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Abstract: 

Calcium-looping process can be coupled with concentrated solar power plants serving as a thermochemical 
energy storage alternative. Endothermic limestone calcination reaction allows for the storage of thermal energy 
at high temperatures (950 °C) while producing pure streams of CaO and CO2. The stored energy may be 
recovered whenever is required by means of exothermic carbonation reaction at relatively high temperatures 
(600  800 °C). Then, electric power may be produced through a Rankine cycle using a working fluid heated 
through carbonation reaction. In this work, the solar calcium looping concept is analysed at pilot and large 
scale, as a preliminary scale-up of the technology. The main problem arising from the scale-up of the 
carbonator is the heat removal. The single entrained flow reactor cooled by external coils used at pilot scale 
results insufficient at large scale and reaction becomes inhibited. Thus, residence times must be longer and 
the required reactor lengths are increased up to 60 meters long for 4-meter diameter reactors, at scale of 100 
MWth of solar power input. As a solution to this issue, a multitube reactor is proposed, modelled and assessed. 
Moreover, the sizing of the storage tanks for the CaO and CO2 will depend on the operation management of 
the large-scale plant. The purpose is to analyse the continuous operation to size the required storage volumes. 
A proper operation schedule has to be defined, establishing a proper time framework for storage. 
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1. Introduction 
Carbon dioxide is the largest single contributor to the perturbations on the energy balance of the Earth, 
and the anthropogenic activities are undoubtedly its main source [1]. Current increasing rate of 
atmospheric CO2 concentration is fastest ever observed, peaking the average for May 2019 at 414.8 
ppm [2]. The Paris Agreement, signed at the end of 2015 by near 190 countries, agreed to reduce 
emissions of greenhouse gases (GHG) with the aim of limiting global temperature increase below 2 
°C by the year 2100, related to pre-industrial levels [3]. 2 ºC scenarios would require CO2 atmospheric 
concentrations below 450 ppm, which will be hardly accomplishable [1]. 

Decarbonization of power and heat generation sectors is key since they produce more than two-fifths 
of total carbon emissions [4]. The EU Renewable Energy Directive sets a binding target of 20% final 
energy consumption from renewable sources by 2020 [5]
estimates an increase of renewable electricity up to 37.2% by 2020, to 43% by 2030, and to 53% by 
2050 [6]. However, one of the most significant barriers for the deployment of renewable energy 
sources (RES) is the management of intermittent power generation systems linked to their weather-
dependent nature. To achieve these targets, the development of innovative and competitive energy 
storage solutions is one of the most challenging requirements for the energy system. There exist 
several energy storage technologies with different characteristics (discharge time, storage period, 
prices or materials) which will define its optimal coupling with a specific RES.  
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Electricity production in concentrating solar power (CSP) plants depends on the number of sunlight 
hours. Approximately half of the CSP plants operating in the world present thermal energy storage 
(TES) systems in order to increase their electricity production [7]. Medium (100 °C to 250 °C) to 
high (above 250 °C) temperature TES systems are preferred when coupled with CSP to achieve higher 
round-trip efficiencies [8]. The most mature TES are the molten salt systems [9] which are based in 
sensible heat storage and are used in commercial installations. Thermochemical energy storage 
(TCES) based in the storage of thermal solar energy into chemical bounds created through 
endothermic reactions appear as a novel alternative to be coupled with CSP [10]. Detailed reviews of 
this TCES have been published and there is a general agreement on the potential economic feasibility 
of carbonate systems if their cyclic stability and reversibility are improved [11,12]. CaL is based on 
reversible carbonation-calcination reactions in which limestone and lime are alternatively converted. 
Surplus solar energy can be chemically stored through the calcination of limestone at high 
temperatures producing pure streams of CaO and CO2. The stored energy will be released by means 
of carbonation reaction, at temperatures suitable for power cycles [13,14]. Storage of products could 
be extended from weeks to months depending on storage conditions and energy demand pattern [15].  

One of the most significant advantages of the CSP CaL integration is the use of natural limestone as 
CaO precursor. Limestone is an abundant, non-toxic and cheap material, which presents suitable 
physical properties in the temperature range of interest for CSP thermal energy storage. A key 
variable in CaL systems is the sorbent activity since high temperature cyclic limestone calcination 
leads to a strong deactivation of CaO which could limit the efficiency of the CaL process for TCES 
[16,17]. Further challenges of the CaL technology are the low thermal conductivity of the sorbent, its 
agglomeration and the design of the reactors for their efficient integration [11]. Chen et al. mentioned 
these last two challenges as main factors that determine the heat storage performance, having reactors 
design an important role in the establishment of a reliable energy charging and releasing energy 
process [12]. Up to now, the design of a large-scale carbonator reactor for a specific CaL-CSP 
application has not been addressed in detail and the hybrid concept of CSP with CaL energy storage 
has only been designed and built at pilot scale in Seville (Spain) within SOCRATCES project [18]. 
A recent review on reactor designs with potential use in TCES in CSP plants  presented only two 
designs for carbonation reactor for CaL-CSP [19]: (i) a pressurized fluidized bed [14] and (ii) a dual 
carbonator/calciner fluidized bed [20].  

In this work, two main aspects of the scale-up of this hybrid technology are explored. First, the heat 
transfer within large carbonators has been investigated through the proposal and modelling of reactor 
designs with large capacity of heat removal. Refrigeration designs of pilot plant carbonator based in 
external spires is not technically feasible for large-scale reactors. A new proposal is modeled and 
simulated to estimate the real capacity of heat recovery in this element at large-scale. The carbonator 
model is also used to determine its minimum operation load, which will be used to size the storage 
equipment required to cover threshold operation conditions (main objective of the paper). The 
minimum operation load in the carbonator provides half the nominal heat load of the carbonator at 
the same temperature. Once this operational threshold is determined, the behavior of a large-scale 
CSP plant with TCES system based on CaL process is analyzed through modelling and simulation.  

2. Calcium looping as energy storage 
Figure 1 illustrates a CaL TCES system sized for 100 MWth of solar input energy. It consists of two 
main reactors, carbonator and calciner, with an intermediate storage of solids and CO2. Solar energy 
provides the thermal demand required by the endothermal calcium carbonate calcination, Eq. (1).  

 (1) 

The input of solids to the calciner must be heated up to 850 °C and results from the addition of the 
direct current from carbonator at 850 °C and the discharge flow of solids mixture stored at 200 °C. 
The sorbent regeneration process produces a continuous flow of calcium oxide and CO2, which can 
be stored or directed to the carbonator reactor to close the chemical loop. 
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Since CaO quickly deactivates with the number of cycles, a stream of fresh limestone is fed in the 
calciner to keep a reasonable age population and sorption activity. The CaCO3 to the calciner reactor 
comes from: (i) the contribution of fresh limestone and (ii) the CaCO3 produced after carbonation 
reaction. Fresh limestone counterbalances the purged solid material (fp) which is set at 1% of the CaO 
molar flow generated in calcination reaction. Besides, working temperature select does not exceed 
950 ºC in CO2 pure atmosphere in order to avoid more degradation of CaO [21]. 

Exothermal carbonation reaction, reverse Eq. (1), takes place in the carbonator at 850 °C in pure CO2 
atmosphere [22]. Ideally, the carbonator operates in isothermal mode. CaO current extracted from the 
storage (200 ºC) is mixed with direct CaO flow from calciner (950 ºC) before being introduced into 
carbonator at 850 ºC. In a CaL facility without storage, the CaO to CO2 molar ratio introduced in the 
carbonator (R) is determined by the percentage of CaO purge and the solar energy introduced into the 
calciner. Only a percentage of CaO particles introduced in the carbonator will react with CO2. This 
amount will depend on the average sorption activity of the population of particles circulating in the 
system [23]. A mixture of CaCO3 and unreacted CaO is found at carbonator outlet. Unreacted CO2 
leaving the carbonator is stored under established conditions. The value of R and the average sorbent 
activity define the carbon capture efficiency in the carbonator reactor. 

 

Fig. 1.  Thermochemical storage system based on Ca-looping process for a large scale CSP plant. 

CO2 storage temperature and pressure depend on the storage tank size and phase in which CO2 is 
stored [22]. In this study, CO2 is stored in gas phase at 100 ºC and 73 bar. Solids storage temperature 
ranges from ambient to 200  700 ºC [21]. Solids storage temperature and pressure are set at 200 °C 
and 1 bar. CO2 compression train to achieve the defined storage conditions (100 °C, 73 bar) includes 
a cooling stage down to 50 °C before compression to 73 bar and final cooling to 100 °C. CO2 from 
storage tank is mixed with CO2 from calciner before being introduced into carbonator at 850 ºC. 

Heat exchangers network (HEN), Fig. 1, will provide or demand thermal energy according to the 
operation mode. Heat exchangers named HE EE can provide energy in storage or discharge mode. 
Heat losses of HE EE equipment are assumed as 2% of the total released energy. However, HE ER 
CaCO3 + CaO heat exchanger requires thermal energy input under any operating situation while the 
rest of HE ER heat exchangers provide or demand energy depending on the operation mode. 



4 

2.1. Plant management 
The management of the flow streams to and from the storage tanks will depend on the availability of 
renewable energy resource or the requirement of thermal energy from the TCES, which will 
determine the operation mode: energy storage or energy discharge. Under energy storage mode, part 
of the CO2 and CaO flows from the calciner is directed to the storage tanks; thus, the energy available 
in the carbonator will be strongly reduced and the storage tank of limestone will be discharged to feed 
the calciner. Under energy discharge model, solar energy is not available in the calciner; thus, 
limestone from carbonator must be stored, while the storage tanks of CO2 and CaO will be discharged 
to maintain or increase the energy availability in the carbonator. 

The CO2 tank receives a fraction of CO2 that leaves calciner (fst,CaO) and the unreacted CO2 from 
carbonator. CO2 leaving the storage tank is defined as a fraction of the maximum possible flow of 
CO2 at calciner outlet (fdch,CaO). Analogously, CaO storage tank receives a fraction of CaO from 
calciner (fst,CaO) and CaO can be discharged from the storage tank defined as a fraction of the 
maximum possible flow of CaO that leaves calciner (fdch,CaO). These storage and discharge fractions 
are analogous to those fractions of CO2 in order to keep CaO/CO2 molar ratio (R) constant. A fraction 
of the stream leaving the carbonator, mixture of unreacted CaO and CaCO3, can be stored in its 
respective tank (fst,CaCO3) while discharge flow is defined as a fraction of the maximum possible flow 
of solids mixture leaving the carbonator (fdch,CaCO3).  

The purpose of this study is to analyse the continuous operation of carbonation-calcination process 
with thermochemical energy storage to size the required storage volumes. First, the minimum inlet 
flow of CaO and CO2 necessary for carbonator to operate must be established. Subsequently, the 
maximum storage capacity will be analyzed based on realistic operation modes and reasonable size 
of the storage tanks. 

2.2. Limitations of the carbonator 
The CaL TCES facility provides useful heat to a power cycle to generate electricity; thus, the variable 
operation between storage and discharging modes must be accounted in the design of the coupled 
systems. The available heat will mainly depend on the operation load of the carbonator since the heat 
removal in the carbonator represents the main source of heat to the power cycle. This reactor is a key 
element and represents a complex system where heterogeneous exothermic chemical reactions take 
place together with heat transport phenomena. Therefore, it must be carefully designed to optimize 
heat recovery. In this sense, a detailed model of a scaled-up carbonator reactor has been developed to 
find an optimized carbonator design, which provides the largest amount of useful heat. 

Besides, the minimum load (ML) in the carbonator will determine the minimum amount of heat 
available for the power cycle, which will define the size of this plant. Thus, the simulation of the 
carbonator at different loads was carried out to find the threshold load, which provides half the 
refrigeration flow at the same temperature. This operation load threshold has also a direct influence 
on the storage tank sizing since the operation at ML must be ensured 24 hours a day.  

3. Methodology 
Methodology covers the carbonator modelling, the scale-up criteria and the assessment of the storage 
tanks required for the correct management of the plant. 

3.1. Carbonator modelling 
The carbonation reactor is an entrained flow reactor in which reactants enter at the top. The model 
considers the carbonation kinetics, the heat transfer mechanisms and the specific geometry of the 
reactor in order to compute the axial profiles of conversion, temperature and residence time under 
different scales and operating loads. The model is solved in steady-state through a numerical mesh 
with 100 discrete 1-D elements, using the Engineering Equation Solver (EES) software. 
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3.1.1. Kinetic model 
The kinetic equation used in the model was published and validated by Ortiz et al [24]. The 
carbonation reaction is described by Eq. (2), which gives the conversion of CaO as a function of the 
time and reaction rate, 

 , (2) 

 is assumed as 0.1354 in this work and  the time taken to reach a  conversion. The reaction 
rate, , is given by Eq. (3) as a function of temperature and CO2 partial pressure, 

, (3) 

where  is 20 kJ/mol,  is -68 J/mol·K and  is -160 kJ/mol. Besides, , 
where  is 4.083·107 atm, and  is 20474 K. 

3.1.2. Solid phase 
The time spent by the solids in the reactor corresponds to the reaction time. This is given by the 
entraining downflow velocity of the solids, which depends on its terminal velocity and the gas 
velocity. According to Wen et al. [25], the downward velocity, , of small particles under low 
Reynold numbers is computed by Eq. (4): 

 ,  (4) 

Integrating Eq. (4) gives the reactor length as a function of the residence time of the solids, Eq. (5), 

. (5) 

Eq. (5) is integrated for each slice of the discretized reactor, so it can be assumed that ,  and  
are constants in the range of integration and are calculated at the specific temperature and pressure of 
the gas in each slice. Thus, total residence time considers the variation in temperature and gas volume 
along the reactor. 

3.1.3. Gas phase 
Regarding the gas phase, we assume that the fluid of a slice is not mixed with the fluid of any other 
slice ahead or behind. This implies that the residence time in the reactor is the same for all elements 
of the fluid. The residence time of the gas is given by Eq. (6),  

, (6) 

The Eq. (6) is integrated for each slice, so  and  are constant, and the residence time in that 
interval becomes . Besides, it is assumed that the pressure inside the reactor remains 
constant at 2.0 bar. Hence, the volumetric flow rate as a function of the conversion is given by Eq. 
(7), according to ideal gas law  

. (7) 

3.1.4. Heat transfer 
First, the energy balance on the gas-solid mixture in which carbonation takes place is presented. Then, 
it is described the heat transference (convective and radiative) from gas and solids to the walls, and 
the conduction through walls to the cooling fluid. Lastly, the energy balance of the cooling fluid is 
shown. It should be noted that heat transfer equations depend on the carbonator configuration and 
geometry, which have been selected differently depending on the scale. To this regard, clarifications 
are made when required throughout this section.    
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The energy balance in the cloud of gas and particles is described by Eq. (8), considering the 
exothermal heat from carbonation and the heat exchange per length of reactor (from  to ):  

, (8) 

This heat flow through the wall accounts for radiation, , and convection, , Eq. (9):  

, (9) 

, (10) 

, (11) 

The absorptivity and emissivity of the gas-particle mixture,  and , calculation is taken from 
VDI Heat Atlas , Part K4 [26] and  the convective coefficient from 

and Klein S for its calculation under different geometries [27]. The variable  is defined in such a 
way that , and  is the surface area where the heat transfer takes place within the 
slice, which depends on the geometry of the reactor. 

The heat conducted through the wall separating the cooling and reactants is given by Eq. (12), what 
allows computing the temperature of the wall side that is in contact with the cooling fluid, :  

, (12) 

, (13) 

The thermal conductivity of the tube, , is 0.025 kW/m·K. Lastly, the energy balance on the 
cooling fluid is performed, by Eq. (14):  

, (14) 

It should be noted that Eq. (14) is valid for a countercurrent heat exchange, and therefore it is heated 
from position  to  (carbonation goes from position  to ). The heat transferred to the 
cooling fluid per unit of axial length, Eq. (15), is composed by the convective and radiative terms, 
following Eq. (16) and Eq. (17):  

, (15) 

, (16) 

 , (17) 

For more details of Eq. (16) see VDI Heat Atlas , Part K3 [26]. The convective coefficient  and 
the parameter  also depend on the geometry. Temperature along the carbonator can be calculated 
by knowing the initial temperature of reactants and cooling fluid. 

3.2. Scale-up criteria 
First, a single tube reactor with inner cooling has been modelled, looking for proper heat removal at 
small scale. This reactor is made of two concentric tubes of small diameter. The reactants flows from 
top to bottom through the outer tube, and the cooling flows in counter-current throughout the inner 
tube, Fig. (2), to recover a few kW. Then, a multi-tube configuration with a 150  200 cooling tubes 
bundle is modeled to recover in the MW-scale. The reactants flows from top to bottom of the shell. 
The cooling pipes have the same dimensions that the single-tube configuration ones. The cooling 
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tubes are set in a triangular configuration and the distance among them is set to keep the cross-
sectional area proportional to the increment of volume of reactants.  

Fig. 2.  Carbonator configurations for small and large scale. 

Lastly, the multi-tube configuration is scaled-up by keeping constant the ratio between the length of 
the reactor and the velocity of the cloud of gas and particles flowing downward ( / ), and the ratio 
between the length of the reactor and the diameter of the enclosure ( / ) [28]. Instead of scaling-up 
the dimension of the cooling tubes, the number of tubes is increased. The aim with this configuration 
is to reach the 100 MWth scale in the plant. Besides, the objective of modelling the carbonator 
behavior at large scale is to determine its minimum operating load.  

3.3. Sizing of storage tanks 
The storage tanks sizing accounts for the operating mode and the introduced and extracted mass 
flowrates of CO2, CaO and CaCO3. The operating mode dictates the number of hours and the values 
of the storage and discharge fractions. Storage and discharge fractions will directly define the inlet 
and outlet flowrates and the number of hours will provide the time interval to integrate. The storage 
volume of the different tanks will be calculated through Eq. (18). 

 (18) 

The maximum storage flowrate of CO2 and CaO is obtained when solar calciner operates at nominal 
load while carbonator operates at its minimum operation load. 

4. Results 
In this section, the results for the small- and large-scale carbonators are presented. Besides, it is 
assessed the partial load operation for the scaled-up reactor. A model of the coupled CaL TCES and 
CSP systems is run at limit operation conditions to provide the sizing of storage tanks. 

4.1. Carbonator assessment 
The technical data regarding the three carbonators that have been assessed are presented in Table 1 
(single-tube at lab scale, 7.6 kW, multi-tube at pilot scale, 1.4 MW, and the scaled-up multi-tube at 
large scale, 79.9 MW). The reactants enters at 850 ºC and 2 bar, and the cooling fluid is CO2 entering 
at 100 ºC and 50 bar. The mass of the cooling fluid is set in order to have an exit temperature of the 
cooling at 650 ºC. 
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Table 1.  Technical data of the studied carbonators. 
 Single-tube Multi-tube Scaled-up multi-tube 
Carbonator    
Length (m) 4.0 5.0 15.0 
Enclosure inner diameter (m) 0.074 0.970 3.3 
CaO mass inlet (kg/s) 0.01740 3.2533 187.6 
CO2 mass inlet (kg/s) 0.00198 0.3712 20.8 
Final CaO conversion (%) 13.53 13.54 13.54 
Gas residence time (s) 7.1 10.0 7.55 
Solid residence time (s) 4.8 6.6 6.51 
Inlet T (ºC) 850.0 850.0 850.0 
Outlet T (ºC) 850.7 844.8 841.1 
Average T (ºC) 850.8 871.5 850.6 
Pressure (bar) 2.0 2.0 2.0 
Reynolds (-) 34  493 0.4  5.5  1.5  21.3 

Cooling tubes    
Length (m) 4.0 5.0 15.0 
Inner diameter (m) 0.02 0.02 0.02 
Number of tubes (-) 1 187 2,705 
CO2 mass inlet (total) (kg/s) 0.0121 2.32 127.4 
Recovered heat (MW) 0.0076 1.45 79.9 
Inlet T (ºC) 100.0 100.0 100.0 
Outlet T (ºC) 650.0 650.0 650.0 
Pressure (bar) 50.0 50.0 42.8   50.0 
Reynolds (-) 9,862  19,995 10,098  20,476 38,411  77,804 

 

Temperature profiles along the reactor are properly preserved during the scale-up, as well as CaO 
conversion profile (Fig. 3). At pilot scale, the convective coefficient diminishes one order of 
magnitude in the reactants side; i.e. shell side. Therefore, the reactor has to be extended about 1 meter 
in length (from 4 m in single tube to 5 meter in multi-tube) in order to bring the products again to 
about 850 ºC and recover their sensible heat. Otherwise, part of the exothermal heat from carbonation 
would not be recovered in the reactor. 

Besides, when scaling-up the multi-tube reactor with constant /  and /  ratios, the mass of cooling 
fluid per tube has to be increased to maintain its exit temperature at 650 ºC. Doing so, the length of 
the reactor can be shortened to 15 m (instead of the 19 meters coming from the /  restriction). The 
final configuration is suitable for a large-scale carbonation, in terms of operating temperature 
(average 850.6 ºC), residence time (6.5  7.5 s) and dimensions (15 m length and 3.3 m diameter). 

Once the reactor at large-scale is defined, partial load operation must be assessed. When reducing the 
load, inlet mass flowrates of reactants are proportionally reduced. Moreover, the mass flow of cooling 
fluid is reduced to keep its exit temperature at 650 ºC. When load is reduced, exothermal heat is 
lowered, and therefore the amount of cooling fluid that can be heated diminishes. The definition of 
minimum partial load of the reactor corresponds with the point in which the cooling mass flowrate is 
reduced to the half of its nominal value; i.e. the minimum flowrate of cooling fluid will be 63.7 kg/s 
of CO2 at 650 ºC. This point corresponds to a partial load of 23.9% in the carbonator (Fig. 4). 

When load is reduced, the volume of reactants is lower and so do their velocity throughout the reactor. 
Therefore, the reaction ends earlier, and the cooling fluid starts recovering sensible heat from the 
products. Fig. 5 depicts this fact for a 50% partial load. For this reason, the heat that is recovered from 
the reactor at partial load does not decreases linearly, as can be seen in Fig. 4. 

4.2. Plant management and size of storages 
The maximum storage flowrates of CO2, CaO and limestone are illustrated in Fig. 6. The maximum 
storage volumes are obtained applying Eq. (18) when solar calciner operates at nominal load while 
carbonator operates at its minimum operation load. The CaO density consider to calculate the 
volumetric flowrate is 1800 kg/m3 and the density of CaCO3 is 2710 kg/m3. Tank sizes ranges from 
230-360 m3 for one hour of storing operation up to 4000-8000 m3 for 15 hours. As expected, the 
storing volume required for CO2 in gas phase (up to 8256 m3) will be much higher than the volumes 
required for the solid compounds (4077 and 5548 m3 for CaO and CaO-CaCO3 mixture respectively). 
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Fig. 3.  CaO conversion and temperature profiles (reactor and cooling sides) vs. length for the 
single-tube, multi-tube and scaled-up multi-tube configurations. 

  

Fig. 4.  Cooling mass flow and recovered heat vs. operating load for the scaled-up multi-tube. 
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Fig. 5.  CaO conversion and temperature profiles vs. length for the scaled-up multi-tube at 50% 
partial load. 

 
Fig. 6.  Maximum storage tanks volumes for different storing timeframes. 

Further work must be done to clearly define the operation modes to set the range of number of hours 
to operate under energy storage mode. This value will depend on the geographical location and the 
season and once it is established, the final volume of each storage tank may be determined. 
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Nomenclature 
Symbols 

 pre-exponential factor, 1/s 

 fitting parameter for the equilibrium pressure,  
              K 

 heat transfer area, m2 

 geometry-dependent absorptance of the gas  
              body, - 

 pre-exponential factor, atm 

 calculation parameter, 1/s 

 specific heat, kJ/(kmol·K) 

 diameter, m 

 carbonation activation energy, kJ/mol 

f  fraction, - 
 gravity, m/s2 

 convective heat transfer coefficient,  
              kW/(m2·K) 

 thermal conductivity, kW/(m·K) 

 heat transfer length, m 

 length, m 

 mass flow rate, kg/s 

 mole flow rate, kmol/s 

 pressure, bar 

 heat flow per unit of length, kW/m 
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 reaction rate, 1/s 
 radius, m 

R  molar ratio CaO/CO2, - 
 thermal resistance, K/kW 
 Reynolds number, - 

 ideal gas constant, kJ/(kmol·K) 
 effective cross-sectional area of reactor, m2 

 reacting time or residence time, s 
 time to reach half of residual conversion, s 
 temperature, K 

 velocity, m/s 
 volume, m3 
 volumetric flow rate, m3/s 
 conversion, - 
 residual conversion, - 

 carbonation entropy change, J/(mol·K) 
 standard enthalpy change of carbonation,  

              kJ/mol 

 enthalpy of carbonation, kJ/kmol 

Greek symbols 
 absorptivity, - 
 emissivity, - 
 viscosity, kg/(m·s) 

  density, kg/m3 
 Stefan-Boltzmann constant, kW/(m2·K4) 

Subscripts and superscripts 
 carbonator 

 cooling fluid 
 convection 

 discharge 
 emission 

 equilibrium 
 gas 

 initial value or discretization index for axial  
              position 

 inner 
 component j 

 covered length 
 outer radius or diameter 

 purge or particle 
 radiation 

 solid 
 storage 

 terminal velocity 
 cooling tubes 

  
 wall 
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