 30 ◦C according to the calculation results.

• The specific cooling power; 16.4 kW/m2 at −20 ◦C, 9.2 kW/m2 at −40 ◦C was achieved by
parametric study results when the channel length is 1 m, the free thermal wave velocity at the
high-temperature channel is 10 cm/min, and the free thermal wave velocity at the low-temperature
channel is 6.5 cm/min. If the cross-sectional area of the channel is 0.04 m2 (=20 cm × 20 cm),
each calculated power is 656 W and 368 W. It was shown that the proposed system’s amount of
specific cooling power could be beneficial in an actual application.

• In the case of 10 ◦C and −20 ◦C of the cooling effect (TL − TM) from the ambient mean temperature
at 30 ◦C, each COPcool of the proposed system was 0.59 and 0.57, which is similar to the ideal
COPcool of the selected pair. It seemed that the heat exchange between the arrayed MHHP units
and the propagation of the thermal wave contributes to the improvement of the metal hydride
thermal conversion performance.

The system suggests a new possibility of its application as an air conditioning and refrigeration
mechanism, which offers not only the environmentally friendly advantage of avoiding CFC consumption
but also the advantage of effective thermal energy usage, since the mechanism can be operated by the
waste thermal energy from homes, industries or automobiles. Therefore, the thermal energy conversion
system presented in this paper for a novel heat pump system leveraging metal hydride thermochemistry
has a high potential to meet a non-vapor compression system’s performance requirements.
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