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ABSTRACT 
Solvent-based carbon capture processes typically suffer from the temperature rise of the solvent 
due to the heat of absorption of CO2. This increased temperature is not thermodynamically favor-
able and results in a significant reduction in performance in the absorber column. As opposed to 
interstage coolers, which only remove, cool, and return the solvent at discrete locations in the 
column, internal coolers that are integrated with the packing can cool the process inline, which 
can result in improved efficiency. This work presents the modeling of these internal coolers within 
an existing generic, equation-oriented absorber column model that can cool the process while 
allowing for simultaneous mass transfer. Optimization of this model is also performed, which is 
capable of optimally choosing the best locations to place these devices, such that heat removal 
and mass transfer area are balanced. Results of the optimization have shown that optimally placed 
cooling elements result in a significant increase in the capture efficiency of the process, compared 
to a similar column with no internal cooling, with a common trend being the cooling of the column 
in the temperature bulge region. It is observed that by optimally placing an internal cooler, the 
solvent flow rate can be decreased, and the CO2 lean loading can be increased while still main-
taining the same efficiency. These process changes can lead to a substantial reduction in costs 
due to lower reboiler duty. 
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INTRODUCTION 
Post-combustion CO2 capture is a critical approach 

for achieving net-zero emissions. Among many potential 
technologies for post-combustion CO2 capture, solvent-
based capture technologies are at the forefront due to 
their maturity, ease of operation, availability of efficient 
contactors for solvent-based capture systems, and many 
other advantages.  

A common family of aqueous solvents utilized in this 
process is one that contains amine functional groups. The 
solvent absorption process excels compared to other 
capture methods, such as solid sorbents, due to its ability 
to react with carbon dioxide even at low partial pressure, 
as well as having a high capacity of absorption [1]. There 
are, however, two key disadvantages associated with 

this process. The first disadvantage is that the high con-
centration of water in these solvents requires a signifi-
cant amount of steam for the use of the reboiler in the 
regeneration process [2]. This steam utilization results in 
the energy intensity of the process being up to 4 MJ per 
ton of CO2 captured, which accounts for the majority of 
the operating cost. The second disadvantage is the high 
exothermic heat of absorption for CO2. In the case of a 
30 wt% MEA solvent, the heat of absorption can range 
from 84 to 100 kJ/mol CO2 [3, 4]. This heat can cause 
temperatures within the absorber tower to rise substan-
tially, thus increasing the equilibrium pressure of CO2 by 
several orders of magnitude, resulting in a reduced mass 
transfer rate [3]. 

To keep the solvent capture process operating as 
efficiently as possible, heat needs to be removed from 
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the absorber column to operate the tower under more fa-
vorable conditions. Therefore, it is common to use inter-
stage coolers [5, 6], which withdraw a portion of the sol-
vent or the entire solvent from discrete locations within 
the column, and cool and return it in the next stage below. 
Karimi et al. showed that optimal placement of an inter-
cooler within the absorber column can result in energy 
savings as high as 7.27% by reducing the amount of sol-
vent flow required for operation [7]. However, while cool-
ing is achieved at discrete locations, intercoolers fail to 
achieve continuous heat removal along the height of the 
tower to reach an optimal temperature profile to maxim-
ize performance and/or economics. Therefore, the use of 
a cooling method that is integrated with the packing of 
the tower is needed. 

Additive manufacturing has become a rapidly grow-
ing method of developing innovative technologies, with 
advancements in 3D printing leading to products that 
would be impossible to create using traditional manufac-
turing methods. A recent novel application of 3D printing 
is structured metal packing that can be utilized for a 
packed column. The intensified packing device created 
at Oak Ridge National Laboratory is a 3D printed struc-
tured packing element  with a double-walled design, 
which creates two disjoint flow channels in which the 
process fluid can be kept in a flow channel separate from 
the cooling fluid in the other [8]. Tests utilizing this device 
have shown that carbon capture can be increased  be-
tween 3 to 15% compared to columns with no cooling [9, 
10]. 

A disadvantage of such a device is that the cooling 
water channels reduce the total amount of available pro-
cess volume, which reduces the mass transfer area. In 
addition, there are several other aspects that need to be 
evaluated for the optimal configuration of absorbers in 
the presence of such intensified towers. This work seeks 
to answer the following questions. Where are the optimal 
locations at which to implement internal cooling such that 
performance is maximized? What is the best configura-
tion of cooling water flow within the devices? How does 
variance in operating set points affect the optimal design 
and performance of the internal coolers? 

MODELING 

Column Model 
The absorber column model employed in this work 

was developed by Akula et al. [11]. This model is a rate-
based solvent absorber model that can be applied to 
many processes by using the built-in physical and chem-
ical property models. For convenience, this work uses 30 
wt% MEA as the solvent. 

For the reactive absorption process, rate-based 
models are significantly more accurate than equilibrium-
based models, but are more computationally expensive 

due to the consideration of transport through the films, 
especially the liquid film. To reduce this computation ex-
pense through removing the need to model film interac-
tions, an enhancement factor method is used that ac-
counts for the increase in mass transfer due to chemical 
reactions by using a set of algebraic equations [12]. 
Equations 1 and 2 are used to describe the enhancement 
factor, 𝐸𝐸, in terms of dimensionless concentration of 
MEA, Υ𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖 . 

𝐸𝐸 = 1 + (𝐸𝐸∞∗ − 1) �1−Υ𝑀𝑀𝑀𝑀𝑀𝑀
i �

�1−Υ𝐶𝐶𝑂𝑂2
𝑏𝑏 �

   (1) 

𝐸𝐸 = 𝐻𝐻𝐻𝐻�Υ𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖 �1−Υ𝐶𝐶𝑂𝑂2
∗ �

�1−Υ𝐶𝐶𝑂𝑂2
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The phase energy balance of the model considers 
three heat transfer mechanisms/sources/sinks: convec-
tive heat transfer between phases, heat of absorption of 
CO2, and heat of vaporization of water. The interphase 
heat transfer is calculated by using a corrected heat 
transfer coefficient, which is required for high mass 
fluxes (Equation 3). Both heat of absorption and vapori-
zation are accounted for in the liquid phase energy bal-
ance (Equation 4). The heat of absorption is fixed at -85 
kJ/mol CO2 for simplicity [13], while the heat of vaporiza-
tion being used was derived from [14]. 

𝑄𝑄𝑉𝑉 = ℎ𝑉𝑉′ 𝑎𝑎𝑒𝑒(𝑇𝑇𝐿𝐿 − 𝑇𝑇𝑉𝑉)    (3) 

𝑄𝑄𝐿𝐿 = 𝑄𝑄𝑉𝑉 + 𝑁𝑁𝐶𝐶𝑂𝑂2,𝑉𝑉Δ𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑁𝑁𝐻𝐻2𝑂𝑂,𝑉𝑉Δ𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣  (4) 

Internal Heat Exchanger Model 
The modeling for the internal heat exchanger pack-

ing was modified from Moore et al., which considered a 
single bed absorber column. This model was modified to 
account for individual discretized elements of the column 
in which an internal heat exchanger can be independently 
placed from other elements. In this model, it is assumed 
that all heat removal from the process to the cooling wa-
ter occurs through the liquid phase due to the higher wet-
ted area and conductivity in the liquid phase leading to a 
negligible amount of heat being directly transferred to 
the gaseous phase. It was also assumed to be smooth 
transition between standard and intensified packing, if 
flooding velocity is not surpassed. The two decision var-
iables are a binary variable, 𝑦𝑦, for each column element 
to indicate placement of an internal heat exchanger and 
a voidage term, 𝜀𝜀𝑐𝑐𝑐𝑐, that accounts for the volume occu-
pied by the intensified cooler. Equation 5 calculates this 
heat transfer in each column element where the overall 
heat transfer coefficient, assumed to be constant, is from 
[9], which is a conservative estimate using the packing 
area, rather than wetted area, and is based on experi-
mental data. In this equation, 𝑖𝑖 is length index of the col-
umn, 𝑈𝑈 is the overall heat transfer coefficient, 𝑎𝑎 is the 
specific geometric area of the packing, 𝑇𝑇𝑐𝑐𝑐𝑐 and 𝑇𝑇𝐿𝐿 are the 
temperatures of the cooling water and solvent phase, 
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respectively, and 𝑄𝑄𝑐𝑐𝑐𝑐 is the heat transfer rate through the 
boundary. Equation 6 calculates the updated voidage by 
accounting for the volume occupied by the intensified 
coolers where 𝜀𝜀° is the standard voidage of the packing 
being used, and 𝜀𝜀 is the resulting voidage of the process. 

𝑄𝑄𝑖𝑖𝑐𝑐𝑐𝑐 = 𝑦𝑦𝑖𝑖𝑈𝑈𝑎𝑎𝑖𝑖�𝑇𝑇𝑖𝑖𝑐𝑐𝑐𝑐 − 𝑇𝑇𝑖𝑖𝐿𝐿�   (5) 

𝜀𝜀𝑖𝑖 = 𝜀𝜀°𝑖𝑖 − 𝜀𝜀𝑖𝑖𝑐𝑐𝑐𝑐    (6) 

 
Figure 1. Configuration of cooling water flow through 
absorber tower 

Modeling the different possible flow configurations 
of the cooling water through the intensified packing is 
necessary since different flow configurations can result 
in a significant difference in heat removal efficiency. 
Three different flow directions were included in this 
model: co- and counter-current flow, relative to liquid 
phase flow, and single pass flow. In this case, the single 
pass flow is a limiting case for the model since the cooling 
water enters and exits the column in the same finite ele-
ment of the model resulting in the best case for heat re-
moval rate. Figure 1 shows how each of these configura-
tions moves cooling water through the column. These 
flow directions are selected through an integer variable, 
𝑑𝑑𝑐𝑐𝑐𝑐, which can take the values of -1, 0, or 1 corresponding 
to co-current, single pass, and counter-current configu-
rations, respectively. The energy balance of the cooling 
water is performed by creating lower bound inequality 

constraints, which will be active depending on the value 
of 𝑑𝑑𝑐𝑐𝑐𝑐. 

To determine the best placement locations for the 
internal heat exchanger, an objective function is required. 
Three objective functions are utilized in this work, the 
first of these is minimization of CO2 emissions, 𝐹𝐹𝐶𝐶𝑂𝑂2

𝑉𝑉,𝑜𝑜𝑜𝑜𝑜𝑜 
(Equation 7). The next two are minimization of column 
height, 𝐻𝐻 (Equation 8) and minimization of liquid to gas 
ratio (Equation 9) in which 𝐹𝐹𝐿𝐿,𝑖𝑖𝑖𝑖 and 𝐹𝐹𝑉𝑉,𝑖𝑖𝑖𝑖 is the molar inlet 
flow rate of the solvent and gaseous phases, respec-
tively. An additional performance constraint is included 
with the last two objectives, which sets a lower bound on 
the allowed capture efficiency. These last two objectives 
were chosen as each can be used to estimate potential 
reductions in costs of the system since the absorber col-
umn is a large factor in the total capital cost and solvent 
flow rate is directly proportional to reboiler duty, which is 
greatest factor in operational costs. 

𝑚𝑚𝑚𝑚𝑚𝑚
𝜀𝜀𝑐𝑐𝑐𝑐,𝑦𝑦,,𝑑𝑑

𝐹𝐹𝐶𝐶𝑂𝑂2
𝑉𝑉,𝑜𝑜𝑜𝑜𝑜𝑜     (7) 

𝑚𝑚𝑚𝑚𝑚𝑚
𝜀𝜀𝑐𝑐𝑐𝑐,𝑦𝑦,,𝑑𝑑

𝐻𝐻     (8) 

𝑚𝑚𝑚𝑚𝑚𝑚
𝜀𝜀𝑐𝑐𝑐𝑐,𝑦𝑦,,𝑑𝑑

𝐹𝐹𝐿𝐿,𝑖𝑖𝑖𝑖

𝐹𝐹𝑉𝑉,𝑖𝑖𝑖𝑖      (9) 

The absorber and internal cooler models were im-
plemented using the IDAES platform, which is built on top 
of the Pyomo optimization suite [15]. 

RESULTS 

 
Figure 2. Optimal and suboptimal internal heat exchanger 
placement for minimizing CO2 emissions. 

The base configurations for the column design and 
process specifications are shown in Table 1. This first set 
of results utilizes the pilot scale configuration. Using this 
configuration, the placement of the internal heat ex-
changers was optimized by minimizing CO2 emissions. 
Figure 2 shows the placement and area of the heat ex-
changers in the optimal solution, which were in the top 
and bottom 15% of the column. A separate case was also 
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simulated in which the internal heat exchangers were 
placed in the center of the column with a similar amount 
of total available heat transfer area. 

The liquid phase temperature profile for the base 
case without cooling, base case with suboptimal cooling, 
and optimized cooling are shown in Figure 3, with the 
capture efficiencies for each case shown in Table 2. The 
profile base case with out cooling exhibits a much higher 
average temperature across the length of the column. 
This higher temperature results in larger thermodynamic 
limitations to the mass transfer of CO2, especially in the 
upper end of the column where a significant portion of 
mass transfer is occurring (indicated by the peak in tem-
perature).The base case with suboptimal cooling appears 
to have a greater extent of heat removal when compared 
to the optimal case but results in lower capture effi-
ciency. This is due to the given operating conditions. As 
previously mentioned, the majority of CO2 mass occurs at 
the top 10–20% of the column, which is where the peak 
of the temperature bulge caused by the absorption en-
ergy is located in the base case. This causes this section 
of the column to be heavily thermodynamically limited, as 
opposed to physical limitations, such as mass transfer 
area, which explain the optimality of placing an internal 
cooling element in this region. The temperature profile in 
the bottom 15% of the column is comparatively level indi-
cating very little mass transfer of CO2. In this region, mass 
transfer is being solely limited by the reduced driving 
force due to higher loading in the solvent, which results 
in placement of the intensified packing as a means to 

further increase the total amount of heat removed from 
the system. 

Table 2. Comparison of capture efficiency for cases with 
and without internal cooling 

Case Capture Efficiency 
Base Case 72.46% 
Base Case w/ Cooling 75.63% 
Optimized Case 76.94% 

 
As opposed to the top region of the column, the 

middle region is mass-transfer limited; therefore, maxim-
izing mass transfer area to obtain high performance is 
desired. Finally, the bottom section of the column be-
comes thermodynamically limited; therefore, the optimal 
configuration is to include the cooling section there. 

Using these optimized placements, a study was 
then conducted that investigated the variance of capture 
performance in different cooling water flow directions 
and flow rates. Both counter-current and co-current con-
figurations were simulated using cooling water flow rates 
between 1.5 and 50 mol/s. The capture efficiencies for 
each of these configurations are shown in Figure 4. Be-
low 20 mol/s of cooling water, the co-current configura-
tion shows a slight advantage, which is due to how the 
solvent temperature changes in the upper internal cooler 
section. Analyzing these temperature profiles shows that 
the solvent enters the upper heat exchanger at the inlet 
temperature of 320 K and exits it at 338 K at a column 
height of 0.85. So, if cooling water is flowing in the 

Table 1. Column and process configurations for pilot-scale and process-scale models. 

  Height (m) Diameter (m) Gas Inlet 
(mol/s) 

CO2 Gas 
Conc. 

Liquid-Gas 
Ratio 

CO2 Lean 
Loading 

Case 1 (Pilot Scale)  15 0.65 22 0.12 1.77 0.15 
Case 2 (Process Scale)  20 12 12,000 0.042 1.83 0.22 

 
Figure 3. Solvent temperature profile for base case, base case with suboptimal cooling, and optimized case. 
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counter-current direction, there is a pinch at the top of 
the column limiting the heat removal rate. However, once 
flow rates increase above 20 mol/s, the difference in per-
formance between the two configurations is nearly the 
same. 

 
Figure 4. Capture efficiency at varying cooling water flow 
rates and flow direction. 

The next results shown are from using the objective 
functions for minimizing the height and liquid-gas ratios 
(Equations 8 and 9). These objective functions are useful 
since each of these values correlates with major costs 
within the process, in which the column height accounts 
for an investment cost and the solvent flow correlates 
with the steam requirement in the reboiler. For these 
studies, the process scale model configuration was uti-
lized, and each aspect was optimized at different CO2 
lean loadings and at different minimum capture efficien-
cies. The minimization of the column height in Figure 5 
shows a maximum reduction of 6 meters when operating 
at a lean loading of 0.25 with a capture efficiency of 94%. 
The minimization of the liquid gas ratio in Figure 6 shows 
that the solvent rate can be reduced by upwards of 20% 
at the same lean loading of 0.25 operating at a capture 
efficiency of 91%. 

 Results for the column height minimization are 
shown in Figure 5. This data can be interpreted in two 
ways. When picking any point along the dotted line rep-
resenting a column without internal cooling, moving down 
from this point to the corresponding solid line shows how 
much the column height can be reduced at a fixed cap-
ture efficiency. Alternatively, the horizontal shift shows 
how the capture efficiency can be increased with opti-
mally placed internal coolers at a fixed column height. 
The improvement of reduced column height when using 
internal cooling units increases at higher capture rates 
and higher lean loading of the solvent. This same trend 
can be seen in the results for minimizing the liquid-gas 
ratio (Figure 6).  

 
Figure 5. Variation is column height subject to capture 
efficiency, and lean loading without internal cooling 
(dashed line) and with internal cooling (solid line). 

 
Figure 6. Variation is column height subject to capture 
efficiency, and lean loading without internal cooling 
(dashed line) and with internal cooling (solid line). 

The reduction in both column height and solvent 
flow rate with the use of intensified packing has substan-
tial implications on the cost saving for the process. The 
ability to reduce the height absorber bed, by up to 6 me-
ters, while still retaining equal capture performance sug-
gests that capital costs can be significantly reduced. 
Similarly, being able to reduce solvent flow rate by up to 
20% corresponds with a similar reduction in the operating 
costs of the steam reboiler in the solvent capture pro-
cess, which is a major factor in the determination of the 
levelized cost of capture of CO2. Due to the infancy of 
this technology, an accurate cost model for the intensi-
fied packing is still required to allow for a robust eco-
nomic optimization of the process to determine the trade 
off of these potential cost savings for the cost of the 
packing. 

There are still other factors of this technology yet 
that need to be further investigated. The first of which is 
overall heat transfer coefficient of the packing. In a 
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dynamic process, this coefficient is likely to vary based 
on the variance of the loading of flue gas to the column 
which can influence the heat removal rate. In terms of 
performance rating, due to the significant reductions 
found in process conditions through placement optimiza-
tion and the use of a conservative value for heat transfer 
coefficient, the intensified packing is likely to retain an 
advantage over conventional structured packing even 
with a wide margin of uncertainty in heat transfer perfor-
mance. Another factor to further consider is the compar-
ison in performance to and absorbent system utilizing in-
tercoolers, which again raises the need for an accurate 
cost for the intensified packing to determine if the cost 
of the complexity of the design outweighs the benefit of 
providing in-line, continuous cooling to the process. 

CONCLUSION 
An existing model for solvent-based carbon capture 

is modified to implement a model for an internal cooling 
element that is integrated within the structured packing 
of the column. The internal cooling model was designed 
so that the placement of these elements can be used as 
a decision variable in an MINLP problem. The flow direc-
tion of the cooling water is also taken into consideration 
with the possibility of co- and counter-current flows, 
along with a single pass option. 

The results of this work have shown the feasibility 
of utilizing internal heat exchangers to boost the capture 
performance of a solvent capture system. Depending on 
the configuration, the capture efficiency is shown to in-
crease as much as 5%, which can account for a signifi-
cant reduction in CO2 emissions being released into the 
atmosphere. As shown, the optimization for the place-
ment of internal heat exchangers is necessary since a de-
viation from optimum placement leads to a reduction in 
capture efficiency. The results also show that when com-
paring co- and counter-current flows of cooling water 
through these elements, it is optimal to use the co-cur-
rent configuration. In the counter-current configuration, 
a pinch point is created that significantly affects the ef-
fectiveness of cooling. 

The case studies on optimizing the height and sol-
vent flow rates have shown that significant reductions of 
up to 20% in each can be made. This reduction is even 
greater when operating at higher capture efficiencies, 
which can make this technology ideal for that area of im-
plementation. Although a reduction in the absorber col-
umn height can result in significant cost reduction, the 
real benefit of implementing internal coolers is the reduc-
tion in steam costs from reboiler operation. This cost is 
heavily affected by the solvent flow rate and CO2 loading 
of the lean solvent. Thus, the placement of an intensified 
absorber not only improves the performance of the ab-
sorber but the economics of the overall process due to 

the resulting effect on the stripper operation.  
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