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A B S T R A C T   

The novelty of this research work is the exergo-economic analysis (including the cost of exergy destruction and 
exergy loss) of metal hydride based thermal energy storage system coupled with a solar bakery unit for the 
screening of metal hydride pairs (Case 1: pure MgH2/LaNi5 & Case 2: V2O5 doped MgH2/LaNi5) for thermo-
chemical energy storage. Firstly, a numerical simulation is performed by using COMSOL Multiphysics 5.3a 
software. Secondly, an economic and exergo-economic model is developed to calculate the annual levelized cost 
of the thermal energy storage system. The life-cycle economic assessment findings indicate that the Levelized 
thermal energy storage cost of the pure MgH2 based system (32.28 $ /kWhth) is 8.2 times higher than that of the 
V2O5 doped MgH2 system (3.954 $/kWhth). Moreover, an 87.75% decrease in cost was observed in Case 2 (V2O5 
doped MgH2). Furthermore, Case 2 (V2O5 doped MgH2) can save 92.58 % of hydrogenation reaction time as 
compared to Case 1 (Pure MgH2). Ultimately, the selection of V2O5 based MgH2 as a thermal heat-storing me-
dium is then assessed as a better option for the MHTES for the solar bakery unit (SBU). The findings of this 
research provide a clear insight into the mechanism of cost formation in the system.   

1. Introduction 

Renewable energy technologies such as concentrating solar thermal 
energy offer the limitation of intermittency and instability, which will 
substantially affect the efficiency of solar-based technologies [1]. It is 
considered that solar thermal energy storage (S-TES) systems can offer 
flexibility to all the solar-based systems [2], which could be incontro-
vertibly a strategic vital factor for the effective application of concen-
trated solar thermal energy, such as the solar baking process [3,4]. Based 
on the technique, the thermal energy storage (TES) system is classified 
into three categories sensible, latent, and thermochemical energy stor-
age systems. Energy density is considered as the important principal 
research indicator which ascertains the capability of the thermal energy 
storage technology [5,6]. Therefore, the thermochemical energy storage 
system is contemplated as the auspicious alternative because of the high 
energy density as compared to the sensible and latent heat storage sys-
tems. Metal hydrides (MHs), metal hydroxides, carbonates, salt 

hydrates, etc. are the various kinds of thermochemical energy storage 
materials. From the perspective of gravimetric energy storage density, 
low cost, and high exergetic efficiency, MHs are anticipated as prefer-
able than other thermochemical energy storage materials [7,8]. In the 
group of metal hydrides materials, Mg-based metal hydrides such as 
MgH2 are explored as the exceptional TES materials having the prop-
erties of low price, extreme energy density (2814 kJ kg− 1), enormous 
reaction enthalpy (ΔH = 75 kJ mol− 1 H2), and excellent reversibility 
[9]. The following reversible reaction represents the thermal energy 
storage process of magnesium-based metal hydride: 

MgH2 + 75 kJ
mol.H2

↔ Mg + H2 

During the hydrogenation process, MgH2 absorbs the 75 kJ/mol of 
thermal energy and releases the hydrogen and this liberated hydrogen is 
then absorbed by low-temperature metal hydride. During the dehydro-
genation process, MgH2 is formed by reacting the metal with hydrogen 
in an exothermic way. In recent times, most research studies have been 
conducted on the thermodynamic performance analysis of metal hy-
drides thermal energy systems [10,11] based on the performance 
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assessment parameters such as thermal energy capacity, operating 
conditions, energy storage efficiency, and economics. Some experi-
mental studies on the thermodynamic analysis of the metal hydride 
system have been presented. Caldwell et al. [12] conducted experi-
mental studies on Li-H2 based solar thermal energy storage system in-
tegrated with the solar cavity-type receiver. Performance investigation 
verified that system operational time was found to be 190 h deprived of 
diminishing its thermal energy capacity. Bogdanovic et al. [13] 
described the performance assessment of Mg-hydride based thermal 
heat storage system for the steam generator. Output heating power and 
thermal efficiency of the thermal storage system were reported as 9.08 
kWh and 79.6% respectively. A Series of experimental research studies 
were performed by Sekhar et al. [14] for the Mg-30% MmNi4 based heat 
storage unit. It was experimentally investigated that the extreme value 
of hydrogen storage capacity (2.5 wt%), maximal quantity of stored 
thermal energy (0.714 MJ/kg), and a high coefficient of heat storage 
(0.74) was observed at the operating conditions (PH2 = 20 bar and 
Tabsorption = 150 ◦C). Kumar et al. [15,16] used Nb2O5 and nano- 
engineered V2O5 as an additive for optimized reaction kinetics and to 
significantly reduce the activation energy of Mg-based metal hydride for 

thermal energy storage in their different experimental work. It was 
investigated that there is a noteworthy rise in temperature (up to 
192.5 ◦C) in just 40 s during the absorption process by using nano- 
engineered composite-based metal hydride (MgH2 + 5 wt% V2O5). 
Paskivicius et al. [17] designed and developed a prototype instrument 
for the screening of metal hydride materials for the storage of concen-
trated solar thermal power (CSP) to investigate the feasibility of 
hydrogen storage material for CSP utilization. 19 g of MgH2 was utilized 
to validate the prototype apparatus design. The MH was thermally 
driven up to 420 ◦C more than 20 times by bearing minimum wastage of 
hydrogen capacity. 

Aswin et al. [18] presented the screening analysis of metal hydride 
pairs by considering the vital performance assessment parameters 
(volumetric energy density, energy efficiency, and peak hydrogen ab-
sorption temperature). They selected a pair of LaNi4.7Al0.3 and LaNi5 as 
high and low-temperature metal hydrides, respectively. It was 
concluded that the selected metal hydride pair give good results by 
achieving the volumetric energy density of 40 kWh m− 3, the thermal 
efficiency of 73%, and the highest discharging temperature of 61 ◦C. 
Feng et al. [19] developed a multi-level configuration of the reactor and 

Nomenclature 

Abbreviation 
ATHCF annular truncated hollow conical fins 
CCEM capital cost estimation method 
HTF heat transfer fluid 
HT-HTF high temperature heat transfer fluid 
HTMH high temperature metal hydride 
LT-HTF low temperature heat transfer fluid 
LTMH low temperature metal hydride 
MCT module costing technique 
MH metal hydride 
MHTES metal hydride based thermal energy storage 
SBU solar bakery unit 
SPECO specific exergy costing method 
TES thermal energy storage 

Symbols 
AHT heat transfer area of ATHCF, m2 

CpMH specific heat of metal hydride bed, J kg− 1 k− 1 

NuID Nusselt number 
ReDID Reynolds number 
€t total Purchased cost, $ 
€p 0 free-on-board procurement cost, $ 
Ch hydrogen absorption rate constant, s− 1 

Eh activation energy, kJ mol− 1 

htot overall convective heat transfer (Wm− 2 K− 1) 
MM molecular mass, kg mol− 1 

N number of annual operating hours 
Peh equilibrium pressure, Pa 
PH2 hydrogen gas pressure, Pa 
Pr Prandtl number 
RH2 universal gas constant, J mol− 1 K− 1 

t ‘time, s 
Z annual Levelized Cost of investment, $/year 
Z’ capital investment cost, $/h 
ΔHh enthalpy of reaction, kJmol− 1 H2 
ΔSh reaction entropy, J mol− 1 K− 1 H2 
ἱ interest rate 
f multiplicative factor 
CRF capital recovery factor 
N economic life 

φop+main operating and maintenance factor 
€Ex-Ec total exergo-economic cost, $/h 
C unit exergy cost, $/kW 
C cost rates, $/year 
ZLTESC annual levelized cost of TES system, $/kWhth 
Enet annual thermal capacity of system, kWhth 
А reaction fraction 
ψxd total exergy destruction, kW 
ψxi total exergy of fuel, kW 
ψxl total exergy loss, kW 
ψxo total exergy of product, kW 

Greek letters 
Е porosity 
Λ thermal conductivity, Wm− 1 K− 1 

М dynamic viscosity, Pa s 
ρ density, kgm− 3 

Subscripts 
1 pure MgH2 
2 MgH2 + V2O5 
Bm bare module 
c convective 
d destruction 
eff effective value 
h hydrogenation process 
H2 hydrogen gas 
HEX heat exchanger 
HTF heat transfer fluid 
HTP heat transfer pipe 
HTS heat transfer system 
i input stream to the MHTES system 
L loss 
M metal hydride material 
Mat material 
MH,bed metal hydride bed 
O output stream from the MHTES system 
Out outlet of heat transfer pipe 
Pr pressure 
Ref reference value 
Tank reactor tanks 
H2, fil hydrogen filter  
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performed its mathematical modeling by using COMSOL Multiphysics 
v5.1. A decrease of discharging time from 17,350 s to 14,688 s and an 
increase of output temperature by ~5 ◦C was observed. Nyamsi et al. 
[20] performed numerical modeling for the screening of metal hydride 
pairs for concentrated solar thermal energy storage. Three energy stor-
age metal hydrides (Mg, Mg2Ni, and Mg2FeH6) are paired with the same 
hydrogen storage metal hydride (LaNi5) in succession. Volumetric en-
ergy density and energy storage efficiency is selected as the performance 
comparison indicators. The primary research outcomes illustrate that 
the energy storage range of Mg-based metal hydrides was found to be 1.3 
to 2.4 GJ m− 3. Besides the pair of Mg-based hydrides and LaNi5 is a 
fantastically attractive option that restores thermal energy at an 
appropriate operating temperature of more than 57 ◦C and gains ~80% 
energy efficiency. These research findings will be useful for the selection 
of appropriate metal hydride pairs for solar thermal energy storage 
applications. d’Entremont et al. [21] developed and simulated a 
laboratory-scale experimental prototype for thermal energy storage 
consisting of a thermal energy storage medium (Mg2FeH6) and hydrogen 
storage medium (Na3AlH6). The system demonstrated the practically 
complete thermal energy storage cycle including the heat charging and 
discharging process, a suitable option for solar-driven power plants with 
operating conditions (Top = 450 ◦C–500 ◦C and PH2 = 30 bar–70 bar). 
After experimentation, the system volumetric energy density was found 
to be 132 kWh/m3 which is 5 times more than that of the U.S. Depart-
ment of Energy SunShot target (25 kWh/m3). 

Most of the above-mentioned research studies focused on the pre-
liminary screening of metal hydride pairs based on the volumetric en-
ergy density and energy storage efficiency. In a realistic approach, the 
economic analysis of metal hydrides-based thermal energy storage sys-
tems, especially the cost of high temperature and low-temperature metal 
hydrides, tend to be high and cannot be neglected in the selection of 
metal hydride pairs. Hence, the thermo-economic assessment is essential 
to estimate an extensive performance combining thermodynamics and 
economics. Corognale et al. [8] proposed a conventionalized techno- 
economic model to evaluate and compare the capital expenses of 
various metal hydride pairs. The three earliest systems were chosen at 
different operating temperature ranges (~500, ~700, and ~900 ◦C) for 
upcoming concern based on their energy density and coupling 
compatibility. In another research study conducted by Corognale et al. 
[22], a mathematical model has been established to assess the economic 
and exergetic efficiency of metal hydride-based solar thermal energy 
storage systems. It was concluded that the raw material cost, the ma-
terial weight capacity, and the metal hydride reaction enthalpy are the 
necessary characteristics that have an impact on the performance of the 
thermal storage system. Harries et al. [23] presented the characteristics 
of the most important high-temperature metal hydride pairs for a ther-
mal energy storage system as well as raw material cost. Sheppard et al. 
[24] explored the capital costs of MHTES systems including high- 
temperature metal hydrides, low-temperature metal hydrides, heat 
transfer fluids (HTFs), and so on. Feng et al. [25] presented the techno- 
economic simulation model for screening of metal hydride pairs (MgH2 
& LaNiAl and MgH2 & TiFeMn). COMSOL Multiphysics v5.1 software 
was used to solve the mathematical model. Thermodynamic matching 
and cost of thermal energy were examined to investigate the energy 
consumption. It is observed that the energy consumption cost in the case 
of (MgH2 & LaNiAl) system is less than that of the (MgH2 & TiFeMn) 
system which reports a 63.85% cost of energy consumption. Based on 
the life cycle economic analysis, pair of (MgH2 & TiFeMn) is contem-
plated to be a superior choice due to a less significant Levelized thermal 
storage cost (28 USD/kWhth) where the two most important operating 
expenditures are the capital cost and energy consumption cost, 74.3% 
and 19.3% respectively. 

The above-mentioned thermo-economic analyses are restricted to 
the capital costs without contemplating the additional exergy costing of 
the metal hydride-based thermal energy storage system (MHTES). The 
novelty of this research work is the exergo-economic analysis (including 

the cost of exergy destruction and exergy loss) of the MHTES system 
coupled with a solar bakery unit (SBU). The exergo-economic analysis 
technique unites exergy analysis and economic assessment. This tech-
nique offers a procedure to assess the cost of inefficiencies or the costs of 
different process streams, as well as intermediate and final products. The 
exergo-economics is currently an effective tool to analyze and improve 
an energy system. This economic analysis is applicable in viability 
studies, investing judgments, on evaluating alternate methods. The 
study related to metal hydride pairs based on thermochemical solar 
thermal energy storage for solar baking systems subjected to exergo- 
economic analysis is rare in the review literature. Two candidates for 
HTMH are; Case 1: pure MgH2 and Case 2: 5 wt% V2O5-doped MgH2 
(MgH2 + V2O5) is nominated. The main reason for the selection of these 
two materials is to compare their performance based on exergo- 
economic analysis for the solar bakery application. Secondly, to know 
how the performance of nano-composite (V2O5) based MgH2 is better 
than the pure MgH2. Hence, this research will be a great proposal for 
scientists interested in this field. In the current research, exergo- 
economic analysis of the MHTES coupled with SBU was performed. 
The chief targets of this research work are, (i) to develop the exergo- 
economic balance equations for the MHTES system and (ii) to estimate 
the cost of products and examine the cost formation within the system. 
(iii) performance and exergo-economic comparison analysis of two 
different cases (Case 1: MgH2 and Case 2: V2O5 doped MgH2). 

2. Model description 

Fig. 1 presents the schematic illustration of MHTES for the SBU, 
which we already discussed before [26]. 

The SBU displayed in Fig. 1 works continuously by coupling the 
MHTES system which accumulates the solar thermal energy during 
sunshine hours and supplies the thermal energy during the night time or 
in unfavorable weather conditions. During the heat charging process, 
the high-temperature heat transfer fluid (HT-HTF) absorbs the solar 
thermal energy available at the receiver of the solar parabolic concen-
trator, which is then delivered to the HTMH powder for the dehydro-
genation process. At the same time, the hydrogenation process of LTMH 
material occurs by absorbing the hydrogen released from the HTMH 
material through an exothermic reaction. The heat released during hy-
drogenation of LTMH material is absorbed by the low-temperature heat 
transfer fluid (LT-HTF) which is further provided for dehydrogenation of 
LTMH material. In contrast, during the heat discharging process, 
hydrogen is shifted back towards the HTMH reactor from LTMH. As the 
hydrogenation process occurs in the HTMH reactor, thermal energy is 
liberated which heats the HT-HTF. The HT-HTF is circulated from the 
heat exchanger of the SBU for the baking process. For dehydrogenation 
of LTMH, heat is supplied to the LTMH by hot LT-HTF. The LT-HTF gets 
heated by absorbing the thermal energy emitted during the hydroge-
nation process of LTMH and collected in the water tank coupled with the 
LTMH reactor. Nevertheless, the temperature may not be adequate to 
sustain the hydrogen desorption process of LTMH, so an alternative 
option such as an electric heater functioned by a battery charged from a 
PV panel and a temperature regulator is also needed. 

Two candidates for HTMH are; Case 1: pure MgH2 and Case 2: 5 wt% 
V2O5-doped MgH2 (MgH2 + V2O5) is nominated. Since Kumar et al. [16] 
estimated the reaction kinetics and thermodynamics of V2O5-doped 
MgH2. It was found that the apparent activation energy of nano- 
engineered composite (MgH2 + V2O5) during the dehydrogenation 
process is less than the pure MgH2 in a sustainable manner. The 
extraordinarily lowered activation energy of dehydrogenation appears 
to be the probable justification of declined dehydrogenation tempera-
ture. On the other hand, during hydrogenation, the temperature has 
risen to 192.5 ◦C in 40 s at the rate of 4.8 ◦C/s. Consequently, it is 
concluded that the V2O5-doped MgH2 shows remarkably enhanced hy-
drogenation and dehydrogenation reaction kinetics as compared to pure 
MgH2. 
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2.1. Van’t Hoff diagram and thermodynamic cyclic operation of MHTES 

The Van’t Hoff diagram and thermodynamic cyclic operation of 
MHTES as an “Energy storage and transformation device” are demon-
strated schematically in Fig. 2. The cycle consists of four sub-processes, i. 
e. energy storage process, cooling process, heating process, and thermal 
release process. During the energy storage sub-process (1 → 2), solar 
thermal energy is absorbed by the high-temperature metal alloy and 
hydrogen gets liberated. In the diagram, the hydrogen transfer occurs 
between state points 1 and 2, and at point 1 dehydrogenation process 
happens at a high temperature (Th) in an endothermic process by 
captivating ~77 kJ/mol H2 [21]. Sub-process (2 → 3) includes the 

cooling of the LTMH bed. The hydrogen released during dehydrogena-
tion of the HTMH bed is stored in the LTMH bed for the time being and 
creates a hydride at temperature TL by releasing ~30.1 kJ/mol H2 of 
heat to the surrounding. From state point (3 → 4), heating of the LTMH 
bed is required by a moderate temperature source (TM) to desorb the 
hydrogen. During the sub-process of thermal energy release (4 → 1’), the 
valuable gain is obtained by the transference of H2 to the HTMH bed. At 
state point 1’, H2 is engrossed by HTMH bed at temperature TH process 
by liberating about 77 kJ/(mol H2) of heat by an exothermic reaction. 
This thermal heat is exploited to operate the bakery unit during the 
night-time and in bad weather conditions. In this approach, the solar 
baking system will work by a constant movement of high-temperature 

Fig. 1. Schematic illustration of the MHTES system integrating with solar bakery unit [26].  

Fig. 2. Van’t Hoff diagram for the coupled MH beds showing energy storage and release cycle in MHTES system.  
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HTF regardless of sunshine hours or night-time. 

2.2. Physical model 

The configuration of the MHTES system has been illustrated in our 
latest work [26,27], as shown in Fig. 1B. The whole system is comprised 
of two tanks (HTMH & LTMH) made up of stainless steel 316L. Both the 
reactor is equipped with the annular truncated hollow conical fins 
(ATHCF) type heat exchanger to effectively enhance the heat transfer 
rate. HTMH and LTMH reactor is connected by a pipe for the transfer of 
hydrogen. A SIKA Disc type GKN Sinter Metals filter (pore size = 1 µm) is 
fitted at the entrance and the exit of the hydrogen transfer pipe to pre-
vent the movement of metal hydride powders across the pipe. The 
HTMH tank is filled by the 5 wt% V2O5-doped MgH2 powder and pure 
MgH2 in two different cases. The Mg-V composite was created by 
employing MgH2 and V2O5 as magnesium and vanadium precursors, 
respectively. MgH2 powder with a purity of 98.8 mass percent and 
divanadium pentoxide (V2O5, particle size 32 nm) with a purity of 99.9 
mass percent were both acquired from Sigma–Aldrich. The sample was 
made by ball milling 1 g of as-received MgH2 with a 5 wt% V2O5 ad-
ditive. For the ball milling, a hardened stainless-steel pot holding 20 
hardened stainless-steel balls with diameters of 7 mm was employed. 
The sample was ball milled for 10 h at 400 rpm with one-hour milling 
and a half-hour stop schedule. Throughout the ball milling process, an 
argon environment was maintained. The Mg-V nanocomposite was 
generated by dehydrating the ball-milled sample (MgH2-V2O5) at 175 ◦C 
for 12 h using a turbomolecular pump. Besides, the LTMH reactor is 
occupied by LaNi5 powder. The hydrogen is supplied from the top of the 
MH bed reactor. The velocity of heat transfer fluid is set as 20 m/s for 
both cases. 

The heat transfer pipe and fins of HTMH (heat storage tank) and 
LTMH (hydrogen storage tank) reactor are all made of 4 mm thick 316L 
stainless steel. On the other hand, the thickness of 316L stainless steel 
HTMH and LTMH tanks are selected as 9 mm. Furthermore, Table 1. 
demonstrates the costs and purposes of raw materials used in the MHTES 
system. The expenses of metal hydrides, nanomaterials, and steel are 
stated in the literature [8] and also presented by the Alibaba website 
(https://www.alibaba.com). 

2.3. Governing equations 

The reactor selected for this mathematical model is ATHCF (see 
Fig. 3), which is used to study the exergo-economics of a system that 
combines exergy analysis with engineering economics for optimization 
of innovative thermal systems and performance improvements of cur-
rent systems. A 2-D axis-symmetrical numerical model is established 
using the below-mentioned assumptions: 

(a) The local thermal equilibrium model is employed between gas 
and solid [28]. 

(b) Convection heat transfer between metal hydride bed and 
hydrogen gas is disregarded and only conduction is contemplated with 
an effective thermal conductivity. 

(c) The thermo-physical characteristics of metal hydride and heat 
transfer fluid are considered as isotropic homogeneity [28]. 

(d) The inner wall of the heat transfer pipe is presumed smooth. 

(e) The outer boundary of the metal hydride reaction bed is supposed 
to be adiabatic. 

(f) The metal hydride reactor is considered as properly insulated. 
The reason for the selection of 2D axisymmetric modeling is its 

simplicity regarding the modeling configuration and computational 
cost. By using symmetries in a model, we can reduce its size by one-half 
or more, making this an efficient tool for solving large problems. This 
applies to the cases where the geometries and modeling assumptions 
include symmetries. Axial symmetry is common for cylindrical and 
similar 3D geometries. If the geometry is axisymmetric, there are vari-
ations in the radial (r) and vertical (z) direction only and not in the 
angular direction. We can then solve a 2D problem in the rz-plane 
instead of the full 3D model, which can save considerable memory 
and computation time. COMSOL Multiphysics has a great feature for 
creating 2D models from cross-sections of 3D geometries. 3D models can 
have long solution times and take up lots of computer memory. This 
feature has been added to the software so that 2D models can be created 
from 3D symmetric or axisymmetric models to solve much quicker. And 
both have same results. 

2.3.1. Mass balance equations 
The mass balance equation can be written as. 

εMH,bed
∂ρH2

∂t
+∇(ρH2uH2) = −

(
1 − εMH,bed

)
ρMH,bedwt

dα
dt

(1)  

where εMH is the porosity of the metal hydride powder bed. ρH2 is the 
density of the gas phase. uH2 signifies the velocity of gas within the 
hydride bed. Generally, Darcy’s law is applied to describe the passage of 
hydrogen gas in the porous bed. 

uH2 = −
Keff

μ ∇pH2 (2)  

where pH2 is the hydrogen gas pressure, μ is the dynamic viscosity. 

2.3.2. Energy balance equations 
The heat conservation capacity equation for the porous MH bed is 

expressed as: 

(ρcp)eff
∂TMH,bed

∂t
= ∇(λeff∇TMH,bed)+

ρMH,bed .wt.
(
1 − εeff

)
.ΔH

MMH2
.
dα
dt

(3) 

Table 1 
Prices and application of used raw material.  

Materials Price 
($/kg) 

Application 

MgH2 2.9 High-temperature metal hydride 
V2O5 30 Nano-material to enhance the reaction kinetics of 

HTMH 
LaNi5 50 Low-temperature metal hydride 
316L steel 3.7 Heat exchangers and Tanks  

Fig. 3. A 2D axis-symmetry computational model of the metal hydride reactor.  
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Effective thermal conductivity and effective volumetric thermal 
power can be interpreted as. 

λeff=εeff λH2 + (1-εeff )λMH,bed (4). 
(
ρcp

)

eff = εeff ρH2cpH2 +(1 − εeff )ρMH,bedCpMH,bed (5) 

Chaise et al. [28] proposed the kinetic and thermodynamic equations 
for magnesium-based metal hydride as a heat storage medium, as 
expressed below: 

Case 1. For the (Case 1-pure MgH2) hydrogenation process.   

Case 2. For the (Case 2-(MgH2 + V2O5) porous bed) hydrogenation pro-
cess.   

The equilibrium pressure for the hydrogenation process of Case 1 and 
Case 2 is calculated by the following Van’t Hoff equation. 

ln
peh,(HTMH1,bed)

pref
=

ΔHh,(HTMH1,bed)

RH2T(HTMH1,bed)
−

ΔSh,(HTMH1,bed)

RH2
(8)  

ln
peh,(HTMH2,bed)

pref
=

ΔHh,(HTMH2,bed)

RH2T(HTMH2,bed)
−

ΔSh,(HTMH2,bed)

RH2
(9)  

where the reference pressure pref = 0.1 MPa [28]. 
In the numerical model, the heat transfer rate between the HTF and 

the porous metal hydride bed is defined by Q’, the line heat source: 

Q’ =
∫td

0

AHT htot(THTMH,bed − Tout,HTF).dt (10)  

where AHT (m2) and htot are the overall convective heat transfer area of 
the ATHCF type heat exchanger and the overall convective heat transfer 
coefficient (W/m2.K). htot is determined by the coefficient of convective 
heat transfer between the HTF and thermal resistance of the heat 
transfer pipe structure [29]. 

htot =
1

1
hc
+

ODln(OD
ID )

2λHTP,wall

(11)  

hc =
NuIDλHTF

ID
(12)  

NuID = 0.023Re0.8
ID Pr0.4 (13) 

ReDID =
ρs .vHTF .ID

μs 
(14). 

Pr =
μHTFCp,HTF

λHTF
(15)  

where ID(m) and OD (m) indicate the inner and outer diameter of the 

Table 2 
Initial and boundary conditions.  

Heat discharging process Heat discharging process 

Case 1: Pure MgH2 

For simulation work For experimental work conducted by Chaise 
et al. [28] 

Tinitial, HTF 290 ◦C Tinitial, HTF 290 ◦C 
Tinitial, (MgH2) bed 290 ◦C T0, (MgH2+V2O5) bed 290 ◦C 
Pin, H2 0.2 MPa Pin, H2 0.2 MPa 
αInitial, (MgH2) 0.1 αInitial, (MgH2) 0.1  

Case 2: 5 wt% V2O5-doped MgH2 

For simulation work For experimental work conducted by Kumar 
et al. [16] 

Tinitial, HTF 20 ◦C Tinitial, HTF 20 ◦C 
Tinitial,(MgH2+V2O5) bed 20 ◦C Tinitial, (MgH2+V2O5) bed 20 ◦C 
Pin, H2 4 MPa Pin, H2 4 MPa 
αInitial, (MgH2+V2O5) 0.1 αInitial, (MgH2+V2O5) 0.1  

Table 3 
Key computational simulation parameters [16,19,28].  

Pure MgH2 5 wt% V2O5-doped MgH2 (HTF) 
(Case 1) (Case 2) Dowtherm A 

synthetic oil (Both 
cases) 

Ch 2.9 × 108 s− 1 Ch 4.9 s− 1 λHTF 0.0944 
Wm− 1 K− 1 

Eh 124 kJmol− 1 Eh 61 kJmol− 1 v in, 

HTF 

0.5 m/s 

ΔHh 75 kJ mol− 1 H2 ΔHh 76 kJ mol− 1 

H2 

Cp, 

HTF 

2350 J kg− 1 

K− 1 

ΔSh 135.6 J mol− 1 

K-1H2 

ΔSh 135.6 J mol− 1 

K-1H2 

µHTF 2.15 × 10-4 

Pa s 
ρMH, bed 1740 kg m− 3 ρMH, bed 1800 kg m− 3 ρHTF 810.1 kg 

m− 3 

λMH, bed 1.873 Wm− 1 

K− 1 
λMH, bed 1.873 Wm− 1 

K− 1   

ε 0.5 ε 0.5   
wt 0.076 wt 0.069   
CpMH, 

bed 

1545 J kg− 1 

K− 1 
CpMH, 

bed 

1545 J kg− 1 

K− 1   

MMH2 0.002 kg mol− 1 MMH2 0.002 kg 
mol− 1    

dα(HTMH1,bed)

dt
=

2
3
Ch,(HTMH1,bed)

pH2 − peh,(HTMH1,bed)

peh,(HTMH1,bed)
exp(

− Eh,(HTMH1,bed)

RH2T(HTMH1,bed)
)

(1 − α(HTMH1,bed)
2/3

1 − (1 − α(HTMH1,bed))
1/3 (6)   

dα(HTMH2,bed)

dt
=

2
3
Ch,(HTMH2,bed)

pH2 − peh,(HTMH2,bed)

peh,(HTMH2,bed)
exp(

− Eh,(HTMH2,bed)

RH2T(HTMH2,bed)
)

(
1 − α(HTMH2,bed)

)2/3

1 −
(
1 − α(HTMH2,bed)

)1/3 (7)   
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heat transfer pipe. λHTP,wall (W/m.K) and λHTF (W/m.K) denotes the 
thermal conductivity of heat transfer pipe and thermal conductivity of 
heat transfer fluid, respectively. The initial and boundary conditions for 
5 wt% V2O5-doped MgH2 (MgH2 + V2O5) and pure MgH2 used during 
modeling and experimental work are summarized in Table 2. Firstly, the 
numerical model for pure MgH2 is authenticated by the experimental 
research work of Chaise et al. [28]. For the model validation process of 
Case 2 (MgH2 + V2O5), we have taken the data from the experimental 
work conducted by Kumar et al. [16]. We take the value of hydrogen 
absorption (wt%) from the graph between H2-abs (wt%) and time (min) 
at about 20 ◦C. So, the initial and boundary conditions during the 
simulation process for both cases are selected as identical with the 
experimental work. 

2.4. Model validation 

COMSOL Multiphysics v5.3a is used to solve the mathematical 
model. The relative and absolute tolerances were accordingly set at 10-3 

and 10-4, respectively. Table 3 summarizes the key computational 
simulation parameters for both cases. 

Case 1: Firstly, the numerical model for pure MgH2 is authenticated 
by the experimental research work of Chaise et al. [28]. The comparison 
between simulated and experimental data of bed temperature is pre-
sented in Fig. 4. The outcomes also demonstrate a good agreement be-
tween the simulated and the experimental research work. There are 
substantial deviations between experiment and simulation in Fig. 4 at 
the times near ~2 h. The reason for this substantial deviation is that 
during a simulation work, some parameters and conditions are not able 
to analyze in reality, that’s why some errors and uncertainty are 
inviteable in the simulated values. The main classifictation of simulation 
and modelling errors are: Physical approximation error, Computer 
round-off error Iterative convergence error, Discretization error, Com-
puter programming error, Usage error.”. 

Case 2: The experimental research by Kumar et al. [16] regarding 5 
wt% V2O5-doped MgH2 was used as the guideline since no specific 
experimental results are provided for the proposed simulation model. 
The validation of the model has been carried out and recently reported 
[26]. 

3. Economic model for MHTES system 

The total purchased cost of the MHTES system,€t,MHTES , is expressed 
in terms of (1) cost of MH (€M) (including the cost of HTMH (€HTMH)

and LTMH (€LTMH)) (2) cost of heat transfer system (€HTS) (including the 
cost of heat exchanger (€HEX), and HTF (€HTF)), (3) cost of reactor tanks 
(€tank), and (4) disc type hydrogen filter (€H2,fil) as shown in Eq. (16): 

€t,MHTES = €M + €HTS + €tank + €H2,fil (16)  

3.1. Cost of MH material (€M)

The cost of metal hydride material (€M) is the sum of raw cost of the 
material (€MH) and the cost associated with the supplementary fabri-
cation, work, and handling required to fill the MH reactor tanks(€AM). 
The €MH is determined by the specific cost ($/kg) of the raw material of 
the metal hydride multiplied by the mass of metal hydride (kg) required 
to store the solar thermal energy and hydrogen gas. €AM has been pre-
sumed to be equivalent to 20% of the€MH, based on empirical evidence 
[17]. The relation for the cost of MH material (€M) is presented below. 

€M = €MH + €AM (17)  

3.2. Purchased cost of heat transfer system (€HTS), tanks (€tank) and filter 
( €H2,filter)

The following techniques are used to estimate the equipment pur-
chased cost. 

3.2.1. Capital cost estimation method (CCEM) for equipment 
The Capital Cost Estimation Method (CCEM) is employed to deter-

mine free-on-board procurement costs for appliances. The factor for 
materials and the factor for the bare modular factor is used subsequently 
to evaluate the cost of the unit [30,31]. Presuming that the MHTES 
system (ATHCF type heat exchanger and vertical reactor tanks) is 
manufactured by carbon steel and operating at standard atmospheric 
pressure and temperature. Hence, based on the Capital Cost Estimation 
Technique, their capital investment cost the equipment on the base 
condition can be estimated as follow [30]. 

log10€0
p = β1 + β2log10(a)+ β3[log10(a) ]2 (18)  

where the parameter a indicates the area of the heat exchanger and disc 
type filter. Besides, in the case of reactor tanks, a symbolizes the volu-
metric capacity of HTMH and LTMH tanks. βi are a succession of con-
stant coefficients based on the type of equipment. The values for 
β1,β2 and β3 are listed in Table 4. 

3.3.2.2. Module costing technique (MCT). For the estimation of the 
actual cost of the component, the module costing technique (MCT) is 
exploited. Generally, bare module cost (€bm) is associated with the direct 
and indirect expenses related to the component purchase and 
installation. 

€bm = €0
p + fbm = €0

p

(
b1 + b2fmatfpr

)
(19)  

where fbm is the multiplicative factor, which is known as the bare module 
cost factor, combination of material factor (fmat) and the pressure factor 
(fpr). b1andb2 are the constants depending on the type of equipment. 
Based on the module costing technique (MCT), the capital expenditure is 
also influenced by the operating temperature and pressure and the type 
of specific material utilized for the manufacturing of equipment. The 
effect of the temperature on the capital expenses is incorporated in the 
material factor (fmat). The pressure factor for the MH reactor tanks 
having a diameter (Dtank) and operating at pressure (PH2) is estimated by 
the following relation [30] 

Fig. 4. Comparison of MH bed average temperature versus time between the 
simulated study and experimental works of Chaise et al. [28] for Pure MgH2. 

Table 4 
Values for constants β1,β2 and β3 expressed in Eq. (27).  

MHTES system component β1 β2 β3 

Heat exchanger  4.3247  − 0.303  0.1634 
Reactor tank  3.4974  0.4485  0.1074 
Hydrogen Filter  4.8123  0.2858  0.042  
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fpr,tank =

PH2Dtank
2[850− 0.6(PH2)]

+ 0.00315
0.0063

(20) 

The pressure factor (fpr) for the heat-exchanger are determined by the 
below equation [30]. 

log10fpr = ω1 +ω2log10(pH2)+ω3[log10(pH2) ]
2 (21) 

The values of ω1, ω2, ω3, fmat , b1, b2,fbm used in the above equations 
(19), (20), and (21) are listed in Table 5. 

3.3. Annual Levelized Cost of investment (ZMHTES)

Annual Levelized Cost of investment (ZMHTES) is obtained by the 
summation of capital investments and maintenance cost rates which can 
be further summarized as [32]: 

ZMHTES = €t− MHTES*CRF*φop+main = €t− MHTES*
i(1 + i)n

(1 + i)n
− 1

*φop+main (22) 

The terms €t− MHTES, CRF, φop+main, i, and n defined in Eq. (22) por-
trays the total purchased cost of the MHTES system, capital recovery 
factor and operating and maintenance factor (1.06), interest rate (8%), 
and economic life (20 years) respectively. 

To convert the total capital investment (ZMHTES) into the cost per time 
unit ($/h), it can be written as below. 

Z
′

MHTES =

((

€t− MHTES* i(1+i)n

(1+i)n − 1*φop+main

)

(N × 3600)
(23)  

where N is the number of annual operating hours. 

4. Exergo-economic model for MHTES system 

The principal objective of carrying out the exergo-economic analysis 
is to disclose the methodology of cost formation by estimating the unit 
cost of the product streams in the system [33]. Exergo-economic stra-
tegies are distinctive in the research methodology. In this analysis, we 
employed a precise specific exergy costing method (SPECO). This 
approach is focused on specific exergies and costs per exergy unit, 
exergetic efficiencies, and the auxiliary costing equations for different 
parts of the thermal system [34]. 

For exergo-economic evaluation, the whole methodology is divided 
into three steps:  

1) First of all, it is essential to understand the exergy and exergy 
destruction in the MHTES system during hydrogenation.  

2) Understanding the fuel-product-loss of the MHTES system is vital for 
the accomplishment of this analysis. It will provide the authentic 
fabrication idea of the system. Here, Fuel is considered as the means 
which is utilized to produce the final product. The chemical exergy 
produced by the hydrogenation of 5 wt% V2O5-doped MgH2 and pure 
MgH2 is considered as the fuel for both cases. On the other hand, the 
product is planned productivity from the system under observation. 
Here, the exergy obtained which is absorbed by the HTF flowing in 
the heat exchanger is taken as a product.  

3) After explaining the Fuel-product-loss equations for the MHTES 
system, an appropriate cost will be assigned to the fuel, product, and 
loss in the system and develop the expression of the cost balance 
equation for the MHTES system. 

4.2.1. Identification of exergy and exergy destruction 

Exergy balances for the MHTES during the hydrogenation (heat 
discharging process) are tabulated below in Table 6: 

4.2.2. Description of the fuel (F) and product (P) for MH-TES reactor 

For each component, fuel and product concepts must be specified in 
the exergy costing process. The fuel represents the energy needed to 
generate the product, and the product reflects the system’s intended 
outcome. Both the fuel and the product are characterized in terms of 
exergy [35]. Descriptions of the exergies of fuels (Ex,F) and products 
(Ex,P) for the HTMH reactor are presented in Table 7. Here, in this 
research study, the chemical exergy produced by the hydrogenation of 5 
wt% V2O5-doped MgH2 and pure MgH2 is considered as the fuel for both 
cases. Besides, the exergy obtained absorbed by the HTF flowing in the 
heat exchanger is taken as a product. 

4.2.3. Cost balance equations 

The cost balance equation and a term cost rate (C) for the MHTES 
system can be written as [36,37]. 

Table 5 
The values of ω1, ω2, ω3, f mat, b1, b2,f bm in Equation (19), (20) and (21).  

MHTES system component ω1 ω2 ω3 fmat b1 b2 f bm 

Reactor tank  –  –  –  2.2  2.25  1.82  – 
Heat exchanger  0.03881  − 0.11272  0.08183  2.2  1.63  1.66  – 
Filter  –  –  –  –  –  –  1.65  

Table 6 
Exergy balance for the MHTES system.  

Exergy balance equations for MHTES system [26] 

MHTES System  
[26] 

ψxi− MHTES ψxi− MHTES = nH2 × (ΔHh − T0ΔSh) (24) 
ψxo− MHTES ψxo− MHTES = m’dCp.HTF

[
(
To,HTF− Ti,HTF

)
− T0ln

(
To,HTF

Ti,HTF

)]

where m’d indicates the heat transfer fluid mass flow rate (kg/s) can be written 

as follows 

m’d =
Q’

Cp,HTF
(
To,HTF− Ti,HTF

)

(25,26) 

ηMH− TES ηMH− TES =
ψxo− MHTES
ψxi− MHTES

= 1 −
(ψxd− MHTES + ψxl− MHTES)

ψxi− MHTES 

(27) 

ψxd− MHTES ψxd− MHTES= ψxi− MHTES − ψxo− MHTES − ψxl− MHTES (28)  

Table 7 
Eexergies of fuels (Ex,F) and products (Ex,P).  

System Ex,F (Fuel) Ex,p (Product) 

MHTES ψxi− MHTES ψxo− MHTES  
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∑
Co− MHTES +Cw− MHTES = Cq− MHTES +

∑
Ci− MHTES + Z− MHTES (29)  

where the terms 
∑

Co− MHTES and 
∑

Ci− MHTES indicate the sum of cost 
rates of all the input and exit streams from the MHTES system during the 
hydrogenation process respectively. Cw− k and Cq− MHTES represent the 
cost rate of output produced from the system and the energy input to the 
system, respectively. Moreover, the parameter Z− MHTES known as a total 
capital investment which is associated with the expenses due to capital 
investment and operating and maintenance costs. 

The cost rates are expressed by the following relation. 

C = cψx (30)  

where c is the unit exergy cost of stream and ψx represents the exergy of 
the stream. 

By substituting the Eq. (30) in Eq. (29), the following equation is 
obtained as. 
∑

(Coψxo)MHTES + cw− MHTESWMHTES = cq− MHTESψx,q− MHTES +
∑

(ciψxi)MHTES

+Z− MHTES

(31) 

In the cost balance Eq. (31), there is no cost concept specifically 
related to the exergy destruction for the component of a system. The 
expenses involved with exergy destruction in a product or process are 
indeed a concealed expense. Therefore, if one integrates the exergy 
balance and the exergo-economic balance, the following expressions can 
be derived based on F-P rule. 

ψxF− MHTES = ψxP− MHTES +ψxl− MHTES +ψxd− MHTES (32) 

The description of exergy destruction cost (Cd− MHTES) and exergy loss 
cost (Cl− MHTES) can be measured as [35]. 

Cd− MHTES = cf − MHTESψxd− MHTES (33)  

Cl− MHTES = cf − MHTESψxl− MHTES (34) 

The symbol cf − k depicts the cost per exergy unit of fuel (MH). 
Finally, the total exergo-economic cost of the MHTES system in 

($/year) can be calculated as. 

€Ex− Ec = Z ′

MHTES + Cd− MHTES +Cl− MHTES (35)  

4.2.4. Annual Levelized thermal energy storage cost (ZLTESC) 

The Levelized thermal energy storage cost (ZLTESC) is the summation 
of the total capital cost (including operating and maintenance expenses) 
(ZMHTES) and the cost of exergy destruction and exergy loss divided by 
the Annual thermal capacity (Enet) of the system. A Levelized thermal 
storage (ZLTESC) is specified to assess the economic performance of the 
MHTES system throughout the complete life cycle. ZLTESC is expressed as 
follows: 

ZLTESC =

((

€t− MHTES* i(1+i)n

(1+i)n − 1*φop+main

)

+ (Cd− MHTES + Cl− MHTES)

)

Enet
(36)  

5. Result and discussion 

5.1. Comparison of simulation results of the hydrogenation process 
between pure MgH2 and V2O5 doped MgH2 

A basic criterion for the selection of metal hydride material is ther-
modynamic compatibility. The thermodynamic potential deviation of 
the cycle defines the degree of complexity or expenses paid. Thermo-
dynamics pairing between HTMH and LTMH materials is a basic 
determinant affecting the exergy destruction and exergy loss in the 
MHTES system. Based on the interpretation of the thermodynamic 
pairing, metal hydride pairs with low operating temperature, high re-
action kinetics, and low exergy destruction and exergy loss may be 
qualitatively calculated. 

Fig. 5a and 5b illustrate the oil and metal hydride bed temperature 
variation and reacted fraction during the heat discharging process in 
both cases (Case 1: Pure MgH2 & Case 2: V2O5 doped MgH2). The initial 
operating temperature was chosen as 290 ◦C and 20 ◦C in the case of 
pure MgH2, and V2O5 doped MgH2, respectively. It was observed that the 
operating temperature of V2O5 doped MgH2 is comparatively lower than 
the pure MgH2. From Fig. 5a, it was found that 90% hydrogen absorp-
tion in Case 1 (pure MgH2) is achieved in almost 99 hrs., which depicts 
very slow hydrogenation kinetics. In Case 2 (V2O5 doped MgH2), V2O5 
enhances the hydrogenation performance of MgH2 and in results, the 90 
% hydrogenation is completed in 7.34 hrs., as presented in Fig. 5b. 
Moreover, the perceptible rise in bed temperature (Tbed) and oil tem-
perature (THTF) was also noticed (See Fig. 5b) during the hydrogenation 
of V2O5 doped MgH2 which ranges between (20–205 ◦C) and (20–26 ◦C) 

Fig. 5. A comparative view of the transient behavior of the (a) Pure MgH2 bed temperature, oil output temperature and reacted fraction (b) V2O5 doped MgH2 bed 
temperature, oil output temperature, and reacted fraction. 
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respectively. On the other side, in Case 1 (pure MgH2), the oil temper-
ature and pure MgH2 bed temperature initially rise to 290.83 ◦C and 
301.67 ◦C in almost 9 h and then steadily decline to 290 ◦C respectively 
as displayed in Fig. 5a. 

Ultimately, based on the simulation data, In Case 1 (Pure MgH2) the 
overall hydrogen absorption process performance in Case 1 (Pure MgH2) 
is lower due to the low reaction kinetics as compared to Case 2 (V2O5 
doped MgH2). Based on these temperature values, the exergy of fuel 
(Case 1: pure MgH2 and Case 2: V2O5 doped MgH2), exergy of product 
(exergy available to the HTF), exergy destruction, and exergy loss 
(system irreversibility) are estimated. Besides, in the next sections, the 
results of the economic analysis and exergo-economic evaluation of the 
MHTES will be discussed to further clarify the criteria of material se-
lection based on the Levelized cost of investment and the cost of exergy 
destruction and exergy loss. In literature, it has been noticed that there is 
a lack of study about the exergo-economic analysis of the MHTES 
system. 

5.2. Economic analysis of MHTES system 

The total purchased cost of the (€t,MHTES) was calculated by using the 
equations (16–21), already discussed comprehensively under section 3. 
Table 8 presented the total purchased cost of the MHTES system,€t,MHTES 

, comprising the (1) cost of MH (€M) (including the cost of HTMH 
(€HTMH) and LTMH (€LTMH)), (2) cost of heat transfer system (€HTS) 

(including the cost of heat exchanger (€HEX), and HTF (€HTF)), (3) cost of 
reactor tanks (€tank), and (4) disc type hydrogen filter(€H2,fil). 

From Table 8, the total purchased cost of the MHTES based on pure 
MgH2, total Annual Levelized cost of investment in $/year, and $/h is 
estimated as 332,245 $, 35,870 $/year, and 0.1006 $/h, respectively. In 

Case 2 (V2O5 doped MgH2), The calculated values of €t,MHTES, ZMHTES 

andZ′

MHTES, is a little more such as 332,315 $, 35,878 $/year, and 1.3577 
$/h respectively due to the addition of cost of nano-material V2O5 for 
kinetic enhancement of the MH material. The low annual Levelized cost 
in Case 1 is due to the reason that the operating hours for the hydro-
genation cycle of pure MgH2 (almost 99 h) is more as compared to V2O5 
doped MgH2 (7.34 h) which is the drawback of pure MgH2 material with 
a very large hydrogenation period. 

In Fig. 6a and 6b, pie charts are presented to illustrate the percentage 
contribution of each component, raw material, exergy destruction, and 
exergy loss in the total cost of the pure MgH2 and V2O5 based MgH2 
based MHTES systems respectively. It was observed from Fig. 6, the heat 
exchangers cost (HTMH and LTMH reactors) in both cases are the same 
and contribute to the major portion of almost 83% of the total invest-
ment cost of the MHTES. Shares of other system components; reactor 
tanks (HTMH & LTMH), HTF, and hydrogen filter were found to be 
12.8%, 1.56%, and 2.13% respectively in both cases. The cost of metal 
hydride (€M) in Case 2 (1303 $-presented by green patterned color in the 
pie chart (see Fig. 6b)) is more than that in Case 1 (1233 $-shown by 
green patterned in the pie chart (see Fig. 6a)) due to the doped material 
V2O5. But the doping of V2O5 in MgH2 improves the reaction kinetics 
and also enhances the overall performance of the system in terms of high 
MH bed and oil output temperature values to meet the solar bakery 
system requirements. Another difference observed in Fig. 6a and 6b is 
that the cost of exergy destruction and exergy loss (blue patterned 
shown in the pie chart) in the case of V2O5 doped MgH2 is more than that 
of pure MgH2. The authentic reason is that the chemical exergy pro-
duced during the hydrogenation process in the case of V2O5 doped MgH2 
is larger than that of MgH2 and the efficient heat transfer is not occurs in 
the system and the heat exchange system requires design improvement 

Table 8 
The economic data and Levelized cost rate associated with capital cost and O&M costs of the MHTES system.  

Cost €HEX €tank €M €HTF €H2,fil €t,MHTES ZMHTES Z’
MHTES 

Units ($) ($) ($) ($) ($) ($) ($/year) ($/h) 
Case 1: 

Pure MgH2 

276,159 42,547 1233 5200 7105 332,245 35,870 0.1006 

Case 2: 
V2O5-doped MgH2 

276,159 42,547 1303 5200 7105 332,315  35,878 1.3577  

Fig. 6. The percentage share of each component, raw material, exergy destruction, and exergy loss in the total cost of the (a) pure MgH2 and (b) V2O5 + MgH2 based 
MHTES systems. 
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to reduce the cost as well as the system heat transfer enhancement. The 
heat transfer enhancement means more of the heat is available as the 
product by reducing the exergy destruction and exergy loss and associ-
ated cost for Case 2. 

5.3. Exergo-economic assessment of MHTES system 

By resolving the cost balance equations for the MHTES system of cost 
balance, the cost of the system’s unknown is determined. Table 9 de-
scribes the exergo-economic findings of the MHTES for both cases (Case 
1 & Case 2), including the total exergy of fuel (ψxi− MHTES, kW) and 
product (ψxo− MHTES, kW, total exergy destruction and exergy loss 
(ψxd− MHTES + ψxl− MHTES,kW), total exergo-economic cost of the MHTES 
system (€Ex− Ec, $/h) and annual Levelized cost of the thermal energy 
storage system (ZLTESC, $/kWhth) as well as other noteworthy 
parameters. 

Fig. 7 shows the comparisons of exergy related to the MHTES system 
and corresponding cost per cycle between using pure MgH2 and V2O5 
doped MgH2. From Fig. 7, it was found that the exergy of fuel (MgH2 +

V2O5) is calculated as 52.17 kW having a cost of 126 $ which is greater 
than the chemical exergy produced by the pure MgH2 and the associated 
cost (31.14 kW, 67.86 $). The high chemical exergy produced in Case 2 
is due to the doping MgH2 with V2O5 which provides a better hydro-
genation reaction kinetics. On the other side, the exergy consumption 
(destruction and loss) and the cost of exergy consumption in Case 1 
(21.54 kW, 46.96 $) are less than that of Case 2 (39.69 kW, 96.12 $). 

Secondly, as already discussed, the whole system was comprised of 
three major systems: the solar parabolic concentrator, the metal 
hydride-based thermal energy storage system, and the solar bakery unit. 
The cost of the solar concentrator and its exergy cost is considered the 

same for both cases Case 1 and Case 2. The exergy input and exergy 
output and exergy loss of the solar Scheffler concentrator is estimated as 
9.16 kW, 1.42 kW, and 7.78 kW respectively. Total Levelized cost of 
investment for Scheffler reflector, cost of exergy lost and exergy 
destruction, and total exergo-economic cost of solar concentrator are 
calculated as 43.2691 $/year, 238.10 $/year, and 281 $/year 
respectively. 

Table 9 
Exergo-economic parameters for MHTES system.   

ψxi− MHTES ψxo− MHTES ψxd− MHTES + ψxi− MHTES Cd− MHTES +Cl− MHTES ZMHTES €Ex− Ec ZLTESC 

Units (kW) (kW) (kW) ($/year) ($/year) ($/year) ($/kWhth) 
Case 1: 

Pure MgH2 

31.14 9.59 21.54 5.06 35,870 35875.06 32.28 

Case 2: 
V2O5-doped MgH2 

52.17 12.48 39.69 10.38 35,878 35888.38 3.954  

Fig. 7. Comparisons of exergy and cost per cycle between two case (pure MgH2 and V2O5 doped MgH2).  

Fig. 8. Comparisons of the (ZLTESC), (Cd− MHTES + Cl− MHTES), and ZLTESC be-
tween Case 1 (pure MgH2) and Case 2 (V2O5 based MgH2). 
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5.4. Performance assessment parameter based on exergo-economic 
analysis 

When we discuss the exergo-economic analysis MHTES, the annual 
Levelized cost of the thermal energy storage system (ZLTESC,

$
KWhth) is the 

important parameter. In the exergo-economic study, the summation of 
the capital cost of investment, operating and maintenance cost, and the 
cost of exergy consumption (destruction and loss) is done first and then 
divided by the annual thermal capacity (Enet) of the MHTES system. It 
was found that the annual energy storage capacity (Enet) in the case of 
V2O5 doped MgH2 (9098 kWhth) is more than the pure MgH2 (1112.9 
kWhth). Fig. 8 presented the comparison of the annual Levelized cost of 
thermal energy storage system between pure MgH2 and V2O5 doped 
MgH2. Hence, from Fig. 8, it was observed that the annual Levelized cost 
of thermal energy storage in Case 1 (32.28 $/kWhth) is more than in Case 
2 (3.954 $/kWhth). It means that V2O5 doped MgH2 generates 1kWhth 
thermal energy by spending less cost as compared to the pure MgH2. In 
pure MgH2 1 kWhth thermal energy is expansive. In Case 1 (pure MgH2 
based MHTES), the portion of the total capital cost of investment 
including operation and maintenance cost (ZMHTES,

$
KWhth) and exergy 

destruction and exergy loss ((Cd− MHTES + Cl− MHTES),
$

KWhth) is found to be 
99.89% and 0.13%, respectively. In Case 2, which is based on V2O5 
doped MgH2 contributes 99.73% of the capital cost of investment 
including operation and maintenance costs (ZMHTES,

$
KWhth)) and 0.267% 

of cost exergy destruction and exergy loss ((Cd− MHTES + Cl− MHTES),
$

KWhth).

More precisely, capital expenditures also present a significant contrib-
utor to (ZLTESC,

$
KWhth). 

The life-cycle economic assessment findings indicate that ZLTESC of 
the pure MgH2 based system (32.28 $ / kWhth) is 8.2 times higher than 
that of the V2O5 doped MgH2 system (3.954 $/ KWhth). Secondly, an 
87.75% decrease in cost was observed in Case 2 (V2O5 doped MgH2). 
Thirdly, Case 2 (V2O5 doped MgH2) can save 92.58% of hydrogenation 
reaction time as compared to Case 1 (Pure MgH2). Ultimately, the se-
lection of V2O5 based MgH2 as a thermal heat-storing medium is then 
assessed as a better option for the MHTES for the SBU. It is summarized 
that the choice of a metal hydride pair for MHTES should be taken into 
account through the following reasons: first, the expense of the metal 
hydride; second, the thermodynamic parameters e.g., operating tem-
perature range, reaction kinetics, and the cost of exergy destruction and 
exergy loss. 

It can be inferred, according to the content expressed, that the 
research of exergy economic cost methodology is an extremely valuable 
method for detecting and assessing cost and productivity inefficiencies. 
Besides, the tools and calculations used in this research were limited to 
MHTES systems. The findings of this research provide a clearer insight 
into the mechanism of cost formation in the system and examine the 
economic policy of the system. In addition, in the analysis and design of 
related structures, the approach and outcomes of this article can be 
helpful. It is important to use the findings of the current study as a 
framework for exergo-economic or thermo-economic optimization. 

6. Conclusions 

This paper presents exergo-economic analysis and screening of metal 
hydride pairs for thermochemical solar thermal energy storage for the 
SBU, where a numerical simulation is performed and validated to 
measure exergy of fuel, exergy destruction, and exergy loss in the 
MHTES system for two different cases (Case 1: pure MgH2 and V2O5 
doped MgH2). Comprehensive and systemic exergo-economic analysis of 
MHTES was performed to assess the potential performance of the sys-
tems by using two HTMH candidates (Case 1: pure MgH2 and V2O5 
doped MgH2). Below are the major conclusions: 

1. Numerical simulation results illustrate that the 90% hydrogen ab-
sorption in Case 1 (pure MgH2), is achieved in almost 99 hrs., which 
depicts that very slow hydrogenation kinetics. In Case 2 (V2O5 doped 
MgH2), V2O5 enhances the hydrogenation performance of MgH2 and 
as result, the 90 % hydrogenation is completed in 7.34 hrs. More-
over, the perceptible rise in bed temperature (Tbed) and oil temper-
ature (THTF) was also noticed in Case 2 which ranges between 
(20–205 ◦C) and (20–26 ◦C) respectively. On the other side, in Case 1, 
the oil temperature and pure MgH2 bed temperature initially rise to 
290.83 ◦C and 301.67 ◦C in almost 9 h and then steadily decline to 
290 ◦C respectively.  

2. The economic model for MHTES was developed to calculate the 
equipment purchased cost by using Capital Cost Estimation Method 
(CCEM) and the Bare module technique. The total purchased cost of 
the MHTES based on pure MgH2, total Annual Levelized cost of in-
vestment in $/year, and $/h is estimated as 332,245 $, 35,870 
$/year, and 0.1006 $/h. In Case 2 (V2O5 doped MgH2), The calcu-
lated values of €t,MHTES,ZMHTES and Z’

MHTES, is a little more such as 
332,315 $, 35,878 $/year, and 1.3577 $/h, respectively due to the 
addition of cost of nano-material V2O5 for kinetic enhancement of 
the MH material.  

3. The life-cycle economic assessment findings indicate that ZLTESC of 
the pure MgH2 based system (32.28 $ / kWhth) is 8.2 times higher 
than that of the V2O5 doped MgH2 system (3.954 $/ KWhth). Sec-
ondly, an 87.75% decrease in cost was observed in Case 2 (V2O5 
doped MgH2). Thirdly, Case 2 (V2O5 doped MgH2) can save 92.58 % 
of hydrogenation reaction time as compared to Case 1 (Pure MgH2).  

4. Ultimately, the selection of V2O5 based MgH2 as a thermal heat- 
storing medium is then assessed as a better option for the MHTES 
for the SBU. 

5. The findings of this research provide a clear insight into the mech-
anism of cost formation in the system and examine the economic 
policy of the system. It is helpful to use the findings of the current 
study as a framework for exergo-economic or thermo-economic 
optimization. 
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