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As the share of renewable energy increases, green electricity may help reduce the carbon footprint in the lime
industry. Electrifying the calciner can produce relatively pure CO; from the calcination process (CaCO3 — CaO +
CO»), which may be utilized or stored. All the previous literature studied electrically heated rotary calciner with
external heating. This work presents a novel design of an electrical rotary calciner through which internal
heating is possible. The design can utilize existing kiln drums made from relatively inexpensive refractory and
steel materials. The designed calciner operated smoothly for around four days, and the concept was technically
feasible. The outer wall temperature and calcination degree was measured during the condition of a pseudo-
steady state in the calciner. A model was developed and implemented in OpenModelica, which was validated
by comparing it against measured variables. The modelling results revealed that the current setup had low
thermal efficiency, as the heat loss amounted to around 60%, and the average heat transfer coefficient was
around 101 W/(m?K). A step-by-step procedure with the help of the model was discussed to improve heat ef-
ficiency and reduce heat loss by up to 11% by improving thermal insulation and increasing the residence time of
particles. With the improved thermal efficiency, energy intensity and electricity cost per unit CO, were reduced
from 35 to 7 MJ/kg-CO, and 4.9 to 1 NOK/kg-CO;, respectively. So, improving thermal efficiency can improve
both the environmental and economic aspect of the process.

could be reduced by up to 78% [3].

1. Introduction

Renewable electricity production is steadily increasing [1], and
green electricity could be an alternative to decarbonizing
emission-intensive industries in the future. In lime production, the main
reaction is calcite decomposition (CaCO3 — CaO + COs), and the process
temperature is in the range 900-1200 °C. Depending on the calciner
design, 3.2-9.2 MJ/kg-lime is consumed in the calciner, with an average
of 4.25 MJ/kg-lime [2]. The average CO, emitted from the calcite
decomposition is estimated to be around 0.75 kg-COy/kg-lime, whereas
around 0.32 kg-COy/kg-lime is emitted from the fuel burning [2]. The
CO; coming from calcite decomposition is clearly more significant and
this amounts to 70% of the emissions. So, electrifying the calciner with
green energy can cut fuel combustion emissions and produce high-purity
CO;, from calcite decomposition for direct capture.

Electrifying the calciner is also attractive for the cement industry as
the contribution of CO5 emission from calcite decomposition is very high
in the cement industry. A previous mass and energy balance on the
cement industry with an electrified calciner indicates that the emission
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Another advantage of electrifying the calciner is that the contami-
nants from fuel ash will not be present in the final product, and a high-
quality lime can be produced. Around 88% of the lime demand is of high
quality with high reactivity [4]. So, the lime produced in an electrified
calciner can cater to a large share of the demand.

Parallel flow regenerative kilns are used most widely in the EU lime
industry mainly due to their energy efficiency [4,5]. An electrified
version of this technology has not yet been demonstrated. Calix has
developed an indirectly heated drop tube calciner, which is being tested
at a pilot scale in the LEILAC (Low Emissions Intensity Lime and
Cement) project [6]. The limestone is dropped in an externally heated
tube in such a reactor. The heated external tube provides the energy for
calcite decomposition. In the first phase, LIELAC used fuel burning as
external heat. However, in the second phase, they also intend to test
electrical heating [7].

Rotary calciners are also used for lime production [2]. Electrically
heated rotary calciner are available in the market, but all the available
calciners are externally heated. The previous studies on electrified ro-
tary calciner were also done on systems with an externally heated rotary
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Nomenclature Ep, Black body emission from heating elements, W/m?
Ep, Black body emission from the gas, W/m?
Small letters Fyp View factor from bed to bed
Cpa Specific heat capacity of air, J/(kg-K) Fyq View factor from bed to drum
dg; Internal diameter of calciner drum, m Fp, View factor from bed to element
dgo Outer diameter of calciner drum, m Fyg View factor from bed to gas
d, Diameter of heating element, mz Fap View factor from drum to bed
g Gravitational acceleration, m/s Fie View factor from drum to element
hy Average bed helgh.t, m ) Fyg View factor from drum to gas
he Heat transfer coefﬁc1e{1t. in the covered bed, W/(m Kz) F,, View factor from element to bed
hy, Overall heat lo.ss‘ coefficient from 01.1ter drum, 2W/(m K) Feq View factor from element to drum
hic Heat loss coeff{c%ent due to con.ve.ct1on, W/(12n K) F,, View factor from element to element
ZL:R ?}?at losls coe(iﬁafzr%t du? tf) ril/\clhatlolil, W/(m’K) Feg View factor from element to gas
ermal conductivity of air, m- . . . . .
“ . ity /C . ) H Total enthalpy of all the flowing particles in the calciner, W
ks Effective conductivity of bed material, W/(m-K) . . R
. . H; Specific enthalpy of component i in the calciner, J/mol
ke Thermal conductivity of the produced lime, W/(m-K) H Ref thalpy defined at 25 °C and 1 bar, J/mol
kep Kinetics of CO, diffusion through the lime (CaO) layer, ref € e.rerilce entha’'py define a2 an ar, J/mo
mol/(mZs-Pa) Jp Radiosity from the bed, W/m
. . .. P Jq Radiosity from the inner drum, W/m?
ker Kinetics of calcite decomposition, mol/(m*-s-Pa) . . 9
. . Je Radiosity from the heating elements, W/m
kq Thermal conductivity of calciner drum, W/(m-K) . 5
.. ] Jg Radiosity from the gas, W/m
ki Thermal conductivity of limestone, W/(m-K) 7
- LOI Loss on ignition, %
Iy Length of calciner drum, m X
. M, Molecular mass of air, kg/mol
L Length of heating element, m
. Mcoz Molecular mass of CO,, kg/kmol
Lp Perpendicular length from element to bed, m X R
N . . N Rotational speed of the calciner, RPS
m Feeding rate of limestone, kg/s . . L .
. N Total number of reacting particles inside calciner
nm, Mass of accumulated bed material, m
. L. . Nup Nusselt number from drum
ne Number of heating element inside calciner - . .
. .. . P, Total electrical power supplied to heating elements, W
n; Molar flow rate of component i in the calciner, mol/s
. . .. . Pr Prandtl number
Tig Molar generation of component i in the calciner, mol/s .
At heri P R Universal gas constant, J/(mol-K)
Pa MOSpheric pressure, ra X i . R; Radiative heat transfer resistance from element emissivity,
Davg Average pressure of CO, diffusing through porous lime, Pa 1/m?
Peq Equilibrium pressure for calcite decomposition, Pa R, Radiative heat transfer resistance from view factor
Pco2 Partial pressure of CO, in the calciner, Pa between drum and element, 1/m>
Pcoz.c Partial pressure of CO; at the reacting calcite surface, Pa Rs Radiative heat transfer resistance from view factor
qp Total heat transferred to particle bed, W between element and gas, 1/m?
9ep TOt%l h.eat transferred to the cove.red bed, W R4 Radiative heat transfer resistance from view factor
qq Radiative heat transferred to the inner drum, W between bed and element, 1,/m>
qf Total heat generated in the heating elements, W Rs Radiative heat transfer resistance from calciner drum, 1/
qep Total heat transferred to the exposed bed, W m2
q. Total heat lost to the environment, W Re Radiative heat transfer resistance from view factor
re Overall reaction rate of calcite decomposition, mol/s between drum and gas, 1 /m?2
Tpore Pore radiu.s'in the produced lime from calcite Ry Radiative heat transfer resistance from view factor
decompos1t10n, m ) between drum and bed, 1/m?
Se Spgcmg between .the heating elements, m Rg Radiative heat transfer resistance from the bed, 1/m?
ta Th.1ckr1ess of calciner drum, m Ry Radiative heat transfer resistance from view factor
Whp Wfdth of bed, m between bed and gas, 1/m?
We Width of element, m Rap Rayleigh Number
Xc Initial mass fraction of CaCOs in the limestone Rc Instantaneous calcite radius, m
Capital letters: Rc,o Averag;: 1n(1it.1al cefllc1ie.rad11$s, m
Ac Surface area of each spherical calcite core, m? Ry Interga radius ot calciner drum, m
Ay Surface area of covered drum, m? Ta Ambient temperature, K
Ado Total surface area of outer drum, m> Ty Average temperature of'the bed, K
A, Surface area of all heating elements, m? Te Temp(;rature at the calcite core, K
Agp Surface area of exposed bed, m? Tai Inner drum temperature, K
Aeq Surface area of exposed drum, m? Tao Outer drum tempeljature, .K .
Agge Area factor to account for excess area in reacting calcite Ty Temperature of fluid outs@e Fhe calc.lner outer shell, K
from presence of pores, T, Temperature of gas (CO,) inside calciner, K
Dco2 Overall diffusivity of CO, through produced lime (CaO) Greek letters
2
layer, m*/: s 5 Yi Stoichiometric coefficient component i in calcination
Dx Knudsen diffusivity, m“/s reaction
. e 2 )
Dy Molecular dlffl{Sl\./'lty, m°/s , y Angle of repose, radians
Epp Black body emission from the bed, W/m ) @, Extra angle formed by flowing particles relative to the
Epq Black body emission from the inner drum, W/m horizontal axis. radians




R.M. Jacob and L.-A. Tokheim

Effective collision diameter of CO,, A

0co2

£Ca0 Void fraction of produced porous lime,
€4 Emissivity of calciner inner drum,

£do Emissivity of calciner outer drum,

e Emissivity of heating elements,

€ Emissivity of limestone,

& Emissivity of gas (CO-) inside calciner,
® Calciner inclination, radians

wp Collision integral,

o Stefan-Boltzmann’s constant, W/(m?K*)
e Efficiency of conversion from electricity to heat,
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T Tortuosity factor,

Pp Bulk density of limestone bed, kg/m>

P Approximate density of limestone, kg/m>

r Angle subtended by the particle bed, radians
ap Effective thermal diffusivity of the bed, m?/s
da Kinematic viscosity of air, m?/s

g Thermal diffusivity of air, m?/s

Ha Dynamic viscosity of air, Pa-s

y/] Thermal expansion coefficient of air, 1/K

Pa Density of air, kg/m?

drum [8,9]. The rotating drum in a rotary calciner is generally under
high mechanical and thermal stresses [10]. So, the choice of drum ma-
terial is critical to ensure mechanical stability. A regular fuel-fired rotary
calciner has an inner layer with refractory to minimize heat loss and an
outer steel shell for structural support [10]. The electrified externally
heated rotary calciner can not be made from these materials as the
thermal conductivity of the refractory is relatively low. Special expen-
sive materials that can withstand mechanical and thermal stresses are
needed. So, the material costs may be very high.

Internal heating of the electrified rotary calciner can solve the
problem with the choice of drum materials. This concept can use existing
materials made from refractory and steel shells. Since the drum material
can tolerate extreme temperatures due to the protective refractory layer,
the maximum temperature in the electrified rotary kiln is limited by the
temperatures of the internal heating element. The higher temperature of
the heat source means that the heat transfer is higher inside the system
due to a larger temperature gradient [11].

Internal heating of a rotary calciner is the novelty explored in this
work. The article aims to introduce the novel design of an internally
heated electrical rotary calciner and to demonstrate its operation
through experiments and a model. A steady-state 1-D model of the
calciner is developed and implemented in OpenModelica version 1.19.2.
This model is first validated by experimental results and is then used to
study and suggest improvements to the efficiency of the process. Finally,
the advantages and disadvantages of this technology based on opera-
tional experience are explained.

a) 3-D model of rotary calciner and feeding
system

2. Experimental method
2.1. Experimental setup

The experiments are done in a rotary calciner with internal heating
elements, as shown in Fig. 1.

Three internal heating elements made from silicon carbide are placed
inside the calciner. Two thermocouples, one at the calciner inlet and
another one at the outlet, are also installed to measure the inner calciner
temperature continuously. The calciner drum is a cylindrical steel shell
protected on the inside by a spray-cast concrete layer. The drum has
eight longitudinal lifters. These lifters work almost like internal baffles
[12-14], which can promote heat transfer due a better mixing in the bed
[15]. The limestone is fed into the calciner with a system developed by
PEAL. The feeding system has a silo, screw conveyor, hopper, and
vibrator. Limestone is stored in the silo and transported to the hopper
with the screw conveyor. The screw conveyor is controlled to maintain a
specified weight in the hopper. This limestone can then flow into the
calciner after passing through the vibrator. The feeding rate of the
limestone is controlled by adjusting the vibration frequency.

The dimensions and characteristics of the rotary calciner and heating
element are shown in Table 1 and Table 2, respectively. The dimensions
of the rotary calciner were given as this was originally a fuel-fired sys-
tem that was retrofitted with internal heating elements in the current
project. The heating element length was equal to the inner length of the
rotary drum so that it fit into the calciner. The available heating element
with this length had a diameter of 55 mm and a power rating of 34 kW.
The calciner was designed to have a maximum power of 100 kW, so
three heating elements were inserted. The heating elements were ar-
ranged in staggered triangular form with a distance greater than their

b) Inner view of heating elements

Feeding system

Heating elements

\ — Thermocouples 4 qum,

W _ A — |

Fig. 1. Experimental setup.
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Table 1
Dimensions and characteristics of the rotary calciner.
Parameters Value  Remark
Internal diameter [m] 0.58 Measured
Internal length [m] 2.6 Measured
Effective thickness of the drum wall [m] 0.065  Measured
Lifter width [m] 0.1 Measured
Lifter height [m] 0.01 Measured
Effective conductivity of the drum wall 1.2 Typical value of concrete [16]
[W/(m-K)]
Effective emissivity of the inner wall [—] 0.69 Typical value of limestone
dust [17]
Effective emissivity of the outer wall [-]  0.88 Typical value of oxidized steel
[16]

Table 2
Dimensions and characteristics of the heating elements.
Parameters Value  Remark
Diameter [m] 0.055  Measured
Length [m] 2.6 Measured
Number of elements [—] 3 Measured
Space between heating elements [m] 0.075 Measured
Effective emissivity [—] 0.86 Typical value of silicon carbide
[16]
Maximum power per heating element 34 Provided by the supplier
[kW] (Kanthal)

diameter so that all three elements were visible from the particle bed.

2.2. Experimental conditions and measurements

The calciner was continuously fed with limestone material for
around four days to demonstrate its technical feasibility. During this
period, the system logged the power and inner thermocouple tempera-
tures. The steady-state operating conditions of the calciner are sum-
marized in Table 3. It was not practically possible to obtain completely
stable conditions, so fluctuations are also included. The operating con-
ditions were chosen based on practical challenges not related to the
novel design concept. Increasing the mass flow rate increased the
accumulated particles inside the calciner, and the kiln drive motor was
not strong enough to rotate the calciner drum. The rotational speed was
increased to the maximum level to reduce meal accumulation, and the
feeding rate was fixed at a value at which the kiln drive could rotate the
rotary drum. The outer shell temperature was measured with an infrared
thermometer (BOSCH GIS 1000 C with an accuracy of +1 °C), and the
calcination degree was calculated by measuring the weight loss of the
fed limestone and the calcined material (the “loss on ignition” method).
The steady-steady condition was verified by continuously measuring the
outer shell temperature and calcination degree for 8 h on the last day.

3. Model development
A model of the internally heated calciner was developed and

implemented in OpenModelica version 1.19.2. This section covers the
mathematical relationships in the model. The mathematical formulation

Table 3

Operating conditions.
Operating parameter Unit Value
Limestone feeding rate kg/h 88 + 10
Calciner inclination ° 1
Calciner rotational speed RPM 4
Electrical power input kw 85.2 + 0.2
Ambient temperature °C 30+5
Limestone inlet temperature °C 30+5
Limestone size mm 2-8
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covers notation which is not explained in detail in the text, and the
reader is referred to the nomenclature section for explanations. The
simulations are performed by dividing the flow direction of the calciner
into 500 points.

3.1. Particle characteristics

An XRF analysis of the limestone, in Lol-free oxide form, is shown in
the second column in Table 4. For modelling purposes, the composition
is back-calculated to a raw composition. It is assumed that all sulfur
exists either as potassium sulfate (KoSO4) or calcium sulfate (CaSOy).
The remaining lime (CaO) after formation of calcium sulfate (CaSO,) is
assumed to exist as calcium carbonate (CaCOs). The resulting compo-
sition, after normalization to 100%, is shown in the second column in
Table 4. Further, other limestone characteristics used for modelling
purposes are summarized in Table 5.

3.2. Molar balance

The molar flow rate of component i (ri;) [mol/s] in the particle flow
direction (x-direction) is given by equation (1), assuming steady-state
and perfect mixing in the other directions (y and z directions).
dn; _n;
= D
dx ld

The main chemical reaction in the system is calcite decomposition, as
shown in equation (2). The molar generation (7;;) term in equation (1) is
then given by equation (3).

CaCO; — CaO + CO, 2
Tig =YTe 3
3.3. Reaction kinetics

The overall reaction rate of calcite decomposition (r.) depends on
three rate-controlling steps, which include 1) heat transfer to the calcite
core (including heat transfer through the product CaO layer), 2) calcite
decomposition, and 3) mass diffusion of CO, through the porous product
(Ca0) layer [18]. For a particle size in the range of micro-meters, the
mass diffusion may be negligible [19], however, since this study deals
with bigger particles, the mass diffusion of CO, through the product
layer may also be important [20].

The reaction kinetics are modelled with a shrinking core model, as
shown in Fig. 2. The calcium carbonate core (CaCOs) is assumed to be a
sphere that shrinks as the reaction proceeds. A layer of porous lime
(CaO0) is formed as a product outside the core, and the produced CO has
to diffuse through this CaO layer.

The overall reaction rate including the effects of calcite decomposi-
tion at the core surface and diffusion of CO5 through the product CaO
layer is shown in equation (4). The reaction starts only when the

Table 4
Limestone composition. The Lol calculated from the XRF analysis is 43.1%.

Component  XRF analysis, Lol-free basis Back-calculated raw composition
(Wt%) (Wt%)
CaCO, - 96.5
CaO 94 -
SiO, 2.7 1.5
Aly03 0.7 0.4
Fe,03 0.5 0.3
MgO 1.4 0.8
K,0 0.3 -
SO; 0.4 -
K2S04 - 0.3
CaSO4 - 0.2

Sum 100 100
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Table 5
Limestone characteristics used in the model.
Parameters Value  Units Remark
Effective emissivity of the limestone (g) 0.69 Literature [17]
Approximate density of the limestone (p)) 2700 kg/ Approximate value
3
m
Bulk density of the limestone bed (p;) 1426 kg/ Measured
m3
Average initial limestone radius (R¢,) 2.5 mm Measured

equilibrium pressure (given by equation (5) [21]) (pe;) [Pa] becomes
higher than the partial pressure of CO5 at the calcite core surface (pcoz.c)-
Before the reaction starts, the CO, partial pressure at the spherical
surface (pcozc) is equal to the partial pressure of COz (pco2) in the
calciner as there is no product layer to create a pressure gradient. The
total number of reacting particles (N,.) in equation (4) is derived in
Appendix A.

re =N, ALa—Poor @
% T
—20474
Deg =4.192 X 102 exp( ) 5)
C

The rate constant for the calcite decomposition (k.,) is given by
equation (6) [22]. In reality, the exposed surface area is higher than the
surface area of the (spherical) core (A¢) due to the pores at the calcite
surface [18]. The excess area is modelled with an area factor (As,) which
will always be equal to or greater than 1 depending on the porosity of
the calcite. The factor is unknown and is used as a fitting parameter in
the model.

—4026
k., =122x107° exp( - ) X A ©)
C

The rate constant for the CO, diffusion through the lime (CaO) layer
(k.p) is found by assuming a steady-state diffusion and solving Fick’s
diffusion law for a sphere [16] and is given by equation (7).

Dcor Rc,

e =RT. " Re(Re — Rev)

)
The overall diffusivity of CO, through porous lime (D¢o,) depends on
the molecular diffusivity (Dy) and the Knudsen diffusivity (Dx) and is
given by equation (8) [20]. Here, 7, is the tortuosity factor (found to be
1.5 in previous work [23]) and éec,o is the porosity of the particle
(assuming that lime is produced from non-porous carbonate with
negligible particle shrinkage; the theoretical value is 0.55 [24]).

1 g2 ( 11 )
Dcor  €cao \Du Dk ®)
The molecular diffusivity (D) is further given by equation (9) [25]

and the Knudsen diffusivity (Dx) is given by equation (10) [26]. In the
equations, o¢o, is the effective collision diameter of CO5 [A] and is equal

No calcination

CaCO,

core .

Partial calcination
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to 3.941 [25]. The collision integral (wp) is available in tabular form in
the literature [25] and is fitted into equation (11) with the fitting results
shown in Fig. 3. The pore radius in the product layer, ., depends on
the degree of sintering and the initial limestone porosity. Stanmore and
Gilot [24] commented in their review on calcination that the pore radius
should be around 50 nm, so this value is used in this study.

TI.S (Z/MCOZ)O'S

Dy =1883 x 10— )]
Pavg0ror®@p
T,
Dy =9.Trprey [ 37 (10)
co2
164 2778
0p =067+ — = an
c

3.4. Energy balance

Assuming steady-state conditions inside the calciner, the change in
total enthalpy (H) in the flow direction (x-direction) is shown in equa-
tion (12), in which g, is the total energy transferred to the particle bed
from all sources, and this energy is responsible for the enthalpy (and
thereby temperature) rise of the flowing particles.

dH g,

dx I, (12)

The total enthalpy is further given by equation (13), where H; is the
specific enthalpy of each component [J/mol] and is a function of particle
core temperature (T¢) (detailed equations are given in Appendix B).

1.5
= Equation 11

1.4 = = Data [25]

1.3 1

1.2 A

1.1 A

1.0

Collision integral

0.9 1

0.8

0.7 T T T T T T
200 400 600 800 1000 1200 1400 1600
Temperature [K]

Fig. 3. Fitting collision integral for CO, gas into equation (11) based on pub-
lished data [25].

Full calcination

€O,y

Fig. 2. Schematic of a shrinking core model.
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H=" #H, 13

3.5. Heat transfer

At steady-state conditions, the total heat generated in the elements
(g,) [W] is either transferred to the particle bed (g,) or lost to the
environment (g;) as per equation (14). Each of the aspects of heat
transfer is covered in the sub-sections.

qe =4, + 4. (14

3.5.1. Heat generated in heating elements

The heat is generated by ohmic heating, and the conversion of
electricity to heat is not 100% efficient due to heat generated during
power control and at the terminals. The efficiency (7,) is assumed to be
95% [27], and heat generated in the elements (g,.) is given by equation
(15).

G. =Pen, (15)

3.5.2. Heat transfer to the particle bed

The heat transferred to the bed (q;) comes either via the covered bed
(d,) or via the exposed bed (g,;) as shown in equation (16) and Fig. 4.
The exposed bed is heated up with a combination of net radiation heat
transfer from heating elements and convective heat transfer from the
gas. The covered bed is heated by convection and radiation from the
covered inner drum.

Gy =Gep + Gop (16)

The convective heat transfer from the gas to the exposed bed is
assumed to be negligible compared to radiation heat transfer as the gas
flow rate is relatively low and the temperature is high. Radiation heat
transfer to the exposed bed is a complex process with interactions be-
tween the element, bed, inner drum, and gas. The problem is solved with
a network approach, as shown in Fig. 5.

Fig. 5 shows the transfer of heat from the heating element (g,) to the
exposed bed (¢,;) and to the inner drum (q,). The gas is assumed to be re-
radiating as most of the radiating part of the gas is enclosed between the
element, the inner drum, and the bed. The heat transferred to the drum
is either transferred to the covered bed (q,) or lost to the environment

Heating elements

deb

Fig. 4. Pathways for heat transfer to the bed.
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(q.). The radiation network can then be solved by simultaneously
solving equations (17)—(20).

JEI;Je+JS;GJd+JgR:Jb:O a7
JEI;JdJrJeI;Jg +JBI;Jh _ oT;:Rl— Je _ i (18)
J;,I;AJC+J},I;J41 +JhR_gjg _ GT;:RS_ I =g, (19)
JFJeJrJFJqu—J,,:arﬁ,i—Jd:qd:q.Cb+qL (20)

Ry R Ry Rs

The parameters required to solve the network resistance (R; to Ry)
are derived in Appendix C. Since the gas is assumed to be re-radiating,
the gas radiosity is equal to black-body radiation and the gas tempera-
ture (T,) is given by equation (21).

025
T,— (L) @1

[

The heat transferred to the covered bed (q,) is given by equation
(22). The heat transfer coefficient in the covered bed (h) is given by
equation (23) [28]. The effective bed conductivity (k) is 0.14 W/ (mzK)
for calcite [29].

Gop =hevAca(Tui —Ty) (22)

2y 03
116k, (rNRd,, ) 23)

hy =
@ Ryl ay

The heat transferred to the bed must flow through the lime (CaO)
layer to reach the calcite core, and this is given by equation (24) by
assuming conduction heat transfer through a sphere [16]. The thermal
conductivity of the produced lime (k) is found to be 0.6 W/(m-K) in the
literature [23].
47keN,o(Ty — Tc)

Q=G+ 9 =""o 7T 24)
PR IS (1/Re) - (1/Rey)
3.5.3. Heat loss to the environment

The heat lost to the environment (q; ) is due to conduction via the
calciner drum and then free convection and radiation from the outer
drum surface. The overall effect is given by equation (25).

Tai—Ta

=
" (dd’“/ da, >

1
2mkg.la + AgohL

(25)

The overall heat loss coefficient (h;) is the sum of the radiation co-
efficient (h; z) and the convection coefficient (h; ¢) for the outer surface,
as shown in equations (26)-(28). The view factor from the external
surface of the calciner to the environment is 1 as it is fully visible to the
isothermal environment. So, this parameter is not included in equation
(27). The estimation of parameters such as Nusselt number (Nup) and
thermal conductivity of air (k,) in equation (28) is described in detail in
Appendix D.

h=hir+ hic (26)
hLr =0 % €d0 X (Tw,oulz + Tambz) (Tw,oul + Tamb) 27)
Nupk,
he==" (28)
d.o

3.5.4. Overall heat transfer coefficient
The overall heat transfer coefficient (U) based on the heating element
area is calculated for the heat transfer from the heating elements to the
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Fig. 5. Radiation heat transfer network to find heat transferred to the exposed bed.

calcite core, and it is calculated from equation (29).

9

AE(Te - TC) (29)

U=

4. Results and discussions
4.1. Concept demonstration

The novel calciner design was successfully demonstrated at a feeding
rate of around 88 kg/h. The test campaign lasted approximately four
days, and the measured parameters are shown in Fig. 6. The operation
conditions were relatively stable after the start-up phase. So, the concept
is technically feasible for calcining coarse limestone particles.

4.2. Comparison of modelling and experimental results

The outer drum temperature was measured every 30 min for 8 h on
the last day of the test campaign. The measured outer drum temperature
and the model predictions of the temperature profile are shown in Fig. 7.
A comparison of calcination degree from the experiments and from the
model is shown in Fig. 8. Due to the process fluctuations shown in
Table 3, the experimental results on outer wall temperature and calci-
nation degree also fluctuated for each measurement, and these fluctu-
ations are included in Figs. 7 and 8, respectively. The modelled results
match quite well and are within the uncertainty range of experimental
results. The bed temperature increases until the calcination temperature

is reached. Once the calcite in the bed starts to calcine, the bed tem-
perature becomes almost constant as the heat of reaction is counter-
balanced by heat transferred to the bed. The other temperature pro-
files can be explained with the help of heat flow results, which are dis-
cussed in the next section.

4.3. Heat transfer inside the calciner

The heat transfer per length of the calciner is shown in Fig. 9.

Via the electricity-to-heat conversion around 5% of the input power
is lost (see section 3.5.1). Out of the remaining 95% of the power input,
around 40% is transferred to the meal and 55% is lost to the environ-
ment. The heat transfer to the bed is highest at the inlet region, as in this
region the bed temperature is lowest; the higher temperature gradient
gives a higher heat transfer rate. A consequence of the high heat transfer
rate in the inlet region is a lower temperature of the heating element and
the drum (see Fig. 7). Low temperatures at the inlet also reduce the heat
losses (convection and radiation from the outer drum) in this region. In
contrast to the inlet region, the outlet region shows the opposite effect.
The heat transfer to the bed at the outlet region becomes lower due to a
higher bed temperature (and lower temperature gradient). Further, heat
losses dominate in the exit region due to higher outer drum tempera-
tures. Even though the heat loss is high for the experimental calciner, a
better choice of refractory materials (with lower thermal conductivity)
and steel shell (with lower emissivity) could reduce the heat loss
significantly. This aspect is studied in the next section.

The heat transfer contribution from the exposed and covered bed is

== |nlet temperature [°C] = ====Outlet temperature [°C] Power [kW]
__ 1000 100
oL.) 800 ——— = ——— 80 —
: [ L‘v Py el %
< 600 | 28 — — 60 —
S f | L
© 400 \ 0 ©
@ | g
o 200 \ 20 &
o 0 0

0 20 40 60 80 100

Total number of hours [hr]

Fig. 6. Measured parameters during the operating period of the calciner.
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Fig. 7. Temperature profile inside the internally heated rotary calciner.
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Fig. 8. Calcination degree profile inside the internally heated rotary calciner.

I
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shown in Fig. 10. Close to the calciner inlet, the heat transfer contri-
bution from the covered bed is much higher than from the exposed bed.
The heat loss is much lower in the inlet region due to low temperatures,
so most heat transferred to the inner drum goes to bed. However, this
changes in the outlet region as the bed temperature increases and the
heat loss increases. Due to the high heat loss, a lower fraction of heat is
transferred to the covered bed. So, the heat transferred from the exposed
bed becomes a much more significant contributor to the heat transfer
process.

The overall heat transfer coefficient to the calcite core is further
shown in Fig. 11. The heat transfer coefficient lies between 69 and 110
W/(m?K), with an average value of 101 W/(m?K). The overall heat
transfer coefficient initially increases due to an increased effect of ra-
diation from higher bed temperatures. However, the onset of calcination
produces an additional heat transfer resistance due to the porous
product layer formed outside the calcite shell. So, the heat transfer co-
efficient also decreases accordingly.

4.4. Potential for process improvement

A step-by-step procedure to improve energy efficiency is shown in
Table 6.

w
w
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w
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N
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N
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=
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w
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Fig. 9. Power profile inside the internally heated rotary calciner.
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Fig. 10. Fraction of power transferred to the exposed and the covered bed.
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Fig. 11. Overall heat transfer coefficient for heat transfer to the calcite core.

Table 6
Step-by-step procedure to improve energy efficiency.
Step Design/Operation change Calcination Total Maximum
No. degree [%] loss element
[%] temperature
[°C]
0 Base case (studied 23 60 1089
experimentally)
1 Reduced emissivity of 44 50 1142
outer shell to 0.19 from
0.88.
2 Reduced thermal 93 21 1504

conductivity of drum to
0.21 from 1.2 W/(m.K).

3 Reduced inclination and 100 20 1362
rotational speed to 0.5°
and 1 RPM from 1° to 4
RPM.

4 Increasing feeding rate 90 17 1235
and input power to 120
kg/h and 102 kW from 88
kg/h and 85.2 kW

5 Increasing wall thickness 98 11 1320
to 0.18 m from 0.065 m.

The first objective is to reduce energy loss, as 60% of the energy is
lost in the current setup. In the first step, radiation heat loss is reduced
by reducing the emissivity of the outer shell. Changing the outer shell
material to polished stainless steel can reduce the emissivity to 0.19
(emissivity at 327 °C [16]). With this step, the calcination degree in-
creases to 44%, and the heat loss drops to 50%. In the second step, the
heat loss through the wall is reduced by reducing the thermal conduc-
tivity of the shell material. Heat loss can also be reduced by imple-
menting composite walls. However, to keep things simple, only the
thermal conductivity of the shell material is changed here. Material such
as “Keiselguhr” can tolerate up to 1000 °C and has a thermal conduc-
tivity of 0.21 W/(m-K) at 800 °C [30]. Reducing the thermal conduc-
tivity to 0.21 W/(m-K) further reduces the heat loss to 21% and increases
the calcination degree to 93%. However, the maximum element tem-
perature increases to 1504 °C, which is above the maximum recom-
mended operating temperature of silicon carbide (around 1400 °C [31]).
The heat efficiency can be improved further by increasing the residence
time of particles, as done in the third step. Increasing the residence time
reduces the diffusion/thermal resistance effect by the product lime
layer. The calcination inclination and rotational speed are reduced to
0.5° and 1 RPM, respectively, to reduce the residence time. With these
settings, the calcination degree increases to 100%, and the heat loss is
reduced to 20%. The maximum element temperature in the final step is
also below 1400 °C, which is the maximum recommended operating
temperature of silicon carbide [31]. To further improve the efficiency,
the feeding rate can be increased to 120 kg/h, and the power can be
increased to 102 kW (i.e. full power) in the fourth step, as the limestone
feed in the third step was fully calcined. With the increased power and
feeding rate, the loss is reduced to 17%, and the calcination degree
becomes 90%. In the final step, the heat loss is further reduced by
increasing the shell thickness to 0.18 m. At this step, the calcination
degree increases to 98%, and the heat loss is reduced to 11%.

The environmental and economic impact of increasing heat effi-
ciency by the procedure described in Table 6 is shown in Fig. 12. The
electricity cost was calculated by assuming an electricity cost of 0.5
NOK/kWh, which was the electricity cost in Norway in fourth quarter of
2022 for energy-intensive manufacturing units [32]. The electrified
calciner produces relatively pure CO,, so there is no need for CO; cap-
ture (e.g. by amine absorption). So, the results are shown in terms of CO»
units. The energy intensity on produced CO is reduced from 35
MJ/kg-CO; to 7 MJ/kg-CO3 (i.e., a reduction of 79%) by reducing the
heat loss from 60% to 11%. The corresponding electricity cost per kg
CO3, is also reduced from 4.9 to 1 NOK/kg-CO,. The results show an



R.M. Jacob and L.-A. Tokheim

® Energy intensity [MJ/kg-CO2] @ Electricity cost [NOK/kg-CO2]

.40 ) 5 .
o~ o
Q o
Q 39 40
2 ¥
> 3T
=20 (] 2
z 25
2 10 3
2 10
£ >
& 0 02
o 60% 50% 21% 20% 17% 11% 3
5 o

Heat loss [%]

Fig. 12. Comparison of energy intensity and electricity cost per kg CO, pro-
duced for different heat loss at each step shown in Table 6.

improved environmental impact as a larger amount of pure CO3 can be
sent for storage with the same energy and the economic impact as the
cost per unit of CO5 reduces.

4.5. Advantages and disadvantages of the concept

The advantages and disadvantages of an axially heated rotary
calciner are discussed based on the operational experience. The ad-
vantages of the concept include:

1. The operation of the calciner is very smooth, and the temperatures
and calcination degree can be controlled very accurately.

2. It should be easy to retrofit an existing rotary kiln as the heating
elements could replace the fuel firing system (see Fig. 13).

3. The wall drum can be made from inexpensive steel and refractory
materials, avoiding high costs and heat losses.

4. The heating elements can be operated at very high temperatures,
thereby achieving a high radiation heat transfer.

The disadvantages and uncertainties of the concept include:

1. The concept is new, and the choice of the internal heating element
material is not extensively studied. This study uses silicon carbide as
this material is rigid at high temperature. However, silicon carbide
has an aging problem, wherein the resistivity of the heating elements
increases over time [30,31]. The voltage across the heating elements
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could be increased with a transformer to compensate for the
increased resistance. However, the extent of voltage increase is
limited, possibly reducing the lifetime of the elements. So, the
maintenance cost could be high.

2. Dust particles can accumulate on top of the heating elements,
thereby reducing the local heat transfer from the elements. This ef-
fect may cause the dust-insulated area to reach a higher temperature
than the non-insulated area of the heating elements. If the temper-
ature difference becomes significant, the thermal expansion in the
local region may differ too much and cause the element to break.
This effect was partly observed during the experiments. Due to the
dust accumulation causing the higher temperature on the upper part,
the upper part expanded more than the lower part. This caused the
element to bend slightly upwards (see the shape of the heating ele-
ments inside the calciner in Fig. 13).

5. Conclusions

This study covers the design of an electrically heated rotary calciner
with internal heating. All the previous studies employed external heat-
ing on the electrically heated rotary calciner. So, internal heating is the
new concept studied in this work. The internally heated system can
utilize the rotary drum material from a regular fuel-fired rotary calciner.
So, unlike an externally heated system, special materials with high
thermal conductivity on the drum material are not needed.

The novel design was first operated continuously for four days, and
the concept was found to be technically feasible. The outer shell tem-
perature and calcination degree were continuously measured during the
last 8 h of operation, and the results showed that the system was close to
a pseudo-steady state.

A 1-D steady-state model of the calciner was developed and imple-
mented in OpenModelica version 1.19.2. The simulation results were
compared against the measured outer shell temperature and calcination
degree during the last 8 h of operation. The simulation results matched
well within the uncertainty range of the measured outer shell temper-
ature and calcination degree. Hence, the model was found to be suitable
for analyzing the heat transfer process and recommending pathways for
process improvements. The modelling results of the current setup
showed that:

1. Around 60% of the total input electrical energy is lost in the current
setup.

Fuel-fired
rotary calciner

Internally heated electric
rotary calciner

Fig. 13. Transformation of fuel-fired rotary calciner to an internally heated electric rotary calciner.
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2. The heat transferred to the bed was higher than the heat loss at the
inlet region, while heat loss dominated the exit region.

3. The heat transfer from the covered bed accounted for around 80% of
the total heat transfer at the inlet region. In contrast, at the exit re-
gion, the exposed bed dominated and contributed to around 80% of
the heat transfer.

4. The average heat transfer coefficient was calculated to be 101 W/
(m?K). Due to increased radiation, the heat transfer coefficient
increased until the calcination started. In the calcination region,
however, the heat transfer coefficient was slightly reduced due to the
presence of the product layer.

The main problem with the current setup is a very low thermal ef-
ficiency, as the total loss from the system amounted to around 60%. A
step-by-step procedure was therefore developed to reduce the heat loss
from 60% to around 11%. The improved heat efficiency was achieved
with a combination of improved insulation of the drum wall, reduced
radiative emission from the outer shell, and increased residence time of
the particles. The energy intensity of the produced CO2 (which can be
directly captured as it is relatively pure) was thereby reduced from 35 to
7 MJ/kg-COs. The cost per unit of CO5 was also reduced from 4.9 to 1
NOK/kg-CO». So, an improved efficiency also improves the economy of
the process.

The advantages and disadvantages of the concept are discussed
based on operational experience. The concept has several advantages,
such as smooth operation, easy retrofitting, and a quite high radiation
heat transfer. However, it also has some challenges, such as the choice of
heating element. The silicon carbide material used in this study has a
limited lifetime, which can significantly increase the operating cost.
Further, dust accumulation on the heating elements can cause a local
temperature rise which may cause an uneven thermal expansion over
the heating tube cross-section, and this may lead to heating element
failure in the worst-case scenario.

Appendix A. Mass accumulation inside the calciner
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The cross-sectional view of the calciner without heating elements is shown in Fig. A-1.

Fig. A-1. Cross-sectional view of the calciner without heating elements.

The angle subtended by the particle flow (I") [radian] is dependent on the operating condition and can be given by equation A-1 [33].

1/3
4m/pb

r=2sin"" — b
7dy;° N sin(y)sin(® + @,)

(A-1)

In equation A-1, the angle of repose (y) is assumed to be 35° for limestone [33], and the extra angle (w,) formed by the particle bed is a fitting
parameter based on experimental results. The average bed height (h,), perpendicular length of element to bed (I.,), bed width (w}), particle flow area
(Apr), mass of the accumulated bed (m,), and number of reacting particles (N,.) are given in equation A-2 to A-7.
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dy; T
Loy :%cos (E) (A-3)
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Crdy\’ d; (T
Ay = 5 <T) = Wy~ cos (5> (A-5)
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Appendix B. Thermodynamic properties used in the model

The components included in the model are summarized in Table B-1. Different model types in Table B-1 use different models to predict the specific
heat capacity and these models are summarized in Table B-2. The polynomial coefficients of the specific heat coefficient are estimated by fitting
specific heat data available in Barin’s handbook [34]. The enthalpy equation is derived by integrating equation B-1, and the derived polynomial
equation is shown in Table B-3. Finally the fitted polynomial coefficients are shown in Table B-4.

T
H-—H, = / Cp(Tc)dTe

Trer

(B-1)

In equation B-1, H is the enthalpy at a given temperature [J/mol], H.y is the standard enthalpy (values are shown in Table B-5) [J/mol], and Cp(T¢)

is the polynomial equation for specific heat [J/mol-K].

Table B-1
Components and model types.

Model type

Components

Solid model 1
Solid model 2
Gas model 1

CaCOs, CaO, SiOa, Al;03, Fex03, MgO, CaSO4
KySO4
CO

Table B-2

The specific heat equation for each model type.

Model type

Specific heat equation [J/mol-K]

Solid model 1

Solid model 2

Gas model 1

Cp = C1+ CoTc + C3Tc? + C4Tc® + CsTc*
Ce <Tc<Cy
Ci Cs G

Cp =C1+ CoTc+ CaT? + o4 —5+ —o=
P 1+ CoTc + 3c+TC+TCZ+TCO_5

C7 <Tc<Csg
Cs/Te \* Cs/Te \?
C, =C C. C.
p =Gt 2(sinh(c3 /TC)) * 4<cosh(C5/TC)
Ce <Tc <Gy

Table B-3
The enthalpy equation for each model type.

Model type

Specific heat equation [kJ/mol]

Solid model 1

H— Hy = C1(Tc — Try) +

Ce <Tc <Cy
Solid model 2

Ca(Tc? — Tr) N C3(Tc® — Tr®) " Ca(Tc* — Tr*) 4 Cs(Tc® — Try®)

2 3 4 5

H— Hpy = C1(Tc — Tref) +

C7 <Tc<Cg
Gas model 1

Ce <Tc <Cy

Co(Te? — Tr®)  C3(Tc® — Tryf® T
2(c2 ) L 3(03 ref)+C4ln(7C)7

° ITC Tref 0.5

H— Hy = C1(Tc — Try) + C2C3 [colh(g> — colh( Cs )} — C4Cs [tanh(%) — lanh( Cs )}

Tc Tres Tres

( 1 1 ) Co(Tc"® — Tr*®)

12



R.M. Jacob and L.-A. Tokheim

Table B

-4

Coefficients in the equations for specific heat/enthalpy (the temperature unit is in K).

Results in Engineering 17 (2023) 100992

Comp Cy C; C3 Cy Cs Cs C; Cs
CaCO3 -2.3728 0.4622 -0.000735 5.57E-07 -1.57E-10 298 1200 -
CaO 23.0403 0.09213 -0.00010746 5.716E-08 -1.11E-11 298 1900 -
SiOy -8.469 0.252 -0.000296 1.518E-07 -2.84E-11 298 1900 -
Al,03 2.495 0.3665 -0.000422 2.208E-07 -4.25E-11 298 1900 -
Fey03 51.836 0.153 0.00014 -2.910E-07 1.03E-10 298 1700 -
MgO 13.42 0.114 -0.00013 6.94E-08 -1.33E-11 298 1900 -
K2S04 3782.9 -1.0257 0.000166 1.47E4+06 -6.66E+07 -130,297 298 1900
CaSO4 96.2 -0.066 0.000336 -2.55E-07 5.75E-11 298 3000 -
CO» 53.7 9.95 1887.73 -41.5 -273.6 298 3000 -
Table B-5
Standard enthalpy of the components (at 25 °C and 1 bar).
Component Standard enthalpy (H,.r) [J/mol] Component Standard enthalpy (H,.s) [J/mol]
CaCO3 -1206,921 MgO -601241
CaO -635,089 Fe203 -824,248
CO, -393,505 K2S04 -1437,790
SiO, -910,857 CaS0O4 -1434,108
Al,O3 -1675,692

Appendix C. Estimation of parameters to solve the radiation network

The unknown parameters in the radiation network (see Fig. 5) are summarized in Table C-1.

Heating elements

vv‘ﬁ J

sdfk
—

le,b

7

Fig. C-1. Geometrical configuration of the calciner cross-section with heating elements.

Table C-1

Summary of unknown parameters required to solve the radiation network.
Parameters Symbol Equation/Value Remarks
View factor from element to element Fe. Equation C-1 Infinitely long parallel cylinders [35]
View factor from element to bed F,p Equation C-2 Parallel plates with different width [35]
View factor from bed to element Fpe Equation C-3 Reciprocity rule
View factor from element to drum Feq Equation C-4 Summation rule
View factor from drum to element Fye Equation C-5 Reciprocity rule

13
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Table C-1 (continued)

Results in Engineering 17 (2023) 100992

Parameters Symbol Equation/Value Remarks

View factor from bed to drum Fpq Equation C-6 Summation rule

View factor from drum to bed Fap Equation C-7 Reciprocity rule

View factor from bed to bed Fyp 0 Bed surface cannot view itself
View factor from element to gas Feg 1 Fully visible to gas

View factor from drum to gas Fag 1 Fully visible to gas

View factor from bed to gas Fyg 1 Fully visible to gas

Width of element We Equation C-8 Derived

Area of exposed drum A Equation C-9 Derived

Area of exposed bed Agp Equation C-10 Derived

Area of covered drum Aca Equation C-11 Derived

CO,, gas emissivity & 0.15 Approximate value from Figure C-2

2 d, +s.\° . d d, + s,
Fee:7 -3 71 -
*=7 < d, > e (de+se> ( d, )

W, W 2 W W, 2
i \/<ﬁ+ﬁ) +4—\/<ﬁ—ﬁ) +4
= 20w /les)

AK
Fy.=—F,
b, A, b

Fea=1—F, —Fep

A,
Aed

Fd.e = Fe,d

Fb,dzl_Fb,b_Fb,e

Fup=ep
d.b 7A 4 b.d

w,=s, + (2d,)
Aed = ld (ﬂ'* F) d[“
A[,b = ld Wp

A= (ﬁ' dg; ld) — A

(C-1

(C-2)

(C-3)

(C-4)

(C-5)

(C-6)

(€7

(C-8)
(C-9)
(c-10

(C-11)

The emissivity of CO, (&,) is a function of gas temperature (T,) [K] and the product of pressure and characteristic length (pL) [m-atm], as shown in
equation C-12 [36]. The constants in equation C-12 are shown in Table C-2. Further, the characteristic length for a cylinder is given by L = 0.95d,;
[16]. At ambient pressure, the product of the characteristic length and the pressure is 0.551 m atm. With this value, the variation of CO, emissivity

based on equation C-12 is shown in Fig. C-2.

log(&,T;) = o+ a; log(pL) + a, log*(pL) + a3 log’ (pL)

(C-12)

Table C-2

Constants to predict CO2 emissivity [36].
Gas temperature [T, ] [K] ag a; a as
1000 2.2661 0.1742 -0.039 0.004
1500 2.3954 0.2203 -0.0433 0.00562
2000 2.4104 0.2602 -0.0651 -0.00155

14
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Fig. C-2. CO; emissivity as a function of temperature.

Appendix D. Estimation of convective heat loss coefficient parameters

Assuming that the heat loss from the outer drum to the environment is due to external free convection from a long horizontal cylinder, the Nusselt
number (Nup) is given by equation D-1 [16].

2
0.387(Rap)"/°
Nup = (046 + Rap) (D-1)
{1 +(0.559/Pr)” ‘6]
In equation D-1, Rap is the Rayleigh number and Pr is the Prandtl number, which are given by equations D-2 and D-3.
3
p(Tao — Ta)(dao)
Rap = 8P (Tao = Tu) (dao) (D-2)
1()”(1“
py_ Cratla (D-3)

ka

In equations D-2 and D-3, § is the thermal expansion coefficient [1/K] (given by equation D-4 by assuming air as an ideal gas), Ty is the average
temperature between outer wall and ambient air [K], 9, is the kinematic viscosity of the air [m?/s] (Equation D-5), a, is the thermal diffusivity of air
[mz/s] (Equation D-6), p, is the density of air [kg/ms] (Equation D-7), k, is the thermal conductivity of air [W/(m-K)] (Equation D-8 [36]), ¢, , is the
specific heat of the air [J/(kg-K)] (Equation D-9 [36]) and y, is the dynamic viscosity of the air [Pa-s] (Equation D-10 [36]).

1
=— D_
r=7 (D-4)
9,="a (D-5)
pa
ka
a,= (D-6)
PuCpa
aMa
—Fa"a D-
=T (D-7)
0.00031417 x 1,778
ke = 1 _ 016 | 21217 (D-8)
Ty T2
s012/7, asa/7, \7\ 1
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