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Department of Mechanical and Process Engineering, ETH Zurich, Zurich, Switzerland

We report on the design of a modular, high-temperature thermochemical energy storage
system based on endothermic-exothermic reversible gas-solid reactions for application in
concentrated solar power and industrial thermal processes. It consists of an array of
tubular reactors, each containing an annular packed bed subjected to radial flow, and
integrated in series with a thermocline-based sensible thermal energy storage. The
calcination-carbonation of limestone, CaCOs; < CaO + CO,, is selected as the
reversible thermochemical reaction for the experimental demonstration. Synthetized
4.2 mm-mean size agglomerates and 2 mm-mean size granules of CaO with 42 %wt
sintering-inhibitor MgO support attained reaction extents of up to 84.0% for agglomerates
and 31.9% for granules, and good cycling stability in pressure-swing and temperature-
swing thermogravimetric runs. A lab-scale reactor prototype is fabricated and tested with
both formulations for 80 consecutive carbonation-calcination cycles at ambient pressure
using a temperature-swing mode between 830°C and 930°C. The reactor exhibited stable
cyclic operation and low pressure drop, and yielded specific gravimetric and volumetric
heat storage capacities of 866 kJ/kg and 322 MJ/m? for agglomerates, respectively, and
450 kd/kg and 134 MJ/m? for granules, respectively.

Keywords: thermochemical storage, solar, process heat, calcium looping, reactor

INTRODUCTION

Thermal Energy Storage (TES) enables the use of intermittent concentrated solar energy for
supplying high-temperature heat round-the-clock to industrial processes and for solar thermal
power generation (Glatzmaier, 2011; Henry et al., 2020). The main TES approaches are based on
sensible, latent and thermochemical heat, and combinations thereof. Sensible heat storage has been
mainly deployed as molten salt (Kuravi et al., 2013) and thermocline based systems (Mostafavi
Tehrani et al., 2017; Zanganeh et al., 2012). The latter can be applied to store heat at temperatures

Abbreviations: y, reaction extent [-]; FS, full-scale; HTF, heat transfer fluid; L, standard liters; MFM, mass flowmeters; MFC,
mass flow controllers; SHS, sensible heat storage; TES, thermal energy storage; TCS, thermochemical heat storage; TGA,
thermogravimetric analysis.
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above 600°C using a packed-bed of rocks with a separate heat
transfer fluid (HTF) (Hénchen et al., 2011; Zanganeh et al., 2012).
However, thermocline-based concepts inherently suffer from a
temperature profile degradation after multiple charging-
discharging cycles, leading to an undesired drop in the HTF
outflow temperature during discharge (Stekli et al., 2013). Several
mitigation strategies have been explored, such as multi-tank
arrangements (Roos and Haselbacher, 2021), flow flushing and
extraction (Geissbithler et al., 2019), and combined sensible-
latent heat storage systems (Zanganeh et al., 2015). In general,
current technologies based on sensible and latent heat storage are
limited in temperature by materials constraints and in energy
storage density by their specific heat capacity and enthalpy of
phase change.

Of special interest is the thermochemical heat storage, which
makes use of reversible endothermic-exothermic reactions for storing
high-temperature heat for long term and with superior energy storage
density (Abedin and Rosen, 2011; André and Abanades, 2020; Carrillo
etal,, 2019; King et al., 2019; Mette et al., 2012; Peng et al,, 2017; Yuan
et al., 2018). Reactors for thermochemical heat storage using gas-solid
reactions can be classified into directly and indirectly irradiated
reactors. Directly irradiated reactor concepts use solids directly
exposed to concentrated solar radiation, for example in granular
flows (Schrader et al, 2020) and rotary kilns (Neises et al., 2012),
providing efficient radiative heat transfer directly to the
reaction site. In contrast, indirectly irradiated concepts use
a separate HTF to transfer the heat into the solids, either by
direct contact or via a heat exchanger. A widely applied
example in this category are fixed bed reactors, which
feature higher volumetric heat storage capacity than particle
flows and avoid the complexity of moving particles at high
temperatures (Cosquillo Mejia et al., 2020; Criado et al., 2017;
Schaube et al., 2013; Schmidt et al., 2014), but at the expense of
inferior heat transfer rates. On the other hand, if the reaction
chamber is separated from the HTF, the reaction pressure
can be controlled independently, enabling control of
the reaction equilibrium temperature and, in turn,
the reaction rate and the heat release/uptake, thereby
allowing for stable outflow temperatures during
discharging (Strohle et al., 2017). This allows to form a
simple control loop with the HTF outflow temperature
and the reactor pressure. The combination of sensible and
thermochemical heat storage also addresses the limited
operating temperature range of the thermochemical
storage alone (Agrafiotis et al., 2016).

In this study, we present the engineering design of a
thermochemical reactor for the combined sensible-
thermochemical TES system which features several intriguing
advantages such as high specific heat storage capacity and
low pressure drop, as well as modularity, scalability, and
robustness. A lab-scale reactor prototype was fabricated and
tested using the CaO/CaCO; calcination-carbonation reversible
reaction at temperatures around 900°C. The synthesis and
characterization of the solid material to avoid sintering and
enable cyclic stability is presented. The experimental setup and
the performance of the reactor prototype for multiple consecutive
cycles are described in detail.

High-Temperature Thermochemical Storage Reactor

THERMOCHEMICAL REACTOR DESIGN

The combined sensible-thermochemical TES system is depicted in
Figure 1A. It encompasses two units in series: 1) the sensible
heat storage (SHS) unit, which consists of a thermocline-
based packed bed of rocks or ceramics subjected to the HTF
flow; and 2) the thermochemical heat storage (TCS) unit, which
consists of a modular array of stacked tubular reactors arranged in a
cross-flow heat exchanger configuration. The TCS unit is positioned
downstream of the SHS unit and the HTF is common to both. As the
SHS unit has already been extensively studied (Hénchen et al., 2011;
Zanganeh et al., 2012), the present study focusses on the design and
experimental investigation of the TCS unit-i.e., the thermochemical
reactor—for performing a reversible endothermic/exothermic gas-
solid dissociation reaction of the form A(s) <> B(s) + C(g). Examples
are the reduction-oxidation of metal oxides and the calcination-
carbonation of metal carbonates (André and Abanades, 2020). In
the scope of this investigation, the calcination-carbonation of
limestone:

CaCO3; « CaO + CO,
AHozgsK =178 k]/mol COZ, AG’=0atT = 1167K

was selected as a model reaction among the various screened
metal oxides, hydroxides, sulfides, and carbonates (André
et al.,, 2016), because of its safe handling, reasonably fast
reaction rates in both directions, operating temperature in
the range 800-1,000°C, and additionally because it is a well-
known reaction from the cement manufacturing. Figure 1B
shows the cross-section of a single reactor tube of the TCS
unit. It consists of an outer cylindrical shell, an annular
packed bed of solid reactants/products CaO/CaCO3, and a
concentric porous inner tube permeable to the gaseous
reactant/product CO,. This inner tube has a single gas
connection on one side for the inlet/outlet of CO,, which is
transported across the porous tube walls to/from the packed
bed. With this arrangement, fluid flow is uniform across
the packed bed and the pressure drop is kept low. During
heat charging, the reactor is partially evacuated to lower the
equilibrium temperature, thereby favouring the endothermic
calcination of CaCQOj; into CaO, while CO, evolved is stored
outside the reactor. During discharging, CO, is pumped back
under higher pressure to the packed bed to increase the
equilibrium temperature, thereby favouring the exothermic
carbonation of CaO into CaCOs.

MATERIAL SYNTHESIS AND
CHARACTERIZATION

Preliminary experimental runs have indicated poor stability of
pure CaCO; during multiple carbonation-calcination cycles due
to sintering. Thus, MgO obtained by calcination of magnesium
oxalate dihydrate (MgC,0,2H,0) precursor at 700°C was
applied as sintering inhibitor (Li et al, 2009). Two synthesis
methods with identical final composition were employed: a wet-
mixed slurry that is dried to form agglomerates, and a drop
granulation method to form granules (Gigantino et al., 2020).
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FIGURE 1 | Left: Schematic cross-section of the TES system, comprising a layered thermochemical heat storage (TCS) unit on top of a sensible heat storage (SHS)

unit. Right: Schematic cross-section of a single reactor tube of the TCS unit.

Outer Shell
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FIGURE 2 | (A) Agglomerates, (B) granules.

Agglomerates—Magnesium oxide was mixed with calcium
acetate (Ca(CH;COO),-H,0), adding 2-propanol and left in a
roll-mill overnight to mix thoroughly. The slurry was then air-
dried and broken into irregular pieces of 4.2 + 2.3 mm equivalent
diameter of a sphere with the same projected surface, as
determined by optical granulometry. Calcination at 800°C for
2 h yielded the final material with a composition of CaO:MgO =
58:42%wt. The synthesized agglomerates have a bulk density of
231kg-m™ when loosely packed and calcined. Variations in
sintering temperature (up to 930°C), precursor preparation,
particle size, and mixing method were explored to find an
optimally stable material formulation. Figure 2A shows a
sample of the finished agglomerate.

Granules—Magnesium oxide was mixed with sieved (250 pm)
calcium acetate at a ratio of MgO: Ca(CH;COO),-H,0) = 1:4.34
by manual shaking. After adding 6.5%wt pore former (150 pm
milled carbon fiber), a binder solution containing ethyl cellulose
dissolved in N-Methyl-2-pyrrolidone was added to form a slurry.
Using a syringe with needle diameter of 1.1 mm, the slurry was

then manually dropped into a stirred beaker containing
demineralized water and a surfactant (Tween 80), from a
height of around 50 mm. The resulting granules were air-dried
before being calcined under atmospheric gas conditions at
1,260°C for 1h, allowing for the organic components to burn
off. The sintered granules have a composition of CaO:MgO = 58:
42%wt (same as agglomerates), a diameter of 1.74 + 0.35 mm, and
bulk density of 205 kg - m™. Pore former contents in the range
0-8.5%wt and sintering temperatures in the range 1,250-1,300°C
were also investigated, and the aforementioned values yielded the
most stable granules. Figure 2B shows a sample of the finished
granules.

Performance and cycling stability of both formulations were
examined by thermogravimetric analysis (TGA, Netzsch STA 409
CD, flat plate crucible). All TGA experiments were executed with
temperature swings between 830°C (carbonation) and 930°C
(calcination) under 1 bar CO, atmosphere. Plateaus were held
for 30 min each, with ramps of 15°C/min between them. Figure 3
shows the carbonation extent for 30 consecutive carbonation-
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FIGURE 3| Reaction extents for agglomerates and granules over 30 consecutive carbonation-calcination cycles, performed in the TGA using a temperature-swing
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FIGURE 4 | SEM images of agglomerate before (top left) and after cycling (top right), and granules before (bottom left) and after cycling (bottom right).

calcination cycles for both formulations. The reaction extent is
defined for each direction as:

_ McaCos _ Ncao (1)
Xcarbonation — > Xcalcination —

Hcaco; T Ncao Ncaco; T 1ca0
For both formulations, the difference between y_.i ination
and ¥, bonation 10T any given cycle was less than 1.25%,
confirming reversibility. However, agglomerates exhibited
an initial x_, 4o nation = 84.02% which decreased by 22.5%
over 30 consecutive cycles. In contrast, the granules
exhibited a rather constant reaction extent, initially

Xcarbonation = 31.9% which decreased by only 0.49% over
30 consecutive cycles. The degradation in performance of
the agglomerates is presumably due to the lower calcination
temperature during their synthesis as higher temperatures
would break them, which ultimately led to the closing of
pores due to sintering during the actual cycling. Figure 4
shows the SEM images of the agglomerates and
granules before and after cycling. It is observed that the
boundary of the agglomerate becomes less porous after
cycling, while the morphology of the granule remains
relatively unchanged.
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FIGURE 5 | Schematic cross-section of the experimental TCS reactor consisting of an Inconel shell, central porous gas-feeding tube, and annular packed-bed of
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FIGURE 6 | Piping and instrumentation diagram of the experimental setup. The dashed box indicates the system configuration during normal operation.

TCS REACTOR PROTOTYPE AND
EXPERIMENTAL SETUP

The lab-scale TCS reactor prototype is schematically shown in
Figure 5. The main body consists of a 76.1 mm-outer diameter,
3.2 mm-thickness cylindrical shell made of Inconel 600 and a
concentric 13.5 mm-outer diameter, 2 mm-thickness porous gas-
feeding tube made of alumina (Rauschert Rapor P20). These
concentric tubes contain the annular packed bed of reactants with
an active volume of 364 cm®, enclosed on both sides by Al,O3
insulation disks which also hold the central tube in place. Blind
flanges fixed with clamps close off the reactor on both sides. Steel
tubes are welded concentrically in both flanges, connecting the
reactor to the rest of the setup. The reactor is placed in a tubular
electric furnace (Carbolite HST 12/200) with a homogeneous

heating zone of 200 mm. Five K-type thermocouples (DIN 60584-
2, Cl. 1, £ 1.5°C) are inserted axially to measure the temperature
distribution in the packed bed in the radial direction. They are
positioned centrally in longitudinal direction and in a horizontal
plane at radii of 10.8, 15.8, 20.8, 25.8 and 30.8 mm from the
centerline. Two additional shielded thermocouples measure the
reactor shell temperature and the outlet gas temperature.

The piping and instrumentation diagram of the complete
experimental setup is shown in Figure 6. The experimental
procedure starts with purging the reactor by vacuum pumping
to 100 mbar followed by perfusing with CO, from a gas bottle
(purity 99.995%). After reaching ambient pressure, the gas bag
(Restek gas sampling bag RT-22968) begins to fill. The gas
composition is monitored by mass spectrometery (Pfeiffer
OmniStar GSD 320 O1). This purging cycle is to verify that
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FIGURE 7 | Representative measurement of a single calcination-carbonation cycle for agglomerates, performed in the TCS reactor using a temperature-swing
between 830°C and 930°C.

no impurities are left in the system. During normal operation, the
manual valves connecting the system to the gas supply and the
mass spectrometer/vacuum pump are closed. The furnace then
drives the carbonation and calcination cycles. The unidirectional
low pressure drop mass flowmeter (Bronkhorst F-201CV, + 1%
FS at 4 Ln/min) is embedded in a valve assembly that ensures that
the flow is always in the same direction, independent of the
current carbonation/calcination state. The LabView control
system detects a state change automatically dependent on
mass flow and temperature gradient changes, and switches the
3-way valves accordingly.

The TCS reactor is operated in a temperature-swing mode
under ambient pressure CO,. While the use of a gas bag ensures
constant ambient pressure, the pressure in the reactor center is
constantly monitored to verify that no significant pressure drop is
occurring between the two. In this configuration, the only
measured input variable is the prescribed temperature profile
within the reactor and the only measured output is the CO, mass
flow rate in/out of the reactor.

EXPERIMENTAL RESULTS WITH THE TCS
REACTOR

Single Cycle—After an initial carbonation step held for 1h, a
single calcination/carbonation cycle was conducted with
agglomerates using a temperature swing between 835°C and
935°C at a heating/cooling rate of 15°C/min and holding the
temperature (plateaus) for 5 h at each reaction step. The duration
of this single cycle was much longer than usual (~35 min) for the
purpose of studying the temporal variation of temperatures
within the packed bed and the corresponding reaction rates as

the reaction extent approaches full completion. Figure 7 shows
the temperatures measured at the reactor wall and within the
packed bed (top), and the CO, volumetric flow rate (bottom,
standard liters per min L/min) as a function of time. Green and
red backgrounds indicate the carbonation and calcination steps,
respectively. Positive volume flows correspond to CO, flow into
the reactor during the carbonation step; negative values
correspond to the outflow during the calcination step. Five
distinct regimes are observed (indicated A-E): A) low volume
flow during the first carbonation step because the initial material was
mostly already carbonated; B) slight temperature overshoot because of
the set point controller of the tubular furnace; C) temperature profiles
change because of the endothermic calcination step and approach
steady-state as the calcination reaches completion; D) same effect as
for regime C but for the subsequent exothermic carbonation; and E)
noticeable temperature drop from the reactor wall to the packed bed at
approximate steady-state conditions because of heat losses by
conduction.

Reactor modelling indicates that the reaction extent is locally
approaching chemical equilibrium, such that mass and heat
transfer effects are dominating (Wild and Steinfeld, 2021). The
relatively slow reaction rates observed are mainly attributed to the
poor heat transfer rate of the packed bed, which is predominantly
driven by conduction across the porous medium. This rate-
controlling mechanism is strongly dependent on the effective
thermal conductivity of the packed bed, which in turn depends on
the morphology of the solid reactants, and can impose an upper
size limitation on the radial thickness of the annular packed bed.
As aforementioned, the upscaling foresees the use of an array of
tubular reactors, each containing an annular packed bed with
radial thickness of comparable magnitude as the one of the
prototype reactor.
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FIGURE 8 | Reaction extents for agglomerates and granules over 80 consecutive carbonation-calcination cycles, performed in the TCS reactor using a
temperature-swing between 830°C and 930°C with dwell times of 93 min. Indicated is the linear degradation.

Multiple Cycles—Experimental runs with 80 consecutive
carbonation/calcination cycles were conducted for both
agglomerates and granules using a temperature swing between
830°C and 930°C with a duration of 93 min for each step. Since
shrinking had been observed with the fresh synthetized material,
the reactants were cycled for over 80 cycles beforehand. A mass of
133.17 g of agglomerate, and 102.72 g of granules were loaded
into the reactor. The theoretical maximum CO, volume
corresponds to 23.23 and 17.92 L (standard liters), respectively.
Gas volumes were used to determine the reaction extent.

Figure 8 shows the measured carbonation and calcination
reaction extents for both formulations. Similar to the TG runs, the
mean difference between i .iation @19 Xcarbonation Was 0.57% for
agglomerates and 0.41% for granules, confirming reversibility.
However, for the agglomerates, a linear degradation by about
0.44% per cycle is observed from cycle #15 to #45 and by 0.2% per
cycle from cycle #45 to #80. The reaction extent decreased from a
maximum X, nion = 08-5% for cycle #6, corresponding to a
measured uptake/release CO, volume of 15.91 L, to a minimum
Xecalcination = 44-1% for cycle #80, corresponding to 10.27 L CO.,.
Clearly, the granules exhibited superior cyclic stability but still
some degradation by about 0.09% per cycle, from the initial
Maximum ¥, nacon = 39-5% for cycle #1, corresponding to 7.08 L
CO2; 10 X aicination = 27-4% for cycle #80, corresponding to 4.92 L
CO,. Thus, over 80 consecutive cycles, the degradation observed
was 35.4% for agglomerates and 30.4% for granules.

Based on the maximal CO, volumes measured, the calculated
specific gravimetric and volumetric heat storage capacities
were 866 kJ/kg and 322 MJ/m” for agglomerates, respectively,
and 450 k]/kg and 134 M]J/m? for granules, respectively. The
higher energy densities of the agglomerates (both volumetric
and gravimetric) came at the cost of poor stability over
consecutive cycles. The granules exhibited very good
cycling stability over 30 consecutive cycles in the TGA, but
degradation was observed over 80 consecutive cycles in the
reactor. This is attributed primarily to heat and mass transfer
effects in the packed bed reactor vis-a-vis a single layer of
granules and shorter cycle duration in the TGA. These

detrimental effects could be mitigated under pressure-
swing isothermal operation.

An upper limit to the pressure drop in radial direction across
the packed bed was calculated based on Darcy’s law using values
of permeability x =4.086-107* m? and x; =5.675-10"% kg -
Pa!.s? determined in a separate experiment. Assuming
radial velocity of 0.0017m/s at the inner boundary of the
packed bed (corresponding to the highest measured values of
the mass flow rate at 0.42 L/min), the maximum pressure drop for
agglomerates over the complete bed is 31 mbar, confirming the
low pressure drop for this radial flow configuration of the TCS
reactor.

SUMMARY AND CONCLUSION

We have designed a thermochemical reactor for the storage of
high-temperature process heat using a reversible reaction of the
form A(s) < B(s) + C(g) which can be particularly applied to
metal oxides, hydroxides, sulfides, and carbonates. The CaO
carbonation - CaCOj; calcination reaction was selected as
model reaction. To prevent sintering CaO:MgO = 58:42%wt
was synthetized in the form of agglomerates and granules. As
proof-of-concept, we have fabricated a lab-scale single-tube
reactor prototype and demonstrated its operation for 80
consecutive cycles in a 830-930°C temperature-swing mode.
The cyclic stability for granules was clearly superior than that
for agglomerates. The experimental data obtained has been used
to validate a heat and mass transfer numerical model for design
optimization (Wild and Steinfeld, 2021). The TCS reactor is
modular and scalable in a cross-flow heat exchanger
configuration, can be operated in both temperature-swing and
pressure-swing cyclic modes, and can be combined in series with
a thermocline-based sensible heat storage. When applied to store
concentrated solar heat, it enables the decarbonization of several
key energy-intensive industrial processes such as metallurgical
processing and cement manufacturing, as well as the efficient
thermal production of solar power and fuels.
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