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COMPARISON BETWEEN DIFFERENT DESIGN
CONCEPTS OF RECEIVERS/REACTORS
FOR THERMOCHEMICAL CONVERSION
OF CONCENTRATED SOLAR ENERGY

In this paper, a zero-order mathematical model based on first law analysis of the Thermochemi-
cal Energy Conversion (TCEC) process of concentrated solar energy have been developed. The
model assumptions consider the general case for which the receiver/reactor is the direct volume-
tric absorption and/or indirect receiver/reactor. The thermal decomposition of a single chemical
species and endothermic reversible chemical reaction is considered as the reaction system.
A qualitative comparison of the model results gave a satisfactory agreement with selected expe-
rimental results. The proposed model was.used to compare the general thermochemical behavior
of the three general types of receivers/reactors proposed for the TCEC process operating in both
continuous and in the discontinuous flow regimes. Comparison of the thermal characteristics of
the TCEC process with other traditional conversion processes was also performed. Finally,

conclusions were drawn to assist any further development and understanding of the TCEC
process.

NOMENCLATURE

A, B, C — the reactant species, A, the product species (B and C)

A — area, m?

a, b, ¢ — stoichometric coefficient of the reactant species, A, the product
species B and C, respectively

c, — molar specific heat, kJ/(kmol -K)
o — molar concentration, kmol/m>
CR — solar energy concentration ratio
E, — activation energy, kJ/kmol

molar flow rate, kmol/s
— specific molar enthalpy, kJ/kmol
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— specific molar enthalpy of formation, kJ/kmol
— inert material

— frequency factor, 1/s

— mass, kg

— total mass flow rate, kg/s

— molecular mass, kg/kmol

universal gas constant, kJ/kmol
receiver/reactor

— temperature, K

— time, s

— reference (residence) time, s
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— volume, m
— conversion fraction (dimensionless)
— mass fraction
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Greek symbols

(i1 — convective heat transfer coefficient, kW/(m?-K)

AEPABC — molar specific heat of the chemical reaction, kJ/(kmol -K)
AE"(Tr) — standard specific molar enthalpy of the chemical reaction, kJ/kmol
£ — emissivity

¢ — solar flux, kW/m?

pf‘,’,l;2 — reflectivity in the short (S) and/or long (L) wavelength of the

thermal radiation spectrum of the receiver/reactor; body (R) or the
wall surface (w)

c — blackbody constant, KW/(m?-K*)

T, — the transmissivity of the receiver/reactor wall material in the
short-wavelength of the radiation spectrum

Y — porosity of the porous matrix (dimensionless)

v — stoichometric coefficient

2] — dimensionless temperature

Q — dimensionless time

Superscripts

L — thermal radiation in long-wave length
* — unreacted

Subscripts

a — ambient
c — cavity
DR — direct receiver/reactor



— outlet

— exchange (e.g. between the R/R wall and the R/R body)
— entering (inlet)

— j-th species

receiver/reactor body

— reference flow state condition

— surface

— receiver/reactor wall
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INTRODUCTION

The thermochemical energy conversion (TCEC) process is understood as the
conversion of thermal energy into reaction enthalpy (chemical potential) by
an endothermal reversible chemical reaction. Thermal energy can then be poten-
tially recovered with the inverse exothermic reaction [1, 2, 3]. Typical examples
of the TCEC process are the thermal decomposition of carbonates (e.g. calcium
carbonate), hydroxides (e.g. calcium hydroxide), or sulfur trioxide. The charac-
teristic advantages of the TCEC process over the Sensible and/or Phase
Change TEC processes is that the thermal energy can, theoretically, be stored
for an infinite period of time and transported for a long distance, both without
the need for insulation [2, 3]. The TCEC process also has disadvantages, chiefly
that: product separation is usually difficult unless one of the products is a gas,
reaction rates must be sufficiently rapid under practical conditions and that there
must not be changes in material and cycle during the required 30 year life
period [2, 3]. In general, utilization of concentrated solar energy appears promi-
sing in developing TCEC systems [2, 3]. Its utilization in the process industry
as an energy source to derive chemical reaction species which have industrial
importance will also reduce reliance on the conventional, natural thermal energy
sources [2, 3]. This is why the subject of the TCEC process has recently recei-
ved much attention {2, 3, 4, 5, 6, 7].

The objective of this work is to conduct a detailed preliminary thermodyna-
mic analysis of the TCEC process of concentrated solar energy carried out on
an energy basis. This detailed analysis should account for all the thermal energy
interactions taking place during the course of the TCEC process in the recei-
ver/reactor which may have a transparent (no wall), semi-transparent and/or
opaque wall. This will enable the definition of the quantities that characterize
the TCEC process of concentrated solar energy e.g. the conversion fraction and
the TCEC efficiency. These quantities will assist in comparison between the
three different design concepts of receivers/reactors operating in both conti-
nuous and the discontinuous flow regimes. Comparison of the thermal characte-
ristics of the TCEC process with other Sensible and Phase Change TEC pro-
cesses will also be discussed.



1. LITERATURE BACKGROUND

The state of the art of theoretical and technical aspects of the TCEC process of
concentrated solar energy was critically reviewed by Amhalhel and Furmanski
[2]. The main results of this review are summarized in brief below. It followed
from this critical review that most of the studies available dealt with the feasibi-
lity and techno-economic studies of the TCEC process of concentrated solar
energy [8, 9, 10, 11, 12]. These studies revealed the feasibility of concentrated
solar energy to derive reversible endothermic chemical reactions and the possi-
bility of developing TCEC storage/transport systems and thermochemcial power
plant [2].

The mathematical models reported in the literature refer to the steady-state
one-dimensional model of the TCEC processes of gas-based reaction systems
in the helix type, integrated cavity type and direct absorption catalytic recei-
vers/reactors {4, 5, 6, 13, 14]. Won et al [13] modelled the thermal decomposi-
tion of sulfur trioxide as the reaction system in the helix type receiver/reactor.
The integrated cavity type receiver/reactor was also modelled with carbon dio-
xide reforming methane with the additional water shift reaction (side reaction)
as the reaction system [4, 5, 14]. Experimental studies to assist these mathema-
tical models were also reported in [4, 5, 13, 14]. The direct volumetric absorp-
tion catalytic receiver/reactor was modelled utilizing a one-dimensional mathe-
matical plug flow model [6]. The carbon dioxide reforming methane with the
additional water shift reaction was utilized as the reaction system. The develo-
ped model was used to anticipate and predict operating conditions for the TCEC
process [7]. Tts results showed that mass flux must be adjusted relative to inci-
dent solar flux to provide the receiver/reactor with uniform exit conditions.
The model results also revealed that most of the thermal energy exchanged was
confined in a region near the front side of the receiver/reactor wall which was
exposed to the solar concentrator [7]. Away from this region, both the tempera-
ture inside the receiver/reactor and the conversion fraction, were independent
of the axial direction and consequently assumed an asymptotic values [7].

Solid-based reaction systems (i.e. the thermal decomposition of calcium
carbonate) was also investigated experimentally using the rotary kiln and fluidi-
zed bed receivers/reactors [15, 16, 17]. The results showed that fluidized bed
and rotary Kiln receivers/reactors allowed continuous processing at high tempe-
rature. Proper mixing and better heat transfer characteristics made it possible
to have a proper temperature distribution within the fluidized bed. Due to the
material used for the construction and the configuration factor of the cavity of
the rotary kiln receiver/reactor a strong thermal gradient along the axial direc-
tion of the rotary kiln was reported [15, 16, 17]. The conversion fraction, X,
was calculated according to a kinetic study in a batch isothermal reactor
heated by electrical heating elements [15, 16, 17]. Flamant [16, 17] defined



the conversion fraction as the ratio of the moles of calcium carbonate converted
to calcium oxide to the moles of calcium carbonate available for disposal. The
thermochemical efficiency was determined by comparing at time, ¢, the inci-
dent, concentrated solar energy to the thermal energy consumed (absorbed) by
the chemical reaction at a conversion fraction i.e. the energy necessary to heat
the calcium carbonate charge (sensible thermal energy) plus the chemical reac-
tion enthalpy. A conversion fraction of X = 0.3, thermochemical efficiency
of 7% and minimum energy consumption of 63 kWh/kg of lime produced were
claimed. While, for the fluidized bed, the experiments results showed that total
decomposition of the calcium carbonate i.e. X = 1 appeared after 6-8 minutes
and the thermochemical efficiency was about 0.2 for partial decomposition up
to X = 0.8 and between 0.1 and 0.15 for total decomposition [15, 16, 17]. The
thermal decomposition of calcium carbonate has also been investigated experi-
mentally using the tabular receiver/reactor [18]. Results showed that conside-
rable conversion fractions could be obtained at higher receiver/reactor tempera-
tures. The conversion fraction was measured by determining weight loss due to
thermal decomposition at different time intervals [18]. It was also concluded
that the rate of calcium carbonate decomposition by conventional heating tech-
niques such as electric furnaces was higher than that of the concentrated solar
energy source in this study [18]. This was due to the fact that decomposition of
the calcium carbonate in pellet form caused the carbon dioxide gas to diffuse
very slowly away from the reaction interface. This increased the decomposition
temperature. Such problems can be avoided using a receiver/reactor type where
temperature homogeneity and high heat transfer rates can be obtained [18].

It follows from the above studies that different types, geometries and confi-
gurations of receivers/reactors were proposed for the TCEC process [2]. The
concentrated solar flux impinging on the receiver/reactor wall can also be intro-
duced in different ways depending on the type, geometry and configuration of
the receiver/reactor [2]. Different inlet and outlet locations relative to the con-
centrated solar flux were also possible [2]. Different base-phase chemical reac-
tion systems were available in the literature (i.e. gas-based, solid-based and
liquid-based reactions systems) which can be used for the TCEC process [2, 3].
Therefore, in order to establish a full prospective of the TCEC process of con-
centrated solar energy, all of these variety in the receivers/reactors, the chemical
reaction systems and all the possible thermal energy exchanges taking place
should be considered. The TCEC process of concentrated solar energy involves
a simultaneous interaction of solar energy, mass transfer and chemical reaction.
This type of problem has rarely been studied in depth and most of the experi-
mental modeling performed so far has been performed in small scale models.
Most of the governing parameters and consequently the various thermal energy
exchanges, taking part in the process, were not accounted for. The quantities
that characterize the TCEC process of concentrated solar energy e.g. the conver-
sion fraction and the TCEC efficiency were also not clearly defined.



The following analysis considers the more general case of thermal decompo-
sition of a chemical species having the general form of a single reactant, endo-
thermic reversible chemical reaction. The mole (mass) conservation equations
describe all the chemical species and the inert material which is either present
or crossing the boundary of receiver/reactor and also the rate of decomposition
and formation of the chemical species. The thermal energy balance comprises
two energy equations, the energy equation of the receiver/reactor wall and the
energy equation of the receiver/reactor body. This imposes no restrictions on
what type of the base-phase reaction system should be considered and conse-
quently on the type of the receiver/reactor employed.

2. THE MATHEMATICAL MODEL

The model analysis considers the following form of a single reactant endother-
mic reversible chemical reaction:

aA — bB+cC Y]

The reaction system expression is put in a more general form rather than being
more particular by considering a specific form or a certain individual base-
-phase reaction system. Therefore, the base-phase of the reaction system, 4,
can be solid or gas. This will enable the study of any reaction system which has
the above form, like the thermal decomposition of carbonates (e.g. calcium
carbonate), hydroxides (e.g. calcium hydroxide) and sulfur trioxide which are
widely studied in the literature [2].

The model consists of the receiver/reactor body and the receiver/reactor wall
which may be transparent (no wall), semi-transparent or opaque. The recei-
ver/reactor body initially consists of a solid matrix and is filled with a known
mass of the reactant species A. The purpose of introducing the solid matrix is
to provide support for the catalyst used, to absorb the thermal radiation volume-
trically and to distribute thermal energy more evenly inside the receiver/reactor.
The known total mass flow rates of the reactant species, A, and the inert spe-
cies, I, are fed into the receiver/reactor system at a uniform constant tempera-
ture. At the same time the receiver/reactor is exposed to a constant concentrated
solar flux. The purpose of introducing the inert species, I, is due to its role in
sweeping off the product gases (e.g. in the case of a solid based reaction) and
also to enable the distribution of heat more evenly inside the receiver/reactor.
Initially the receiver/reactor wall and the receiver/reactor body are all at thermal
equilibrium with the ambient atmosphere. As the temperature approaches the
decomposition temperature of the reactant species, A4, it decomposes into che-
mical product species, B and C.



The following additional simplifying assumptions are also employed to

develop the mathematical model [3]:

There is neither a side reaction nor a back (reverse chemical reaction) taking
place.

The system variables (e.g. temperature, catalytic activity, concentration of
the chemical species) are spatially uniform throughout the receiver/reactor
volume.

The rate of the thermal decomposition of the reactant species, A, is the first
order reaction and together with the temperature dependence of the specific
reaction rate constant is correlated by an Arrhenius type equation.

The solid matrix is inert to the chemical reaction.

The receiver/reactor has a well defined rigid boundaries which characterize
a constant receiver/reactor volume.

There is no product species (B and C), present initially inside the recei-
ver/reactor and/or in the entering total molar (mass) flow rate.

The molar concentration of the species in the entering stream is uniform and
does not vary (is constant) and equals the composition of the molar concen-
tration of the species initially present inside the receiver/reactor.

The receiver/reactor wall material is inert to the chemical reaction taking
place.

The specific heat of all the species is a sole function of temperature only.
No work is done on the system (e.g. by a mixer).

The flow inside the receiver/reactor resembles the characteristics of a plug
flow.

The difference in level for the inlet and the outlet section is small.

The receiver/reactor body experiences a constant pressure process.

All the species inside the receiver/reactor are in thermal equilibrium with
each other and they all coexist at time ¢ > 0 at the same temperature level
which is the same temperature as at the exit to the receiver/reactor.

The species present in the entering mass flow rate are all at the same tempe-
rature, T;.
The receiver/reactor is located in an environment of constant and uniform
temperature, T .

The receiver/reactor wall receives a constant and uniform rate of concentra-
ted solar flux which is distributed uniformly all over the wall surface.

The solar radiation is in the short-wavelength range while the radiation of
the receiver/reactor body, the receiver/reactor wall and the surrounding envi-
ronment is in long-wavelength range.

The receiver/reactor wall material possesses gray-body characteristics.

The receiver/reactor wall can be either transparent, semi-transparent or opa-
que to the solar radiation and exchange solar radiation from the side which
is exposed to concentrated solar energy only.



2.1. MODEL EQUATIONS

The total mass balance and the separate mole balances, describing all species

(A, B, C and I) which are either present or crossing the boundary of the
receiver/reactor, are written as [3]:

dmg _ o @)
dt 1 e
dC; Yii . -Ea/R Yie
yV—dil = (Hjj mi]+vj(CAke v”)(yV)—(ﬁj m, 3)

The term on the left hand side of Eq. (3), represents the rate of accumulation of
the j-th species inside the R/R. Whereas, the first and third terms on the right
hand side represent the molar flow rate of the j-th species flowing into and
leaving (flowing out) the R/R, respectively. The second term, on the right hand
side of Eq. (3), represents the rate of decomposition or generation of the Jj-th
chemical species by the chemical reaction. The j-th species which occupy or
cross the boundary of the R/R are: the solid matrix, the reactant species, A4,
the product species (B and C) and the inert species, I .
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Fig. 1. Thermal energy interactions for the complete TCEC process



The receiver/reactor body equation can be also developed by applying an
energy balance over the R/R body alone (Fig. 1) [3]:
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The term on the left hand side of Eq. (4) represents the thermal energy accumu-
lated within the R/R body. The first term, on the right hand side, represents
the rate of thermal energy absorbed by the chemical reaction. Whereas, the
second term represents the net rate of thermal energy flow across the R/R
body. This term also includes the thermal energy term which accounts for the
thermal energy taken by the coolant as it flows across the cooling jacket in the
case of the direct volumetric absorption receiver/reactor with no wall i.e.
the rotary kiln (see Fig. 3 in [2]). The third, fourth and fifth terms, on the
right hand side, represent the thermal radiation energy in the short wavelength
range intercepted by the R/R body; the thermal radiation energy exchanged in
the long-wavelength range between the R/R wall and the R/R body and the
thermal energy exchanged due to thermal convection between the R/R wall
and the R/R body, respectively. The last three terms, inside the bracket on the
right hand side of Eq. (4), are added to account for the case where the R/R
wall is part of the R/R body i.e. in the case of the direct volumetric absorp-
tion cavity type receiver/reactor with no wall, for example, the rotary kiln
(see Fig. 3 in [2]). The first two terms inside the bracket represent the thermal
energy lost in the long-wavelength range of thermal radiation from the cavity
opening and the outer surface of the R/R wall, respectively. Whereas the last
term represents the thermal energy lost from the outer surface of the R/R to
the surrounding due to convective exchange. The development of these terms

were discussed in more detail in [3]. The enthalpy of the j-th species appears
in Eq. (4) is defined as:
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The receiver/reactor wall equation can be developed by applying the energy
balance over the R/R wall alone (Fig. 1) [3]:
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The term on the left hand side of Eq. (6) represents the thermal energy accumu-
lated within the R/R wall due to the thermal inertia of the wall material. The
first, second and third terms on the right hand side of Eq. (6), represent the
thermal radiation energy in the short-wavelength range intercepted by the R/R
wall; the thermal radiation energy exchanged in the long-wavelength range
between the R/R wall and the R/R body and the thermal radiation energy in
the long-wavelength range lost from the outer surface of the R/R wall to the
surrounding, respectively. The fourth and fifth terms represent the thermal
energy exchanged between the R/R wall and the R/R body due to convection
and the thermal energy lost from the outer surface of the R/R wall to the
surrounding due to convective exchange. The development of these terms were
discussed in a more detail in [3].

The following quantities, characterizing the TCEC process, were deduced
from solution of the governing equations: ‘
1) The mole conversion fraction: The conversion fraction of the reactant spe-

cies, A, can be defined as the total moles of the reactant species, A, decom-

posed to the total moles of the reactant species, A, available for disposal [3].

Consequently, the expression for the conversion fraction can be written
as [3]:

(Cs-Cy)+ f(cA - CA)(—] dt
0

Mp
t mi
Coo* [ CA,.(;) dt
0 i
where (C, - C ') is the difference between the concentration of the reactant
species, 4, when there is no chemical reaction taking place and the concen-
tration of the reactant species, A, when there is the chemical reaction taking
place in the system.
The first term in the numerator of Eq. (7) represents the number moles of
the species, A, that reacted and remained inside the R/R while the second
term the number of moles of the species, A, that reacted and was removed

from the R/R by the flowing stream of species. The denominator contains
the expression which gives the total number of moles of the reactant species,

X = (N




A, both initially present inside the R/R, C,,, and the molar concentration
of the reactant species, A, entering the R/R, C,,. Consequently, the conver-
sion fraction, X, varies from zero when there is no reaction taking place to
unity for the total decomposition of the reactant species. Therefore, Eq. (7)
is the general equation for the mole (mass) conversion fraction, it gives the
conversion fraction as measured inside and at the outlet of the R/R opera-
ting in either the continuous or the discontinuous flow regime (i.e. the semi-
-batch and batch flow operations) [3].

2) The thermochemical energy conversion efficiency: The TCEC efficiency is
defined as the ratio of thermal energy stored in the converted reactants
species, A, as it is collected at the outlet to the receiver/reactor (i.e. the net
enthalpy potential associated with the chemical reaction products) at tempe-
rature level, T, and time, ¢, to the total incident concentrated solar energy

[3]. Consequently, the expression for the TCEC efficiency can be written
as [3]:
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Equation (8) gives the fraction of concentrated solar energy stored in the
converted reactants species, A, as it is collected at the outlet to the recei-
ver/reactor for the R/R operating in the continuous flow regime. For the
discontinuous flow regime operation, the molar flow rate of the entering
reactant species, A, F,;, must be replaced by (N, /t ) i.e. the ratio of the
number of moles of the reactants species A (initially present inside the
R/R), N, , to the time duration for which the TCEC process is processed
(i.e. the residence time, t).

3. MODEL VERIFICATION

The governing set of first order differential equations Egs. ((2), (3), (4) and (5))
constitute the zero-order mathematical model of the TCEC process of concen-
trated solar energy. These equations were solved simultaneously using the
Runge-Kutta-Merson method programmed in FORTRAN 77 software [3]. The
model results were verified by comparing with selected experimental results of
the TCEC process utilizing thermal decomposition of calcium carbonate as the
reaction system, i.e. [16, 17]



CaCO3 < Ca0 + Co, 9

The verification of the proposed model with selected experimental results
was restricted to experimental values of temperature as the conversion factor

in these experiments had not been measured. Selected experiments were carried
out for:

1) Rotary kiln receiver/reactor operating in the continuous flow regime
(see Fig. 3 in [2]): The reported internal diameter and the length of the
rotary kiln were r;, = 0.0l m and / = 0.09 m, respectively [16, 17]. The
concentrated solar flux entered through the cavity opening and impinged
over the surface of the reactant species. It was assumed that the rotary kiln
was a direct volumetric absorption cavity type receiver/reactor (with no
wall) and therefore, only a single energy equation (Eq. (4)) was required to
describe the TCEC process. For the particular experiment, for which the
model results were compared, the receiver/reactor was initially empty then
it was filled with calcium carbonate (in a powder form) for about £* = 20 s,
i.e., with a closed outlet [17]. As the receiver/reactor was being filled the
solar concentrator was switched on [17]. The mass flow rate at a steady flow
state condition was m; = 7- 107 kg /s [16, 17]. Therefore, it was assumed,

in the proposed model, that the filling of the receiver/reactor could be simu-
lated by:

dmg D, (10)
dt

me

Zel - D.+D.s (11)

where D;, D, and D, are constants and which were selected to give the
reported value of the mass flow of calcium carbonate at the steady state flow
condition. In this case, the mean reference (residence) time (¢, = 91 s), was
defined as the time needed to reach the steady state flow condition [3, 17].
It was also reported that the solar power, impinging on the reactant spe-
cies after concentration, was equal to 1.5 kW [17]. Therefore, it was consi-
dered in the model that A ,CR$ = 1,5 kW. Due to material selectivity, the
absorptivity of the rotary kiln in the short-wavelength of solar radiation was
assumed to be unity [16, 17], whereas, the average value of the effective
emittance of the cavity opening in the long wave-length of thermal radiation

to be efmc = 0.9 [3]. The reference temperature was taken as 25°C (i.e.

T = 298 K). This temperature was selected because the thermochemical
data are frequently given for this particular base [3, 19]. Several parameters
describing operation of the rotary kiln were not reported in the literature



[15, 16, 17]. Therefore, it was assumed that all the species involved in the
TCEC process and the surrounding were initially at 20°C. Whereas, the
temperature levels of the inlet and the outlet of the coolant were assumed to
be 10°C and 90°C, respectively. This is a reasonable assumption since no
pressurized system has been used for the cooling water. On the other hand,
the lack of information concerning: the mass flow rate of the coolant, the
specific dimensions describing the internal design construction of the insula-
ted metallic frame and the outer cooling jacket of the rotary kiln, the exact
values of the chemical reaction system kinetic parameters (i.e. the activation
energy, E_, and the frequency factor, k), made it necessary to perform
several trials in order to adjust numerical results with selected experimental
results. For more details of the adjustment procedure, the reader should refer
to [3]. The results of the adjustment procedure have revealed that the activa-
tion energy and frequency factor that gave the closest fit (Fig. 2) were found
to be E, = 223 kJ/mol and k = 8-10'" I/min, respectively [3]. It can be

seen from Fig. 2 that the proposed model gives satisfactory agreement with
the selected experimental results.
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Fig. 2. Comparison of the experimental results with results of the proposed model for the rotary
kiln receiver/reactor operating in the continuous flow regime

2) Fluidized bed receiver/reactor operating in the discontinuous flow re-
gime (see Fig. 5 in [2]): Because the concentrated solar flux entered through
a semi-transparent silica wall [16, 17] it was assumed that the fluidized bed
was a direct volumetric absorption receiver/reactor with a semi-transpa-
rent wall and therefore, two energy equations (Eq. 4 and Eq. 6) described
the TCEC process. In the relevant experiment a known mass of the CaCO,
was placed inside the fluidized bed (i.e. Mpo = 25-107 kg) and at the
same time the solar concentrator was put into operation [17]. Only the che-
mical product species (CO, in the gaseous phase) and the fluidizing gas
were allowed to leave the fluidized bed. Therefore, the flow regime is consi-



dered to be a discontinuous flow regime, and the reference (residence) time
(t, = 660 s) in this case is defined as the time for which the TCEC process
was processed [3].
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Fig. 3. Comparison of the experimental results with results of the proposed model for the fluidi-
zed bed receiver/reactor with the semi-transparent wall operating in the discontinuous flow

regime

The availability of all the parameters needed to simulate the experimental
work was considered. It was found that the solar power value after concen-
tration was 1.75 kW [17]. Therefore it was assumed in the model that
A ,CR) = 175 kW. The silica wall transmisivity was reported to be

rfv = 0.90 [17]. Because reflectors where employed around the circumferen-
tial of the receiver/reactor wall, then the average value for reflectivity (both
in the short- and long wavelength ranges of the spectrum) and the emissivity
of the receiver/reactor wall were considered to be: pi = 0.07, pL = 0.3

w

and ei‘, = 0.70, respectively [3]. The average value for reflectivity (both in
the short-wavelength and long-wavelength ranges of the spectrum) and
emissivity of the receiver/reactor body were pi = 0.86, p; = 0.40 and
sﬁ = 0.60, respectively, [3]. On the other hand, because the initial thermal
history of the species and the receiver/reactor had not been reported it was
assumed that all the species were at a temperature level of 20°C. The ther-
mal convection heat transfer coefficient between the wall and fluidized
particles depends on many factors such as: the time the particle spent in
contact with the wall, the porosity of the fluidized bed and the regimes that
usually characterize the flow through the fluidized beds. It was reported in
the literature that the thermal convection heat transfer coefficient may lie in
the range of 200 < o, < 700 W,/m?K [20]. Since the exact conditions of
a fluidized bed had not been reported [15, 16, 17], an assessment was made
and the average value of h, = 400 W/m?K was selected [3]. Whereas



the average value of the thermal convective heat transfer coefficient on
the outer surface of the receiver/reactor wall was assumed to be h, =
= 49.9 W/m2K [17]. On the other hand, the lack of information concer-
ning: the mass flow rate of the fluidized gas, the specific length of the flui-
dized bed, upon which the concentrated solar energy was impinging, and the
exact values of chemical reaction system kinetic parameters made it necess-
ary to perform several trials in order to adjust the numerical results with
the selected experimental results. The details of the adjustment procedure
can be found in [3]. The results revealed that the activation energy and
frequency factor, that gave the closest fit (Fig. 3), were E, = 240 kJ/mol
and k = 8-10'% 1/min, respectively.

COMPARISON BETWEEN THE THERMOCHEMICAL
CHARACTERISTICS OF THE DIFFERENT DESIGN
CONCEPTS OF RECEIVERS/REACTORS OPERATING
IN DIFFERENT FLOW REGIMES

A comparison study of proposed model results with selected experimental re-
sults have enabled the determination of the range of the parameters to conduct
the comparison study between the different design concepts of receivers/reactors
[3]. For more detailed information as to the value of these parameters the reader
should refer to [3]. The characteristic design feature of each type of receiver/re-
actor operating in each flow regime are the following:

a)

b)

c)

Direct volumetric absorption cavity type receiver/reactor (with no wall).
In this case, the main design features of the receiver/reactor were considered
to be the same as those reported by Flamant for the rotary kiln [15, 16, 17].
Direct volumetric absorption receiver/reactor (with the semi-transparent
wall). In this case, the main design features of the receiver/reactor were
considered to be the same as that reported by Flamant [16, 17] for a fluidi-
zed bed receiver/reactor with a semi-transparent silica wall. For continuous
flow operation, the TCEC process was considered to be conducted in a tabu-
lar type receiver/reactor where the flow was considered to be a granular flow
through the semi-transparent silica tube. Whereas, for operation in the dis-
continuous flow regime the TCEC process was considered to be conducted
in a fluidized bed receiver/reactor. This will enable the demonstration of the
difference between the TCEC process being conducted in the fluidized bed
receiver/reactor and the tubular receiver/reactor.

Indirect receiver/reactor (with the opaque wall). In this case the main
design features and type of receiver/reactor were considered to be the same



as case b), mentioned above, except that an opaque wall (i.e. a steel wall) is
utilized. It was also considered that transmissivity, average reflectivity values
(both in the short- and long-wavelength range of the spectrum) and emissi-
vity of the receiver/reactor wall were assumed to be ri, =0, p‘:, = 0.3,

p];, = 0.45 and efv = 0.55, respectively [3]. The average reflectivity values
(both in the short- and long-wavelength range of the spectrum) and emissi-
vity of the receiver/reactor body were assumed to be pi = 0.0, pﬁ =040
and e = 0.60, respectively [3].

The flow conditions for continuous flow operation were assumed to be
similar to those reported by Flamant [17] for the rotary kiln receiver/reactor
experiment mentioned above. The difference being that, as soon as the steady
state uniform flow condition is reached, the solar concentrator was switched on.
The conversion fraction, X, was demonstrated as that measured at the outlet of
the receiver/reactor. Whereas, for discontinuous flow operation the flow condi-
tions were considered similar to those reported by Flamant [17] for the fluidized
bed receiver/reactor experiment mentioned above.

For the direct absorption cavity type receiver/reactor with no wall (e.g. the
rotary kiln) operating in the continuous flow regime, the temperature increased
in a moderate trend and then assumed an asymptotic value (Fig. 4a). Whereas
for receivers/reactors with a participating wall (i.e. the semi-transparent or the
opaque wall), the temperature increased sharply and then assumes a constant
value (Fig. 4a). This was due to the fact that the concentrated solar energy
impinged over an effective area and penetrated the receiver/reactor wall through
the effective height [3, 16]. It was also found that for a receiver/reactor with an
opaque wall, solar power of A CR$ = 1.75 kW resulted in a much higher
temperature level which distorts the thermal energy balance of the receiver/reac-
tor. Therefore, solar power of A CR¢$ = 338 W was used. Increasing the solar
power beyond this value did not improve the TCEC process, but caused the
receiver/reactor wall temperature to lie outside its maximum possible practical
level [3]. Inspite of the fact that large values of the heat transfer coefficient
(h,, = 400 W/(m?K) were used, a large temperature difference between the
receiver/reactor wall and the receiver/reactor body existed for receivers/reactors
with a participating wall (Fig. 4a). This temperature difference was more pro-
nounced for receivers/reactors with the opaque wall (Fig. 4a). Consequently,
only a poor conversion fraction could be achieved in a receiver/reactor with
an opaque wall (Fig. 4b) i.e. X < 20%. Whereas, a high conversion fraction
can be attained in a receiver/reactor with a transparent (X < 78%) and the
semi-transparent wall (X < 57%) (Fig. 4b). On the other hand, no substantial
difference can be observed for the TCEC efficiency for these receivers/reactors

(Fig. 4c).
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For the discontinuous flow regime, operating temperature increased at a slow
rate and then reached a maximum value at the dimensionless time for which the
TCEC process was terminated i.e. Q = 1 (Fig. 5a). It was also found that,
for receivers/reactors with a participating wall a large temperature difference
existed between the receiver/reactor wall and the receiver/reactor body (Fig. 5a).
Consequently, the receiver/reactor with an opaque transfer wall was characteri-
zed by a very poor conversion fraction (X < 12%) (Fig. 5b). Whereas total
(X < 100%) and partial (X < 79%) conversion fractions can be achieved in
receivers/reactors with transparent and semi-transparent walls, respectively (see
Fig. 5b). These differences in conversion fraction values caused the receivers/re-
actors with transparent and semi-transparent walls to show higher TCEC effi-
ciency than receivers/reactors with opaque walls (Fig. 5c).

For both operating flow regimes, in the receiver/reactor with a transparent
wall (i.e. the rotary kiln) total conversion fractions could be achieved (Fig. 4b
and Fig. 5b). This was due to the cavity effect which ensures 100% capture of
concentrated solar energy. On the other hand, due to poor contact between the
receiver/reactor wall and the receiver/reactor body, only partial conversion
fractions could be achieved in the receiver/reactor with a semi-transparent tran-
sfer wall (see Fig. 4b and Fig. 5b). Whereas receivers/reactors with an opaque
transfer wall was characterized by very poor conversion fractions (Fig. 4b and
Fig. 5b). This trend was attributed to thermal energy losses experienced by the
receiver/reactor wall (thermal radiation and thermal convective losses) and poor
thermal contact between the receiver/reactor wall and the receiver/reactor body.
The flow of the reactant species for receivers/reactors with participating walls
operating in continuous flow regimes was considered to be a granular flow
through tabular type receivers/reactors. This has resulted in higher conversion
fraction values (Fig. 4b) than those which were obtained in fluidized bed recei-
vers/reactors (Fig. 5b). This was because for the fluidized beds a larger value of
molar flow rate of fluidized gas must be considered to account for the fluidiza-
tion of CaCO;. This resulted further in lowering the thermal energy level of the
receiver/reactor due to the cooling effect of the fluidized gas and consequently
lowering conversion fraction values (Fig. 5b).

The receiver/reactors operating in the continuous flow regime showed
higher TCEC efficiencies than those operating in the discontinuous flow regime
(Fig. 4c and Fig. 5c¢). However, although a clear choice between the different
design concepts of the receivers/reactors can be made on the basis of the con-
version fraction, there seems to be no clear choice based on TCEC efficiency.
Therefore, the selection of a particular design concept of receiver/reactor should
be made based on an economic evaluation of the total cost of the TCEC pro-
cess. The fact that the present results were generated for a particular set of
parameters means that the TCEC efficiency, shown in Fig. 4c and Fig. 5c, does
not represent the maximum possible efficiency that can be achieved in the



TCEC process. However, the problem of optimization (in depicting the maxi-
mum possible TCEC efficiency) belongs to the domain of variational calculus.
The sensitivity analysis of the influence of the governing parameters showed
the possibility of achieving a TCEC efficiency of 11% in the rotary kiln recei-
ver/reactor operating in the continuous flow regime [3]. This revealed the im-
portance of the optimization study in order to find the optimum operating and
design conditions that would result in optimum TCEC efficiency of the TCEC
process.

It should be noted that TCEC efficiency (in Fig. 4c and Fig. 5c) represents
thermal energy converted into enthalpy potential associated with chemical
reaction products, Eq. (8). If total thermal energy utilization in the TCEC pro-
cess was considered i.e. the fraction of concentrated solar energy that goes into:
the heating of the charge (reactant species A), the inert species, I, and the
coolant (in the case of the direct volumetric absorption cavity type receiver/re-
actor with no wall e.g. the rotary kiln) then the overall efficiency of the TCEC
process would be considerably increased [3]. The overall efficiency of the
TCEC process can reach a value of 81% for the direct absorption cavity type
receiver/reactor with no wall operating in the continuous flow regime as
compared to a corresponding value of 57% for the discontinuous flow regime
operation. Whereas, for receivers/reactors with a participating wall (i.e. a semi-
-transparent or the opaque wall), operating in both flow regimes, the overall
efficiency of the TCEC process would be of the order of 11% and 32%, respec-

tively. For more detailed discussion of these thermal energy utilizations the
reader should refer to [3].

4.1. COMPARISON WITH OTHER THERMAL ENERGY
CONVERSION PROCESSES

Different theoretical and experimental studies of Sensible and Phase Change
Thermal Energy Conversion (i.e. STEC and PCTEC) processes are available in
the literature which employ different types and configurations of receivers and
different thermal energy sources [21, 22, 23, 24, 25, 26, 27, 28]. In these stu-
dies the first law (energy) efficiency is defined as thermal energy gained by the
working fluid during time, ¢, to total thermal energy input during that time ¢ .
Theoretical and experimental studies of the STEC of concentrated solar energy
in the fluidized bed receiver utilizing the cavity effect with alumina particles
as the working medium, showed that the thermal system operating at the tempe-
rature range of 823 < T < 1188 K with first law efficiencies of 65% could be
achieved [21]. Packed and fluidized bed receivers with the semi-transparent wall
had also been employed to investigate the STEC of the concentrated solar
energy utilizing silicon carbide or zirconia particles as the working medium in



the temperature range of 650 < T < 1550 K [22]. The results showed that,
depending on the temperature level and the working medium, thermal efficiency
lies in the range of 18.7% to 74.15% [22]. The experimental and theoretical
study of the STEC of concentrated solar energy in the direct volumetric absorp-
tion receiver utilizing a porous matrix with air as a working fluid have been
performed by Skocypec et al [23]. The results showed that at a temperature
of 653 K, first law efficiency was 86% and decreased to a value of 69% at
a temperature of 1023 K [23]. An unsteady two-dimensional analysis of a flat-
-plate non-concentrating solar collector for the STEC of solar radiation, with
time varying insolation, have been performed by Onyegegbu and Morhenne
[24]. Results showed that for a maximum outlet temperature of the working
fluid of 350 K and for a near clear day at noon-solar time, the first law effi-
ciency was 60% [24]. Domanski and Fellah [25] have demonstrated that under
optimum charging conditions, the Sensible Thermal Energy Storage (STES) unit
that employed Joulean heaters would yield the first law efficiency of 57.68%.

Bjurstrom and Carlsson [26] have employed energy analysis to evaluate
both the Sensible and Latent Heat Storage units in the temperature range of
298 < T < 511 K. Results revealed that these units were capable of having
a first law efficiency of 30% [26]. An experimental study of the PCTES storage
using Glauber’s salt (Na,SO, -10H,0) in fluidized and fixed bed heat exchan-
gers, in the temperature range of 293 < T < 313 K has been conducted in
[27]. The Glauber’s salt was encapsulated in 25 mm-diameter hollow spheres
and agitated when fluidized by the heat transfer medium (water). The results
showed that the fluidized capsules maintained first law efficiency of 60% over
96 cycles. When encapsulated capsules of Glauber’s salt were used in the
rotating tube and rotating drum, results showed that the system s first law
efficiency could be improved to 83% [28].

It follows from the above discussion that although the thermochemical cha-
racteristics of various types of receivers/reactors were generated for a selected
set of operational parameters the TCEC efficiency was comparable in magni-
tude with the STEC and PCTEC processes. However, the present analysis pro-
vided means to compare the thermal characteristics of the TCEC process with
the STEC and PCTEC processes based on energy analysis. The second law
analysis based on the exergy concept, which considers the temperature level
of the energy transfer, also provides a powerful tool for efficiency evaluation
of the TCEC process. The second law of thermodynamics addresses the quality
of exergy (which is not a conservative quantity) and consequently it accounts
for all the irreversibilities taking place during the conversion process [25, 29].
These irreversibilities will provide a means by which the second law of the
TCEC process will be defined and consequently compared with the other ther-
mal energy conversion processes. In contemporary thermal analysis the second
law analysis also assists the concept of thermoeconomics [30, 31]. These nece-
ssitate a detailed exergy analysis of the TCEC process in future work.



5.

CONCLUSIONS

The present energy analysis of the TCEC process of the different design con-
cepts of receivers/reactors allows the following conclusions to be drawn:

a)

b)

The zero-order thermochemical model which accounts for all the possible
phenomena encountered in the TCEC process of concentrated solar radiation
was proposed. The model was found to give satisfactory agreement with
selected experimental results. The model assisted in identifying the conver-
sion fraction and the TCEC efficiency which characterize the TCEC process.
The comparison between different design concepts of receivers/reactors,
operating in both continuous and discontinuous flow regimes, indicated that
for both operating flow regimes, the conversion fraction, X, lay in the range
0 < X < 100% for the receivers/reactor with the transparent (no wall) and
the semi-transparent wall. Whereas the opaque wall limits the range of X
values to 0 < X < 20%. On the other hand, the continuous flow regime
operation has enabled the receivers/reactors to show higher values of TCEC
efficiency than that of the discontinuous flow regime operation.

The conversion fraction is a measure of the reactant species converted
to chemical reaction products. Therefore, it offers the potential to utilize
concentrated solar energy to drive industrial chemical reaction processes
instead of conventional thermal energy sources (e.g. fuels). On the other
hand, TCEC efficiency is also a measure of thermal energy converted in the
reactant species that will be recovered later in the thermochemical energy
recovery process utilizing the reactor/heat exchanger. Consequently, it offers
the potential to store thermal energy. In general, the selection of the particu-
lar design concept of the receiver/reactor should be made based on economic
evaluation of the total cost of the TCEC process.

Sensitivity analysis of the influence of the governing parameters is nece-

ssary in order to determine the maximum possible TCEC efficiency. Selected
parametric study indicated the possibility of achieving a TCEC efficiency
of 11% in the rotary kiln receiver/reactor operating in the continuous flow
regime. This necessitates the peformance of an optimization study to find
the optimum operating and design conditions that would result in the opti-
mum TCEC efficiency of the TCEC process.
The thermochemical characteristics of three general types of receivers/reac-
tors indicated that if the total thermochemical efficiency of the TCEC pro-
cess is included, the overall thermal utilization of the TCEC process can be
of a larger magnitude than that of the Sensible and Phase Change TEC
processes.

d) Exergy analysis is also required in order to take into account the thermal

energy level of the process and to define the second law efficiency of the



TCEC process. This will also assist in comparing the process with other
Sensible and Phase Change TEC processes. .

e) Finally, modeling of the thermochemical energy recovery process is also
needed in order to provide a full prospective of the utilization of the com-
plete TCEC systems. Development of two- or three-dimensional models
would also be valuable in order to scale up the particular type of the recei-
ver/reactor for the TCEC process.
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POROWNANIE ROZNYCH UKEADOW
ODBIORNIK PROMIENIOWANIA/REAKTOR
STANOWIACYCH ELEMENTY UKLADOW
DO TERMOCHEMICZNEJ KONWERSJI ENERGII
SKONCENTROWANEGO PROMIENIOWANIA SEONECZNEGO

Streszczenie

W artykule zaproponowano zerowymiarowy model ukiadu odbiornik promieniowania/reaktor
chemiczny umozliwiajacy analiz¢ energetyczng termochemicznej konwersji energii (TCEC)
promieniowania slonecznego. Model ten opisuje ogélny przypadek, gdy pochlanianie promienio-
wania stonecznego odbywa si¢ na powierzchni lub w objetosci odbiornika/reaktora. W reaktorze
zachodzi endotermiczna, odwracalna reakcja chemiczna zwiazana z rozktadem pojedynczej sub-
stancji. JakoSciowe poréwnanie wynikéw otrzymanych z modelu z wynikami wybranych badar
do$wiadczalnych, zamieszczonych w literaturze, dato zadawalajacy rezultat. Nast¢pnie wykorzys-
tano opracowany model do analizy poréwnawczej zachowania trzech typéw ukladu odbiornik
promieniowania/reaktor zaproponowanych do realizacji procesu TCEC i pracujacych przy ciag-
tym przeplywie czynnika roboczego przez reaktor oraz przy braku przeptywu czynnika. Dokona-
no poréwnania charkterystyk cieplnych procesu TCEC z innymi klasycznymi procesami konwer-
sji energii promieniowania stonecznego. Prace zakoficzono wnioskami dotyczacymi dalszego
rozwoju i rozumienia procesu termochemicznej konwersji energii promieniowania stonecznego.



