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Abstract — We present a solar thermochemical process that combines the reduction of
zinc oxide with the reforming of natural gas (NG) for the co-production of zinc and
syngas. The overall reaction may be represented by ZnO+CHy = Zn+2H5+CQ, The
maximum possible overall efficiency is assessed for an ideal, closed cyclic system that
recycles all materials and also for a more technically-feasible open system that aliows
for material flow into and out of the system. Assuming that the equilibrium chemical
composition is obtained in a blackbedy solar reactor operated at 1250 K, 1 atm, and
with a solar power-flux concentration of 2000, closed-cycle efficiencies vary between
40 and 65%, depending on recovery of the product sensible heat. Under the same
baseline conditions, open-cycle efficiencies vary between 36 and 50%, depending on
whether a Zn/O7 or an Hy/O fuel cell is employed. Compared to the HHV of methane
for generating electricity, the proposed solar open-cycle process releases half as much
CO3 to the atmosphere. The process modelling described in this paper establishes a base
for evaluating and comparing different solar thermochemical processes.

. INTRODUCTION

Solar thermochemical processes are endothermic processes that make use of concentrated solar energy as
the source of high-temperature process heat. An example of such processes is the reduction of metal
oxides. The products are metals that are usable as solid fuels for generating either heat via combustion,-
electricity via fuel cells, or hydrogen via water-splitting reactions; the hydrogen may be further processed
for heat and electricity generation. The chemical products from these power-generating processes are
metal oxides which, in turn, are recycled to the solar reactor, These cycles place solar energy in motion:
solar radiation falling on uninhabited deserts can be transformed to chemical energy for transportation to
industrialized regions. Metal oxide reduction processes that have been experimentally studied in solar
furnaces include the production of Fe, Al, Mg, Zn, TiC, 8iC, CaCp, TiN, SisNg, and AIN by carbothermic
reduction of their oxides in Ar or No atmospheres,!-5 high-temperature electrolysis of ZnO and MgQ,67
and the thermal decomposition of Fe304, Mn3O4, and other oxides.8!!

Using NG as a reducing agent combines the reduction of metal oxides with the reforming of methane
for the co-production of metals and synthesis gas (syngas). The overall reaction may be represented by

MOy + yCHa = XM + y(2H; + CO) , (1)
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where M denotes a metal and MxOy denotes the corresponding metal oxide. The chernical equilibrium
. gompaosition of the system Mx0y+yCH4 has been studied for various metal oxides of industrial interest,
wwvjz., Fe304, Zn0, Al2O3, Mg0, Si03, and Ti03.12 The CHy-reduction of ZnO has been proposed using
‘process heat from high-temperature gas-cooled nuclear reactors.!3 Also, the kinetics of the reduction of
Fe203, Fe304 and Zr0O with CHy have been investigated in laboratory electric furnaces. 1419 Finally, the
Fe304-CHy and ZnO-CHj systems produced the corresponding metal and syngas at 1300 K using a
small-scale, fluidized-bed reactor at PSI's solar furnace.20-23 These prior experiences indicate that a solar
process technology for the proposed reactions can be developed.

Among the metal oxides studied, ZnO appears to be especially well suited for the combined solar
MXOY-reduction/CH4~reforming process. For Zn0Q, Eq. (1) becomes

ZnO + CHy = Zn + 2H; + CO . @

AG® of Eq. (2) equals zero at 1105 K. Thus, thermodynamics predict that at temperatures above 1105 K,
the reaction proceeds to the right producing each of the gases at 1 bar when thermal energy equal to AH
of the reaction (about 400 kJ per mole of Zn produced) is supplied. As will be shown in the following
analysis, the chemical equilibrium composition of the system ZnO+CHg at 1250 K and 1 atm is
essentially a gas-phase mixture containing Zn (vapor) and a 2:1 mixture of H3z and CO. The reaction
reaches completion at relatively moderate temperatures compared to those required to reduce other metal
oxides such as MgO and AlO3. Furthermore, no carbides or other undesirable products are forimed, as
opposed to the stable carbides and oxycarbides that result from the reduction of $i09, TiO; and
Al204.3:12 In contrast to the Fe304-CHy system, no significant carbon deposition has been observed
experimentally.!92! An additional intriguing characteristic of the system Zn0O-CHy is that Zn is recovered
in the vapor phase, which allows for a natural phase: separation from its solid oxide.

In this paper, we present a second-law analysis that assesses the maximum possible efficiency of a
solar thermochemical process converting ZnO and CHy into Zn and syngas. We consider a closed cyclic
systern and one that is open but quasi-cyclic. In the closed system, only energy crosses the system
boundaries, whereas energy and mass cross the boundaries of the open system. The two systemns enable
us to compare possible solar process schemes for extracting power from the chemical products. For each
system, we investigate the influence of the operating temperature and pressure on its thermal performance
and on the quality of its products, Furthermore, we identify the major sources of irreversibility and link
them to the degradation in overall efficiency. -

2. SOLAR ABSORPTION EFFICIENCY

The capability of a solar receiver'to absorb the incoming solar power is a function of its geometrical
configuration, its heat-transfer characteristics and, above all, its operating temperature. Previous studies
of receivers and reactors for highly concentrated solar systems have featured the use of cavity-type
configurations.2¢ A cavity-receiver is a well insulated enclosure with a small opening, the aperture, that
intercepts incoming solar radiation. Because of multiple reflections among the inner walls, the fraction of
the incoming energy absorbed by the cavity exceeds the surface absorptance of the inner walls. However,
at temperatures above about 1000 K, the net power absorbed is diminished mostly by radiative losses
through the aperture. The solar energy absorption efficiency of a cavity-receiver MNabsorption accounts for
this phenomenon. It is defined as the net rate at which energy is being absorbed divided by the solar
power coming from the concentrator. For a perfectly insulated cavity receiver (no convection or
conduction heat losses), it is given by25

4
nabsorp:s’on = (aeﬁ' Qapenure — &g AapenureGTcav ) / OQsolar  » 3

where Osorqr is the total power coming from the CONCENLIator, QOp,qm,re the amount intercepted by the
aperture of area A,peryres O and Eqg are the effective absorptance and emittance of the cavity-
receiver, respectively,T 7., is the nominal cavity. temperature, and o is the Stefan-Boltzmann constant.
The first term in the numerator denotes the total power absorbed and the second term denotes the re-
radiation losses, viz., ’

Qabsorbed =aeﬁQapenure ’ 4)
4
Qrerad = Eoff Aaperture T cay - (3)

1 Ceff is defined as the fraction of energy entering through the aperture that is absorbed by the cavity walls. For a gray-walled
cavity and diffusely incident radiation, efr 35 equal to the apparent absorptance, defined as the fraction of energy flux
emitted by a blackbody surface stretched across the aperture that is absorbed by the cavity walls,26
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Their difference yields the net power absorbed by the reactor

Qreacror, net = Qabsarbed - Qrerad . -— (6}

Osotar the incoming solar power, is determined by the normal beam insolation / and by the collector area
Acor normal to the sun's rays, i.e.

Osotar = TeottAcoud )]

where 7., accounts for the optical imperfections of the coilection system (e.g., reflectivity, specularity,
tracking imperfections). Because of spilled radiation, Qaperture < Qsotar- The capability of the collection
System to concentrage sclar energy and minimize spillage is often expressed in terms of its mean flux
concentration ratio € over an aperture, normalized to the incident normal bearn insolation as follows:

C= Qaperture [ Aaperture - (3)

.. The flux concentration ratio can be increased by increasing the optical precision of our primary collection

system or by using non-imaging secondary reflectors (e.g., a compound parabolic concentrator, often
referred to?7 as CPC). Higher ¢ would allow a smaller aperture to intercept the same amount of energy,
thus reducing Qy,,,4. Although larger apertures intercept more sunlight reflected from imperfect and
imperfectly matched heliostats and concentrators, they also re-radiate more energy. Therefore, the
optimum aperture size results from a compromise between maximizing radiation capture and minimizing
re-radiation losses. Such optimization strongly depends on the incident solar flux distribution at the
aperture plane of the receiver. The case of a Gaussian distribution has been examined analytically,25 For
simplification, we assume an aperture size that captures all incoming power so that Qaperture = Qsolar-
With this assumption, Eqs. (3) and (8) are combined to yield:

C= Neolt (Acoll / Aapermre) @

and nabsorpn‘on = Ly =~ Sejj‘ (‘JT:-‘M/ ! é) - (10)

With real receivers the absorption efficiency is even lower than stated in Eq. (10), because the inner walls
of the cavity are usually at the highest temperature of the system and conductive losses to the outer shell
become significant. These heat losses can be lowered to acceptable levels by lining the receiver with
proper insulation.

Recently, novel receiver concepts have been proposed as alternatives to the conventional insulated
cavity-receiver. For example, volumetric reactors use directly irradiated gas-particle suspensions to serve
as radiant absorbers, heat-transfer medium, and chemical reactants.282% Also, receivers having specular
reflective inner walls prevent infrared radiation emitted by hot reactors and reactants from escaping the
receiver or from being absorbed at the walls; instead, radiation is re-directed back to the reaction site.30
These innovative configurations offer intriguing advantages in some specific applications. However, they
are also subject to radiation losses from-hot surfaces/gases towards the opening through which solar
radiation enters. If the aperture is sufficiently small compared to the cavity enclosure, the fraction of
intercepted radiation escaping becomes negligible regardless of the absorptivity of the inner walls. Thus,
a perfectly insulated isothermal cavity, with 2 non-selective window, approaches a blackbody. In the
analysis that follows, we assume Olppp = Eepp = 1.

3. OVERALL SYSTEM EFFICIENCY

The absorbed concentrated solar radiation drives the endothermic chemical reaction given by Eq. (2).
The overall system efficiency of such thermochermical conversion is defined as the ratio of the Gibbs free
energy change of the reaction to the solar power input, i.e.,

Noveral = =4 GlReactantsaPmducts/ Qsolar - (t1)

The conversion of solar process heat to the AG of the reaction is limited by both the solar absorption
efficiency and the Carnot efficiency. The overall jdeal system efficiency is then represented by

novera!!, ideal = nabsorpn'on X NCamor = [(Qabsorbed - Qrerad )/ Qso!ar] x [l - (TL/ TH )] ' (12)

where Ty and T are the upper and lower operating temperatures of the equivalent Carnot heat engine.
Therefore, from a thermodynamic standpoint, one should try to operate thermochemical processes at the
highest upper temperature possible; however, from a heat-transfer perspective, the higher the temperature,
the higher the re-radiation losses. The highest temperature an ideal solar cavity-receiver is capable of
achieving is calculated by setting Eq. (12) equal to zero, which yields
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=, 10.25

Tomax = (IC/O') . (13)
For €=2000 and a typical normal beam solar insolation of 900 W/m2, the highest attainable temperature
is 2374 K. At this temperature, Noverall, ideal =0 because energy is being re-radiated as fast as it is
received. An energy-efficient process must run at temperatures that are substantiaily below Toax- f Ty
is taken to be equal to T,,,, there is an optimum temperature for maximum efficiency obtained by setting

Moveralt,ideal 9T =0 . (14)
Assuming uniform power-flux distribution, this relation yields the following implicit equation for Tope:
5 4 =
Tope —(0.75T )T, - (aeﬁfTch/a,seﬁc) =0 . (15)

Equation (15) was solved numerically.3! For uniform power-flux distributions (which are likely to be
obtained when non-imaging secondary concentrators are used in tandem with paraboloidal reflectors),
Tope varies between 1100 and 1800K for concentrations between 1600 and 13000. For example, when
C'=2000, /=900 W/m2, and T;=298 K, Tloverall, ideal 1S @ Maximum at about 1250 K. For a gaussian
incident power-flux distribution having peak concentrations between 1000 and 12000, Tope varies from
800 to 1300 K. In practice, when considering convection and conduction losses in addition to radiation
losses, the efficiency will peak at a somewhat lower temperature. Nevertheless, the chemical reaction
under consideration [Eq. (2)] proceeds at temperatures that are within the optimal range for typicat
concentrations,

Equation (12) denotes the maximum achievable efficiency for an ideal solar chemical process that
absorbs heat from a high-temperature thermal reservoir at Ty, and rejects heat to a low-temperature
thermal reservoir at Ty . Equation (15) serves to guide our choice for the cavity temperature. It presumed
that Ty =T,,,. However, the actual source temperature for a solar process is the surface temperature of
the sun. From this point forward, we fix Ty = 5800 X because this will provide a standard baseline for
comparing the performance of different solar processes. The surroundings act as the low-temperature
thermal reservoir at 298 K. Thus, our solar reactor operates between temperatures that are significantly
different from those of the hot and cold thermal reservoirs. Such temperature gradients introduce
irreversibilities and, consequently, reduce the system's overall efficiency. The result is that
" Noverall < Toveratl,ideal < "lCamor- The proceeding section presents a theoretical analysis used to evaluate
Noverat for the ZnO-CHy solar process.

4, MODELLING THE PROCESS FLOW

The process flow sheet is shown in Fig. 1. 1t is an archetypal model which uses a solar reactor, a heat
exchanger, a quenching device, a fuel cell, a water-splitter reactor, and a heat engine. An equimolar
mixture of ZnO(s) and CHy(g) is fed into the process at T| =298K and pressure p. The complete
process is carried out at constant pressure. In practice, pressure drops will occur throughout the system. If
one assumes, however, frictionless operating conditions, no pumping work is required,

Hear Exchanger — The reactants are pre-heated in en adiabatic heat exchanger where some portion of
the sensible and latent heat of the products is transferred to the reactants. The reactants enter at Ty and
exit at T, while the products enter at 7 and exit at T4. The reactants undergo a change in their
equilibrium composition as they are heated, but, except for phase changes, the products are assumed to
have a frozen composition as they are cooled. Two heat exchanger configurations are considered: parallel
flow and counter-current flow, The pinch pointst of both configurations are determined. If Q,, is the
total amount of power transferred from the products to the reactants and Nex the heat recovery factor,
then

Oex = 4H lReaczanrs@ T1.p = Reactamts @ T, p = -4H lProducrs@ﬁ. p = Products @74, p * (16)

Tex = Qex/ | 4H R eactanss @7, p = Products @7y, p an

The chemical transformations and heat transfer across finite temperature differences during pre-heating
produce the following irreversibilities that are intrinsic to the heat exchanger:

Irres = AS’Reacrams @T\,p > Reactants @ Ty, p + 48 |Praduc:.s @T5,p = Products @ Ty, p (i8)

A process without a heat exchanger will be also considered.

T These are the limiting points where the temperature of Lhe heating reactants equals the temperature of the cooling products.
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Solar Reactor ~ After being pre-heated, the reactants enter the solar reactor at T, and are further
heated to the cavity temperature T,,. Chemical equilibrium is assumed inside the reactor, Thus, the
reactants undergo a chemicat transformation as they are heated to Teay. Qsotar is the total power coming
from the solar concentrator, as given by Eq. 7. The solar reactor is considered to be a perfectly insulated
blackbody cavity-receiver; only radiation losses through the aperture are considered. Qg is the power
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lost by radiation as given by Eq. 5. Radiation gain from the environment is ignored. The net power
absorbed in the solar reactor should match the enthalpy change of the reaction, ie.,

Qreactor, net = AHI Reactants @ Ty, p — Products@ Ty, p ° (19)
1, o> €. Ty, T3, p, and the mass-flow rate are specified, Eq. (19) together with Egs. (4-10)
establish the required collector surface A,y for delivering Osoigr 1o the solar reactor. The irreversibility

in the solar reactor arises from the chemical transformation and heat transfer from the sun at 5800 K to
the receiver and from the receiver to the surroundings at 298 K. Thus,

Irrreactor = —(Qm,a,./SSOO) + (Q,,emd/298) * (AS| Reactants @ Ty, p =» Products @ T3, p) ' (20)
Products exit the solar reactor at T3 =7, They have an equilibrium composition which will remain
unchanged as they are cooled to 7y in the heat exchanger, except for the phase changes. This assumption
is reasonable provided zinc vapor does not catalyze the kinetics of the reverse methanation reaction.
Sensible and latent heat released by the products stream are transferred to the reactants strearn [see Eq.

{16)].

Quench — After leaving the heat exchanger, the products are cooled rapidly to ambient temperature,
T5 =298K. The amount of power lost during quenching is

Qquench ="AHIProducts @ T4, p — Products @ T5,p (21)
The irreversibility associated with quenching is

Ir"quench = (Qquench/298)+(ASI Products @ Ty, p — Products @ T5.p) : (22)
Quenching is a completely irreversible step causing a significant drop in the system efficiency.

Closed-Cycle Scheme

Fuel Cell — From point | to 5 in the flow sheet, the chemical transformation
Reactants @ 298K,p — Products @ 298K, P (23)

has been effected. At point 5, we could calcuiate the overall system efficiency by introducing a reversible
fuel cell, represented in Fig. | as FUEL CELL #1. In this ideal cell, the products recombine to form the
reactants and thereby generate electrical power in an amount- Wge_; . Such a fuel cell does not exist and
is not likely to become a reality for many years if ever; it is used here only as an intellectual concept for
assigning a work value to the reaction products. It allows one o calculate the theoretical maximum
available work that could be extracted from the chemical products during recombination. The work of the
fuel cell is given by

Wrc-1 =-4G| Products @298K, p = Reactants @298, p (24)
The fuel cell operates isothermally; Qrc_; is the amount of heat rejected to the surroundings:
Qrc1 =—298K % AS| Products @ 298K, p — Reactants @298, p (25)
= ~(4H ~ 4G)| progucrs @ 298K, p — Reactants @298, p .
The overall system efficiency of the closed-cycle is then caleulated as
novera”CLOSED—CYCLE =Wrc-1/Csotar - (26)

Equation (26) allows one to evaluate complex solar thermochemical processes by considering the
maximum thermodynamic value of the chemical products as they recombined to form the reactants via an
ideal reversible fuel cell. The calculation makes it possible to isolate the solar process and analyze it as a
closed cyclic system: a heat engine.32 This heat engine, shown schematically in Fig. 2, uses reactants and
products as the working fluid, exchanges heat with the surroundings, and converts solar process heat into

- work, This analysis provides an especially useful basis for comparing the efficiencies of different solar

processes.

Check — The thermodynamic analysis is verified by performing an energy balance and by evaluating
the maximum achievable efficiency (Camot efficiency) from the total available work and from the total
power input, The energy balance confirms that

Weeay = Qeotar = (Qrerad + QQuench + QFC-—-I) . 27

The available work is calculated as the sum of the fuel-cell work plus the lost work due to irreversibilities
in the solar reactor, the heat exchanger and quenching. Thus,
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ZWork + T; x3 Irr _ Wrc_ +298x (I”'ex +Irrrenctor + Irrquench)

Tnax = (28)
e anpu: Q:olar -
This maximum efficiency must be equal to that of a Carnot heat engine operating between Tyand Ty, -
Le,
MThnax = NCarnor =1~ (TL/TH) =1~(298/5800)=0.949 . (29)
Solar Ener
@ Ty= SSO%Y K

Reaclants
ZnO+CHy

Environment
@TL =298 K

Fig. 2. The closed-cycle scheme represented as a heat engine.

Qpen-Cycle Scheme

Syngas as Fuel - A fuel cell that receives zinc and syngas and produces zinc oxide and methane does
not exist. Thus, a pragmatic process using current technologies to extract work from the chemical
products is presented in the lower box of Fig. [. The products after quenching (point 5 in the diagram)
separate naturally into Zn(s) and synthesis gas. Therefore, the separation is accomplished without
expending work. Syngas, a mixture of primarily Hy and CO, is widely utilized as a feedstock in the
chemical industry for the production of synthetic fuels and commodity organic chemicals, as well as a
reducing agent in the metallurgical industry (Mydrex, HYL, Armco, Purofer, Fior).33 The syngas mixture
obtained in our process has approximately a 2:1 H2:CO molar ratic which makes it particularly suitable
for methanol production. Thus, we have chosen to use syngas (or eventually methanol} as a fuel. Its
combustion releases heat that is converted to work in our model via a heat engine with an efficiency of
Nheat engine = 35%, which is consistent with the value obtained in conventional power plants. The work
output of the heat engine and the heat rejected to the surroundings are, respectively,

Wyg = Mheat engine % [A H’ 2H+CO+1.50y M%ZHZO(U‘*COZ ] ! GO
QHE = (l = Mhear engr'ne) X [A Hf 287 +CO+1.50, —)ca'"bmim 2H0(1)+COy ] @D

EQY 21-3-E

[
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Zinc as Fuel - Metallic zinc, the other important reaction product, is currently used primarily as a raw
. material in the galvanizing industry. However, zinc exhibits various intriguing advantages when
considered, not as a chemical commedity, but rather as a solid fuel. Its specific calorific value is 5320
kl/kg. It can be safely handled in air and may be easily transported. The amount of work that can be
extracted from zinc depends upon how it is used. The combustion of zinc in air releases 348 kJ/mol of
heat, a portion of which may be converted to work by means of a heat engine, but the efficiency of such
copversion is limited by the Carnot efficiency. More efficient conversion is possible using a
commercially available Zn-air battery, or a Zn-air fuel cell which is under development.34 We have
chosen to use a Zn-air fuel cell, shown in Fig. I as FUEL CELL #2, since it is not limited by the Carnot
efficiency. Within the cell, Zn and O3 (from air) combine electrolytically to form ZnO(s). The process
generates Wee_p of work while rejecting Qgc_5 of heat to the suroundings

Weep =~AG] Zn(s)+0.50, = Zn0(s) * (32)
Qrc-a ==298K  AS| 5,10).050, >200(s) - 3)

Hjy as Fuel — Alternatively, Zn can react with water to form molecular Hp, accorﬁing to
Zn(s) + HzO water—splitting ZnO(s) + H2 - (34)

Equation (34) takes place in the WATER-SPLITTER reactor of Fig. 1. Preliminary experimental studies
have shown that this reaction proceeds at about 700 K and is exothermic. The heat liberated couid be used
in an auto-thermal reactor for conducting the water-splitting reaction at temperatures above ambient
conditions. In this study, however, we consider this heat lost to the surroundings, as given by

Qws =~8H\ 7,00 4 w001y = 200(s) + Hy - (33}
The hydrogen produced in the water-splitter reactor may be used to enrich and adjust the syngas mixture
obtained in the solar process; it may be burned in air and the heat of combustion converted into work via
a heat engine, or it may be used more efficiently in a fuel cell to generate work directly. Such a cell is
represented by FUEL CELL #3 in Fig. 1. W _3 is the work output and Qpc..3 is the heat rejected to the
sutroundings. The governing relations are

Wrc-3==4G| 4, 1050, m001) » e

Qrc-3=—298K X AS| 4 050, smm001) G7

The overall system efficiency of the open-scheme process is the ratio of work output to heat input. The
work output is either Wyg + Wrep or Wyg + Wee..3, depending whether Zn is used directly in a fuel
cell or to split water. The heat input is Q.. plus the equivalent HHV (High Heating Value) of the
methane introduced in the system, Thus,

(Wyg + Wre-2)/Qumpue  fora Zn/ Oy fuel cell,
Toverall = : (38}
OPEN-CYCLE ™\ (Wyz + Wpeo3)/Qunpur  foran Hy / O3 fuel cell,
where Cinput = Lsolar +[AH CH 420, Combustion C02+2H20{l)) . (39 .

5. RESULTS AND DISCUSSION

The baseline case is conducted at a constant total pressure of 1 atm. Calculations are also carried out
for higher, industriaily-preferred, pressures of 3, 5, and 10 atm. The baseline cavity temperature is taken
arbitrarily equal to a value for which the chemical equilibrium mole fraction of ZnO(s) at 1 atm is less
than 10-5, . T,y =1250K. Table | shows the chemical equilibrium composition of the products at the
exit of the solar reactor (T3 = va), at T3 =1250K and p=1, 3,5, and 10 atm, and at T3 =1350K and
p =10 atm. Calculations were performed using the STANJAN computer code,33 and verified using the
CET-85 NASA computer code.s Species with mole fractioris less than 10-3 have been omitted.

At 1 atm and at T, 21250K, the reaction is nearly complete. At higher pressures, the
thermodynamic equilibrium of Eq. (2) shifts to the left, as predicted by Le Chatelier's principle. For
example, at 10 atm, the equilibrium composition is shifted such that the reduction of ZnO to Zn only goes
to completion at or above 1350 K. Also, at 10 atm and at 1250K, condensed Zn(l) exists in equilibrium
with Zn(g), but it becomes gaseous when the temperature is increased to 1350 K. The H5:CO molar ratio
is slightly altered by the pressure; it is 1.99 at 1 atm and 3 atm, and 1.98 at higher pressures. A more
complete study of the ZnO + CHy system at | atm and over a wide temperature range can be found in ref.
21
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Table 1. Chemicat equilibrium composition of the products at the exit of the solar reactor, calculaged
using STANJAN computer code and verified using the CET-85 NASA computer code.35.36 Species
with mole fractions less than 10-5 have been omitted. ha

Species and T3=1250 K T3=1350 K
Conversion p=1atm p=3atm p=5atm p=10atm | p=10atm
CHy 0.01025 0.02947 0.04713 0.19255 0.04139
Zn0(s) < 10-5 < 10-5 < 103 0.15775 < 10-§
Zn(g) 0.99599 (.99999 0.99999 (4.63007 0.99999
Zo() < 10-5 < 10-3 < 10-3 0.21218 < 10-5
Ho 1.97174 1.91880 1.87010 1.58861 1.88433
CO 0.98724 0.96333 0.94130 0.79893 0.95009—
HaO(g) 0.00775 0.02226 0.03559 0.02628 (.00329
CO9 0.00250 0.00720 (0.01154 (.00851 0.00852
H>/CO 1.99722 1.99184 1.98671 1.98842 198337
CH4-conversion 08.9% 97.1% 95.3% 80.7% 95.9%
Zn0O-conversion 99.9% 99.9% 99.9% 84.2% 99.9%

Other baseline conditions include 2 mean flux concentration ratio of C=2000, an optical collector
efficiency of 7., =100%, and a typical insolation of /=900 W/m2. A concentration ratio of 2000 is
within the reach of large-scale solar collection facilities, such as central receivers.?? Calculations were
also carried out for € = 4000 and 8000 which can be achieved in parabolic tracking dishes or by using
non-imaging secondary concentrators. The baseline mass flow rate is 1 mole/sec of Zn(s) and 1 molefsec
of CHg at point 1 of the process flow sheet. Unless otherwise stated, the baseline parameters are used.

Closed-cycle scheme without heat exchanger

Table 2 shows the energy balance for a closed-cycle without a heat exchanger, i.e. Ty =T, and
T3 =Tj. As the operating pressure is increased at constant reactor temperature, Qroperor, ner decreases

. because the enthalpy change between products and reactants is smaller: as the pressure increases, the

chemical conversion decreases. Creactor, net drops by 17% as the pressure js doubled from 5 to 10 atm.
Agoy and Qg,ro, also drop by 17%. The same applies to Q.44 because C and T,,, are kept constant
while the reactor aperture becomes smaller [see Eq. (9)], and consequently the re-radiation losses become
smaller. Although Q,pper07. nee and Csolar vary substantially with the operating pressure, their ratio, i.e.
the solar energy absorption efficiency Nabsorption» Femains constant with pressure, as expected from Eg.
{10). But Nabsorption decreases considerably with temperature. When the reactor temperature is raised by
100 K, Tabsorption 9rOPS by 3% as a result of the larger re-radiation losses. A simple expression for the
direct calculation of the change in Nabsorprion 25 2 function of the change in temperature AT is given by

4

(l ™ Nabsorption @ T)/ (1 - nabsarption @ T+AT) = [T/ (T+ AT)] ) (40)

The overall system efficiency lies at a leve] of 39%. It is weakly influenced by the operating pressure,

increasing monotonically with pressure in spite of the unfavourable chemical conversion. However, it

drops when the temperature is increased from 1250 K to 1350 K. The energy balance and species
composition for the closed-cycle scheme are presented schematically in Fig, 3 for the baseline case.

The irreversibilities in the reactor and during the quench reduce the efficiency from the Carnot value,
They are produced by heat transfer across a finite temperature difference. Specifically, the reactor at 1250
or 1350 K receives radiant energy from a heat source at 5800 K and rejects a portion of it to & heat sink
at 298 X. During the quench, heat transfer takes place between the hot products leaving the reactor and
the cold sink. Table 2 shows that the reactor produces slightly more irreversibility than the quench.
Although one can reduce the reactor irreversibility by incteasing the concentration ratio (increasing C
IMPIoves Mapso,nrion by reducing the portion of incoming radiation that is reradiated to the sink) the
primary irreversibility is associated with the heat transfer to the reactor across the temperature difference
between Ty and T,,,. One may, however, be able to reduce the irreversibility of the quench. For
example, if the kinetics permit the products to be cooled with a heat exchanger, one could preheat the
reactants going into the solar receiver. Preheating would also reduce the irreversibility in the solar reactor,
because less energy would be transferred across the large AT between the heat source and the reactor.
We thus considered processes that included either a paralle! or counter-flow heat exchanger.
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Table 2. Energy balance on the closed-cycle scheme without a heat exchanger.
The baseline configuration is used: C = 2000, [ =900W /m?, e = Eg = .

-

ENERGY BALANCE WITHOUT HEAT EXCHANGER
Ty =T, =298K, Ty=T;
T3=1250 K T3=1350 K
p=1atm p=3atm p=>5atm p =10 atm p =10 atm
Qsotar [FW ] 595 590 586 486 619
Orerad [KW] 46 45 45 37 65
Creactor, net (KW ] 549 545 541 49 554
Qouencr (kW ] . 237 237 238 192 249
Qre| (kW] 84 78 74 62 72
I veacior! Qsotar K] | 106x 104 | 102 104 2.9x 104 | 100 x104 | 103 x 104
Irrquench |/ Qrotar (K11 83%104° | 86x10% | 87x104 | 83 x104 | 858104
Wrpoy [kW] 228 230 229 195 233
Tapsorption { %] 92.3 89.5
Ncarmot [%]- 94.9 94.9
Noverall, ideat [ %] 87.6 849
Noverali [ %] 38.6 ] 38.9 39.1 40.2 37.8
Concentrated ~ A Ty PN
Solar Energy ~ SOLAR

T~
/"/
@D

-

Tea=1250K, p=latm

REACTOR |-

N,

'f':
TS Ay B L T

Reactants: Products:
@ T=298K, p=1latm @ T4=1250K, p=1atm
ZnO(s):  1.00000 CHy{gy:: 001025
CHalg):  1.00000 Zn(g)::  1.00000
Hi: 197174
CO: 0.98724
CO,: 000250
% HaO: 0.00775
o Ra: o
[ mol ZnO(s)sec
1 mol CHyisec
| goducts: ,
Ts=298K, p=latm
FUEL 3
CELL CHy(g): 001025

1

Zuis).
Hz:
[e{eH
COy:

HaO(l:

1.0GC00
1.97174

0.98724
0.00250

0.00775

Fig. 3. Energy balance of the closed-cycle scheme wzithout an heat exchanger. The following baseline
parameters are used; C = 2000, /=900W /m~, Clop = Egff = l, T3 =1250K, p=latm.

1"
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- wi ~flow

Table 3 shows the energy balance calculation of the closed-cycle scheme when a paraliel-flow heat
exchanger is included, i.e. T} =298 K < Ty, T3 =1230K > T4, and, at the limit, T = T4. The results are
also presented schematically in Fig. 4 for the baseline case. Note that the composition of the reactants
varies through the heat exchanger as they are heated from point 1 at 7} = 298 K to point 2 at T3 =940 K,
Carbon is found in the equilibrium composition. Although carbon deposition is thermodynamically
favorable at temperatures below 1200 K, it is unlikely that it ever reaches a state of equilibrium because
the kinetics of carburization are usually slow and require the nucleation of carbon on some catalytic site,
The presence of freshly formed zinc might under certain conditions weakly catalyze the CHy~cracking
reaction.2! The composition of the products remains constant as they are cooled in the heat exchanger,
except for the Zn(g) and HzO(g) that undergo condensation,

. Table 3. Energy balance on the closed-cycle scheme with a heat exchanger. The basaline
+ configuration is used: C'=2000, [ = 900W /m*, appy = £, =1, T3 = 1250K, p = Lanm.

ENERGY BALANCE WITH HEAT EXCHANGER
T =298K<Ty, T3=1250K>T,
Parallel Flow Counter-current Flow
Ty =Ty = 940K T, = 1066 K, Ty = 400K

solar (kW ] 443 351
Qrerad (kW] 34 27
Qreactar. net [ kW] 414 24
Qex (kW] 135 225
Qguench [kW ] 102 12
Qre-y [kW] 84
I vegeror] Osotar [K7'] 9.31x 104 9.13 x 104
I o [ Osotar (K711 1.58 x 104 0.76x 104
" quench [ Osotar (K1) 3.90 x 104 0.14 x 104
Wrc-1 (kW] 228
Nabsorption [ %01 92.3
NCamor [P] 94.9

- Noveral, ideat [ %] 87.6
Mex [ %] 56.9 94.9
TNoverat { %] 50.8 64.9

. The temperature at point 2 is found by plotting AH = f(T) for the reactants and products streams and

arranging both curves as shown in Fig. 5a. The slope of these curves is Cp, mixire» the specific heat
capacity of the mixture, Cp, mixture Veries with temperature because the mixture composition, the

- components' phases, and the C, of the individual species vary with temperature. AH of the reactants
varies monotonically with temperature, with a significant gradient in the 1000-1150K range where most
of the reaction occurs. Similarly, the AH of the products exhibits a noticeable gradient in the
neighbourhood of the zine boiling point (1180 K) due to the heat of vaporization, and a discontinuity at
the zinc melting point (692 K) due to the heat of fusion. The intersection of these two curves determines
the temperature at the "pinch-point": T, = 940X . Heating the reactants beyond 940K is not possible
because heat cannot flow spontaneously from the colder products (o the hotter reactants. The total heat
transferred is 135kW . This recovery amounts to 57% of the sensible and latent heat available in the
products. The remainder of the energy is rejected to the surroundings by the quenching. As expected,
Table 3 indicates that the irreversibilities per Qu,, in the reactor and during cooling are reduced by
means of the heat exchanger. These improvements increase the process efficiency by 12%.

-
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erad=3 4KW

g:oncemrated ~ - e '__
olar Ener; 7 M
nerey \L SOLAR P
Qsolar=448k REACTOR |

Teav=1250K, p=1atm |

_—v

-
-
-

f Reactants: Products:

7
IR AL T Rt ey £

@ Tp=940K, p=latm |(&) (J) @ T3=1250K, p=latm
ZnO(s): 0.98798 CH.(g): 0.01025
CHq(g): 0.24667 1.00000
Zn(gh  0.01202 H 197174
Hy: 1.50082 : 0.98724
CO: 0.00609 : 0.00250
COy: 0.00004 : 0.00775
H;0: 0.00586

Clgr): 0.74723

HE
EXCHANGER ({i| Parallel
1 Flow

eactants [moles/sec)
@ T1=298K, p=latm
ZnO(s)  1.00000
CHy(g): 1.00000

) Cpr Products: \
@ T4=941K, p=latm
CHyg): 0.01025

Zn(g): 0.15425
Zn(l): 0.84575
Hy: 1.97174

CO: 0.98724
COy: 0.00250

HyO: 000775
e

* y o' Lquench=102k
w Rate:

1 mol ZnO(s)/sec

[ mol CHay/sec
Products:
| FUEL @ T5=298K, p=laim
1 CELL - CHy(g): 0.01025
1 Zn(s): 100000
Hy: 1.97174
i S, o
.1=84kW 2 00250
-8 x| 000asD

Fig. 4. Energy balance of the closed-cycle scheme when a parallel-flow heat exchanger is employed.
The baseline parameters are used.

Table 3 also shows the energy balance calculation when a counter-current-flow heat exchanger is
included, i.e. 7y =298K < Ty, T3 =1250K > Ty, and, at the limit, 7; = T4. Analogous to the parallel-
flow, the exit temperatures are found by plotting AH = f(T) for the reactants and products streams and
arranging both curves as shown in Fig. Sb. A pinch point forces the products exit temperature to be no
less than 400 K. The exit temperature of the reactants stream is found graphically in Fig. 5b or
analytically by solving Eq. 16. It yields T3 = 1066 X, Most of the sensible and latent heat available in the
hot products, about 225&W, could in principle be transferred to pre-heat the reactants, The heat recovery

I
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factor reaches 95%. In practice, such high recovery efficiency cannot be achieved because of the finite
dimensions of the heat exchanger and because the rate of heat transfer approaches zero when AT across
the counter-current flows is small. None-the-less, the counter-current-flow heat exchangeroffers a
significantly higher heat recovery factor than that attained for the parallel-flow heat exchanger. The
overall cycle efficiency is 65%, which is 14% higher than the efficiency obtained for the parallel-flow
heat exchanger and 26% higher than that obtained without a heat exchanger. The energy balance and

species composition for a closed-cycle scheme with a counter-

schematically in Fig, 6.

current-flow heat exchanger are presented

d

Reactants

Parallel-Flow Heat Exchanger

T=298K

Ao,

- T2=940K

1 T3=1250K.

Products

-Ty=941K

AH [kW]

150‘-.Q°x.,_,-_-; ........................

Ty

T

1000 1100 1200 1300

b

300 400 500 600 700 800 900
Temperature (K}
600
550
j(:;z Ty=298K~ R"i"’gz
w0l T4=400K —— T4=1250K
350
3004
250-

Countercurrent-Flow Heat Exchanger

Ty=1066K

AH [kW]

oo 1200 1300

s60 60 700 sl 900 1000
Temperature [K]

Fig. 5. Enthalpy change as a function of temperature for the reactants and Rrgducts. The reactants unt_iergo a change
in their chemical equilibrium composition as they are heated. The composition of the products remains constant as
they are cooled, except for phase changes. The inlet and outlet temperatures and the heat transferred are shown in
Fig. 5a for the parallel-flow heat exchanger and in Fig. 5b for the counter-current-flow heat exchanger.
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Qrerad=27kW -

Concentrated ~

Solar Energy \ ~

F Ty e O ATy D h e T e 8
T

SOLAR
REACTOR

Pt P

\ Tea=1250K, p=latm

. &
- Amrr————
i
Reactants: Products:

@ T=1066K, p=latm [(Z B @ Ty=1250K, p=latm
ZnO(s):  0.82100 CHy(gy: 0.01025
CHag): 0.07334 100000
Zn(g): 0.17900 197174
H,: 1.83469 0.98724
Co: 0.15681 0.00250
CO‘;: 0.00178 0.00775
HyOn 0.01862
Clgr): 0.76806

HEAT :
EXCHANGER {|  Counter-
- Current
e x=225k J Flow
eactants [molesfsec) Y1 HD Producis:

@ T1=298K, p=latm @ T4=400K, p=latm
ZnO(s): 100000 CHa(g): 0.01025
CHa(gk  1.00000 ZnGy  1.00000

Hy: 197174
cO: 0.98724
COs: 0.00250
Hy0: 0.00775

4 !
Mass Flow Rate: QUENCHM

1 mol ZnO(s)/sec

1 mol CHy/sec
Products:
FUEL @ Ts=298K, p=latm
L~- CELL CHy(g): 0.01025
t Zn(s):  LOOGOO

H, 197174

CO: 0.98724

COy  0.00250
. 1=84kW 2
Q178K H 00y 0.00775

Fig. 6. Energy balance of the closed-cycle process when a counter-current flow heat exchanger is
employed. The baseline parameters are used.

The effect of the solar concentration on the overall efficiency is shown in Fig. 7, for the closed-cycle
scheme with and without heat exchanger. Obviously, the higher the concentration, the smaller the
aperture, the less re-radiation losses, and consequently the higher the overall efficiency. However, the
cycle efficiency is a weak function of ¢ and doubling or even quadrupling the concentration brings about
just a small improvement in the overall efficiéncy.
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Fig. 7. Variation of the overall efficiency with solar concentration, for the closed-cycle scheme
with and without heat exchanger. The baseline parameters are used. The overall efficiency
increases dramatically as a portion of the available sensible heat is recovered, but increasing
concentration ratios produce only small improvements in the cycle efficiency.

Qpen-cycle scheme

Finally, the open-cycle scheme is analyzed for the baseline case, with and without a heat exchanger.
Notice that the chemical products at point 5 in Fig. I do not have the exact stoichiometric composition
given by Eq. (2) due to the incomplete CHy conversion. (The equilibrium composition at point 5 was
given in Figs. 3, 4 or 6). At this point the products undergo natural phase separation into solid zinc and
gas phases. The syngas mixture (having a H:CO molar ratio of 1.94) is combusted in the heat engine.
Zinc is sent either to the Zn/O3 fuel cell or to the water-splitter reactor for Hp production.

Table 4 shows the complete energy balance of the open-cycle scheme. Evidently, ,,..q is higher
when heat exchangers are employed because the required Q. is significantly lower. Also superior by
about 13% is the efficiency of the scheme that uses Zn directly in a Zn/O; fuel cell, as compared to using
Zn for splitting water and sending Hy to a Hp/Q2 fuel cell. The reason is that, on a molar basis,

A6 z4(5)+0.50,-210(s) > A G 11,4050, Hy0(1) - 1)
and the Zn/O; fuel cell delivers more work than the Hy/O3 fuel cell. The difference in the work output

between the two fuel cells is equal to the difference between the heat rejected plus the heat losses in the
exothermic water-splitting reaction, i.e.

Wrea+Qrc2 = Wpca+Qrca + Qws . (42)
. ﬁ—'—'—"—" v
AH| z0(5)+0.50,2001s) B by 40,500 901 Al Znssrtr000-2 200051+ 8y

The overall efficiencies for the open-cycle schemes with and without heat exchangers are lower than the
corresponding closed-cycle schemes, principally because of the losses incurred in the heat engine. The
heat rejected by the heat engine amounts to 550 kW when a 35% engine efficiency is assumed.

Chemical by-products- The chemical products from each open-system comnponent are either recycled
or discarded. The products of the HEAT ENGINE are HyO and CO3, which are discharged to the
atmosphere. The product of the FUEL CELL #2 is ZnO(s), which is recycled to the solar reactor. The
products of the WATER SPLITTER are ZnO(s} and Ha; ZnO(s) is recycled to the solar reactor while Hp is
directed to the FUEL CELL #3. The product of the FUEL CELL #3 is H20, whicr} is vented to t‘he
atmosphere. An external source of natural gas is required for supplying CHy, which, together with

1.
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Zn0O(s), are the feedstock into the solar reactor. The CO; emissions from the open-cycle scheme are only
those resuiting from the combustion of the syngas, expressed in units of specific CO; emissions per
electricity generation: -

specific COg'emissions for the open-cycle = 0.26 kg CO»/ kWh, . (43)

For comparison, using the HHV of methane for generating electricity in a power plant with the same 35%

efficiency releases 0.51 kg CO»/KWh,, i.e. twice as much CO3 as generated by the proposed solar open-
cycle process.

Table 4. Energy balance on the open-cycle scheme with and without a heat exchanger. The baseline
configuration is used: C'=2000, [ =900W /m?, Gy = ey =1, T) = 298K, T, = 1250K. p=lam.

No Heat Exchanger Parallel Flow ounter-current Flow
=17 =298K Heat Exchanger Heat Exchanger
Ty =T4 =1250K Ty =T4 =9%40K T =1066K
Ty =400K

Csotar [FW ] 595 448 351
Qrerag (kW] 46 34 27
Qreacror, ner (kW ] 549 414 394

Qeox (kW] 0 135 225
Qquench [kW ] 237 102 12
Orca [kW] . 30

Qrc3 (kW] 49

Qws (kW] 63

Que [kW ] ' 554

Wrep [kW] 318

Wre-z (kW] 236

Wee (kW] 298

Toverait [ %] 415 46.0 49.6

(Zn to Fuel Cell)

Noverait [ %] 36.0 39.9 43.1
(H3 to Fuel Cell)

CONCLUSIONS

The combined ZnO-reduction and CHy-reforming, using solar radiation concentrated 2000 times as the
energy source of process heat, could be conducted with maximum closed-cycle efficiencies between 40
and 65%, depending on the heat-recovery factor of the heat exchanger. A reactor temperature of 1250K
and a pressure of 1 atm appear to be the optimum operating conditions. Higher temperatures result in
higher re-radiation losses while higher pressures result in lower quality chemical products. The open-
cycle scheme that extracts work from the products in technically, more readily, feasible processes
features maximum overall efficiencies between 36 and 50%, depending on the heat-recovery factor and
whether a Zn/O or an Hy/O; fuel cell is employed. Major sources of irreversibilities are those associated
with the re-radiation losses of the solar reactor and the heat rejected during the quenching,

The proposed thermochemical process combines fossil and solar energies. It helps create a

- technological link between the current fossil-fuel-based power plants and the future solar chemical plants.

The second-law analysis is a useful theoretical tool for assessing maximum achievable efficiencies, for

investigating the influence of the operating conditions, and for establishing a base for comparing different
thermochermical processes.
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NOMENCLATURE

Acperture area of reactor aperture (m?)
Cp i specific heat capacity of the mixture (kJ mol-l K-1)
=D, mixture pe p

mean flux solar concentration

AG Gibbs free energy change (kW)
AH enthalpy change (kW) '
i normal beam insolation (kW/m?)-
Irrg, irreversibility associated with the heat exchanger (kW K-1)
Irrqumc;, irreversibility associated with the quenching (kW K1)
I eactor irreversibility associated with the solar reactor (kW K-1)
‘Qubsorbeq  power absorbed by the solar reactor (kW)
Qaperture incoming solar power intercepted by the reactor aperture (kW)
Orc heat rejected to the surroundings by the fuel cell (kW)
Qur heat rejected to the surroundings by the heat engine (kW)
Qque,,,_.;, heat rejected to the surroundings by the quenching process (kW)
Qreactor.ner Mt power absorbed by the solar reactor (kW)
Orerad power re-radiated through the reactor aperture (kW)
Qeolar total solar power coming from the concentrator (kW)
Cws heat rejected to the surroundings by the water-splitter (kW)
AS entropy change (kW)
Teny nominal cavity-receiver temperature (K)
T temperature of surroundings (298 K
Ty sun surface temperature (5800 K)
T maximum temperature of the solar cavity-receiver
Lopt optimal temperature of the solar cavity-receiver for maximum 1),,, erall, ideal
Wee work output by the fuel cell (kW)
Wyg work output by the heat engine (KW)
Logr effective absorptance of the solar cavity-receiver
Eefr effective emittance of the solar cavity-receiver
Tlabsorption - Solar energy absorption efficiency
NCamot efficiency of a Camnot heat engine operating between Ty and T,
Neolt efficiency of the solar collection system
Nox heat recovery factor of the heat exchanger
Mheatengine  efficiency of the heat engine
Noverall Overall system efficiency )
Tloverall, ideqt Overall efficiency of an ideal system
o Stefan-Boltzmann constant (5.6705x10-8 Wm-2K-4)
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