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A dynamic modeling framework based on an intelligent approach is proposed to identify the complex behaviors
of solid-gas sorption systems. An experimental system was built and tested to assist in developing a model of the
system performance during the adsorption and desorption processes. The variations in the thermal effects and
gaseous environment accompanying the reactions were considered when designing the model. An optimization
platform based on a multi-population genetic algorithm and artificial criteria was established to identify the mod-

eling coefficients and quantify the effects of condition changes on the reactions. The calibration of the simulation
results against the tested data showed good accuracy, where the coefficient of determination was greater than
0.988. The outcome of this study could provide a modeling basis for the optimization of solid-gas sorption systems
and contribute a potential tool for uncovering key characteristics associated with materials and components.

1. Introduction

Reversible solid-gas sorption has been widely investigated and
adopted in different energy applications such as refrigeration, heat
pump, and energy storage systems [1-4]. Owing to the spontaneity of
the reaction process, the application systems can be driven by low-grade
waste heat or solar energy and can be integrated with working pairs
with low global warming potential and zero ozone depletion potential
[5,6]. Additionally, the high reaction enthalpy of solid-gas sorption com-
pared with the sensible and latent heat leads to the capability of an
efficient storage function to deal with the mismatches between the en-
ergy supply and demand and implement peak-shaving [7,8]. Therefore,
the utilization of solid-gas sorption can greatly contribute to achieving
decarbonization in energy sectors and reducing the economic expense
of energy supply. However, the complex dynamic characteristics in the
mass kinetics and heat transfer make the adsorption/desorption pro-
cesses difficult to predict and therefore present obstacles to quantifying
the parameters that influence the whole system performance [9]. With-
out fully clarifying the dynamic mechanism, it is difficult to optimize
the system and extend its integration with intermittent renewables and
fluctuating loads. This will lead to the reduction of the energy efficiency
and increase the design and operation costs of sorption-based energy
systems.
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Two types of modeling are normally adopted to demonstrate the dy-
namic behavior of solid-gas sorption. A phenomenological model, which
focuses on the detailed properties related to the specific reaction mech-
anism, has been studied and proposed [10-12]. A detailed understand-
ing of the reaction phenomenon could be achieved using this type of
model [13-15]. However, the inconveniences and difficulties in obtain-
ing the parameters associated with the medium properties and system
configurations make it difficult to develop a model with sufficient ac-
curacy. Additionally, solving this kind of numerical model has a high
computation cost, and the complexity of the model reduces its applica-
bility to practical engineering problems. On the other hand, as reported
in [16-18], the mass kinetics and heat transfer of the reaction can be
considered in a global way. A detailed analysis of the elementary mech-
anisms is no longer needed in this approach. Instead, equivalent param-
eters are utilized to model the overall behavior of the phenomenon. Ow-
ing to the simplification of the modeling structure, a huge decrease in
the computation cost compared to that of the phenomenological model
can be expected. Therefore, a global model is preferred to describe the
dynamic operation of a solid-gas sorption system, especially from the
design and control points of view. In [17,18], the dynamic process of
the reaction for a mixture of calcium chloride (CaCl,) and methylamine
(CH3NH,) was investigated using the global modeling approach. The
medium transformation during two combined reactions and the heat
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List of nomenclature

A Heat transfer area, m>

A, Arrhenius coefficient

C Specific heat capacity, kJ-kg~1-K~!

€1—Cq Empirical parameters associated with enthalpy change
c10—C14 Empirical parameters associated with entropy change
E Activation energy, kJ-mol~!

F Punishment element

h Heat transfer coefficient, kW-m~2-K~!

i ith time segment

J1-Ja Coefficients of equivalent gas transfer between the
buffer tank and reactor

kq—k4 Coefficients of equivalent gas transfer between the ad-
sorption phase and gaseous phase

m Mass, kg

M Kinetic coefficient related to modeling of adsorption

n Number of moles

N Kinetic coefficient related to modeling of desorption

NS Total number of time segments

p Pressure, bar

Q Heat, kJ

R Universal gas constant, J-mol~1-K~!

t Time

T Temperature, K

U Uncertainty

v Volume, m3

w Uptake mass, kg

w Weighting coefficient

X Global advancement

Xr Reaction rate

Greek symbols

y Specific heat ratio of adsorbate

AH Change in enthalpy, kJ-mol~!

AS Change in entropy, kJ-K~!mol~!

P Density, kgm™3

Subscripts

ad Adsorption

bt Buffer tank

bte Equivalent influence of buffer tank

de Desorption

g Gas

gp Gaseous phase

eq Equilibrium

et Equivalent

ms Measured

pe Equivalent transfer between gaseous and adsorption
phases

re Reactor

s Solid adsorbent

sm Simulation

Abbreviation

HTF Heat transfer fluid

MGA Multi-population genetic algorithm

SEM Scanning electron microscopy

transfer across the reacting bed were modeled. Huang et al. [19] se-
lected a global modeling structure to describe the global advancement
and temperature of a fixed-bed reactor that used SrCl, as the solid ad-
sorbent and NH; as the gas adsorbate. A sensitivity analysis of the sim-
ulation results was also conducted to determine the influences of the
thermal parameters on the reactor performances. Nagamalleswara et al.
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[20] investigated the thermodynamic properties of BaCl, and expanded
natural graphite composites compared with those of pure BaCl,. The
kinetic coefficients for the adsorption and desorption with ammonia ad-
sorbate were quantified using global reaction rate modeling. Bao et al.
[21] developed a whole system model for a cogeneration unit integrated
with chemisorption refrigeration. A global model for a refrigeration sys-
tem that used MnCl,, and NH; as the working pairs was established. This
model was then combined with the dynamic modeling of an expander
to demonstrate the overall viability of the cogeneration performance.
Despite acceptable agreement between the simulation results and tested
data achieved in these studies, restrictions still exist when using the cur-
rent modeling structure to clarify the dynamic behavior of a sorption-
based system. The current modeling mainly focuses on the dynamic per-
formance of the system under an isobaric condition in the reactor. The
variation of the gas mass in the reactor accompanying both the adsorp-
tion and desorption processes in a real application context has not been
considered, and no study has been conducted to illustrate how a change
in the gaseous environment would influence the system performance.
Moreover, an intelligent platform that can efficiently identify the mod-
eling coefficients by tracking the effects of nonlinear dynamics has not
been proposed.

In this study, a dynamic modeling framework was established to in-
vestigate the behaviors of solid-gas sorption systems. An experimental
system was built using activated carbon and carbon dioxide as the work-
ing pair. Owing to the low cost, good sorption performance, and great
reversibility, this working pair has been widely explored from the per-
spectives of adsorbent components and structures [22-24]. Tests were
conducted to analyze the factors that influenced the dynamic perfor-
mance of solid-gas sorption and to provide real-time operation data
for the subsequent validation of the modeling and framework. A semi-
empirical global model of the adsorption and desorption processes was
developed considering the mass change in the gaseous adsorbate ac-
companying the reactions in a closed system. Then, an intelligent opti-
mization platform based on a multi-population genetic algorithm (MGA)
and artificial criteria was developed to identify the modeling coefficients
and predict unrevealed parameters. After a discussion of the simulation
results, the conclusions of this study are provided. Additionally, sugges-
tions are given for further improving the modeling and platform and for
future studies to optimize the design and control of a solid-gas sorption
system.

2. Experimental setup and analysis
2.1. Experimental apparatus

As shown in Fig. 1, an experimental solid-gas sorption system was
constructed. The system mainly consisted of a cylindrical fixed-bed re-
actor 1 with a jacket, a buffer tank 2, a thermostat 3, and valves 4-7.
Activated carbon (Norit® R 2030 CO2, CABOT Corporation USA) was
adopted as the solid adsorbent and used to fill the reactor. The scan-
ning electron microscopy (SEM) image of Fig. 2 shows many porous
structures on the surface of the activated carbon, which was beneficial
for the adsorption of the gas phase molecules. Two thermocouples, T,
and T,, were mounted inside the top and bottom parts of the reactor,
and the average value was used to represent the temperature of the re-
actor. Carbon dioxide (BOC, UK) from a high-pressure vessel was used
as the gas adsorbate and stored in the buffer tank, where the tempera-
ture was measured by thermocouple T3. Two pressure gauges, P; and
P,, were installed and utilized to measure the pressure variation in the
reactor and buffer tank, respectively. To maintain the required environ-
ment temperature of the reactor, water at a temperature controlled by
the thermostat was adopted as the heat transfer fluid (HTF) and circu-
lated through the outer jacket of the reactor. The design parameters of
the test rig are given in Table 1.
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Fig. 2. Scanning electron microscopy (SEM) image of the activated carbon sam-
ple.

2.2. System operation and test results

2.2.1. Thermal effect analysis

In physical solid-gas sorption, which was adopted in this study, the
changes in the enthalpy and entropy vary with the global advancement
of the reaction [25]. This phenomenon is mainly attributed to the in-
homogeneities of the surface energy distribution of the solid adsorbent
and, in turn, affects the degree of the reaction. During the adsorption
process, gas molecules will first be adsorbed on surfaces with lower ac-
tivation energy. Then, with an increase in the surface coverage, the gas
will gradually be adsorbed by the less activated adsorption sites. The
transport of the gas phase will proceed in a reverse direction when the
desorption process occurs. To investigate the changes in the thermal ef-
fects with gas uptake and provide essential parameters for the modeling
design, equilibrium tests were conducted by regulating the amount of
gas input into the reactor. The test procedure is illustrated below, with
references to the flowchart of Fig. 1.
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Table 1

Design parameters of the test rig.
Parameter Value
Volume of the reactor (x10~3, m?3) 0.23
Inner diameter of the reactor (x10~3, m) 15.85
Effective length of the reactor (m) 0.80
Mass of activated carbon (x10723, kg) 65.60
Density of activated carbon (x10%, kgm~23) 2.20
Volume of the buffer tank (x10~3, m3) 0.33
Pressure of the CO, vessel (bar) 53

278.15-368.15
233.15-1373.15, £1.50
0-40, +0.25

Thermostat temperature range (K)
Range and accuracy of thermocouple (K, K)
Range and accuracy of pressure gage (bar, %)

Step 1: Valve 4 is closed and valve 5 is opened. The reactor is heated
to 313.15 K by the circulating water via the outer jacket, and full
gas desorption is conducted under normal atmospheric pressure
(101,325 Pa).

Step 2: Valves 6 and 7 are opened. The buffer tank is charged to the
required initial pressure using the CO, from the high-pressure
vessel, and then valves 6 and 7 are closed.

Step 3: Valve 5 is closed. The reactor is cooled to 293.15 K by the
circulation water and reaches an initial equilibrium state, SO.
Step 4: Valve 4 is opened. The gas stored in the buffer tank enters

the reactor, and the reaction reaches a new equilibrium state, S1.

Step 5: Valve 4 is closed, and the gas mass inside the reactor is fixed.
Then, the reactor is heated from 293.15 K to 308.15 K in 5 °C
steps, and new equilibrium states are obtained: S2, S3, and S4.

Steps 1 to 5 are repeated for different gas mass inputs (by regulat-
ing the initial pressure of the buffer tank in Step 2). According to the
Clausius-Clapeyron relationship shown below, the changes in the en-
thalpy (AH) and entropy (AS) can be determined using the system con-
ditions under equilibrium states S1 to S4:

AH  AS
P =exp<—+—> )
e RT,. R
where P,y and T, refer to the equilibrium pressure and temperature

of the reactor, respectively; and R refers to the universal gas constant.
The variation of the temperature and pressure of the reactor could be
measured directly using the sensors, while the total gas mass input to
the reactor at time t was calculated based on the change in the density
of the gas in the buffer tank compared with that at the initial moment,
0, as follows:

mg(®) = (pg(Tors Poc) lo = Pg (Toe> Por) 1) Vi (@)

where p, refers to the gas density; Ty, and Py, refer to the temperature
and pressure of the buffer tank, respectively; and V;,, refers to the volume
of the buffer tank.

Then, the accumulated gas uptake, w,q4, at time t can be calculated
as follows:

Wag (1) = my(D) = (py(Tyes Py = pg(Tres Prdlo) Vi = V2) 3)

where V,, and V; refer to the volumes of the reactor and solid adsorbent,
respectively; and P, refers to the pressure of the reactor.

The factors that affected the test results included the uncertainties in
the measurements of the reactor temperature (U, ), buffer tank tempera-
ture (U,), reactor pressure (Us3), and buffer tank pressure (U,). The stan-
dard uncertainties related to these measurements were obtained based
on a verification report for the sensors and are listed in Table 2.

Table 2

Standard uncertainties of measurements.
U, (K) U, (K) Us (%) U, (%)
0.87 0.87 0.14 0.14
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Table 3
Enthalpy and entropy changes of the reaction under various gas inputs.
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Initial gage pressure of buffer tank (bar) Gas input (g)

Gas uptake (g) AH (kJmol ™) AS (JK~1'mol™)

40 19.86 11.39 -8.39 149.32
30 15.08 9.72 -11.00 154.70
20 10.87 8.45 -15.38 163.33
10 5.86 4.54 -19.80 171.20
6 3.42 2.93 -21.31 172.05
4 2.37 2.03 -19.24 163.37
2 1.32 1.14 -20.24 164.00
1 0.78 0.61 -18.42 157.42
15.0 - for the adsorption. If an equilibrium state was achieved at this point,
K S3 S2 gas input = 19.86 ¢ 51 smaller changes in the enthalpy and entropy of the reaction were ob-
45 ) served. With an increase in the gas input, sufficient driving forces could
O o gas input = 15,08 . .
140 —e——— 08y be provided for the gas molecules to travel further and react with the
’ higher-activity surfaces. This resulted in greater changes in the enthalpy
1354 A 83s input = 10,87 ¢ and entropy and led to fluctuations in the thermal effects at the equilib-
= rium state. As the low-traveling-resistance surfaces became occupied by
§* 13.0 4 more input gas, the reaction proceeded sequentially with high-activity
E — 7‘7""”"‘*‘—-7“,‘,,, a5 inpur 5 g, and low-activity surfaces, causing the thermal effect to vary in a mono-
12.54 B— tonic manner.
o— 885 input = 3 4 . To describe the thermal effects under different amounts of gas input
1204 ‘ﬂf"""\‘—o‘%ﬂm@:\z 78, and gas uptake, a quartic polynomial relationship and dose-response re-
s g8 input = 1.3 lationship were adopted, respectively, to model the monotonically vary-
’ ’ Eafsx“ni,ﬂt;‘ojfggg ing part (gas input > 3.42 g) shown in Fig. 3, which can be represented
110 as follows:
» T T T T
0.00323 0.00327 0.00331 0.00335 0.00339 0.00343 AH(mg) - Clngt + Cng + c},ng +eymy + cs
T (1/K) 4 3 ’ @
AS(mg) = iy +cpmy + cppmy +ci3mg +cpy
Fig. 3. Equilibrium reaction lines under different gas mass inputs.
AH (wyg) = g+ (c7 — ¢6) /(1 + 10(68*%0“9) ®)

180

Part A
170

[ =Y
S S

=
(=1
Entropy (J K™ mol™)

Enthalpy (kJ mol™)

® Enthalpy 1
A  Entropy | T

12

10
Gas uptake (g)

Fig. 4. Enthalpy and entropy changes under different gas mass uptakes.

Referring to Table 3, eight sets of experiments under conditions with
different gas mass inputs were conducted, and the results are depicted
in Figs. 3 and 4. Differences in the slope and intercept between equilib-
rium lines verified the unevenness of the active surface of the adsorbent.
It is worth noting that the thermal effect did not always vary monoton-
ically with an increase in the gas input. Referring to Part A in Fig. 4,
fluctuations in the reaction enthalpy and entropy changes can be ob-
served under the condition of a relatively low gas input (< 3.42 g). One
possible reason for this phenomenon is the filling structure of the acti-
vated carbon particles, which created gas passages inside the reactor.
Specifically, gas entered from the bottom of the reactor and travelled
through these passages. The gas was absorbed by nearby active surfaces
with less traveling resistance, even though more energy was required
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where empirical parameters c; to ¢4 can be obtained by curve fitting
against the tested data. The fluctuations in the enthalpy and entropy
changes at low gas inputs (< 3.42 g) will be discussed in our future
work.

2.2.2. Dynamic performance

The dynamic behavior of the system under a changing gaseous
environment was investigated by conducting Step 4 described in
Section 2.2.1. The global advancement of the reaction at time t could be
evaluated as follows:

Wy (t)
X = —4= ©)
wad(teq)
Then, the reaction rate at time t could be determined as follows:
Xr(t) = Xg(t) = Xpq@ = 1) 7

Three sets of experiments were conducted to investigate the dynamic
performance of the reaction under a monotonical variation of the ther-
mal effects. The initial pressure of the buffer tank was set at 40 bar,
20 bar, and 6 bar, and the corresponding tested data and evaluated re-
sults are presented in Figs. 5-7, respectively.

For the 40 bar case, as shown in Fig. 5, sharp increases in the pressure
and uptake rate can be observed at the beginning stage of the adsorp-
tion (Section 1) owing to the continuous gas input from the buffer tank.
With the rise of global advancement, thermal energy was released from
the reaction and resulted in an increase in the temperature in the reac-
tor (Section 2). The elevated temperature, reduction of the high-activity
reaction area, and decrease in the gas input rate had negative effects
on the adsorption. Therefore, a drop in the uptake rate can be observed
in Section 3 as the reaction proceeds. It is worth noting that a negative
uptake rate even occurred, and the desorption process was carried out
(Section 4). Some of the adsorbed CO, was released from the adsorbent,
and global advancement went down (Section 4). A portion of the CO,
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even refluxed to the buffer tank and contributed to extending the des-
orption process. In the subsequent stage, a pressure rise caused by the
continuous gas release, heat absorbed by the desorption and HTF, and
regain of the high-activity areas altered the reaction, resulting in the
occurrence of the adsorption process again. Similar dynamic character-
istics could be observed when the initial pressure of the buffer tank was
set to 20 bar (Fig. 6), where the intensity of the reaction was weakened,
and the duration of the alternating desorption process was shortened
(Section 1). Referring to Fig. 7, a monotonical increase in global ad-
vancement can be seen when the initial pressure of the buffer tank was
reduced to 6 bar. The uptake rate maintained a positive value during
the whole process. The alternating desorption did not emerge because
the negative influence that occurred along with the adsorption process
was not strong enough to change the trend of the reaction.

Based on the experimental results presented above, the system expe-
rienced complicated reaction processes in a changing gaseous environ-
ment. The reaction was not only coupled with the kinetics of the mass
and heat transfer inside the reactor, but it was also influenced by the
dynamic gas mass and heat transfer with the external environment.

3. Dynamic modeling of solid-gas sorption

The dynamic model of the solid-gas sorption process was developed
based on the aspects of both the mass and heat transfer inside the reac-
tor considering the variation of the gaseous environment. To facilitate
the modeling work, the following assumptions were made considering
practical engineering applications.

At a certain moment,

(i) the temperature and pressure gradients in the radial and axial direc-
tions inside the reactor are ignored, and a uniform temperature and
pressure throughout the reactor are assumed;

(i) a high flow rate for the heat transfer fluid is imposed on the outer
jacket of the reactor, and the reactor is located in a uniform temper-
ature environment;

(iii) identical temperatures are assumed for the gas and solid in the re-
actor, and this temperature is adopted to represent the overall tem-
perature of the reactor.

3.1. Global advancement modeling

The rate of global advancement, which represents the mass transfer
with regard to the evolution of the reaction, is generally described as
follows [17,26]:
ax()
TR ®
where f(X) represents the influence of the current state of advancement
on the reaction rate, and K(P,,T,.) describes the dependency of the re-
action rate on the pressure and temperature deviations of the reactor
from the equilibrium conditions [17].

The expression [1 — X()]Y™) is normally adopted for f(X) to de-
scribe the effect of a change in the reacting surface area on the sorp-
tion [27], where M and N refer to the kinetic coefficients related to
the modeling of the adsorption and desorption, respectively. On the
other hand, the following equations have been developed to represent
K(P,,T;) considering Arrhenius’ law for solid-gas sorption [16]:

FX) - K(Pr» Tye)

E, Pre=Peq (mg Tre)
arg-exp(gg ) - (gl )
K(P..T.)= 9
(PresTre) ) b [ Palme) e ©)
Tde " exp(_ RT;e ) ' ch(mg'Trc)

where Ar and E represent the Arrhenius coefficient and activation en-
ergy, respectively.

As discussed in Section 2.2.2, during the reaction, a gas transfer
between the buffer tank and reactor is induced by a differential pres-
sure. The movement of gas molecules between the adsorption and gas
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phases is driven by deviations from the equilibrium condition. These
processes continuously and simultaneously affect the progress of the re-
action. To integrate these dynamic elements into the modeling design,
in this study, an equivalent adsorbate mass that represented the aver-
age gas mass participating in the reaction in a certain period of time was
proposed and defined as follows:

Mgy (1) = My (1) + mpe (1) + my (£ — 1) (10)
The equivalent gas transfer between the buffer tank and reactor,
Mye, is represented using a linear relationship:
o {jl(Pre(t = 1) = Pyt = 1)) + g3 if Pt —1)> Pyt = 1)
Mpett) =19 L
T s (Reelt = D= Pt = 1)) s if Pt =1) < Pyt = 1)
11

In Eq. (11), the equivalent pressure of the buffer tank under temper-
ature T, is found as follows:

Y
Pote :Pbt<T—>

re

12)

where y refers to the specific heat ratio of the adsorbate.
On the other hand, the equivalent gas transfer between the adsorp-

tion phase and gaseous phase, m,,, is shown in the following form:

ki (Pe(t = 1) = Pt = 1)) + kp; if Pt =1)> Pt = 1) i
1) =
et k3 (Pog(t = 1) = Pt = 1)) + kg3 if Po(t—1) < Pyt — 1) )

In Egs. (11) and (13), coefficients j; to j, and k; to k; need to be
identified by calibrating the model using experimental results.

The duration of the system operation is divided into multiple equal
time segments. For each time segment, the equilibrium pressure rep-
resented by Eq. (1) is calculated using the equivalent adsorbate mass
obtained by Eq. (10). On the other hand, the equivalent pressure in the
reactor under m,, is evaluated using the following equation:

(mep(t) — Wyq (teq) X (& = 1)) RT (8 — 1)
(Vre - VS)

P,

ot (14)
Peq and P are compared in each time segment to determine the trend
of the reaction.

3.2. Temperature modeling

In the adsorption process, the heat released from the reaction is dif-
fused into the HTF and absorbed by the adsorbent and adsorbate in the
reactor. During the desorption process, the heat input from the HTF
is absorbed by the reaction and transferred to the adsorbate and adsor-
bent. Based on the thermal balance, the dynamic variation of the reactor
temperature can be modeled as follows:

For adsorption,

(Comy + Capma (1) + Cogtgg(0) T2 + Coy Amy (1) (Tt = 1) = Ty (2 = 1)

= 0(0) = hA(T,e(t = 1) = Tyrp(t = 1))

15)
where
{Amg(t) = my(1) — my(t — 1) 16
O(1) = = (wyg(1) — wyg(t = D)(AH () + AH (1 — 1))/2/n,

and for desorption,

dT..(1)

(CsmS + T

CypMgy(1) + Cyq Wiy (1))

=0 + hA(Tye(t = 1) = T, .t = 1))
(17)

In Egs. (15) to (17), Cq, Cgp, and C,q refer to the specific heat capac-
ities of the solid adsorbent, and the adsorbate in the form of the gas and
adsorption phases, respectively; m; and mg, refer to the masses of the
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Fig. 8. Optimal identification framework.

adsorbent and gas-phase adsorbate in the reactor, respectively; Q refers
to the heat of the reaction; h and A refer to the heat transfer coefficient
and heat transfer area between the reactor and HTF, respectively; Ty
refers to the temperature of the heat transfer fluid; and ng refers to the
number of moles of adsorbate.

4. Optimization framework

To identify the dynamic characteristics of the solid-gas sorption pro-
cess, as shown in Fig. 8, an intelligent optimization framework based
on an MGA was established. Compared to a standard genetic algorithm,
an MGA involves multiple populations that can use different evolution
parameters. This can help avoid premature convergence and enhance
the ability to search for optimal solutions [28,29]. Potential combina-
tions of modeling coefficients are evolved and produced with the gen-
eration according to their fitness degree and using natural genetics. On
the other hand, artificial criteria were designed and incorporated into
the framework to monitor the alternating gas uptake and release dur-
ing the reaction, while also ensuring that the equivalent mass remained
within a reasonable value range.

The fitness function of the framework was composed of three parts.
Referring to Egs. (18)—(21), Part I was formed by the sum of punishment
elements, F;, which were produced by the inconsistent direction of the
gas transfer between the gas and adsorption phases obtained from the
simulation and direct measurement; Part Il was the sum of punishment
elements, F,, which arose when the simulated equivalent gas mass ex-
ceeded a reasonable range; and Part III was defined using the sum of the
absolute values of the errors between the measured operating data and
simulated results.

Fitness = Fitness|; + Fitness|y + Fitness|y (18)
NS

Fitness|; = Z (Fi() 19)
i=1
NS

Fitness|; = Z (Fz(i)) (20

t=1

[Xgm (@) = X ()]
max (X (i)

\erm(i) - ers(i)~
max (X rp (i)

[T (@) = Tins )]
max (Tpys(1))

Xr

> @2n
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where NS refers to the total number of time segments, i; X,,, Xrsm, and
T, refer to the simulated global advancement, reaction rate, and tem-
perature of the reactor, respectively; and X, Xr, and T, refer to the
corresponding measured data. Wy, Wy,, and W refer to the weighting
coefficients of the global advancement, reaction rate, and temperature
of the reactor, respectively.

The logical procedure of the criteria flowchart shown in Fig. 9 is
conducted in each time segment. In Loop A, a positive measured reaction
rate reveals that the system is undergoing an adsorption process. In this
context, the equilibrium pressure calculated using m,, should be lower
than the equivalent pressure calculated by Eq. (14). In contrast, if a
negative reaction rate is measured, a desorption process proceeds, and
the equilibrium pressure is higher than the equivalent pressure in the
reactor. The inconsistency of the gas uptake or release judged by the
measured reaction rate and a comparison of P.q and P will activate
F;. In Loop B, the gas mass in the buffer tank (my,) and mass of the gas
phase (mgp) and adsorption phase (w,q) in the reactor are combined to
impose reasonable limitations for m,; in segment i. Any simulated mg
beyond these ranges will be deemed as irrational, and punishment value

F, will be added to the fitness function.

5. Results and discussion

To identify the coefficients associated with the dynamic modeling,
the measured data and simulation results were compared in relation to
the global advancement, reaction rate, and temperature of the reactor.
The empirical parameters related to the monotonical variation of the
thermal effects were obtained first. The data provided in Table 3 were
used to fit Egs. (4) and (5), and the results are given in Table 4. In the
current study, the dynamic behavior of the test system in the 40 bar
case was adopted and evaluated to conduct the calibration work. The
alternating gas uptake and release in this case (shown in Fig. 5) could
assist in the simultaneous identification of the adsorption and desorp-
tion performances using one set of operation data. To increase the ac-
curacy of the calibration, the coefficients related to the mass transport
and heat transfer were separately identified using the designed opti-
mization framework shown in Fig. 8. The main parameters related to
the MGA were set as follows: the dimensions of the variables were 14
and 2 for the global advancement modeling and temperature modeling,
respectively; the population number was 10; and the individual number
in each population was 20. The densities of the gas in the buffer tank
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Fig. 10. Fitting results of modeling identification.

and reactor for the simulation were calculated by REFPROP [30], and
the coding of the optimization framework was compiled in the MATLAB
environment.

The results of the identification and quantification are provided in
Fig. 10 and Table 5, respectively. Good consistency between the test
and simulation results was obtained. The coefficients of determination
when fitting the global advancement, reaction rate, and temperature of
the reactor were 0.989, 0.996, and 0.989, respectively. In relation to the
mass kinetics, the alternating processes of gas uptake and release were
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followed accurately. On the other hand, a relatively large deviation in
the temperature simulation can be observed in Part A of Fig. 10. This
was mainly attributed to the thermal inertia of the system: the reactor
was continuously heated during the desorption process by the thermal
energy discharged by the previous adsorption processes. The coefficients
listed in Table 5 represent the equivalent characteristics of the system,
which were difficult to measure. These validate the ability of the pro-
posed framework to determine unrevealed key parameters associated
with materials and systems.
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Table 4

Parameters of the thermal effects (gas input > 3.42 g).
Number Parameters Value
1 ¢ -2.27x1074
2 Cy 6.53x1073
3 c3 -3.15x102
4 ¢ 5.72x10"!
5 cs —23.09
6 C6 -20.77
7 ¢, -7.47
8 cg 8.78
9 co 0.44
10 0 1.28x10~*
11 11 4.72x1073
12 12 —2.95x10"2
13 13 2.03
14 14 168.25

Table 5

Quantification of the modeling coefficients.
Number Coefficient Search range Value
1 M 0-5 0.39
2 N 0-5 0.18
3 Aryg 1) 0-3 1.97
4 Arg, (s71) 0-3 2.94
5 E,4 (kJ-mol1) 1-3 2.39
6 Ege (kJmol™1) 1-3 1.56
7 i -1-0 -0.95
8 Jo -1-2 -0.14
9 J3 0-1 0.17
10 Ja -3-1 -2.18
11 Ky -1-0 -0.14
12 ks -1-5 3.47
13 ks 0-2 1.11
14 ky -2-1 -0.61
15 h (kW-m=2K™1) 0-1 0.024
16 C,q (kJkg™13K-1) 0-10 2.116

6. Conclusions

This paper proposed an intelligent optimization framework to iden-
tify the nonlinear dynamic behavior of a solid-gas sorption system. A
lab-scale test rig using activated carbon and carbon dioxide as a work-
ing pair was established, and experiments were carried out to investigate
the thermal effects of the reaction and dynamic characteristics during
the system operation. The changes in the enthalpy and entropy during
the physical sorption under different gas mass inputs and uptakes were
studied and modeled. In addition, adsorption and desorption tests were
conducted to analyze how changes in the gaseous environment influ-
enced the reaction processes. Based on the test results, a dynamic model
of the solid-gas sorption system was developed in relation to the global
advancement, reaction rate, and reactor temperature. The dynamic fac-
tors that influenced the system performance were fully considered in the
modeling to facilitate its utilization to solve real engineering problems.
To provide an effective method for identifying the modeling coefficients,
an optimization framework based on an MGA was developed. Addition-
ally, artificial criteria for tracking the alternating gas uptake and release
accompanying the system operation and assisting in the evaluation of
the equivalent adsorbate acting during the reaction were integrated into
the framework. This further enhanced the optimization ability of the
platform, and the identified coefficients were guaranteed to fall within
reasonable physical ranges.

To validate the effectiveness of the proposed framework, the simu-
lation results were fitted against the experimental data. The calibration
results showed that the proposed modeling could reflect the real perfor-
mance of the solid-gas sorption process under a changing gaseous envi-
ronment. On the other hand, the developed intelligent platform could
efficiently identify modeling coefficients with a low computation cost
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(only a small population number and individual number were required).
The alternating adsorption and desorption caused by the variation of the
thermal effect and changes in the pressure and temperature of the re-
actor were accurately tracked. Taking the 40 bar case as an example,
good agreement of the calibration work was achieved. The coefficients
of determination of the modeling replication were 0.989, 0.996, and
0.989 for the global advancement, reaction rate, and temperature, re-
spectively. The population number and corresponding individual num-
ber of the MGA were 10 and 20, respectively. The time required to ob-
tain results was less than 3 min (PC: CPU 2.00 GHz, RAM 16 GB), which
is acceptable for a real-time identification platform for system opera-
tion. Furthermore, the identification results verified that the proposed
framework could be utilized as a tool to quantify the unrevealed key
parameters related to the material characteristics. For example, the spe-
cific capacity heat of the adsorption phase was quantified as C,q =2.116
kJkg=1-K~1, which could be used to characterize the degree of physical
sorption by comparing the heat capacity of the single solid adsorbent
(0.84 kJ')kg~1-K~1) or gas adsorbate (0.849 kJ’kg~1-K~1).

Overall, this study provided an effective dynamic modeling frame-
work for the optimal design and operation of solid-gas sorption systems
to help improve energy efficiency and reduce design and operation costs.
The proposed intelligent identification method could also contribute to
uncovering the key characteristics and operation law of solid-gas sorp-
tion at the microscopic level, leading to innovation in the selection of
the materials and design of a reactor.

7. Prospective

Based on the current state of research progress, future studies aimed
at the further improvement and application of the dynamic modeling
framework for solid-gas sorption are summarized as follows.

(1) The gas discharge from the reactor through the open outlet needs to
be integrated into the desorption modeling to demonstrate the sys-
tem performance in real-world application scenarios. Furthermore,
thermal inertia needs to be considered in the temperature modeling
to increase the fitting accuracy.

With the improvement of the modeling maturity and accuracy, the
thermal effects under conditions with low gas inputs (e.g., <3.42 g
in Table 3) need to be identified to reveal the filling structure of the
adsorbent particles and the gas passages formed inside the reactor.

The system behaviors under different gas input scenarios need to be
identified simultaneously to obtain a set of equivalent coefficients
that can represent the overall characteristics of the system. Then,
the system performance under an intermittent energy input and a
fluctuating energy output can be predicted to assist in developing
an optimal design plan and control strategy for the system.

(2)

3
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