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Abstract

This paper reports the equilibrium thermodynamic analysis and solar reactor efficiency analysis for the solar
thermochemical ZnO/Zn redox cycle for the production of solid C via CO, splitting reaction. The computational
thermodynamic modeling was performed with the help of commercially available HSC Chemistry software and
databases. To determine the actual reaction temperatures and equibrium compositions for the solar thermal
reduction of ZnO and non-solar CO, splitting reaction, thermodynamic equilibrium analysis was performed and
explained in this paper. Furthermore, the cycle and solar to fuel conversion efficiencies of this process were also
calculated by performing solar reactor efficiency analysis and these efficiencies were approximately equal to
4%. Effect of inert Ar flowrate, solar concentration ratio, and heat recuperation on solar reactor efficiency was
also investigated and results are summarized. The efficiencies reported in this paper are more realistic as
compared to previous investigations as the effect of Ar inclusion and heat energy required to increase the
temperature of the Ar is considered in this paper (which was missing in previous investigations).

Keywords: solar carbon, computational thermodynamic simulations, solar reactor, ZnO/Zn Redox Cycle, CO,
conversion

INTRODUCTION demonstrated H, production via Zn hydrolysis using a
Metal oxide (MO) based solar thermochemical cycles hot wall aerosol reactor. Likewise, Loutzenhiser et
are considered as one of the promising options al., (2010) performed the CO, splitting in an aerosol
available for the production of alternative fuels. flow reactor via the two-step Zn/ZnO solar
Various MO based solar thermochemical cycles were thermochemical cycle. Villasmil et al, (2014)
investigated in past towards either H,O splitting, CO, recently reported pilot scale demonstration of a 100-
splitting, or combined H,O and CO; splitting for the kWth solar thermochemical plant for the thermal
production of solar H,, C or CO, or syngas. These dissociation of ZnO. Also, Weibel et al, (2014)
cycles include Fe;04/FeO (Gokon et al, 2009; reported mechanism of Zn particle oxidation by H,O
Scheffe et al., 2010), ZnO/Zn (Galvez et al., 2008; and CO, in the presence of ZnO.

Steinfeld, 2002), SnO,/SnO (Abanades et al., 2012;

Charvin et al., 2008), mixed iron oxides/ferrites In this paper, we have performed the computational
(Bhosale et al., 2010a; Bhosale et al., 2010b; Bhosale thermodynamic modeling of solar thermochemical
et al., 2011; Bhosale et al., 2012a; Bhosale et al, ZnO/Zn redox cycle for the production of solid C via
2012b; Bhosale et al., 2014; Bhosale et al., 2015), CO, splitting reaction. Following Eq. (1) and Eq. (2)
and ceria/doped ceria (Scheffe and Steinfeld, 2012; represents the reaction mechanism for this cycle. The
Chueh et al., 2010) based MO pairs. According to the first step, which is called as the solar step,
previously reported studies, the ZnO/Zn based corresponds to the solar thermal dissociation of ZnO
volatile MO pair is considered as one of the most into Zn and O, at higher temperatures.

promising due to its higher chemical reactivity. 2Zn0 — 2Zn+ 0, ( Q’j 1)

The second step of this thermochemical cycle, which

is termed as the non-solar step, deals with the
conversion of CO, into solid C via oxidation of Zn

Several experimental and theoretical studies were
carried out towards the ZnO/Zn redox
thermochemical cycles in past. Steinfeld (2002) into ZnO
performed the thermodynamic analysis of ZnO/Zn o 2Nt . -

water splitting thermochemical cycle and reported 2Zn+ CO;(g) = 2Zn0 +C @
cycle efficiency equal to 20%. He also performed the =~ The complete process flow diagram for the solar
cost analysis for the H, produced via solar ZnO/Zn  thermochemical ZnO/Zn redox cycle for the
redox thermochemical cycle. Weiss et al, (2005)  production of solid C via CO, splitting reaction is
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presented in Figure 1. According to this process flow
diagram, the ZnO/Zn can be utilized in multiple
thermochemical cycles.

The thermodynamic simulation experiments were
performed by using the commercial thermodynamic
HSC Chemistry software and databases (Roine,
2013). The equilibrium compositions associated with
the solar thermal dissociation of ZnO and non-solar
CO, splitting via Zn oxidation were determined and
presented. Also, the solar reactor efficiency analysis
was performed by following the second law of
thermodynamics and solar reactor absorption
efficiency, solar energy input, rediation heat losses
from the solar reactor, rate of heat rejected by quench
unit and CO, splitting reactor, irreversibility’s
associated with the process, and cycle and solar to
fuel conversion efficiency of this solar
thermochemical process were estimated and the
results are presented in detail. The objective of this
paper is to find out the more realistic solar to fuel
conversion efficiency by considering the effects of
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Figure 1. Solar thermochemical ZnO/Zn redox cycle
for the production of solid C via CO, splitting:
process flow diagram.

CHEMICAL THERMODYNAMIC MODELING

At first, the thermodynamic equilibrium composition
associated with the solar thermochemical reduction of
ZnO in absence of inert Ar was identified and the
results obtained are shown in Figure 2. According to
the findings reported in Figure 2, at 2085K, the solar
thermal dissociation of ZnO into gaseous Zn and O,
was initiated. Furthermore, the complete reduction of
ZnO was observed to be possible at or above 2230 K.
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Figure 2. Equilibrium compositions associated with
the solar thermal reduction of ZnO in absence of inert

Ar gas.

Similar to the previous study, the solar thermal
dissociation of ZnO in presence of inert Ar gas (45
mol/sec) was also simulated and the results are
presented in Figure 3. As per the simulation results,
due to the presence of inert Ar gas flow inside the
solar reactor, the temperatures associated with the
initiation of the solar thermal reduction of ZnO and
100% completion of the dissociation reaction were
decreased to 1550K and 1900K, respectively.
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Figure 3. Equilibrium compositions associated with
the solar thermal reduction of ZnO in presence of

inert Ar gas (45 mol/sec).

Figure 4 Shows the equilibrium thermodynamic
composition associated with the thermochemical
splitting of CO, to produce solid C via ZnO/Zn based
redox reaction (oxidation of Zn to ZnO). The
computational thermodynamic simulations indicated
that at lower temperature (below 1050K), production
of solid C via thermochemical CO, splitting reaction
was feasible. From 1050K upto 1500K, production of
a solid-gas mixture of C and CO was observed. And
above 1500K, all the CO, was converted to CO and
no presence of solid C was identified.
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Figure 4. Equilibrium compositions associated with
the thermochemical splitting of CO, to solid C using
ZnO/Zn redox cycle.

PROCESS CONFIGURATION

In addition to the chemical thermodynamic modeling,
we have also performed the exergy analysis of the
solar thermochemical ZnO/Zn redox cycle for solid C
production via CO, splitting using principles of
second law of thermodynamics. Figure 5 represents
the process flow configuration of this solar
thermochemical cycle in detail. To produce solar C
via CO, splitting reaction, the thermochemical
ZnO/Zn cycle require a solar reactor, a quench unit, a
CO, splitting reactor, an ideal C/O, fuel cell, and a
gas separator. During an actual experimental
campaign, the thermal reduction of ZnO will be
carried out in the solar reactor. The gaseous products
exiting from the solar reactor will be cooled down to
splitting temperature by using the quench. The CO,
splitting to solid C will be performed in the CO,
splitting reactor. To split the gaseous mixture of O,
and inert Ar, a gas separator will be used. Also, to
determine the maximum possible solar to fuel
conversion efficiency, an ideal fuel cell is added to
this solar thermochemical cycle. The molar flowrates
of the ZnO and inert Ar fed to the solar reactor were
normalized to 2 mol/sec and 45 mol/sec, respectively.
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Figure 5. Process flow configuration of solar
thermochemical ZnO/Zn redox cycle for solid C
production via CO, splitting

To perform the computational thermodynamic
simulations, the process was assumed to be operated
at steady state conditions and at atmospheric
conditions. In addition to this assumption, several
other assumptions were also made such as:

. The solar reactor was considered as
perfectly insulated body

. Convective/conductive losses were
neglected

. Kinetic and potential energies were
neglected

. All reactions were considered as undergoing

complete conversion

The HSC Chemistry 7.0 software and its
thermodynamic database was used to determine the
thermodynamic properties. All the calculations were
performed by considering the molar flow rate of ZnO
entering the solar reactor as the basis. The analysis
follows the methodology and governing equations
derived  previously for H,O-splitting  solar
thermochemical cycles Galvez et al., (2008).

EFFICIENCY ANALYSIS

To determine the solar to fuel conversion efficiency
('r;rm:m,_m_fuaz) and cycle efficiency ('r;rc}_da)
which are defined as follows (Eq. 3 and 4), at first,
we need to calculate the solar reactor absorption

efficiency ( T;Etmmrim) (Eq. 5).
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The  M,ps0rprion Of the solar thermochemical

ZnO/Zn redox cycle for solid C production via CO,
splitting is defined as the ratio of the net rate at which
the solar energy is absorbed by the solar reactor
performing thermochemical dissociation of ZnO to
the solar energy input to the solar reactor through the
aperture window form the concentrated solar power

plant. To determine the 1z ;ppeion the solar

reactor was considered as the perfectly insulated
blackbody cavity-receiver with no convection or
conduction heat losses and effective absorptivity and
emissivity equal to 1. For the the solar
thermochemical ZnO/Zn redox cycle for solid C
production via CO, splitting process the thermal
reduction of the ZnO can be carried out at 1900K (in
presence of Ar = 45 mol/sec). Therefore, at thermal
reduction temperature = 1900K, Ar molar flow rate =
45 mol/sec, solar concentration ratio (C) = 1000 suns,
normal beam solar insolation (I) = 1000 W/m?>, and

Stefan — Boltzmann constant (&) = 5.670 x 10°*
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Nabso rotion

(W/m?>-K*), the
observed to be equal to 26.1%.

for this process was

To produce solid C from CO,, 2 mol/sec of Zn is
needed in the CO, splitting reactor. Therefore, to
produce 2 mol/sec of Zn, 2 mol/sec of ZnO was used
as the continuous feed to the solar reactor. In the
solar reactor, this ZnO was heated to the thermal
dissociation temperature (from 298K to 1900K) in
presence of inert Ar (45 mol/sec). At 1900K the ZnO
was thermally reduced to gaseous Zn and O, (100%
conversion) using the solar energy absorbed by the

solar reactor ({Z,..qcenr—net) Which was determined
to be 2587 kW [according to Eq. (6)].

Ureaotor-ner = M0 yz00 (944547 () @si2zn ()¢0,(0)+ 4547 (ghsnox (6)

Based on the 74p0rprion and € the

reactor—nat
total solar energy input needed to operate the solar
reactor ({,,;4,-) for the production of solid C via

solar thermochemical CO, splitting using ZnO/Zn
based redox reactions was observed to be equal to
9911.61 kW [Eq. (7)].

p— QTEIJ.EfIJT—?lEf
QSG:E?" Nabsorption @
Due to the non-reversible chemical transformations in
the solar reactor and re-radiation losses to the
surroundings from the solar reactor, irreversibility in
the solar reactor was generated which can be
estimated according to Eq. (8).

rszctor__(%;;;J+(h%W)+nﬂs‘ L}Zﬂﬂ(s}l:ﬂ}SAr(g}@?ZGBKﬁ (8)
n(ghe0,(g)+ 454r i) @1900K

To calculate the irreversibility associated with the

solar reactor, it was necessary to calculate the

radiation losses from the solar reactor at thermal

reduction temperature equal to 1900K. Eq. (9) was

used to determine the Q. _ ziarion Which was
observed to be equal to 7324 kW. With the
equal to 7324 kW, the [rr,

Q‘."E’ —radiation recctor

was estimated as 21.68 kW/K.

Q‘re -rmaiation Qﬁ-‘m’.ar - Qrea.ctur -net (9)

The solar thermal reduction of ZnO at 1900K resulted
into a gaseous mixture containing Zn, O,, and inert
Ar. At such a high temperature equal to 1900K, the
gaseous Zn will try to recombine with the O, to
reform ZnO, which is undesirable for the process. To
avoid this recombination, a quench unit was used just
after the solar reactor. The gaseous mixture of Zn, O,
and inert Ar was cooled down from 1900K to room
temperature (298K). As the gaseous Zn at 1900K will
get converted into solid Zn at room temperature due
to quenching, it was assumed that the Zn will be
automatically separated from the gaseous mixture.
The new composition of the gaseous mixture was O,
and inert Ar. Due to this quenching, the quench unit

will release some amount of heat to the surrounding
which was calculated by using Eq. (10) and observed
to be 1886 kW. Also, similar with the solar reactor,
irreversibility associated with the quench unit was
also estimated as equal to 4.21 kW/K [according to

Eq. (11)].
Qqusnc?: = -ndH 2n g+ 0,(g)+ 4547 (g)@1900K »22n (5)+ 0, (g) + 4547 (g) @292K
(10)
_ quench .
m’msm‘( T.v. J+nﬂs‘zzn{g)w,(gh45Ar(g)@1900x->zzn(:)+o,{g}+45Ar(g)@zeax
(11)
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The solid Zn coming out of the quench unit was
naturally separated from the gaseous stream
containing O, and inert Ar (due to phase separation).
However, to reutilize the O, (in the fuel cell) and
inert Ar (in the solar reactor) it is highly essential to
separate these two by using a gas separator. The
minimum work done by this gas separator at 298K
was estimated to be 11.936 kW according to the
following equation.

cgmarator

The solid Zn material obtained after quenching was
forwarded to the thermochemical CO, splitting
reactor where it was reacted with a stream of CO, to
produce solid C at 298K. For this step, 100%
conversion of Zn to ZnO was assumed. As CO,
splitting is an exothermic reaction, there was some
amount of heat rejected by the CO, splitting reactor
which was equal to 307.50 kW as per Eq. (13). Also,
the irreversibility associated with the CO, splitting
reactor was determined with the help of Eq. (14) as
equal to 1.135 kW/K.

Qcoz spliteing = —NAH |2Zr:'::}|f0=':g} @200K +2Zn0 (s} | CE@200K

(13)
270 [3)4 00 (g) 258K 220 (5] +0@I53K

(14)

To calculate the maximum possible theoretical work
that can be extracted from this solar thermochemical
cycle, an ideal fuel cell was added to the solar
thermochemical ZnO/Zn redox cycle for solid C
production via CO, splitting. This ideal fuel cell
operateed in the presence of C/O,, and the rates of
theoretical work performed and the heat rejected by
the fuel cell was estimated to be 394.48 kW and -
0.858 kW according to following equations and by
considering 100% fuel cell efficiency.

Wec-tgoa = —Mpc) % 1 ﬁ6|f405':3}4501':9'}@!993 15)

,-aplitting

Irrgg (—%j";pmmg)-} i

Qretzsm = —(T) X1 AS |C+D,,':g}'—ifﬂz':g]'@298!r: (16)

After evaluating all the required and related
parameters, the 9.,,50 o pyer a0 Moy, for the
solar thermochemical ZnO/Zn redox cycle for solid C

production via CO, splitting were determined
according to Eq. (3) and (4). The net work performed
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by the cycle was identified by the following equation

to be equal to 382.544 kW.
Wnet = WFC—I&'EE! - I"'L';a'przv'rzror (17)

The Nsolar—to—fFusl and L/ f— for this process

were observed to be equal to 3.97% and 3.86%,
respectively. Due to the use of higher solar
concentration ratio (C) or employing the heat
recuperation, higher Nsolar—to—fusl and Neyete
can be achieved. For instance, if C = 10000 was used
(instead of C = 1000), .oy —ro—ruer 2nd Neyele
can be increased upto 14.06% and 13.71%,
respectively. Similarly, if 100% heat rejected by the
quench unit and CO, splitting reactor was recycled
and reused to operate this solar thermochemical
cycle, higher Nsolar—ro—fusl and L — equal to
5.09% and 4.96% can be achieved.

In one of the previous investigations (Galvez et al.,
2008), the L/ [— for the ZnO/Zn CO, splitting

cycle for the production of solid C was reported to be
30%. This efficiency value seems to be very high
compared with the Neyere reported in this
investigation. However, it was worthy to note that in
previous investigations the heating duty for the inert
Ar was not considered in the thermodynamic
calculations and hence the efficiency value looks

higher. The 1,100 —o-fuer a0 7gypqe reported

in this investigation are close to the real efficiency
values of the process because most of the aspects of
the process were considered in this computational
thermodynamic modeling.

This study provides a good understanding of the
effect of several operating parameters on the

nﬂﬂ:ﬂ?"—tﬂ—fﬂﬂ: and ns}'s!n’ however it 1s

important to note that several assumptions were made
during performing the computational thermodynamic
modeling. Also, the data generated is purely based on
theoretical study and experimental investigations may
provide some different numbers. Therefore, attempts
are underway towards experimental determination of

the Nog1ap—tc—fust A4 Mgyeqq Of this process and

comparison  with the results obtained
computational thermodynamic modeling.

via

SUMMARY

The ZnO/Zn based solar thermochemical process for
solid C production via CO, splitting reactions was
simulated using HSC Chemistry software and its
thermodynamic  databases. The computational
thermodynamic modeling results indicated that the
solar thermal reduction of ZnO into gaseous Zn and
O, is feasible at 1900K if 45 mol/sec of inert Ar
carrier gas flow is used inside the solar reactor.
Furthermore, the simulation results associated with
the thermochemical solid C production via CO,
splitting showed that the pure solid C production is
feasible below 1050K. As the splitting temperature
increases, solid C production decreases and CO

production increases. The Nsolar—to—fusl and

Neyele of this cycle is observed to equal to 4%,
which can be further improved upto 12% due to the
utilization of higher C and upto 5% if 100% heat

recuperation is employed.
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NOMENCLATURE

C Solar flux concentration ratio, suns

HHV Higher heating value

1 Normal beam solar insolation, W/m>
ITYcncror Irreversibility in the solar reactor (kW/K)
Irr quench Irreversibility in the quench (kW/K)

I T oplitting Irreversibility in the splitting reactor (kW/K)
MO Metal oxide

i Molar flow rate, mole/sec

gy Molar flow rate of Ar, mole/sec

QAr—hmring
Qquanch
QFI'__—IE'BE:

Ql‘__ﬂz—ﬂlirting

133

Energy required for heating of Ar, kW
Heat rejected to the surrounding from quench unit, kW
Heat rejected to the surrounding from ideal fuel cell, kW

Heat rejected to the surrounding from CO, splitting reactor, kW
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Q?"EEGED?"—?‘!EE
Q?"E—?"Ei‘iﬂtiﬂ?‘!

Q?"EGH‘,‘HB?"EE‘.‘:E

Net solar energy absorbed by the solar reactor, kW
Radiation heat loss from the solar reactor, kW

Total amount of heat that can be recuperated, kW

Qeoiar Solar energy input, kW

Tu Thermal reduction temperature, K

T, Water splitting temperature, K

Wee _rgea Work output of an ideal fuel cell, kW
W,.. Net work output of the cycle, kW

W, eparator Work output of the separator, kW
Nabsorgtion Solar absorption efficiency, %
Neyels Cycle efficiency, %

Neotar-to—fusl
AG
AH
A5

T
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