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1 Introduction

Chemical absorption by aqueous alkanolamine solVenis a viable near-term technology for
post-combustion C®capture from power plants flue gaseblowever, it has a number of draw-
backs, such as corrosidr?, foam formatio? and amine degradation due to oxidation mecha-
nisms.! Moreover, itis highly energy intensive, especially in the sorbent regeneration stage: typical
energy penalties with monoethanolamine (MEA) or diethanolamine (DEA) processes range from
15 to 37% of the plant net power outptif. Therefore, many research efforts have been devoted

to conceive different kinds of technologi&d® Severalsolid sorbents, in particular, with or with-

out amines, have been test€d’® Solid sorbents can achieve both higher gas absorption rate and
larger absorption capacity. Moreover, they have both lower heat capacity and lower regeneration
temperature and thus allow an energy consumption reduction.

In this work, we focus on an innovative procé$based on chemical absorption by DEA sup-
ported on highly porous solid alumina pelléts® The proposed absorbent is low cost, has high
CO, selectivity, high absorption capacity and low specific f@atith, of course, good amine
stability with respect to oxidative degradation and corrosion.

The configuration of the considered g@apture process is based on a fixed-bed absorp-
tion/desorption diabatic unit operating in a TSA (Temperature Swing Absorption) mode or in a
combined TSA/PSA (Pressure Swing Absorption) mode. This unit is a finned tube heat exchanger

operating alternatively as absorber or desorber (cooled in absorption and heated in desorption) with



Figure 1. RSE laboratory-scale plant and a detail of the oedot CO, absorption/desorption

the sorbent loaded into the free space between the fins. The fixed-bed application needs a small
pressure drop (500Ba); hence the size of the pellets has to be wisely chosen. The best prepared
sorbents (DEA on 3 mm alumina spheres) showed a “net&pture” of 50 mg C@g of sorbent

(5% wt) and a “useful time" of 40 minutes at 4Q with a sorbent load of 650 g and a gas flow

rate of 300 NI/h (gas composition: 10% 3% O, 10% HO in N»). The sorbent is completely
regenerated by heating the absorption unit up toé@5~hile depressurizing it and stripping it with

a low steam flow. As compared to a conventional@@pture process based on a 30 wt% MEA
agueous solution, the proposed process allows to save 35% of the heat required for the sorbent
regeneration, so it could be applied on a coal thermal power plant with a 3% energy saving with
respect to the MEA aqueous solution process (and with 90% efficiency).

The specific plant we deal with is the experimental equipment, shown in Figures 1 and 2 and
described in Section 2, available at the “RSE Processes and catalytic materials" laboratory located
in Piacenza (Italy). For a tutorial movie showing the preparation of the sorbent and the assem-
bling of the reactor, the reader is referred to the video available in the RSE website at the address
http://www.rse-web.it/video/Impianto-pilota-per-la-cattura-della-CO2.page.

In order to design and study a G@apture plant based on this technology, a reliable dynamical
model of the capture process and of the subsequent sorbent regeneration is needed. Note that the

whole process requires several batch absorption/desorption units (at least four). The model is also
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useful to design the automation of the coordination of thessu

Our model (Section 2), based on partial differential equations (PDESs), includes the description
of gas diffusion inside the porous pellets. By segmenting the reactor into a number of strips and
partitioning each pellet into a number of shells, we eventually obtain an Ordinary Differential
Equation (ODE) model (Section 3). k&,.g, one considers twenty strips and three shells for each
strip, then the final ODE model includes 160 state variables. This model suffers of the uncertainty
of the absorption and desorption reaction kinetic parameters. In Section 4, we study the problem
of estimating such parameters. The data used for this purpose have been collected in a campaign
of experiments performed in the laboratory plant. By means of steady-state data we identify first
the ratio of the two parameters; then, by analyzing the transient data, the two parameters can be
separately estimated. The obtained model has been validated with fairly satisfactory results. One
of the main problems in the industrial use and control of the reactor ferab®orption/desorption
is the constant wear of the reactor during its life, which may cause the identified model parameters
to become obsolete in the long run. We propose then a method to automatically update the estimate

of the kinetic parameters.

2 Process description

The reference fixed-bed reactor of Figur¥ is constituted by a heat exchanger composed of an
inner extruded aluminium finned tube, with outer fins extending radially all along its length, and
an outer 316 stainless steel tube shell, as schematically outlined in Figure 3. The main geometric
and physical characteristics of the reactor are reported in Table 1. The sorbent is made up of
highly porous approximately spherical pellets with 36% wt. DEA contents. The sorbent fills the
space between the tube and the shell; a porous metallic disk at the bottom of the reactor supports
the pellets. A thermal fluid (diathermal oil), supplied by an external refrigerating and heating
circulator (see Figure 2), flows into a coil inside the tube, to avoid direct contact with the sorbent,

and it heats, or cools, by conduction the sorbent in the cavities between fins. The conductive heat



Table 1: Geometric and physical parameters of the consiaesstor

Symbol = Value Description
PMpga = 105g/kmol DEA molecular weight
A=0.9695-10°n¥ Reactor cross section area
Aptot = 5000Pa Overall pressure drop
at nominal flow rate
L=1m Reactor length
Ms = 0.647Kg Sorbent overall mass
Pref = Po = 101000Pa Reference pressure
Rin=0.012m Reactor inner radius
Rex = 0.0225n Reactor outer radius
Ro=1.5-10"3m Sorbent sphere radius
S = [2(Rin + Rex) + 16 Metal-sorbent heat exchange
-(Rex — Rin)]L = 0.38577 surface (there are 8 fins)
Tret = To = 29&K Reference temperature
y =433 10°n?/m° Active surface per unit
volume in sorbent
&=04 Pellet void fraction
& =04 Bulk void fraction
u=0.15-10"%Pa-s Gas dynamic viscosity
ps = 68Ckg/m° Pellet mass density
¢ = 2.4145.10 8kmol/n? | Active sites per unit sorbent
surface(kmol/n?)
ws =287l /h Nominal feedgas flow rate
SV=ws/Ms=0.45NI/(h-g) | Space velocity

exchange with the sorbent is improved by an external jacketevtine thermal fluid flow rate from
the finned tube outlet can be conveyed.(in an ideally series configuration).

The temperature of the fixed-bed sorbent is measured by three type K thermocouples placed
respectively at the beginning (point A), at the end (point B) and in the middle (point C) of the
sorbent bed. The inlet and the outlet reactor gas composition are measured by continuous analyzers
specifically designed for COand recorded by a data logger with 1 Hz sample rate. A vacuum
pump depressurizes the reactor during the regeneration carried out as a combination of TSA and
PSA modes.

The reactor is schematically represented in Figure 3; the bulk gas flows along the axial coordi-
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natez. The pellets are represented as spheres of ré&diuabsorption and desorption occur inside

each sphere, as depicted in Figure 4. The overall reaction on the sorbent surface is

abs
2R;NH+CO; = RoNH; +RNCQ, . (1)
DEA h E/ g
des DEA

In the absorption phase, the feedgas mixture reaches the sphere outer surface crossing its limit
layer (step 1); then, it flows inside the sphere, into its pores (step 2); once it reaches the surface
with the anchored DEA, the exothermal g€@bsorption reaction occurs (step 3); in the desorption
phase, the reverse reaction occurs ,@released (step 4) and leaves the pellet (step 5) to reach

the bulk flow.

In order to describe the reactor dynamic behaviour, it is necessary to take into account not



step 3
2R,NH +CO, <> R,NH; +R,NCO;

Figure 4. The main steps of the absorption/desorption psaosgde pellets

only mass and energy exchanges along the gas bulk flow, but also the ones which are due to
the absorption/desorption steps and those between gas in the spheres and gas in the bulk region;
besides, additional thermal fluxes have to be considered due to the fact that the reactor is a finned
tube and that there is the heating/cooling bath to control the sorbent temperature. All these issues

are now considered one by one and then described in mathematical form:
¢ fluid-dynamic and chemical phenomena:

— mass transport along the reactor bulk, in the gas motion diregtemlong coordinate
2): this is essentially due to convection and diffusion along the reactor axial coordinate;

diffusion is neglected in the radial direction

— mass exchange between the bulk gas and gas inside the pellets, which is due both to
convection and to diffusion (in the absorption phasg, CO, diffuses from the bulk

into the pellets, while M diffuses towards the bulk);

— gas motion inside each average spherical pellet, due to diffusion and to convection

(along coordinat®);

— momentum transport and friction losses along the bulk gas flow, in the reactor axial



direction;

— momentum transport and friction losses related to gas flow inside the spherical pellets

(along the radial directioR in each sphere);

— CO, absorption/desorption mechanisms on the sorbent active surface, inside each sphere;

these are strictly related to the reaction chemical kinetics;
¢ thermal phenomena:

— heat generation/consumption due to the;@Dsorption/desorption reaction inside the

pellets, on their porous surface where the amine is anchored,;

— diffusive heat flux, both in the gas and in the solid sorbent material, along the reactor

radial directiorr;
— diffusive heat flux in the sorbent material along the reactor longitudinal diregtion
— thermal convective exchange between pellets and bulk gas;

— thermal convective exchange between pellets and megatlfe inner and outer pipes

surface and the fins surface);

— convective energy transport in the bulk gas along the feedgas mixture main motion

directionz.

To capture all these phenomena, we have developed a two-fold Partial Differential Equation
(PDE) model, relating the description of the overall reactor dynamics to a microscopic description
of reaction dynamics on the porous pellets inner surface. More precisely, two-dimensional (2-D)
conservation equations, with partial derivatives with respect to the reactor longitudinal coordinate
zand the reactor radial coordinateare adopted for the reactor temperature dynarffies, a result
of the interaction between the feedgas flow and the absorption/desorption reaction in the porous
pellets; this description is complemented with one-dimensional (1-D) conservation equations, with
partial derivatives with respect to the pellet radial coordift®r temperature inside pellets. The

dynamics of the chemical variables (molar concentrations and active sites, see Section 2.2.2 and



Santacesaria et &) and of fluid-dynamic variables (molar flow rates and pressures) are described
by 1-D conservation equations (aloggor the bulk flow, interacting with 1-D conservation equa-
tions (alongR) inside the pellet particles.

A preliminary congress presentation on our research activity can be found in Bisoné%t al..

Various models are available in the literature; in some of them, Santacesaria et &F),
the bulk flow dynamics are integrated with algebraicdescription of chemical kinetics inside
the pellets, for which different absorption mechanisms (compare Foo and H&theese been
successfully proposed. In Ruthven’s books Ruth#®Ruthven et al2’ chemical kinetics as well
are treated in aynamicway. In the model proposed herewith, chemical kinetigaamicsare
described, by making particular reference to the pellet porous surface and taking care of diffusion
inside the porous pellets as well; this leads to writing all mass conservation equations inside the
pellet spherical volume as distributed-parameter equations.

To properly introduce the equations, we are well advised to make a reference to Table 2, where
the adopted list of symbols is displayed. For convenience of notation, for some variables (such
as molar densities and molar concentrations) the same symbol will be employed inside the bulk

gas and inside the pellet gas, since the reference volume will be specified when introducing each

equation.
Table 2: PDE model nomenclature

Symbol Description Unit

A reactor cross section area nz

Ag cross section area in the gas phase 13

(fco2 CO, molar concentration (in the bulk gas kmol/m?

or in the pellet gas)

Crot reference molar concentration value kmol/m3
Cpg gas molar specific heat at constant pressure kJ/kmol
Cvg gas molar specific heat at constant volume kJ/kmol

Table 2: continues in the next page



Table 2: continues from previous page

Symbol Description Unit

Cs solid phase mass specific heat kJ/kg

Do pellet diameter m

Yco, CO;, axial mass diffusion coefficient mz/s

Zco,r CO, mass radial diffusion coefficient /s
(along the pellet radius)

Hs reaction heat J/kmol

Kabs absorption reaction kinetic parameter m/s

Kdes desorption reaction kinetic parameter m/s

Ksr friction coefficient in the bulk volume kmol/(m?3s)

L reactor length m

n'"’ number of pellets per unit volume of the reactor m-3

PM average molar weight of the bulk gas mixture kg/kmol

p pressure Pa

Pref reference pressure value Pa

R pellet radial coordinate

Ro pellet radius

Ry universal gas constant J/(K-mol)

r reactor radius coordinate m

Ty temperature in the bulk volume gas phase K

Tref reference temperature value K

Ts temperature in the bulk volume solid phase K

Ug bulk gas velocity m/s

UR radial gas velocity inside the pellets m/s

W gas axial molar flow rate along the bulk kmol/s

Table 2: continues in the next page



Table 2: continues from previous page

Symbol Description Unit

Weonys  9@s convective molar flow rate per unit length kmol/(sm)
from the bulk towards the pellets outer surface

Weo,d  CO diffusive molar flow rate per unit length kmol/(sm)
from the bulk towards the pellets outer surface

Welip CO, local molar flow rate, per unit volume, kmol/(m?s)
from the gas phase inside the pellet towards
the pellet surface

Xco, CO, molar fraction (in the bulk gas or in the pellet gas)

Xco,s  COp molar fraction on the pellets outer surface —

z reactor axial coordinate m

1% active surface of a pellet per unit pellet volume e /me

Ysg heat transfer coefficient between the pellet W/(mPK)
external surface and the gas in the bulk

Asr thermal conductivity for the thermal radial diffusive W/ (n?PK)
flux in the solid phase

Asz thermal conductivity for the thermal axial diffusive W /(mPK)
flux in the solid phase

&g reactor void fraction —

€p pellet void fraction —

0 activated site area fraction —

P gas molar density (in the bulk volume or inside kmol/m?
the pellet volume)

Ps solid phase mass density kg/m?

¢ thekmol of DEA sites which can be occupied kmol/m?

Table 2: continues in the next page



Table 2: continues from previous page

Symbol Description Unit

by COinl m? of active surface

Table 2: end

2.1 Bulk equations
2.1.1 1-D Mass Conservation Equations

In the reactor bulk volume, two main mass conservation equations are considered: the overall
mass conservation equation and £0@ass conservation equation. Both of them are written in
molar form, for convenience.

The overall mass conservation equatiosa, for all gaseous species, can be written as

aﬁ;_tAg + 00—\/2\/ = ~con\157 (2

whereAy is the effective cross section area in the gas phase, nakgelyAgg; in turn, & is the
reactor void fractioni.e. & = (reactor total volume - total solid volume in the reactor)/reactor total
volume;wW= pAgug is the gas axial molar flow rate agd= p/(RyTy) is the bulk gas molar density.
The two terms on the left-hand side are the accumulation and the transport terms along the axial
directionz (the bulk flow direction). The term on the right-hand side accounts for the convective
mass exchange, in terms of molar flow rate per unit length, between the bulk and the pellets outer
surface.

The mass conservation equation for £éhly reads as

0CcoAy  Oixco, 0 9Cc " X
ot ~ + dzo2 9z (Ag@COszOZ) - _WCOHVSXCOZ»S_V\/COZvd’ (3)

where(:‘co2 andxco, are CQ molar concentration and molar fraction respectively, in the bulk gas;

of course,(fco2 = PXco,- Weonys iS the gas convective molar flow rate, per unit length, towards



the pellets outer surface, whitg, 4 is CO; diffusive molar flow rate, per unit length, towards

the pellets outer surface (see Section 2.2.1). The three terms on the left-hand side are the usual
CO, accumulation, transport and diffusion term, respectively, along the axial diregtidrile the

two terms on the right-hand side account for £édnvective and diffusion motion, in terms of

molar flow rate per unit length, between the bulk and the pellets outer surface. As for the diffusion

coefficientZco,, we have assumed the classical binary diffusion op GON».

2.1.2 Linear Momentum Conservation Equation

Momentum conservation equation in the bulk volume can be written as

oW  OAGPU? 7} W
B A a5 =0, @

0t+ 0z

where, from left to right, the usual accumulation, transport, pressure and friction terms appear. The
friction coefficientks, can be expressed as the combination of a “laminar” and a “turbulent” term

(see the Ergun correlation in Bird et &l.and in Froment and Bischdff)

Ker = ki + ks|W|, (5)
with
1—¢&,)2
k|:15< zg) %
& D§
1_
ke— 1750 %9 PM
es D3A

where, we remindgg is the bulk void fraction an@o the pellet diameter, whilBM is the average
molar weight of the gas mixture.
2.1.3 Energy Conservation Equations

In the bulk volume, again, two main energy conservation equations are taken into account, for the

gas phase and for the solid phase respectively.



Energy conservation for the gas phase can be written as

021 peygTy

. . OT
o JrV\/g’ancpgd—zg = 21N 4TRG ysq (Ts— Tg) , (6)

whereTy is the gas phase temperatucg, andcpg the gas molar specific heat at constant volume
and at constant pressure respectiV\?fx(y,:”vN\//Ag andysg is the heat transfer coefficient between

the pellet external surface and the gas in the bulk. The terms on left-hand side describe energy
accumulation and convective transport along the axial direciomhile the term on the right-

hand side accounts for heat exchange between the gas phase and the solid phaseTsligdeed,
the solid phase temperature, whité is the number of pellets per unit volume of the reactor (we
remind that the ideal average pellet is assumed as a sphere of Ryliu®iffusion along the
reactor axial directioz has not been included, since it is negligible with respect to the convective
transport term. Diffusion along the reactor radial directidmas not been included explicitly in

this equation, because it is accounted for by the thermal conductivity and heat exchange coefficient
in the solid phase energy conservation equation (see Froment and BfSciudf parameteks in

(7))

Energy conservation equation of the solid phase (2-D) can be written as

ot or

027TrpscSTst 0 (Zm 0TS> +§Z< mA&ZﬁTS

s E) = E2rr — 210" 4nRG g (Ts — Tg) , (7)

whereTs is the solid phase temperature, while and cs the solid phase mass density and spe-

cific heat respectively. The terms on left-hand side describe energy accumulation (in the solid
phase), diffusion along the reactor radial directicand along the reactor axial directianwhile

the terms on the right-hand side account for the absorption/desorption reaction energy genera-
tion/consumption and, as in the previous equation, for heat exchange between the solid phase and
the gas phase. The heat transfer coefficigptbetween the pellet surface and the gas phase, has
been evaluated here by a Colburn formlavhere the Nusselt number of the particles is related

to the Reynolds number of the particles and the Prandtl number of the fluid. The radial diffusive



thermal flux has been considered for the solid phase onlyr@adl remarked; obviously, the cor-
relation (Froment and Bischof® Section 11.7, and Balakrishnan and ¥¢iadopted for thermal
conductivity As, in the radial direction accounts for the presence not only of the solid phase but
also of the gas phase. The axial diffusive thermal flux, instead, regards the solid phase only, with
its thermal conductivity\s ;, which has been computed in a simple way as the product of alumina
conductivity and the factofl — &g).

Es27mr is the power flux\(V /n?) released/absorbed by the €@bsorption/desorption reaction

on the pellet porous inner surfade, the product of the reaction hddg and of the reacting moles:

Ro o -
Es= /0 47TR2VHsnm [kabs(]-_ G)CCOZ - kdes,ecref} dR (8)

whereRy is the pellet radiusy the active surface of a pellet per unit pellet volume, @rile inner
area fraction occupied by absorbed £@olecules;kyps andkyes are absorption and desorption

coefficients describing the reaction kinetics (see Section 2.2.2).

2.2 Conservation equations in the pellet volume
2.2.1 1-D Mass Conservation Equations

In the pellet volume, two main mass conservation equations are considered: the overall mass
conservation equation and G@ass conservation equation, as in the bulk volume. Again, both of
them are written in molar form, for convenience.

Mass conservation equation for all species in the gas phase inside pellets can be written as

9

9 5
5 (4rR%epD) + IR

(4nRPepPuR) = —ATRAWL, (9)
wheregp, is the pellet void fractionur the gas velocity inside pellets arsz’(J; the molar flow
rate, per unit volume, between the gas phase inside the pellet and the pellet surface (dge to CO

absorption/desorption, see Section 2.2.2). The terms on the left-hand side account for accumulation



and for radial transport respectively. Notice tiigtnamely gas molar density inside pellets, is
computed at temperatufe.

Mass conservation equation for @iside the pellets reads as

4 ¢ 9 0 4 dC ~I11
A (4nRPeCeo,) + 3R (4TRPEpPURXCO, ) — S <4nR2@COZ7Rsp CCOZ) — _ATTRAW

oR oR sup (10)

with the accumulation term, the radial transport term and the radial diffusion term on the left-hand
side; notice tha€co, = Cco,(R z,t) andxco, = Xco,(R,zt) are CQ molar concentration and
molar fraction, respectively, in the gas phase inside pellets.
As for parameteZco, R, i.e. CO, mass radial diffusion coefficient, describing diffusion inside
the porous pellet, a simple correlation based on the “dusty-gas” model has been atddpkénug
into account inner porosity (the ratio of the pores volume and the particle volume), inner surface
per unit mass, Knudsen diffusivity (which is related to tortuosity for instance) and binary diffusion.
Subtracting (10) from (9) side by side and assumingd‘)l@to2 = Pdxco, (based on the further
assumption that pressure and temperature are uniform in the gas phase inside the pellet) yields

9
ot

9
R

47y (1 xc0,)] + o [ATRERUR (1 —Xo0,)] + o (4nR2@COZ,Rspp 52052) o
(11)

Thus, integrating both sides, with respecRdetween 0 an&, one obtains

2 R[“f"fzs B (1—%coy)] dE +4mRepp |UR(1—Xco,) + % 0%co, | _ (12)
ot Jo pP O pP |UR O coR 5 | =0
Therefore,
R T, [%OZ’R IR +4nRZs.of>at/o [4n&2epp (1-%co,)]dE | (13)



Now, replacing this expression in (10) gives

7 N 0 ~ 9 Oxc
— (4rRPepPxco,) — IR <4nR2£pp CO2R 02) +

ot 1-Xco, OR
9 XCo, J R 20 5 _ o~
_(9_R<1—Xcoza 0 [47Tf Epp(l_xCoz)] dé ——47TR2V\/Sup (14)

The related boundary condition accounts forQ®@ass transfer between the bulk and the pellet
gas, due to C@convective and diffusive flux on the pellet surface, for R=R;. Remind that
Xco,.s (see (3), in Section 2.1.1) is the G@olar fraction on the pellet surface, namedy, |rR=r,.

The CQ convective molar flow rate on the pellet surface can be written as

~ ~ ~ 7}
WeonusXco,.s = 4TIRGE (BURXCO,) [R=R, = —4TR6EpZc 0, RO (1?;;202 ECF?Z) =
R=Ro
~ Xcops  [O%c
— —4ﬂR%€p9002,RP1_)22§2 . < 0&) (15)
7 R:R()
and CQ diffusive molar flow rate as
~ ~ [0
Weo,.d = 41RGEp Do, RD (%) ‘ ; (16)
Ro
therefore, the boundary condition reads
. 1 OXc
ATRENCo, (XcOybulk — XCOy.s) = 47TF%@<:OZ,RP1_ e ( 0;2) ; 17)
Oz R-Ro

wherehco, is a suitable C@mass (molar) transfer coefficient.
Of course, CQ convective and diffusive molar flow rates per unit length on the right-hand
side of (3), namelw';onvskoas aLnde'CO2 4» are related to the just computed £Cbnvective and

diffusive molar flow rates on the pellet surface by the pellet density per unit légth, where



Np is the number of pellets in the reactor dni the reactor length:

Np

chonysXCOZ,s = VT’con\gsxcoz,sT (18)
_ O Np
V\/COZ,d = WCOz,dT (29)

Finally, we remark that, in caseo, — 1,i.e.in case there is C&only in the gas mixture (as it
happens in the desorbing stage of the overall process), then there isyraiff&ion, so equation

(10) disappears from the model, while equation (9) still holds.

2.2.2 Chemical kinetics

The Langmuir theor§® (compare also Serna-Guerrero and Sayafgr a discussion of different
approaches to kinetic dynamics) can be employed to describeaBsdrption and desorption into

the sorbent. Le6 be the area fraction occupied by €@®olecules tied to the DEA on the porous
medium surface(fco2 CO, molar concentration, in the gas phase, in the porous mediythe
sorbent temperature (assumed as uniform aR)ng thekmolof DEA sites which can be occupied

by CO; in 1 n? of active surface. Then, reaction kinetics can be described by the conservation

equation

20(zr,R 1)

o = kabs(Ts(z 1,1)) - Ceo,(z 1, R 1) - (1— B(z 1, R 1)) +

¢

—kged Ts(z,1,1))CrefO(z, 1, R 1). (20)

where the reference molar concentratiofis = Pref/(RgTret) (the reference pressure and tem-
perature, here, are assumed as the standard conditions viaueges = 101000Pa and Tret =
29&K). Kkaps and kges are, respectively, the absorption and desorption kinetic parameters in the
reaction between C£and DEA sites.

The CQ molar flow rate per unit volumey,,in (9) and (10) is, of course, directly related to



the reaction kinetic equation (20):

Wp= Y [Kabs(Ts(z,1,1))Cco,(z.1,R 1) (1— B(z 1, R 1)) —kaed Ts(2.1,1))CreO(z 1, R 1)],  (21)

wherey is defined as the ratio of the total surface, inside pellets, where there are active sites and
the volume of the pellets.
kapsandkgesare the main uncertain parameters in the model. The problem of their identification

will be addressed in Section 4.

2.2.3 Momentum Conservation Equation Inside the Pellet

In principle, the model would require a momentum conservation equation in the pellet as well:
17} ~ 7} - ap
5 (4TR2PUR) + 3R (4rR2pUB) + 47TR20—R — 41RPK ¢, pPUR = O, (22)

where, from left to right, the usual accumulation, transport (along the radial coordiRnagide
the pellets), pressure and friction terms appear.
However, for simplicity, here we have assumed that the pressure is uniform inside the pellet

and equal to the bulk pressure. Further inquiries on this approximation are currently underway.

3 Finite-dimensional model

By means of a finite-volume approach, we have derived an Ordinary Differential Equation (ODE)
model (Table 3) from the PDE model of the previous section.

In few words, the reactor lengthis divided intoN; strips (see Figure 3), in each of which the
bulk gas behaviour is described by ordinary differential mass, energy and momentum conservation
equations, obtained by integrating the PDEs just described along the spatial coordinstte
along the bulk gas flow direction, and then along the radial coordmakbe process variables in

the generik-th strip, Az long, betweeryg, andz. 1, are defined by their average value alang



betweerg, and z, 1. For convective fluxes of energy and mass an upstream formulation has been
adopted. Momentum conservation equations have been integrated in staggered cells with respect
to the mass and energy conservation equations, so they are employed to define the molar flow rates
at the junctions between adjacent strips. For simplicity, all strips are assumed as identical width:
Azg=Nz=1L/N;,Vk=0,...,N.— 1.

Similarly, an average equivalent spherical pellet, of raéigiss divided intoN; spherical shell
volumes and ordinary differential mass conservation equations and chemical kinetics equations are
considered in eachth shell,i =0,...,N, — 1. Here, all shells are assumed as the same volume
Vg = 41iRy%/ (3N;). In the conservation equations for the bulk region, the “effect" of a single pellet
is multiplied by the average number of pellets in a strip, NgAz/L, with N, the total number of
pellets in the reactor.

Integration along the reactor radial coordinatdlows to write energy conservation equations
in the sorbent with reference to a sorbent average temperktureach strigk.

One can verify that the momentum and mass accumulation terms in the bulk gas volume,
namely the terms related to pressure and flow rate wave propagation, have very small time-scale
dynamics, so they give rise to stiff equations; therefore, the quasi-steady state assumption has been
made. The same assumption is valid for the momentum conservation equations in the porous pellet
volume; moreover, radial convective flow in the pellets is very small, indeed it is zero at steady
state, so pressure inside the pellet has been assumed to coincide with the fluid pressure in the bulk
region adjacent to the pellet (in other words, the friction term in the radial momentum conservation
equations has been neglected).

Hydrodynamic boundary conditions for the reactor inlet and/or outlet have been set as (see the

two black boxes at the top and bottom of the reactor, in Figure 3)

opWp(0,t) = aa(pa(t) — Po(t)) + oawa(t) (23)

08Wh(Nc,t) = ag(py(t) — ps(t)) — ogwa(t), (24)



wherew,(0,t) andwi (N, t) are the reactor inlet and outlet molar flow ratpsandp; are the inlet

and outlet pressuregp, g, aa andag are suitable coefficients. For instance,

e for {oan = 1,0 = 0,08 = 0,ag = 1}, the reactor outlet pressure is set@gt) = pg(t)
and the injected inlet flow rate is,(0,t) = wa(t), wherepg(t) andwa(t) are an assigned

pressure and flow rate, respectively;

e for {oan=1,aa=0,wa =0,08 = 0,05 = 1}, one hays (t) = ps(t) andwy(0,t) =0, as in

the heating phase while G@xits through terminal B.

Boundary conditions for bulk energy conservation equations are expressed by means of tem-
peraturesTy and Tg and of CQ molar fractionsxa and xg. For instance, ifw,(0,t) >0, at
point A there are an entering GOnolar flow ratew,(0,t)xa(t) and entering convective power
Wh(0,t)Cp (Ta) Ta(t); if wp(0,t) < 0, insteadxa andTa, and therefore the exiting molar flow rate
and the exiting convective power are computed by the model. Similar considerations can be drawn
at point B for flow ratewy(Nc,t): if wy(Ne,t) < O, for instance, there are molar flow rate and
convective power flow entering B, and their values are determineg byndTg.

The obtained overall model includBis= 2N (N; + 1) state equations (with our choidg = 20
andN, = 3, 160 state equations). It also includes a number of algebraic equations. The model
has been implemented by a stand-alone C codex, which can be easily connected industrial plant

simulators; besides, it is useful for identification purposes, as described in the subsequent sections.

4 Kinetic parameters identification via bench experiments
The ODE version of the kinetics equation (20) is
¢9k,i(t) = kabs(Ts,k(t)) ’ (1_ ek,i(t>) ‘ék,i(t) - kdes(Ts,k(t>) 'éref : ek,i(t)a (25)

wherei is the shell index andé the strip index. The main uncertain parameters are the absorption

and desorption kinetic coefficienkgps and kges Which strongly depend on temperature in the



Table 3: ODE model synopsis (CE = Conservation Equation)

Chemical kinetics
Active site CE, for=1,...,N;, k=0,...,N. — 1
- CO, absorption and desorptlon into the pellet (see (25)).

Hydrodynamic equations

Global mass CE in the pellet, foet 1,...,N,, k=0,...,N.—1:

- quasi-steady state conditions;

- no convective flow rate at the sphere centre;

- bulk-sorbent boundary flow rate due to absorption from alish
Global mass CE along the bulk flow, foekO0, ... ,N;—1:

- no accumulation (quasi-stationary assumptiondand T).
Momentum CE in the bulk region, for=kO0, ..., N;

- quasi-steady state conditions;

- laminar friction only.

Mass conservation equations

CO, mass CE in the pellet volume, fo=H0,...,N,—1, k=0,...,N.—1:
- CO, accumulation;

- CO, absorption/desorption;

- CO, radial diffusion, to/from the adjacent shells;

- CO, radial convection, to/from the adjacent shells.

CO, mass CE in the bulk volume, fork0,...,Nc.—1:

- CO, accumulation;

- CO, convective and diffusive mass exchange with the pellet surface;
- CO, hulk axial diffusion, to/from the adjacent strips;

- CO, bulk axial convection, to/from the adjacent strips.

Energy conservation equations

Energy CE in the sorbent volume, foek0, ..., N —1:

- energy accumulation;

- conduction in the reactor axial direction, to/from the aeéjat strips;
- absorption/desorption reaction heat;

- heat exchange between the pellets and the bulk gas;

- heat exchange between the pellets and the exchanger niésaiesu
Energy CEs in the bulk volume, forkO, ..., N —1:

- accumulation is neglected in the bulk gas;

- heat exchange between the pellets and the bulk gas;

- energy axial transport to/from the adjacent strips, by [fiolk rate;
- energy axial conduction, to/from the adjacent strips.

porous medium.

The identification procedure is based on data collected in twadvgocdynamic experiments



carried out on the test rig. Each experiment started from ¢eely regenerated sorbent. Ab-
sorption was carried out by feeding the reactor witf) Bteam (10% molar fraction) and GO
mixtures with fixed CQ concentrations, setting the inlet gas flow rates by means of the mass-flow
controllers (v = 219 NI/h was the total feedgas flow rate), and keeping the reactor temperature
constant and uniform by using the external circulator. Three different inlet mixtures (with CO
molar fraction equal to 0.05, 0.10 and 0.25) and four temperaturesd280°C, 60°C and 85

°C) have been considered: this way, we have collected twelve sequences of data, each one cor-
responding to a pair (molar fraction, temperature), with sample rate 1 Hz. In each test,the CO
molar fraction at the reactor outlgto,out Was measured, up to the final steady state of complete
sorbent saturationd(= 1 in (25)). As for the temperaturgy, we have used the values provided

by our model; notice in passing that, in the reactor sections where the three thermocouples are
placed (beginning, middle, end), the temperature supplied by the model is in fair agreement with
the measured temperature.

The adopted estimation procedure can be summarized as follows:

1. identification of the ratia) := kaps/KgesVia steady-state data
By means of the measurementsxgb,out, it has been possible to evaluate the steady-state
value of the amount of adsorbed @ each test, namelly (kmol). The corresponding
twelve points are depicted in Figure 5. The obtained value§ foave been employed to
evaluate (pointwise) the twelve values of the rajio= kyps/Kges They have also allowed
the evaluation of the standard enthalpy variation of reaction (1), which, in turn, has allowed

the determination ofy as a function of the temperature.

2. ldentification of kps and kjesVvia transient data
The values ol identified as indicated in the previous point, together witimsientdata
gathered from the experiments have been used to iddgtfyandkyes Separately (as func-
tions of the temperature). In this phase, we have used three of the twelve experiments only,
precisely those carried out with inlet G@olar fraction equal to .Q and at 40°C, 60°C

and 85°C temperature.
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Figure 5: Amount” of absorbed C@(kmol) at steady state: experimental results as functions of
temperature, for different CQOnlet molar fractions

This way, the identification procedure has been completed and a fully specified model has
been tuned (including the dependence of paramétgemndkyes upon the sorbent temper-

ature).

3. Validation of the identified model via transient data
The remainingsequence®f experimentaldata have beenusedfor validation purposes,
namelythe simulationsprovidedby our modelhavebeencomparedo suchdata,with satis-

factoryagreement.

In the sequel, each of these steps is elaborated in detail.
Note that in the equations the temperature is assumed to be expressed in Kelvin, whereas in the

drawings it is expressed in Celsius.

4.1 Step 1: identification from steady-state data

We now address the issue of estimating= kaps/Kqes TO this purpose we rely on the amount

of absorbed C@in steady state obtained in each of the twelve experimental tests described above
and reported in Figure 5. In each test, of course, the outletr@@ar fraction equals the inlet one,

at steady state. As one can notice from the figure, keeping the inlet concentration constant yields

an increasing@ as temperature decreases.



4.1.1 Pointwise estimation of)

Recall kinetic equation (25). Here, three basic unknowns apge&gps andkyes Parameted is
considered as an unknown constant; on the contrary, the dependdggeanidky.supon the tem-
perature cannot be neglected. In this respect, observe that, in steady-state conditions, temperature
is uniform in the porous medium, §gx = const=T.

At steady state (saturation condition), the £@olar fraction in each surface element in all
pellets has to equal the inlet G@olar fractionxco,in; therefore, lettind,, be the uniform steady-

state area fraction occupied by DEA tied to £0ne has, from (25), that

NXco,in
900 = 5 26
nxco,in+T/To (26)

where the gas pressure is assumed as uniform and equal to the standard conditions pressure.

Now, in thei-th experiment, the absorbed g@mount is

(M =¢ - (Msy/ps) - (6w);; (27)

therefore, since (26) yields, at least formally, tBat— 1 for T — 0, from (27) one can deduce

thatl" tends to a limit value

Ciimit = ¢ - (Msy/ps) (28)

so that

(T)i/Tiimit = (8);- (29)

Therefore, ifl"imit is assigned and the number of occupied kn{blg in eachi-th experiment is

measured, then (29) gives the occupied site fractfay); and (26) the corresponding value(gf);:

_ (6w); 1 (1)
i = 1—-(6x); (Xcosin)i To (30)

For the twelve performed experiments, tfip); values obtained foF iy = 1.1, for instance, are



collected in Table 4, together with their mean valpesith respect to the C@inlet molar fraction,
obtained for each of the four considered temperatures. Obviogsk/temperature-dependent:
n = n(T)). Parametep, in turn, can be identified from (28).

In order to best identify |imit, the following iterative optimization procedure is proposed:
1. set a tentative value foljmjt;

2. thanks to the available tests, determir@) and¢ from Ijimit;

3. for each experimenf compute(6s); from (26) and thereforél mogel); from (27);

4. compute the mean square error MSE, or the standard deviation SD, between the experimental

values(Iexper); and the computed valu€Bmode));;
5. find the value fof |jmi; minimizing MSE or SD.

A simple way to accomplish step 5 is to explore a sufficiently wide interval of discrete values for
Mimit- For the set of tests under study, Table 5 reports the computed values of MSE and SD for
different choices of |imit. MSE appears to be minimized by = 1.09: the related values of
n(T) are reported in Table 6, while (28) yielgs= I"jimit/ (YMs/ps) = 2.4145- 10-8 kmol/n?.
Comparison between Table 4 and Table 6 highlights the influen€g.af on n(T). Finally,
one can remark that the assumption of a uniqgg: for T — 0, which is not straightforward from
(26), is justified by the fact that, If},; depended omco,, thenn should be a function ofco,,
which is not plausible from the definition of.
The next section highlights the relation between param@ter n(T), and the equilibrium
constanKeq(T) of the reaction between DEA and GQhus enabling the evaluation of the standard

enthalpy of that reaction.



Table 4: Values of) at experimental temperatures and concentrations, and mean vglfies
Chimit = 1.1

X1 =005 | x =010 | x3=0.25 n
To=25°C | 75648 74.602 105890 | 85.380
T, =40°C | 61520 47.265 53567 | 54.117
T,=60°C | 22349 18.092 13090 |17.844
T3=85°C 5.339 4.301 4.004 4.548

Table 5: MSE and SD for some valueslgfj

Mimit | Mean Square Error Standard Deviation
1.15 0.232 0.0211
1.10 0.208 0.0190
1.09 0.207 0.0188
1.08 0.218 0.0198
1.05 0.690 0.0627

Table 6: Experimental values gfand computed) for iyt = 1.09

X1 =0.05|x=0.10| x3=0.25 n
To=25°C | 79.091 80.833 | 141333 | 100419
T, =40°C | 63798 49.753 61.220 | 58257
T,=60°C | 22763 18.533 13575 | 18290
T3=85°C | 5.399 4.355 4.072 4.609

4.1.2 Estimation ofn as a function of the temperature via enthalpy evaluation

Let us consider the REDOX reaction (1). At equilibrium, the Gibbs free energy balance for the

reaction as a function of temperatéfeeads as

Gpea« — (Gco, + Gpea) =0, (31)
where the molar free energies involved can be written as
Gco, = (Gco,)o+ RTIN(pXco,/Po) (32)



Gpea= (GDEA)O—l— RT In (1— 6) (33)
Gpea = (GDEA*)O—l—RTln 6. (34)

Notice that in equations 33 and 34, we have introdu#edd(1— 0) as proportional to DEA* and

DEA concentration respectively. Now, defining

(AGr)o = (Gpea-)o — (Gpea)o — (Gco,)g (35)

and keeping (32)-(34) in mind, the equilibrium condition (31) gives

0 Po (AGr)g
In{ ——= =— .
n <1 -0 p)@o) RT (36)
Hence
Beq = B = — i % (37)
€ RT pPXco, +Po
Comparing (37) to (26) and assumipg= po yields
(e

Therefore, estimates ¢feq(T) can be obtained from the estimates of the régig/kyes Obtained
in the previous section. For instance, the valueg @f) in Table 6 yield the values df (Keq(T))
given in Table 7. Since the temperature range is not wide, Van't Hoff’s tfédaholds: if (AH)o

is the standard enthalpy variation of reaction (1), then

(AGr)p _ (AHr)
RTO_ RTO‘ (39)

Therefore, the diagram oh(Keq(T)) againstTy/T has to be a straight line, with slope%.

Indeed, the points associated to the three temperafurest0°C, T, = 60°C andTz = 85°C in



Table 7:In(Keg(T)) Versus the ratido/T

Temperaturg To/T (K/K) Keg | In(Keg)
To=25°C 1 100419 | 4.6094
T,=40°C 0.95 55.4665| 4.0158
To,=60°C 0.89 16.3685| 2.7954
T3=85°C 0.83 3.8369 | 1.3447

Table 7 lie within a good approximation on the straight line
In (Keq) = 22.3351p/T — 17.229, (40)
with a correlation coefficierfR.or = 0.9994; therefore,
|AH, o = 22.335. ToR = 55.4- 10°kJ/kmol, (41)

so, for 1 kgCOy, |AH; | ass= |AHr| /44 = 1300kJkg. Of course, one can add the point associated
to temperaturdly =25 °C in such computation; the corresponding points are still aligned on a
straight line, with a slightly lower correlation coefficiedR:f, = 0.9862); this seems to be due to
the fact that at about 27C the DEA modifies its crystalline structure.

Finally, one can derive)(T) as a function of the temperature, we redalihat, at constant
pressure, the relation
AH,

AG;
Td(d;) T (42)
p

holds. Integrating (36) and taking care of (39) and (42), the expressigfilofcan be found:

T

n(T) = (T/T) -0 (Tye 7o (- F), (43)

wheren (T;) = 58257 and(AH, ), = —55.4- 10° J/kmol.
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Figure 6: The identifieaps andkgesas functions of temperature

4.2 Step 2: kinetic parameters evaluation from transient tests

In order to determindgp(T) andkyed T) separately, three dynamic tests have been carried out,
with inlet CO, molar fraction equal to.Q and at 40C, 60°C and 85°C temperature respectively.
As in the steady-state tests, both the Q@olar fraction at the reactor outlet and the sorbent
temperature at the reactor centre are the available measures.

An optimization procedure has been adopted, in order tdfjp{and thereforéyesaskaps/n)
S0 as to minimize the error, in terms of €0utlet molar fraction, between simulation results and
process data in each of the three tests, while fulfilling the following monotonicity constraints on
functionskaps(T) andkged T): kaps(T) has to decrease with increasing temperature, WQigT)

has to increase with increasing temperature. Figure 6 reports the plots of the thus identified func-

tionskapg(T) andkged T).

4.3 Step 3: model validation

The identified model has been validated by comparing transient simulation results to experimental
transient data; of course such comparison is performed by considering experiments different from
those used in the identification procedure of Section 4.1.2. To be precise, we have performed the

following tests associated to step responses againsifd@€ molar fraction variations:
e test 1: 5% inlet C@Q molar fraction, 40°C temperature in the absorption phase;

e test 2: 25% inlet C@Qmolar fraction, 60°'C temperature in the absorption phase;



e test 3: 25% inlet C@molar fraction, 85 C temperature in the absorption phase.

The experimental C®outlet molar fraction transients are compared with the corresponding tran-
sients provided by our model in 7. As can be seen, the model is able to reproduce the real transients
in all working conditions with satisfactory matching. Model adherence to the system behaviour
could be increased by further improving parameter tuning. Several parameters in the model, in
fact, such as the bulk and the pellet void fraction values, the active surface per sorbent unit volume
and the heat exchange coefficients, have been taken from literature data so far, and thus they are

subject to non-negligible uncertainty.

Remark 1 (Model parameters updating) One of the main problems in the industrial use and
control of the reactor for C@ absorption/desorption is the constant wear of the reactor during

its life, which may cause the identified model parameters to become obsolete in the long run. In
other words, the model returned by designers when the reactor is built may be no longer valid
after the reactor has been used for a certain period of time. Hence, in principle, the procedure
for parameter estimation should be repeated from time to time when the operating conditions have
been subject to change. The procedure described in this Section, however, has the drawback that
requires specific experiments on the plant and the intervention of qualified personnel to properly
interpret the data. Thus, altogether, this makes the use of this procedure not feasible for the end
user.

In recent years, a new parameter estimation technique, which is called the Two-Stage (TS)
method, has been proposed in the specialized literature with the purpose of facing proper the
issue of model parameters updatifySpecifically, the TS method is highly automated, so as
to not require the intervention of qualified personnel, and can be easily reused by the end user
whenever the model parameters need to be re-estimated. To be tuned for the specific problem
at hand, the TS method requires a reliable physical model of the reactor along with a range of
possible values for the uncertain parameters. Hence, tuning relies on the modeling and parameter
identification previously discussed. Once tuned, from the end user perspective, the TS method

accepts as input the data collected from a simple experiment on the plant in normal operating
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three validation tests

conditions, and returns as output the new estimated values for the uncertain parameters, without
any kind of human intervention. Moreover, the parameter estimates are obtained at very low
computational cost, making the use of TS simple and effective.

The interested reader is referred to A, where more details on the TS method are given, along

with an example of application to the reactor for g@bsorption/desorption.



5 Conclusions

The dynamics of a C®capture process based on amines supported on solid pellets have been
studied, leading to a PDE and an ODE descriptions. The two main uncertain parameters in the
model are the C&®amine reaction kinetic parameters. We have provided an identification method
based on physical reasoning and a technique for the automatic update of their estimates, which
have proven a good estimation capability with respect to lab-scale experimental data.

The model developed in this work will be employed to study the operating procedures and
to design controllers of pilot-scale plants where the solid sorbent-anchored amine process is de-
voted to CQ capture not only from coal combustion flue gases, but also in biogas upgrading to

biomethane.

A The Two-Stage(TS) method for model parameters updating

In this Appendix we briefly describe the Two-Stage (TS) metffod,new parameter estimation
technique which is specifically tailored to model parameters updating, as discussed in Remark 1.
The method is based on an intensive offline simulation procedure, which analyzes the behaviour
of the physical model we have developed in Section 2 while spanning across a range of parameters
defined from the values estimated by the procedure described in Section 4. Hence, the TS method
synergically builds up on the findings of this paper.

The method is outlined in A.1, while numerical results for the;@Dsorption/desorption reactor

are reported in A.2.

A.1 Problem setting and description of the TS method

To introduce the TS method, we need rethinking to the model identification problem in a new
perspective. We rely on the physical model introduced in the previous sections. The uncertainty
can be restricted to the kinetic parameters. Since thekgfigkyescan be considered as a reliable

identified value, we can take thgn(T) as the unique uncertain parameter. As seen in Section 4



(Figure 7), this parameter depends upon the temperatureuadragic way. Therefore, we can set

Kaps(T) =aT2+bT+c (44)

from the beginning. In conclusion, once the parameter vazterja b g’ is determined, then the
plant behaviour is completely described by the model introduced in Section 2. The parameter
estimation problem, then, is that of retrieving the valugdfased on measurements of properly
chosen input/output signals.

The solution of an estimation problem is an estimation algorithm, also called estimator, which is

nothing but a suitable functioh: R?N — R3 which maps the measured observations

D" = {¥(1),U(1),%(2),U(2), ..., ¥(N), U(N)}

into an estimate for the uncertain parameter:

~

pi=f(y(1),u(1),...,y(N),u(N)).
In standard approaches, like those based on Kalman filtering or Prediction Error Methods (PEM)
in system identificatior$/ 38 the mapf is implicitly defined by means of some estimation crite-
rion. This, however, poses some difficulties in using these approaches repeatedly (see Garatti and
Bittanti3® for the details).
The TS approach develops along completely different ideas: it resorts to off-line intensive simula-
tion runs in order to explicitly reconstruct a functibn RN — R3 mapping measured input/output
data into a parameter estimgie

To be precise, we use tlsenulatorof the reactor to generate input/output data for a number of dif-

ferent values of the unknown paramepscthosen so as to densely cover a certain range of interest.



That is, we collecN smulated measurements

DY = {y"(1),u*(1),....y"(N),u"(N)}

for p= p1; N simulated measurements

DY = {y*(1),u*(1),....y¥*(N),u*(N)}

for p= py; and so forth and so on, so as to work out a set of nsgyairs{pi,DN} as summarized

Table 8: The simulated data chart as the starting point of the two-stage method.

P | DY ={y (1),u*(1),....y"(N),u’(N)}
P2 | D3 = {y*(1),u%(1),....y¥*(N),u*(N)}

b | DN = (0,00, -y (N, u"(N)}

in Table 8. Such set of data is referred to asdhaulated data chart
From the simulated data chart, the functibis reconstructed as that map minimizing the estima-

tion error over simulated data, i.e.

2
, (45)

fez Mm

fe minlngi — F(Y (1), U (1),.... Y (N), U (N))

where.7# is a class of fitting functions. Shoulfi be found, then the true parameter vector cor-
responding to the actual measurements,B¥y= {y(1),u(1),..., Y(N),a(N)}, can be estimated

as

~

p\: f(ﬂl),lT(l),,y(N),U(N))

Solving (45) is of course very critical, because of the high dimensionality of the prolfiede:
pends upon R variables, normally a very large number if compared to the nunrbef experi-
ments. In the TS approach, the resolution of (45) is split into two stages. This splitting is the key

to obtain a good estimatdt.



We now describe the two stages. The interested reader ise@ferGaratti and Bittantf for the

full details.

First stage. The first step consists of a compression of the information conveyed by input/output
sequence@i'\', in order to obtain new data sequenéi?sof reduced dimensionality. While in the
dataDN the information on the unknown parametfgris scattered in a long sequenceNdbam-

ples, in the new compressed artificial dﬁi?:\such information is contained in a short sequence

of n samplesif < N). This leads to a new compressed artificial data chart composed of the pairs

Table 9: The compressed artificial data chart.

pl Dgz{a%7"'7a|§|‘-}
P2 | DY ={af,....af}

Pm | D ={a7"...,an'}

{pi,D"},i=1,...,m, see Table 9.

Each compressed atrtificial data sequeﬁg'?ds obtained by fitting asimple black-boxmodel to

each sequencB) = {y'(1),u'(1),...,Y(N),u(N)}, and, then, by taking the parameters of this
identified model, sawl, ab, ..., al, as compressed artificial data, i = {al,...,al}.

It is worth noticing that the simple model used to fit the artificial data plays a purely instrumental
and intermediary role. Hence, it is not required to have any physical meaning, nor it does matter if
it does not tightly fit the data sequend®¥, as long as thel,al, ..., al reflect the variability of

the p;.

Summarizing, in the first stage a functignR?N — R" is found, transforming each simulated data
sequencé)iN into a new sequence of compressed artificial cﬂiﬁtatill conveying the information

on p;. The functiong is defined by the chosen class of simple models used to fit simulated data

along with the corresponding identification algorithm.

Second stage.Once the compressed artificial data chart in Table 9 has been worked out, prob-



lem (45) becomes that of finding a mEpR” — RY which fits them compressed artificial obser-

vations into the corresponding parameter vectors, i.e.

2

h+« min E_ini—h(ail,...,aﬁ,) : (46)

hesz M

where 7 is a suitable function class.

Problem (46) is reminiscent of the original minimization problem in (45). However, breamyall

thanks to the compression of the information in the first stage, the resolution of (46) is not prob-
lematic anymore. One can e.g. resort to Neural Networks and solve (46) by means of the standard

algorithms developed for fitting this class of nonlinear functions to the data.

Use of the two-stage method.After h has been computed, the final estimafomapping in-

put/output data into the parameter estin@ie obtained as

f=hog=h(g(-)),

i.e. as the composition g andh.

Note thatf is constructed off-line, by means of simulation experiments only. However, when a
real input/output sequen@ = {y(1),0u(1),...,y(N), G(N)} is collected, the unknown parameter
vector can be estimated ps= ﬁ(g\(ﬁ’\‘)), that is, by evaluating in correspondence of the actually

seen data sequence. This evaluation can be easily performed by an automatic device, which can
be used to generate estimafewhenever it is needed, at very low computational cost and without

any intervention of specialized personnel.

A.2 Application to the reactor model: results

As we have seen, the TS method is based on the execution of intensive simulation trials of the
physical model. This simulation phase is performed offline and need not to be repeated along

the plant life. When data from a new experiments are available, the algorithms builds the new



parameter estimates very fast.

We now describe the offline procedure for the tuning of the TS algorithm to thea®&brp-
tion/desorption reactor. We also give some simulation results demonstrating the effectiveness of
the approach.

In 4 we estimated the kinetic absorption parameter for the temperdiured0°C, T, = 60°C,

T3 = 85°C:

Kaps(T1) = 5.8257x 10 °m/s,

Kabs(T2) = 4.6707x 10 8m/s,

Kaps(T3) = 4.6105x 10~ ®m/s.
Starting from valued;abs(Ti), i =1,2,3, we construct a range of possible values around them as
follows:

0.5kabs(Ti) < kabs(Ti) < 2kans(Ti), 1=1,2,3,

In view of expression (44), these boundslgps define feasible regions for the triple of parameters
p=[abd".

At this pointwe are in a position to define the simulation experiments we have performed. To be
precise, we have extractet= 2500 random values fgr=[a b d’, ensuring that the corresponding
kans Meet the above bounds.

Correspondingly, we ran 2500 simulations of the reactor, each time injecting,ar@@r
fraction step of 10% as the input, starting from steady-state conditions at an initial temperature
T =60 °C. As the output signal we have considered temperature at the beginning of the reactor
(point A in 3). Typical temperature outputs for three values of the parameter yeaterdepicted
in Figure 8. By sampling at.025Hz the input and output signals, we obtained 2500 input/output

sequences eadih= 150 samples long:

u'(1),¥/(1),u(2),Y/(2),...,u(150),y'(150),
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Figure 8: Typical temperature diagrams at point A (reacttetjrnwhile injecting an inlet CQ
molar fraction step.

i=12,...,2500. These sequences together with the 2500 extracted valugsfdomed the
simulated data chart.

As for the generation of the compressed artificial data chart, we noticed that, in our experiments,
the output looks like an impulse response, because of the zero in the origin introduced by the
external refrigerator, which forces the temperature to return to the initial value. Hence, by letting
AUl (t) = u'(t) — U'(t — 1) be the impulse corresponding to the given step, we fitted to each generated

data sequence a low-order state-space model

X(t+1) = Fx(t)+GAU(t)

y(t) = Hx(),

by using the Ho-Kalman algorithr#®. To be precise we have considered a third order system, so
that the total number of entries in the triglE,G,H) is 15. These entries are the parameters we
have used as compressed artificial dafaas, ..., als, i =1,2,...,2500.

The final estimatoh(al, as, ..., als) was instead derived by resorting to a feed-forward 3-layers



neural network, with 20 neurons in each hidden la{feFhe network weights were trained by the
usual back-propagation algorithm. The order of the state-space model as well as that of the neural

network were eventually chosen by means of cross-validation.

In order to test the TS estimator, we picked 500 new random values for the uncertain vector pa-
rameterp, and correspondingly we ran new 500 simulations of the reactor model in the same
experimental conditions as in the training phase. The 500 data sequences obtained by sampling
input and output signals at@35Hz were made available to the TS estimator so as to generate
500 estimates of the parameter vecpor These estimates were eventually compared to the true
values of the parameter vector so as to evaluate the performance of the obtained estimator (cross-
validation).

In Figure 9, the estimates B, andc respectively, as returned by the TS estimator, are plotted
against the true parameter val@e$, andc. That is, with reference, e.g., to the first box at the top,

the x-axis of each plotted point is the extracted value for the paranaetghile they-axis is the
corresponding estimate supplied by the TS estimator. The same interpretation holds for the other
figures. Clearly, the closer the points to the graph bisector, the better the estimator.

As it appears, the figures reveal a great estimation capability of the TS estimator, especially as for
parameterd andc, while parametea is less identifiable. Overall, the estimation results are quite
good, and the TS approach was able to produce an explicit estimato?(n)apﬁ(@(-)), defined

as the composition of the Ho-Kalman algorithm and the trained neural network, which can be used

over and over to generate suitable estimatgswhenever a tuning of the reactor model is needed.
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