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Abstract: The absorber is the key unit in the post-combustion monoethanolamine (MEA)-based carbon dioxide (CO2) capture process. A rate-based dynamic model for the absorber is developed and validated using steady-state experimental data reported in open literature. Sensitivity analysis is performed with respect to important model parameters associated with the reaction, mass transport and physical property relationships. Then, a singular value decomposition (SVD)-based subspace parameter estimation method is proposed to improve the model accuracy. Finally, dynamic simulations are carried out to investigate the effects of the feed rate of lean MEA solution and the flue inlet conditions. Simulation results indicate that the established dynamic model can reasonably reflect the physical behavior of the absorber. Some new insights are gained from the simulation results.

Keywords: CO2 capture; dynamic modeling; sensitivity analysis; model validation



1  Introduction

Combustion-based generation is a main way for electricity generation, and it will continue to domain the market for a long time. Post-combustion flue gas from either the natural gas or coal contains high content carbon dioxide (CO2), which is the main source of the greenhouse effect and is detrimental to the global climate. Post-combustion carbon capture process is to capture the CO2 contained within the flue gas, such that the electricity generation process can fulfill the environmental regulations. Since the post-combustion design can be carried out by retrofitting the existing facilities, such a process can substantially extend the lifetime of combustion-based generation plants, which are of low investments and operational costs. Among various feasible techniques, chemical absorption using the monoethanolamine (MEA) is considered as the most suitable scheme for the commercialization of the CO2 capture process. Compared with other chemical absorbers, MEA has a high absorption ability, chemical stability and is easy to regenerate, thus widely adopted in practice.

The post-combustion CO2 capture plant is illustrated in Fig. 1, which includes an absorber tower, a heat exchanger, and a regeneration tower. Flue gas from the upper stream (main components: CO2, H2O, O2 and N2) is fed in to the bottom of the absorber, where the CO2 reacts with the MEA aqueous solution flowing from the top to bottom. The CO2 is transferred from the gas to liquid, and the clean gas leaves from top of the absorber into the atmosphere. The absorbed CO2 is in the form of MEACOO- and HCO3- in the MEA solution, which is discharged from the bottom. The rich solution passes through the heat exchanger and is finally fed into the regenerator. In the regenerator, the CO2 is released into the gas under a high operating temperature. The released high content CO2 gas leaves at the top of the regenerator, and is condensed and stored. The regenerated MEA solution leaves from the bottom and passes through the heat exchanger to preheat the cold rich MEA solution. In the tank, the MEA is made up to certain loading, then is again pumped into the absorber for continuous operations.
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Figure 1: Post-combustion MEA-based CO2 capture process

The absorber is the most important operating unit, which directly determines the CO2 capture quality and the plant efficiency. Compared with experimental studies, simulation is often more flexible and of lower costs, thus it has become a popular way to investigate the principle of operating the absorber. Mathematical modeling for the absorber has attracted a lot of attention from the research community. To model the absorber, the chemical reactions between CO2 and MEA solution and the mass transfer of CO2 are the two key elements of the CO2 capture process, which should be accurately characterized to establish the mathematical relationships. Based on different levels of assumptions and approximations, Kenig et al. [1] summarized the following five levels of modeling for the absorbing reaction process:

1: equilibrium stage + reaction equilibrium;

2: equilibrium + reaction kinetics;

3: rate-based approach + reaction equilibrium;

4: rate-based approach + reaction kinetics + enhancement factor;

5: rate-based approach + reaction kinetics + film reactions + electrolytes.

Equilibrium stage is the traditional theoretical plate theory, assuming the vapor-liquid equilibrium at a plate. In practical situations which cannot attain equilibrium, the transfer efficiency is often introduced to compensate the errors. However, the usage of transfer efficiency is still restrictive. Alternatively, the rate-based approach is more suitable to describe the true process, thus has been becoming prevalent in the recent year [2–6]. For mass transfer with occurring chemical reactions, there are three common models: two-film model, penetration model and surface renewal model. The two-film model is the most classical one describing the vapor-liquid mass transfer phenomenon, where two thin films are assumed present in the contacting surfaces and equilibrium is attained at their boundary. All of the three are approximations for the mass transfer phenomenon, by using algebraic equations to simply the partial dynamic equations, thus are numerically easier to solve. The enhancement factor is typically introduced to measure the influence of chemical reactions on the mass transfer effect. The calculation of the enhancement factor is therefore crucial. Recently, Putta et al. [7] summarized and compared 24 different models for the calculation of the enhancement factor, using the MEA-based CO2 absorption as a case study. The results showed that the ones given by [8–10] perform the best.

Besides, important factors influencing the mass transfer include gas and liquid physical property models, interfacial area model, reaction kinetics, hydraulic model, and so on. These sub-models are interacting, depend on diverse physical properties. In literatures, there have been reported various sub-models for modeling of the CO2 capture absorber. Wang’s research group reported dynamic models for the absorber and the whole CO2 capture process (levels 3 and 5), using the gPROMS software [2,3]. Kvamsdal et al. [4] and Flo et al. [5,6] used Matlab to simulate the absorber and the entire capture process with model validations (level 4). Posch et al. [11] built a dynamic model using the Aspen Custom Modeler (level 5), the influences of inlet flue federate and lean temperature were studied. Walters et al. [12] established the control-oriented simplified dynamic model. Recently, the Bhattacharyya’s group reported their research works on the thermodynamic model [13], mass transfer model and hydraulic model [14]. The models were calibrated by experimental data. Based on these results, steady state models were presented for the whole capture process [15,16]. All the above mentioned models have different assumptions, calculation methods for the physical properties and reactions, and the model parameters were fitted using different experimental data sets. In general, they have different levels of accuracy and are applicable to specific scenarios. To date, experimental data, especially the dynamic data are rare in the open publications, how to develop simple yet accurate models for the CO2 capture process is still open.

This paper considers dynamic modeling for the CO2 absorber, a level-5 model is established using newly reported mechanical sub-models for the absorber. Section 2 introduces some basic assumptions, then the main modeling equations are described and physical properties are summarized. Sensitivity analysis is carried out in Section 3 for some important model parameters, followed by model calibration to improve the model accuracy. A new singular value decomposition (SVD)-based subspace parameter estimation method is proposed for parameter identification. Finally, dynamic simulations are carried out to study the influences of changing input conditions.

2  Dynamic Modeling for the Absorber

The following assumptions are assumed for developing the dynamic models of the absorber:

(1)   The absorber is a 1D plug flow reactor;

(2)   The gas components are CO2, H2O, O2 and N2, MEA only exists in the liquid (low volatility);

(3)   Linear pressure drop along the column, where the gas pressure at outlet is 1 atm;

(4)   Ideal gas equations apply for the gas phase;

(5)   Mass transfer is described by the two-film theory, where gas-liquid equilibrium occurs at the film interface;

(6)   Chemical reactions occur within the liquid film, whose influence on the mass transfer is represented by enhancement factor.

2.1 Mass and Energy Balance Equations

The mass balance equations for the gas and liquid are given in (1) and (2) as follows [4]:


hV∂CiV∂t=−CiV∂uV∂z−uV∂CiV∂z−Ni, i=CO2, H2O, O2, N2
(1)


hL∂CjL∂t=uL∂CjL∂z+Nj, j=CO2, H2O, MEA
(2)

where hV and hL are the holdups for the vapor and liquid; C, u, N are the mole concentration, velocity and mass transfer rate; superscripts V and L stand for variables associated with the gas and liquid phase, respectively; t and z are the time and height variables; The velocity of gas varies along the column, whilst the velocity of incompressible liquid is regardless of the height.

The energy balance equations are given in (3) and (4) as follows [4]:


hV∂TV∂t=−uV∂TV∂z−hheatae∑i(ciVCp,iV)(TV−TL), i=CO2, H2O, O2, N2
(3)


hL∂TL∂t=uL∂TL∂z+hheatae∑j(cjLCp,jL)(TV−TL)+ΔHCO2absNCO2∑j(cjLCp,jL)+ΔHH2OvapNH2O∑j(cjLCp,jL), j=CO2, H2O, MEA
(4)

where T, Cp, hheat and ae are the temperature, heat capacity, heat transfer coefficient and vapor-liquid interfacial area, respectively; 
ΔHCO2abs
and 
ΔHH2Ovap
are the heat of CO2 absorption and heat of H2O vaporization. In the above equations, the calculations for the mass transfer rates NCO2 and NH2O are key problems.

2.2 Chemical Reactions and Mass Transfer

There is a number of chemical reactions occurring between the CO2 and MEA solution. The following two reversible reactions can well represent the overall reaction process [13]:


CO2+2MEA⇌MEAH++MEACOO−
(5)


CO2+H2O+MEA⇌MEAH++HCO3−
(6)

Due to the fast occurring reactions, (5) and (6) can be regarded as taking place only within the liquid film, while the chemical components attain equilibrium in the liquid bulk. The reaction constants 
K1=CMEACOO−tCMEAH+tCCO2tCMEAt2
and 
K2=CHCO3−tCMEAH+tCCO2tCMEAtCH2Ot
are functions of the liquid temperature, TL, where the superscript ()t denotes the true component concentrations, whose relationships with the apparent concentrations (
CCO2a, CMEAa, CH2Oa
) can be established based on the law of material balance.

The mass transfer is characterized by using the two-film theory (Fig. 2) in (7) [16]:


Ni=kiVsideRTVaeP(yi−yi∗), i=CO2, H2O
(7)

where 
kiVside
and yi are the effective vapor-side mass transfer coefficient and vapor compositions, superscript * stands for phase equilibrium. The vapor-side mass transfer coefficients are given by (8) and (9) [16]


1kCO2Vside=1kCO2V+HeCO2kCO2LE
(8)


kH2OVside=kH2OV
(9)

where 
HeCO2
and E are the Henry constant of CO2 and enhancement factor, respectively. E characterizes the influence of chemical reaction on the mass transfer. In some publications [4], E is approximately computed as the Hatta Number in (10)


Ha=krxCMEAtDCO2LkCO2L
(10)

where krx and 
DCO2L
are the reaction rate and diffusion coefficient of CO2. However, this approximation is only accurate when Ha >  3 and E∞ > 5Ha [17].
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Figure 2: The two-film model

Gaspar et al. [10] recently proposed an improved general method (GM) algorithm, converting the partial differentiable equations into algebraic equations which are relatively easier to solve. For the CO2-H2O-MEA system, the GM solves the following simultaneous equations to compute the enhancement factor E [16]:


E=1+(E∞∗−1)(1−YMEAi)(1−YCO2b)
(11)


E=HaYMEAi1−YCO2∗1−YCO2b
(12)


YCO2∗=YCO2bYMEAH+iYMEACOO−(YMEAi)−2
(13)


YMEAH+i=1+DMEALCMEAt2DMEAH+LCMEAH+t(1−YMEAi)
(14)


YMEACOO −i=1+DMEALCMEA t2DMEACOO −LCMEACOO −t(1−YMEA i)
(15)


E∞∗=1+DMEALCMEAt2DCO2LCCO2∗
(16)


YCO2b=CCO2tCCO2∗
(17)

where, in the above Eqs. (11)–(17), E and 
YMEAi
are the unknowns, which are solved numerically in an iterative manner. The quantities introduced in (11)–(17) are dimensionless as they are either ratios or compositions measured in factions. Putta et al. [7] summarized and evaluated 24 methods for the computation of E, which showed high accuracy of the above GM method.

2.3 Physical Properties

A number of parameters are involved in the above model equations, including: the basic physical properties, thermodynamic parameters, mass transfer rate coefficients, hydraulic parameters, and so on. Table 1 lists a summary of computing relationships with reference sources. In Table 1, the viscosities and surface tensions are used for the computations of holdups and the interfacial area. The geometric parameters are for the packings Mellapak 250Y and MellapakPlus 252Y, which are structurally similar. The computations of the holdup and interfacial area are largely different for different types of packing [18].
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3  Model Calibration and Sensitivity Analysis

The above dynamic models are established in Matlab R2017b. The partial differential Eqs. (1)–(4) are solved numerically, where the spatial variables are discretized via finite differences, temporal state variables are solved using the classical four-order Runge-Kutta method. In the case of investigating the steady state results, the differential terms on the left-hand-side of (1)–(4) are set as 0, which are then treated as equality equations.

3.1 Steady State Evaluations

Due to the complexity and high cost of carrying out experiments on pilot plants, there still lack sufficient dynamic experimental data in open publications for dynamic model validations. In most cases, some steady state data are used for testing purpose.

In this paper, we use the experimental data reported in [17]. The laboratory pilot-plant absorber is of 15 cm diameter, 4.36 m height, with a packing of Mellapak 250Y. The inlet MEA concentration is 30% by weight, while other inlet conditions such as loading and flow rate are different as conducted in the experiments. 20 groups of experimental data were collected covering different operating conditions, including different gas/liquid inlet feed rates, inlet CO2 compositions, inlet gas and liquid temperatures, lean loading, as shown in Table 2. The results are compared with the developed model in this paper, as summarized in Table 3 and plotted in Fig. 3 (black scatters). It can be seen that the trends of outputs of the absorber are correctly estimated. On the other hand, there are some discrepancies under certain operating conditions, the possible reasons include the following:

1)   Information contained in the experimental data is incomplete and may be inaccurate. The measurements used in the experiments were analyzed by diverse sensors and different analytical methods, which contain substantial measurement noise. In addition, the H2O content in the inlet gas has not been measured, which has a great impact on the mass and energy balance for the absorber. In the model calculations, they are computed as the saturated H2O pressure corresponding to the pure water. Furthermore, the CO2 content was measured in the dry condition, which further introduces uncertainties.

2)   Different physical property model, mass transfer model, heat transfer model and chemical reaction model reported in literatures are adopted, which were developed under different conditions from the experiments in [17]. Such errors can be reduced by model calibration through parameter identifications.
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Figure 3: Comparisons between experimental data and simulations results (before and after calibration)

3.2 Sensitivity Analysis and Model Calibration

The most important influencing the absorber’s behavior is the mass transfer, heat transfer and chemical reactions, the following equations are concerned as given in (18)–(21):

1)   Interfacial area ae [29]:


ae=A1[ρLσg1/3(uLALP)4/3]A2
(18)

2)   Vapor mass transfer coefficient kv [18]


kV=DVCV(adh)0.5ScG0.333(uVPVaμV)0.751ϵ−hL
(19)

3)   Liquid mass transfer coefficient kL [18]


kL=CL(gρLμL)0.167(DLdh)0.5(uLa)0.333
(20)

4)   CO2 reaction rate [28]


krx=k1exp⁡(−E1TL)CMEAt+k2exp⁡(−E2TL)CH2Ot
(21)

5)   CO2 absorption heat ΔHabs (reference value: −84 kJ/mol) [16]

In the above equations, 9 crucial parameters are X: = [A1 A2 CV CL k1 E1 k2 E2 ΔHabs]T, whose reference nominal values are listed in Table 4. Sensitivity analysis [30] is performed for these parameters, respectively, by perturbing 10% of their reference values. The model outputs Y: = [η αrich TVout TLout]T are computed and compared. For the ease of observation, Fig. 4 visualizes the 4 × 9 dimensional sensitivity matrix with different sizes and colors, according to the magnitudes of elements. It can be intuitively observed that parameter X6 (E1) has the largest impact on Y1 (η), followed by X1 (A1) on Y1(η), and X6 (E1) on Y2 (αrich). On the contrary, Y3 (TVout) and Y4 (TLout) are less influenced by the model parameters. Intrinsically, these variables are more sensitive to energy relationships, relating closely to the H2O content in the inlet gas, which is however not measured in the experiments.
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Figure 4: Visualization of the sensitivity matrix Γ (element magnitudes are represented by different sizes and colors)

For calibration purpose, in this paper we propose an SVD-based subspace method. Let the SVD of a full rank matrix Γm×n (m < n) be


Γm×n=Um×m[S1,m×m0][V1,n×mV2,n×(n−m)]T
(22)

where the subscripts denote matrix dimensions, S1 is diagonal, U and V are both unity matrices. The following relationship holds:


ΔY=USVTΔX=US1V1TΔX
(23)

where 
T1=V1TΔX
in the right-hand side of (23) is defined as the m dimensional (low) subspace variables. In this case, projections of X along the V2 directions have no influences on Y while T1 dominates the effect of X.

Using these concepts, the SVD-based model calibration method is given as solving the following least square problem:


minT1⁡∑k=120∑i=14(Yi(k)|ΔX=V1T1−Yi,exp(k))2
(24)

where k denotes the testing number. Parameter identification is performed in the low dimensional subspace, it not only simplifies solving the optimization problem, but also eliminates the co-linearity in the original parameter space. In addition, it can avoid the ill-conditioning problem due to the lack of experimental data and parameter over-fitting.

Once the optimal T1 is obtained by solving (24), the optimal values of the original parameters are given as 
ΔX=V1T
. The final numerical results are given in Table 4 and Fig. 3. Compared with the original model outputs, the accuracy is significantly improved. As can be seen in Fig. 3, the red scatters are much more close to the identity line: Yexpriment = Ysimulation. For the most important index in the absorber, the CO2 capture rate η%, the average prediction error has been reduced from 6.1% to 3.9%, which is benefitted from the SVD-based calibration method.

It is worth mentioning that since the parameters are regressed using the experimental data reported in [17], the results reported in Table 4 may not be generally applicable to other CO2 absorbers which have different settings from the one studied here. For example, if the column size is in different scale, or the packing is not Mellapak 250Y, new experimental data should be collected to identify the suitable parameters.

4  Dynamic Simulations for the Absorber

4.1 Change of the Lean Solution Feed Rate

The feed rate of lean solution at the top of absorber is the main manipulated variable for the control of CO2 capture rate, hence the dynamic response is of paramount importance. Take condition #13 as an example, Fig. 5 illustrates the system response for a +50% increase of the lean solution feed rate. Between 0–1 s, the absorber runs at the steady state of condition #13; at t = 1 s, the lean solution federate increases from 6 to 9 l/min, as shown in Fig. 5a. The response is shown in subfigure (b), where the capture rate η quickly increases from 49.7%, and achieves the peak in about 2.4 s (83%); afterwards, η gradually decreases, at about t = 50 s, η reaches the least value of 20%; Finally, η slowly goes back to 56.9% at t = 200 s. The underlying principles are interpreted as follows:

(1)   1–2.4 s, CO2 are quickly absorbed due to the increase of MEA solution, leading to an increase of η;

(2)   2.4–50 s, as much more CO2 is absorbed, the generated heat is released in to the system, which causes an increase of the temperature. As shown in subfigure (c), at t = 2.4 s, the temperature peak is around at the relative height, 0.9. On one hand, the high temperature is against the absorption of CO2; On the other hand, there is a delay of the temperature increase, the over-generated heat leads to a slowly increasing temperature, and due to the heat transfer and movements of liquid from top to bottom, the high temperature gradually moves toward the bottom of the column. As shown in (c) at t = 50 s, the temperature of the whole column has a significant increase;

(3)   50–200 s, as the high temperature solutions are discharged from the bottom, the column’s temperature gradually decreases, which causes the capture ability to increase, and finally reaches the steady state.
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Figure 5: +50% step change of the lean solution feed rate

Regarding the two steady state results (t = 0 and t = 200 s): (i) The CO2 capture rate increases from 49.7% to 56.9%. (2) The temperature peak moves from the relative height 0.85 to about 0.7. This phenomenon is quite general, namely, the higher the capture rate η, the closer the temperature peak to the bottom. In Fig. 6, we additionally compared the positions of temperature peaks under different inlet solution feed rates, where one can observe such a trend.
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Figure 6: Steady state temperature profiles for different lean solution feed rates (+0%∼+200%)

4.2 Change of the Inlet Gas Condition

The inlet flue gas coming from upstream is the off-gas discharged from electricity generation, whose flow rate and compositions are frequently varying. To simulate these scenarios, we arrange the following experiments: 0–1 s, the absorber runs in steady state at condition #13; at t = 1 s, the feed rate of inlet gas increases from 151 to 201 m3/h; at t = 40 s, the CO2 composition in inlet gas decreases by 50% (0.0532→0.0266), as shown in Fig. 7a. The following results are observed:

(1)   Compared with the previous experiment, the transition caused by inlet gas condition change is much shorter. This is due to the high velocity of vapor speed (2–3 m/s). In addition, the entropy contained in vapor phase is relatively low, which imposed a limited impact on the energy balance for the absorber.

(2)   As shown in Fig. 7b, t = 1 s, the CO2 capture rate η firstly increases and then decreases, t = 40 s, the CO2 capture rate η firstly decreases and then increases. This is mainly due to the calculation relationship of η, that is, it is computed as the CO2 at the outlet relative to the CO2 at the inlet. When the inlet condition changes, it has a delay effect on the outlet results, which soon causes an inverse change for the index η. This observation is against that in most existing publications, η is widely taken as the controlled variables. However, this scheme seems not appropriate, at least in the case when the inlet gas condition changes. On the contrary, the CO2 outlet composition yCO2,out has a better fitness with the inlet condition changes, namely, the increase of inlet gas feed rate causes an increase of yCO2,out, the increase of inlet CO2 composition yCO2,in causes a decrease of yCO2,out. Actually, from the viewpoint of emission requirement, controlling a specified level of yCO2,out is also more reasonable.

(3)   In the testing conditions, the capture rate is between 40% and 50% and the temperature peak is relatively at the absorber’s top, as shown in Fig. 7c.
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Figure 7: Inlet gas condition changes

5  Conclusions

In this paper, we established dynamic models for an absorber in the post-combustion MEA-based CO2 capture process. The rate-based reaction relationships can better characterize the material changes in the absorption process. In addition, the GM-based calculation for the enhancement factor is able to more accurately represent the chemical reactions and mass transfer. Experimental data reported in [17] were used to calibrate the model, and an SVD-based parameter identification method was proposed to improve the model accuracy.

Dynamic simulations were conducted to investigate the influences of the lean solution feed rate and the inlet gas conditions. The results showed that when the lean solution feed rate changes, the capture rate η firstly experiences oscillation and then gradually reaches stable. When the inlet gas condition changes, the instantaneous value of η could change oppositely, implying that its calculation should be altered, or different controlled variables should be adopted, such as the CO2 outlet composition yCO2,out. All these results have important indications for the control system design for the absorber, which is the next step of our research works.
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Table 1: Computing methods and reference sources for computing the physical properties

Property References Property References

Vapor density Ideal gas equation Liquid density and mole Weiland [19], Morgan
volume et al. [20]

Vapor heat capacity Yaws [21] Liquid vapor heat Agbonghae et al. [22]
capacity

CO, henry constant
CO, absorption heat

Gas mixture viscosity

Gas diffusion
coefficient

(Gas heat conduction
coefficient

CO, reaction rate
Holdup for vapor and
liquid

Pressure drop

Yaws [21], Jiru et al. [23]
84 kJ/mol
Yaws [21], Wilke [24]

Yaws [21], Fuller
equation

Yaws [21]

Luo et al. [28]

Billet et al. [18], Chinen
et al. [14]

100 Pa/m

H,O saturation pressure

H,O vaporization heat

Liquid viscosity, surface

tension
Liquid diffusion
coefficient

Liquid conduction
coefficient

Mass transfer coefficient

Interfacial area

Activity coefficient

Antoine equation [21]

48 kJ/mol
Morgan et al. [13]

Ying et al. [25], Hoff et al.
[26]

Yaws [21], Li’s mixing
rule [27]

Billet et al. [18]

Tsai1 et al. [29], Chinen
et al. [14]

NRTL model
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Table 3: Experimental data, model output and calibration results

No. CO, capture rate, n [%] Rich loading Gas outlet temp. [°C] Liquid outlet temp. [°C]
Exp. Sim./Cali. Exp. Sim./Cali.  Exp. Sim./Cali.  Exp. Sim./Cali.
1 75.76 89.20/79.68 0.284 0.297/0.288 4224  42.6/42.5 41 44 .8/44.1
2 77.71 89.06/79.75 0.275 0.295/0.287 41.86  43.4/43.3 42 45.4/44.9
3 76.92 89.37/79.96 0.272 0.290/0.282 41.35  42.4/42.3 41 44.6/44.0
4 77.71 89.19/79.86 0.276/ 0.292/0.284 41.74  43.4/43.4 42 45.4/44.8
5 80.88 87.49/79.72 0.274 0.304/0.296 53.41 54.6/54.6 55 58.6/58.3
6 85.89 91.20/83.67 0.267 0.291/0.282 55.60  54.3/54.2 56 58.7/58.3
7 71.62 76.53/69.15 0.345 0.362/0.354 53.40  51.9/51.8 53 57.5/57.2
8 80.50 87.25/79.51 0.296 0.311/0.305 52.00  50.2/50.2 52 56.0/55.5
9 79.00 82.44/76.03 0.299 0.314/0.308 64.70  63.9/63.8 64 66.7/66.4
10 77.22 82.69/74.56 0.333 0.370/0.355 58.00  54.1/54.0 56 58.2/58.1
11 79.17 84.86/76.32 0.309 0.341/0.329 55.80  53.1/53.0 54 57.1/56.9
12 5642 57.00/52.37 0.401 0422/0.413 5440  51.2/51.1 52 54.5/54.5
13 54.29 52.08/49.70 0.390 0.401/0.397 6840  64.4/64.4 66 68.1/68.1
14 27.88 26.68/25.84 0.443 0.451/0.448 53.80  51.9/51.9 52 53.9/54.0
15 3292 31.77/30.65 0.435 0.433/0.430 66.60  62.2/62.1 64 66.7/66.7
16 16.00 15.09/14.68 0.447 0.446/0.445 62.88  62.8/62.8 61 63.3/63.3
17 15.20 9.81/9.60 0.451 0.437/0.436 68.52  67.6/67.6 67 71.6/71.6
18 43.36 29.75/28.76 0429 0416/0.414 72.43 65.7/65.7 69 72.8/72.8
19 45.99 35.97/34.20 0.400 0.403/0.400 7049  66.4/66.3 68 70.4/70.4
20  66.52 65.82/61.03 0.339 0.349/0.344 68.79  65.9/65.8 67 69.1/68.9
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Table 4: Reference values of model parameters and calibration results

Al AZ CV CL kl El k2 E2 AHabs

Reference value 0.6486 0.12 0.357 0.5 2.003el0 4742  4.147¢6 3110 —84
Calibrated value 0.6696 0.1213 0.3766 0.4978 1.98e10 52854 4.139¢6 3147 —75.95
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Table 2: Testing operating conditions

No. Gas[m*h] Liquid [I/min] Inlet CO, conc. Inlet gas Inlet liquid  Lean loading
temp. [°C]  temp. [°C]
1 150 4 0.0156 39 40 0.218
2 150 4 0.0147 40 41 0.220
3 151 4 0.0147 39 40 0.215
4 151 4 0.0147 40 41 0217
5 150 4 0.0177 54 51 0.216
6 150 4 0.0210 54 50 0.183
7 150 6 0.0268 52 49 0.284
8 148 6 0.0216 50 48 0.241
9 152 6 0.0259 62 61 0.233
10 151 3 0.0245 54 48 0217
11 151 3 0.0189 53 48 0.219
12 151 3 0.0264 51 46 0.307
13 151 6 0.0532 64 60 0.297
14 153 3 0.0388 51 48 0.370
15 143 9 0.0996 62 59 0.357
16 151 6.2 0.0791 60 61 0.402
17 144 9 0.1175 68 66 0.409
18 151 9 0.0948 69 62 0.346
19 142 9 0.0654 66 64 0.347
20 142 9 0.0364 64 64 0.292
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