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ZUSAMMENFASSUNG

We developed and tested two 10-kW solar thermochemical reactors (SLOPE and ROCA) for the thermal
dissociation of ZnO(s) to its elements at temperatures above 2000 K. Both reactors respect the transitory
nature of solar energy: the reaction proceeds with minimal delay when the sun is available and the reactors
withstand the thermal shocks that often occur under the severe environment of transient intense solar radia-
tion. The ZnO(s) for both concepts is directly heated by concentrated solar energy. The ROCA reactor con-
cept has been patented and selected for further development.

The SLOPE reactor was used to establish reaction kinetics of the thermal decomposition of ZnO at a nomi-
nal N, pressure of 1 bar within the temperature range of 1950-2400 K. Flash Assisted Multi-Wavelength py-
rometry was used to determine both the hemispherical emissivity of ZnO and its irradiated surface tempera-
ture for a given solar flux during the kinetic study. The decomposition rate is described well by the equation
m=1.4" 10° exp[-328,500/(8.314 T)] g m?s™. The uncertainty in the equation depends on temperature, but
for temperatures near 2000 K it is £70% at a 95% confidence interval. The emissivity of ZnO is 0.9 for tem-
peratures above 1900 K. Numerical models that combine the reaction kinetics with heat transfer processes
were developed which describe well the decomposition reaction both for a pellet of ZnO(s) and for the
ROCA reactor. Initial experimental and numerical studies show that the reverse reaction: Zn + 0.5 O, under
certain conditions can be described by a numerical model that presumes the reverse reaction is rate limited
by the mass transfer rate of the Zn and O, to the reactor wall. Good agreement between the model and the
experiment exists when the gases move through the reactor in the laminar flow regime and when the wall
and gas temperatures are below the decomposition temperature of ZnO(s) but above the condensation
temperature of Zn.

We further developed the SynMet process technology for co-producing Zn and syngas by the combined
ZnO-reduction and CHy-reforming. An improved vortex-flow solar reactor was designed, fabricated, and
tested at PSI's solar furnace in the temperature range 1380-1676 K and for an input solar power between
3.6 and 5.7 kW. The reactor and peripheral components, including the quartz window at the reactor’s aper-
ture, performed trouble-free under approximate steady state conditions. High degree of chemical conversion
(maximum conversion of ZnO: 100%; maximum conversion of CH,: 96%) and reasonable energy efficien-
cies (maximum thermal efficiency: 22%; maximum exergy efficiency: 7.7%) were obtained.

An economic evaluation of the 2-step water-splitting thermochemical cycle based on Zn/ZnO redox reac-
tions predicts a unit cost of solar H, varying in the range 0.11-0.15 $/kWh, based on its LHV and a heliostat
field cost at 50 to 150 $/m”. Thus, the proposed cycle, if realized at an industrial scale, can be competitive
with the electrolysis of water using solar-generated electricity.
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Projektziele

The goal of this project was to advance the science required for the design of high temperature
solar thermal chemical reactors. Of particular concern was developing the know-how required for
designing an industrial scale solar reactor that can thermally decompose ZnO into its elements at
temperatures near 2300 K. The products, Zn and O; are to be separated with a rapid quench.

An industrial reactor respects the transitory nature of solar energy. This constraint implies that the
reaction proceeds with minimal delay when the sun is available, and it implies that the reactor
withstands the thermal shocks that often occur under the severe environment of transient intense
solar radiation. Secondly, the reactor must function reliably, even though the reactants reach tem-
peratures above 2000 K under flux conditions available in a typical solar furnace. Because it is
estimated that the heliostat field will represent up to 40% of the capital cost of a solar plant, an
industrially interesting reactor must have high exergy efficiency. We define this efficiency as,

Mo XDG°
h:M&OO%

Usolar

where DGy, is the Gibbs function for forming ZnO(s) at room temperature from the products leav-
ing the reactor.

Durchgefihrte Arbeiten und erreichte Ergebnisse

Historical Background

The direct solar thermal decomposition of ZnO to its elements has been described as an attractive

process for the storage of solar energy [1-9]. In this process, concentrated sunlight provides high-
temperature process heat for the endothermic reaction

Zn0(s) ¥a VA4 ® zn(g) +10,.

At temperatures near 2000 K, the reaction proceeds. Solar radiation is thereby directly converted
into the chemical energy of Zn and O,. To avoid their recombination at high temperature, the
gaseous products can be separated by gas phase electrolysis or quenched [10-12, 1]. The solar
energy stored in the condensed Zn phase may be used as the fuel in a fuel cell or battery. When
H, is the desired fuel, it has also been suggested that the Zn be used to split water in an exother-
mic reaction. In either scenario, the ZnO is recycled to the solar furnace. The solar thermochemi-
cal cycle for Zn, H,, and electricity generation is depicted in Figure 1.
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Figure 1: Schematic representation of the thermochemical cycle: In an endothermic, solar step, ZnO is
thermally reduced into zinc and oxygen. Concentrated solar radiation is the energy source of the required
high-temperature process heat. In an exothermic, non-solar step, zinc can either react with water to produce
hydrogen or be used directly in a fuel cell or battery for generating electricity. In either case the resulting
chemical product is ZnO, which is solar recycled. The net reaction is Ho,O=H,+0.50>; H, and O are derived in
different steps, eliminating the need for high-temperature gas separation.

At the start of this project, all of the work associated with a solar process for the thermal dissocia-
tion of ZnO was focused on the scientific frame work for the process: theoretical thermodynamic
models of the process revealed the maximum exergy efficiency for decomposing ZnO; laboratory
experiments were performed that verified Zn could be obtained at the exit of a solar reactor; nu-
merical models were built to obtain first estimates as to how well the product gas mixture could be
guenched. However, no one had reported on a reactor concept for effecting the ZnO decomposi-
tion; numerical models did not exist that described the potential performance of such reactors; and
nothing was published on the mechanism of the Zn/O, recombination reaction. “The solar produc-
tion of Zn” project was created as a step toward filling these voids.

General Description of Reactor Development Program

We designed, built, and tested two reactor concepts for the thermal dissociation of ZnO. The reac-
tors were tested in PSI's 45 kW solar furnace. They are known as Slope and ROCA. Condensed
but specific descriptions of experimental set-ups are included in the results section of this report in
order to facilitate the understanding of the results. In this section we describe generally the devel-
opment of the reactors.

The Slope Reactor

Besides wanting a reactor with features of one scaleable to an industrial level, we wanted a reac-
tor flexible enough for testing how best to keep the window clean of condensed products, we
wanted a concept for establishing the decomposition kinetics of ZnO, and we wanted a concept for
exploring how best to quench the product gases. In other words, we looked to develop a reactor
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that is as much industrial in nature as it is an experimental research tool for our 45 kW solar fur-
nace.

A schematic of the reactor that met these conditions is shown below (Figure 2). The reactor cham-
ber (1) is partly filled with pressed ZnO powder forming a slope (2) with an inclination of approxi-
mately 45 degrees. The surface of the slope is directly irradiated by concentrated solar radiation
entering through a quartz window (3). The uppermost ZnO layers are dissociated, whereas the
non-reacted ZnO bed serves as insulation to protect the reactor walls directly in line with the con-
centrated sunlight. The walls are made from inconel. Those walls above and in front of the ZnO
are lined with zirconia or alumina insulation. These surfaces receive the less intense emitted radia-
tion from the ZnO surface. At the lower end of the slope (4), the non-reacted ZnO overflow is col-
lected and recycled. The reactor can be operated both in batch and continuous modes with re-
spect to the ZnO. In the latter case, solid zinc oxide particles are continuously fed into the reactor
(5) and ripple down the slope, thus avoiding the need for a carrier gas. The transparent window is
kept clean by several inert gas streams (6) which prevent zinc vapor from condensing on the
guartz window. The gaseous reaction products and the inert gas flow continuously through the
reactor to a chimney (7) and out to the quench unit.

Figure 2: Schematic of a solar chemical reactor for the thermal decomposition of ZnO (SLOPE).

The ROCA Reactor

Figure 3 is a detailed schematic of the ROCA configuration. The main component is a rotating
conical cavity-receiver (#1) made of Inconel steel that contains the aperture (#2) for access of
concentrated solar radiation through a quartz window (#3). The solar flux concentration may be
further augmented by incorporating a CPC (#4) in front of the aperture. Both the copper-made
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window mount and the aluminum-made CPC are water-cooled and integrated into a concentric
(non-rotating) conical shell (#5). The reactants are ZnO particles, which are fed continuously along
the axis into the rotating cavity by means of a screw powder feeder located at the rear of the reac-
tor (#6). The centripetal acceleration forces the ZnO powder to the wall where it forms a thick layer
of ZnO #7) that insulates and reduces the thermal load on the inner cavity walls. The gaseous
products Zn and O, are swept out of the chamber by a continuous flow of inert gas that enters the
cavity-receiver tangentially at the front (#8) and exits via an outlet port (#9) to a quench device
(#10). The purge gas also keeps the window cool and clear of particles or condensable gases.
With this arrangement, concentrated sunlight impinges directly on the top surface of the ZnO layer.
This efficient heating condition leads to a system with a low thermal inertia and excellent thermal
shock resistance. The ZnO serves simultaneously as radiation absorber, thermal insulator, and
chemical reactant.

10

Figure 3: Schematic of a solar chemical reactor for the thermal decomposition of ZnO. 1= rotating cavity-
receiver, 2 = aperture, 3 = quartz window, 4 = CPC, 5 = outside conical shell, 6 = reactant feeder, 7 = ZnO
layer, 8 = purge-gas inlet, 9 = product outlet port, 10 = quench device.

Results

The Decomposition Kinetics of ZnO and First Steps toward a Heat Transfer Model

The Slope Reactor was modified slightly from Figure 2 during kinetic experiments. It was changed
so that a ZnO pressed pellet could be located within the reactor at the focal point of PSI's 45 kW
solar furnace. Section numbered (2) in figure 2 was replaced by a block of stabilized ZrO, insula-
tion. In the center of the insulation, at the focal point of the solar furnace, a receptacle within the
insulation block accepted the nominative 30 mm diameter 150 gram pre-sintered ZnO cylinder
pellet. The front face of the cylinder was parallel to the reactor window. The experimental situation
approached that of one-dimensional heat transfer along the pellet’'s axial direction.

The front surface temperature of the pellet was measured with the Flash Assisted Multi-
wavelength Pyrometer developed in the Physical Science Group. The device also established the
hemispherical emissivity of the ZnO. The mass of the ZnO pellet was measured before and after
an experiment. The change in mass over the course of the reaction time divided by the irradiated
surface area of the pellet determined the mass flux. The temperature measurement along with the
mass flux rates were used to establish a quantitative expression for the decomposition rate of
ZnO. In determining the rate expression, we assumed that the decomposition reaction took place
on the irradiated surface of the ZnO.
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We found that the decomposition rate is described well by the equation [13],

m=1.4" 10° exp(-328:500 y g 2 g1 1)
8314 T

The uncertainty in the equation depends on temperature, but for temperatures near 2000 K it is
+70% at a 95% confidence interval. Details of the uncertainty analysis are found
in Appendix A. The emissivity is 0.9 for temperatures above 1900 K.

Our kinetic expression differed from that of one published in the literature by Hirschwald [14]. As
we expected, the major change between our kinetic expression and that found by Hirschwald was
with regard to the pre-exponential term. Also as expected and in agreement with Hirschwald, we
have an activation energy that is about 67% of the oxide’s enthalpy of vaporization. Figure 4
shows the agreement between the experimentally measured decomposition rates and the calcu-
lated ones with the new kinetic expression. Also shown in this figure are the calculated rates using
the kinetics described by Hirschwald.
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Figure 4: Comparison of measured and calculated mass flux as a function of temperature [13].

Furthermore, a one-dimensional unsteady and steady state heat transfer model that includes the
physical processes radiation, conduction, and chemical decomposition was developed using the
above expression for the reaction rate. The model predicts the measured steady state ZnO sur-
face temperatures and the time to reach steady state. Figure 5 illustrates remarkable agreement
between measured and calculated temperature profiles within and on the surface of the ZnO as a
function of time [13]. (See Appendix B for Model discription).

In summary, this aspect of work done with “Slope” enabled us to obtain a good understanding of
the physical-chemical properties of ZnO. We are now in a position to use this understanding to
predict the performance of our ZnO reactors and compare our predictions with our experimental
results.
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Figure 5: Measured and calculated temperatures vs. distance within ZnO solid for a solar flux of
170 W cm?[13].

The SLOPE Reactor as an Industrial Device for Producing Zn

This reactor was designed so that the reactants are directly heated by solar radiation. It was used
in our solar furnace to decompose ZnO to its elements at temperatures ranging from 2000 K to
2400 K. The effective thermal inertial of the system is low: The ZnO surface temperature increased
from 300 K to over 2200 K in a matter of seconds. The inconel reactor walls stayed well below
their upper usable temperature limit of 1300 K. We thus conclude that the reactor concept ade-
quately deals with the transitory nature of sunlight.

The direct heating condition introduced the challenging design requirement of keeping the window
clean. We addressed the problem by developing a protective curtain of inert gas on the window.
Finding the appropriate flow patterns and rates was determined experimentally. The details can be
found in ref. [15].

Figure 6, however, gives some of the detail as to how the flow patterns were developed on the
window. The manifold showing flows 1-3 is located at the bottom of the reactor and along the
length of the window. The flow rates and orientations 1-3 were varied between experimental cam-
paigns.

We learned that keeping the window clean requires controlling buoyancy driven flows near the
window, avoiding flow induced pressure sinks near the window, and minimizing the pressure drop
for flow through the reactor’s chimney. Furthermore we were able to keep the window functionally
clean for more than one hour of operation.
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The qualitative fluid mechanics experimental studies led us to a solution for keeping the window
clean for this particular reactor. The work, however, does not lead us to general definitive state-
ments of how to keep windows clean for any reactor geometry, size, or chemically reacting sys-
tem. More basic work is needed in the field of computational and experimental fluid mechanics

before one could achieve such generality.
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Figure 6: Orientation of gas flow in the SLOPE reactor. [15]

The ROCA Reactor as an Industrial Device for Producing Zn

A number of experiments were conducted with this reactor. Figure 7 is indicative of the reactor’s

thermal response [16].
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Figure 7: Solar cavity-receiver temperature during high flux solar irradiation. Solar input power was 6.3 kW
with an average solar flux of 2228 kW m2 over the aperture. Also plotted is the shutter position of the furnace.

(100% = full power).

It is clear from the profile that the reactor has little effective thermal inertia: as soon as the furnace
shutter is opened to 33%, the ZnO surface temperature increases at a rate greater than
1000 K s™. We also observed the immediate start of the reaction when the shutter was fully
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opened, and the temperature at the conical shell did not exceed 900 K, corroborating that ZnO
acts to some extent as a thermal insulator. In short, the reactor respects the transitory nature of
sunlight and is constructed from conventional materials.

As mentioned above, our research effort with the slope reactor led us to a quantitative expression
of the ZnO decomposition kinetics. Because the SLOPE reactor is not a cavity receiver, we carried
out a number of experiments with a ROCA reactor in order to establish if the rate expression would
hold under the geometric conditions of ROCA. In these experiments, pellets of ZnO with known
starting mass and surface area were placed into a specific position within the ROCA cavity. The
temperature was measured with a solar blind pyrometer. The mass changes on the pellets were
established at the end of the experiment. The experimental reaction rate, the change in mass di-
vided by the time of the run at the reaction temperature, was compared to calculated values using
equation 1. Table 1 shows that the difference between the experimental and calculated values is
within the uncertainty interval of the rate equation.

Experiment Surface area | Reaction Reaction Experimentally | Calculated
ZnO sample Temperature Time Measured Mass Change
inm? K in seconds Mass Change in grams

in grams

March 6" | 7.00 *10° 1900 600 10.0 5.46

2002

March 8" | 2.42*10° 2125 1580 44.0 44.0

2002

March 11" | 2.90*10° 1790 1170 1.13 1.24

2002

March 25" | 1.62*10° 1950 1800 17.8 13.0

2002

March 27" | 1.44*10° 1890 1200 3.38 2.02

2002

March 28" | 1.18+10° 1980 1200 7.33 4.30

2002

Table 1: Comparison between experimentally measured ZnO(s) mass change and the calculated mass
change.

Because of this good agreement, we began the process of building a numerical model that linked
the heat transfer processes to the chemical kinetics of the decomposition reaction for predicting
reactor cavity temperatures and the exergy efficiency of the reactor for given solar flux inputs.

The details of the model can be found in ref. [17]. Here we present only a visual schematic (Fig-
ure 8) of how the model was built and the numerical results. Firstly the geometry of the reactor is
defined with the inner portion of the reactor divided into a number of surfaces. Secondly, the model
has two modules that interact with each other in an iterative manner. The module on the right es-
tablishes how the radiation is distributed within the cavity. The module on the left establishes how
the absorbed radiation interacts with the cavity surfaces. Some surfaces may be reactants as is
the case with the ZnO reactor described above. In this case, a portion of the energy is used to
effect the ZnO decomposition reaction. Another part is conducted through the surface and out into
the environment surrounding the cavity, a portion is convected away from the surface by any car-
rier gas that may be flowing through the reactor, and finally some of the absorbed energy is emit-
ted from the surface as IR radiation. Because the energy distribution behind the surface and the
radiation distribution on the surfaces are dependant on the unknown surface temperatures, the
numerical solution to the energy distribution begins with a guess of the surface temperatures.
Through an iterative process involving both modules which forces an overall energy balance on all
surfaces, the cavity temperatures can be established for a given solar input.
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Figure 8: Schematic of the flow diagram for a general numerical model linking heat transfer and chemical
kinetics. [17]

In order to make our first numerical estimates of the projected performance of the ROCA reactor,
we prescribed an energy heat sink on surface 3 shown below in Figure 9. A finite difference model
was used to establish a steady state heat sink as a function of temperature. Surfaces 2, 4, and 5,
were presumed to be adiabatic. Surface 1 was given a radiosity value equivalent to the solar flux
entering the cavity. The temperature of surface 6 was prescribed as 300 K. The radiosity ex-
change method with analytically determined and Monte Carlo determined view factors established
how the radiation is distributed in the cavity. (This module could have used the Monte Carlo ray
tracing method for the complete solution to the heat transfer problem.)

v

Q=071 Key
Qs=0 r1 length or radius dimension
10iTe=
lrs | chnetant surface
= (T ‘ direction of increasing ID
Qs = f(Ts) number for rings on a
surface
»

Figure 9: Model of ROCA reactor.

Figure 10 gives a portion of the numerical results for a 6.75 kW solar input through a 60 mm aper-
ture. It is important to note, that they are ideal results in that several surfaces are considered as
adiabatic and the heat sink on the reacting surface does not include convective heat transfer to a
carrier gas flowing through the cavity. Thus they represent an upper limit on what one might ex-
pect for the performance of the ROCA reactor with this specific geometry and concentration ratio.
On sees the estimated temperature distribution. The maximum wall temperature is 2020 K and
occurs in the front quarter of the reactor. These temperatures lead to a Zn production rate of 0.16
g/sec. Using equation 1, the exergy efficiency is calculated as 11.2 %.
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Figure 10: Calculated temperature distribution in ROCA reactor.

More modeling work is needed so that we describe even better the actual physical processes in
the ROCA reactor. But one can argue these initial results suggest we have a good reactor concept
for effecting the ZnO dissociation reaction: the Zn production rate and temperature distribution are
reasonable for 6.75 kW solar input. The exergy efficiency is also reasonable for a small scale de-
vice: the average flux concentration ratio in the aperture was only 2400 suns and the hot cavity is
exposed to a 300 K sink at the reactor exit where nearly 20% of the heat loss exits. When the con-
centration ratio is doubled the cavity temperatures increase by about 100 K and the exergy effi-
ciency approaches 30%, an extremely good value for a small scale reactor.

We don't yet have a complete validation of the above model, partly because we continue to im-
prove it. But we conducted an experiment where we estimated the temperature distribution in the
ROCA reactor while it was experiencing a similar power input as to that in the model. The following
figure is a photograph of ZnO pellets that were placed in the ROCA reactor from the front to the
back of the cavity. Pellet one was located at the front of the reactor cavity and number 6 was at the
rear of the cavity. It is clear that the temperature could not have been uniform throughout the cav-
ity. The measured temperature of pellet 2 was 1925 K. The temperatures were estimated for the
other samples: the reaction kinetics described above was used along with the measured mass
changes to estimate the temperatures. The front pellet temperature, which is located nominally at
the location where we calculated a temperature of 2020 K, was estimated to be 2083 K. And the
back pellet, located nominally where the calculated temperature is 1975 K, was estimated as 1870
K. Thus our first numerical model of ROCA predicts similar, but higher temperatures than experi-
mentally determined ones. Both the experimental and the rumerical work predict a temperature
gradient within the cavity, but the measured one is steeper than the numerical value, a result that
is not surprising given the assumption of an adiabatic wall at the rear of the reactor in the model.
Although not a complete validation of our numerical model, these results add credence to the nu-
merical predictions of reactor performance.
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Figure 11: Experimentally determined temperature distribution in ROCA reactor.

It was never possible to experimentally estimate the exergy efficiency of the reactor, because we
were unable to establish a good mass balance. We learned that a substantial amount of the gase-
ous products did not exit the reactor; they diffused into the ZnO(s) layer and into the insulation.
This unexpected result has a serious consequence for the reactor concept: It will be necessary to
find a material for the inner cavity that is nearly gas tight, on which a thin layer of ZnO(s) can be
continually added to the reactor. The ZnO layer must be thin so that the temperature at the inter-
face of the ZnO and the nearly gas tight material is essentially at the decomposition temperature.
This requirement prevents the re-oxidation reaction from occurring within the reactor.

We did not develop a reliable system for both rotating the reactor cavity and feeding the ZnO parti-
cles continuously. These problems are not of a fundamental nature, but they must be resolved if
the reactor is to be practically operational.

The Reverse Reaction

The Zn yield at the exit of a quench device depends on the cooling rate of the gases and the rate
at which Zn/O, recombine to form ZnO(s): A high Zn yield implies that the products experience a
temperature-time history in which they are quickly brought through high temperatures, where the
oxidation reaction is important, down to low temperatures, where oxidation is not important, so that
one avoids significant loss of Zn. The answer to the pertinent question, “Can a quench lead to high
Zn yields?” depends on whether or not nature prescribes a cooling rate that is technologically pos-
sible. We thus need to know the rate of the recombination reaction before we can assess the po-
tential of a quench.

In this study, we presumed that the Zn/O,, reaction takes place heterogeneously. With this as-
sumption, we studied the reaction at temperatures below the decomposition temperature of ZnO
but above the condensation temperature of Zn. Thus the available surface on which the reaction
could take place was essentially the wall of the reactor.

The Zn+0O, reaction was studied in the nominal temperature range of 1100 -1275 K by vaporizing
Zn(l) to Zn and then mixing the vapor with O, entrained in Ar. Figure 12 is a schematic of the set-
up. The outer shell of the set-up is a 1 m long 60 mm diameter quartz tube that is mostly enclosed
within two electric furnaces. A crucible filled with Zn is moved into the left portion of the quartz tube
after the temperatures within the two furnaces are stable at the values desired for an experiment.
Two streams of Ar, preheated to a desired operating temperature, enter the Zn vaporizing cham-
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ber of the tube. One stream flows directly over Zn(l) and transports Zn to a mixing zone. The other
Ar stream flows directly to the mixing zone.

Ar Ar/O; 1 Zn-Crucible
300-1200K 2 Mixing Zone
Furnace Furnace )
1200K 300-1200K E f 3 Main Tube
T 2 0 090909090909@n ]
-l r§-| .- -!
L 2 .
T 4 Filter
WS
]
4 Condensation
Tube
Ar 5 Heat Exchanger

Figure 12: Schematic of the experimental set-up for studying Zn + O» reaction.

The mixing zone is located at the front of a second quartz tube, labeled the condenser. It is co-
axial with the first tube. This second tube about 0.75 m long and 24 mm diameter extends from the
entrance of the second furnace out beyond the furnace’s exit. A mixture of Ar and O, is preheated
as it flows within the annulus between the two tubes to the mixing zone. The second furnace sets
the gas temperature for 0.3 meters of the condenser length. For the purpose of this investigation,
we call this region the reaction zone. As the hot gas flows through the condenser, ZnO(s) can form
on the wall. As the gas leaves the region enclosed by the furnace, it enters a zone where the con-
denser is cooled. Zn and ZnO(s) can form on the wall or on droplets of Zn or crystals of ZnO(s)
carried in the gas. This entrained material is collected in a filter at the exit of the condenser tube.

The primary experimental variables were the molar ratios of Ar to Zn and O, to Zn, the total molar
flow rate, the temperature of the reaction zone, and the duration of the experiment.

The Ar to Zn molar ratio was varied nominally from 50 to 250. These values were chosen, because
we expect to see such ratios in the solar process. The ratio was always high enough to prevent Zn
condensation in the reaction zone. The O, to Zn molar ratio was near 0.5 in order to best represent
the products from the solar dissociation of ZnO(s). The flow rates were chosen so that the Re
number within the reaction zone was nominally 50. Such a value served two purposes. Firstly, it
enabled the velocity distribution at the entrance to the reaction zone to rapidly develop to the fully
developed profile. Having a well-defined velocity profile over much of the reaction zone simplifies a
mathematical description of the physical processes within this zone. Secondly, a low Re number
flow means the gas in the entrance region has a significant radial velocity component. This flow
situation helps insure good mixing of the gases near the center of the tube. The temperature range
was bound by the upper limits of our furnaces and our desire to study the oxidation reaction at
temperatures above the condensation temperature of Zn. A typical experiment lasted nearly 35
minutes. This timeframe insured that more than 90 % of the experiment occurred with constant
and stable Zn flow rates. It also insured that we obtained measurable quantities of ZnO in the
reaction zone.

At the start of an experiment, the condenser tube is weighed. At the end of an experiment, after
the apparatus cools to room temperature, the tube is again weighed. The mass difference estab-
lishes the total amount of products deposited on the tube. The product distribution is also estab-
lished within the reaction zone. 5 mm sections of the tube are cleaned and the tube is re-weighed
after each cleaning, until the entire reaction zone is clean. This mass difference after each clean-
ing yields the amount of products that formed at a given location within the tube. The uncertainty in
the mass measurements is £2 % at a 95% confidence interval. The mass of the products that
formed in the cold region of the condenser tube is also determined. These products are subjected
to a quantitative X-ray diffraction analysis in order to ascertain the percentage of Zn within these
products. The uncertainty in the Zn measurement is + 10%.
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We hypothesized that the oxidation reaction would occur on the wall of the reaction tube and be
limited either by the rate at which Zn and O, diffused to the wall or by a chemical reaction rate. We
further presumed that the chemical reaction rate is proportional to some power of the Zn and O,
partial pressures, and is proportional to the wall's surface area. Working with each of these mod-
els, we looked to establish which hypothesis, if either, adequately describes the experimental ob-
servation.

We found that the formation of ZnO is best described by a model that presumes the rate of the
Zn/0; is limited by the mass transfer of the two gases to the wall of the reactor.

We developed a model that presumes Zn and O, diffuses in the radial direction to the wall of the
reaction tube on which the molecules react instantly to form ZnO(s). The bulk flow within the tube
is assumed to be fully developed laminar flow. The model further presumes steady state radial
mass transfer governed by Fick's Law for which the binary diffusion coefficients of Zn in Ar and O,
in Ar are presumed to adequately describe the diffusion coefficients.

The physical situation is thus described by the following differential equation:

2
UXE- Di-Ar(}B-*_ I C; ) =0,
x rqr Ir

where i refers to either Zn or O,; Di_Ar is the binary diffusion coefficient of either Zn or O, in Ar;
U, is the axial velocity of the bulk gas flow at a given radius. It has the parabolic laminar profile;
the values I and X are the radial and axial positions within the reactor tube: I =0 is at the tube
centerline, and X = 0 corresponds to the axial position where the gases enter the reaction zone.
The boundary condition at X=0and r>0.003mis C = O;at x=0and r £ 0.003 m the condi-
tion is C; =concentration of Zn or O that existed in an actual experiment. The boundary condition
at the wall is set by the assumption that the reaction Zn + 0.50, ® ZnO(s) is infinitely fast. This
constraint implies that at I = R, for at least one of the species, C||r:R =0,and

1TCZn — 1-[Coz
Zn- Ar ﬂr r=R 0O,- Ar ﬂr

r=R

The partial differential equation with the prescribed boundary conditions was solved using a finite
difference numerical method with a 50 X 24 grid that covered the reaction zone. The number of
grid points was increased until the change in the calculated amount of deposited ZnO was more
than an order of magnitude lower than the uncertainty in the measurement of the deposited
ZnO(s). In the development of the finite difference model, we evaluated the importance of axial
diffusion and concluded that differences in our calculated values of deposited ZnO(s) with and
without axial diffusion would be lower than the uncertainty in the measured amounts of deposited
Zno(s).
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Table 2 shows the comparison between the amount of ZnO(s) recovered in an experiment in the
reaction zone compared to the calculated amount based on the mass transfer model.

Experiment Temp.[K] Nzn/Noy Na /N7, | TOL.ZNO,, [9][T0L.ZN0, 04 [0] t[s]
1 1245 1.76 81 0.40 0.84 920
2 1250 1.03 139 0.25 0.49 920
3 1240 3.92 71 0.42 0.45 920
4 1245 1.59 90 0.40 0.62 920
5 1250 2.36 128 0.94 1.16 1920
6 1245 1.91 128 0.77 1.12 1920
7 1245 2.54 118 0.12 0.14 220
8 1160 1.19 252 0.39 0.70 1920
9 1200 3.04 128 0.55 0.92 1920

10 1110 1.46 282 0.41 0.66 1920

Table 2: The amount of ZnO recovered in the reaction zone and the amount predicted from a mass transfer
model under various experimental conditions.

One sees good agreement between the calculated and recovered amounts of ZnO(s) for a variety
of experimental conditions. Figure 13 also illustrates that the mass transfer model reasonably pre-
dicts the distribution of ZnO(s) throughout the reaction zone.

For these reasons we conclude that the re-oxidation reaction can be described as one which is
limited by the mass transfer rate of Zn and O, to a surface when the gases are at a temperature
far from the condensation temperature of Zn and are entrained in Ar and flowing through a reactor
in the laminar flow regime. It is interesting to note that the model always over predicts the ZnO(s)
deposition rate. We put forward two explanations, but prefer the 2" because it also explains why
the model over predicts the deposition in the first 4 cm of the entrance region of the reaction zone.

The model presumes an infinitely fast reaction, which of course is not possible. So the calculated
deposition rate could be higher than the measured values for this reason. The model also does not
account for the complex fluid flow condition in the first 4 cm of the reaction zone. Here the flow is a
developing laminar flow. The large radial velocity components present in this region would tend to
prevent Zn and O, from reaching the wall. In every comparison between an experiment and a cal-
culation, we over predict the ZnO deposition rate in the hydrodynamic entry region. To quantita-
tively argue for one or the other explanation would require further development of the mass trans-
fer model so that it accounts for the radial velocity field in the entrance region of the reaction zone.

Reference [18] gives a more complete development of the model. There one finds the impact of
estimates of diffusion coefficients and estimates in measurement errors on the differences be-
tween the model and the experimental results.

Because our concern was to only establish a means for making reasonable estimates of the re-
verse reaction under the above specified conditions, we shifted our research to an important con-
cern with regard to designing the solar reactor so that the highest possible Zn yields could be ob-
tained.
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The experimental conditions correspond to experiment 7 in Table 2.

Given the experimental evidence supporting the notion that the Zn/O; reaction is likely a surface
reaction, we suspected that the Zn yield exiting a solar reactor would tend to be higher if the car-
rier gas transporting the products out of the reactors hot zone were hot enough to avoid the con-
densation of Zn within the reactor in the zone where ZnO(s) is being dissociated. We speculated
that Zn that condensed in this zone could lead to a large surface area on which the reverse reac-
tion could take place. By suppressing the condensation of Zn in the high temperature region of the
reactor, we hypothesized that all else being equal in the quench device, the Zn yield should im-
prove. We thus conducted a set of experiments in the SLOPE reactor where we modified the reac-
tor so that we could operate it with the Ar or N, carrier gas at elevated temperatures. Figure 14

summarizes our findings.
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Figure 14: Zinc yield from SLOPE vs. entrance gas temperature for various operating conditions.
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The Zn yield is higher when we are able to keep the Zn from condensing in the hot zone of the
reactor. Thus it an important design requirement for the solar reactor is to bring the carrier gas into
the reactor at a temperature that avoids Zn condensation.

Co-Production of Zn and Syngas by the Combined ZnO-Reduction and CHa-
reforming Processes!

Zinc and synthesis gas (syngas), besides being important material commodities, are attractive as
energy carriers. Zinc finds applications in Zn/air fuel cells and batteries, and it can also be reacted
with water to form hydrogen [19] that can be further processed for heat and electricity. Syngas can
be used to fuel high-efficient gas turbines and is also the building block of a wide variety of syn-
thetic liquid fuels, including methanol - a promising substitute of gasoline for fuelling cars. How-
ever, the current industrial production techniques of both zinc and syngas carry severe environ-
mental consequences. A recent life cycle analysis on the conventional fossil-fuel-based production
of zinc by electrolysis and of syngas by natural gas reforming indicates total greenhouse gas
emissions (GHG) of 2 kg COx.equivatent Per kg primary zinc and 0.8 kg COz.¢quivalent PEr Kg Syngas,
respectively [20]. These emissions can be reduced substantially, or even completely eliminated, by
combining both the production of Zn and syngas and by replacing fossil fuels with concentrated
solar energy as the source of high-temperature process heat. The proposed solar combined proc-
ess, called “SynMet” [21,22], can be represented by the overall reaction:

Zn0 +CH,; ® Zn +2H, + CO

The use of solar energy for supplying the enthalpy of the reaction upgrades the calorific value of
the initial reactants by 39%. Thus, using the SynMet process, solar energy is converted into stor-
able and transportable chemical fuels.

The chemical thermodynamics and kinetics for reaction above have been reported in several stud-
ies [8,21-23]. The reaction is highly endothermic (DH°;1300 k = 446.6 kJ/mol) and proceeds to
completion at temperatures above about 1300 K. Figure 15 shows the h-T diagram of the reaction.
In previous projects a fluidized bed reactor and a vortex flow cavity reactor for the SynMet process
had been designed and tested at PSI [21,24]. Conducting experiments with these reactors pointed
out the feasibility of the solar driven ZnO reduction by CH,. However efficiencies had been low due
to the need for excess gas for fluidizing and feeding ZnO. The molar ratio of the reactants was up
to n(CH,)/n(ZnO)=35. Attempts to reduce the carrying flow to the stoichiometric amount resulted in
plugging inside cavity and feeding system. These problems were overcome by the reactor devel-
opment work described in the following section.

1 Work partially funded by the Baugarten Foundation.
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Figure 15: H-T diagram of the reaction ZnO + CHs ® Zn + 2H, + CO at 1300 K (1-2: heat ZnO and CH,4
from 298 K to 1300 K; 2-3: chemical reaction at 1300 K; 3-4: cool Zn(g), 2Hz and CO to 1180 K; 4-5: phase
transformation Zn(g) ® Zn(l); 5-6: cool Zn(l), 2H, and CO to 692 K; 6-7: phase transformation Zn(l) ® Zn(s);
7-8: cool Zn(s), 2H, and CO to 298 K).

Methodology

Figure 16 shows schematically the new designed SynMet-reactor [25,26]. It consists of an insu-
lated cylindrical cavity (length = 240 mm, diameter = 110 mm) that contains a 6-cm diameter win-
dowed aperture to let in concentrated solar energy. The quartz window (diameter = 240 mm,
thickness = 3 mm) is cooled and protected from condensable gases by an auxiliary gas flow. Both
reactants CH,; and ZnO are fed at ambient temperature. ZnO powder is continuously fed axially.
Short pulses of CH,4 are simultaneously injected through a tangential inlet nozzle at the site where
the ZnO particles fall. The result of the pulsed gas flow is the formation of a dense particle cloud
that absorbs incoming solar irradiation efficiently and a decrease of the gas flow rate needed for
distributing the ZnO in the reactor cavity compared to the former SynMet prototype [25]. The
chemical products, zinc vapor and syngas, continuously exit the cavity via a tangential outlet port
located at the front of the cavity, behind the aperture. The ceramic thermal insulation of the cavity
walls has been further augmented to reduce conduction losses and allow for higher operating
temperatures. Finally, the outlet port has been enlarged and insulated to prevent plugging by zinc
condensation and to allow for a continuous mode of operation.
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Figure 16: Scheme of the improved SynMet solar chemical reactor [26].

The solar experiments were carried out at the high-flux solar furnace of the Paul Scherrer Institute.
The experimental set-up is shown in Figure 17. The ZnO powder is fed by a spiral-type feeder
located at the rear end of the reactor cavity. A programmable logic module controls the pulse dura-
tion and the time interval between consecutive pulses of the CH, flow. In some experiments there
was an additional CH, flow via a pipe positioned in the bottom of the rear section of the cavity.
Reactor wall temperatures were measured with thermocouples type K and S inserted at the cavity
wall but not exposed to the intense radiation. Furthermore the nominal cavity temperature was
measured with a solar-blind pyrometer developed by IMPAC and PSI. This pyrometer is not af-
fected by the reflected solar irradiation because it measures in a narrow wavelength interval
around the 1.4 mm wavelength where solar irradiation is mostly absorbed by the atmosphere. The
reactor’s outlet gas temperature was measured by type K thermocouples. Pressure in the reactor
is continuously monitored and restricted by a pressure safety valve. After exiting the reactor, the
reaction products flow through a water-cooled Pyrex tube where part of the zinc condenses. A
battery of particle filters collects the remaining solid products downstream. The gaseous products
(CO, CO,, CHy and Hy) are analyzed on-line by gas chromatography. The amount of zinc pro-
duced (or of ZnO reduced) is calculated by balancing the oxygen of CO, CO,, and H,O (H,0O is
calculated by balancing CH, and H,) contained in the gaseous products.

For verifying the Zn amount calculated from the oxygen in the gaseous products, additional ex-
periments using a fixed bed of ZnO subjected to a continuous flow of CH, that was injected via a
pipe positioned under the bed have been conducted. There was good agreement between the Zn
amount calculated from the ZnO measured before and after the solar experiment and the amount
calculated by balancing the off gas.
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Representative product samples are taken from the material collected in the condenser and filters
and are analyzed by X-ray diffraction.
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Figure 17: Experimental set-up at PSI's high flux solar furnace.

During a typical experiment the reactor is solar-heated to the desired temperature under a flow of
N, and then isothermally subjected to the reacting flow. At the end of an experiment the solar ra-
diation, the ZnO and CH, flow are cut off simultaneously and the reactor is cooled under N, flow.
The duration of feeding lasted up to 33 min.

Results

Figure 18 shows the purity of Zn collected in the condenser and the filter as a function of nominal
reactor temperature. The purity is increasing with increasing temperature. The mole fraction of Zn
increased from 88% at 1300 K to 100% at 1500 K for the samples collected in the condenser and
from 93% at 1300 K to 100% at 1370 K for the samples collected in the filter respectively. The
degree of chemical conversion of CH, to syngas increased with temperature and reached 96% at
1676 K. Typical H,:CO and CO,:CO molar ratios in the syngas were in the range 1.5-3 and 0.08-
0.25, respectively. Besides H, formation, CO, CO; and Zn, C, and H,O were all produced during a
solar experiment. The selectivity for the formation of H, decreased from 80% at 1300 K to 40% at
1676 K while selectivity for H,O is increasing from 20% to 60 %. The selectivity for C and (CO,) is
decreasing from 48% (9%) at 1300 K to 37% (5%) at 1676 K while selectivity for CO is increasing
from 43% to 58%. According to thermodynamic equilibrium calculations there should be either a
composition with low amounts of H,O and a large amount of C in case of n(CH,)/n(ZnO)>1 or a
composition with a large amount of H,O and no C in case of n(CH,)/n(ZnO)<1, but not a composi-
tion with both, large amounts of H,O and C simultaneous. A feasible explanation could be the pos-
sible cracking of CH,4 to H, and C. Gaseous H, can react faster with the existing ZnO than C which
has to be transformed into gas phase via Boudouard equilibrium.



20
Projekt: The Solar Production of Zinc

The Zn production rate (Figure 19) increased with temperature for runs with pulsed CH, feeding.
As expected in runs with pulsed CH, feeding and an additional CH, flow injected at the bottom of
the cavity a favorable effect on the Zn production rate was observed. For the semi batch run with
the fixed bed 11.5 g per min were obtained at 1550 K.
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Figure 19: Rate of Zn production as a function of the nominal reactor temperature.

Figure 20 shows the energy balance of the reactor for different input solar power levels. Heat
losses due to reflection and attenuation at the quartz window typically amount to 7 % of the solar
power input. Conduction heat losses through the reactor walls vary ketween 20-30 % and re-
radiation losses through the aperture vary between 20-30 % of the solar power input. The power



21

Projekt: The Solar Production of Zinc|

used for heating the reactants and N, to reactor temperature amounts to 5-11 % and that used for
the chemical reaction amounts to 2.5-12 % for runs with pulsed feeding, 11 % for runs with pulsed
and pipe feeding and 17 % for runs with fixed bed of the solar power input. Qother includes the en-
ergy losses derived from thermal bridges and transients associated with heating the reactor’s insu-
lation. The thermal efficiency defined as the fraction of solar input power used for heating input
flows to reactor temperature and driving the chemical reaction reached 9-25 %.
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Figure 20: Energy balance of the reactor for the solar runs.

The thermal efficiency is defined as

h _ Ny, XDH “reactants@298 K ® products@T
thermal —
Qsol ar

reactor

where Qsglar IS the solar energy input, nz, the amount of Zn produced, and DH° the standard en-
thalpy change of the reaction when the reactants are fed at 298 K and the products are obtained at
Treactor- Nihermar IS Shown in Figure 21. It increased with temperature and reached 22 % at 1612 K,
but decreased for the run at 1676 K because of the almost complete conversion of CH,. The ex-
ergy efficiency is defined as

h _ Ny, XOG  reactants@298K ® products@298K

exergy — Q
solar

where DG° is the standard Gibbs free energy change of the reaction. As expected from the meas-
ured Zn production rates for runs II-VI (Figure 2), heyergy increased with temperature and reached
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5.4 % at 1676 K. It can be augmented by recovering the sensible and latent heat of the products.
The highest exergy efficiency was 7.7%, obtained for the semi-batch run, pointing to the possibility
of further increasing the amount of ZnO and CH, fed continuously for matching the reaction rate
with the incoming solar power.
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Figure 21: Variation of the thermal efficiency as a function of the nominal reactor temperature.

Economic Analysis of Solar Hydrogen Production

The cost analysis for solar hydrogen production via the 2-step water-splitting thermochemical cycle
(see Figure 1) is carried out using the general procedure developed in [27], applied previously in
the solar combined ZnO-reduction and CH,-reforming [28]. The baseline operating conditions and
enthalpy flows are the ones indicated in Table 1. The solar concentrating plant is assumed to be a
solar tower system with a Cassegrain optical configuration of the type being developed at the
Weizmann Institute of Sciences [29,30]. This innovative “beam-down” concentrating system uses a
field of heliostats (two-axis tracking parabolic mirrors) to focus the sunrays onto a hyperboloidal
reflector positioned at the top of the tower, which further re-directs the concentrated sunlight down
to a CPC at the ground level. With this arrangement, concentrated solar radiation emerging out of
the CPC (or an array of CPCs) can enter the solar reactor (or an array of solar reactors) located on
the ground level, eliminating the need for massive and expensive tower, piping, and frequent per-
sonnel access to the tower top. The heliostat field is the largest single cost item in the solar plant.
The assumed baseline cost of 150 $/m” is consistent with current estimates of large-scale produc-
tion of silvered glass heliostats [31,32]. The amount of area required is dependent on the efficiency
of delivering solar heat to the receiver-reactor. The annual solar thermal efficiency, hgojar thermal, 1S
defined as the fraction of annual solar radiation used for process heat. It is calculated, on a yearly
basis, as the ratio of the enthalpy change of the reaction to the solar beam radiation incident over
the heliostat area. Thus, hsgar thermal IS the product of the solar receiver’'s absorption efficiency,
habsorption, @nd the optical efficiency of the solar concentrating system, hopics. The latter is assumed
to be 58%, and is based on ray-tracing calculations that account for reflectivity, shading, align-
ment, and spillage losses due to geometrical and tracking imperfections [33]. The costs for the
tower, tower reflector, and CPC were derived from [33], designed for a 34 MW, solar-driven com-
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bined cycle power plant. The cost of the receiver-reactor was based on judgment considering ear-
lier data [33-35]. Costs associated with balance of plant were based mainly on [34] which displays
detailed breakdowns of a variety of chemical systems. It includes site development, infrastructure,
piping, instrumentation and control, security provisions, contingency, etc. The O&M cost is taken to
be 2% of the capital cost. A fixed charge rate of 15% per annum is assumed, but early plants
would probably have a higher fixed charge rate because of perceived high risk. The solar plant
size is selected to be one that delivers 90 MW of concentrated solar power to the solar reactor,
Qsolar- The only reason for this selection is that it allows the cost for the tower, tower reflector, and
CPC to be directly extracted from [33] without inter/extrapolations. An important implicit assump-
tion is that the solar tower technology becomes cost effective at large scales, but the question of
the optimal size of the solar plant is not addressed in this analysis. Other baseline parameters are
an annual beam irradiation of 2300 kWh,/m?/year and 2,300 equivalent full power hours per year
(obviously intermittently). For all cases, the H, produced is assumed to have an energy content of
241 kJ/mol, which corresponds to its low heating value (LHV).

Government subsidies or any credit for CO, mitigation have been excluded from consideration.
Credit for O, sale (O, derived from the solar reactor) has also been excluded. Also not accounted
for is any cost incurred from storage and transport of reactants and products, and from transport-
ing H; to the consumer site. Since the hydrolyser does not necessarily need to be located next to
the solar plant, the transportation and storage costs for H, can be minimized or even completely
eliminated if the hydrolyser is located next to the consumer site, but the transportation and storage
costs for Zn and ZnO, which are comparable to those for coal, will then have to be added. The
recycling of a quenching inert gas is not included explicitly in the cost breakdown, but its implica-
tions are discussed.

Table 3 shows the cost breakdown of the solar chemical plant and the unit cost of hydrogen, in
US$/kWh. Included is also the cost of electricity generated using 70% efficient PEM fuel cells fu-
eled by solar H. Calculations were carried out for two values of the solar concentration ratio:
5,000 and 10,000. As expected, the heliostat field causes the largest single cost item and is re-
sponsible for 44% of the total investment costs for the entire chemical plant. In contrast, the cost of
the solar reactor represents only 13%. However, for a fixed product throughput, the solar reactor’s
efficiency dictates the size of the heliostat field (or, vice versa, for a fixed size of the heliostat field,
the solar reactor’s efficiency dictates the product throughput). Thus, reaching high solar reactor
efficiencies and reducing the cost of the heliostats per unit area will have a significant impact on
reducing the unit cost of H,. For example, a reduction of the H, cost by 13% is possible for a helio-
stat field at 100 $/m?. The same magnitude of cost reduction can also be obtained by doubling the
concentration ratio to 10,000 and, consequently, increasing the solar reactor's absorption effi-
ciency by 23%. Note that doubling the concentration would require higher precision optics of the
solar tower reflector and CPC, whose costs may double. It may also require more accurate helio-
stats arranged to have more ground coverage, resulting in higher blocking and shadowing and,
therefore, higher costs per nt of heliostat field. Thus, the economical optimization of the solar flux
concentration is a complex problem, not solved in the present study.

The specific cost of solar H; is estimated to be in the range 0.14-0.15 $/kWh (based on its LHV),
assuming baseline parameters and a solar concentration ratio varying between 5,000 and 10,000.
A sensitivity analysis for C=5,000 revealed that the cost of H; varies in the range 0.11-0.17 $/kWh
when the heliostat field cost varies between 50 and 200 $/m?. This hydrogen cost has to be com-
pared to that of hydrogen produced from water using other renewable energy based routes, e.g.,
solar, wind, biomass, geothermal, hydro, etc. The reference route is generally taken to be the pro-
duction of hydrogen by electrolysis of water using solar-generated electricity. For solar thermal
troughs systems (e.g. SEGS plant in California [36]), currently generating electricity at 0.12
$/kWh,, the reference cost of H; is cited as $0.20/kWh [36,37]. Thus, the proposed thermochemi-
cal route has the potential of becoming economically competitive. For wind electricity, currently at
about 0.06 $/kWh,, the cost of H, by H,O-electrolysis is estimated to be 0.17 $/kWh at present,
and expected to come down to 0.10 $/kWh by the year 2005, as both the wind and electrolysis
technologies mature [37]. It will be difficult for any solar technology to compete with the cost of H,
from wind electricity unless the heliostat field cost drops under 100 $/m? and the annual solar
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thermal efficiency exceeds 40%. Obviously, for locations with rich solar insolation but poor wind
resources, solar is going to be more competitive.

The cost of separating an inert quenching gas from the gaseous products exiting the solar reactor
is not included in the cost breakdown of Table 2 because of the uncertainty regarding the need of
such a quenching gas. However, if needed, it could play a decisive factor on the economics of the
entire solar process. If N, were to be used as the inert quenching gas by a N,/Zn dilution ratio of
10, the annual N, requirement would amount to about 9x10° kmol. Assuming current costs of N,
production with membrane separation techniques at 0.06-0.08 $/Nm? (by an electricity cost of 0.06
$/kWhg), the annual capital costs would be increased by 12 M$, resulting in about doubling the
specific cost of solar H, [38]. Thus, the economic feasibility of the proposed process is strongly
dependent on the development of a Zn/O, quench technology (or, alternatively, in-situ Zn/O, elec-
trolytic separation technology) that practically eliminates the need for an inert quenching gas.

The cheapest non-renewable H, is obtained at the moment via the catalytic steam-reforming of
natural gas (with process heat supplied by the combustion of natural gas), at about 0.03-0.04
$/kWh, assuming feedstock cost in the range 10-12 $/MWh and excluding any externalities such
as the cost of CO, mitigation and pollution abatement [39,40]. The external costs may be as-
sessed with the help of a life cycle analysis (LCA) for evaluating the environmental burdens asso-
ciated with the process by quantifying energy and materials used and wastes released during the
entire life cycle. A LCA for the conventional syngas production indicates greenhouse gas emis-
sions2 of over 1 kg COgz.equivalent PEr kg syngas, of which 84% are derived from the combustion of
natural gas in the endothermic steam-reforming step [20]. Once the external costs are internalized,
the cost of solar H, is expected to become competitive with that of H, produced using fossil-fuel-
based technologies.

The cost of electricity generated by H,/O, fuel cells that are fueled with solar H, ranges between
0.31-0.33 $/kWh,, for the baseline case. This cost is not competitive against that of bulk electricity
generated directly via solar thermal or even solar PV conversion systems, provided these systems
are constrained to similar annual solar irradiation conditions of at least 2300 kW/m?/yr with 2,300
equivalent full power hours per year. Thus, for large-scale stationary applications in regions of high
insolation, direct solar electricity generation is clearly the preferable path, whereas for mobile ap-
plications it is obviously not a viable option. Solar thermal electricity systems can also feature on-
site thermal storage capabilities (e.g. using molten salt as the heat transfer medium [36]) to allow
for solar electricity dispatchability after sunset at more competitive prices than using chemical
storage in the form of hydrogen. However, for regions having poor insolation, the cost of direct
solar electricity generation often exceeds 0.30 $/kWh.. Transmission of solar electricity from re-
gions of high insolation may be then a viable option; its cost will need to be compared with the cost
of electricity from fuel cells fueled with solar H,, including the additional cost of H, storage and
transport. For mobile applications such as powering electric vehicles, fuel cells fueled with solar H,
may compare favorably when judged against the alternative of using rechargeable batteries of
similar performance and being charged with solar electricity. Furthermore, solar H, decouples the
collection of solar energy and the generation of solar electricity, so that solar-H,-fueled fuel cells
can supply solar electricity around-the-clock to meet customer's energy demands whenever and
wherever needed.

The weaknesses of this economic assessment are related primarily to the uncertainties in the vi-
able efficiencies and investment costs of the various components due to their early stage of devel-
opment and their economy of scale. The technical feasibility of large-scale windowed solar reac-
tors, quenching techniques, and zinc hydrolysers needs demonstration. The solar tower-reflector +
CPC technology also needs up-scaling to commercial size, but an alternative solar plant configura-
tion with the receiver-reactor at the top of the tower could be developed.

2 The three most relevant greenhouse gases were considered, namely: CO,, CH,, and N;O. The amount of CH, and N.O
emitted over the entire process is converted into CO,’s equivalents (CO,-equivalent) by using the Global Warming
Potential factor of 21 for CH, and 310 for NNO. A European electricity mix with 15% share of renewables and 32% share
of nuclear was assumed in this study [20].
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Plant size, energy, and mass flows

Solar plant size (solar power input to solar reactor) [MW] 90 90
Solar input on heliostat field/year [MWhy,/yr] 356,896 356,896
Heliostat area [m?] 155,172 155,172
Design ZnO/H,0 feed [kg-mol/hr] 398 398
Zinc metal production [tons/yr] 59,433 73,169
Hydrogen production [million-kWh/yr] 61 75
Electricity production [million-kWhe/yr] 42 52
Efficiencies
Solar concentration ratio, C 5,000 10,000
Optical efficiency of solar concentrating system, hgpiics 58% 58%
Solar reactor’s absorption efficiency, hapsorption 68% 84%
Cycle exergy efficiency, hexergy 29% 36%
Fuel cell efficiency, hec. 70% 70%
Annual solar thermal efficiency, hsojar thermal 40% 49%
Capital cost
Heliostat field [M$, assuming $150/m’] 23.28 23.28
Tower [M$] 3.60 3.60
Tower reflector and CPCs [M$] 5.30 10.60
Solar receiver-reactor + periphery [M$] 7.00 7.00
Quencher [M$] 3.00 3.00
Hydrolyser [M$] 4.00 4.00
Balance of plant, indirects, contingency [M$] 8.90 8.90
PEM fuel cells [M$, assuming $1500/kW installed] 27.48 33.83
Total for solar H, [M$] 55.08 60.38
Total for solar electricity [M$] 82.56 94.21
Specific installation cost for solar H, [$/kW installed] 2069 1843
Specific installation cost for solar electricity [$/kW. installed] 4506 4177
Annual cost
Annual fixed charge rate [M$] 15% 15%
Capital cost for solar H, [M$] 8.26 9.06
Capital cost for solar electricity [M$] 12.38 14.13
O&M cost for solar Hy [M$] 1.10 1.21
O&M cost for solar electricity [M$] 1.65 1.88
Total cost for solar H, [M$] 9.36 10.26
Total cost for solar electricity [M$] 14.03 16.02
Specific cost
Unit cost of solar H, [$/kWh] 0.15 0.14
Unit cost of solar electricity from fuel cells [$/kWh] 0.33 0.31

Table 3: Estimated costs of solar Hz and of solar electricity generated by H./O> fuel cells fueled with so-
lar Hz. The LHV for Hz is assumed.
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Nationale Zusammenarbeit

The project was conducted in close collaboration with the ETH’s Professorship of Renewable En-
ergy Carriers (Head: Prof. Aldo Steinfeld) at the Institute of Energy Technology. The adjacent table
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lists the Diplom-/Semesterarbeiten conducted within the framewaork of this project.

DIPLOMARBEIT

1. | SSO00 | Bjorn Thorud Verweilzeitverhalten im SynMet-Reaktor

2. | WSO00 | Marcel Beerli Wirkungsgradberechnung eines chemischen
Solarreaktors fiir die Zinkproduktion durch thermische
Dissoziation von Zinkoxid

3. | SS01 | Christian Cortina Solar hydrogen by zinc hydrolysis

4. | WSO01 | Stefano Piffaretti Zn quench by splash-condenser

5. | SS02 | Javier Fernandez Analyse der thermischen Dissoziation von ZnO zur
Produktion von Zn in einem chemischen Solarreaktor

6. | SS02 | Martin Seeman Chemical Reactor Development for H2 Production by
Hydrolysis of Zn

7. | WS02 | Stephan Marty Experimentelle Bestimmung der Warmeleitfahigkeiten von
Zinkoxid ZnO mit Kohle C, Kalkstein CaCO3 und Kalk
CaO

8. | WS02 | Enrico Tempesta Wasserspaltung mittels Zink im Wirbelschichtreaktor

9. | WS02 | Markus Schlapfer Wasserspaltung mittels Zink im Wirbelschichtreaktor

1C | WS02 | Andreas Z'Graggen | Transient solution for an irradiated suspension of reacting
particels

SEMESTERARBEIT

1. | WSO00 | Stefano Piffaretti Wirtschaftliche Analyse eines Solar-Zink Kreislaufes fir
die Stromproduktion

2. | WSO00 | Gaetan Gogniat Einfluss von Kaliumhydroxid auf der solaren Zinkoxid-
Zersetzung mit CH,

3. | WSO00 | Javier Fernandez Zink/O2 Brennstoffzelle

4. | SSO01 | Nicola Ferretti Solar reduction of ZnO with biomass

5. | SS01 | Robert Macchi Solar reduction of ZnO with biomass

6. | WSO01 | Rolf Fahrni Overview of Hydrogen Production Methods and Costs

7. | SS02 | Patrick Burgi Zink-Kondensation im  Solaren  Zink-Kreislauf -
Experimentelle Untersuchung des Zink-Splash-
Kondensators

8. | SS02 | Andreas Z'Graggen | Modeling a solar cavity-receiver with selective window

9. | SS02 | Paul Borer Estimation of efficiency for various metal oxide/metal pairs
in simplified solar thermochemical cycles

1C | WS02 | Alexander Heller Temperature measurement in cavities by radiation py-
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rometer

11| WS02 | Ly Hao Design of an apparatus for the quantitative determination
of metal yield from the products of the solar reduction of
metal oxides

12 | WSO02 | ThierryR6thlisberger | Thermogravimetry of ZnO+C process

13| WS02 | Martin Renggli Entwicklung eines Zink Sprinkler-Kondensators

Internationale Zusammenarbeit

Because of the high risk of the quench step in the pure solar decomposition of ZnO, we consid-
ered a solar carbothermic reduction. We were particularly interested in creating an EU project for
which we would scale-up a reactor. During 2001 we successfully developed a joint European re-
search project for this task. The project, called SOLZINC aims at scaling-up the chemical reactor
technology for the solar production of Zn by carbothermic reduction of ZnO in a 0.5MW solar ther-
mal input plant. Furthermore, the ZnO-Zn cyclic process encompassing the Zn-production solar
plant combined with a Zn-air fuel cell will be developed to deliver solar electricity independent of
location and time. The following table describes the project partners and their main tasks:

Partner Location/Country | Main task (partners are
active in further tasks)
CNRS-IMP Odeillo/ France Administrative coordination,
thermal and energetic
diagnostic
PSI Villigen/Switzerland | Scientific coordination, solar
reactor design, buildup, test
ETHZ Zurich/Switzerland Solar reactor modeling and
optimization: solar simulator
WIS Rehovot/ Balance of plant for pilot
Israel Infrastructure: 1MW beam
down solar concentrator
ScanArc Hofors/Sweden Zn-condensation (operation
limits, pilot plant)
ZOXZY Oberderdingen/ Zn-air fuel cell optimisation
Germany Treatment of spent cell
products prior to reuse in
solar plant

The key objective of SOLZINC is to develop and to experimentally evaluate a solar carbothermic
ZnO-reduction process at the solar power input level of about 0.5 MW. In addition, the project
includes the investigation of the material cyclic process and the interface of Zn-air fuel cells with
the solar process.

This project was part of PSI’s portfolio in the International Energy Agency’'s SolarPACES Program
(Solar Power and Chemical Energy Systems — www.solarpaces.org). This IEA Agreement pursues
the following objectives: 1) establish international collaborations and support research, develop-
ment, and demonstration of solar thermal technologies for power and chemical applications; 2)
support market development for the commercialization of these technologies; and 3) expand
awareness of the potential of these technologies (including long term fuel supply). The participat-
ing countries are: Australia, Brazil, Egypt, EU, France, Germany, Israel, Mexico, Russia, South
Africa, Spain, Switzerland, United Kingdom, and USA. Task and information sharing activities were
established with leading SolarPACES research organizations, e.g. DLR (Germany), CIEMAT
(Spain), CNRS (France), Weizmann Institute of Science (Israel), NREL (USA), SANDIA (USA), U.
Colorado (USA), ANU (Australia), Tokyo Inst. of Technology (Japan), and private companies in the
energy sector.
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Bewertung und Ausblick

The research activity led to two reactor concepts for the direct thermal dissociation of ZnO, SLOPE
and ROCA [15-16]. It is our opinion that the ROCA concept is at this time the one best suited for
further development. Although SLOPE is a mechanically simple reactor concept: no moving parts
and capable of operating in a batch or continuous mode, it is not a cavity receiver. This fact implies
that the optical system delivering the light would need to be a field of mirrors with an extremely
high optical quality that enabled the reactor without a CPC to receive sunlight at concentrations no
less than 3000 suns. This technology does not exist. ROCA, on the other hand, is a cavity that can
accept a CPC. The direct solar radiation on the reactants insures that the cavity has an excellent
thermal response for Zn production. The cavity geometry can be designed for good conversion
efficiencies of sunlight to chemical energy. However, a number of aspects of the ROCA reactor
must be improved. Our plan for future work is given below.

During this research program, we established a quantitative kinetics expression for the thermal
dissociation of ZnO(s) at temperatures in excess of 2000 K bracketed with an uncertainty interval
at a 95% confidence interval [13]. For those interested in developing a reactor for the thermal dis-
sociation of ZnO(s), the kinetic expression will allow one to estimate decomposition rates, tem-
perature profiles, and sunlight to chemical energy conversion efficiencies for various reactor de-
sign concepts. The estimates are done by linking the reaction kinetics to the heat transfer proc-
esses occurring within the reactor. In this research program, we began developing a numerical
method for making such a link.

The potential of separating the Zn from the O, with rapid cooling depends on the kinetics of the
reverse reaction. We recognize this reaction as a surface reaction. In this study, we found that for
gas temperatures above the condensation temperature of Zn but below the decomposition tem-
perature of ZnO(s) the recombination reaction may be mass transfer rate limited. When the flow
situation is laminar and the available surface for the reverse reaction is the reactor wall, we found
good agreement between experimentally measured ZnO(s) deposit rates and rates calculated
from a laminar flow mass transfer model. This finding represents a first step in being able to pre-
dict Zn yields in a solar reactor. One can use the mass transfer model, for laminar flow situations,
to predict Zn loss in that part of the reactor where the temperature of the walls and gas are be-
tween the ZnO decomposition temperature and the Zn condensation temperature. The results
from the studies in the Laboratory’s Physical Science Group’s current BFE projects, Zn Nucleation
Project and the Zn Oxidation project, will enable us to describe the entire process by which Zn can
be oxidized before exiting our solar reactor. When the entire process is quantified, we will be able
to access the potential of quenching the gaseous products. In the mean time, it is clear also from
our experimental studies that the inert gas entering the reactor should be at a temperature that
prevents the condensation of Zn in the hot zone of the reactor.

We developed and investigated the SynMet process for co-producing Zn and syngas from the
stage of a theoretical concept to a 5 kW laboratory reactor. This research includes both theoretical
work e.g. thermodynamic computations and reactor modeling, and experimental work for develop-
ing and testing solar reactors. A vortex ZnO-CH, flow solar reactor was tested in the temperature
range 1380-1676 K and for an input solar power between 3.6 and 5.7 kW. The reactor and periph-
eral components, including the quartz window at the reactor's aperture, performed trouble-free
under approximate steady state conditions. High degree of chemical conversion (maximum con-
version of ZnO: 100%; maximum conversion of CH,: 96%) and reasonable energy efficiencies
(maximum thermal efficiency: 22%; maximum exergy efficiency: 7.7%) were obtained. Higher en-
ergy efficiencies can be obtained by substituting the parasitic N, flow for CH, and by recovering
the sensible and latent heat of the products.

From these activities, we obtained insight and understanding of the process. These insights were
fundamental prerequisites for the discussion of a future scale-up of the reactor. The experimental
results indicate that the solar chemical reactor technology can be further up-scaled and developed
for an industrial application of ZnO-reduction combined with the reforming of natural gas. However
as a result of our discussion we decided to scale up a process where a solid carbon source is
used as reducing agent for ZnO (see SOLZINC project). Furthermore we developed important
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know-how for solar chemical reactor designing and testing. This knowledge will be a basis for fu-
ture solar chemical reactor developments.

An economic evaluation of the 2-step water-splitting solar thermochemical cycle (see Figure 1)
predicts a unit cost of solar H, varying in the range 0.11-0.15 $/kWh, based on its LHV and a
heliostat field cost at at 50-150 $/m?. Thus, the proposed cycle, if realized at an industrial scale,
can be competitive with the electrolysis of water using solar-generated electricity. The economic
feasibility of the proposed solar process is strongly dependent on the development of an effective
Zn/O, separation technique (either by quench or by in-situ electrolytic separation) that eliminates
the need for an inert gas. Further development and large-scale demonstration are warranted.

The Swiss Federal Office of Energy (BFE) has agreed to support the follow-up project “Solar
Chemical Reactor Engineering for the Solar Thermal Production of Zinc.” The major focus of this
new project will be to improve the ROCA reactor so that the limitations of the reactor concept de-
scribed above can be removed. The project will have the following deliverables:

p A 5-10 kW thermal input solar reactor for the thermal decomposition of ZnO.

p Experimentally determined thermal performance map of the reactor as a function of solar
input.

Numerical model that can predict reactor performance as a function of solar input.
Development of a non-solar reactor for producing H, from Zn and water vapor.

Papers that advance the scientific community’s understanding of the industrial potential of a
solar process for producing Zn from ZnO.

p Papers that advance the scientific community’s understanding of how to develop transient
heat transfer numerical models that link radiation heat transfer with chemical reaction kinet-
ics.
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Appendix A : Uncertainty Analysis for ZnO Kinetics Study

The uncertainty interval that we ascribe to the ZnO decomposition kinetic equation is based on our
estimate of the magnitude of errors in the measured independent variables. Table 1A shows the
relative uncertainty or uncertainty in each measurement for each error source at a confidence level
of 95%. We list the typical sources for measurement errors. Temperature measurements often
contain a system disturbance error and a sensor system error. With the PSI-FAMP and the solar
blind temperature methods, however, the relative magnitude of energy exchange between the
sensor and the system is too low to alter the sample's temperature. We estimate negligible interac-
tion between the sample and sensor that induces an error into the sensor.

Source Estimated uncertainty intervals at 95 %
confidence for the measured variables
dr +dDmin g dt +dD inm
+— +—
T t
Sensor calibration | Fixed 0.037 0.003
error
0.004 0.0045 0.028 0.0001
Stochastic
Process unsteadiness 0.014 0.0003
Conceptual error 0.022
(Spatial
gradients)

Table 1A: Estimated uncertainty in measurements at a confidence interval of 95%.

The calibration error for the temperature measurement is also given in Schubnell and Tschudi,
1995." For FAMP there are two components. One is a stochastic error associated with a curve
fitting routine. The second error is a non corrected fixed error between a standard and the tem-
perature measured by FAMP. This error was estimated from data presented in (Schubnell and
Tschudi, 1995) where FAMP's indicated temperature was compared to that of a reading from an
optical pyrometer with a reported fixed error. The calibration errors for the other measurements
were taken from manufacturer's literature for the measuring instrument.

The unsteady nature of the process is an error source for the temperature measurement. Random
changes in the solar intensity during the course of the experiments accounts for most of this un-
steady behaviour. Table 1A shows the typical value from multiple experiments.

It was not possible to readily measure the spatial distribution of the sample's temperature. None-
theless we acknowledge it as an important error source. The solar flux on the sample is not per-
fectly uniform. The temperature is thus not perfectly uniform. We estimate the error in our tempera-
ture measurement associated with temperature spatial gradients from the flux plot assuming that
the solar flux concentration is proportional to the temperature to the fourth power.

These individual measurement errors are propagated to the uncertainty interval that we wish to
ascribe to the rate equation with the classical Root Sum Square Method. Our propagation tech-
nigue is known as the method of sequential perturbation. Figure 1A illustrates the concept. Using
the nominal data, a base case computer run establishes an expression for the mass flux as a func-
tion of temperature. Three base mass flux values are calculated for three temperatures arbitrarily
selected as low, middle and upper values for which we expect the equation to be used in a given
application. For estimating the random error component, loop one redoes the above calculation,
but the first temperature measurement is perturbed by its uncertainty. The difference between the
mass flux for the three arbitrary temperatures and the base case mass flux is squared and stored.
The first temperature is then restored to its original value. The next measurement is perturbed and
the procedure of establishing a difference between the base case and the perturbed value is again
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squared and stored. This procedure is repeated for all measured variables. The total random com-
ponent of the uncertainty in the mass flux equation associated with the temperature measurement
is then the square root of the sum of all the stored differences.

Input=T,, Ty, ..., Ty; d Ty, d Ty, ..., dT,
Dm;, Dm,, ..., Dm,; dDm,, dDm,, ..., dDm,
[11, Dt2, ey Dtn; thl, th2, ey dDt,
D,dD;r, dr.
A tion:m =T Aex £ L5
ssumption: m = - I
P pg RTg
Run “0” Run “1” RuN “2” Run " Run “1” All \ﬁ?riiblgzs
Nominal case T, Loop T, Loop N TiLoop — Dmiloop —> pg uD ?
Ty, Toy oy T Ti+dTy, To, o, Ta Ty, To+dTs, .., Ty Ty, Ta, o To#dT,
Dmy, Dm, ..., Dmy —p{all Dmi nominal —|all Dm; nominal > Dmy+dDmy, ...
Dt;, Dt,, ..., Dt all Dt nominal All Dt nominal
D, r D, r D, r
Regression analysis Regression analysis
m, =T Aex aE m —rAexpa- E. -
pg RT¢ . £ R
Calculation of m, at Calculation of my;  at
arbitrary temperatures arbitrary temperatures
Ta, Ts, and Tc Ta, T, anciTc
Ne m () ()
m, (Te
m, (Tc $
‘ 1
e’ ¢ M v @fm_, CQV & v
dm(T, | —dT gﬂT Pt gﬂD mz _
dm(T. | ¢ m, [ 2

Figure 1A: Uncertainty Analysis via sequential perturbation. (See reference [13]).

This procedure is repeated to estimate the uncertainty in the equation from mass, diameter, and
temperature spatial errors. The fixed errors on a measurement are propagated to the equation by
perturbing all the data by the fixed error and calculating the new mass flux and comparing the
value to the base case. The relative importance of each measurement on the final equation can be
seen in Table 2A. Further in depth discussion of the uncertainty analysis is found in ref. [13].
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i Temp. inK  uncertainty in %
o1
Results: 11=1.356 xX10° g xm? xs™* expa? 328’50021 ! 2130 62
g 8314T 5 ¢ 2050 68
f 1980 72
Contribution of a measured uncertainty to the uncertainty in mass calculation
Source Temperaturein K Uncertainty in %
2150 16
Temperature  Total Random? 2050 25
1980 33
2150 15
Temperature  Gradients 2050 22
1980 29
2150 1.1
Random error in Dm, D and t 2050 1.5
1980 1.9
Regression analysis” 33
2150 0.07
Fixed mass error? 2050 0.10
1980 0.12
2150 49
Fixed temperature error? 2050 52
1980 54

b Used to calculate total uncertainty interval

Table 2A: Uncertainty in mass flux equation at a 95% confidence interval for various combinations of
measurement errors.

‘Schubnell, M. and Tschudi, H. R. (1995) Simultaneous measurement of irradiation, temperature,
and reflectivity on hot irradiated surfaces. Appl. Phys. A, 60, 581-587.
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Appendix B : Finite Difference Model of ZnO Decomposition:
Combining reaction kinetics and heat transfer

Our approach was to develop a model where we approximated the following physical situation: a
reaction taking place under concentrated solar energy principally on a surface of a ZnO slab, a
uniform surface temperature, conduction into the slab in one geometric dimension, and a steady
state reaction with respect to the decomposition rate. Specifically, the numerical model was used
to calculate Zn production rates and the steady-state and unsteady state-temperature profiles
within the ZnO under conditions similar to those of solar experiments. The calculated results were
compared with those obtained experimentally in order to identify semi-quantitatively how well we
understand the underlying physical processes of the rate of thermal dissociation, radiation absorp-
tion, and thermal conduction.

The model treats the ZnO as a semi-infinite solid with a solar flux impinging on its front surface.
Figure 1B shows that the solid would be continuously fed to the focal point of a solar furnace. The
decomposition is presumed to take place only at the ZnO surface. Our model neglects the extent
to which the reaction takes place within the ZnO volume, and thus only approximately describes
the real situation. We also negelect radiant transport into the solid. However, we forced this physi-
cal situation to some extent by working with dense ZnO. Thus any reaction taking place within the
ZnO solid volume would experience gas phase mass transfer resistance, which would tend to
block the reaction. The gas phase products leaving the front surface, by contrast, are assumed to
leave the solid at the place of formation without confronting a resistance to mass transfer and
without further heat transfer. Any important gas phase mass transfer resistance that may exist
during an experiment will thus influence the values of the experimentally determined kinetic pa-
rameters in the decomposition rate equation.

gaseous products

—> X

v.or m,g

(]
qsol ar

3
qrerad

Figure 1B: Model of a surface reaction for a semi-infinite slab of ZnO irradiated with qso,ar on the surface
which reradiates to the surrounding with qrerad. The absorbed energy is both conducted into the solid and
used to drive the decomposition reaction.
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To simplify the calculation, we assume that the solid ZnO has constant properties. Heat transfer is
by radiation on the front surface, gy, , and it is by conduction in the x-direction within the solid.
Heat loss is only by radiation, §,4q . from the front surface. Under these conditions, ZnO is fed to
the focal point of a solar furnace at a velocity v so that the decomposing front surface at x=0 is
stationary with respect to absolute co-ordinates.

The reaction rate is assumed to obey an Arrhenius type law:
A oS ¢
RXs ¢

R is the universal gas constant in J mol'* K™ , T, represents the surface temperature of the ZnO, A
is thle apparent pre-exponential factor in g s* m?, and E, is the apparent activation energy in J
mol™~.

Conservation of mass at constant density requires
r Yo (2)
adx
where v is the local absolute decomposition velocity of ZnO in the negative x-direction, and r is the
ZnO density.

In our case, the velocity at x = 0 is such that the mass flux of solid ZnO is exactly balanced by the
rate at which it decomposes. Thus ,

3)

ﬂ|j>)

V=-

The one dimensional energy equation per unit volume applied to a control volume fixed in space
is,

2
rzxﬂ:-kﬂl—ﬂme I (4)
qt X x

The first term is the rate at which energy is stored in the solid per unit volume. The remaining
terms describe the net thermal energy by conduction per unit volume into a differential control
volume and the convective transport of energy into the same control volume.

The boundary conditions for equations 3 and 4 are

- k)ﬂ =a > Cklar - €S >T4(x=0) 'A>Dern ()
ﬂx x=0

Ti,-v =300K ©)

T=300K @ t =0 seconds. (7)

Equation 5 states that the energy flux conducted into the ZnO solid is the difference between the
absorbed solar energy and the energy radiated to the environment and the energy flux leaving the
surface due to the vaporization of ZnO(s) to its elements.





