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Direct air capture (DAC) is a critical technology for mitigating climate change. However, the high heat 
consumption of temperature vacuum swing adsorption (TVSA)-based DAC processes hinders its widespread 
deployment. This study focuses on developing a control strategy to optimize the energy efficiency of the TVSA 
heating phase. A novel adsorbent temperature estimation method, validated through experimental data, was 
integrated into a cascaded PI controller with a fuzzy gain scheduler (FGS). Experimental results demonstrate that 
the proposed control strategy effectively regulates the heating process, achieving a potential energy saving of up 
to 14%. This work contributes to enhancing the feasibility and sustainability of DAC technologies.

1. Introduction

The growing interest in carbon capture, utilization, and storage 
(CCUS) technologies is motivated by the urgent need for cost-effective 
methods to address global climate challenges by lowering atmospheric 
carbon dioxide (CO2) levels. One promising approach is Direct air cap-

ture (DAC) technology which is a method of capturing and concentrating 
CO2 from ambient air for storage or utilization. Integrating DAC systems 
into buildings thus creating the possibility of transforming buildings 
into carbon sinks by permanently storing captured CO2. Additionally 
CO2-lean air supplied to the building can be used to decrease the HVAC 
energy consumption by decreasing the supplied volume flow of fresh air 
and adjusting the re-circulation ratio.

Several techniques are used for DAC; for instance, Parvazinia et al. 
(2018) used amine-functionalized adsorbent as the active material for 
capture, and Keith et al. (2018), An et al. (2022) employed aqueous 
alkaline solvent. The recovery of CO2 from capture media is achievable 
by applying heat into the process. The amount of heat needed often 
becomes the dominating factor when evaluating the energy requirement 
of various DAC processes (House et al., 2011; Baciocchi et al., 2006).

Temperature vacuum swing adsorption (TVSA) is a cyclic process 
for DAC where heating plays an important phase in the recovery of the 
captured CO2. TVSA belongs to a class of DAC techniques called low-

temperature solid sorbent systems (LTSS). The National Academies of 
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Sciences Engineering Medicine (2019) reports that the thermal require-

ment for LTSS is in the range of 0.944 to 1.333 MWhth/t CO2 and an 
electric demand of 0.156 to 0.315 MWhel/t CO2 in the mid-range (2-4) 
of their 1-5 (best/worst) scenario scale for solid sorbent DAC. Never-

theless their worst scenario states 1.05 MWhel/t CO2 and 5.36 MWhth/t 
CO2.

In contrast, Stampi-Bombelli et al. (2020) reports that for steam-

assisted temperature–vacuum swing adsorption (S-TVSA) systems, the 
electrical demand around 0.047 to 0.093 MWhel/t CO2 and 3.333 to 
16.667 MWhth/t CO2 of thermal energy in their simulations, depending 
on factors such as production rate, desorption pressure, and the amount 
of steam used.

Therefore significant savings can be made if the thermal or heat re-

quirement is minimized for any LTSS process. By analyzing the open 
loop TVSA process conditions such as feed flow rate, purge to feed ratio, 
vacuum level, time of recycle step, etc., have shown that more optimized 
CO2 removal processes can be achieved, Jiang et al. (2020) and Lai et 
al. (2021).

Even though different DAC processes have gained noticeable atten-

tion, the closed-loop process control has not been given adequate consid-

eration, which is the motivation for this work. By controlling the TVSA 
process and the cycles between different process phases, more energy-

efficient DAC systems can be achieved especially when the DAC device 
is installed in a building.
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1.1. Control strategies and modeling

This paper examines the DAC system by focusing on modeling and 
control of its heating phase and proposes an additional heat circulation 
phase to decrease thermal energy input to the system per cycle. The pro-

posed step allows the DAC system to recycle the thermal energy from 
one bed to another thus effectively lowering the specific energy require-

ment of the process. This is especially relevant in a building environment 
where usable waste heat is usually limited. To our knowledge there is 
no comparable work available focusing on the control of Direct Air Cap-

ture processes with solid adsorbent, whereas research on control of CO2

capture systems has focused on systems for other sources of CO2, for ex-

ample, post-combustion capture systems by Wu et al. (2020), Wu et al. 
(2018), Gutierrez-Ortega et al. (2023) with different capture principles 
and methodologies.

The choice of control strategy is guided by the necessity for straight-

forward yet efficient control laws for these systems, which can be ad-

justed and implemented in the field without an in-depth understanding 
of control engineering. These strategies also consider the varying en-

vironmental conditions of the installation site. Given that adsorbent 
heating is a relatively predictable process, PI-like control methods are 
often as effective as more complex strategies such as optimal or intelli-

gent control methods, assuming there is a well-designed and well-tuned 
virtual sensor providing a stable and accurate estimate for the controller. 
While more advanced methods offer designers more detailed influence 
over the MIMO system’s behavior, this aspect is not addressed in this 
paper.

Salvinder et al. (2019) have collected comprehensive collection 
of different control strategies around Proportional–integral–derivative 
controller (PID) and Model Predictive Control (MPC) aspects for carbon 
capture systems mainly focusing on capture from flue gases. In Chen 
et al. (2019) simple PID control laws are evaluated in process control 
in solvent-based Post-Combustion Capture (PCC) systems with different 
control variables and their effect on system response. Modeling and con-

trol parts of DAC or PCC Cao (2021) presents the possibilities of neural 
networks for carbon capture processes, these could have a major impact 
on the control of more complex process parts like product gas treat-

ment/drying in varying conditions.

In this paper, we propose a cascaded PID-type control law to man-

age the heating phase of the temperature vacuum swing adsorption 
(TVSA) process, using the sorbent’s average temperature estimate for 
feedback. The main focus of this paper is on controlling the heating of 
the sorbent to reach the regeneration temperature and managing the 
transition from the circulation phase to the heating phase in the DAC 
system. The proposed control law based on system modeling aims to 
regulate the process more efficiently to achieve energy savings, when 
the inner PI-control loop is designed to regulate the thermal energy stor-

age (TES), while the outer control loop employs a fuzzy gain scheduler 
(FGS)-based PI-control for regulating the sorbent temperature. There-

fore, experimental validation focuses on both the dynamic properties of 
the controller and the comparison of energy consumption under differ-

ent strategies.

The contents of the paper are organized as follows: Section 2 fo-

cuses on the modeling of the DAC process (adsorbent heating dynamics) 
by applying lumped analysis with a discrete node-based approach with 
an introduction to the virtual sensor of adsorbent temperature. Sec-

tion 3 introduces the control approach derived for the system. After 
that, in Section 4 the experimental results are presented, emphasizing 
the performance evaluation of the proposed control and virtual sensor, 
alongside an analysis of energy consumption. Finally Section 5 presents 
the conclusions of this work.

2. Heating and circulation process

A simplified process diagram of the system is found in Fig. 1. There 
are three different process loops in the system. The cartridges being 

heated are connected to the heating loop (red), and the cartridges being 
cooled are connected to the cooling loop (blue). Heat is transferred from 
the hot to cold cartridges using the circulation loop (shown in green). 
For heating the cartridges, thermal energy storage (TES) is used with 
an electric heater element, whereas for cooling cartridges a radiator is 
used to dissipate heat during the cooling phase. A vacuum pump is used 
to bring the DAC chamber to the desorption pressure before the heat-

ing/circulation phase begins. A more detailed view of the experimental 
system is presented in the supplementary material.

2.1. Modeling of cartridge dynamics

A DAC unit is composed of cartridges filled with adsorbent and en-

closed inside a chamber capable of reaching the desired vacuum level 
for the temperature vacuum swing adsorption (TVSA) process. Each car-

tridge consists of a cylindrical basket filled with sorbent and a helical 
pipe embedded in the middle of the bed. This pipe acts as a heat ex-

changer for heating and cooling the sorbent, depending on the state of 
the TVSA cycle. In this paper, the modeling focus is on the thermal dy-

namics of the cartridges. Dimensionless parameters in per-unit (pu) are 
utilized for developing the models and control laws. For example, the 
target sorbent temperature of the process is set at 1 pu.

The effectiveness of lumped analysis is often limited by the hetero-

geneity (non-uniformity) of the system being modeled. This can lead to 
significant temperature gradients within the system, compromising the 
accuracy of the analysis. To address this limitation and improve flexibil-

ity of model, the cartridge can be divided into separate nodes, as shown 
in Fig. 2. A similar discrete node-based approach has been used by Nash 
et al. (2017), Bastida et al. (2019), and Bird and Jain (2020) for TES 
modeling.

Heating of the TES is done by a submerged electric resistance heating 
element. The average heating power is controlled by a PI controller with 
a Programmable Logic Controller (PLC). The control principle involves 
varying the duty cycle, i.e., the duration when the heater is on and off 
within a five-second interval. The heater element is driven by a solid-

state contactor with voltage zero-cross switching.

In this paper, the distances or dimensions of the nodes are divided 
equally along the cartridge and each node is assumed to have unique 
dynamics. The cartridge is modeled using single, three, and ten-node 
models. The dynamical modeling of the cartridge assumes a closed sys-

tem for the sorbent and an open system for the heat transfer liquids, 
with a fully developed flow at a steady state.

Each node is divided by the helical pipe-shaped heat exchanger, 
which separates the sorbent mass into inner and outer regions. The 
modes of heat transfer methods (i.e., convection, conduction, and ra-

diation) relevant to one node are shown in Fig. 2. Each node has its loss 
components and can exchange heat with adjacent nodes either through 
the sorbent masses or via the helical heat exchanger.

The direction of the heat-transfer fluid flow is illustrated in Fig. 2, 
moving from bottom to top (from node 𝑗 +1 to 1). Heat transfer within 
the sorbent mass is assumed to be purely conductive, due to the low 
porosity of the sorbent bed caused by packing procedure of cartridge and 
sorbent particle size distribution, with assumption of uniform tempera-

ture of adsorbent, when small volume of adsorbent bed is considered. 
Additionally, the thermal capacitance of the coil heat exchanger is ne-

glected as the exchanger is treated solely as a boundary layer for heat 
transfer from the flowing liquid to the sorbent mass.

Ultimately, the primary objective of the model is monitoring the tem-

peratures of inner (𝑇𝑗,𝑖𝑛) and outer (𝑇𝑗,𝑜𝑢𝑡) sorbent masses, and the liquid 
within the pipe heat exchanger for each node (𝑇 c𝑗 ). Each node is mod-

eled using three ordinary differential equations (ODEs) that describe the 
dynamics of nodes, based on the point of interest in the modeling per-

spective.
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Fig. 1. Generalized process diagram of the circulation and heating system. The abbreviations are as follows: RV stands for relief valve, P for pump, RD for radiator, 
VP for vacuum pump, ET for expansion vessel, and TES for thermal energy storage.

2.2. Single node dynamics

Following the dynamics illustrated in Fig. 2, the first governing equa-

tion representing the liquid temperature 𝑇 c𝑗 in the pipe heat exchanger 
at a certain node 𝑗.

d𝑇 c𝑗

dt
=

𝑄̇𝑗,w,in − 𝑄̇𝑗,w,out − 𝑄̇𝑗,ws,in − 𝑄̇𝑗,ws,out

𝑚𝑗,w𝑐w

, (1)

where 𝑄̇𝑗,w,in and 𝑄̇𝑗,w,out represent the heat transfer rates into and out 
of the node in the heat exchanger, respectively. The terms 𝑄̇𝑗,ws,in and 
𝑄̇𝑗,ws,out denote the heat flow from the exchanger to the inner and outer 
sorbent masses, respectively. Additionally, 𝑚𝑗,w represents the mass of 
the liquid in the node, and 𝑐w is the specific heat of the liquid. The 
subsequent equations (2) and (3) are derived based on Fig. 2 to describe 
the dynamics of the inner and outer sorbent masses. To represent the 
temperature of the outer sorbent mass 𝑇𝑗,out, the following equation is 
derived,

d𝑇𝑗,out

dt
=

𝑄̇𝑗,ws,out + 𝑄̇𝑗+1,out − 𝑄̇𝑗−1,out − 𝑄̇𝑗,loss,out + 𝑄̇𝑗,cross

𝑚𝑗,s,out𝑐s

, (2)

where 𝑄̇𝑗+1,out represents the heat transfer to the node from the node 
below, and 𝑄̇𝑗−1,out represents the heat transfer to the node above. The 
term 𝑄̇𝑗,loss,out denotes the heat loss from the outer sorbent mass to the 
ambient, and 𝑄̇𝑗,cross represents the mutual heat transfer between the 
inner and outer sorbent masses. Additionally, 𝑚𝑗,s,out is the mass of the 
outer sorbent, and 𝑐s is the specific heat of the sorbent. Similarly, the 
expression for the temperature of the inner sorbent mass 𝑇𝑗,in is derived 
and expressed as follows,

d𝑇𝑗,in

dt
=

𝑄̇𝑗,ws,in + 𝑄̇𝑗+1,in − 𝑄̇𝑗−1,in − 𝑄̇𝑗,loss,in − 𝑄̇𝑗,cross

𝑚𝑗,s,in𝑐s

. (3)

where 𝑚𝑗,s,in is the inner sorbent mass. The derived equations illustrate 
the dynamics of the cartridge’s heating state, specifically when heat is 
supplied to the sorbent. To proceed with the modeling, the next step is 
to discuss the additional dynamics for the chamber.

2.3. Additional dynamics

The proposed control approach is intended for use in actual indus-

trial DAC products. However, the experimental test environment used 
in this paper is relatively small compared to a full-scale DAC system, ne-

cessitating the inclusion of additional dynamics in the system modeling. 
These dynamics are experimentally determined and added to the pro-

posed virtual sensor discussed in the next section so that the state space 
model can also take into account the temperature of the chamber wall.

To identify the chamber wall temperature dynamics a step response 
is measured from the experimental system, with the temperature sensor 
encapsulated to the chamber wall, when hot water at the temperature 
of 1 pu is allowed to flow through the cartridge at 1 pu nominal flow. 
The identified model is based on a second-order system presented in a 
standard form

𝐺̂ch(𝑠) =
𝑏̂0

𝑠2 + 𝑎̂1𝑠+ 𝑎̂0
. (4)

A second-order model was chosen for identification due to its represen-

tation of a damped response with an initial lag and solely by desire to 
keep the additional dynamics as simple as possible. The model fitting 
is performed using the method of moments (MOM) approach for the 
transfer function model, as reported in Lindh and Nevaranta (2020).

The results for the system studied in this paper are shown in Fig. 3, 
indicating that the selected model structure represents the dynamical 
behavior of the chamber (dashed line) and is in a good agreement with 
the measured step response (red line) and the differentiated impulse 
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Fig. 2. The cartridge is divided into smaller nodes, with a single node illustrated 
by the heat flow terms through its boundaries. Heat is applied through the coil 
to both the inner and outer sorbent masses.

response. Although the identified model does not perfectly describe the 
behavior, the obtained precision is acceptable due to the much slower 
dynamics compared to the cartridge model, and its lesser impact on the 
overall system behavior.

In addition, the cartridges experience heat loss through its supports 
inside the chamber. These dynamics are discussed further in Section 4. 
With the identified additional dynamics and the derived node-based 
differential equations (1) - (3) a multiple-input and multiple-output 
(MIMO) state-space model can be developed for the three-node system.

Fig. 4 shows the derived node model with and without additional 
dynamics and the averaged temperature measurements from the testing 
environment. The model without the added dynamics fails to capture 
the slow temperature increase observed after 100 minutes, which is due 
to the warming up of the chamber itself, leading to a steady-state er-

ror between the model and the measurements. This result indicates that 
with the proposed model to represent the additional dynamics, the sim-

ulation model is in good agreement with the experimental system and 
indicates that with a mathematical model with reasonable accuracy, the 
model-based estimation of the sorbent temperature can be achieved.

It is important to note that in a larger DAC unit, this phenomenon 
will have a lesser impact due to the significantly larger amount of sor-

bent compared to the chamber’s building material. Meaning that these 
dynamics are less likely to significantly affect estimator performance in 

larger industrial-scale DAC systems, though they are considered in the 
case studied in this paper.

To compare the testing environment with industrial-sized devices, 
the thermal masses of the adsorbent and the chamber are calculated, 
assuming uniform material composition and averaging over the tem-

perature range. For the testing environment, the ratio of thermal mass 
between the adsorbent and the chamber material is 0.58, whereas, for an 
industrial-sized DAC chamber, the ratio is 2.1, leading to the assumption 
that the effect of chamber dynamics is lesser in industrial-sized device.

2.4. Three node model of the cartridge

The previous modeling equations (1)–(3) apply to a single-node sys-

tem. However, in this paper, the lumped model of the cartridge is 
expanded to a three-node representation and later on to a ten-node rep-

resentation for simulation purposes, incorporating additional chamber 
dynamics. For the sake of clarity, the derivation of the model param-

eters related to the equations presented in this section is discussed in 
more detail in supplementary material.

It is important to note that terms in the equations that do not phys-

ically exist are neglected. For example, the bottom-most node will not 
exchange heat with a node below it. In the model, the liquid flow is 
considered to move from the coil in the bottom node towards the upper 
nodes (as illustrated in Fig. 2). The expanded set of differential equa-

tions for each node is as follows,

d𝑇 c𝑗

dt
=

𝐶w,c(𝑇 c𝑗 − 𝑇 c𝑗+1) −𝐶w,c(𝑇 c𝑗−1 − 𝑇 c𝑗 ) −
𝑇𝑗,in−𝑇 c𝑗

𝑅𝑖𝑛
− 𝑇𝑗,out−𝑇 c𝑗

𝑅out

𝑚𝑗,w𝑐w

,

d𝑇𝑗,out

dt
=

𝑇𝑗,out−𝑇 c𝑗

𝑅out
− 𝜅out(𝑇𝑗+1,out − 𝑇𝑗,out) + 𝜅out(𝑇𝑗,out − 𝑇𝑗−1,out)

𝑚𝑗,s,out𝑐s

−

(
𝛿conv,out

(
𝑇ch − 𝑇𝑗,out

)
+ 𝛿rad,out

(
𝑇 4
𝑗,ou

− 𝑇 4
ch

))
𝛾loss,cor,out

𝑚𝑗,s,out𝑐s

+
𝜅cc(𝑇𝑗,in − 𝑇𝑗,out)

𝑚𝑗,s,out𝑐s

,

(5)

d𝑇𝑗,in

dt
=

𝑇𝑗,in−𝑇 c𝑗

𝑅in
− 𝜅in(𝑇𝑗+1,in − 𝑇𝑗,in) + 𝜅in(𝑇𝑗,in − 𝑇𝑗−1,in)

𝑚𝑗,s,in𝑐s

+
−𝛿cond,in

(
𝑇𝑗,in − 𝑇ch

)
𝛾loss,cor,in − 𝜅cc(𝑇𝑗,in − 𝑇𝑗,out)
𝑚𝑗,s,in𝑐s

.

Where the parameter 𝐶w,c = 𝑐c,w𝑚̇c,w with 𝑚̇c,w representing the mass 
flow of water in coil. Given the uncertainties and unknown phenomena 
affecting the dynamics, correction terms 𝛾s, cor, 𝛾loss,in,cor and 𝛾loss,out,cor

are introduced into the sorbent’s thermal conductivity and the loss com-

ponents for the inner and outer surfaces. The parameters 𝜅in, and 𝜅out

represent the physical properties of the system (further detailed in the 
supplementary material).

By combining the node models described in (5) with the derived 
additional dynamics, a state-space representation of the system can be 
formulated. The three-node model is represented as a composition of 
matrices A, B, C, and D, as illustrated in.

𝑆𝑦𝑠 =
𝐀 𝐁
𝐂 𝐃

The description of state variables, inputs, and outputs are included 
on the outer edges of the matrix composition for the reader’s conve-

nience. For clarity, the matrix cells are shown as coefficients (e.g., 𝐴1,1
and 𝐵2,2) in the system representation provided in the next equation 
(6).
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Fig. 3. a) Measured and the identified responses of chamber dynamics and b) differentiated impulse response from the measured step response, compared to the 
model response.

Fig. 4. Averaged measurements and simulated responses of the chamber: with 
additional dynamics (Model) and without additional dynamics (Model NAD).

𝑆𝑦𝑠 =

𝐴1,1 𝐴1,2 𝐴1,3 𝐴1,4 0 0 0 0 0 0 0 0 0 𝑇 𝑐1
𝐴2,1 𝐴2,2 𝐴2,3 0 𝐴2,5 0 0 0 0 0 𝐴2,11 0 𝐵2,2 𝑇1,out

𝐴3,1 𝐴3,2 𝐴3,3 0 0 𝐴3,6 0 0 0 0 𝐴3,11 0 𝐵2,3 𝑇1,in

𝐴4,1 0 0 𝐴4,4 𝐴4,5 𝐴4,6 𝐴4,7 0 0 0 0 0 0 𝑇 𝑐2
0 𝐴5,2 0 𝐴5,4 𝐴5,5 𝐴5,6 0 𝐴5,8 0 0 𝐴5,11 0 𝐵2,5 𝑇2,out

0 0 𝐴6,3 𝐴6,4 𝐴6,5 𝐴6,6 0 0 𝐴6,9 0 𝐴6,11 0 𝐵2,6 𝑇2,in

0 0 0 𝐴7,4 0 0 𝐴7,7 𝐴7,8 𝐴7,9 0 0 𝐵1,7 0 𝑇 𝑐3

0 0 0 0 𝐴8,5 0 𝐴8,7 𝐴8,8 𝐴8,9 0 𝐴8,11 0 𝐵2,8 𝑇3,out

0 0 0 0 0 𝐴9,6 𝐴9,7 𝐴9,8 𝐴9,9 0 𝐴9,11 0 𝐵2,9 𝑇3,in

0 0 0 0 0 0 0 0 0 𝐴10,10 𝐴10,11 𝐵1,10 𝐵2,10 𝑇̇ch
0 0 0 0 0 0 0 0 0 1 0 0 0 𝑇ch

1 0 0 0 0 0 0 0 0 0 0 0 0 𝑇 𝑐1
0 0 0 0 0 0 0 0 0 0 1 0 1 𝑇ch

𝑇 𝑐1 𝑇1,out 𝑇1,in 𝑇 𝑐2 𝑇2,out 𝑇2,in 𝑇 𝑐3 𝑇3,out 𝑇3,in 𝑇̇ch 𝑇ch 𝑇 𝑐in 𝑇amb

(6)

This three-node model represents our system model for a single 
chamber. At this stage, it is important to note that, for validating the 

experimental system dynamics discussed in Section 4, a 10-node model 
is also used in the simulations. This model is designed to represent and 
validate the dynamics of a special chamber equipped with a measuring 
rod that includes 10 separate PT 100 sensors. The 10-node model is con-

structed using the same lumped modeling approach as the three-node 
model, by connecting the individual node models.

2.5. Sorbent average temperature estimation

In an industrial-scale DAC system, harsh operating conditions (e.g., 
high humidity and acidic environments) limit the feasibility of integrat-

ing physical temperature sensors directly into the cartridge or adsorbent, 
along with the costly vacuum feed-through required for instrumentation 
cabling. The lack of direct measurements limits the precise regulation 
of the heating process to maintain the desired operating temperature.

To address this issue, we propose a virtual sensor in the form of a 
linear state estimator to estimate the average temperature of the sorbent 
inside the cartridge. The system model used for designing the estimator 
is linearized around an operating temperature of 0.25 pu. An accurate 
estimate is critical around this temperature range, as a robust estimate 
is essential for the state change algorithm.

The considered model is an approximation of the cartridge repre-

sented by a single node, due to straightforward implementation and the 
ability to adjust the estimator accordingly with correction coefficients of 
the model itself. Additionally, to account for the effect of the chamber 
temperature 𝑇ch, an extra state is augmented into the cartridge state-

space model, as presented in (4). Consequently, the 1-node estimator is 
developed into a linear state-space model with a state vector that in-

cludes.

𝐱 =
[
𝑇 𝑐1 𝑇1,out 𝑇1,in 𝑇̇ch 𝑇ch

]𝖳
, (7)

with following input 𝐮 and output 𝐲 vectors,

𝐮 =
[
𝑇 𝑐in 𝑇amb

]𝖳
, (8)

𝐲 =
[
𝑇 𝑐out 𝑇ch

]𝖳
. (9)
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Fig. 5. Generalized block diagram showing the virtual sensor’s connection to the chamber of the DAC system, with the main variables presented.

Where 𝑇amb is the ambient temperature. When the 1-node cartridge 
model is combined with the chamber dynamics model, the continuous-

time state-space representation used for the estimator design is obtained 
as follows,

𝐱̇ =

⎡⎢⎢⎢⎢⎢⎣

𝐴11 𝐴12 𝐴13 0 0
𝐴21 𝐴22 𝐴23 0 𝐴25
𝐴31 𝐴32 𝐴33 0 𝐴35
0 0 0 𝐴44 𝐴45
0 0 0 1 0

⎤⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎣

𝑇 𝑐1
𝑇1,out

𝑇1,in
𝑇̇ch

𝑇ch

⎤⎥⎥⎥⎥⎥⎦
+

⎡⎢⎢⎢⎢⎢⎣

𝐵11 0
0 𝐵22
0 𝐵32

𝐵41 𝐵42
0 0

⎤⎥⎥⎥⎥⎥⎦
[
𝑇 𝑐in

𝑇amb

]
,

𝐲 =
[
1 0 0 0 0
0 0 0 0 1

]⎡⎢⎢⎢⎢⎢⎣

𝑇 𝑐1
𝑇1,out

𝑇1,in
𝑇̇ch

𝑇ch

⎤⎥⎥⎥⎥⎥⎦
+
[
0 0
0 1

][
𝑇 𝑐in

𝑇amb

]
, (10)

where, for clarity, the variables 𝐴11, 𝐵11, ...., etc., represent the coeffi-

cients of the differential equations derived in Section 2.1. The resulting 
fifth-order model is used to design a discrete-time state estimator, which 
is given in the standard estimator form as follows,

̂̇x(𝑘) = Φx̂(𝑘) + Γu(𝑘) +𝐋𝑓 (𝐲(𝑘) − 𝐲̂(𝑘)) , (11)

ŷ(𝑘) = Cx̂(𝑘) + Du(𝑘) , (12)

where 𝚽 is the discrete system matrix, x̂(𝑘) is the state estimate vector, 𝚪
is the discrete input matrix, 𝑘 is the number of sample, 𝑪 measurement 
matrix, 𝑫 feedforward matrix, 𝐲̂(𝑡) is a vector for model predictions and 
𝐋𝑓 is fixed-parameter estimator (Kalman) gain. Based on the order of 
the state estimation vector (7), the following matrix is introduced,

𝐆 =
[
0 1

2
1
2 0 0

]
, (13)

that is used to form the average temperature estimate ̂𝑇 s from the states 
as follows

̂
𝑇 s =𝐆 x̂(𝑘) . (14)

In Fig. 5, a generalized block diagram representing the sorbent 
temperature estimation with the proposed estimator (virtual sensor) is 
shown. The diagram also illustrates its connection to the DAC system 
chamber, highlighted within a red dashed box.

2.6. State change from circulation to heating

Deciding the optimum point to switch from the heat-circulation 
phase to the heating-only phase in the cartridge process involves bal-

ancing energy savings with process time. Lengthening the circulation 
phase can save more energy but also extend the overall process dura-

tion. The latter can decrease the overall energy-saving benefits because 
of reduced CO2 productivity.

Two pseudo-optimal points are illustrated in Fig. 6 for the proposed 
circulation procedure, where thermal energy is transferred from a hot 
cartridge to a cold one through a closed loop. The energy conservation 
scenario’s optimal point (black filled circle in Fig. 6) is achieved when 
the heat transfer rate to the cold cartridge reaches zero after the circu-

lation phase begins. Extending the circulation phase beyond this point 
leads to additional energy loss, as the cartridge’s temperature decreases 
due to heat losses to the ambient.

In the optimal process scenario, circulation is stopped at the point 
indicated by the black circle in Fig. 6 when the heat transfer rate to the 
cold cartridge begins to decrease significantly. In other words, the goal 
is to maintain the heat transfer rate to the cartridge as high as possible 
for as long as feasible. Overall, this represents a trade-off between the 
time spent and the benefits gained from the circulation procedure. For 
instance, analyzing the response of the cold cartridge in Fig. 6 during 
the 0 to 60-minute interval, the response can be roughly approximated 
using a first-order system to step excitation. Consequently, the optimal 
point can be estimated to be near the time constant of this first-order 
system. From a process dynamics perspective, this point corresponds to 
the cold cartridge reaching 63% of its final temperature in the energy 
conservation scenario.

Calculating the exact 63% point in real-time is not feasible. There-

fore, the proposed state selector approach uses an approximation of the 
heat transfer rate to determine the transition points. The state selector 
monitors these points during operation and uses a parameter 𝜎 to de-

fine the desired transition from circulation to heating of the cartridge. 
Consequently, a state selector module is introduced to facilitate transi-

tions between the circulation and heating phases. The structure of the 
state selector is illustrated in Fig. 7

The state change module, shown in Fig. 7, features a state selector 
that determines the transition point from the circulation phase to the 
heating phase. This transition is managed by an algorithm that analyzes 
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Fig. 6. Temperature responses from the experimental system are shown for when the heated cartridge transfers energy to a cold one. The potential optimal points 
for state changes are indicated.

Fig. 7. Structure of the state selector that manages the transition between heat-

ing and circulation phases.

the discrete derivative of the sorbent temperature estimate, as provided 
by the virtual sensor discussed in Section 2.5). The point 𝜎 at which the 
transition occurs can be determined by examining the free circulation 
step responses from the heated cartridge to the cold one, as shown in 
Fig. 6. In the state selector approach, the reading from the virtual sensor 
is filtered using a moving average filter, followed by the calculation of 
the discrete derivative 𝑢 with 12 delayed samples (with a sample time 
of 5 seconds).

The key advantage of using the derivative of the estimate is that it al-

lows the state selector algorithm to operate across different temperature 
ranges, unlike hard-coded temperature values that trigger state changes 
at specific temperatures. This leads to a more adaptive system. In the 
algorithm, 𝑟 is the maximum value of the discrete derivative, which is 
also used in the triggering function. The algorithm’s robustness relies 
heavily on the precision and reliability of the virtual sensor. Different 
differentiation intervals can reduce the chance of false triggering but 
may also affect the responsiveness of the state selector module.

3. Cascaded control approach

In this section, a control law is proposed to regulate the system be-

tween the process phases described in section 2. The cascade control 
law uses an inner controller for the TES and an outer PI-control loop for 
regulating the sorbent temperature. The block diagram of the proposed 
control law is shown in Fig. 8, illustrating the relevant control function-

alities. The PI controllers are implemented in their standard form.

𝐶(𝑠) =𝐾𝑝 ⋅
(
1 + 1

𝑇𝑖 ⋅ 𝑠

)
, (15)

with proportional gain 𝐾𝑝 and integration time 𝑇𝑖. The principle of the 
inner control used in the constant power heating element is based on 
turning the heating element on and off with varying duty cycle 𝐷ℎ , and 
its feedback is 𝑇ℎ, the heater liquid temperature. The outer PI-control 
loop’s reference is the target operating temperature 𝑇𝑜𝑝 , which is com-

pared to the average temperature estimate ̂𝑇 s.

The preliminary tuning of the outer and inner PI-controllers is based 
on the SIMC tuning principle presented by Grimholt and Skogestad 
(2012) using simplified models for TES and cartridge dynamics. For the 
outer controller, the nominal gains were determined as 𝐾p = 1.26 and 
𝑇i = 1380 s. These values are considered later on as nominal values for 

Fig. 8. Block diagram of the proposed cascade control law for heating with the 
FGS and virtual sensor.

the FGS update routine. The proposed control law includes a fuzzy gain 
scheduler (FGS) that is used with the outer PI-controller of the cascade 
controller. This approach has been selected to address the slow heat-

ing dynamics of the system and to prevent excessive overshoot of the 
response, thereby ensuring good control robustness.

The controller’s proportional gain 𝐾𝑝 and integration time 𝑇𝑖 are 
actively tuned online using routines similar to those shown in Honka-

nen et al. (2019). The parameters provided by the FGS are constrained 
within certain limits based on the desired controller behavior and sys-

tem dynamics. Considering the control targets of the system, the natural 
choice for the feedback parameter used in the FGS is the sorbent tem-

perature estimate, as the system does not directly measure the sorbent 
temperature.

As shown in Fig. 8, the FGS uses the error (denoted as 𝜖𝑃𝐼 ) between 
the estimate and the operational temperature of the sorbent. The second 
parameter used in the FGS is the error of the liquid temperature in the 
TES from the operational temperature of the sorbent, denoted as 𝜖ℎ . The 
liquid temperature is used to link the control to the liquid temperature 
to prevent a situation where too hot liquid would be passed into the 
system, which could lead to the degradation of the sorbent itself.

3.1. Fuzzy gain scheduler (FSG)

This section explores gain scheduling as a method to enhance the 
responsiveness of the system by employing the Fuzzy Gain Scheduling 
(FGS) principle within a PI controller structure, to surpass the perfor-

mance of a PI controller with fixed gains. While aggressive tuning of a 
fixed-gain controller might improve responsiveness, it often results in 
undesirable overshoot, which is problematic for this application.
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Fig. 9. Illustration of triangular membership functions (MFs) from functions.

Table 1

The fuzzy tuning rule derived for proportional gain 
𝐾𝑝.

𝐾𝑝

𝜖h

𝜖𝑃𝐼 -B -S Z +S +B

-B 3 2 2 1 1

-S 3 2 2 1 1

Z 3 2 2 1 1

+S 2 2 2 2 1

+B 2 2 2 2 1

Table 2

The fuzzy tuning rule for integration time 𝑇𝑖.
𝑇𝑖

𝜖h

𝜖𝑃𝐼 -B -S Z +S +B

-B 1 2 2 2 1

-S 1 2 2 2 1

Z 1 2 2 2 2

+S 2 2 2 2 3

+B 2 2 2 2 3

An alternative approach, such as employing feed-forward structures, 
could be used to increase the control input during times when more 
reactive behavior is desired. However, suitable feed-forward structures 
are not discussed in detail in this paper, so the focus remains on the 
Fuzzy Gain Scheduling (FGS) principle.

The fuzzification of the input variables is accomplished by using 
triangular membership functions (MFs), as depicted in Fig. 9. The cor-

responding membership weights are represented in vector form.

𝝈MF =
[
𝑤1 𝑤2 𝑤3 𝑤4 𝑤5

]
. (16)

The weights 𝑤1 ⋯ 𝑤5 are related to the particular membership. The 
membership functions must be fitted according to the following condi-

tion that 
∑5

𝑖=1𝑤MF,𝑖 = 1 as denoted by Zhao et al. (1993). The weights 
obtained from the membership functions are then combined with pre-

defined instructions stored in specific instruction tables. These tables 
contain instructions represented by integer values ranging from 1 to 3. 
The instruction table for the proportional gain 𝐾𝑝 is shown in Table 1, 
while the instructions for the integration time 𝑇𝑖 are provided in Table 2.

The combination of the weights and instructions is done by multipli-

cation in the inference engine. The following considerations are made 
when the instruction table is assumed to be in matrix form to define a 
gain 𝐾𝑖𝑛𝑠𝑡.

5∑
𝑗=1

5∑
𝑖=1

𝜎MF,𝜖𝑃 𝐼
(𝑖) ⋅ 𝜎MF,𝜖h

(𝑗) ⋅𝐓inst(𝑗, 𝑖) =𝐾𝑖𝑛𝑠𝑡 , (17)

where 𝐓inst(𝑗, 𝑖) represent a value located at (𝑖, 𝑗) in the instruction ta-

ble. The inference engine results in gains that have values between 1 to 
3 according to the instructions. In this case, the gains are scaled back 
to range from 0 to 1 to be used with designed output membership func-

tions to introduce a new degree of freedom to the FGS design. Inverse 
sigmoidal functions are used as output functions to ensure linear op-

Table 3

Fuzzy gain scheduler gain boundaries (High and Low) and 
controller nominal (Nom / fixed) gains, when controller is 
driven without FGS.

Controller gains

𝐾𝑝 𝑇𝑖 [s]

Low 1.19 1150

High 1.33 1620

Nom / Fixed 1.26 1380

eration near the region where the controller gains conduct to a robust 
system. The following equations (18) and (19), represent the derived 
output membership functions,

𝑓 (𝑥) =
⎧⎪⎨⎪⎩
𝑦 = 1, if 𝑥 < 𝑝1 ,

𝑦 = 0.1 ⋅ log
(

𝑥

1−𝑥

)
+ 0.5, if 𝑝1 ≤ 𝑥 ≤ 𝑝2 ,

𝑦 = 0, if 𝑥 > 𝑝2 ,

(18)

𝑓 (𝑥) =
⎧⎪⎨⎪⎩
𝑦 = 0, if 𝑥 < 𝑝1 ,

𝑦 = 0.5 − 0.1 ⋅ log
(

𝑥

1−𝑥

)
, if 𝑝1 ≤ 𝑥 ≤ 𝑝2 ,

𝑦 = 1, if 𝑥 > 𝑝2 ,

(19)

where 𝑝1 and 𝑝2 are bounds to the functions. Since these functions are 
logarithmic, it is important to consider their rapid decrease or growth 
near the bounds of 0 and 1. For this case, the specific values of 𝑝1 = 0.01
and 𝑝2 = 0.99 were selected to prevent situations when the result would 
be infinite.

The solution obtained from the output membership functions is 
scaled back to real values for use in the PI controller. As mentioned 
previously, the controller gains are constrained to a certain range. There-

fore, the following approach is used,

𝐾𝑝 =𝐾 ′
𝑝
⋅ (𝐾𝑝,Hi −𝐾𝑝,Lo) +𝐾𝑝,Lo , (20)

𝑇𝑖 = 𝑇 ′
𝑖
⋅ (𝑇𝑖,Hi − 𝑇𝑖,Lo) + 𝑇𝑖,Lo , (21)

where 𝐾 ′
𝑝

and 𝑇 ′
𝑖

are the controller’s proportional gain and integration 
time. The values 𝐾𝑝,Hi and 𝐾𝑝,Lo represent the high and low limits for 
the proportional gain, while 𝑇𝑖,Hi and 𝑇𝑖,Lo represent the high and low 
limits for the integral action.

The gain scheduler boundaries are shown in Table 3, with the nom-

inal controller gains calculated based on the SIMC tuning rule. The 
derivation of the suitable boundaries is based on desired system be-

havior and chosen output functions, and these were selected based on 
simulations and tests using the experimental system.

Similarly, the table shows the controller gains used for the fixed-gain 
controller under the “Nom / Fixed” row.

4. Experimental results

In this section, the open-loop responses of a 10-node simulation 
model are compared with the measured responses from an experimental 
system with a horizontal temperature distribution of the test cartridge, 
at various time steps during open-loop heating. The performance of the 
virtual sensor and the fixed-gain PI controller is validated through a 
validation cycle, and the effect of implementing Fuzzy Gain Schedul-

ing (FGS) on the controller is demonstrated. Finally, the focus shifts to 
analyzing the energy consumption when the process is operated with 
different strategies.

4.1. Validation of the modeling approach

The model is validated by comparing the simulation results with ex-

perimental data from a step change in the hot water temperature (from 
0 to 1 pu) and the inlet flow (from 0 to 1 pu). The results are shown 
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Fig. 10. a) Simulated open loop temperature step response of chamber modeled with 10 node model in Simulink environment and b) measured temperatures of the 
cartridge of the experimental system with the integrated measurement rod. In the legend, the RTD prefix means resistance temperature detectors (PT 100) number 
in the measurement rod. The sensor numbering is done according to the stacked node approach, e.g., RTD 10 locates at the bottom of the cartridge (corresponding 
to 10th node), and RTD 1 is at the top (corresponding to 1st node). Flow of heat transfer medium in spiral coil is from bottom to top.

in Fig. 10, where the simulated response is depicted on the left and the 
measured one on the right, respectively.

The simulated results show slight temperature variations between 
nodes, likely due to heat transfer from the previous node’s coil to the 
sorbent. The measured temperature responses exhibit similar fundamen-

tal dynamic behavior to the simulations, though with some deviation. 
Notably, the measured temperatures at the end sensors (located at nodes 
1, 2, and 9, 10) are lower than those at the middle nodes. This difference 
can be attributed to the cartridge housing. Since the cartridge is housed 
within a steel chamber, the metallic supports create a good conductive 
path for heat to dissipate from the sorbent.

It is also seen that in the simulation model temperature drop through 
the cartridge is slightly higher than the measured response, indicating 
some inaccuracies in the model’s internal heat transfer phenomenon. 
Especially when a wider spread of node temperatures in the measured 
response is compared to the simulated response. Fig. 11 illustrates the 
steady-state temperature distribution across the horizontal axis of the 
cartridge at various points during similar open-loop heating scenarios 
described in Fig. 10. These observations highlight the significant impact 
of the metal frame and brackets on the cartridge’s thermal distribu-

tion.

The temperature distribution after the first hour of heating (t = 60 
min) shows that the center of the cartridge heats up faster than the ends. 
This is likely due to heat loss through the cartridge supports to the sur-

rounding chamber. After 9 hours, the temperatures reach a steady state, 
as shown in Figs. 10 and 11, with a distribution profile similar to that 
observed after one hour. As the DAC chamber temperature increases, 
heat losses to the chamber decrease slightly, as indicated by a wider hot 
band in the profile, especially at the top of the cartridge (sensors 1 to 
5).

Despite some differences due to unmodeled dynamics and imperfec-

tions, the simulations and actual measurements exhibit similar dynamic 
behavior. This similarity suggests that the presented modeling approach 
captures the essential aspects of the system’s thermal behavior.

4.2. Performance of the closed-loop control and estimator

The performance of the proposed virtual sensor for estimating the av-

erage temperature of the sorbent, along with the derived control laws, 
is studied using the test cartridge that includes a temperature measure-

ment rod placed horizontally in the middle of the outer sorbent mass. 
This test is conducted by considering a complete operation cycle of 
the testing environment shown in Fig. 12. The cycle begins with heat 
circulation from one cartridge to the cartridge with the temperature 
measurement rod.

For the validation test, the cartridge undergoes several steps. First, 
it is heated using heat circulation from a hot cartridge for 0 to 50 min-

utes. This is followed by further heating with TES to reach the desired 
operational temperature from 50 to 650 minutes. The next step in-

volves cooling using heat circulation from a cold cartridge, occurring 
between 650 and 700 minutes. Finally, cooling to ambient temperature 
is achieved using a radiator from 700 minutes onward.

When comparing the estimation to the measured average tempera-

ture, it can be seen that these are in good agreement with each other 
indicating that the proposed one-node estimator can produce a reason-

able estimate, when the model includes properly adjusted correction 
coefficients discussed in the supplementary material.

Next, the proposed control law is validated by examining the heating 
phase using the FGS updating scheme. Fig. 13a shows the PI-controller 
parameters updated by the FGS. Meanwhile, Fig. 13b illustrates the dy-

namics of the TES and sorbent temperatures for both the FGS-disabled 
and FGS-enabled cases.

It is noted that Fig. 13b represents two results; step responses of the 
cascaded control when the FGS is disabled (left) and enabled (right). 
When looking at the results with the FGS, it can be noticed that during 
the early phase of the heating, both the proportional and integral gains 
of the PI-controller have higher and lower values to speed up the heating 
rate. Also when the error between the reference and sorbent tempera-

ture estimate is converging towards a value close to zero, it is seen that 
the FGS will update the controller gain values to less aggressive values. 
On the contrary, by looking at the case without FGS it is seen that the 
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Fig. 11. The temperature gradient of the cartridge along the horizontal axis is 
shown. The results are taken from a steady-state situation when the cartridge 
coil is fed with water at a temperature of 1 pu. In the figure, yellow shades 
represent lower temperatures, while red shades indicate higher temperatures.

heating takes a longer time to reach the target temperature indicating 
clearly that the FGS approach can improve the process dynamics.

4.3. Analysis of energy consumption

Energy savings achieved through the proposed circulation phase and 
FGS implementation in a cascaded PI controller were assessed by com-

paring energy consumption across four distinct test scenarios with a 
standard fixed-gain PI controller that lacks a circulation phase. Case 
I serves as the baseline, involving a fixed-gain PI controller without a 
circulation phase. In Case II, FGS is activated, and the state selector tran-

sitions from circulation to heating near the process’s optimal point, as 
shown in Fig. 6. Case III also activates FGS, but the state selector shifts 
from circulation to heating near the energy optimal point. Finally, Case 
IV examines the scenario where FGS is deactivated, and the controller 
operates with fixed gains, with the state selector moving from circula-

tion to heating near the energy optimal point. During the test cases, the 
ambient temperature was maintained within a range of 23.5 ◦C±0.75 ◦C.

The performance of Cases I-IV is evaluated by comparing energy sav-

ings and the total duration of the circulation/heating phase. Energy 
consumption was measured using a Lovato DMED301 energy meter, 
with measurements starting at the beginning of the circulation phase 
or, for Case I where circulation is not utilized, at the start of heating. 
Measurements are concluded when the adsorbent temperature reaches 
95% of its steady-state value. The results of these tests, as shown in 
Fig. 14 are compared against Case I.

Fig. 12. The measured average temperature is compared to the estimated tem-

perature during a complete cycle of circulation, heating, and cooling of one 
cartridge in the test system under closed-loop control.

Fig. 13. a) Updated control parameters during the heating phase and b) sorbent 
temperature under closed-loop control.
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Fig. 14. Energy consumption and elapsed time of heating/circulation phases 
during test cases I-IV.

Fig. 15. Measured step responses from test cases I-IV.

Comparing Case II with the reference case shown in Fig. 14, energy 
consumption is reduced to 96.6%, and heating time is decreased by 
21 minutes. This improvement results from the more aggressive FGS-

driven controller gains, which increase TES temperatures and enhance 
heat transfer.

In Case III, energy consumption is reduced to 92.9% of that in the 
reference case, with heating time remaining nearly identical to the ref-

erence. Since heating is just one step in the entire DAC process, it is not 
feasible to extend the heating period indefinitely if the entire process 
must be completed within a specific time frame. Thus, Case III illustrates 
the potential of combining the proposed circulation procedure with FGS 
to achieve energy savings while maintaining the reference heating time.

Finally, in Case IV, where FGS is disabled and a fixed-gain controller 
is used, energy consumption is reduced to 86.1% of that in the reference 
case. However, the heating time increases by 43 minutes. Prolonging 
the heating period could impact the overall productivity of the DAC pro-

cess, such as daily productivity, potentially offsetting the energy savings 
achieved with this control strategy.

Fig. 15 illustrates the step responses for different cases. The most 
notable effect of FGS is observed between Cases III and IV, particu-

larly after the adsorbent reaches approximately 0.55 pu. As shown in 
Fig. 13b, the FGS PI-controller addresses the sluggish heating behav-

ior by increasing the TES temperature reference earlier in the heating 
phase. This adjustment enables the TES temperature to reach higher lev-

els, which enhances the heat transfer rate to the cartridge.

5. Conclusions

In this work, we demonstrated that node-based modeling of DAC 
cartridges effectively captures the dynamics of sorbent heating.

Additionally, we developed and validated a virtual sensor based on 
a single-node model. This virtual sensor accurately represents tempera-

ture changes within the cartridge across different phases of the process, 
including heat re-circulation, heating, and cooling stages. Due to its ac-

curacy, the virtual sensor was subsequently used as feedback for the 
proposed cascade control law incorporating FGS.

We also showed that FGS-based control accelerates the heating rate 
and provides a more nuanced approach to influencing system responses.

Overall, the proposed heat circulation method and FGS-based con-

trol demonstrate significant potential in reducing overall thermal energy 
usage, which is crucial for the effective implementation of DAC technol-

ogy.
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