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A B S T R A C T

Detailed thermodynamic scrutiny of the solar thermochemical neodymium oxide-based CO2 splitting (Nd-CS)
cycle is reported. The thermal reduction (TR) and CO2 splitting (CS) reaction temperatures required for the
operation of the Nd-CS cycle were determined. The equilibrium compositions of Nd2O3, NdO, and O2 exhibit that
the initiation of the TR of Nd2O3 is feasible at 1982 K, and the complete conversion is possible at 2232 K. As per
the delta G analysis, the CS reaction was feasible at all temperatures above 300 K. After understanding the
chemical thermodynamic equilibrium of the Nd-CS cycle, the efficiency analysis was performed by using the HSC
Chemistry 9.9 software. The results obtained via the efficiency analysis shows that the Nd-CS cycle was capable
of attaining the highest possible − − − −ηsolar to fuel Nd CS = 9.45% at partial TR of Nd2O3 = 55% (TH = 2154 K).
Application of HR = 20%, 40%, 60%, 80%, and 100%, improved − − − −ηsolar to fuel Nd CS at TR-Nd = 55%
(TH = 2154 K) up to 10.51%, 11.84%, 13.55%, 15.85%, and 19.09%, respectively.

1. Introduction

Production of transportation fuels such as gasoline, diesel, kerosene,
and others from syngas can be achieved via a catalytic Fischer-Tropsch

Process [1]. Typically, fossil fuels are converted into syngas via the
reforming process. Although this is a proven technology, the emissions
associated with fossil fuel utilization are considered as one of the pri-
mary sources for climate contamination, such as global warming [2–5].
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Hence, it is highly essential to identify new ways for the production of
syngas, i.e., a mixture of H2 and CO.

H2 and CO generation via a metal oxide (MO) based solar thermo-
chemical cycle (STC) is one of the promising options that can be con-
sidered as a replacement for fossil fuel utilization towards syngas pro-
duction [6–9]. The MOs can be applied for both water splitting (WS) as
well as CO2 splitting (CS) reactions. Below is the list of MOs used for the
STCs in previous studies.

• Iron Oxide [10–12]

• Zinc Oxide [13–15]

• Tin Oxide [16,17]

• Ferrites [18–24]

• Ceria and doped ceria [25–31]

• Perovskites [7,31–36]

In addition to the above mentioned MOs, recently, lanthanide-based
oxides such as samarium oxide [37,38], terbium oxide [39], and erbium
oxide [38,40] were also explored for the STCs. Similar to the samarium,
terbium, and erbium, the neodymium (Nd) was also utilized as an ac-
tive dopant in the case of the ceria materials and other H2 generation
techniques. As neodymium is proved to be an active catalytic material
beneficial for various processes, it is believed that the neodymium oxide
(Nd2O3) will be useful also for the production of H2 and CO via WS and
CS reactions. It is important to note that the Nd2O3 is not yet in-
vestigated as a MO for the STCs.

In this study, attempts were made to investigate the feasibility of the
neodymium oxide-based CO2 splitting (Nd-CS) cycle by performing a
thermodynamic equilibrium and efficiency analysis. HSC Chemistry
software 9.9 was utilized as the source for gathering the material
properties necessary for the thermodynamic calculations. All compu-
tations were carried out by assuming partial TR of Nd2O3 (TR-Nd). The
redox equations associated with the partially reduced two-step Nd-CS
cycle are as follows:

→ + +Nd O aNd O bNdO cO2 3 2 3 2 (1)

+ + → +aNd O bNdO eCO Nd O dCO2 3 2 2 3 (2)

2. Equilibrium analysis, process flow configuration, and modeling
equations

HSC Chemistry provides an easy and quick approach for the ther-
modynamic analysis. HSC Chemistry is especially useful for the ex-
ploration of the effect of different variables on chemical processes at
equilibrium conditions. The HSC name was given to the software as it is
capable of performing the calculations by utilizing the thermochemical
database related to enthalpy (H), entropy (S), and heat capacity (Cp) for
more than 28,000 chemical species (equivalent to more than twenty
thick data books). Due to all these advantages, HSC has a wide range of
applications in scientific education, industry, and research. Hence, in
this study, the thermodynamic scrutiny of the Nd-CS cycle was per-
formed by using the HSC Chemistry 9.9 software.

Estimation of the equilibrium compositions and temperatures as-
sociated with the thermal reduction (TR) and CO2 splitting (CS) reac-
tions is an essential step towards performing the efficiency analysis of
an STC. Therefore, as an initial step, the thermodynamic equilibrium
analysis of the solar-driven Nd-CS cycle was conducted. The equili-
brium analysis was carried out by assuming a PO2 = 10−6 atm. Fig. 1
represents the equilibrium compositions related to the thermal

Nomenclature

C Solar flux concentration ratio, suns
HHV Higher heating value, kW
I Normal beam solar insolation, W/m2

MO Metal oxide
n ̇ Molar flow rate, mol/s
TH TR temperature, K
TL Water splitting temperature, K
HR Heat recuperation
PO2 The partial pressure of the O2 in the inert gas, atm
σ Stefan – Boltzmann constant, 5.670 × 10−8 (W/m2·K4)

− − −Q ̇Nd O red partial Nd CS( )2 3 Energy required for partial reduction of
Nd2O3 (Nd-CS cycle), kW

− − −Q ̇CO heating Nd CS2 Energy required for the heating of CO2 (Nd-CS
cycle), kW

− − −Qċycle net Nd CS Net energy required to run the Nd-CS cycle, kW
− − −Qṡolar reactor Nd CS Solar energy required to run the solar reactor

(Nd-CS cycle), kW
− − −Qṡolar heater Nd CS Solar energy required to run the solar heater (Nd-

CS cycle), kW
− − −Qṡolar cycle Nd CS Solar energy required to run the Nd-CS cycle, kW

− − − −ηabs solar reactor Nd CS Solar energy absorption efficiency of the solar
reactor (Nd-CS cycle), %

− − − −ηabs solar heater Nd CS Solar energy absorption efficiency of the solar
heater (Nd-CS cycle), %

− − − −Qṙe rad solarreactor Nd CS Re-radiation losses from the solar reactor
(Nd-CS cycle), kW

− − − − −Qṙe rad solar heater Nd CS Re-radiation losses from the solar heater
(Nd-CS cycle), kW

− − − −Qṙe rad cycle Nd CS Re-radiation losses from the Nd-CS cycle, kW
− − −Qċooler Nd CS1 Energy liberated from cooler – 1 (Nd-CS cycle), kW
− − −Qċooler Nd CS2 Energy liberated from cooler – 2 (Nd-CS cycle), kW
− − −Qċooler Nd CS3 Energy liberated from cooler – 3 (Nd-CS cycle), kW

− − −Qṡplitting reactor Nd CS Energy liberated from the CO2 splitting reactor
(Nd-CS cycle), kW

− − −Q ̇FC Ideal Nd CS Energy liberated from an ideal fuel cell (Nd-CS
cycle), kW

− − −ẆFC Ideal Nd CS Work output of an ideal fuel cell (Nd-CS cycle), kW

− − − −ηsolar to fuel Nd CS Solar-to-fuel energy conversion efficiency (Nd-CS
cycle), %

− − − − −ηsolar to fuel HR Nd CS Solar-to-fuel energy conversion efficiency
(with heat recuperation, Nd-CS cycle), %

− −Qṙecuperable Nd CS Total energy recuperated from the Nd-CS cycle, kW
− − −Qṙecupaerable HR Nd CS Energy recuperated from the Nd-CS cycle (with
% HR), kW

− − − −Qṡolar cycle HR Nd CS Solar energy required to run the Nd-CS cycle
(with heat recuperation), kW

Fig. 1. Equilibrium compositions allied with the TR of Nd2O3.
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decomposition of Nd2O3 as a function of change in the TR temperature
(TH). The reported equilibrium compositions of Nd2O3, NdO, and O2

show that the initiation of the TR of Nd2O3 is feasible at 1982 K. It was
also understood that the complete conversion of Nd2O3 is possible at
2232 K.

As this investigation was focused on understanding the influence of
partial TR of Nd2O3 (TR-Nd) on the solar-to-fuel energy conversion
efficiency of the Nd-CS cycle, it was necessary to identify the exactTH at
which the TR-Nd varies in the range of 5% to 100%. TheTH required for
the partial TR-Nd was recognized by using the equilibrium composi-
tions reported in Fig. 1. The results reported in Fig. 2 shows the var-
iation in the TH required for a specific partial TR-Nd. According to the
trend reported, for an initial rise in the TR-Nd from 5% to 15%, the TH
increased sharply from 1982 K to 2086 K. For further upsurge in the TR-
Nd from 15% to 100%, the TH surged linearly with a slow increase. For
example, to raise the TR-Nd from 15% to 30%, 45%, 60%, and 75%,
and 90%, the TH amplified from 2086 K up to 2112 K, 2137 K, 2163 K,
2189 K, and 2215 K, respectively (Fig. 3).

The estimation of TL, which was necessary for performing the re-
oxidation of NdO via CS reaction, was the next important step of the
equilibrium analysis. TL above which the complete re-oxidation of NdO
to Nd2O3 is possible was determined by exploring the variations asso-
ciated with the delta G of the CS reaction. According to the numbers,
the CS reaction associated with the Nd-CS cycle was feasible at all
temperatures above 300 K. To understand the viability of the Nd-CS
cycle, it was vital to compare the obtained results with the previously
investigated thermochemical CS cycles. The published literature shows
that in most of the CS studies, the re-oxidation of the MO via CS re-
action was carried out at ~1300 K [25,33]. Hence, to have a fair
comparison, the re-oxidation of NdO via CS reaction was performed at
TL = 1300 K.

After performing the equilibrium analysis, a detailed process flow
configuration of the Nd-CS cycle was developed. The TR and CS reac-
tions associated with the Nd-CS cycle were conducted in a solar-driven
cavity-based reactor and the non-solar CS reactor. The preheating of the
CO2 from 298 K up toTL was achieved in a solar-driven CO2 heater. The
temperatures of a) the products exiting the solar reactor (after TR step),
b) the CO coming out of the CS reactor, and c) the CO2 before entering
the CS reactor were maintained at the respective required values with
the help of the three coolers. Besides, an ideal fuel cell (with assumed
100% efficiency) was placed in the cycle to determine the work output
of the CO produced. All the thermodynamic calculations carried out by
assuming a constant feed rate of Nd2O3 to the solar reactor (1 mol/s),
negligible conductive/convective heat and viscous losses from the solar
reactor, insignificant variations in the kinetic as well as potential en-
ergies, complete conversion of CO2 into CO, and natural separation of
the products associated with the TR and CS reactions. The thermo-
dynamic properties gathered from the HSC Chemistry 9.9 software. The
computations allied with the heat exchangers not considered in the
thermodynamic analysis.

As the initial step of the efficiency analysis, the solar absorption
efficiencies for the solar reactor and the solar heater determined as
follows:

⎜ ⎟= − ⎛
⎝

⎞
⎠

− − − −η
σT
IC

1abs solar reactor Nd CS
H
4

(3)

⎜ ⎟= − ⎛
⎝

⎞
⎠

− − − −η
σT
IC

1abs solar heater Nd CS
L
4

(4)

where, I = 1000 W/m2, C = 3000 suns, σ = 5.670 × 10−8 W/m2·K4.
The solar energy needed to drive the solar reactor, and the solar

heater was estimated as:

=− − −
− − −

− − − −
Q

Q
η

̇
̇

solar reactor Nd CS
Nd O red partial Nd CS

abs solar reactor Nd CS

( )2 3

(5)

=− − −
− − −

− − − −
Q

Q
η

̇
̇

solar heater Nd CS
CO heating Nd CS

abs solar heater Nd CS

2

(6)

where

=− − − → + +Q n Ḣ ̇Δ |Nd O red partial Nd CS Nd O s T aNd O s bNdO g cO g T( ) ( ) @ ( ) ( ) ( ) @L H2 3 2 3 2 3 2

(7)

=− − − →Q n Ḣ ̇Δ |CO heating Nd CS eCO g K eCO g T( ) @298 ( ) @ L2 2 2 (8)

− − −Qċycle net Nd CS was calculated by adding Eqs. (7) and (8).

= +− − − − − − − − −Q Q Q̇ ̇ ̇cycle net Nd CS Nd O red partial Nd CS CO heating Nd CS( )2 3 2 (9)

Similarly, − − −Qṡolar cycle Nd CS was valued by summing Eqs. (5) and (6)
together.

= +− − − − − − − − −Q Q Q̇ ̇ ̇solar cycle Nd CS solar reactor Nd CS solar heater Nd CS (10)

The heat losses associated with the solar reactor and solar heater,
due to the re-radiation, were computed as follows:

= −− − − − − − − − − − −Q Q Q̇ ̇ ̇re rad solar reactor Nd CS solar reactor Nd CS Nd O red partial Nd CS( )2 3

(11)

= −− − − − − − − − − − −Q Q Q̇ ̇ ̇re rad solar heater Nd CS solar heater Nd CS CO heating Nd CS2 (12)

With the help of Eqs. (11) and (12), − − − −Qṙe rad cycle Nb CS was de-
termined as:

= +− − − − − − − − − − − − − −Q Q Q̇ ̇ ̇re rad cycle Nd CS re rad solar reactor Nd CS re rad solar heater Nd CS

(13)

− − − −ηsolar to fuel Nd CS of the Nd-CS cycle was calculated as per the fol-
lowing expression:

=
×

− − − −
− − −

η
HHV molesofCOproduced

Q
( )

̇solar to fuel Nd CS
CO

solar cycle Nd CS (14)

The influence of heat recuperation on the process efficiency was
evaluated by estimating − − − − −ηsolar to fuel HR Nd CS.

=
×

− − − − −
− − − −

η
HHV molesofCOproduced

Q
( )

̇solar to fuel HR Nd CS
CO

solar cycle HR Nd CS (15)

For the determination of − − − − −ηsolar to fuel HR Nd CS, estimation of the
total amount of heat that recuperated from the Nd-CS cycle was es-
sential. Hence, − − − −Qṡolar cycle HR Nd CS was computed as per the following
equation.

= + +

+

− −

− − − − − − − − −

− − −

Q

Q Q Q

Q

̇

̇ ̇ ̇

̇

recuperable Nd CS

cooler Nd CS cooler Nd CS cooler Nd CS

splitting reactor Nd CS

1 2 3

(16)

As per Eq. (16), − −Qṙecuperable Nd CS can be calculated if the values for

Fig. 2. TH required for the partial TR of Nd2O3.
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the energy released by the coolers and the CS reactor are known.

= −
− − −

+ + → + +

Q

n H

̇

̇Δ |
cooler Nd CS

aNd O s bNdO g cO g T aNd O s bNdO s cO g T

1

( ) ( ) ( ) @ ( ) ( ) ( ) @H L2 3 2 2 3 2 (17)

= −− − − →Q n Ḣ ̇Δ |cooler Nd CS cO g T cO g K2 ( ) @ ( ) @298L2 2 (18)

= −− − − →Q n Ḣ ̇Δ |cooler Nd CS dCO g T dCO g K3 ( ) @ ( ) @298L (19)

= −

− − −

+ + → +

Q

n H

̇

̇Δ |

splitting reactor Nd CS

aNd O s bNdO s eCO g T Nd O s dCO g T( ) ( ) ( ) @ ( ) ( ) @L L2 3 2 2 3 (20)

The total amount of solar energy needed to drive the Nd-CS cycle
after applying the heat recuperation was estimated as:

= −− − − − − − − − − −Q Q Q̇ ̇ ̇solar cycle HR Nd CS solar cycle Nd CS recupaerable HR Nd CS (21)

Where

= ×− − − − −Q HR Q̇ (% ) ̇recupaerable HR Nd CS recuperable Nd CS (22)

The −ẆFC Ideal was calculated as per Eqs. (23) as well as (24) and
compared for the verification of the analysis performed in this study.

= −− − − + →W n Ġ ̇Δ |FC Ideal Nd CS dCO g cO g K eCO g K( ) ( ) @298 ( ) @2982 2 (23)

= −

+ +

+ + +

− − −

− − −

− − − − − − − − − −

− − − − − − − − −

W

Q

Q Q Q

Q Q Q

̇

̇

( ̇ ̇ ̇

̇ ̇ ̇ )

FC Ideal Nd CS

solar cycle Nd CS

re rad cycle Nd CS cooler Nd CS cooler Nd CS

cooler Nd CS splitting reactor Nd CS FC Ideal Nd CS

1 2

3 (24)

where

= − ×− − − + →Q n Ṡ (298) ̇Δ |FC Ideal Nd CS dCO g cO g K eCO g K( ) ( ) @298 ( ) @2982 2 (25)

3. Results and discussion

3.1. Solar reactor and heater

The thermodynamic efficiency analysis associated with the Nd-CS
cycle conducted by utilizing the equations listed in section 2. The
thermodynamic data obtained from the HSC Chemistry 9.9 software. As
mentioned in section 2, TH required for the rise in the partial TR-Nd

from 15% to 30%, 45%, 60%, 75%, and 90% increased from 2086 K up
to 2112 K, 2137 K, 2163 K, 2189 K, and 2215 K, respectively. This
enhancement in TH resulted in a reduction in the − − − −ηabs solar reactor Nd CS.
For example, − − − −ηabs solar reactor Nd CS decreased from 64.2% to 62.4%,
60.6%, 58.6%, 56.6%, and 54.5% when the TR-Nd rose from 15% to
30%, 45%, 60%, 75%, and 90%, respectively. Although

− − − −ηabs solar reactor Nd CS was reduced considerably as a function of the rise
in the %TR-Nd, − − − −ηabs solar heater Tb CS however, remained unchanged at
94.5% as the CS step was carried out at a constant TL = 1300 K.

The estimation of the solar reactor and solar heater absorption ef-
ficiencies was necessary for the calculation of − − −Qṡolar reactor Nd CS and

− − −Qṡolar heater Nd CS. In addition to the solar absorption efficiency values,
− − −Q ̇Nd O red partial Nd CS( )2 3 and − − −Q ̇CO heating Nd CS2 can also affect the

− − −Qṡolar reactor Nd CS and − − −Qṡolar heater Nd CS significantly. Hence, before
calculating − − −Qṡolar reactor Nd CS and − − −Qṡolar heater Nd CS, the variations allied
with − − −Q ̇Nd O red partial Nd CS( )2 3 and − − −Q ̇CO heating Nd CS2 as a function of the
rise in %TR-Nd was computed. As shown in Table 1, both

− − −Q ̇Nd O red partial Nd CS( )2 3 and − − −Q ̇CO heating Nd CS2 upsurged due to the rise in
the %TR-Nd. − − −Q ̇Nd O red partial Nd CS( )2 3 was increased from 352.5 kW by a
factor of 1.6, 2.3, 2.9, 3.6, and 4.2 when the TR-Nd rose from 15% to
30%, 45%, 60%, 75%, and 90%, respectively. This rise in

− − −Q ̇Nd O red partial Nd CS( )2 3 was apparent as higher energy input was needed
to upturn %TR-Nd from 5% to 100%.

As %TR-Nd was increased from 5% to 100%, a higher quantity of O2

was released, which improved the chances of production of higher le-
vels of CO via CS reaction. To achieve an elevated CO production, more
quantity of CO2 was fed to the CS reactor, which resulted in a rise in

− − −Q ̇CO heating Nd CS2 . In terms of numbers, the increase in the TR-Nd from
15% to 30%, 45%, 60%, 75%, and 90% enhanced − − −Q ̇CO heating Nd CS2
from 7.5 kW up to 15.1 kW, 22.6 kW, 30.1 kW, 37.6 kW, and 45.2 kW,
respectively.

With the help of Eqs. (5) and (6), − − −Qṡolar reactor Nd CS and
− − −Qṡolar heater Nd CS were calculated and presented in Fig. 4. According to

Eq. (5), − − −Qṡolar reactor Nd CS is a ratio of − − −Q ̇Nd O red partial Nd CS( )2 3 over

− − − −ηabs solar reactor Nd CS. As mentioned in the previous paragraphs, with a
rise in %TR-Nd, − − −Q ̇Nd O red partial Nd CS( )2 3 was increased, whereas the

− − − −ηabs solar reactor Tb CS was decreased. Subsequently, − − −Qṡolar reactor Nd CS
was upsurged as a function of an upturn in the %TR-Nd. For example, as
the TR-Nd was enhanced from 15% to 30%, 45%, 60%, 75%, and 90%,

− − −Qṡolar reactor Nd CS was amplified above 549.0 kW by 382.7 kW,
787.4 kW, 1220.8 kW, 1686.1 kW, and 2188.8 kW, respectively
(Fig. 4a).

Eq. (6) indicates that the − − −Q ̇CO heating Nd CS2 divided by

− − − −ηabs solar heater Nd CS equal to − − −Qṡolar heater Nd CS. As per the obtained

Fig. 3. Process flow arrangement for the Nd-CS cycle.

Table 1
Effect of the %TR-Nd on − − −Q ̇Nd O red partial Nd CS2 3 ( ) and − − −Q ̇CO heating Nd CS2 .

%TR-Nd − − −Q ̇Nd O red partial Nd CS2 3 ( ) (kW) − − −Q ̇CO heating Nd CS2 (kW)

5 185.3 2.5
10 270.4 5.0
15 352.5 7.5
20 428.7 10.0
25 505.1 12.5
30 581.3 15.1
35 657.4 17.6
40 733.6 20.1
45 809.6 22.6
50 885.7 25.1
55 961.5 27.6
60 1037.5 30.1
65 1113.5 32.6
70 1189.2 35.1
75 1265.1 37.6
80 1340.7 40.1
85 1416.4 42.7
90 1492.1 45.2
95 1567.6 47.7
100 1643.2 50.2

R.R. Bhosale Fuel 282 (2020) 118803

4



results, the − − −Q ̇CO heating Nd CS2 enhanced when the %TR-Nd improved
from 5% to 100%. In contrast, the − − − −ηabs solar heater Nd CS stayed un-
changed at all values of %TR-Nd. Hence, as only − − −Q ̇CO heating Nd CS2 in-
creased, the rise in the − − −Qṡolar heater Nd CS was considerably less when
compared to the − − −Qṡolar reactor Nd CS. For instance, the − − −Qṡolar heater Nd CS
augmented up to 8.0 kW, 15.9 kW, 23.9 kW, 31.8 kW, 39.8 kW, and
47.7 kW at TR-Nd = 15%, 30%, 45%, 60%, 75%, and 90%, respectively
(Fig. 4b).

Fig. 5 represents the variations associated with − − −Qċycle net Nd CS and
− − −Qṡolar cycle Nd CS due to the increment in %TR-Nd. According to Eq. (9),
− − −Qċycle net Nd CS is the addition of − − −Q ̇Nd O red partial Nd CS( )2 3 and
− − −Q ̇CO heating Nd CS2 . Similarly, the summation of − − −Qṡolar reactor Nd CS and
− − −Qṡolar heater Nd CS together is equal to − − −Qṡolar cycle Nd CS. As reported in

the previous paragraphs, as − − −Q ̇Nd O red partial Nd CS( )2 3 , − − −Q ̇CO heating Nd CS2 ,
− − −Qṡolar reactor Nd CS , and − − −Qṡolar heater Nd CS was upsurged, − − −Qċycle net Nd CS

and − − −Qṡolar cycle Nd CS was also enhanced.
As shown in Fig. 5, − − −Qċycle net Nd CS was increased from 360.1 kW up

to 596.4 kW, 832.2 kW, 1067.6 kW, 1302.7 kW, and 1537.3 kW when
the TR-Nd amplified from 15% to 30%, 45%, 60%, 75%, and 90%,
respectively. Likewise, − − −Qṡolar cycle Nd CS was upsurged above 557.0 kW
by 390.7 kW, 803.3 kW, 1244.6 kW, 1717.9 kW, and 2228.6 kW as the
TR-Nd was enlarged from 15% to 30%, 45%, 60%, 75%, and 90%,
respectively. − − −Qṡolar cycle Nd CS was higher than − − −Qċycle net Nd CS due to the
reduction in − − − −ηabs solar reactor Tb CS as a function of the increase in %TR-
Nd.

3.2. Re-radiation losses

As per the assumptions, the conductive and convective heat losses
from the solar reactor and solar heater were negligible. However, the
heat losses from these solar equipments due to re-radiation through the
cavity window needs to be considered during the efficiency analysis.
The re-radiation losses from the solar reactor occurred due to the

reduction in − − − −ηabs solar reactor Nd CS as a function of %TR-Nd. As per the
calculations performed using Eq. (11), − − − − −Qṙe rad solar reactor Nd CS was in-
creased from 196.5 kW up to 350.4 kW, 526.8 kW, 732.3 kW,
970.1 kW, and 1245.8 kW due to the increment in the TR-Nd from 15%
to 30%, 45%, 60%, 75%, and 90%, respectively.

As the working temperature of the solar heater was steady at
1300 K, the − − − −ηabs solar heater Nd CS was remained constant at 94.6%.
Hence, the re-radiation losses occurred only because of the temperature
difference between the working and ambient temperatures. In terms of
numbers, the rise in the TR-Nd from 15% to 30%, 45%, 60%, 75%, and
90% increased the − − − − −Qṙe rad solar heater Nd CS from 0.43 kW to 0.86 kW,
1.29 kW, 1.72 kW, 2.15 kW, and 2.58 kW, respectively.

Table 2 reports the overall re-radiation losses from the Nd-CS cycle
calculated as per Eq. (13). As mentioned in the Eq. (13),

− − − −Qṙe rad cycle Nd CS is the summation of − − − − −Qṙe rad solar reactor Nd CS and
− − − − −Qṙe rad solar heater Nd CS together. As − − − − −Qṙe rad solar reactor Nd CS and
− − − − −Qṙe rad solar heater Nd CS increased, − − − −Qṙe rad cycle Nd CS also upsurged as a

function of %TR-Nd. In terms of numbers reported in Table 2,
− − − −Qṙe rad cycle Nd CS was surged above 196.9 kW by a factor of 1.8, 2.7,

3.7, 4.9, and 6.3 when the TR-Nd amplified from 15% to 30%, 45%,
60%, 75%, and 90%, respectively.

3.3. Coolers and CS reactor

For the estimation of the total amount of energy that can be re-
cuperable from the Nd-CS cycle, it was necessary first to understand the
amount of heat energy dissipated by the coolers and the CS reactor. Eqs.
(17)–(20) were applied for the estimation of − − −Qċooler Nd CS1 ,

− − −Qċooler Nd CS2 , − − −Qċooler Nd CS3 , and − − −Qṡplitting reactor Nd CS.
As shown in the process flow diagram, the cooler-1 was installed in

the Nd-CS cycle for reducing the temperature of the mixture containing
Nd2O3, NdO, and O2 from TH to TL. The data presented in Fig. 2 shows
that to achieve a higher %TR-Nd, elevated TH was needed. As the TH
upsurged from 1982 K to 2232 K, the difference between the TH and TL
was increased. This rise inTH andTL temperature gap resulted in greater
heat dissipation from the cooler-1. The results presented in Fig. 6 shows
that − − −Qċooler Nd CS1 was increased from 135.2 kW by 11.5 kW, 22.4. kW,
33.0 kW, 43.1 kW, and 52.9 kW due to the rise in the TR-Nd from 15%
up to 30%, 45%, 60%, 75%, and 90%, respectively.

Similar to the cooler-1, the heat energy released by cooler-2 and
cooler-3 was also enhanced as a function of the increment in %TR-Nd.
This happens due to a) release of a higher quantity of O2 during the TR
step and b) production of elevated levels of CO during the CS step. In
terms of numbers, − − −Qċooler Nd CS2 was increased from 0.8 kW to
16.7 kW, and − − −Qċooler Nd CS3 was enhanced from 1.6 kW to 31.9 kW due
to the upsurge in the TR-Nd from 5% to 100%, respectively.

In addition to the three coolers, the CS reactor also emits heat en-
ergy due to the exothermic nature of the CS reaction. Fig. 6 shows the
variations associated with − − −Qṡplitting reactor Nd CS as a function of the rise

Fig. 4. Effect of %TR-Nd on a) − − −Q ̇solar reactor Nd CS and b) − − −Q ̇solar heater Nd CS.

Fig. 5. Effect of %TR-Nd on − − −Qċycle net Nd CS and − − −Q ̇solar cycle Nd CS.
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in the %TR-Nd. The increase in %TR-Nd resulted in the release of a
higher level of O2, which further signifies an improvement in the pro-
duction of CO during the CS reaction. The exothermicity associated
with the CS reaction was also enhanced, which results in an upsurge in

− − −Qṡplitting reactor Nd CS. For instance, − − −Qṡplitting reactor Nd CS was increased
from 58.4 kW up to 1167.6 kW due to the upturn in the TR-Nd from 5%
to 100%.

3.4. Efficiency

The judgment about the practicability of a CS cycle can be analyzed
by estimating its solar-to-fuel energy conversion efficiency. Hence, after
calculating the essential process parameters, the final step was to
compute − − − −ηsolar to fuel Nd CS. − − − −ηsolar to fuel Nd CS depends directly on the
HHV of CO produced and inversely to the − − −Qṡolar cycle Nd CS. The varia-
tions associated with − − − −ηsolar to fuel Nd CS due to the increment in the
%TR-Nd are reported in Fig. 7. − − − −ηsolar to fuel Nd CS was increased from
5.36% to 9.45% as the TR-Nd upsurged from 5% to 55%. A further
upturn in the TR-Nd from 55% to 100% resulted in a reduction in

− − − −ηsolar to fuel Nd CS from 9.45% to 9.00%. It was quite evident from Fig. 7
that the surge in − − − −ηsolar to fuel Nd CS from TR-Nd = 5% to 55% was
considerably quick as compared to the drop in − − − −ηsolar to fuel Nd CS from
TR-Nd = 55% to 100%. The results obtained further indicate that
during the period of TR-Nd = 5% to 55%, the rise in the HHV of CO
produced has a more pronounced impact on − − − −ηsolar to fuel Nd CS. On the
other hand, as the TR-Nd rose from 55% to 100%, the influence of the

upturn in − − −Qṡolar cycle Nd CS became significant, and hence

− − − −ηsolar to fuel Nd CS was reduced. Overall, the Nd-CS cycle was capable of
attaining the highest − − − −ηsolar to fuel Nd CS = 9.45% at TR-Nd = 55%
(TH = 2154 K).

As reported in the previous studies, the re-utilization of the heat
energy released by the coolers and CS reactor, i.e., heat recuperation,
helps to achieve a higher solar-to-fuel energy conversion efficiency. For
the calculation of − − − − −ηsolar to fuel HR Nd CS, firstly, the − −Qṙecuperable Nd CS was
calculated as per Eq. (16). The numbers obtained indicate a higher

− −Qṙecuperable Nd CS at an elevated %TR-Nd. For example, as the TR-Nd
increased from 15% to 30%, 45%, 60%, 75%, and 90%, − −Qṙecuperable Nd CS
rose above 317.6 kW up to 511.5 kW, 704.8 kW, 897.9 kW, 1090.5 kW,
and 1282.6 kW, respectively.

After determining − −Qṙecuperable Nd CS, the next step was to compute
− − − −Qṡolar cycle HR Nd CS as per Eq. (12). The values obtained for
− − − −Qṡolar cycle HR Nd CS as a function of the %HR and %TR-Nd are reported

compared indicate that − − − −Qṡolar cycle HR Nd CS was dropped higher as
compared to − − −Qṡolar cycle Nd CS due to the rise in %HR. For example, at
TR-Nd = 20%, − − − −Qṡolar cycle HR Nd CS at HR = 20%, 40%, 60%, 80%, and
100%, was lower than − − −Qṡolar cycle Nd CS by 11.2%, 22.3%, 33.5%,
44.7%, and 55.9%, respectively. Likewise, at TR-Nd = 80%,

− − − −Qṡolar cycle HR Nd CS was less than − − −Qṡolar cycle Nd CS by 9.5%, 18.9%,
28.4%, 37.9%, and 47.3% due to the employment of 20%, 40%, 60%,
80%, and 100% HR.

Because of the reduction in − − − −Qṡolar cycle HR Nd CS as compared to
− − −Qṡolar cycle Nd CS, − − − − −ηsolar to fuel HR Nd CS was improved due to the appli-

cation of HR. Table 3 reports the influence of HR on

− − − − −ηsolar to fuel HR Nd CS of the Nd-CS cycle. From the listed numbers, it is
evident that the application of HR from 20% to 100% have increased

− − − − −ηsolar to fuel HR Nd CS significantly. For example, at TR-Nd = 40%,

− − − − −ηsolar to fuel HR Nd CS was upsurged by 1.09%, 2.47%, 4.27%, 6.72%,
and 10.26% in comparison to − − − −ηsolar to fuel Nd CS due to the employment
of HR = 20%, 40%, 60%, 80%, and 100%, respectively. Besides, %TR-
Nd and TH required to attain a maximum − − − − −ηsolar to fuel HR Nd CS was re-
duced because of the application of HR. As the HR enhanced from 20%
to 40%, 60%, 80%, and 100%, the maximum − − − − −ηsolar to fuel HR Nd CS
= 10.51%, 11.84%, 13.61%, 16.02%, and 19.61% can be achieved at
TR-Nd = 55% (TH = 2154 K), 50% (TH = 2146 K), 45%
(TH = 2137 K), 40% (TH = 2129 K), and 35% (TH = 2120 K), re-
spectively.

4. Summary and conclusions

The conversion of CO2 into solar fuels via the Nd-CS cycle was
thermodynamically examined. The data required for the analysis was
gathered from the HSC Chemistry 9.9 software. The equilibrium ana-
lysis indicates that to increase the TR-Nd from 15% to 30%, 45%, 60%,
75%, and 90%, TH needs to be upsurged from 2086 K up to 2112 K,

Table 2
Effect of %TR-Nd on − − − −Qṙe rad cycle Nd CS.

%TR-Nd − − − −Qṙe rad cycle Nd CS (kW)

5 76.5
10 132.6
15 196.9
20 245.4
25 297.0
30 351.3
35 407.1
40 466.9
45 528.1
50 594.1
55 661.3
60 734.0
65 810.5
70 887.9
75 972.2
80 1057.4
85 1150.4
90 1248.3
95 1346.8
100 1455.0

Fig. 6. Effect of %TR-Tb on − − −Qċooler Nd CS1 and − − −Q ̇splitting reactor Nd CS.

Fig. 7. Effect of %TR-Tb on − − − −ηsolar to fuel Nd CS.
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2137 K, 2163 K, 2189 K, and 2215 K, respectively. The increment in the
TR-Nd from 15% to 90% resulted in an upsurge in

− − −Q ̇Nd O red partial Nd CS( )2 3 , − − −Q ̇CO heating Nd CS2 , − − −Qṡolar reactor Nd CS, and
− − −Qṡolar heater Nd CS by 1139.6 kW, 37.7 kW, 2188.9 kW, and 39.7 kW,

respectively. Because of the rise in − − −Qṡolar reactor Nd CS, and
− − −Qṡolar heater Nd CS, − − −Qṡolar cycle Nd CS and − − − −Qṙe rad cycle Nd CS was enhanced

from 264.3 kW to 3148.4 kW and 76.5 kW to 1455.0 kW as the TR-Nd
augmented from 5% to 100%. − − −Qṡplitting reactor Nd CS was also increased
from 58.4 kW up to 1167.6 kW due to the upturn in the TR-Nd from 5%
to 100%. − − − −ηsolar to fuel Nd CS was increased from 5.36% to 9.45% as the
TR-Nd upsurged from 5% to 55%. A further upturn in the TR-Nd from
55% to 100% resulted in a reduction in − − − −ηsolar to fuel Nd CS from 9.45% to
9.00%. With the application of HR = 100%, the Nd-CS cycle can attain
a maximum − − − − −ηsolar to fuel HR Nd CS = 19.61% at TR-Nd = 35% and
TH = 2120 K.
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