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Abstract

Solar H and syngas are produced via a two-steP/B0,-splitting thermochemical cycle based on Zn/ZnO
redox reactions. This closed cycle consists oftlig)endothermic dissociation of ZnO to Zn anda©2000
K, using concentrated solar energy; (2) the noarsekothermic re-oxidation of Zn with,8 and/or CQto

H, and/or CO, while the initial metal oxide, ZnO,rexycled to the first step. Based on a 10 kW pypiot
concept, a 100 kW solar reactor has been designeédabricated at PSI. The reactor features a rajati
cavity lined with ZnO particles that are directlypesed to concentrated solar radiation enteringutin a
transparent quartz window. A screw conveyor alldhes semi-batch-wise addition of ZnO particles itite
reactor cavity throughout the duration of the ekpent. Testing of the pilot plant was performedtat 1
MW Solar Furnace (MWSF) of PROMES-CNRS in Odeilkmance. A description of the solar pilot plant
layout including the solar reactor technology, igitoperational experience and preliminary reséitsn
work in progress is presented.
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1. Introduction

Energy availability and global warming related mttaopogenic carbon dioxide emissions are curregt k
challenges. Solar processes for the productiomooélsle and transportable chemical fuels (“solatd) can
contribute to solving these challenges by decregatbia fossil fuels consumption and, consequertily,GQ
emissions [1]. Hence, PSI's Solar Technology Latmyyahas been focusing its research on thermoctamic
cycles based on metal oxide redox reactions toym@dhydrogen (5 [2] and — more recently — synthesis
gas (H+CO). Syngas represents the building block for dewariety of synthetic fuels, including Fischer-
Tropsch liquid fuels (primarily diesel and jet fyehat are required to power the transportatiaricss [3].
Producing high-quality syngas with concentratecas@nergy from HO and CQ — the latter eventually
captured from air — represents a viable path tosvaudtainable energy utilization [4].

The Zn/ZnO redox pair emerges as one of the mashiging for solar-driven O and CQ splitting cycles
[5]. This closed cycle consists of two separatpstshown schematically in Fig. 1. In the firstpst&nO is
endothermally dissociated at high temperatureZ880 K) via concentrated solar radiation, yieldgageous
Zn and Q. The product gases are quenched with argon (Aheateactor exit to obtain solid Zn and decrease
parasitic re-oxidation [6]. In the second step, todected Zn reacts exothermally with,® and/or CQ
(typically below 1000 K), yielding Hand/or CO and ZnO, the latter being recycled liadke solar reactor.
This paper focuses on the solar reactor technoteguired for the first step. Experimental invedtigas
with a 10 kW reactor prototype have led to solacttemical efficiencies as high as 3.1 % [7]. The
experimental data allowed validating a heat transfedel, predicting solar-to-chemical efficiencigsup
50.0 % and 55.9 % for similarly designed reactoith@ 100 kW and 1000 kW scales, respectively These
promising results were the motivation to desigrildoand test a 100 kW scale-up version of the 104aMr
reactor in order to demonstrate the technical félgtgiand assess the predicted reactor performarice 100
kW solar pilot plant was tested in June/July 20tha 1 MW Solar Furnace (MWSF) of PROMES-CNRS
in Odeillo, France [8]. In this paper, a descriptiaf the solar pilot plant layout including the aoteactor
technology, initial operational experience and ipralary results from work in progress is presented.
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Fig. 1. Schematic of the two-step solar thermochkeahuycle based on Zn/ZnO
redox reactions to produce Hnd/or CO from kIO and/or CQ[5].

2. The 100 kW solar pilot plant

2.1. Solar reactor technology

The design of the 100 kW solar pilot reactor asateq in Fig. 2a is based on previously investiddlt® kwW
reactor prototypes [9]-[11]. The hexagonal reastwll is made of a 5 mm thick aluminum sheet tqpKegy
the overall reactor weight. The shell consistsafrfdivisible parts with the aim of allowing accdssthe
reactor cavity and simplifying maintenance tasi$:The water-cooled front cone is attached to l{2)ftont
cap, followed by (3) the center casing with the lsredulated cavity and (4) the rear panel contajnihe
water-cooled quench unit. The total length of t&ctor shell is 1327 mm and its minimum outer digmis
1090 mm. The reactor shell is lined with four lasyef refractory ceramics (Insultech AG), shown ig.Rb.
The outermost layer (L4) is 20 mm thick porous lasan consisting of 69 % SiCand 30 % SiC, followed
by a 165 mm thick layer (L3) of alumina silicatédi (55 % AJO;, 40 % SIQ, Thax = 1673 K) and a
subsequent 50 mm thick layer (L2) made of 90 ¥0ARlNd 8 % SiQ (Tyax = 2073 K). The reactor assembly
is finished with 12.7 mm thick sintered aluminasilconsisting of 99.5 % 4; (L1), hold in position with
high temperature adhesive (Kerathin P1800, 84 9@AIl16 % SiQ, Tyax = 2073 K, Rath AG). This results
in an inner cavity diameter of 580 mm and a ler@tii50 mm. The maximum cavity temperature is lighite
by the ZnO-A}Os-SiO, eutectic phase melting temperature at around K9[EQ2].

Concentrated solar radiation is entering the catitgugh a frustum-shaped (45°) front cone witlaparture
diameter of 190 mm, as depicted in Fig. 2a. Theemedoled copper cone is coated with a 1 mm thicB,Z
layer and finished with a 0.5 mm thick 8k layer (Sulzer Metco Ltd.). This ceramic coatingramases the
cone surface temperature with the aim of avoidindesirable condensation of product gases on itacyr
introducing hot gas flows towards the quartz winddwis transparent window with a diameter of 600 mm
and a thickness of 12 mm closes the reactor framsthroundings and is hold in place by a wateraubol
aluminum reactor front shield. To protect the wingd@n aerodynamic curtain is formed by injecting Ar
through 12 radial nozzles at the window and 24 e¢atigl nozzles embedded in the middle of the coated
frustum-shaped cone. The benefit of the Ar flowwis-fold: it reduces the Zn condensation on thedein
and acts as a carrier for the evolving gaseousustsdThe outlet of the reactor is an annular eleee in the
center of the rear panel formed by a circular opgmvith a diameter of 105 mm and the ZnO partieleder
(Messag AG) with an outer tube diameter of 80 mire ZnO particles are fed from a container by a wate
cooled conveyor screw, as shown in Fig. 3. Durigeding, the conveyor screw moves horizontally the
cavity to distribute the ZnO powder along the bettof the cavity. In the water-cooled quench urdtsdd on



the concept presented in [11] and located at thietoof the reactor cavity, up to 150¢/min of Ar can be
added to the reacting gas flow coming from the tgavihe cold quench gas flow is injected through a
circular ring gap with an angle of 10 degrees talsahe flow to rapidly cool the reacting gas strdzatow
the Zn melting point (693 K), thus favoring therfation of solid Zn particles and reducing the rédation

of Zn [6].
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Fig. 2. @) Schematic of the 100 kW solar reactor; b) Schematic cross-sectional view of the lower part of
thereactor with various thermocouples (T;) and different insulation layers (L;) indicated.

: ZnO container
Bosch profile Screw feeder

Mixer motor
Screw motor

Holder for
radiation shield

Motorized wheels Product gas outlet

for cavity rotation
Movable carriage Data acquisition system

Fig. 3. 3D schematic view of the 100 kW solar pilot plant mounted on the
movable carriage, including the solar reactor, the dynamic screw feeder,
and thefilter system.

! |y refers to liters at standard conditions: 273 K aradm.



2.2. Solar plant layout

Figure 4 shows the layout of the solar pilot plafie process control system is running on a compute
located in the control room of the MWSF, using heace (real-time controller cRIO-9012) and software
(Labview) from National Instruments. Three webcares mounted on the tower platform to survey tharsol
pilot plant during operation. A high-resolution caa is placed opposite the solar tower at a distaf@8 m
from the focal plane to continuously monitor thaa®r front and the cavity. It is capable of redogdn real
time the evolution of vapor inside the cavity amy grecipitations on the window, as well as inciden
occurring during experimentation.

A water-cooled radiation shield stands in fronttleé reactor to collect the spillage radiation amdaliow
solar radiation to pass trough a circular openih§0® mm diameter corresponding to the window digme
of the solar reactor. The cooling system furthenprdses the water-cooled feeder and various wateled
components on the rotary reactor (front shieldntfrrone, and quench unit) that are accessed vidaayr
joint. The cooling water (CW) supply to all cooledmponents runs through an open circuit and is toced
by flow meters (GEMU GmbH) mounted on the CW rack.
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Fig. 4. Piping and instrumentation diagram of the solar pilot plant including radiation shield, solar
reactor, quench unit, rotary joint, ZnO dynamic feeder, filter system, pressure control, gas supply and
storage, gas analysis, cooling water supply, water and gas piping, and location of temperature and
pressureindication.



Gas supply (Ar, synthetic air) to the rotary reactomprises the window and quench flows being fedugh
the rotary joint. A further gas stream is used dogp the ZnO container and the screw feeder. Gasfare
set using electronic mass flow controllers (Bromsh@®G) mounted on the gas rack. Gas bottles aanids
are stored outside the solar tower and connectéget gas supply lines.

For the product gas analysis, a small gas flow Ii{r8in) is extracted downstream the quench unit thhoa
gas filter (HEPA, pore size 1;#m) into a gas chromatograph (Varian CP4900) tordete the exhaust gas
composition. Gases including,NO,, H,, CO, CQ, and CH may be detected every two minutes
approximately.

The filtering system (Hablitzel AG, pore sizau) separates solid particles from the exhaust gagh
ideally only contains Ar, low ©@concentrations, and Zn particles. Switching betwte filters using control
valves (Valpes) allows collecting particles durithg heat-up and cool-down phases separately froseth
produced at the desired operating temperature.pféssure inside the reactor is kept at 10 mbarg@au
using a side channel blower (DutchAir) that is atilsd downstream the filter system. A slanted seate
(Schubert&Salzer control systems) placed betweetilter system and the side channel blower regslte
pressure by opening and closing towards the amhbisshisubsequently increasing or decreasing thé@as
from the reactor.

Temperatures, pressure, inert gas and cooling wiates are acquired throughout the experimental run
Temperatures are measured with B-type (layer L8, Bb) and K-type thermocouples (layers L3 and L4,
Fig. 2b) placed inside the solar reactor. Gas awmlig water temperatures are observed with Pt-100
temperature sensors.

2.3. Experimental setup

The reactor and all sub-components, apart fronfillees and the gas analysis equipment, are irstadin a
mobile aluminum modular profile system (Bosch RéxrAG), as shown in Fig. 3. The Bosch profile is
mounted on a movable carriage system (2.8 m x 3.®rallow manageable and flexible transport fréma t
ground floor to the solar tower focal point as wa#l to facilitate on-site maintenance tasks. Fer th
preparation of an experiment, the Bosch profileetsacted to make possible the access to the recatiy
and ease mounting the window and the reactor bieid. Prior to starting an experimental run, ¢heiage

is being moved forward until the reactor aperturtercepts the focal plane. Cooling water supphalto
cooled parts is enabled, while the protective Awl through the radial and tangential nozzles atk et to
15 k/min.

2.4. Experimental procedure

For a typical experimental run, six center helitstaut of 63 in total (each with a mirror area 6frf) are

set into track mode. Subsequently, the shuttersdam opened in small steps to allow steady heardpo
alleviate thermal stress on the cavity lining. Tothier increase the radiative power delivered t® gblar
reactor, more heliostats are set into trackingtfmrs{up to 25 heliostats in total, depending om gloal of the
experimental run). Once the reference temperatdrgsée Fig. 2b) approaches 1773 K, the filters are
swapped and the Ar flow to the quench system isos&500 {/min. At 1873K, the feeding routine is started
to line the bottom wall of the cavity with a batohZnO patrticles. The reactor is kept at or sliglatbove this
temperature (T1, Fig. 5a) while dissociating ZnOoag as the weather conditions are suitable, Eig.5

During the cooling down of the reactor cavity, béthflow rates at the window are initially maintaithat 15
In/min and then reduced to 1Q/thin as soon as T1 drops below 1273 K. The gas flowkept running
overnight to prevent re-oxidation of the produceds), and the cooling water is kept flowing to eitthe
window and quench unit from over-heating.

4. Experimental results

The solar pilot plant was assembled and mountedhenmobile carriage within less than one week.
Installation on the experimental platform in thdasotower and commissioning of the complete plant



required another ten days. Functionality testsllo§ystem components included cooling water, gasku
and off-gas piping, electrical and electronic catioams, process control and data acquisition system
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c¢) Direct normal irradiation (DNI, real-time data provided by PROMES-CNRS) and heat loss at the front
cone calculated from the temper atur e difference of the cooling water flow vs. the experimental time.



Solar experimentation in the MWSF started with stweating up of the reactor cavity to remove theramnt
moisture inside the insulation, which stemmed ftbm manufacturing process. For that purpose, theavi
was removed and the feeder was retracted to feilthe water vapor exiting the reactor. Drying ¢heity,
however, led to shrinking of the insulation layarsd to the formation of gaps between the outernaiera
layer (L4, see Fig. 2b) and the reactor shell. 8gbsently, the rotational movement of the reactqoased
mechanical stress on the cavity lining and resultedlumina tiles being detached. Although the dgeda
cavity was repaired quickly by gluing the tiles @rthe insulation, further runs were performed witho
rotating the reactor.

Eleven solar experimental runs with more than 60r&i@f on-sun testing were performed in the MWSF.
Among them were eight heat-up experiments to dugeréfractory materials by evaporating residualewat
within the insulation and removing organic bindingmpounds. The duration of these experiments was
between three and seven hours, and the maximumetetopes reached between 803 K and 1796 K (T1,
measured behind the alumina tiles). The last tngmerimental runs were conducted with the window
attached to the reactor front and with the goalissociate ZnO and produce solar Zn. The duratfaaoh

of these experiments was between five and six hams the maximum operational temperature (T1) was
between 1873 K and 1903 K. Due to intermittentisadiation caused by cloud coverage of the skystrab

the experiments were disturbed or had to be stopptgahely.

Figure 5 depicts preliminary results from a typisalar experiment for ZnO dissociation. The tempeea
devolution with time is shown in Fig. 5a across tlawity insulation for T1 (behind the alumina t)le$2,

T3, and T4 (inside the reactor shell), and in Elg.along the cylindrical cavity lining for T5 (fron T1
(center), T6 (back), and T7 (rear wall). The lozatof the thermocouples is indicated in Fig. 2be Hilghest
heating rate reached at T1 was 84.5 K/min. Theeaunlst behavior close to the maximum temperature
(between 4 and 5 hours) is due to clouds, whicluéniced the direct normal irradiation (DNI, see. Q)
and, thus, the power input to the reactor. The dsglcooling rate reached was 5.4 K/min after theguo
input was completely removed (heliostats on stapdsr doors fully closed). Neither the maximum hest
rate nor the maximum cooling rate introduced unrgaahle temperature tensions for the ceramic irieunlat
and the alumina tiles contained within the reastuill.

Figure 5c depicts the heat loss at the front caleutated from the temperature difference of theliog
water flow vs. the experimental time. Up to 35 k\&é to be cooled away at the front cone alone, wihen
highest power input is reached (doors fully opeshgliostats in track mode). At steady state, that foss
almost instantaneously followed the DNI, which wdmaracterized by intermittent solar radiation dae t
clouds that eventually impeded continuation oféRperiment shortly after starting the ZnO dissacrat

After cooling down the reactor, 42.7 g of solid guots consisting of Zn and ZnO was found and rewal/e
from the filter that was used during quenching. @halysis of the recovered powder using the HChoat
i.e., dissolving metallic Zn in dilute hydrochlorarid (HCI) to form zinc chloride (Zngland H in an
exothermic reaction — showed a Zn yield of 45.9 %.

5. Conclusion and outlook

A 100 kW pilot plant for the solar thermal dissdiwa of ZnO was designed and fabricated at PSlirgt f
experimental campaign of six weeks was scheduled caomducted in June/July 2011 at the MWSF in
Odeillo. More than 60 hours of on-sun testing i BWSF were recorded, each experiment lasting ketwe
three and seven hours. All systems of the solast gillant have been tested and qualified. Valuable
operational experience with a 100 kW pilot planswgathered and will help to further improve therent
design for the second experimental campaign plafore2012. It aims at optimizing the reactor penfance

by implementing a modified quench unit and by opegathe reactor at higher temperatures using imgulo
high-temperature wall materials. The goal will be¢ach a Zn yield exceeding 50 % and a solar-tonital
energy conversion efficiency approaching 10 %. fgseilts from this research will extent the abitibystore
solar energy as a fuel — such as Zn, 6t syngas — in a manner that increases the chavfchaving a
sustainable solution to the current world probldrbeing dependent on a limited supply of fossillsue
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