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1. Introduction

In the frame of STAGE-STE, the partners of Tasks &d 9.2 are further developing the
solar chemical reactor technology for high-tempemtthermochemical processes that
efficiently convert concentrated solar energy stiarable and transportable fuels.

The design of the solar receiver and reactor ihatheart of developing a solar-driven fuel
production system. Solar reactors can be class#gethdirectly and directly heated reactors
[1]. In directly heated reactors, the reactantsdarectly exposed to and heated by incoming
solar radiation. In indirectly heated reactors, itt@dent solar energy is first absorbed by an
opague wall surface that transfers it to a heatstem medium or reacting material on the
other side of the wall.

The partners have designed, fabricated and expetathetested many different solar reactor
types. For each type, the reactor design is brigéigcribed and applications are presented
together with experimental and modelling resultse Btatus of development is reported and
major publications are listed.

In order to present a rather complete picture efabtual solar reactor technology for solar
fuels processing, this report includes not onlyrtigest recent reactor concepts investigated by
the partners within the integrated research progran$TAGE-STE, but also ongoing and
even terminated solar reactor development withtional or other EC (FP5, FP6, FP7, and
H2020) projects.

In this deliverable, nineteen different reactoreypmre described. Examples comprise solar
reactor concepts for operation under non-atmospltenditions (between 1 mbar and 5 bar)
that are being developed for®/CO,-splitting thermochemical cycles based on metatlesi
(mainly ZnO, Sn@, ferrites and ceria) and tested at the 1-5 kW raooy scale. The
technical feasibility of chemical reactors concepésed on directly and indirectly heated
fluidised bed reactors is studied at small scalé k. In a 10 kW two-cavity solar reactor,
the effect of major reactor and process modificetis investigated including the introduction
of continuous/semi-continuous feeding and the reaho¥ the transparent quartz window.
Novel concepts include the solar steam reforminghatural gas, biogas and bio-ethanol
towards H and mixtures of Bl and CH in a 5-10 kW membrane reactor as well as
hydrothermal gasification/liquefaction of carbonaee feedstocks in a continuous high-
pressure reactor, both powered by solar-heatedemghilts. Current state-of-the-art of solar
reactors involves various devices at pilot scal@0(x 750 kW) dealing with hydrogen and
synthesis gas production by carbothermal redu@mhthermal dissociation of ZnO (100 kW
and 300 kW), steam gasification of carbonaceousmadd (150 kW and 500 kW) using
packed-bed two cavities and gas-particle vortextoga, water and water/GGplitting by
thermochemical cycles (50 and 750 kW) and methapeedorming (400 kW) using directly
irradiated porous reactors.

This report concludes providing a table that sunmearall presented reactors, their main
applications in solar thermochemistry, temperature pressure ranges, as well as technology
readiness level.
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2. Indirectly heated solar reactor concepts

In indirectly irradiated solar reactors, the incitdeadiation is absorbed by a chemically inert
solid and then transferred to the chemical readbyprtonduction, convection, and radiation
through an intermediate heat transfer medium (sgbd, or multiphase fluid) [2]. Indirectly
irradiated reactors have, in principle, the advaataf eliminating the need for a transparent
window [3]. The disadvantages are linked to theithtions imposed by the materials of
construction of the reactor walls: limitations etmaximum operating temperature, thermal
conductivity, radiant absorptance, inertness, tasce to thermal shocks, and suitability for
transient operation.

Indirectly irradiated reactors can be equipped wathtransparent window as well. For
example, in the two-cavity reactor the reactionncher is separated from the window by an
intermediate solid wall. This wall protects the danv against particle contamination that may
occur in directly irradiated reactors. The window its part serves as sealing for the reactor
against chemical reactions with atmospheric airgdb-tight mounting of an air-resistant
intermediate wall is possible, the transparent wimdcan be removed, as recently
demonstrated in STAGE-STE.

The various indirectly heated solar reactor comigjons investigated by the STAGE-STE
partners include a packed-bed two-cavity reactorSection 2.1), a packed bed cavity reactor
(cf. Section 2.2), a multi-tube reactor (cf. Seati®.3), a gas-solid trickle-bed reactor (cf.
Section 2.4), a falling particle vacuum reactor 8ction 2.5), a pressurised vortex flow solar
reactor (cf. Section 2.6), a shell-and-tube membragactor heated with molten salts (cf.
Section 2.5), and a high-pressure tubular readatdu with molten salts (cf. Section 2.8).

References pertinent to specific solar reactorstiagid applications are provided at the end of
each Section, while general references are giv&eation 6.
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2.1. Packed bed two-cavity reactor (beam-down)
Contact: Christian Wieckert (PSI)

Solar reactor design

A schematic of the two-cavity solar reactor is show Figure 1 (laboratory version as
example). It features two cavities in series, vtk upper cavity functioning as the solar
absorber, and the lower cavity as the reaction tleanWith this arrangement, the “partition
wall” between the two cavities protects the windagainst particles and condensable gases.
The water-cooled mounting of the window in the &jer provides the gas-tight sealing of the
reactor towards the ambient air (aperture diam@bemm, window diameter 140 mm in the
laboratory version). The upper cavity also servesaathermal shock absorber. Prior to
experimental operation, the feedstock to be pratkssplaced in the lower cavity in form of

a packed bed. Hence, the reactor is operated oh bmabde, with the concept of using one
batch per day in larger realisations (cooling aexharging of a new batch to be accomplished
overnight). Both upper and lower cavities have eelsobuter shell, protected by a thick
insulation. The inner walls of the reaction chamaer made of 8 mm thick SiC-plates, on
which the partition wall from graphite coated wBiC is loosely placed. To prevent product
gases from flowing towards the window, a small tirgas stream is injected into the upper
cavity and entering the lower cavity through sngdps around the partition wall. It then
leaves the reaction chamber through the producegiaglong a SiC pipe towards the off-gas
system, which is adapted to the process occurnrd solar reactor. The reactor is equipped
with further gas inlets into the reaction chamloge above the packed bed and another one at
the bottom that allows flushing the packed bed witis gas. The latter is specifically of
interest for the application of the reactor concigptsteam gasification (see application 2
below), where steam is provided from below. Thect@ais operated at temperatures up to
1400 °C (typically at 1100-1200 °C) and close tobant pressure, with an adjustable
pressure safety valve ensuring that the differdratereen reactor and ambient pressures does
not exceed about 15 kPa, the maximum allowed ®fl#t quartz window.

The reactor is specifically designed for beam-damandent radiation, as can be obtained for
larger plants through a Cassegrain optical condijom that makes use of a hyperbolical
reflector at the top of the tower to re-direct sgimi to a receiver placed on the ground level.

Generic guidelines for the design of two-cavityatees are provided in [1] and [2]. Further
selected references introducing the reactor fociBpeprocesses are listed in the following
section about the applications.

Recently, various options were investigated to évbe use of a quartz window. This reactor
modification requires a gas tight high-temperatgaling of the partition wall as well as the
identification of partition wall materials that argable in air at the high operational
temperature (publication under preparation). Furtiee, concepts are investigated that are
aiming to transport new batches of feedstock madtento the hot furnace during solar
operation. This would further increase the field agfplications for this reactor type by
allowing to process materials with significant naolatile fractions, which in the one batch
per day operation lead to reduced production ragetd the layer of solid products developing
above the reacting materials underneath [3].
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STAGE-STE Tasks 9.1 and 9.2

The two-cavity reactor is well suited for very @ifént processes involving solids that are
transformed to gases [4]. Table 1 provides an oeervof some major applications
investigated so far.

Solar Irradiation

Quartz window

\ |/

Upper cavity

Partition
wall

) Product gas

Lower cavity
= reaction
chamber

Packed bed,
shrinking during operation

Figure 1 Left: Schematic of lab-scale two-cavity reactor developedPSl. Right: Photo of solar reactor
including a “45°-mirror” for providing beam downdiation during operation in the High-Flux Solar Siator
(HFSS) at PSI .

Table 1 Applications of packed bed two-cavity reactor stadso far.

Application Lab scale Pilot Project partners Funding
scale
PSI, CNRS, WIS
5-10 kW, | 300 kW, ' ’ ' EC (SERI,
ZnO + C (SOLZINC) @ PS| @ WIS E;I')I(-|Z, Scanarc, formerly BBW)
y
Waelz Oxide 5-10 kW, PSI, Montan
(Zn, Pb, O, Cl, etc.) @ PSI University Leoben BEFESA (Abengoa)
Gasification of C-Materials| 5-10 kW, | 150 kW, . Holcim, CTI
(SOLSYN) @ PSI @psa | DS Holeim ETHZ 1 oy ool STAGE-STE

Application 1: Solar carbothermal reduction of ZnO
Project name: SOLZINC (EU-FP5 project)

Partners: CNRS (administrative coordination), PSI (scientdaordination), WIS,
ETHZ, Scanarc Plasma Technologies AB, Zoxy Enengtesns GmbH
Process: The solar-driven carbothermal reduction of ZnOiveg by

Zn0O +C— Zn + CO

Solar-produced metallic Zn can be used either

(1) as commodity or

(2) in mechanically rechargeable Zn-air batteries/tells, or

(3) serve as part of the ZnO-Zn thermochemicalecj@t the production of
H, or syngas on demand.

Deliverable 9.1 6
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Results/development status
The project included two stages:

(1) Laboratory tests were performed using the two-gaaib-scale reactor
shown in Figure 1. A packed bed of ZnO and chargoavel (or other
cokes/coals) was processed to Zn(g) and CO at ratupes of about
1200 °C [5]. Extensive process rate and materiakcten studies were
performed [6].

(2) Based on the results of (1), a 300 kW pilot sokactor including an
off-gas system for the production of Zn dust foe us Zn-air batteries
was designed, built and operated (Figure 2) [7].t&)®0 kg/h of Zn
dust were produced. Based on the promising resudis;eptual designs
of a 2 MW demo plant and a 30 MW commercial plaaveh been
worked out [8].

Upper cavity above separation plates

< 300 KW solar power input
Upper part
(stationary)

| Offgas pipe
= with heater

Lower cavity

(reaction chamber) )
140 cm
ZnO/C batch \

Figure 2 Left: Schematic of the 300 kW reactor. Right: Photthe solar pilot plant in operation at the beam-
down solar facility at the Weizmann Institute ofe3we in Rehovot/Israel [6].

Application 2: Solar purification of and carbothermal Zn production from Waelz Oxide
Project name: ---

Partners: PSI, Montan University Leoben/Austria; BEFESA (beling to Abengoa
until early 2013)

Process: Waelz Oxide is the major secondary Zn material geed from
electric arc furnace dust (EAFD) from scrap recygland consists of ZnO
together with Pb, Cl and other compounds.

Two types of process tests were performed usindaiteratory scale two-
cavity reactor shown in Figure 1 [9]:

(1) Thermal treatment of Waelz Oxide for depletion frBimand CI (“solar
clinkering”).

(2) Carbothermal reduction of (solar clinkered) Waekide
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Results/development status

Successful tests were performed on laboratory gedleut 5 kW) for both
processes: Solar clinkering at above 1Z5Besulted in a reduced amount of
unwanted elements below 0.1 %, as targeted. Satdothermal reduction
yielded condensed products containing 90 wt% Zn T9lese experiments
open new options for process routes in secondam&hallurgy.

Application 3: Steam gasification of carbonaceous aterials
Project name: SOLSYN (Swiss project)
Partners: PSI, Holcim Group Support Ltd., ETHZ

Process: The key reaction of the solar-driven steam gadificeof carbonaceous
materials is given by

CH,0,+(1—y)H,0 — (1+ % —y) H,+CO

Carbonaceous materials incl. wastes are convestsdlar upgraded syngas.
Results/development status
The project included two stages:

(1) The process was investigated for many differertbaaaceous materials
using the laboratory scale two-cavity reactor showifrigure 1 [10].
Reaction rate and material suitability tests wesdgymed [10].

(2) Design, fabrication, construction and operatioradf50 kW pilot two-
cavity reactor for tests at the Plataforma SolaAbieeria (Figure 3). A
total of nine very different feedstocks, comprisiwgt, high volatile
coals, charcoal, different industrial sludge andfffl dried sewage
sludge, tire chips and bagasse from sugarcane gwodu were
successfully transformed into a solar upgraded ayfbl].

segmented
deflection mimor
............... -
concentrated * fare
radiation radiation
shieiing .
COOO00, Q00000
° Window j heater | propane
N, / I * E
- s - bypass vaive
outet tar cracker
tuge
.E exhaust
heater tube
- . quench sample gas
il o 2 -
N, flow eud StEAM + N, i
N2 meters X !
i [ SEDS X S SRS | —
process steam valves - demister
waer: slea;n | scrubber I P—
generator P — perature
T
| (]_t_D § — N, tracer gas | o pressure
| heat exchanger ¥ | x water level
P S e S N D e s S |

Figure 3 Left: Schematic of the SOLSYN pilot plant. RighB0 kW SOLSYN pilot plant on the large solar
tower at the Plataforma Solar de Almeria (PSA).
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2.2. Packed-bed cavity reactor (horizontal)
Contact: Francesca Varsano (ENEA), Michela Lan&NEA)

Solar reactor design

The solar reactor is a horizontally oriented cylical open cavity receiver made of Inconel
625, which traps the focused incident radiatione Thermal energy is delivered to the
reaction chamber by conduction through the metsitycavalls. The cylindrical receiving
cavity (diameter 64 mm, height 83 mm) is surroundgan annular space (internal diameter
72 mm, external diameter 102 mm) in which two floigtributors are inserted. Different
views of the reactor sections are shown in Figu(a-d). Gases enter the reactor from a pipe
positioned at the backside of the reactor (labdleth Figure 4 (a)) and are conveyed in the
annular cavity. The gas flow then splits and flomte the packed bed formed by pellets of the
active material, where heat exchange and cheneeations take place. The flow recombines
at the outlet, where effluent gases are colledteagh a second flow distributor to an outlet
pipe (OUT) and sent to gas analysis. The cylindirspece between the cap and the cavity
constitutes the vaporization chamber. In Fig. 4drdractor dimensions are shown. Heat losses
from the reactor are reduced through a 40 mm thicknina-insulating jacket; no other
materials were used to insulate the reactor.

The packed-bed cavity reactor has been testedsmadl solar concentrating facility (about
1 kW) located on the roof of the Department of Clstiy of the University “La Sapienza” of
Rome (see Figure 5). This facility is a solar fumacomposed of one heliostat (2.2 m by
2.0 m), with an azimuthal and vertical sun trackisystem driven by photocells, and a
parabolic reflector (diameter 1.5 m, horizontalsyxwhich has a focal distance of 0.64 m and
a concentration factor of about 600. The concesdirablar radiation is directed towards the
reactor-receiver cavity, placed in the focus ofd¢bacentrating dish.

Table 2 Application of horizontal packed bed two-cavity cea studied so far.

Application Lab scale Eélglte Project partners Funding
) 1 kW, (on-sun) Italian Ministry of
CN;::—II;/In ferrte @ University “La - ENEA, La Sapienza| Education, University and
Sapienza” of Rome Research
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Figure 4 Scheme of the packed-bed cavity reactor. In (a)(Bhdwo orthogonal cross-sections of the reactor
along the horizontal axis are reported. Tags TII'4oidentify the position of thermocouples. G1 and G
represent two planar grids that act as gas flowibligor and collector. Reactant fluids enter thaator from
the point IN in the pipe positioned at the backwfi¢he reactor and flow through the chamber V wheguid
water vaporizes. Gases enter in the distributiore2d and reach the packed bed flowing through iigiloutor
grid G1. Here, gases split and flow inside the twadves of the packed-bed. Gases exiting the pabkeddare
collected, pass through the grid G2, and leavedhetor from the outlet pipe (OUT). In (c), thectma is tilted

to better evidence the gases' path (sketched tkygiows). The active material is placed inside d@haular
space between cylindrical walls and fillthe entievity as shown in (d) (2D view). Dimensions arparted in

mm.
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Figure 5 Scheme of the solar concentration facility, whére ¢avity packed-bed reactor has been tested for
the mixed-ferrites cycle: a heliostat (1) is drivep a photocell (2) to reflect the incoming radiation a
concentrating parabolic mirror (3). The receivevitgaof the reactor (4) is placed in the focus loé tparabolic
mirror. The analytical system consists of a water-trap (5) and a silica gel trap (6) utilized t@pture
unreacted water, a gas chromatograph (7) to deyeltbgen and carbon dioxide output fluxes. A pyraater

(8) is placed on the incoming light path to meagheeradiation intensity.

Application
Project name: TEPSI

Partners: ENEA, University “La Sapienza” of Rome (partnersaived in the
development and testing of the reactor)

Process: Sodium-manganese ferrite thermochemical cycle

Results/development status

After studying the reaction properties of a nowveinfulation of Na-Mn
mixed ferrites in a laboratory reactor [1], a fidgsign of the cavity reactor
was thermally characterized in a series of on-satihg tests carried out in
the solar concentration facility [2]. Such testowhd that temperature
distributions (up to 800 °C) suitable for the us¢h® novel active material
developed could be achieved in the packed bedeofethctor. Subsequently,
a second design of the reactor with minor changdte material and gas
flow pattern was developed; the new reactor watedesn-sun for both
steps of the Na-Mn ferrite cycle at atmosphericsguee in the range 750 -
800 °C [3]. Hydrogen production rates in excess4df umol g min™
(referred to the mass of active material) were olese
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2.3. Graphite tubes pilot scale solar reactor
Contact: Gilles Flamant (CNRS)

Solar reactor design

The multi-tube reactor, depicted in Figure 6, wasighed for 50 kW of incident solar power
[1]. The reactor body is made of an aluminium sk@010 mm x 780 mm x 505 mm) and
contains a water-cooled front face with a 13cm-aiten aperture to let concentrated solar
radiation entering within the reactor cavity. Tlaliation is absorbed by the graphite cavity
(360 mm x 400 mm x 300 mm) that approaches blacklb&thaviour. To avoid contact of
graphite with the oxidizing atmosphere, the aperiarprotected by a domed quartz window
(360 mm o.d.) swept by a nitrogen gas flow. Thecedaetween the graphite cavity and the
aluminium shell is filled with three different insting layers to limit conduction losses. It is
composed of a 85mm-thick graphite felt in contaithvithe cavity & = 0.53 W nt K™ at
1873 K), a 50mm-thick intermediate refractory cemafibre operating up to 1873 K (62%
Al,Os, 30% SiQ, A = 0.35 Wmt K? at 1673 K), and a 50mm-thick outer microporous
insulator operating up to 1273 K (20% zr@7.5% SiQ, 2.5% CaO) = 0.044 W it K™ at
1073 K). Seven graphite tubes (800 mm length, 26 eran 18 mm i.d.) cross the graphite
cavity horizontally and are heated both by diretaisradiation and by IR-radiation from the
hot graphite cavity walls. In order to keep theipos of the graphite cavity and to avoid
mechanical stress on the tubes, four vertical alarmiibes mounted at the bottom support and
hold the graphite cavity.

Exit for the sweeping

Aluminium box gas
Water-cooled front N )
face (aluminium) N Graphite tube cooling

Gas collection and

Toward
filter and
analysis.,

‘ \ Sighting porthole
Domed quartz Insulating layers

window Opening

Graphite cavity

Figure 6 Graphite tubes pilot scale solar reactor (abok\&) designed, fabricated, and tested at CNRS.

The gas analysis system is composed of an onliaéyser for measuring hydrogen and
methane concentrations (NGA 2000 MLTS3, resolutibri% of the full scale, range: 0-70%
for Hy, 0-10% for CH) as well as a gas chromatograph (micro GC Varién4©00) for
identifying and quantifying the gas species in¢barse of the experiment. The micro GC is
equipped with two channel€hannel 1 (MolSieve 5A PLOT 10M Backflush) fop,H\,, O,,
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CO, and CH;, Channel 2 (PoraPLOT U 10M Backflush) for lightdngcarbons such as GH
C,He, CH4, GH,, and H. The reactor was operated in the temperature raetyeebn 1608
and 1928 K for a gas residence time ranging froorm8%o 71 ms.

Table 3 Application of the graphite tubes pilot scale sokactor studied so far.

Application Lab Pilot scale Project partners Funding

scale
Methane and 50 kWi igERI\SIG?)LARS(F;Ii \évll??z’ECDElf\ngi_'Y EU-FP6 project
natural gas cracking @ CNRS TIMCAL ' ' " | SOLHYCARB

Application: Methane and natural gas cracking

Project name:
Partner:

Process:

EU-FP6 project SOLHYCARB

CNRS, DLR, PSI, WIS, CERTH, ABENGOA Solar, CREED;GHY,
TIMCAL

Solar thermolysis of methane and natural gas:
CH,—» C+2H

Results/development status

Reference

A pilot-scale solar reactor was designed and opdrat the 1 MW solar
furnace of CNRS for FHand carbon black (CB) production from methane
splitting [1]. The reaction of CHdissociation produces,Hand carbon
nanoparticles without CQOemissions and with a solar upgrade of 8% of the
high heating value of the products. The reactor e@sposed of tubular
reaction zones and of a graphite cavity-type swdaeiver behaving as a
blackbody cavity. Temperature measurements aro@cdavity showed a
homogeneous temperature distribution. The influexidemperature (1608—
1928 K) and residence time (37—71 ms) on methangersion, hydrogen
yield, and carbon yield was especially stressed. 980 g/h of CH injected
(50% molar, the rest being argon) at 1800 K, thactor produced 200 g/h
H, (88% H yield), 330 g/h CB (49% C vyield) and 340 g/hHz with a
thermal efficiency of 15%. 41, was the most important by-product and its
amount decreased by increasing the residence Ani2® thermal model of
the reactor was developed. It showed that the dedithe reactor front face
could be drastically improved to lower thermal lEssThe optimised design
could reach 77% of the ideal blackbody absorptificiency (86% at 1800
K), i.e. 66%.

[1] S. Rodat, S. Abanades, J.-L. Sans, G. Flamant. |dt-gsale solar reactor for the
production of hydrogen and carbon black from methsplitting. International Journal
of Hydrogen Energy, 2010, 35 (15), 7748-7758. dbit016/j.ijhydene.2010.05.057
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2.4. Gas-solid trickle-bed reactor

Contact: Ronald Michalsky (ETHZ), Aldo Seinfeld K&}

Reactor design

Efficient high-temperature solar heat transferric@l for applications such as high-yield and
high-selectivity solar-driven gasification of biogsa The ambient-pressure gas-solid trickle-
bed reactor intends to achieve this. The left pah€&ligure 7 gives a schematic of the reactor.
A 1.2 m long alumina reactor tube having an innameter of 0.06 m and a wall thickness of
5 mm was situated inside an electrical tube furrtaceimulate the conditions of absorbing
cavity-receivers that are heated by concentratéar sadiation. Two 0.1-m-tall reticulate
porous ceramic (RPC) pieces (Figure 7, right panefre stacked and inserted into the
alumina tube with the stack’s top at the middldhe&f hot zone and held in place by another
smaller diameter supporting alumina tube. The RRG made of silicon infiltrated silicon
carbide with a high thermal conductivity, i.e.,86m™* K™* at 1273 K, and an overall porosity
of 89% with a nominal pore diameter of 2.54 mm responding to 10 ppi (pores per inch)
[1]. Details of the experimental setup are giveseelhere [1].

particle
feeder
o v
< e) porous g
steam |_- structure '—=
i (RPC) =
| (=)
] electric
furnace
water tank particle !
separator %
vent w ' !
condenser ;
GC - :
steam trap

filter

Figure 7 Left: Schematic of the gas-solid trickle-bed. Rigbihotograph of the of silicon infiltrated silicon
carbide RPC (right). both images are adapted frjm [
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Table 4 Application of gas-solid trickle-bed reactor stutigo far.
Application Lab Pilot Project Funding
scale scale partners
Biomass 1-3 kWi, ETHZ PSI Brazilian-Swiss Joint Research Programme
gasification @ ETHZ ' (BSJRP), STAGE-STE (EU-FP7 project)

Application: Biomass gasification

Project name:

Partners:
Process:

ETHZ, PSI
Key reaction:
CH, 0, +(1—-y)H,0 — (1 '3 % —y) H,+CO

Results/development status

Reference

The reactor has been constructed and charactesure@ssfully. The results
are published in [1]. In summary, ETHZ investigated performance of a
gas-solid trickle-bed reactor constructed from ghhihermal conductivity
porous ceramic packing. Beech char particles wesed uas the model
feedstock. A two-dimensional finite-volume modelupbng chemical
reaction with conduction, convection, and radiatioh heat within the
packing was developed and tested against measeragetatures and
gasification rates. The sensitivity of the gastiima rate and reactor
temperatures to variations of the packing’'s poserditer, porosity, thermal
conductivity, and particle loading was numericadiyidied. A numerical
comparison with a moving bed projected a more umfdemperature
distribution and higher gasification rates duehe increased heat transfer
via combined radiation and conduction through tlokle bed [1].

[1] M. Kruesi, Z.R. Jovanovic, A. Haselbacher, A. Shelah, Analysis of solar-driven
gasification of biochar trickling through an intermected porous structure. AIChE
Journal, 2015, 61, 867 — 879. doi:10.1002/aic.14672
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2.5. Falling particle vacuum reactor
Contact: Christian Wieckert (PSI)

Solar reactor design

A novel solar-driven vacuum aerosol reactor conéepthe carbothermal reduction of ZnO
and other metal oxides has been designed, coretruntid tested. The lab-scale reactor,
proposed by ETHZ, is based on a dual-zone coneapiring a graphite absorber tube within
a quartz tube enclosure, which forms the boundatlieovacuum zone as reported by Takacs
[1] and Steinfeld et al. [2]. ZnO and carbon padescare dispersed and aerosolized above the
reaction tube and travel downward inside an inastftpw and under the influence of gravity.
This reactor concept offers fourfold advantage: Thg reaction zone is separated from the
transparent quartz tube in two discrete regiongjt( suitable for continuous operation at
various pressures below 1000 mbar; (3) it offekg thermal inertia and robustness against
thermal shock; and (4) it is modular and thus gasihlable. A schematic description of the
vacuum aerosol reactor is shown in Figure 8 [3].

inlet pmmmmmmmmmmmmmmmmmm———eoe .
graphite

; '
' = 1
absorber tube A particles ‘
/’ ! (] \ [ 9 ;
reflector __ ; ‘
] S :
: L4 ‘
! ) HFSS focus 4
g ! s point height |
E Og 7 || :
C-type 3 - \ :
thermocouple : N

P ' \thermocouple E
quartz tube” : .
' 1
__— ! |l hot absorber -
condenser N : . tube '
1 W ~J| zn.co,co, + !

outlet . . || unreacted educts ! »

a . 1 —— li e

N

Figure 8 Left: Schematic of the vacuum aerosol reactor ess-sectional view, and an enlarged view of the
graphite absorber tube showing the hot reactiore zow particle flow. Right: Vacuum reactor protatygfter
experimentation at PSI High-Flux Solar Simulattwing after-glowing absorber tube (right). Frorh [3

The reactor developed at PSI incorporates a fregihg graphite drop tube (outer diameter
26 mm, thickness 1.5 mm, and length 550 mm) witghquartz tube enclosure (outer diameter
70 mm, thickness 2.5 mm, and length 500 mm). Thatguube is sealed by Viton O-rings
and water-cooled metal flanges to the stainlesd stactor housing. High-flux radiation from
the High-Flux Solar Simulator (HFSS) is transmittecbugh the quartz tube and impinges on
the outside surface of the graphite absorber Wilgmld plated, cylinder-shaped reflector with
a rectangular opening (width 70 mm and height 14@) s used to minimize reradiation
losses from the graphite absorber tube in the IRyeaThe tube section covered by the
reflector constitutes the hot reaction zone. Adiped ZnO and carbon particles are
introduced at the top inlet of the graphite tubeaidownward flow by a custom-designed
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particle feeder newly developed at PSI for feeding reactant powders controlled with a
rotary valve [4]. The particles are rapidly heatlebugh radiative heat transfer with the hot
wall of the graphite tube while entering the reattzone where the carbothermal reduction of
ZnO begins. The produced zinc vapour is precigitiiea condenser made of a stainless steel
cooling jacket (outer diameter 63 mm, wall thickh®smm, and length 70 mm) located at the
lower end of the graphite tube. The non-condengatalduct gases, CO, GQand unreacted
feed material leave the system through a circulpenong at the reactor outlet. The
temperature is measured with a C-type thermocagonulee, enclosed in a Mo sheet, which is
inserted inside the graphite tube. The tip of tlexmocouple is located at the focal height of
the HFSS. The graphite tube forms an approximateckbbdy cavity around the
thermocouple, thus shielding it from incoming raidia of the HFSS. The temperature
measured is considered equivalent to the circumfialeaverage temperature of the graphite
tube wall assuming thermal equilibrium.

The application of vacuum has been proposed inraocdeeduce reaction temperatures for the
carbothermal reduction of metal oxides.

Table9 5 provides information on the application of tladlihg particle vacuum reactor for
solar carbothermal ZnO reduction.

Table 5 Application of falling particle reactor under vacostudied so far.

Application Lab Pilot Project Funding

scale scale partners
Solar carbothermal 1-3 kWi, pS| Swiss Competence Centre Energy and
reduction of ZnO @ PSI Mobility (CCEM); swis®lectricresearch

Application: Solar carbothermal reduction of ZnO
Project name: HyTech (Swiss project)
Partner: PSI

Process: The solar-driven carbothermal reduction of ZnOiveg by:
(1) ZnO + C— Zn + CQ (AH = 352.5 kJ/mol; T > 1400 K);
The primary reaction route for the carbothermalotidn of zinc oxide
(Eq. 1) is based on the solid gas reactions of &t® CO (Eq. 2) followed
by the Boudouard reaction (Eq. 3):
(2) ZnO(s) + CO(gy~ Zn(g) + CQ(g)
(3) CQ(9) + C(s)— 2 CO(9)

Results/development status

Proof-of-concept experiments were conducted with kigh Flux Solar
Simulator at PSI [5] as the source of process lreatlting in successful
testing of the reactor concept in conditions simila those expected in
typical solar concentrating systems for scaledagztor designs (Figure 8).
The particles are rapidly heated to reaction teatpee and reduced within
residence times of less thars.1lIn initial continuous feeding experiments,
maximum sustained temperatures close to 2000 Khaating rates as fast
as 1400 K/min could be achieved for pressures letwleand 1000 mbar.
Reactant conversions of up to 44% were obtainekD@® mbar [3]. It was
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found that a reduction in system pressure leadsa ttecreased particle
residence time (as low as 089 and therefore low conversion (as low as
1%), thus partially diminishing the positive themiyoamic effects of
vacuum operation. Experiments with the solar drdget reactor were
conducted to ascertain the reaction capacity of yggem at pressures
between 1 and 960 mbar by varying the reactant faedbetween 4 and 56
g-mini* [6]. Experiments show that the zinc productiore rst maximal at
around 100 mbar and significantly diminishes urfdgher vacuum. Model
and experimental results indicate that the reactoh mbar is inhibited due
to insufficient residence time and heat up of tlatiples in the reaction
zone. Maximum experimental zinc production rate \5ast mmol- mift,
while feeding 56 g-mirt of solid reactants and operating the reactor at 10
mbar with 9.8 kW of radiative input power. Extragibdn to higher feed
rates with the reactor model predicts a peak zindywction capacity of 52.1
mmol-mint at a feed rate of 68 g-minachieving a net thermal efficiency
of 3.2%. Experimental results validate the robust aersatile reactor
concept, and simultaneously highlight the necesdityalancing the system
design in order to optimize the conflicting infleenof vacuum operation
and reacting particle residence time, e.g. by sewi a suitably increased
reaction zone.
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2.6. Pressurized vortex flow solar reactor
Contact: Ronald Michalsky (ETHZ), Aldo Steinfeld &)

Reactor description

Two solar reactor configurations, shown schemadyigal Figure 9, were investigated: 1) the
indirectly irradiated (windowless) reactor denoted (Figure 9a); and 2) the directly
irradiated (windowed) reactor denoted D-I (Figut®.®Both the I-I and D-I solar reactors
feature a gas-particle vortex flow following a lseli path. The I-1 solar reactor consists of a
flanged cylindrical SiC cavity, 30 mm-aperture, f@f-inner length, 40 mm-inner diameter,
5 mm-thick, with a hemispherical dome. This cawrves as the solar absorber with an
apparent absorptivity of 98.8% determined by MdD#lo ray tracing. Graphite gaskets seal
the flanges. A coaxial steel/Inconel 601 sheledirwith a SiG-Al,Os, creates an annular gap
for the vortex flow. Concentrated solar radiatisnabsorbed by the SiC cavity, conducted
through its walls, and transferred to the gas-plartvortex flow by combined conduction,
convection, and radiation. To generate the vortew,fAr or CQ, at a flow rate of up to
15 Ly/min was injected tangentially and directed towiwel slurry feeding nozzle, as depicted
in Figure 9a.

(a)
Water cooling
Metallic shell

l Air cooling
Thermal insulation

Vortex)
flow

Concentrated solar radiation

Radiation
shield

Water cooling Charcoal slurry (b)

Thermal insulation
Metallic shell

° ° ° ) L.
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Figure 9 Schematic of: (a) the indirectly irradiated (I-lar reactor; and (b) the directly irradiated (Dst)lar
reactor.
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The design of the D-I solar reactor features apgatiele vortex flow confined to a 200 mm-
length and 100 mm-diameter cylindrical cavity-reeej made of Inconel 601, and directly
exposed to high-flux irradiation entering througb@ mm-diameter aperture sealed with a
3mme-thick transparent quartz disk. Two Ar flows eénjected: one via a tangential nozzle
directly behind the window at a rate of g/inin to cool the window and protect it from
particle deposition, and a second via four tangémbzzles behind the aperture at a rate of
3 Ly/min to support the vortex flow.

Table 6 Application of pressured vortex flow solar reacttirdied so far.

Application Lab scale | Pilotscale| Project partners| Funding
e 3 kw EU FP7 STAGE-STE,
Steam gasification @ETHZ | ETHZ (PSI) ETHZ

Application: Steam gasification of charcoal powder
Partner: ETHZ (PSI)

Process: Steam gasification of charcoal powder is mainlycdegsd by:
C+HO—->CO+H

Results/development status

Experiments were carried out in a high-flux solamnidator under a solar
concentration ratio equivalent to 3718 suns. Fomrglfeeding rates in the
range 0.42 — 1.26 g/min,,B:C molar ratios in the range 1.48 to 1.98, and
absolute reactor pressures in the range from 1bar.6the nominal reactor
temperature was between 1009 and 1273 °C yieldiglg-duality syngas
with a carbon conversion up to 94% within residetioges of less than
5 seconds. The peak solar-to-fuel energy conversificiency, defined as
the ratio of the heating value of the syngas preduo the solar radiative
energy input plus the heating value of the slulmpwerted, reached 20%.
The calorific value of the feedstock was solar apdgd by 35%, thus
outperforming autothermal gasification in additiom delivering higher
syngas output per unit of feedstock and eliminatimg need for upstream
air separation. High-quality pressurized syngas wi tars was produced,
facilitating its integration to gas-to-liquid prasng. Ar was substituted by
CO,, increasing the partial pressure of the gasifyaggnt and eliminating
the consumption of expensive inert gas. The pedoca of this robust
windowless design also was compared with that cécnvalent windowed
configuration in which the gas-particle vortex flavas directly exposed to
high-flux solar irradiation. Higher reaction exterds well as comparable
solar-to-fuel energy conversion efficiencies andbrific upgrade factors
were obtained on average with the indirectly iraéelil solar reactor than
with the directly irradiated solar reactor.

Reference

[1] F. Mdller, P. Pozivil, P.J. van Eyk, A. VillarrazB, Haueter, C. Wieckert, G. J. Nathan,
A. Steinfeld, A pressurized high-flux solar reactor the efficient thermochemical
gasification  of carbonaceous feedstock, Fuel, 2017193, 432-443.
doi:10.2016/j.fuel.2016.12.036
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2.7. Membrane reactor heated with molten salts
Contact: Luca Turchetti (ENEA)

Solar reactor design

The membrane reactor has a shell-and-tube configaras depicted in Figure 10. A molten
salt stream flows in the shell-side of the reaand provides the required process heat.
Reaction tubes are immersed in the molten salt fifowl are composed by two coaxial
elements: an external steel tube, which is in diceatact with molten salts, and an internal
cylindrical hydrogen-permeable membrane (see detaiFigure 11). The gaseous reactants
are fed in the annular space between the two coaxies (etentatespace), where the
catalyst is placed. A sweep gas such as steamtrogen can be fed inside the membrane
(permeatespace) in counter-current flow to enhance hydrqugameation. Ten reaction tubes
are present in the pilot reactor considered heogeler, the reactor design can be easily
scaled up to include more reaction tubes and igerdae capacity.
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Figure 10 Integrated membrane reactor. Left: Reactor sch&ight: lab-scale reactor.
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Figure 11 Details of the reaction tube as part of the memérreactor.
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Table 7 Application of integrated membrane reactor heatitl molten salts.
S Lab Pilot . :
Application scale | scale Project partners Funding
ENEA, Processi Innovativi Srl., Acktar Ltd., Tecbni
Compact

Multifuel-Energy
to Hydrogen
Converter

Fraunhofer Institute, University of Salerno, CERTH,
yes Avristotle University of Thessaloniki, University & EU
Sapienza”, ECN, GKN Sinter Metals Engineering

GmbH, and University “Campus Bio Medico” (Italy).

Application: Compact Multifuel to Hydrogen Converter

Project name:
Partner:

Process:

CoMETHYy (Compact Multifuel to Hydrogen Converter).

The consortium, coordinated by ENEA, was compodet?gartners from
the Academic, Research and Industrial fields: ENBfaly), Processi
Innovativi Srl. (ltaly), Acktar Ltd. (Israel), Tedon (Israel), Fraunhofer
Institute (Germany), University of Salerno (ltalyGERTH (Greece),
Aristotle University of Thessaloniki (Greece), Uersity “La Sapienza”
(Italy), ECN (the Netherlands), GKN Sinter Metalaigiheering GmbH
(Germany), and University “Campus Bio Medico” (ital

The reactor was designed for the low-temperatu)-gb0 °C) steam
reforming of several carbonaceous feedstocks lilkethame, biogas and
(bio)ethanol. By continuously removing hydrogennfréhe reaction space,
the integrated membranes allow to push the cororerst the feedstock
beyond the low values that could be obtained withventional reformers at
such low temperatures. The use of molten saltseas thansfer fluid in the
reactor allows easy coupling with concentratingasthermal technologies
such as solar troughs and solar towers; furtherptbee of availability of

consolidated molten salt heat storage solutiormwallfor a smoother and
extended operation of the reactor.

Results/development status

Deliverable 9.1

The pilot reactor was commissioned and tested @tENEA Casaccia
Research centre in 2015. The pilot plant was caupi¢h ENEA’s existing
molten salt loop (MoSE) and operated for about AOOnder molten salt
flow, including several start-up and shutdown pthoes as well as stand-
by phases. A total of 150 h of continuous on-streg@ration was attained
with methane/steam feed.

Several operating conditions were tested in theeexpental campaign
including different molten salts inlet temperatyreweep steam flow rate
and steam-to-carbon ratio in the feed. Up to 3.5°/Nrof pure (>99.8%
vol/vol) hydrogen were obtained under design coownlé, exceeding the
pilot target of 2.0 Nrith. Furthermore, no decay in the reactor perforranc
was observed during the time on stream.

Although the pilot reactor was tested using onlythraee as feedstock,
within the CoMETHYy project the same reactor conceps successfully
tested at the laboratory scale for biogas and It reforming as well.
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2.8. High-pressure tubular reactor heated with moltdts sa
Contact: Alessandro Galia (UNIPA), Benedetto SchigyNIPA)

Solar-driven continuous chemical process layout

The use of the molten salts as heat transfer tloidrive chemical processes is a general
strategy that allows separating the issue relatesblar energy capture and storage from those
typical of the chemical processes, such as feedliige reagents, separation of the products,
use of catalysts, optimization of chemical kineticgl transport phenomena, etc. In addition,
the use of double tube or shell and tube excharegator is suitable for the production of
commodities such as biofuels, and it appears asatrker for the adoption of specific reactor
design to optimize the process figures of merit b membrane reactor from ENEA in
Section 2.7).
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Figure 12 Continuous lab-scale high-pressure apparatus flar $tydrothermal processes. Left: Chemical
process layout and conceptual scheme of the caguplith a molten salt CSP loop; right: lab-scaleutiab
reactor and water preheating section.

Here, a process layout with a lab-scale (10 mL¥gwezed tubular reactor is considered for
hydrothermal conversion of biomass into bio-crudespngas (Figure 12). A pressurized
water stream is warmed up inside the preheatingiosecin the mixing zone, the hot
pressurized water is mixed with the feedstock strgast before entering inside the high-
pressure reactor. The product stream leaving thetaeis first depressurized, then gas, liquid
and solid products are separated.

Beside experimental investigation of the procelss, a conceptual analysis of the coupling of
an industrial hydrothermal liquefaction (HTL) reactvith a concentrating solar power (CSP)
plant has been performed in collaboration with ENEAe integrated plant was designed to
process 10,000 t/y of microalgae and the solar kaed in the molten salts provides the
energy that cannot be recovered by heat integrdgiween the hot product stream and the
pure water fed to the reactor. A minimum fuel-sgjlprice of 2.19 USD/kg was estimated for
the produced bio-oil, that is quite close to theiarted in the literature for plant for HTL of
microalgae with production capacity similar to tbatsidered in our study.
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Table 8 Application of continuous high-pressure reactortgdrothermal processes.
S Lab Pilot . .
Application scale | scale Project partners Funding
University of Calabria, National Ital_ian_l\_/linistry of
Hydrothermal Research Council, University of Scientific Research
liquefaction and os Salerno, University of Pisa, University| and Education —
gasification of biomass y of Messina, Politecnico di Torino, MIUR
and model compounds University of Naples Federico I, (PRIN2010-2011
Politecnico di Milano grant)

Application:
Project name:

Partner:

Process:

Hydrothermal liquefaction and gasification of biomass and model
compounds

Innovative downstream processing of conversionlgélabiomass for the
production of jet fuel and green diesel

University of Calabria (UNICAL), National Researdbouncil (CNR),
University of Salerno (UNISA), University of Pis&NIPI), University of
Messina (UNIME), Politecnico di Torino (POLITO), Whersity of Naples
Federico 1l (UNINA), Politecnico di Milano (POLIMI)ENEA was also
involved as subcontractor of UNIPA.

The process layout and the reactor were designegtio at temperatures up
to 550 °C. The range 250 — 400 °C is generally sstbfor hydrothermal
liquefaction (HTL) of biomass or model compoundsotatain bio-oil as
main product. Higher temperatures are used to nboward gasification.
Binary (NaNQ and KNQ) or ternary [Ca(N@),, NaNG;, KNO3] mixtures
can be adopted as heat transfer fluid in the r&®f®550 °C, which is
adequate for the heat supply to HTL processes.

Results/development status

Deliverable 9.1

The continuous high-pressure reactor and layoué aesembled and tested
in the frame of the above-mentioned PRIN project.

Continuous gasification of glucose, glycine andcglpl was performed in
the temperature range 450-550 °C. Gasificatiortieficy (GEY of 40.7%
and carbon gasification efficiency (C&)of 31.2% were obtained by
feeding glucose at 0.8 wt% concentration and witesadence time of 16 s
at 500 °C and 26 MPa; the concentration @fikl the produced gas was
53 mol%, the remaining gas fraction was mainly ttued by CH
(3 mol%), CO (13 mol%) and GO(30 mol%). A higher hydrogen
concentration (86 mol%) in the gas was obtaineti giycine at 450 °C but
with low gasification efficiency (<5%).

Hydrothermal conversion of rapeseed oil was alsgessfully performed at
490 °C with 9 s residence time and 8 wt% feedstmeicentration, resulting
in a bio-oil yield of 54 wt% and gasification effncy of 20% with the
following concentration (mol%) of hydrogen and hyclirbons in the gas:
3.9, H; 15.9, CH; 25.7, GHy4; 13.6, GHg; 17.4, GHe.

Possibility of pumping concentrated (15 wt%) bioméwicroalgae) slurries
at the desired process pressure (260 MPa) wastheeaehieved.
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The upgrade of the system by coupling with the erolsalt circulation
system will be developed in the frame of the newonal project ‘Smart
Small Scale Solar System&5) that should start at the beginning of 2017.

@ Gasification efficiency (GE) = total weight of mhaced gas / initial feedstock

@ carbon gasification efficiency (CE) = total carkiarthe produced gas / initial carbon in
the feedstock
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3. Directly heated solar reactor concepts

Directly illuminated reactors have the advantagerolviding efficient radiation heat transfer
directly to the reaction site [3]. The major drawkawhen working with reducing or inert
atmospheres, is the requirement of a transparemom, which is a critical and troublesome
component, more so under high-pressure and seasrenyironment. Directly heated reactors
are classified as particle reactors or volumeeigctors [1]. For the volumetric reactors, the
incident solar energy is directly absorbed by algtit absorber that transfers it to the feed
gas. Based on the structure of the absorber usdamnetric reactors can be further classified
as honeycomb, foam and structured fin based sekutars. The honeycomb solar reactors
have a wire mesh of ceramic material that is plaoetthe focal zone to absorb directly the
incident solar energy [4]. When compared to honmjzoeactors, foam-based absorbers have
the advantage of higher porosity that allows s@aergy to penetrate deeper inside the
material, and better radial heat transfer mecharmpsenents any flow instability problems
encountered during operation at higher temperaftfe A comprehensive overview on
directly heated solar particle reactor is givem ireview article by Alonso and Romero [6].

The various directly heated solar reactor configans investigated by the STAGE-STE
partners include rotary reactors (Sections 3.1-&3yortex flow reactor (Section 3.4), a
fluidised bed reactor (Section 3.5), packed bedtoea (Sections 3.6-3.8) and cavity reactors
with porous structures such as reticulated poraransics (RPCs) and monoliths for both
steps of solar thermochemical cycles (Sections33L9).

References pertinent to specific solar reactorstiagid applications are provided at the end of
each Section, while general references are giv&eation 6.
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3.1. Directly heated rotary reactor
Contact: Christian Wieckert (PSI)

Solar reactor design

The 100 kW solar reactor, depictedHRigure 13, is designed to accept highly concerdrate
solar radiation into a reaction cavity capable afstaining extremely high reaction
temperatures (well above 2000 K) [1]. Additionaltadls on a previous but similar
configuration of the solar reactor can be founditerature [2], where results from initial
experimentation with the pilot plant are report€de solar reactor is closed from atmosphere
by use of a flat disk quartz window (diameter, &@; thickness, 12 mm) through which
concentrated solar radiation passes (effective ovindiameter exposed to incoming solar
radiation, 520 mm) and then converges onto a naaperture (diameter, 190 mm) which
connects to the reaction cavity (central diamed8f) mm; length, 830 mm). At the back of
the reactor, a centrally located product outletnsmts immediately into the quench device,
where large volumes of inert gas can be injectgditothe exiting reaction products.
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Figure 13 Cross-section schematic of the solar thermochemmizadtor with key details and dimensions
indicated. The outer diameter of the aluminium teashell is 1090 mm and the length is 1330 mmn¥{8).

A retractable feeding mantle housing a powder sdemder can enter into the reaction cavity
through the product outlet path during a reactaatiing cycle. At the back of the reactor, a
rotary joint interfaces with the end of the quemgvice and allows for the transfer of gas,
water, power, and data communication to the ragapart of the reactor assembly. The
reaction cavity is lined with interlocking ADs; bricks (flat section consists of elongated
trapezoidal bricks with centre-line thickness 64 namd length 128 mm) and typically

contains a 10-20 mm thick layer of sintered ZnOe Dhicks are backed and supported by
various layers of alumina/silica porous ceramialiagon materials, all contained by a two-

part hexagonal aluminium shell (5 mm thick weldédgmanium plates). In the front of the

reactor, both the mounting plate that holds thertquaindow, and the cone-shaped frustum
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(45° rim angle, copper substrate plasma coated zuitlonia-supported alumina) between the
window and the cavity aperture, are water-cooletith® back of the reactor, the quench
device is water-cooled as well. Access ports altimg reactor's shell allow for data
acquisition and sensing control.

Immediately inside the plane of the quartz wind@wseries of radially and tangentially
oriented gas jets (24 radial jets with inner disane® mm, 24 tangential jets with inner
diameter 7 mm and injection angle of 64° from rhdiath a 10 degrees axial inclination) are
installed circumferentially [4]. These jets createstabilized vortex flow that allows for the
control and suppression of particle movement tovlaedquartz window inside the reactor, as
well as to help sweep off products from the reacsarface. This reactor design is based on
previous laboratory scale rotating reactors dewsdogt PSI and ETH Zurich [5][6][7]. It is
capable of achieving high thermal efficiency bydiigating a uniform and high temperature
reaction environment; (ii) delivering reactant Zp@wder directly and evenly dispersed into
the reaction cavity for quasi-continuous operatemg (iii) allowing the reactant to be directly
irradiated by incoming concentrated radiation whgr# serves the roles of radiant absorber,
chemical reactant, and thermal insulator.

During reactor operation, 100 kW of nominal concatetd solar power as process heat is
delivered to the reaction cavity to drive the tharaissociation of ZnO powder. With powder
dispersed evenly inside the reaction cavity dumtation, the dissociation reaction becomes
appreciable as the cavity temperature approacHa® R@fter 3—4 h of heating. The products
Zn vapour and @exit the reactor along with some auxiliary argoomt the vortex flow, and
pass through the quench device (where Zn vapowomslensed into particulates) before
continuing to large filters where product partickee collected.

The solar rotary cavity reactor is suited for vikdathermochemical processes involving
solids, which are transformed to gaseous prodw@jtsTiable 9 provides information on the
application of the rotary cavity reactor for salaermal ZnO dissociation.

Table 9 Application of solar rotary cavity reactor studisalfar.

Application Lab scale Pilot Project Funding
scale partners
Swiss Federal Office of
Solar thermal dissociation of ZnO | 5-10 kW | 140 kW, PSI ETHZ Energy (SFOE)
(Swiss project Solar2Zinc) @ PSI @ CNRS ' EU-FP7 SFERA II
EU-FP7 STAGE-STE

Application: Solar thermal dissociation of ZnO
Project name: Solar2Zinc
Partners: PSI, ETHZ

Process: The solar-driven endothermic reduction of ZnO igegi by
ZnO— Zn + % Q (AH =456 kJ/mol; T > 2000 K).

Results/development status

Progress in experimental techniques and solaraedetsign, as well as in
modelling efforts [9]-[10], has been substantiabl,An collaboration with
ETHZ, brought design, development and demonstratiothe pilot scale
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with a 100 kW, solar reactor for ZnO dissociation. Two extended
experimental campaigns were conducted in the MWEBdeillo, France
[12]. The pilot plant experimental setup, depictedrigure 14, consists of
the solar reactor along with peripheral componémttuding the powder
reactant delivery system, product collect systemg a@eactor rotation
mechanism.

Aluminum shell

Hopper containing ZnO

Product filters

Retractable
screw feeder

Movable carriage  Product hoses

Figure 14 ZnO pilot plant layout utilized in experimentsnducted at PSI and Odeillo in 2014, with critical
components and peripherals labelled [3] (left). gmaf the reactor during operation viewed from hdhinside
the experimental tower (right).

Deliverable 9.1

In the first campaign, experimentation was prinyarihindered by
insufficient power delivery through the quartz womg leading to limited
dissociation rates [2]. During the second campaife, improved solar
reactor pilot plant was operated for over 97 h authieved sustained
reaction temperatures well above 2000 K, while destrating ZnO

dissociation rates as high as 28 g/min totallingro28 kg of processed
reactant during 13 full days of experimentation . [lh-situ, high

temperature, flow visualization of the quartz windoenabled the
unimpeded operation of the solar reactor. As mangheee consecutive full
day experiments were conducted without complicati®@olar power
delivered to the reaction cavity ranged betweera®@ 128 kW, at peak
solar concentrations as high as 4671 kW/fihe products Zn and,Qvere

guenched with Ar(g) and recovered in a filter battevhere collected
particles contained molar Zn-content as high as .44Bturing

experimentation, switching between product-coltactifilter cartridges
resulted in 54 unique experiments, where a maxinsahar-to-chemical
efficiency of 3% was recorded for the solar readRwbust characterization
of the product-quenching device revealed inherentitdtions in its

effectiveness, and thus solar-to-fuel energy caioer efficiency was
limited to 0.24% if it would have been possiblestgpply 4640 LN/min of
Ar(g). Further, only a limitation on available eximeental time prohibited
the demonstration of significantly higher dissaoiatrates, achievable with
higher ZnO reactant feed rates. While the usergelaolumes of quenching
Ar(g) to separate the reaction products remainsggaifeant obstacle to
achieving higher solar-to-fuel efficiencies, dentostson of solar reactor
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technology at the pilot-scale represents significarogress toward the
realization of industrial-scale solar fuels prodmat
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3.2. Solarized rotary kiln
Contact: José Gonzalez-Aguilar (IMDEA), Manuel Rom@IDEA)

Solar reactor design

The solar rotary kiln, shown in Figure 15, is corsgw of a reaction cavity, which consists of
a fixed conical aperture with a large enough opgrior the incoming radiation (an upper

diameter of 110 mm, a lower diameter of 38 mm, amaight of 80 mm), and a rotary tube of
alumina (with an outer diameter of 45 mm, an indiameter of 35 mm, and a length of 500
mm). To avoid particles reaching the conical p#rg reactor is tilted by 4 degrees with

respect to the horizontal, and a ceramic ring &g in the tube inlet. As particles can also
move towards the outlet, another ceramic ringasgdl at the end of the reaction zone.

Ceramic bricks are used as insulation in order toimze heat losses. To achieve air
tightness, the reactor has an external housingtaifiless steel (40 x 35 x 35 &nwhere
measuring instrumentation is also located, and atguwindow of high transmittance that
allows particles to be directly irradiated and sethle cavity. This window should be clean
during experiments, thus the inert gas feedingei$opmed by four gas inlets located at the
lateral wall of the reactor. Twenty-eight K-typesttnocouples are installed at different axial
and radial distances, and two inside the tube. @daiv has been included in one of the lateral
walls of the facility in order to measure temperasuwith a pyrometer.

An electric motor rotating at 1390 rpm is employednove the tube at approximately 92 rpm
(9.63 rad/s) through a 1/15 reducer. The axialtiamaof the tube produces homogeneous
temperature, and high mass and heat transfer inrethetion zone. Samples are directly
irradiated by concentrated radiation provided by-ldV, high-flux solar simulator. Optical
simulations and CFD analysis show that 1 kW ofdeat power and 1700 K can be achieved
at the reaction zone, which is located at the s#agnfocus of the simulator.

Figure 15 Scheme of rotary kiln: (1) cavity; (2) rotarybriof alumina; (3) ceramics bricks; (4) stainlgsels
housing; (5) quartz glass window; (6) gas inlej;tteérmocouples places; (8) window for pyrometer.

The reactor could be used for multiple applicatisweh as chemical reactions (solar
chemistry), thermochemical processing or studiesibimechanical strength and attrition of
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different materials.

Table 10 Application of IMDEA's solarized rotary kiln studieso far.

Application Lab scale Pilot Project Funding
scale partners
. . SolarO2 (National project)
Reduction of non-volatile metall 1 kW, .
oxides @ IMDEA | IMDEA ALC_:CONES (Regional
project)

Application: Reduction of non-volatile metal oxides
Project name: SOLAROZ2 (National project), ALCCONES (Regional )

Partner:
Process:

IMDEA

The solar-driven reduction of metal oxidesy (CeQ and manganese
oxides) is given by:

Mxoy = Mxoy_l + ]/2 Q

Results/development status

Reference

The rotary kiln has been specially designed to agewith the 7-kWHigh-
Flux Solar Simulator (HFSS) installed at IMDEA Eger Thus, optical
analysis by Monte Carlo ray tracing was conducteddlect the optimal
position of the reactor relative to the HFSS inesrtb achieve a total power
at the reaction zone of around 1 kW.

Numerical simulations indicated that the maximummperature was
achieved at the reaction zone (1700 K). Commissgpeixperiments in the
7-kWe HFSS demonstrated that is possible to reach teanpes as high as
1500 K in the reaction zone. Thermochemical reace@periments with
manganese oxide cylindrical pellets (85% ) 15% MnOz; mean
particle size, 3.5 mm) were performed, with aimigefed during the heating
of the kiln, and nitrogen when temperatures readt€d°C. The production
of oxygen was measured at high temperatures fremetiuction step of the
thermochemical cycle [1].

[1] L. Arribas, V. Miroslavov, S. Bellan, M. Romero,@onzalez-Aguilar. Development of
a Solarized Rotary Kiln for High-Temperature Cheshierocesses. ISES Solar World
Congress Proceedings, Daegu, Korea, November 2015,
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3.3. Reduced pressure rotary solar reactor
Contact: Gilles Flamant (CNRS)

Solar reactor design

The rotary cavity reactor design, depicted in Fegli6, was previously described for a flat
window [1] and has been modified to feature a domattlow [2]. The reactor axis was
slightly bent downwards (5—-10 degrees) to easdabding of oxide powder (ZnO above 99
wt%; Normapur Prolabo™, USA). Powder blocking wésavoided by steadily hitting the
bottom of the stock of oxide powder to generatgatibns (2-5 Hz). A sieve was placed
between the bottom of the oxide stock and theceadrfeeding tube to prevent massive falls of
oxide powder. Cavity and Archimedes screw (for exigeding) rotational speeds were
controlled by setting the voltage of the motorsutda@ gas for dilution/quenching (nitrogen,
0.5-10 NL/min) was regulated with a mass-flow cotlér. About 30 mm was left between
the Archimedes screw and the tip of the alumina tdésigned to feed the cavity with oxide
in order to avoid overheating of the steel screwid® powder heaps in front of the screw
simply fall by gravity, thanks to the vibrationsediced pressure was generated by a standard
rotary vane pump and manually controlled througlvaguum valve with a +10 mbar
uncertainty. The maximal operating pressure was 8#far (atmospheric pressure at
PROMES-CNRS laboratory). The minimal operating pues was 180 mbar. A lower
pressure could trouble the rotation of the gears.

Insulation cooling water —_—
" —_— Y, o .
Ceramic layer inlet <«— Camier gas

ZnO powder

Rotating \
—<4— Carmer gas

drving gear

wall

Radiations Solar flux

from the cavity

[ ]+

Pyrometer

Inlet gas —»
shueld

Screw feeder

: Moto
Cavty v oot J

] water outlet Products (to the filter)

Figure 16 Reduced pressure rotary kiln solar reactor (abdwV) designed and tested at CNRS. From [1].

Table 11 Application of the CNRS reduced pressure rotargrsidactor studied so far.

Application Lab scale | Pilotscale| Project partners| Funding
: 1 kWi,
Reduction of ZnO and Sn@owders @CNRS | CNRS CNRS
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Application: Reduction of ZnO and SnQ, powders
Project name: ---
Partner: CNRS

Process: Reduction of ZnO and Sn@owders is given by, respectively:
Zn0—2Zn+%Q
SnG— SnO+% Q

Results/development status

A high-temperature lab-scale solar reactor prgwtywas designed,
constructed and operated, allowing continuous Zh€rnbal dissociation
under controlled atmosphere at reduced pressurdt j&]based on a cavity-
type rotating receiver absorbing solar radiatiod aomposed of standard
refractory materials. The reactant oxide powdeinjscted continuously
inside the cavity and the produced particles (Zrg eecovered in a
downstream ceramic filter. Dilution/quenching o€tproduct gases with a
neutral gas yields Zn nanoparticles by condensafidre solar thermal
dissociation of ZnO was experimentally achieve@, tbaction yields were
guantified, and a first concept of solar reactosgaalified. The maximum
yield of particles recovery in the filter was 21%dathe dissociation yield
was up to 87% (Zn weight content in the final poyder a 5 Ly/min
neutral gas flow-rate (typical dilution ratio of(30

References
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Reactor for the Thermal Reduction of Metal Oxid€ase Study of Zinc Oxide
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3.4. Gas-particle vortex flow reactor
Contact: Alfonso Vidal (CIEMAT)

Solar reactor design

The lab-scale gas-particle vortex flow solar react@chematically shown iRigure 17[1]. It
consists of a 210 mm-length 120 mm-i.d. cylindricavity-receiver, made out of Inconel 601,
lined with AlLO3;, and insulated with ADs-ZrO, ceramic foam. Concentrated solar radiation
enters the cavity through a 50 mm-diam. apertusewlas closed by a 3 mm-thick clear fused
quartz window. The aperture is equipped with a @jvey frustum for mounting the window
where the radiation intensity is about 10 times lenand dust deposition is unlikely to
occur. Since radiation spillage can reach flux emti@tions ratio greater than 1000 suns, this
component is actively oil-cooled and kept in theaxga 393-453 K to prevent steam
condensation. Further, the window is actively cddlend kept clear from particles) by means
of an aerodynamic protection curtain created bylioed tangential and radial flow nozzles.
The reactor was used for the steam-gasificatiopetfoleum coke (petcoke). The petcoke-
water slurry was kept stirred in a mixer located\abthe reactor and injected through an inlet
port on the cavity top at a controlled mass flove fay a feeding pump. Inside the cavity, the
slurry forms a vortex flow that progresses towaitts rear along a helical path. With this
arrangement, the petcoke particles were directjyosad to the high-flux solar irradiation,
providing efficient heat transfer directly to theaction site. Energy absorbed by the reactants
Is used to boil and superheat the water, raiseghetants’ temperature to above 1300 K, and
to drive the gasification reaction. Reaction prdduexit through a 24 mm-diameter outlet
tube at the rear side of the cavity. The feasibiiit the petcoke-water slurry concept was
demonstrated at the 5 kW power level at PSI’s Hiigh-solar furnace.

window purging nozzle

slurry inlet

reactor insulation (Al,O,-ZrO,)
reactor cavity (Inconel)
reactor liner (AL,O,)

Concentrated ((

Solar
Power

quartz window

Figure 17 Scheme of lab-scale solar chemical reactor gardiion for the steam-gasification of petcoke [1].
The reactants are injected as liquid slurry of pledcparticles and water.

A heat and mass transfer model was applied forsitmeilation of the vortex-flow particle
reactor for the steam-gasification of carbonacemaserials [2]. Two solar reactors were
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examined: the laboratory-scale 5 kW prototype, #redup-scaled version of 300 kW. The
feedstock's particle size, the feeding flow ratles,solar power input, and the geometry of the
reactors were varied to identify the optimal operatl conditions for maximum solar-to-
chemical energy conversion efficiency.

The scaled-up 500 kW pilot solar reactor consistsa avell-insulated cylindrical cavity-
receiver made of heat resistant steel and lineld AEO3, able to withstand up to 1700 K and
additionally insulated at the outside of the reaclde cavity-type geometry is designed to
effectively capturing the incident solar irradiatioThe cavity has a length of 1.7 m and an
inner diameter of 1.1 m. It contains a 0.5 m opgnrirthe aperture — to let in the concentrated
solar irradiation. The volume of the reactor israppmately 1.3 m, with a length of 1.1 m. In
front of the aperture, the cavity is equipped wathliverging conical funnel for mounting a
segmented quartz reactor window with a diametdr.4in, situated 0.5 m in front of the focal
plane where temperatures are significantly lowexpdeiments were performed at the
Plataforma Solar de Almeria (PSA).

Table 12 Application of gas-particle vortex flow reactor died so far.

Application Lab scale Pilot scale Project partners Funding
. 500 Kk
Production of syngas from heavy crude5 kW, W PDVSA, ETHZ,
. @ PSA- PDVSA
olil @ PSI CIEMAT CIEMAT

Application: Production of syngas from heavy crudeoil
Project name: SYNPET
Partner: PDVSA (Venezuela), ETHZ (Switzerland) and CIEMATpé).

Process: For the solar-driven gasification of petcoke, therall chemical conversion
can be represented by the simplified net reaction:

CH,O, +(1—y)H,0 — (1+ % —y) H,+CO

where x and y are the elemental molar ratios &f &id O/C of the
feedstock. The chemical product is synthetic gagn@as”).

Results/development status

All runs were performed with Petrozuata Delayed YRDke, and lower
heating value (LHV) of 35,876 kJ/kg. Three differgrarticles sizes were
used: 1) ball milled, with an average particle deden of 8.5um; 2) sewed,
with particle diameter < 8Qm; and 3) sewed, with particle diameter < 200
pm. The slurry was prepared by stirring petcoke éonineralized water
for a desired stoichiometric molar ratioBtCury in the range 1-3 (Figure
18). The total water-to-coke ratio {8:C)oa, Which includes the steam
used to purge the window, varied in the range D.5The petcoke mass
flow rate was between 0.6 and 3.61 g/min. The tieguhverage residence
time for the coke particles was in the range 0.2%3 seconds [1].
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The average and maximum degree of petcoke chenuoakersion was 48%
and 87%, respectively, using particles with diamsetemaller than 80
micrometres. Lower water/petcoke stoichiometry léadower mass flow
rates and higher residence times, thus resultinghigher petcoke
conversions. Energy conversion efficiencies — aefias the portion of solar
energy input stored as chemical energy — up to p#ak) and 2.5%
(average) are reached. If sensible heat is incl@ad@dh potentially can be
recovered), energy conversion efficiencies of 1f¥%ak) and 11% were
achieved [1].

ol 03
"; . XPCIC()kc ~ Dp <80 (um) .
ERTIR 025 =
2 ~ =
o g Dp <200 (um) 02 %
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£ I ‘ H | I 0.05 =
<
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2:1 1.5:1 2:1 1.5:1 1:1

w

Slurry molar ratio HyO:C (-)

Figure 18 Petcoke chemical conversion and energy convessiiciency obtained in the solar experimental
runs, ordered according to particle size and slstoichiometry [1].

Deliverable 9.1

Experimental evaluation of the performance of th@0 5kW solar
gasification plant was carried out at the SSPS/G&&er at PSA [3].
Thermal tests confirmed a good behaviour of tharoé front cone and the
window of the reactor, introducing air at flux dépsnear 1.5 MW/,
which amounts to total absorbed power of 300 k\ihataperture. Start-up
of the reactor lasts 2 or 3 hours due to the timekilation of the system. A
storage system could help shortening the starirug tFigure 19).

A set of ten solar gasification experiments wadquered with petcoke-
water slurry feeding using 2Q@0On particles and water/petcoke
stoichiometry of about 3. The solar power input vilasthe range 270-
300 kW, resulting in a nominal reactor temperaturethe range 1100-
1350 K [3]. Reactants were continuously introduaeé mass flow rate of
15 kg/h of slurry with HO:C ratio equal 3, and additional 9 kg/h of steam t
protect the window, corresponding to a totalOHC ratio of 4. Average
values under approximate steady-state conditiomsnalicated by coloured
curves in Figure 19: Reactor cavity temperatugged, = 1370 K, product
gas composition g= 48%, CO = 13%, CO= 25%, and Chl= 5%.

Chemical conversion for steam and petcoke aftanglespass reached up to
35%, lower than expected from previous tests Wwieh3 kW reactor. Energy
conversion efficiencies reached peak values ud® #rchemical energy

only and 43% fochemical energy and sensible heat.
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During the chemical test campaign, the transparesicyhe segmented
guartz window was reduced in time by depositiorcaife particles on the
inside. In the course of the tenth chemical tds, window was broken.
Currently, the project is stopped in order to sdhwe problem with the new
window configuration.

Figure 19 Results from a typical chemical test of the §00 SYNPET solar pilot plant at PSA.
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3.5. Directly irradiated fluidized bed reactor
Contact: Alfonso Vidal (CIEMAT), José Gonzalez-AguiiMDEA)

Solar reactor design

The fluidized bed solar reactor, shown in Figurei2@omposed of a cylindrical tube (78 mm
of diameter) made of ceramic brick ending in a cahaperture (148 mm of total length) with
a quartz window (diameter 216 mm), which let thegles to be directly irradiated by a 7-
kW, high-flux solar simulator. At the bottom of theliogler, a porous ceramic piece acts as a
sample holder and gas diffusor. The external hgusimade of stainless steel.

The instrumental facility has comprises measuriegiaes and instrumentation together with
mounts to hold the reactor and other devices. FKotype thermocouples are installed at
different positions: inside the reactor, within temple, at the gas outlet and on the window
surface. Furthermore, temperature is measuredavitirometer and an infrared camera. For
measuring pressure in the reactor, a relative pregseter (0-2.5 bar) is located in the inner
area, next to the window. Pressure drop is an itapbrparameter in fluidized beds;
consequently, a differential pressure meter (O-af@r) is also needed. The high-pressure
measurement is made in the air entrance, at therbqiart, and the low one is in the reactor,
after the bed. A gas analyser and a micro GC measiitet gases composition.

Infrared
Pyrometer _
camera Kiran 7 Reactor

Figure 20 Photographs of the fluidized bed reactor and ipeerental setup at IMDEA.
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Table 13 Application of IMDEA directly irradiated fluidizeted reactor studied so far.

Application Lab scale Pilot Project Funding

scale partners
Hydrogen production by 1kWi, IMDEA QIL_JC_:FCPC;Nprze((rfglonal)
thermochemical cycles @ IMDEA STAGE-STE

Application: Hydrogen production by thermochemical cycles
Project name: ALCCONES (regional project), EU-FP7 project STAGEES
Partner: IMDEA, CIEMAT

Process: Hydrogen production by thermochemical cycles basedommercial nickel
ferrites

Results/development status

Analysis of particle regimes (from packed bed wadised bed) has been
accomplished, using various materials B, C, andcEoaling to Geldart’s
classification at room temperature and under haghation fluxes.

Numerical models for radiation heat transfer andiga dynamics have
been developed.

Hydrogen production tests using nickel ferritesenbeen performed.
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3.6. Directly irradiated packed bed reactor
Contact: José Gonzalez-Aguilar (IMDEA), Manuel Rom@IDEA)

Solar reactor design

A lab-scale solar thermochemical reactor was desiggnd fabricated to study the thermal
reduction of non-volatile metal oxides. The dirgdtiradiated packed bed reactor operates
simultaneously as solar collector and as chemieattor. The vertical reactor, shown in
Figure 21, is made of a stainless steel housing w&ramic bricks as insulation. The total
height of the reactor is 225 mm, with two differglimeters: 210 mm at the top and 172 at
the bottom. The horizontal light beam from the 7kNigh flux solar simulator is reflected
with an angle of 90° using a flat mirror and isrnthatroduced vertically into the reactor
through a quartz window and the conical apertutee $ample is placed in a crucible and
directly irradiated in the reactor cavity. The rairand the window are water-cooled (1 I/min)
in order to avoid overheating. The cooling pipe¢ha&t window zone is made of copper due to
its high thermal conductivity. The temperaturestioé water at the inlet and outlet are
measured by K-type thermocouples.

Inert gas (Ar) is injected into the conical apegttinrough four gas inlets located around the
lateral wall on top of the cylinder. The gas outtetocated at the bottom of the reactor. The
flowmeter is a MPC20-BBNSP1 Porter with a rangeOgf to 20 SLPM. Seven K-type
thermocouples are installed at different heightshefreactor and two K-type thermocouples
are inserted through the bottom to measure sanmalesample-holder temperatures. Besides,
the sample temperature can be measured by a pyworRedative pressure is measured at half
height of the reactor by S-10 Wika device with agaof 0-10 bar.

mirror cooling

water
i

flow meter

. gas analysis

— i

gas conditioner |

gas cooler “7
exit $&

Figure 21 Schematic representation of test bed includingdthextly irradiated packed bed reactor.

solar
simulator

thermocouples

i
pressure sensor
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The product gas is analysed by a system composéadyevices to measure in continuous
way: Ultramat 23 for CO, C)CH, and Q and Calomat 6 for }1and a micro GC to measure
in semi-continuous way. The micro GC is equippethwinree channelsChannel 1 and 2
(MolSieve 5A PLOT 20M Unheated) are used to measipeN,, O,, CO, and Clf the
difference between channels 1 and 2 is the caga&s;, argon and helium, respectively;
channel 3 (PoraPLOT Q 10M Heated) is used for liggjdrocarbons such as GHCHe,
CoH,, and GH..

The directly irradiated packed bed solar reacta igersatile tool for investigating gas-solid
reactions. It can be operated in horizontal [1] aedical [2] configuration. Applications are
summarized in Table 14.

Table 14 Applications of IMDEA's directly irradiated packdskd reactor studied so far.

Application Lab scale 5Pé|§|te Project partners Funding
Kinetics determination of gas-solid 1kWy, - IMDEA, CIEMAT, SOLGEMAC
reactions under high-radiation fluxes @ IMDEA URJC, INTA
IMDEA, CIEMAT, ALCCONES
URJC, CSIC
Solar gasification and solar pyrolysis of| 1kWj, IMDEA STAGE-STE
carbonaceous materials @ IMDEA IMDEA, CIEMAT, ALCCONES
URJC, CSIC

Application 1: Kinetics determination of gas-solidreactions under high-radiation fluxes
Project name: SOLGEMAC (Regional project), ALCCONES (Regional jexd)
Partner: IMDEA, URJC, CSIC

Process: The solar-driven reduction of metal oxides@ (ceria and manganese
oxides) is given by:

Mxoy = Mxoy-l + ]/2 Q
Results/development status

A methodology for determining kinetics (i.e. to mdiéy kinetic mechanism
and obtain kinetic parameters) in gas-solid reastisystems has been
developed and successfully tested with pellets nedd®anganese oxides
and ceria. The directly irradiated packed bed wmraatsults in a
complementary characterization tool to the solareir thermogravimeter

[1].

Unsteady 1D and 2D-axisymmetric humerical modelshefdt and mass
transfer in the reactor have been developed. Thaeta@llow identifying
heat transfer modes in the reactant and verifyivag) the reactor behaves as
a plug flow reactor [2].

Internal lining and sample holder have been regemthdified in order to
extend the reactor applicability to other matefaams and shapes such as
foams.
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Application 2: Solar gasification and pyrolysis ofcarbonaceous materials
Project name: ALCCONES (Regional project), FP7 IRP STAGE-STE
Partner: IMDEA

Process: Pyrolysis and gasification of carbonaceous materatcording to the
chemical reaction:

Carbonacassfeedstocks H,0/0, - (H,,CO,CO,,H,0)+C H, +tar+ash
Results/development status

Solar-driven pyrolysis and gasification of carbaaes materials has been
demonstrated in repeatable experiments [3]. Testgrials comprise low-

grade carbonaceous materials such as Mexican getmokewage sludge
and biomass such as micro-algae and straw (seesR2gIL.
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Figure 22 CO, CQ, CH,, H, composition and temperature as a function of tileneng the solar-driven
pyrolysis (top) and gasification (bottom) of straw.
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3.7. Upward moving bed solar reactor
Contact: Gilles Flamant (CNRS)

Solar reactor design

The upward moving bed solar reactor, depicted gufe 23, is composed of a Pyrex™
window and a cylindrical, water-cooled reactor sf@pth: 76 mm, diameter: 88 mm) made
of stainless steel [1]. The cavity materials cansigure sintered alumina (Degussit™ AL23,
Tmax= 2223 K) for the tubes and plates, zirconia felt the aperture plate (yttria-stabilized
zirconia fibres, Zircar™ ZYF-50, thickness: 1.3£0n, Thax= 3223 K) and alumino-silicate
for the insulation (Promat™ Promaform 160Q,,d= 1873 K). They were qualified in a
previous study [2]vith respect to chemical and thermal stability. Teé&actory cavity is
composed of a 30 mm-long alumina tube (30 mm #dmm thick) with gas input/output
bored via a diamond saw. It is closed at the bothyra 7 mm-thick and 37 mm-diameter
cylindrical plate (with a centred 15.5 mm i.d. Ho#émd at the top by a 3 mm-thick aperture
plate (88 mm o.d., 12 mm-diameter aperture) made lafyers of zirconia felt. This set of
refractory parts is inserted into a modular insafafilling the inside of the reactor body.

pyrometer

4 Concentrated solar irradiation (1 kW)
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inert gas
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o Water filter (recover Zn ou SnO)
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Figure 23 Schematic of upward moving bed solar reactor (athddW/) developed and tested at CNRS.
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The reactant consists of 3-8 mm-thick pellets (8-thameter) brought forth by compressing
up to 2 g of commercial oxide powder (S18D ZnO, Prolabo™, mean diameter of about one
micron, purity above 99%). They are stacked in an®0-long alumina feeding tube (10 mm
i.d., 15 mm o.d.) exceeding of 7 mm the bottomhaf tefractory cavity. This pile of pellets
forms an oxide “rod” that is pushed upward via eescpiston manually rotated for achieving
a continuous reactant injection during an expertalenun. Both the powders and the
insulation are preliminarily calcined during 5 hl&73 K to eliminate impurities and organic
traces (organic binders) that could hindgnt@asurements.

Neutral gas (Mor Ar) is introduced via the aperture to proteat tilass window from the
convective flow of product gases (Figure 23). Aubdial inert carrier gas is optionally
injected from an inlet port located at the uppetesof the cavity (3 mm i.d. tube), also
connected to a pressure sensor (Pfeiffer Vacuum™2BQ capacitance gauge) in order to
measure the operating pressure inside the cavity.f@Gw rates are regulated with mass-flow
controllers (Brooks™ calibrated with,Nprecision: 0.7 % = 0.2 % of the full scale, scéle

5 Ly/min). Although a gas pre-heater is not directlypliemented in this reactor, the hot
aperture plate (heated by the solar irradiatiostiiva that does not enter the cavity and by
inside IR radiation from the cavity) acts as a ges-heater. The inert carrier gas and gas
products (@ and reduced species) exit the cavity via an otule¢ at the opposite side of the
cavity. This outlet tube is a 15-cm long aluminbgy5 mm i.d. and 6 mm o.d.) that is used in
order to avoid direct contact between the hot gasesthe cold walls. Indeed, condensation
of Zng or SnQg)vapours on water-cooled walls can be responsiblsi¢mificant deposits. At
larger scale, this can be limited via an annulewfbf neutral gas at the reactor output, also
used for quenching. Then, the condensed specieaared up to a specific nanopatrticle filter
located 20 cm downstream.

Table 15 Application of the CNRS upward moving bed solarcteastudied so far.

Application Lab scale | Pilotscale| Project partners| Funding
: 1 kWi,
Reduction of ZnO and Sn@owders @CNRS | CNRS CNRS

Application: Reduction of ZnO and SnQ, powders
Project name: ---
Partner: CNRS

Process: Reduction of ZnO and Sn@owders is given by, respectively:
Zn0—2Zn+%Q
SnG— SnO+% Q

Results/development status

The high-temperature thermal dissociation reactb@nO and Sn@was

investigated, as part of two-step thermochemicakewsplitting cycles for
H, production [1]. A lab-scale solar reactor (1 kWgsadesigned, built, and
operated for continuous dissociation of volatileides under reduced
pressure. In this reactor, compressed oxide powplased in a vertical
ceramic cavity are irradiated by highly concentlasolar energy. The
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reactor design allows moving the reaction front &hieving continuous
reactant feeding. ZnO and Sp@hermal dissociations were successfully
performed at about 1900 K, with the recovery oftob0% of products as
nanopowders with high specific surface area (inrémge 20-60 fig) and
with mass fractions of reduced species up to 48 t%Zn and 72 wt% for
SnO. The performed Omeasurements confirmed the kinetics of ZnO
dissociation and gave an activation energy of 38® kJ/mol, based on an
ablation regime of the ZnO surface.

References
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3.8. Controlled atmosphere crucible solar reactor
Contact: Gilles Flamant (CNRS)

Solar reactor design

A solar pyrolysis system was designed and congtduicy setting a biomass pyrolysis reactor
at the focal point of a vertical solar furnace (Figy24). In such a solar furnace, a sensor
detects the sun location and sends an order tching system. The heliostat is continuously
adjusted to face the sun correctly such that fteaed beam is vertical to illuminate a down-
facing parabolic mirror (2 m diameter and 0.85 roafoength). The maximum power and
maximum flux density are approximately 1.5 kW ar&joD0O kW/nf, respectively. A shutter
with moving parallel carbon composite blades motsiahe reflected solar beam and thus the
incident radiation, and therefore the concentrdtad impinging on the sample and its
temperature. A transparent Pyrex balloon reacttn W85 mm diameter (6 L volume), set at
the focus, is swept with an argon flow controlleg & mass flowmeter (Bronkhorst, EL-
FLOW®). A portable infrared gas analyser (3100 SYAB} is used to monitor the oxygen
concentration during the sweeping process. Thepwgas is used to keep the reactor wall and
fluorine window clean. A needle valve adjusts tlas flow through the outlet of the reactor,
which eventually controls the reactor pressure. S&mmple surface temperature is measured
by a “solar-blind” optical pyrometer (KLEIBER monmomatic operating at 5.2m, in a
H,O absorption band) through a fluorine window (tggrent at this wavelength).

Sun rays

Parabola

Crucible
.~Reactor

Mass flowmeter

Argon gas cylinder

Heated copper tube

Heliostat

Portable infrared gas analyzer

Gas sampling bag

Micro GC analyzer
Dry ice condensation train
Figure 24 Controlled atmosphere crucible solar reactor (athditv) designed and tested at CNRS.

The targeted heating rate and final temperatursetrby a PID controller, which controls the
shutter opening based on the measured sample tetuer
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The pyrolysis products (condensable vapours anonohensable gases) first pass through a
liquid collection system, which consists of a hdatepper tube and one dry ice condensation
train. The dry ice condensation train consists bfe¢ impinger bottles containing
approximately 100 ml isopropanol solvent (2-proparior each one. The copper tube is
maintained at about 250 °C. All the impinger battlre immersed in dry ice (temperature
between around -25°C and -15°C). A needle valmd a vacuum pump are placed
downstream the condensation train. Then, the ineosable gases are aspirated by the
vacuum pump and collected in a sampling bag. Binale composition of the gaseous
products is analysed by gas chromatography (SR#uments MicroGC 3000).

Table 16 Application of the CNRS controlled atmosphere dvleesolar reactor studied so far.

Application Lab scale | Pilotscale| Project partners| Funding
Solar pyrolysis of biomass under heating rate; ¢ KW,

(5-450°C/s) and plateau temperature contrpl CNF:S - CNRS CNRS
(600-2000°C). @

Application: Solar pyrolysis of biomass
Project name:  ---
Partner: CNRS

Process: Solar pyrolysis of biomass under heating rate (B-4%/s) and plateau
temperature control (600-2,000 °C).

Results/development status

The solar pyrolysis of beech wood was investigatéti the objective of
determining the optimal pyrolysis parameters forximazing the LHVs
(lower heating values) of the gas products becdheg can be further
utilized as fuel gas for power generation, heat gmwdduction of
transportable fuels [1]. The investigated variablgsre the pyrolysis
temperature (600—-2,000 °C), heating rate (5-456);@fgon flow rate (6—
12 Ly/min) and pressure (0.44-1.14 bar). The resultscanel that the
product yields (liquid, char and gas), gas compwmsi{H,, CH;, CO, CQ
and GHg) and LHV are strongly influenced by the pyrolygpigrameters.
The total gas LHV greatly increases with increasamperature (from 600
to 1,200 °C) and increasing heating rate (from 5aG8C/s), which is mainly
due to increases in the CO angiklds. The variation in the gas LHV with
pressure and argon flow rate is slight. A maximuas groduction of 62%
with a LHV of 10,376 £ 218 (kJ/kg of wood) is obtad under solar
pyrolysis conditions of 1,200 °C, 50 °C/s, 0.85 lzend 12 ly/min. This
heating value is almost identical to that of théiah beech wood, thus
confirming that valuable combustible gases can roelyced via the solar
pyrolysis of beech wood.

Reference

[1] K. Zeng, D. Gauthier, R. Li, G. Flamant. Solar gysts of beech wood: Effect of
pyrolysis parameters on products distribution aad groducts composition. Energy,
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3.9. Cauvity reactor for ceria
Contact: Ronald Michalsky (ETHZ), Aldo Seinfeld K&}

Reactor design

The schematic of the experimental setup is showsigare 25(a); it features the main system
components of the production chain to solar keresesm HO and CQ via the ceria-based
thermochemical redox cycle. The key componentasstilar reactor, shown schematically in
Figure 25(b). Its main features are briefly summedi here. It consisted of an insulated
cavity-receiver with a 4 cm-diameter aperture tb ife concentrated solar radiation. The
reactor front was sealed by a 24 cm-diameter, 3tmok-clear fused quartz disk window. A
compound parabolic concentrator (CPC) was incotpdranto the aperture to boost the solar
concentration ratio to mean values of up to 30Qfssi reticulated porous ceramic (RPC)
foam-type structure, made of ceria, was containgimthe cavity as a cylinder composed of
four 20 mm-tick, 60 mm-i.d., 100 mm-o.d. rings, amdingle 20 mm-thick, 100 mm-o.d.
disk. The total mass of the Cg®©ylinder was 948 g. Temperatures were measuredeat
outer surface of the RPC with B-type thermocoupRsacting gases were injected through
radial inlet ports and product gases exited throaigloutlet port at the rear plate. Details of
the experimental setup are given elsewhere [1].

a)
’ 0,/Ar
L Reduction

FISCHER-TROPSCH
UNIT

Liquid
Hydrocarbons

COMPRESSOR

Syngas

\ STEAM

HIGH-FLUX GENERATOR

SOLAR SIMULATOR H D

b) Thermal
Insulation

Quartz Window

Dual-Scale RPC Structure

Concentrated
Solar Radiation

Small-Scale Large-Scale porosity
Porosity

Figure 25 a) Schematic of the experimental setup, featuriggrhain system components of the production
chain to solar kerosene fromy® and CQ via the ceria-based thermochemical redox cycl&dhematic of the
solar reactor configuration. The cavity-receiventains a reticulated porous ceramic (RPC) structmade
from ceria, with dual-scale porosity in the mm- arrd-scale. Images are adapted from [1].
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Table 17 Application of cavity reactor for ceria studiedfso.

Application

Lab Pilot Project

Funding
scale scale partners

Splitting of CQ
and HO

European Commission under Contract No.
ETHZ 285098, Project SOLAR-JET; Swiss Competence
Center Energy & Mobility

2.8-3.8 | 50 kW,
KW, (2017)

Application: Splitting of CO, and H,0

Project name:
Partners:
Process:

ETHZ

Key reactions: The ceria-based thermochemical agalepresented by:
High-temperature reduction:

)
CeQ - CeQ, + Q ®
Low-temperature oxidation with J@:
CeQ,; ®H,0 - CeQ $H, (2a)
Low-temperature oxidation with GO
CeQ; ®CO, - CeQ $CO (2b)

where the non-stoichiometry denotes the reduction extent. In the first,
high-temperature solar endothermic reduction stepa is partially reduced
to a non-stoichiometric state. In the subsequemttéonperature exothermic
oxidation step, the reduced ceria is reacted wih Bind/or CQto generate
H, and/or CO.

Results/development status

Deliverable 9.1

Experimentation was performed at the High-Flux &68lanulator (HFSS) of
ETH Zurich. The results are published in referefige Briefly, during the
first endothermic reduction step at 1450-1600 Y& RPC was directly
exposed to concentrated thermal radiation with paweuts ranging from
2.8-3.8 kW and mean solar flux concentration ratibsp to 3000 suns. In
the subsequent exothermic oxidation step at 70@-220 the reduced ceria
was stoichiometrically reoxidized with GQand/or HO to generate CO
and/or H. The RPC featured dual-scale porosity: mm-sizeegpoior
volumetric radiation absorption during reductiordgrm-size pores within
its struts for enhanced oxidation rates. For cyitleation of 25 min, mean
reduction rates were 0.17 imin® glceorand mean oxidation rates were
0.60 mleo mint g'lCeoz The solar-to-fuel energy conversion efficiencyswa
1.72 %, without sensible heat recovery. No attemps undertaken to
recover the sensible heat of exiting hot gasesfah® RPC during the
temperature swing between the reduction and oxidatteps. In total, 291
stable redox cycles were performed, yielding 7@haard litres of syngas,
which was compressed to 150 bars and further psedesia Fischer-
Tropsch synthesis to a mixture of naphtha, gaaot, kerosene. To the best
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of our knowledge, this was the first experimenw@lming of solar syngas
production from HO and CQ with the storage, compression, and FT-
processing to liquid hydrocarbons.

The development of this reactor type is continudthiovthe H2020 project
SUN-to-LIQUID, aiming at a demonstration on a scaé 50 kW
concentrated solar power input.

[1] D. Marxer, P. Furler, J Scheffe., H. GeerlingsFalter, V. Batteiger, A. Sizmann, A.
Steinfeld, Demonstration of the entire productitaio to renewable kerosene via solar
thermochemical splitting of ¥ and CQ, Energy & Fuels, 2015, 29, 3241-3250. doi:
10.1021/acs.energyfuels.5b00351
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3.10. Pressurized volumetric receiver
Contact: Christian Sattler (DLR)

Reactor design

The idea was to use solar heated pressurized vuoicrae@ receivers for the steam reforming
of carbonaceous feedstocks like natural gas oetigd petroleum gas (LPG). Improving the
technology of the previously successfully tested 88YS receiver [1].

Figure 26 SOLASYS Installation on the solar tower of the We#ann Institute of Science, Rehovot, Israel
(2001).

With the latest reactor SOLREF, a cost reductiorb® [2] could be achieved with an
advanced volumetric receiver (Figure 27). It wake &b be operated at high pressure of up to
15 bar and temperatures of up to 950 °C to reaghehiconversion rates of methane to
hydrogen and higher efficiency [3]. The receiveiswaore compact than the SOLASYS and
the redesign prevented the deposition of carbathenreactor. The reactor was purged with
either CQ or hydrogen to avoid steam condensation in the pafts of the reformer.

distributor

insulation
vesse| @

Figure 27 The SOLREF reactor.

In the beginning of 2009, the SOLREF reactor wasimbed on top of the solar tower at the
Weizmann Institute of Science (WIS) in Rehovotadédr(Figure 28). In a pre-test phase, leak
tightness, temperature durability and, in gengnalper functioning of all parts were tested. In
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the beginning of 2010, thermal tests were carrigidsoccessfully and afterwards the system
produced hydrogen in the second quarter of 201gu(Ei29).

Figure 28 SOLREF Installation on the solar tower of the Weanm Institute of Science, Rehovot, Israel

(2010).

Liquified petroleum gas (LPG) was reacted with wadte produce syngas. The formed CO
was shifted with additional water to maximize thyeltogen yield:

CH;+HO—-CO+3H
CO+HO— CO, + H,

T T T T T T T
200 T T T

os L -— Hydrogen Output median value 0.200 kg/h ]

—— Steam 165 kg/h "\
150 | o ’ :,v '... ]
100 02| N -

MassFlow [kg/h]
Mass Flow [kg/h]

__——CH,54kgh / \
s0 | = < il f = i 1

——LPG 50 kglh 1 %
H '\i
4 . . . . .

0,0
13:15 13:30 13:45 14:00 14:15 14:30 14:45 15:00 15:15
Time [hh:mm]

|315 13:30 |345 HOO MIS 1430 I445 15:00 15:15
Time [hh:mm]

Figure 29 Left: Input of reactant gases in absolute measimtesthe SolRef reactor during solar testing. The

numbers indicating the level taken into accountlfer stoichiometric equation. Right: Output of lygken gas in
absolute measures in the same time frame. The wadaa is 0.200 kg/h.

Table 18 Application of pressurized volumetric receiver teactudied so far.

L Lab Pilot . .
Application scale scale Project partners Funding
CERTH, WIS, DLR, Johnson .
Solar reforming 40(\)/\/'('\24“ Matthey, ETHZ, Hexion, ggfggzprolect
@ SHAP, Region Basilicata
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Application: Hydrogen production by solar reforming of methane
Project name: EU-FP6 project SOLREF
Partners: CERTH, WIS, DLR, Johnson Matthey, ETHZ, Hexion, SMARegion
Basilicata
Process: Key reactions: Solar reforming of LPG:
CH;+HO0—->CO+3Hh (2)
CO+HO—-CO+ Hy (2)

Results/development status

A 400 kW solar reactor was designed and tested @»®°C and 15 bar on
the solar tower of the Weizmann Institute of ScegriRehovot (WIS), Israel,
until 2010. Under these conditions methane coulddweerted close to the
theoretical balance of 78%.

Reference

[1] S. Mdller, R. Buck, R. Tamme, M. Epstein, D. Liabann, M. Meri, U. Fisher, A.
Rotstein, C. Sugarmen, Solar Production of Syngas Hlectricity Generation:
SOLASYS Project Test-Phase, In: Proceedings of tigh SolarPACES Int.
Symposium on Concentrated Solar Power and Cheraivalgy Technologies, Zirich,
04.-06.11.2002.

[2] S. Mdller, D. Kaucic, C. Sattler, Hydrogen Prodantiby Solar Reforming of Natural
Gas: A Comparison Study of Two Possible Procesdi@aations, J. Sol. Energy Eng,
2005, 128(1), 16-23. doi:10.1115/1.2164447

[3] S. Mdller, S. Friedmann, M. Walter, J. ten Dam, KBE — Development of an
Advanced Solar High-Temperature Reformkr. Proceedings of ISEC2006: ASME
International Solar Energy Conference. ISEC200®6207-08 - 2006-07-13, Denver,
CO (USA).
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3.11. Monolithic honeycomb reactors
Contact: Christian Sattler (DLR)

Reactor design

The first examples of honeycomb reactors for salded chemistry applications can be traced
back to 1989 when researchers at WIS depositedr&hoh alumina and then on cordierite
honeycombs and irradiated it in their solar furnsxeatalyse the reaction of G@ethane
reforming. However, such honeycomb reactors haselfieen used for thermochemical water
splitting when the HYDROSOL research group intraetlicche concept of monolithic
honeycomb solar reactors for performing redox pgates [1]. The reactor is inspired, on the
one hand, from solar-radiation-absorbing honeycamllometric receivers made of silicon
carbide (SiC) employed in solar tower power plamggg air as heat transfer medium [2, 3]
and, on the other hand, from the well-known autoileotatalytic converters [4]. It has no
moving parts and is based on the incorporationctie redox pair powders as coatings on
multi-channeled monolithic honeycomb structuresatédg of achieving and sustaining high
temperatures when irradiated with concentrated sathation.

The operating concept is shown in

Figure30(a). When steam passes through the solar reabhticdating material splits water
vapour by “trapping” its oxygen and leaving pureadiogen in the effluent gas stream. In a
subsequent step, the oxygen-“trapping” coatinggésrally reduced by increasing the amount
of solar heat absorbed by the reactor. Such redatenmal-coated honeycombs (

Figure 30(b)) have achieved continuous solar-operated wspditting- thermal reduction
(WS-TR) cycles. The issue of continuous productias been resolved with a modular dual-
chamber fixed honeycomb absorber design and impltatien shown in

Figure 30(c) [5]. One part of the modules splits water whle other is being regenerated.
After completion of the reactions, the regenerateadules are switched to the splitting
process and vice versa by switching the feed gadjée to its modularity and the lack of

movable parts, this design is amenable to straightfrd scale-up and can be effectively
coupled with a solar platform facility placed os@ar tower for continuous mass production
of hydrogen. Indeed, such a modular, dual-chanfbeite-coated honeycomb HYDROSOL

reactor has been scaled up to the 100 kW levelntedwon a solar tower facility (Plataforma
Solar de Almeria, Spain) and achieved continuousareperated WS-TR cycles

demonstrating the “proof-of-concept” of the propbsesign (

Figure30(d) and (e)) [7]. In such a facility, the differenéat demands for the two process
stages were realized not by moving the reactorsbiladjusting the flux density on each
module when the status of the cycle is switchethfregeneration to splitting and vice versa,
via partitioning the heliostat field and providingvo “switchable” focal spots with
independent power modulation [8].

An optimization of the reactor shape has beenedwut to reduce the quite high re-radiation
losses due to the high temperatures and the laqgaesed absorber surface area revealed by
experiments and simulations [9]. For the 750 kWnpla new reactor design has been
proposed [10] where the overall shape of the alesasbclose to a hemisphere and a suitable
secondary reflector is included as well (Figure. 3he reactor-receiver consists of two parts:
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a receiver “flat” part made of non-redox, squaraepsd honeycombs at the front plate of the
reactor (just behind the quartz window) and a “ddingart at the rear which is the reactor
part consisting of the redox-coated modules. Theoduction of a spherical shape of the
absorber and a suitable secondary reflector ensuresre homogeneously distributed solar
flux and therefore a more homogeneous temperatstebdition than that of the previous,
“flat design” version. The cavity design ensuresoathat the thermal radiation is more
efficiently absorbed inside the reactor since déf¢ parts of the absorber face each other
instead of facing the environment like in the poexa flat design. Furthermore, the whole
reactor set-up and all components were designexd way allowing easy maintenance and
replacement of parts, in particular of the indiatabsorber monoliths.

Figure 30 Solar reactors employing honeycombs; the HYDROSE4ctor technology evolution: (a) operating
concept; (b) first single-chamber reactor assemliadad in operation; (c) the continuous solar hydnoge
production operation concept and the first dualrdber reactor in operation; (d) the 100 kW-scald-dhamber
reactor on the top of the PSA solar tower; (e) afi@n of the reactor coupled with the solar field.
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x106 m x102 m x1m x10m

Figure 31 Development from the materials to the 750 kW HYDRILSlant reactor.

Table 19 Application of ceramic monolith volumetric reacgiudied so far.

L Lab Pilot . .
Application scale scale Project partners Funding
. <10 CERTH, DLR, Johnson .
Thermochemical water ' ' EU-FPS5 project
splitting kWth @ Matthe_y, Stobbe Tech HYDROSOL
DLR Ceramics
. 100kW | cerTH, DLR, Johnson .
Thermochemical water @ Matthey, Stobbe Tech EU-FP6 project
splitting CIEMAT- Ceramic’s CIEMAT HYDROSOL 2
PSA ' '
750 kW,
Thermochemical water @ gﬁEFf\;II—:T DHLFéear EU FCH JU project
splitting CIEMAT- | EipE yoear, HYDROSOL Plant
PSA

Application: Hydrogen production by thermochemical water splitting

Project name: EU-FP5 project HYDROSOL, EU-FP6 project, HYDROSOLEY FCH-
JU project HYDROSOL 3D, EU FCH JU project HYDROS®lant

Partner: CERTH/CPERI APTL, DLR, CIEMAT, Johnson Matthey, Blb® Tech
Ceramics, HyGear, HELPE

Process: Solar thermochemical splitting of water:
2HO—2H+0;

Results/development status

A 750 kW solar reactor was designed and is pregaeti up on the SSPS
tower of the Plataforma Solar de Almeria, Spainwilt start operation in
spring 2017. K will be produced by thermochemical water splittifigne
reactor is composed of three reaction chambers withdows and
secondary concentrators. The goal is to producg Bikin one week of
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operation.
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4. Summary and Outlook

This deliverable report provides an overview of thaar reactor concepts and related
thermochemical processes for the production ofrsoiels, which the partners in STAGE-
STE are experienced with. It covers a large spetotireactor concepts in terms of operating
pressures and temperatures, direct or indirectirfgesély concentrated radiation, feeding of
reactants, etc. Related to the solar reactor dpmedat, numerous different thermochemical
processes have been investigated. So far, soketorednave been realized in the power range
from 1 kW laboratory scale for fundamental studigsto 750 kW pilot scale for pre-
commercial investigations.

Table 20 summarises all reactors described inrdpisrt. The table includes main applications
in the field of solar thermochemistry, tested wogkiconditions in terms of temperature,
pressure and solar thermal power ranges, technokaginess level and main remarks, e.g.
focused on current performance in terms of soldwéd conversion efficiency, which are
closely related to STAGE-STE WP9 KPIs.

This compilation of experience and know-how withlasothermochemical reactors and
processes within the STAGE-STE consortium also igess valuable input for the
recommendations for further European R&D activities the field (Deliverable D9.4:
“Technology Roadmap for Solar Fuels”).
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5. List of abbreviations

Spanish regional project “Storage and Conversid@asfcentrating solar

ALCCONES energy’

APTL Aerosol and Particle Technology Laboratoryr{jud CERTH, Greece)

BSJRP Brazilian-Swiss Joint Research Programme

CCEM Swiss Competence Center Energy and Mobility

CE Carbon gasification efficiency

CERTH Centre for Research and Technology HellaseGr

CFD Computational Fluid Dynamics

CIEMAT gggitrr]o de Investigaciones Energéticas, Medioamdiienty Tecnoldgicas,

CNR Italian National Research Council

CNRS Centre National de la Recherche Scientifiguance

CoMETHYy Eu-FP7-JTI project “Compact Multifuel Eggrto Hydrogen Converter”

CPC Compound Parabolic Concentrator

CREED Centre de Recherches pour I?Environnmemefgie et le Déchet, France

CSP Concentrating Solar Power

CTI Swiss Commission for Technology and Innovation

D-I Directly irradiated

DLR Deutsches Zentrum fur Luft- und Raumfahrt (Germano&pace Centre),
Cologne, Germany

EC European Commission

ENEA Italian National Agency for New Technologies, Eneapd the Sustainable
Economic Development

EAFD Electric Arc Furnace Dust

ETHZ Eidgenotssiche Technische Hochschule Zurichtzéwand

EU European Union

FP5,6,7 Fifth, Sixth, Seventh Framework Programiaig) (

GE Gasification efficiency

HELPE Hellenic Petroleum (Greek company)

HFSS High-Flux Solar Simulator

HTL Hydrothermal Liquefaction
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HyTech Swiss Project “Hydrogen production and gjeta

HYDROSOL- Eu-FP7-JTI project “Thermochemical HYDROgen produtin a SOLar

PLANT monolithic reactor: construction and operation @68 kWth PLANT”

-1 Indirectly irradiated

IMDEA Instituto Madrilefio de Estudios Avanzadosaip

IR Infrared

KPI Key performance Indicator

LHV Lower Heating Value

Ln Normal Liter

LPG Liquefied Petroleum Gas

MoSE Molten Salt Loop

MWSF MegaWatt Solar Furnace, Odeillo, France

PD Petrozuata Delayed coke

PDVSA Petroleos de Venezuela SA, Venezuela

POLIMI Politecnico di Milano, Italy

POLITO Politecnico di Torino, Italy

PRIN Research Project of National Interest (Italy)

PROMES Laboratoire PROcédés, Matériaux et Energie So{@INRS)

PSA Plataforma Solar de Almeria, Spain

PSI Paul Scherrer Institute, Switzerland

RPC Reticulate Porous Ceramic

SERI Swiss State Secretariat for Education, Rekesard Innovation

SFOE Swiss Federal Office of Energy

SHAP Solar Heat And Power (Italian company)

SLPM Standard Liter per Minute

SOLAR-JET EU-FP7 projec.t “S'ollar chemical reactor demonstrasind Optimization for
Long-term Availability of Renewable JET fuel”

SOLARO? Spanish projgct “Oxygen generation and transpombgns ?f solar
thermochemical processes based on manganese oxides

SOLASYS EU-Joule3 project “Novel solar assisted treven power system”

SOLGEMAC 2g;r;isTr;](;?ggpslosvrggeg;m?ndslilar, Efficient andspatchable High Flux
EU-FP6 project “Hydrogen from Solar Thermal Energigh Temperature

SOLHYCARB Solar Chemical Reactor for Co-production of hydrogad carbon black

from natural gas cracking”
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SOLSYN Swiss project “Solar Fuels for Cement Mactiieing”
SOLZINC EU-FP5 project “Solar carbothermic prodantof Zn from ZnO”
SSPS/CRS Small Solar Power System / Central rec8iaem
SUN-to- EU-H2020 project “Integrated solar-thermochemigaitkesis of liquid
LIQUID hydrocarbon fuels”
TEPSI Italian projf?ct “High temperature thermochemicatleg for hydrogen
production

UNICAL University of Calabria
UNIME University of Messina, Italy
UNINA University of Naples Federico I, Italy
UNIPA University of Palermo, Italy
UNIPI Univerisity of Pisa, Italy
UNISA University of Salerno, Italy
WIS Weizmann Institute of Science, Rehovot, Israel
WS-TR Water splitting-thermal reduction
XRD X-Ray Diffraction
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