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Highlights:

* A dynamic model of a thermochemical storage module is presented for plant analysis.
* The 1-D model was validated with the experimental data from literature.

* Good temperature matching and error of energy amount within 20% were obtained.

* Thermochemical energy density was 16.65% higher than sensible energy density.

* Parametric analysis for optimizing a thermochemical storage module was performed.
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Abstract

Thermal Energy Storage (TES) can play a critical role through provision of reliable energy
supply and increase the market penetration of renewable energy sources. Thermochemical
Energy Storage (TCES) based on reversible reactions offers distinguished advantages in
comparison with sensible and latent heat storage: higher energy density, higher temperature
range and possibility of seasonal storage. TCES systems based on the redox cycle of metallic
oxides shows significant potential for integration with Concentrated Solar Power (CSP) plants
using air as the heat transfer fluid, which also acts as a reactant for the redox reaction. A pilot
scale thermochemical storage reactor designed for a CSP plant has been developed and tested in
the framework of a collaborative European funded project "RESTRUCTURE" at the Solar
Tower Julich (STJ). TCES system is proposed with the aim of achieving higher energy storage
capacity and higher storage temperature. Numerical modeling of a TCES prototype presented in
this study is a contribution towards this effort. The present work is focused on the innovative
one-dimensional modeling of a TCES system based on the redox cycle of cobalt oxides
(C0304/C00), coated on the ceramics honeycomb structures. The numerical model for TCES
involved the energy balance and reaction kinetics describing the redox reaction of cobalt oxides,
to simulate the phenomena of thermochemical storage. The simulation results were presented as
the temperature profiles at different positions inside the storage vessel and they were validated
against experimental data published in literature by other groups. This validation proved that this
model can simulate the overall thermochemical storage process with reasonable accuracy. The
simulation tool was also used to perform the parametric analysis of the storage module, which

provides guidance to optimize the performance of the storage system. Moreover, due to its good



compromise between reliability and computational time, the established 1-D thermochemical
storage model can be integrated with the CSP plant model for dynamic analysis of the whole

system, which is the aim of this study.
Keywords: Thermochemical storage; Cobalt oxides; Redox cycle; Numerical model.
1. Introduction

The restricted supply of fossil fuels and associated environmental problems have gradually
become the bottleneck for world economic growth. This scenario is fostering the utilization of
renewable energy sources to mitigate tension between the growing energy demand and public
concerns on the environmental deterioration caused by fossil fuels [1]. The accelerated
deployment of renewable energy can help the emerging economies through provision of clean
and secure energy supply, and thus achieving the ‘green economy’ without compromising their

economic growth [2].

Solar power is currently one of the most promising renewables due to its wide availability, cost
effectiveness and ease of hybridization. However, the intermittent nature of solar energy makes
the energy storage inevitable for dispatchable power generation and the grid integration.
Concentrating Solar Power (CSP), one of the two main technologies of solar power, is featured
by the ease of hybridization with large-scale and inexpensive thermal storages, which bridge the
gap between energy demand and supply, thus facilitates the grid integration. This significantly
increases the CSP capacity factor, thus giving it an edge over solar PV and other renewables, and

making the CSP power plants economically viable [2-5].

Thermal storage can be based upon the following basic principles: Sensible Heat Storage (SHS)
[6, 7] where heat is stored by increasing the storage medium temperature; latent heat storage,
where energy is stored during the phase transition of Phase Change Materials (PCM);
Thermochemical Energy Storage (TCES) where energy is stored in reversible chemical reactions
[8]. SHS represents the simplest and least expensive form of thermal storage. However, due to
low energy density (i.e. three or five times lower than that of latent and thermochemical energy
storage systems, respectively), SHS requires large volumes to store sufficient amount of energy,
resulting in much of the costs for installation, adjustment and maintenance [9].
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PCMs such as paraffin and fatty acids provide relatively high energy density within limited
temperature ranges, which are appropriate for heat storage systems with short duration [10].
However, they suffer from greatly reduced heat transfer coefficient during phase change
processes, which increases the cost and technical challenges for large-scale thermal storage
systems. TCES offers potential benefits, such as high energy density, possibility of long-term
seasonal storage and higher temperature range. However, this technology is still under

development [11].

TCES systems are based on the reversible chemical reaction: concentrated solar power drives an
endothermic reaction during daytime, i.e. charging phase, and stored thermal energy is recovered
during the exothermic reaction taking place during the off-sun operation, i.e. discharging phase.
The heat generated during the exothermic reaction can be used for power production or heating
applications. The chemical energy stored (Eq.1) in the complete cycle depends on the reaction

enthalpy (AH,), extent of conversion («) and mass of the reactant (m) [12]:

Q= a-m-AH, (1)

TCES systems store sensible as well as chemical energy, thus are capable to achieve higher
energy density in comparison with sensible and latent heat storage. During past few decades,
several materials have been tested as potential candidates to optimize the TCES performance:
carbonation/decarbonation of metal oxides/carbonates, hydration/dehydration of salt hydrates,
decomposition/sulfation of metal sulfates/oxides, ammonia synthesis/dissociation and

reduction/oxidation (redox) of metal oxides [13].

Important salt hydrates for TCES include MgSO, 7H,0O, MgCl, / H,O and SrBr, /H,O. When
heated to a threshold temperature, the salts hydrates dissociate into anhydrous salt and water
vapor i.e. dehydration, and store thermal energy. During discharging process, water vapor flows
across the anhydrous salt and hydration occurs releasing the stored energy. These salts have high
volumetric heat capacity, large thermal conductivity, and are also less expensive in comparison
with PCMs. However, several technical challenges such as liquid super-cooling, recrystallization
and nucleation effects during hydration and lower stability make the salt hydrates inapplicable

for cyclic use [14].



Balasubramanian et al. [14] have developed a mathematical model to investigate the capability of
magnesium sulphate heptahydrate (MgS0O,.7H,0) salt to store thermochemical energy. This
model is based on the mass and energy balance and desorption kinetics which govern the
dehydration process. A parametric study by this model provides guidance about the
characteristics of optimal materials for thermochemical storage: salt hydrates of larger thermal
conductivity, higher specific heat capacity and lower thermochemical desorption rates can
improve the process performance. In the next study, the Authors have also modeled the heat
release during hydration reaction. A robust sensitivity analysis helps to identify the parameters
that significantly influence the heat release process such as heat capacity, heat flux and flow rate,

thus can help to optimize the process efficiency [15].

Lele at al. [16] has established a mathematical model based on the set of partial differential
equations (PDEs) describing the mass and energy conservation and reaction kinetics during
thermal desorption of salt hydrates in a fixed bed storage reactor. The thermal behavior and
desorption dynamics in the reactor based on the modified Prout-Tompkins equations are studied
at room temperature (293 K) and bed pressure of 12 mbar. Overall work is aimed to develop an
adaptive modelling approach and correct set of PDEs to demonstrate the thermal decomposition

of salt hydrates and hence optimization of the system parameters.

The reduction/oxidation (redox) of metal oxides is the most suitable thermochemical reaction for
CSP plants using air as heat transfer medium: since oxygen required for redox reaction can be
supplied by the air, thus avoiding the separate gas storage. During charging, hot air from solar
receiver flows through the storage reactor, where heat is transferred to the solid material to raise
its temperature (i.e. sensible storage). When solid temperature achieves the equilibrium
temperature of reduction, endothermic reaction takes place (i.e. chemical storage). During
discharging, cold air flows through the storage reactor where first it extracts the sensible energy,
and hence solid temperature decreases. When solid temperature decreases to the equilibrium
temperature of oxidation, exothermic reaction takes place and chemical energy is absorbed by

the air.

Metallic redox pair oxides such as Co03;04/CoO, BaO,/BaO, Mn,0;/Mn;0,, CuO/Cu,0O and
Fe,03/Fe;04 have been studied for CSP plants [17, 18]. Group of Karagiannakis et al. [19,20]
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have performed relatively complete research from perfomance analysis of different redox pair
materials to opitimized design of thermalchemical storage module for a 70.5 MWe CSP plant,
which is in the framework of a collaborative European funded project "RESTRUCTURE" at
the Solar Tower Julich (STJ). Co03;04/CoO redox pair (Eq.2) has the most favorable
characteristics: its redox temperature is perfectly suitable for solar tower power plants
(equilibrium temperature is about 900°C, at atmospheric pressure); higher energy density than
other oxides (844 kJ/kg for complete conversion); good reaction kinetics and long-term material

stability for redox cycling [19-22].

AH
C0304,-3C00 +1/20,  AH, = 196k]/mol )

Tescari et al. [23] have carried out an experimental campaign on a pilot scale thermochemical
storage reactor designed for a CSP plant ‘Solar Tower Julich (STJ)’, Germany [24]. This storage
system is based on the redox cycle of Co304/CoO coated on the cordierite honeycomb structure,
where air acts as the heat transfer medium as well as the reaction medium. The Authors have
quantified the advantage of thermochemical storage concept and demonstrated that it offered
almost double storage capacity in comparison with the same volume sensible-only storage
system. Multi-cycling experiments also proved the performance reproducibility and showed very

less degradation over the cycles.

Singh et al. [18] have modeled the same TCES reactor installed in the STJ facility. A two-
dimensional axial-symmetric model based on the heat and mass balance and reaction kinetics
governing the redox cycle of cobalt oxides has been developed. Validation against the
experimental data from the STJ facility proved accuracy of the model to predict the thermal
behavior of the storage for multiple redox looping cycles. This numerical model also allows
better understanding of the complete thermochemical cycle and helps to identify the effect of

variation of boundary conditions on the system.

In addition to the thermochemical materials, development of efficient and economical
reactors/heat exchangers that can be integrated within the plant infrastructure is necessary for

large-scale implementation of TCES systems. Mainly thermochemical reactors can be designed



in two configurations: Non-structured reactors such as packed beds, fluidized beds or rotary

kilns; and structured reactors such as honeycombs.

The pilot-scale TCES system, installed in the above mentioned CSP plant STJ Germany is based
on the Co;04-coated honeycombs reactor. The study conducted by Tescari et.al [23] deals with
design, construction, operation and overall feasibility of this TCES system. The packed bed
reactor is the simplest reactor concept which is relatively easy to build and operate, but suffers
from high energy losses due to the pressure drop. On the other hand, rotary kiln reactor
configuration offers several advantages: uniform temperature on the internal wall, less irradiative

heat losses due to the cavity shape, and high heat transfer between the particles and wall [13].

Neises et al. [25] have successfully demonstrated the feasibility of thermochemical heat storage
through cobalt oxide powder inside a rotary kiln, based on the batch mode operation. This
reactor achieved more than 50% conversion of oxides; however, the energy efficiency was
limited due to high thermal capacitance of the reactor. This issue has been addressed by Tescari

et al. [17] with a new optimized rotary kiln working in the continuous mode.

This literature survey shows that numerical analysis as well as experimental investigation of the
TCES reactive materials and reactor design has been the research focus during past few decades.
However, while sensible and latent heat storage systems have made their way into commercial
applications, TCES is still at the laboratory stage, mainly due to technical challenges [26].
Therefore, simulations tools are essential to model the thermochemical reactions, understand the
reaction kinetics and optimize the system performance. The present work is a contribution
towards this effort that focuses on the TCES based on the redox cycle of cobalt oxides Co;04

/CoO coated on the cordierite honeycomb.

The one-dimensional numerical model established in this work is based on the relations for the
conservation of energy and kinetics governing the redox reaction, which are solved in the
MATLAB environment. The model is validated against the experimental data obtained from the
literature (Singh et al. [18]), as the TCES under study is still in designing phase and experimental
data is not available at present. Parameter analysis is also carried out to investigate the influence

of module structure and physical properties on thermal performance of the storage.



Overall, this simplified model allows simulating the thermochemical storage with reasonable
accuracy and with less computational effort. This will be an innovative approach as the
numerical model offers short computational time, thus it can be integrated with the CSP plant

components in order to perform dynamic simulation of the whole CSP hybrid systems.

2. Mathematical model of Thermochemical Energy Storage (TCES)

The thermochemical storage under study is originally derived from a sensible heat storage
system, which has been developed at the Zhejiang University, China. This system is based on the
ceramics honeycomb constituting the storage column and air is the heat transfer medium, which
is heated by an electrical furnace (Figure 1). Luo et al. [27] have also developed the numerical
model to simulate the thermal performances of this system. After the experimental validation, the
developed model has been applied for the parametric study to predict the effects of geometric

and thermo-physical parameters on the TES performance.

Further, to achieve higher energy storage capacity and storage temperature within same volume
size of the storage device, TCES system is proposed. Hence, next development in this project is
designing of a TCES system based on the redox cycle of metallic oxides such as Co;04/CoO or
CuO/Cu,0 coated on the similar ceramics honeycomb. For this purpose, Thermogravimetric
Analysis (TGA) of various metallic oxides is also being carried out to select the suitable oxides
for thermochemical storage [28]. The modeling of a TCES prototype presented in this study is a
contribution towards this work: optimize the storage performance and study the reaction kinetics

of cobalt oxides before designing the actual TCES system.
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Figure 1 Schematic of experimental system at Zhejiang University (reproduced from [23])



Since experimental data from the TCES system at Zhejiang University are not available at
present, authors have validated the present model against the experimental data obtained from
the reference study for a similar system by Singh et al. [18]. They have modelled a TCES system
based on the redox cycle of Co3;04/CoO coated on the cordierite honeycombs. Singh’s model
[18] is a 2D model based on the ANSYS-FLUENT, and it has been validated against the
experimental data from the TCES prototype reactor installed at Solar Tower Jiilich (STJ),
Germany [24].

The model developed in this study is also validated against the same experimental results taken
from the reference study [18]. Hence, same storage specifications and concentration of the
reactive materials (Table 1) and schematic of the storage reactor from their experimental system
are considered in the model (Figure 2a). Temperature and mass flow rate of the inlet air for the

whole cycle taken from the reference study is also shown in Figure 2b.

Table 1 Specifications of the storage system

Total mass of the storage system (kg) 139
Initial mass of Co;0,4 (kg) 44
Mass of cordierite (kg) 95
Initial fraction of Co;0, inside the storage (-) 0.315
Hydraulic diameter of the channels (m) 0.007
Wall thickness of the channels (m) 0.002
Length of the storage reactor (m) 0.6
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Figure 2 (a) Schematic of the storage reactor, (b) Inlet air temperature and mass flow rate for thermochemical
storage cycle

Figure 3a shows the physical model of TCES under study: cordierite honeycomb is coated with
reactive material Co;0y4, and air as the heat transfer medium flows through the storage device
during charging and discharging phases. Numerical model of TCES system is one-dimensional
model, developed in the MATLAB environment. Figure 3b shows the simulation configuration
discretized into M cells. The cordierite wall (grey layer) and reactants Co3;04/CoO (yellow layer)
compose the solid layer in the model. The variable x is the distance from the air inlet of the flow
channel. Air flows into the module at the boundary x=0 (i=1) and leaves at x=L (i=M+1). Energy
balance and reactions kinetics are solved for each i cell using explicit scheme at each time
interval j.

The model is based on the following assumptions:

«  One-dimensional conduction in the flow direction.

. Adiabatic external wall without heat losses.

«  Uniform initial mass of reactants (Co;0,) and initial solid temperature along the channels.

. Surface reaction and no diffusion effect in the reactants layer.

. Constant air mass flow rate (effect of change in oxygen concentration is neglected).
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Figure 3 (a) Cordierite honeycomb coated with cobalt oxide, (b) Discretization scheme of the module in flow

direction, (c) Hydraulic diameter and wall thickness of channels

2.1. Heat transfer

The heat transfer process involves conductivity of the solid material and convective heat transfer
between air and solid surfaces. Solid and fluid are not in thermal equilibrium at any instant of the
cycle, hence, thermal non-equilibrium separate energy equations are solved for each phase
(Eqgs.3 and 4). For one module, 4y 1is total air flow area of all channels and 4, is total heat transfer

area of all channels. 4, is cross section area of the solid.

Solid:
) Ts/ £ Tsl o TsitloordttyTsitd C (Tg Y+ Tgitd ) )
L o TgiHt +1
Ps{i ' Asdx ' Cél dt = )\jLAS dx + h]LAC( 2 - TSJ i ) + Sdl . dx (3)
Fluid:
pgi Afdx - Cor—g—— =m; 10/ L4 TG T -miCpTg 5~ — h]iAc(f_ TS ) “4)

According to Reynolds number calculation (Re<2000), the airflow is in laminar state, the

empirical correlation of the convective heat transfer for laminar flow is given by Mills [29]

(Eq.5):
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0.065-Re- Pr-D/L 5
1+0.04 (Re- Pr-D/L)*/3 )

Nu=3.66 +

h-di
Nu =" (6)

Considering the experimental conditions from the reference study by Singh et al. [18], the initial
temperature of entire solid is kept at 875 K at the beginning of cycle. Boundary conditions like
inlet air temperature and mass flow rate for thermochemical storage cycle is already shown in

Figure 2b:

Att>0: Ts = 875K(0 < x <L); Tg=Ts(0 < x < L)

dTs
At x=0, t>0: = 0; Tg = Tip_gir; Minler = m_air

Atx=L, 50: = = 0; SE= 0
’ dx > dx

Thermodynamic properties of air is considered as temperature dependent and derived from NIST
REFPROP database. The solid reactive material is the cordierite material coated with Co30;.
Hence, thermodynamic properties such as specific heat capacity, thermal conductivity and
density of the reactive material depend on the mass fraction of cobalt oxides (¢) in the total solid
material, reaction advancement (f) and properties (@) of both cordierite and cobalt oxide specie i.
Hence, each physical property of the reactive material is calculated according to following

relation (Eq.7) [16]:

D=¢- Zi(fi @)+ (1 - @) - Deorderite (7)

Where i denote the respective cobalt oxide species. The specific thermodynamic properties of

solid materials are derived from previous work of Singh et al. [18].
2.2. Reaction kinetics

The redox reaction kinetic model of Co;0,/CoO implemented in this study is developed by
Singh et al. [18]. It’s based on the model originally derived by Pagkoura et al. [30], which was
created from the experiments using flow through pellets of Co;0,4 in the temperature range of
1073-1273 K. Afterwards, this kinetic model was extrapolated for temperatures outside this
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temperature range by Singh et al. [18]. In actual, the kinetic model fitting parameters (£,.; and

E,;) are varied to get optimum fit to the experimental data.

The redox reaction is considered to interact thermally with the solid material, as it absorbs heat
from the solid during the reduction step and supplies heat to it during the oxidation step. Hence,

in the numerical model, a heat source term S is integrated in the energy equation for solid

medium (Eq.3). In this study, it is simplified as a function of the reaction rate R and

concentration C of the reactive species at any time instant ¢, and overall reaction enthalpy AH,

(Eq.8):
Sh(t) = AH, " Ry Cy )]
2.3. Cell number and time step

The effect of time step and cell number (element number) M on computation time and simulation
result is also studied. The total energy stored in charging process Ocjarging and total energy
released in discharging process Quischarging are the reference parameters. As shown in Table 2,
when M is more than 60, relative change in these reference parameters is very small. Table 3 and
Figure 4 compare the simulation results of different time step. When time step is reduced to 0.1s,
computation time increases by 100 times as much as that of 10s but the relative change of
Ocharging a0d Quischarging 18 marginal. Therefore, cell number 60 and time step 10s are chosen in this

study. The simulations have been performed on 8 core CPU.

Table 2 Simulation results of different cell number M (time step=10s)

M 20 60 80 100 120
O charging(MJ) 115.292 115.27 115.268 115.267 115.267
Ouischarging (MJ) 93.394 93.307 93.298 93.296 93.295
Computation time (s) 173.3 510.2 672.1 833.2 1018.7

Table 3 Simulation results of different time steps (M=60)
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Time step (s) 0.1 2 10 20 30 40
O charging (MJ) 116.055 115.756 115.27 114.338 113.459 112.629
Qischarging (MJ) 93.48 93414 93.307 93.055 92.794 92.514
Computation time (s) | 50990.5 2573.3 510.2 255.1 172.2 129.2
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Figure 4 (a) Outlet air temperature profiles with different simulation time steps, (b) Total Energy in charging and

discharging process with different simulation time steps

3. Results and discussion
3.1. Thermal behaviour of TCES

In the beginning, the high temperature inlet air transfers heat to the solid material leading to an
increase in solid temperature (sensible storage). When solid temperature approaches the
reduction temperature of Co;04 (around 1164 K at 1 bar pressure), the reaction starts (Eq.9) and
the heat transferred from the air to solid is absorbed by the endothermic reaction (chemical
storage). Solid temperature remains almost constant (plateau formation). When the chemical
reaction reaches completion, the energy is again stored in its sensible form, and solid temperature

starts rising.

AH,
Charging (reduction): Co304 - 3C00 + 1/20, 9)
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During discharging, cold air flows through the storage. In the beginning, the solid material
releases heat to the air in sensible form, thereby cooling down the solid until the oxidation
temperature of CoO (around 1164 K at 1 bar pressure) is reached. During oxidation, inlet air is
heated up using energy of the exothermic reaction (Eq.10) and solid temperature remains almost
constant resulting in plateau formation. After completion of the oxidation, sensible heat from the

solid is again released to the air until the solid temperature decreases to the inlet air temperature.

Discharging (oxidation): 3Co0 + 1/20, Agr Co30, (10)
Figure 5 shows the comparison between experimental results and simulation results of this work
for temperature at the middle and top of the storage device and the outlet air temperature (see
Figure 2), during a complete redox cycle. Dashed lines represent experimental results from the
reference study [18], and solid lines represent results obtained from the developed model.
According to the measurement position in the experiment, top position (Ts_top) corresponds to
x=0.02 m and middle position (Ts_middle) corresponds to x=0.33 m. It can be observed that
generally simulation results are in good agreement with the experimental results except some
discrepancies. The maximum deviation of outlet air temperature is in the 8-10% range. The
temperature curve shows especially large discrepancy in discharging process and the maximum

deviation of solid temperature between the simulation and experimental results is around 4.3%.

The main reason causing the deviation from the experimental results is the neglection of heat
loss at the external boundaries of the storage system. This led to a higher peak value of solid
temperature (1350K) than that in the experiment in Figure Sa. It is also evident in Figure 5a that,
the discrepancy grows when the temperature of storage module is above 1150K, which might be
caused by more radiation heat loss in the experiments. Figure 5b compares the two outlet air
temperature calculated by 1-D model of this study and the 2-D model of the reference paper [18].
According to reference study [18], the bottom of the reactor suffered from relatively high heat
loss than the lateral walls of the reactor, which makes the outlet air temperature measured in the
experiments unreliable enough, so only the outlet air temperature calculated by their 2-D model

is given. A higher peak value of the outlet air temperature (~1325K) could also be seen from the
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1-D simulation result. Overall, the outlet air temperature of 1-D model is more discrepant from

the referenced result due to the more heat loss at the bottom of the reactor in the experiment.

Furthermore, the reaction kinetic model might not exactly match with the experimental
conditions because the two temperature plateaus (reaction periods) shown by the simulation

results are shorter than those of experimental results.

Moreover, one-dimensional model in the present study neglects the heat transfer effect at radial
direction , as well as, it might not take into account the concentration or distribution of reactive
species in the whole storage more accurately, which can affect the overall reaction rate and
consequently thermal behaviour of the storage. As for other boundary conditions, trend of the air
mass flow captured by the numerical equations and provided as input to the model, might not be
so accurate due to high fluctuations in the real experiments [18]. Despite of the discrepancies
clarified as above, the established model can reasonably predict the overall trend of the

thermochemical storage system.
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Figure 5 Comparison of temperatures between the 1-D model and referenced study [18]: (a) top and middle solid
temperature, (b) outlet air temperature
Figure 6 shows the solid and air temperature distribution along the channel at different time
intervals. At the end of charging process, solid temperature along the channel (x<0.5m) almost

reaches the highest value 1350 K while the solid close to the air outlet (0.5m<x<(0.6m) has lower

temperature. As is seen in Figure 6b, cold air can be quickly heat up within 0.6 m and the
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temperature difference between solid and air at the outlet is very small. This explains why there
is no obvious drop in outlet air temperature at the beginning period of discharging process (4
hr~4.8 hr). Afterwards, with the lower inlet air temperature, solid temperature continuously

decreases and outlet air temperature also drops.

The reaction period is also revealed by the fluctuation of the temperature curves in Figure 6.
During charging process (Figure 6a), the temperature curves at 2 hr is slightly concave where 0.1
m<x<0.3 m because of the reduction of Co;0,4. This is because the endothermic reaction slightly
decelerates the temperature change as heat from inlet air is absorbed by the endothermic
reaction. When chemical reaction approaches to completion, the temperature curves resume the
trend. The same case with convex shape of temperature curves in discharging process at 6hr
(Figure 6¢) which is caused by the oxidation of CoO, when inlet air is heated up using energy of

the exothermic reaction.

Charging Discharging

'%:?:‘ %% St

® 4hr_ Ts

= g o IR g ® 41 Ts
= ® dhr_Tf = 1150 @ P sy
: < 3hr_T - 00 P e ++++++ AL
~ il Rt o 4.2hr T
ﬁ ® 1200 P A L
o © She_Tf o A © 4.2hr_TF
] ra TL + e
E AT 2ggsp 4 A 4 4.50r_Ts
] a8 ot 4 4.5hr_TF
F 1100 | 4+ ¥ -

* 1hr_Ts FaTss + 4.8hr_Ts

+
= 1hr_Tf 1050 | + 4.8hr_Tf
+
800 1000
0 01 02 03 04 05 06 0 01 02 0.3 04 05 06
Distance from air inlet (m) Distance from air inlet (m)
(a) (b)
1400
Discharging

£
o 4 Shr_Ts
5
& Shr_Tf
B
o @ 6hr_Ts
£ o Ghr_TF
il ® 7.5hr_Ts
® 7.5hr_TF
900
BOO
o 01 0.2 0.3 0.4 05 0.6

Distance from air inlet {m)

16



©
Figure 6 Solid and air temperature distribution along the channel during the redox cycle: (a) charging process

(Ohr~4hr), (b) discharging process (4hr~4.8hr), (c) discharging process (5Shr~7.5hr)
3.2. Conversion of cobalt oxides

The concentration of reactive species changes as the reaction proceeds. During charging, initially
concentration is constant, until the solid achieves the reduction temperature. Afterwards, the
Co50,4 concentration decays as the reduction proceeds and produces CoO. When the reduction is
complete concentration of both oxides again becomes constant (Figure 7). Likewise, during
discharging, when solid cools down to the reaction temperature, oxidation of CoO initiates and
produces Co;04. When the oxidation is complete concentration of both species again becomes
constant. Figure 7 demonstrates the concentrations change of cobalt oxides during the complete
redox cycle. Since temperature at the top of the storage (closer to the inlet) rises earlier, hence
reaction at the top starts earlier (Figure 7a) in comparison with middle and bottom of the storage
which achieve reaction temperature later (Figure 7b and 7c). According to Figure 7, the redox of

Co0304 along the channels is almost complete under the specific conditions.
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Figure 7 Conversion of cobalt oxides during the redox cycle: (a) top, (b) middle, (c) bottom of the storage

3.3. Energy balance

The total energy stored/released in a TCES system is given as (Eq.11) [23]:
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t .
Qstored = fom * (hin = hoye)dt (11)
Where ¢ is the total time for charging or discharging process; h;, is the specific enthalpy of air at

the inlet; h,,; is the specific enthalpy of air at the outlet; m is the total mass flow rate.

The chemical heat storage depends on the reaction enthalpy (AH,) and change in concentration
of the reactive species from the beginning to the end of the cycle, over the entire length of the

storage (L) (Eq.12):
Lt
Qchemical = J J A - AM go,0,dtdl (12)

Where AMc,;04 1s the concentration difference of Co3;04 (moles) between consecutive time

intervals (A4¢) of one cell.

Sensible heat storage (Qensinie) 18 calculated as (Eq.13):

Qsensible = Qstored - Qchemical (13)

The relative percentage error from the experimental results of the energy stored/released in the

storage system is calculated as (Eq.14):

|Qmo e _Qex |
erel=#x 100 (14)

Table 4 shows the total energy (sensible as well as chemical) stored/released from the TCES, and
relative percent error between simulation and experimental results. It can be observed that at the
end of discharging, temperature of the storage is still higher than initial temperature at the
beginning of charging phase (Figure 5a); hence, some of the energy is still retained by the solid
and is not discharged so the energy released in discharging process is less than the energy stored.
Although the lateral walls of the storage device are well insulated in the experiment and thus the
temperature profiles show good agreement in Figure 5, the bottom of the reactor suffered from
relatively high heat loss [18], therefore, the heat loss amount should be considered in the
validation of the energy amount. According to some other experiments of thermochemical
storage conducted by DLR [23], it is assumed that heat loss accounts for 18% of the total energy
stored/released in the experimental storage system under ideal conditions (Q..pidear)s SO Qexpidea CAN

be calculated from the real total energy stored/released in the experimental storage system
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(Qexprear)- The percentage relative deviation between Q.. iea a0d Opoder, idear 15 7.42% and 19.60%,
for charging and discharging, respectively. One possible reason for the simulation error could be
the neglecting the flow non-uniformity at the radial direction, which would cause the central air
flow rate to be larger than that of the edge part in one module. With uneven flow distribution, the
heat transfer process would be deteriorated in those channels at the edge part of the module and
there would be less amount of energy stored or released. These error values are acceptable
considering that the energy storage systems are summing calculation errors over time. Thus, as
mentioned above, bigger errors for the temperature calculation of discharging process generate

larger amount of percentage relative errors in the stored energy [6].

Table 2 Total energy stored/released during the redox cycle from TCES

Charging | Discharging
Oexpreat (MT) 87.993 63.978
Oeupidea (MT) 107.309 78.022
Chemical 35.711 33.243
Onodeitea o le 79.559 60.064

MJ)

Total 115.27 93.307
et (%) 7.42 19.60

Figure 8 compares the solid and outlet air temperature of the thermochemical storage with those
of a pure sensible heat storage system. The sensible heat storage model is based on the pure
cordierite honeycomb with the same total mass of 139 kg, geometry structure and inlet air
conditions are same as for the thermochemical storage.

It is observed that chemical reactions prolong the charging and discharging period because part
of the heat transferred between the solid and fluid is stored or released in the form of chemical
energy, thus both the change of solid and air temperature are slower in comparison with the
sensible heat storage phase (Figure 8). Energy stored in the pure sensible heat storage system
during charging is about 96.072 MJ (16.65% less than that of thermochemical storage) and the
energy released during discharging is 79.841 MJ (14.43% less than that of the thermochemical
storage). Hence, the thermochemical storage system is capable of achieving higher energy

density as compared to the pure sensible heat storage system.
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Figure 8 Comparison of temperatures between the sensible heat storage and thermochemical heat storage: (a) top

solid temperature, (b) middle solid temperature, (c) outlet air temperature

3.4. TCES cycle

In order to demonstrate the whole cycle of thermochemical storage, different stages have been
marked on the solid temperature curve at x=0.33 m (Figure 9). The temperature plateau during
each phase is the characteristic of thermochemical storage systems. The width of the plateau
(about 40 min for charging and 56 min for discharging at x=0.33 m) is positively correlated with
the chemical energy stored inside the storage system and is greatly affected by the temperature

change rate at every position.
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Figure 9 Stages of thermochemical storage during the redox cycle

4. Parametric study for Thermochemical Energy Storage
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The developed model is applied to perform the parametric study to analyse the impact of
material properties and reaction kinetics on the thermochemical storage. For this analysis, the
same initial concentration (total solid mass of cordierite honeycomb and cobalt oxides) and inlet
air conditions are assumed as in the experiment, and cobalt oxides are totally converted during

their reaction period (charging period is 4 hours and discharging period is 6 hours).

4.1. The effect of specific heat of storage material

Specific heat of the storage material is an important parameter for thermal capacity of the storage
system when mass of the storage materials is constant. Figure 10a shows effect of the specific
heat of the solid material on the outlet air temperature. Although larger specific heat results in
higher energy storage, it also decelerates the change in outlet air temperature. Air outlet
temperature increased to 1350 K in 4 hours when specific heat was 900 J/kg-K, and reached up
to 1280 K with 1500 J/kg-K specific heat within same time period. With smaller specific heat,
outlet air temperature dropped a little more quickly during discharging, while higher specific

heat resulted in more gradual heat release.

Rate of redox reaction is also effected by specific heat; Co;0,/CoO inside the whole storage
system could be totally reduced or oxidized in charging or discharging periods with smaller
specific heat, but it takes longer time in case of larger specific heat. The reduction period is 45

minutes shorter when specific heat was 900 J/kg-K as compared with 1500 J/kg-K (Figure 10b).

The mass conversion rate of Co;0y inside the whole storage system is shown in Figure 10c, that
is the whole reaction rate based on the mass of Co;04. The negative value represents the
reduction period and the positive value indicates the oxidation process. The integration of this
rate with time (area between the curves and time axis) should be same for the three cases because
total mass of Co30y is the same in all cases. Therefore, the maximum reaction rate of the storage
system with the smallest specific heat is the highest in both charging and discharging process.
Actually, the highest reaction rate of the storage is due to the shortest reaction period resulted

from the highest rate of temperature change when specific heat was 900 J/kg-K.
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Figure 10 (a) Effect of specific heat capacity on the air outlet temperature, (b)Mass conversion of Co;0, in

charging and discharging periods, (c)Mass conversion rate of Co;0y in charging and discharging periods

4.2. The effect of channel wall thickness

Figure 11a shows the influence of different wall thickness of the channels on air outlet
temperature, when inner diameter of the channel is fixed at 0.007 m. During charging process,
air outlet temperature changes more gradually and reaches to lower peak value for larger wall
thicknesss: air temperature reached up to 1350 K within 4 hours for 0.001 m thick wall and up to
~1300 K for 0.004 m thick wall. This trend is also obvious in discharging and complete

discharging period is longer for larger wall thickness.

Smaller wall thickness leads to larger channel density in the storage module when inner diameter

and total solid mass are constant. Total heat transfer area 4. is larger while air speed is lower due
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to the smaller air flow area 4. The total heat transfer area 4. of 0.001 m-thick wall system is
about 3.75 times as large as that of 0.003 m-thick wall system. As is shown in Figure 1lc,
average air speed inside the channels is within the range of 0.5~5m/s and Reynolds number is
about 45~170 in laminar range. Although 0.003 m-thick wall system has an air speed 3 times
bigger than that of 0.001 m-thick wall system, both the heat transfer coefficient / are around 32
W/m?-K when Nusselt numbers calculated by Equation (5) are almost constant. Therefore, with
the larger heat transfer area Ac, the thinner wall system has a larger average temperature change

rate of outlet air temperature during the whole charging or discharging process.

It is noticed that outlet air temperature of the thicker wall system increases earlier at the
beginning of charging period (1h~1.5h) and also decreases earlier at the beginning of discharging
period (4.5h~5.5h), while there is a little time delay for the thinner wall system. Due to the
smaller heat transfer area A. of thicker wall module, when air flows from the inlet to the outlet,
heat transferred from the hot air to the solid (charging) or from the high-temperature solid to cold
air (discharging) is less than that when air flows through the thinner wall module of the same
length L, so the temperature decrease of hot air (charging) or temperature increase of cold air
(discharging) along the flow direction is smaller. At the outlet, air temperature of thicker wall
module is higher (charging) or lower (discharging) than that of thinner wall module. Therefore,
the increase or decrease of air temperature is first seen at the outlet of thicker wall module. This
can be proved in Figure 12, which shows the air temperature distribution inside the module at
different time (1h/1.5h/2h/3.5h). At 1.5h, the outlet air temperature of 0.003m-thick wall module
first increases from 875K to 930K, while for 0.001m-thick wall module, outlet air temperature
almost remains at the initial value 875K. During the period 1h~2h, the increase rate of air outlet
temperature for thicker wall module is always the largest. It is also the same at the beginning

(4.5h~5.5h) of the discharging process.

The reaction rate of the whole storage system based on mass of Co30, is presented in Figure 11b.
The more quickly temperature increases or decreases, shorter the reduction or oxidation period
are. It seems that the effect of wall thickness on the reaction period is not as significant as that of
specific heat capacity. The reaction rates are almost the same during charging or discharging

process for three different wall thicknesses. Moreover, it can be observed from both Figures 10c
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and 11b that reduction rate of Co;04 during charging period is generally higher than the

formation rate of Co;0,4 during discharging,
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Figure 11 (a) Effect of wall thickness on the air outlet temperature, (b) Mass conversion rate of Co;O, in charging

and discharging periods, (c) Average air speed inside the storage module
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Figure 12 Air temperature distribution inside the module at 1h/1.5h/2h/3.5h

4.3. The effect of channel hydraulic diameter

The influence of hydraulic diameter of the channels on the air outlet temperature is shown in
Figure 13a, when wall thickness of the channel is fixed at 0.002 m. When wall thickness and
total solid mass are the constant, the smaller inner diameter leads to larger channel density but
smaller air flow area 4. As is shown in Figure 12d, the average air speed inside the module of
0.003m inner diameter is about 3 times larger than that in the module of 0.009m inner diameter.
The Reynold numbers for three cases are within the range of 96.56~131.68. On the one hand,
according to Equation (6), heat transfer coefficient / increases with smaller inner diameter of
channels when Nusselt number is almost constant (3.685~3.716). On the other hand, heat
transfer area A4, decreases with smaller diameter. Consequently, the larger effect comes from #,

as shown by Figure 13b, the thermal resistance (//hA., K/W) decreases with smaller diameter, so
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heat transferred between solid and air within the same period is larger and the slope of outlet air
temperature curve is larger (Figure 13a), which means the average heat transfer rate is larger

during the whole charging and discharging process.

Furthermore, the outlet air temperature starts to increase (charging) or decrease (discharging) a
bit earlier in the module of larger di which has smaller 4. Due to the smaller 4, when air flows
from the inlet to the outlet in the module of larger di, less heat is transferred from the hot air to
the solid (charging) or from the high-temperature solid to cold air (discharging) than that when
air flows through the module of smaller di from the inlet to the outlet. Therefore, the temperature
decrease of hot air (charging) or the temperature increase of cold air (discharging) is smaller
from the inlet to the outlet in the module with larger di. As can be seen in Figure 14, at the
beginning period of charging (1h~1.5h), the outlet air temperature of the module with di=0.009m
is always larger than that of the module with di=0.003m. At 1.5h, the outlet air temperature of
the module with di=0.009m first increases from 875K to 920K, while for the module with
di=0.003m, the outlet air temperature almost remains at the initial value 875K. As is analyzed
above, smaller channel diameter and smaller wall thickness have the similar effect on both the

outlet air temperature and chemical reaction periods, but the former effect is less significant.
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Figure 14 Air temperature distribution inside the module at 1h/1.5h/2h/3.5h

4.4. The effect of heat transfer coefficient

Another consideration about the heat storage system is the volume. It is better to have higher
heat transfer coefficient (%) in order to make the storage volume smaller. Assuming the value of
heat transfer coefficient in the previous validation case is 14, thus 2.5k and 5k represent the case
where heat transfer coefficients are 1.5 times and 4 times larger with the same other conditions.
Figure 15 demonstrates the outlet air temperature with different 4 and conversion rate of Co30,.
Likewise, larger & leads to the shorter charging or discharging period and reaction period

because of higher heat transfer rate.

The method to increase the heat transfer coefficient mainly lies in improving the inner structure
of honeycombs. For example, converging-diverging channels not only has larger heat transfer
surface but also enhance the fluid turbulence so the heat transfer rate is greatly improved in
comparison with straight channels [31]. Other common methods for heat transfer intensification,
such as pin-fins channel, twisted channel, are difficult to be made inside the honeycombs and not
very suitable to support the chemical reactants. Given the effect of heat transfer coefficient on
the heat storage process and processing the thermochemical storage modules, the straight

channel is more favorable.
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Figure 15 (a) Effect of heat transfer coefficient on the air outlet temperature, (b) Mass conversion rate of Co;0, in
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5. Conclusion

Thermochemical Energy Storage (TCES) systems have potential of high energy density,
possibility of long-term storage and higher temperature range. However, this technology is still
developing in comparison with sensible and latent heat storage systems, which have been
developed on the commercial scale. In this study, a one-dimensional model for thermochemical
storage based on the redox cycle of Co304/CoO pair is developed and presented. The
mathematical model is based on the energy balance and reaction kinetics for the cobalt oxides.
The developed model is validated against the experimental data obtained from the literature [18].
From this study, it is concluded that one-dimensional numerical model can reasonably predict the
overall trend of thermochemical cycle, except some discrepancies (outlet air temperature
deviations: <4% on average, <10% maximum; solid temperature deviations: <2% on average,

<4% maximum).

Total energy stored/released from the TCES is also calculated using the model, and compared
with the experimental results. Considering the heat loss of 18% of the total energy
stored/released in the storage system, the percentage relative error between simulation and
experimental results is 7.42% and 19.60%, for charging and discharging, respectively.
Considering a pure sensible heat storage system with the same solid mass, the heat stored and
released is about 16.65% and 14.43% less than that of the thermochemical heat storage system,

respectively.

This model can be used to study the process of thermochemical storage, understand the reaction
kinetics and investigate the capability of cobalt oxides to store thermochemical energy, with less
computational effort. The parametric study is conducted when total mass of the storage materials
is constant, which provides guidance to optimize the system performance within practical

constraints:

. The specific heat of the solid materials (support materials and reactants) has the greatest
impact on both the outlet air temperature and solid temperature. The larger heat capacity
leads to higher energy storage but it delays and decelerates the temperature change during

charging and discharging periods.
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. Different channel wall thickness and inner diameter actually determines the heat transfer
coefficient and heat transfer area of the whole storage module. Smaller wall thickness and
inner diameter result in smaller total heat transfer resistance (//44, K/W), therefore, both the
outlet air temperature and solid temperature change more quickly within the same charging
and discharging periods. The effect of wall thickness is more significant than the inner
diameter. Given the small effect of heat transfer coefficient on the heat storage process, it is
better to design the structure of storage module which is both easier to manufacture and can
support the reactants, like honeycombs with straight channels.

. The temperature change rate of solid reactants (Co304/Co0) affects chemical reaction period
and reaction rate. With larger temperature change rate during the charging and discharging
process, the reaction period is shorter and the maximum reaction rate is also higher. The
effect of wall thickness on the chemical reaction period is not as significant as that of the
specific heat. Generally, the reduction rate of Co;0,4 during charging period is higher than

the formation rate of Co30;,.

Future work will focus on the design and optimization of a pilot scale TCES for CSP hybrid
systems and integration of TCES model in the whole system dynamic models for CSP hybrid

systems.
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Nomenclature
A Frequency factor in Arrhenius equation (s™') h Heat transfer coefficient (W /m2-K)
A, Total heat transfer area (m?) AH, | Reaction enthalpy (J/mol)
. X X Reaction rate constants (-) (1-
Ar Total air flow area (m) reduction, 2-oxidation)
Aq Total solid cross section area(m?) M | Moles
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Cp Specific heat (J/kg-K) 0 Energy (J)

C Concentration of reactants (mole/m) R Universal gas constant (J/mol-K)
d Diameter (m) Sy Heat source term (W/m)
E Kinetic model fitting parameter (K) T Temperature (K)
f Fraction of cobalt oxide species (-) u Velocity (m/s)
Greek letters
. Fraction of Co50;, in total solid
Density (kg/m?
P ensity (kg/m’) ¢ material (-)
A Thermal conductivity (W/m-K) Reletive percentage error
Subscripts
e fluid/air s solid
red reduction r reaction
oxi oxidation i internal
rel reletive
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