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Abstract

The influence of different process parameters/factors
on CO; capture cost, in a standard amine based CO-
capture process was studied through process
simulation and cost estimation. The most influential
factor was found to be the CO; capture efficiency.
This led to investigation of routes for capturing more
than 85 % of CO,. The routes are by merely
increasing the solvent flow or by increasing the
absorber packing height. The cost-efficient route was
found to be by increasing the packing height of the
absorber. This resulted in 20 % less cost compared
to capturing 90 % CO; by increasing only the solvent
flow. The cost optimum absorber packing height was
12 m (12 stages). The cost optimum temperature
difference in the lean/rich heat exchanger was 5°C.
A case with a combination of the two cost optimum
parameters achieved a 4 % decrease in capture cost
compared to the base case. The results highlight the
significance of performing cost optimization of CO-
capture processes.

Key words: simulation, CO2, optimization, techno-
economic analysis, Aspen HYSYS.

1 Introduction

An economic optimization of a standard CO;
absorption and desorption process can be conducted
by the aid of process simulation and parametric
variation (sensitivity analysis). There are different
studies on different process parameters optimization
(Schach etal., 2010; @i, 2012; Li et al., 2016). In this
work, we emphasise how the influence of different
parameters on the capture cost compare. Such
comparison is important to understand the most
influential parameter or factors on the cost of the
capture process. Then, the process engineer can pay
more attention to it.

Important parameters frequently cost optimized
in a standard solvent based CO, absorption and
desorption are the absorber packing height (@i et al.,
2020; Aromada & @i, 2017; Kallevik, 2010), and the
minimum temperature difference in the main heat
exchanger (AT,,;,) (Schach, 2010; Karimi et al.,

2011; Dietal., 2014; Li et al., 2016; Aromada et al.,
2020a). The CO; capture efficiency in literature is
typically within 85 — 90 % (IEAGHG, 2008;
IEAGHG, 2013). Several of such studies have been
conducted (Aromada & @i, 2017; @i et al., 2020),
but none of those studies has shown or compared the
effect of these parameters on the capture cost, to
understand which parameter has the greatest
influence on the capture cost.

The first CO; capture plant to capture CO, from
a cement plant’s flue gas is being constructed at
Brevik in Norway (Thorsen, 2020). The plant is
designed to capture only 50 % of the CO; from the
cement plant. Soon, it might be necessary to increase
this capture rate due to climate change mitigation
demands. There are generally two ways to achieve
higher CO; capture: (1) to retain the current packing
height and increase the solvent circulation rate, or (2)
to increase the packing height.

The question is, what is the most cost efficient
route between (1) and (2) above, to capture
additional CO2, more than 85%? To increase the
absorption column packing height will lead to
increase in capital cost. The operating cost will
increase when the solvent circulation rate increases.
It is important to perform a trade-off analysis to show
the most cost efficient route to increase the CO;
removal rate.

This work presents extended results from a group
project at the University of South-Eastern Norway
(Orangi et al., 2020). The aim is to investigate for the
most influential process parameter or factor on CO;
capture cost, and to show the most economic way to
increase CO; capture efficiency.

2. Methods

2.1 Scope of Analysis

The focus of this work is on investigating the
influence of certain process parameters or factors on
carbon capture cost. It is sufficient to limit the
analysis to only the main CO; capture process
described in Figure 1. The scope does not cover CO;
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compression, transport and storage, costs, insurance,
taxes, first fill cost, and administrative costs are not

included in the operating cost. Therefore, the Parameter Value Unit
compression section is not necessary. The important | Inlet flue gas temperature 40 °C
equipment in the main capture process includes the Inlet flue gas pressure 101.0 kPa
absorber, desorber, lean/rich heat exchanger, lean Inlet flue gas flow rate 1.091 x 105 | kgmol/h
amine cooler, reboiler, condepser, and the rich and CO, content in inlet gas 330 mol %
lean pumps. The flue gas cooling process before the Water comteniininiet s 690 ol
CO: absorption is also included in this study. The - g : 2
flue gas is from a 400 MWe natural gas combined | L-€an amine temperature 120 oC
cycle (NGCC) power plant. before and after pump
Lean amine pressure
P 200 |  kpPa
Clean gas — before pump
Lean amine pressure
— P 300 | kPa
;\;m,wasn Condenser after pump
-------- Lean amine pressure to
- P 110 | kPa
— absorber
Lean amine rate to
""""" 1.175x 105 | kgmol/h
_________ Lean/Rich Heat /7 absorber
Exchanger CO; content in lean
_________ 2 2.98 | mole %
amine
L /R'Abbe S _ Number of stages in 10 ]
o (3 \(/ S*f— absorber
Cooler\ [ H H
G n Rich amine pressure
L@—‘/ Rich MEA = P 110 kPa
ot s . ... > | before pump
lue Gas Rich amine pressure after
'Ea” ) Flue Gas from industry p 200 kPa
) pump
Ftlg:m; 01é(l):Iowsheet of the standard process (Aromada Number of stages of 6 + Reboiler ]
etal, ) stripper + Condenser
2.2 Process Specifications and Simulation Reboiler temperature 120 ¢
The process specifications used for the base case
simulation are presented in Table 1. The process
simulation in this work applies the same strategy
used in (@i, 2007; Aromada et al., 2015). The
simulations were conducted using the equilibrium
based Aspen HYSYS Version 10.
QCooler co2
—-———— Lean Lean
Lean Amine  Lean Amine
CY-1 Amine to Mixer to Cooler g -
Recycle Mixer Cooler QCondensor
Flue Gas ‘L
- —
E?Z:D()rﬁoler Lean - WaterMakeup Ricrl
Amine Clean Amine to -
Pre-Coojer=s Gas Desorber QReboiler
i i Desorber
Absorber RichAmine %Cn E'cl:_'heQ{mne LeanRich Lean
Pre-Cooler Flue pump  Exchanger Heat Amin
Gas Exchanger from
after Q Rich Desorper
Flue Gas Fan Pump Lean Amine———
after fo Heat
PreCooler - . Exchnager | oanpymp
Fan D?th'y SPRDSHT Qiean
Pump

Figure 2. Simulation PFD in Aspen HYSYS

Table 1. Specifications for process simulation
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The base case was simulated to capture 85 % CO;
from exhaust gas from a natural gas combined cycle
(NGCC) power plant (@i, 2007). The process
consists of an absorber with 10 packing stages (10
m), a desorber with 6 packing stages (6 m), and 10
°C temperature difference in the main heat
exchanger.

The parametric optimization were performed by
varying the absorber packing height between 8 and
14 stages in step of 2 stages. The temperature
difference in the main heat exchanger was varied
between 5 °C and 15 °C in step of 2.5 °C. Simulations
were also performed for 87.5 % and 90 % CO;
capture efficiencies with constant (10 m) and
changing absorber packing heights. The flue gas fan
and the pumps were simulated with specified
adiabatic efficiency of 75 %.

The Aspen HYSYS simulation process flow
diagram showing all the equipment included in the
scope of the study is shown in Figure 2.

2.3 Equipment Sizing

The absorber and desorber were dimensioned based
on a superficial gas velocity of 2.5 m/s and 1.0 m/s
respectively. Their packing heights in the base case
are 10 m and 6 m respectively where each stage was
assumed to be 1 m. Murphree efficiencies of 0.25 and
1.0 were also specified for the absorber and stripper
respectively. Structured packing with a normal area
of 250 m?/m?3 was also assumed for both columns’
packing. This is because of low pressure drop, high
efficiency and high capacity (@i, 2012; Brickett,
2015). It is most likely close to the economical
optimum (@i, 2012).

All the heat exchange equipment were sized
based on the effective heat transfer area calculated
from their respective heat duties. These are directly
obtained from Aspen HYSYS. Overall heat transfer
coefficients of 500 W/m?K, 800 W/m2K, 1000 W/m?K
and 800 W/m?K were specified for the lean/rich heat
exchanger, reboiler, condenser and the coolers
respectively (Aromadaetal., 2020b; Ali etal., 2019).

The fan and pumps were dimensioned based on
volumetric flows and duties.

All equipment unit except the flue gas fan is
assumed to be constructed from stainless steel (SS)
for corrosion resistance purpose. The flue gas fan is
manufactured from carbon steel (CS). The details of
material conversion from other materials to CS have
been provided for different capital cost estimation
methods in (Aromada et al., 2021).

2.4 Capital Cost Estimation

All the cost estimation was performed using the
Enhanced Detailed Factor (EDF) method (Ali et al.,
2019; Aromada et al., 2021). The capital cost is the
sum of the installed costs of all the equipment within
the scope of analysis.

The costs of equipment were obtained from
Aspen In-plant Cost Estimator Version 10. The cost
year is 2016. The costs were then escalated to 2019
using the chemical engineering plant cost index
(CEPCI). The assumed default location is Rotterdam
in Netherlands. It has a location factor of 1.

Some equipment not included in the simulation
which may affect the overall cost are accounted for
in the capital cost. These are all the equipment units
in the water-wash section of the absorption column,
tanks, and mixers. They are categorized as “unlisted
equipment” in this project and are assumed to be
20% of the total plant cost.

The EDF method is prepared for equipment cost
in CS. Thus, material factors of 1.75 and 1.30 were
used to convert equipment cost in SS to their
corresponding costs in CS for welded and machined
equipment respectively.

This is an Nth-of-a-kind project (Aromada et al.,
2020b). A project life of 20 years with two years of
plant construction and discount rate of 7.5 % were
assumed.

2.5 Operating Cost Estimation

The scope of the operating cost in this study is
limited to maintenance cost which is 4 % of the
capital cost, steam cost (€0.03/kWh), electricity cost
(€0.13/kWh), solvent cost (€2035.90/m%), and
cooling water cost (€0.22/m3). These are seen to be
the most important and they vary when a process
parameter is changed. Other operating costs such as
wages and salaries are usually fixed, so, parametric
change which is the objective of this work does not
affect them.

2.6 Annual Cost and Capture Cost

Different cost metrics are used in carbon capture
studies. While the most important metric in climate
change perspective may be CO; avoidance cost, for
mere economic consideration, CO, capture cost is
sufficient. So, in this project, which is focused on
economic optimization, CO; capture cost is used:

Total annual cost
1)

CO, capture cost =
2 p Mass of CO, Captured
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The annual capital cost is obtained as follows:

capital cost (2)

Annual capital cost = .
Annualized factor

The annualised factor is calculated as follows:
. _ n 1
Annualised factor = YL, [—(1+r)n] 3)

where n is the years of operation and r is the interest
rate.

3 Results and Discussion

3.1 Simulation Results

Table 2 presents the process simulation results for
the base case and parametric optimization. The
reboiler specific heat consumption in this work is
3.77 GIACO:z. This is close to the 3.65 GJACO; and
3.71 GJ/tCO, calculated by (@i, 2007) and (Aromada
et al., 2021) respectively for a similar process with
85 % CO, capture.

Table 2. Main simulation results

Reboiler heat Optimum
[GJtCO,]  parameter

Base case 3.77 -
Energy optimum 3.50 14 stages
packing height
Energy optimum 3.41 5°C
temperature difference
90% capture, N=10m 5.24 -
92% capture, N=15m 3.55 -

The absorber packing height (N) was reduced to
8 m and also increased to 12 m and 14 m. The energy
optimum was 14 m, which shows that the desorption
heat requirement decreases with increase in the
absorption column packing height.

The lowest specific heat consumption was
achieved by the case with a temperature difference
of 5°C in the lean/rich heat exchanger.

Another important observation is that there is a
drastic increase of 39 % in the heat requirement for
desorption when the base case capture rate was
increased from 85% to 90%. However, when the
packing height was increased by 50%, that is to 15
m, the steam demand by the stripper was reduced by
6% to 3.55 GJ/tCO, for 92% CO; capture rate.

Specific reboiler heat, GJ/t CO2

3.2 Sensitivity Analysis of different
Process Parameters/Factors on Energy
Consumption

The complete results of the influence of the different
process parameters/factors on specific reboiler heat
consumption are presented in Figure 3. When the
absorber packing height (1 m/packing height) was
increased from 8 m to 10 m, the specific reboiler heat
consumption decreased from 4.20 GJ/tCO; to 3.77
GJtCO,. That is 10 % reduction in steam
consumption. Increasing the absorption column
packing height further to 12 m yielded a 6 %
reduction of steam consumption (3.53 GJ/tCO>)
compared to 10 m packing height. However, a
further increase from 12 m to 14 m resulted in less
than 1 % reduction in reboiler energy demand (3.50
GJNCOy).

While increase in the absorption packing height
caused decrease in the reboiler steam demand,
increasing the minimum approach temperature
(ATp,im) in the lean/rich heat exchanger result in
increase in the decrease in the steam consumption in
the reboiler. This is because as the AT,,,;,, increases,
the amount of heat recovered in the lean/rich heat
exchanger by the rich amine stream reduces. The
specific reboiler heat consumption with 5 °C, 5 °C, 5
°C and 5 °C are 3.41 GJ1CO,, 3.58 GJ/ItCO,, 3.77
GJtCO,, 382 GJICO, and 392 GIHCO:;
respectively. The specific reboiler heat consumption
for the standard amine based CO; capture process
reported in literature with different parameters and
capture rate are in the range of 3.5 — 5.2 GJ/tCO-
(Nwaoha et al., 2018; Hu et al., 2018). The values
obtained in this work are within this range.

53 r

L CE.=90%
51
4.9 I Base case: C.E.=85 %:; N=10 m; T=10 °C
47
45

N

41 1 s CE.=875% T=15°C
3.9 - N ~ _o— =
3.7 t _ —k~~_T=125°C

[ T=5°C_ =07 SN p--
3.5 | = O m——

[ o~ T=75°C =12mN=Aam
3.3 L L )

A B Base case C D

Difeerent cases of parametric variations/optimization

—@— Capture efficiency (C.E.), %
== 4==- Packing height (N), m
——O=— ATmin (T), °C

Figure 3. Impacts of different process parameters or
factors on specific reboiler heat consumption
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Sensitivity of the CO. capture rate was also
conducted by increasing it to 87.5 % and 90 %. The
steam requirement increased by 6 % when the
capture efficiency was increased from 85 % to 87.5
%. Increasing the CO> capture rate from 87.5 % to
90 % caused a very high increase (31 %) in the
reboiler heat consumption. It is important to state
that the capture efficiency increase was only
achieved by mere increase in the solvent circulation
rate of the base case.

3.3 Sensitivity Analysis of different
Process Parameters/Factors on CO:2
capture Cost

The results of economic optimization of different
process parameters are summarized in Figure 4. The
cost optimum absorber packing height is 12 m, even
though the energy optimum is 14 m. The CO; capture
cost is €63.9/tCO.. This indicates that the capital cost
dominates at 14 m. Therefore, the trade-off favours
12 m absorber packing height. This implies that it is
important to conduct capital and operating costs
trade-off analysis before making an economic
conclusion on any energy optimum process, which
could have been achieved due to higher process
complexity. For example, by adding other equipment
or increasing the size of one or more equipment units
as done in this study.

Varying the temperature difference in the main
heat exchanger shows the cost optimum to be 5 °C
with a capture cost of €63.8/tCO,. This agrees with
the work of Li et al. (2016) which suggested that the
optimum is within the 5— 10 °C. Schach et al. (2010)
calculated the cost optimum to be a logarithmic
mean temperature difference of 7.5 °C which is close
to this work. However, it is different from what is
obtained in the work of Karimi et al. (2011) which
calculated the cost at 10 °C to be less than the capture
cost at 5 °C. The reason is because the equipment
purchase cost for the heat exchanger employed as
lean/rich heat exchanger in this work is lower than
some other studies (Karimi et al., 2011; Kallevik,
2010; Aromada & @i, 2017; Aromada et al. 2020a;
Aromada et al., 2021). This indicates that the energy
(steam) cost dominated in this work. Aromada et al.
(2020a) and Aromada et al. (2021) estimated the cost
optimum AT,,,;,, with shell and tube heat exchangers
to be 15°C. However, in Aromada et al. (2020a), a
cost optimum AT,,,;,, of 5°C was estimated when the
type of heat exchanger was changed to plate heat
exchanger. This revealed that the cost optimum
AT, depends on the process and the economic
assumptions, especially the cost of the heat
exchanger and the cost of steam.

Changing the capture rate to 87.5 % and 90 %
increased the CO; capture cost from €65/tCO; to

€70/tCO2 and €85/tCO; respectively. And by this,
increasing the capture rate by increasing solvent
circulation rate has the highest impact on the CO-
capture (Figure 3). Therefore, it is worth to look at
finding a more economical way to capture more CO»,
that is more than 85 % at a lower cost. This is done
in the subsequent section.

85
C.E.=90%

8; " Base case: C.E. =85 %: N=10 m; T=10 °C
7 -

77 |
75 |
73
71 |
69 |
67 |
65 |
63
61

CO2 capture cost (€/t CO2)

A B Base case C D

Different cases of parametric variation/optimization

—@— Capture efficiency (C.E.), %
= =4 == Packing height (N), m
—O=— Tmin (T), °C

Figure 4. Impacts of different process parameters or
factors on CO; capture cost

3.4 Different Routes of Capturing More
CO2

The results of the second objective of this work are
presented in Figure 5. That is to find out a more
economical way to capture more than 85 % of CO-
from industry’s flue gas. The two routes for
increasing the capture efficiency from 85 % to 90 %
and above are by increasing the solvent flow rate and
by increasing the absorber packing height.

When the CO; capture rate was increase to 87.5
% and 90 %, the new route (route 2) compared to
Figure 3, resulted in reduction of €5/tCO, and
€17/tCO; respectively in CO; capture cost. These are
7 % and 20 % reduction respectively. They are
significant numbers. According to this work, the cost
efficient route to capture more CO is not by merely
increasing the solvent flow, but by increasing the
absorber packing height. When solvent flow is
increased, more COx is captured but at a high steam
cost. High steam need requires larger effective heat
exchange area in the reboiler (more units). The
capital cost of the heat exchanger network to meet
the heat exchange area requirement also increases
when the solvent flow increases.
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Figure 5. Economic implications of two different
routes to increase the CO- capture rate above 85%

For route (2), increasing the absorber packing
height effectively led to both less solvent flow due to
increase in retention (CO; and solvent contact) time,
relatively smaller heat exchange area, and
significantly less desorption steam requirement. In
route (2), the minimum CO; capture cost (in €/tCO2)
is not 85% as in route (1) but 87.5%.

There is no literature to compare the results with,
however, further studies will find the results very
useful, especially in reducing the cost of capturing
when 90 % and more CO; capture is needed.

3.5 Estimated Capital and Operating Costs

The capital and operating costs that are used for all
the trade-off analyses to obtain the cost optimum
parameters as well as for capturing 90 % of CO, and
above are shown in Figure 6 and Figure 7
respectively. The treated exhaust gas is from 400
MWe NGCC power plant, and the compression
section was not included. The capital cost here is
only the total plant cost (TPC).

A look at Figures 6 and Figure 7 shows that the

case of 90 % route (1), which is through increase of
solvent flow has the highest capital cost and the
highest operating cost. The high capital cost is
mainly due to the increase in the reboiler heat
transfer area to meet the substantial (39 %) increase
in the steam needed for desorption.

The cost implication of increasing the heat
transfer area of the lean/rich exchanger using shell
and tube heat exchangers is also usually relatively
large (Karimi et al., 2011; Aromada et al., 2020a).
The lowest capital cost was obtained by the case of
the cost optimum packing height and the minimum
annual operating cost was obtained by the case of the

cost optimum temperature difference. The 92 %
route (2) has a reduced operating cost compared to
90 % route (1) due to the decrease in the steam
requirement. The high capital cost in the 92 % route
(2) case is aresult of increase in the absorber packing
height from 10 m to 15 m.

195 r 192.2 190.6
W 190 |
; 185 |
@
g 180 r 174.9
s 175 s 1717
- .
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8 165 | |_|
160 + } t
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i 5, 58 8 8 &%
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Figure 6. Capital cost estimates of the different cases
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Figure 7. Capital cost estimates of the different cases

The combined effects of the two cost optimum
parameters for the 85 % CO; capture process on the
capital and operating cost were also evaluated and
are shown in Figure 6 and Figure 7. The capital cost
of the combined optimum parameters’ case is higher
than that of the base case and the two individual cost
optimum parameters cases. However, it achieved the
lowest annual operating cost.
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Base cost cost 90% 92% Combined
case optimum optimum route route optimum
packing temperature (D) (2) parameters
height difference

Capital cost (TPC) (million €) 170.8 167.7 171.7 192.2 190.6 174.9
Annualized capital cost (million €) 16.8 16.5 16.8 18.9 18.7 17.2
Annual operating cost (million €) 54.3 52.5 51.9 76.6 60.2 50.8
Total annual cost (million €) 71.1 69.0 68.7 95.5 78.9 67.9
CO; capture cost (€1CO,) 65.4 63.9 63.8 84.5 67.3 62.9
Specific reboiler heat (GJ/tCOy) 3.77 3.50 3.41 5.24 3.55 3.33
Annual cost savings (%) - -2 -2 29 3 -4
Energy savings (%) - -7 -10 39 -6 -12

3.6 Summary of Analyses

The results of the simulations and economic
analyses of all the important cases are summarized
in Table 3. The percentage of annual cost savings
and the savings in desorption steam requirements are
also shown. Negative percentage values indicate
savings compared to the base case, while positive
percentage values signify more expensive cases.

4 Conclusion

A study of the impact of different process
optimization parameters or factors in a standard
amine based CO, Capture process on the capture cost
was conducted through process simulation and cost
estimation. The study was carried out to reveal the
most important influential factor on CO, capture
cost, which led to investigating two routes of
capturing more than 85% of CO; from an industry
flue gas.

The most influential factor was found to be the
CO; capture efficiency. To increase CO; removal
rate above 85% without increasing the absorber
packing height will result in drastic increase in the
amount of steam needed for desorption, and a
significant increase in the cost of the main heat
exchanger if the shell and tube heat exchangers are
used. These will in turn result in a drastic increase in
capture cost. The cost efficient route to capture more
than 85% of CO: is by increasing the packing height
of the absorber to increase the contact time between
CO; and the solvent.

The cost optimum number of stages of absorber
packing height when the CO, removal efficiency and
temperature difference in the main heat exchanger

were kept constant at 85% and 10°C respectively is
12 m (12 stages). The cost optimum temperature in
the lean/rich heat exchanger when other base case’s
parameters were kept constant is 5°C.

An 85% CO; capture case with combination of
the cost optimum parameters achieved a 12%
reduction in the amount of steam needed for
desorption. That resulted in a 4% decrease in the
base case CO, capture cost. These emphasizes the
importance of performing cost optimization of CO;
capture process.

References

H. Ali, N.H. Eldrup, F. Normann, R. Skagestad, and L. E.
@i. Cost Estimation of CO, Absorption Plants for CO,
Mitigation—Method and Assumptions. International
Journal of Greenhouse Gas Control, 88, 10-23, 2019.
doi: 10.1016/j.ijggc.2019.05.028.

S. A. Aromada, N. H. Eldrup and L. E. @i. Capital Cost
Estimation of CO, Capture Plant using Enhanced
Detailed Factor (EDF) Method: Installation Factors
and Plant Construction Characteristic Factors.
International Journal of Greenhouse Gas Control, 1
10, 103394, 2021.

S. A. Aromada, N. H. Eldrup, F. Normann and L. E. @i.
Techno-Economic Assessment of Different Heat
Exchangers for CO, Capture. Energies, 13(23), 6315,
2020b. https://doi.org/10.3390/en13236315

S. A. Aromada and L. E. @i. Simulation of Improved
Absorption Configurations for CO, Capture. In
Proceedings of the 56th Conference on Simulation and
Modelling (SIMS 56), October, 7-9, 2015, Linkdping
University, Sweden. Linkoping Electronic Conference
Proceedings, 119(2), 21-29, 2015.
http://dx.doi.org/10.3384/ecp1511921

S. A. Aromada and L. E. @i. Energy and Economic
Analysis of Improved Absorption Configurations for
CO, Capture. Energy Procedia, 114: 1342-1351,
2017. doi: 10.1016/j.egypro.2017.03.1900

Proceedings of SIMS EUROSIM 2021

Virtual, Finland, 21-23 September 2021

315


https://doi.org/10.3390/en13236315
http://dx.doi.org/10.3384/ecp1511921

DOI: 10.3384/ecp21185309

SIMS EUROSIM 2021

S. A. Aromada, N. H. Eldrup, F. Normann and L. E. @i.
Simulation and Cost Optimization of different Heat
Exchangers for CO, Capture. Proceedings of The 61st
SIMS Conference on Simulation and Modelling SIMS
2020, September 22-24, Virtual Conference, Finland.
Linképing Electronic  Conference Proceedings,
176(45), 318-325, 2020a.
https://doi.org/10.3384/ecp20176318

L. Brickett. Carbon Dioxide Capture Handbook. National
Energy Technology Laboratory. 2015. Available on:
www.netl.doe.gov (Accessed on 10.11.2020)

Y. Hu, Y. Gao, Y., H. Lv, G. Xu, S. Dong. A new
integration system for natural gas combined cycle
power plants with CO, capture and heat supply.
Energies, 11(11), 3055, 2018.

IEAGHG. Deployment of CCS in the cement industry.
Cheltenham, UK. 2013.

IEAGHG R&D Programme, 2008. CO, capture in the
cement industry. Cheltenham, UK. 2008/3.

O. B. Kallevik. Cost estimation of CO, removal in
HYSYS. Master's thesis. Hagskolen i Telemark, 2010.

M. Karimi, M. Hillestad, and H. F. Svendsen. Capital costs
and energy considerations of different alternative
stripper configurations for post combustion CO;
capture. Chemical Engineering Research and Design,
89(8), 1229-1236, 2011.

K. Li, W. Leigh, P. Feron, H. Yu and M. Tade. Systematic
study of aqueous monoethanolamine (MEA)-based
CO, capture process: Techno-economic assessment of
the MEA process and its improvements. Applied
Energy, 165, 648-659, 2016.

C. Nwaoha, M. Beaulieu, P. Tontiwachwuthikul, M. D.
Gibson, M. D. Techno-economic analysis of CO2
capture from a 1.2 million MTPA cement plant using
AMP-PZ-MEA blend. International Journal of
Greenhouse Gas Control, 78, 400-412, 2018.

S. Orangi, F. F. Madan, K. G. Fajferek, N. T. Sater, S.
Bahri. Process simulation and cost estimation of CO,
capture in Aspen HYSYS using different estimation
methods. Master’s Group Project Report, University
of South-Eastern Norway, Porsgrunn. 2020.

M. O. Schach, R. Schneider, H. Schramm and J. U.
Repke, J. U. Techno-economic analysis of
postcombustion processes for the capture of carbon
dioxide from power plant flue gas. Industrial &
Engineering Chemistry Research, 49(5), 2363-2370,
2010.

T. E. Thorsen. Therefore, this is a big day for Grenland-
LEADER: The government’s “yes” to the capture and
storage of CO: in Brevik is big. Varden. 2020,
September 21. Available online:
https://www.varden.no/meninger/derfor-erdette-en-
stor-dag-for-grenland/ (Accessed: 03.04.2021).

L.E. @i, N. Eldrup, S. Aromada, A. Haukas, J. Helviglda
Heestad, & A. M. Lande. Process Simulation, Cost
Estimation and Optimization of CO, Capture using
Aspen HYSYS. In Proceedings of The 61st SIMS
Conference on Simulation and Modelling SIMS 2020,
September 22-24, Virtual Conference, Finland.
Linkoping Electronic Conference Proceedings 176:46,
326-331, 2020. https://doi.org/10.3384/ecp20176326

L. E. @i, T. Brathen, C. Berg, S. K. Brekne, M. Flatin, R.,
Johnsen, 1. G. Moen, & E. Thomassen. Optimization
of configurations for amine based CO, absorption

using Aspen HYSYS. Energy Procedia, 51:224-233,
2014. doi:10.1016/j.egypro.2014.07.026.

. E. @i. Removal of CO, from Exhaust Gas. Ph.D. Thesis,

Department of Process, Energy and Environmental
Technology, Telemark University College, Porsgrunn,
Norway, 2012.

. E. @i. Aspen HYSYS simulation of CO; removal by

amine absorption from a gas based power plant. In The
48th Scandinavian Conference on Simulation and

Modeling (SIMS 2007); 30-31 October; 2007;
Goteborg.  Linkdping  Electronic  Conference
Proceedings 27 (8), 73-81, 2007.

http://www.ep.liu.se/ecp article/index.en.aspx?issue=
027;article=008

Proceedings of SIMS EUROSIM 2021

Virtual, Finland, 21-23 September 2021

316


https://doi.org/10.3384/ecp20176318
https://www.varden.no/meninger/derfor-erdette-en-stor-dag-for-grenland/
https://www.varden.no/meninger/derfor-erdette-en-stor-dag-for-grenland/
https://doi.org/10.3384/ecp20176326
http://www.ep.liu.se/ecp_article/index.en.aspx?issue=027;article=008
http://www.ep.liu.se/ecp_article/index.en.aspx?issue=027;article=008

	Introduction
	Materials & Methods
	Sample preparation and Raman analysis
	Principal Component Analysis (PCA)

	Results & Discussion
	Pre-processing of raw spectra
	Initial PCA Analysis
	Optimized PCA with Variable Selection

	Conclusion
	Introduction
	Knowledge-based variable grouping
	Grouping with data analysis
	Correlation analysis
	Correlations in nonlinear systems
	Correlations in variable groups
	High-dimensional data

	Decomposition
	Clustering
	Reasoning

	Model-based selection and grouping
	Application cases
	Discussion
	Conclusions and future studies
	Introduction
	Proposed Wall Element
	Heat Transfer Analysis
	Material Properties and Boundary Conditions
	Results

	Hygrothermal Analysis
	Concluding Remarks
	Introduction
	Modeling for Energy Optimal Control
	Optimal control
	Numerical solution to optimal control problems
	Modeling implications

	Data
	Pressure offset estimation

	Model
	Dynamics
	Throttle
	Cylinder
	Torque
	Turbine
	Wastegate
	Compressor

	Energy optimal control
	Conclusions
	Introduction
	Background
	Previous work

	Methods
	Machine learning vs traditional computer vision algorithms
	Machine learning using fastai
	Image classification and segmentation
	Estimating tank level from an image
	Transfer learning
	ResNet
	Model training

	Traditional approach using OpenCV
	Binary threshold
	Canny edge detection


	Experimental setup
	Perspective distortion

	Results and discussion
	Model training
	Optimal scene conditions
	Challenging scene conditions
	Adapting to changes in the image scene 

	Repeatability under experimental variation
	Rotating tank - altered viewing angle
	Refilling tank - altering distribution of coffee beans in tank

	Timing

	Conclusions
	Introduction
	An introductory example
	Analysis
	Instability
	Erroneous simulation

	Numerical optimal control
	Optimal control
	Direct methods for optimal control

	Simulation of the optimal control
	Event functions
	Handling of the control input

	Example application
	Rocket Model
	Nominal problem formulation
	Problem variation
	Simulation

	Conclusions
	Introduction
	Operational Philosophy
	Lean burn gas engine - Otto Cycle
	Main control loops
	Speed Control
	Air pressure/AFR control
	Air temperature control
	NOx control
	Global ignition timing control

	Global ignition timing and efficiency
	Global ignition timing and heat rate

	Process modelling and description
	Charge air pressure
	Global Ignition timing
	Suction air temperature
	Charge air temperature
	IMEP
	Heat rate
	Knock level
	Peak pressure
	NOx
	O2
	Exhaust temperature
	State space model of engine

	Optimal control problem formulation
	Results and Discussion
	Conclusions
	Introduction
	Materials and methods
	Measurements
	Signal processing

	Results and discussion
	Acceleration measurements and their squared envelope spectra, bearing fault
	Acceleration measurements and their squared envelope spectra, misalignment
	Local regularity signals and their L-S periodograms and DCT spectra, bearing fault
	Local regularity signals and their L-S periodograms and DCT spectra, misalignment

	Conclusions
	Modeling and Simulation for Decision Making in Sustainable and Resilient Assembly System Selection
	1 Introduction
	1.1 Aims
	1.2 Sustainable manufacturing
	1.3 Resilient and Agile Manufacturing
	1.4 Requirements and solutions

	2 Design, modeling and evaluation
	2.1 Define requirements and needs
	2.2 Solution modeling
	2.2.1 Manufacturing system modeling

	2.3 Evaluation and analytics
	2.3.1 Cost and efficiency aspects analytics
	2.3.2 Environmental aspects analytics

	2.4 Improve decision making

	3 Discussion
	4 Conclusions
	Introduction
	Background
	Previous Work
	Outline of the Paper

	System Description
	Mathematical Model
	Hydro Power Plant
	Solar Power and Consumer Load
	Grid
	Canonical Representation of the Model
	Case Study

	Deterministic MPC
	Cost Function
	OCP Formulated in JuMP.jl

	Stochastic MPC
	Cost Function
	Stochastic Scenarios for Ps and P
	Stochastic OCP

	Results and Discussions
	Deterministic MPC
	Stochastic MPC

	Conclusions and Future Work
	Bibliography
	Introduction
	Background
	Outline of the Paper

	Speed Governor for Single Hydro Power Plant
	Governing mechanism
	Trollheim Hydro Power Plant
	Tuning of PI Controller
	Step Change in Load Power P

	Control of Multiple Hydro Power Plants
	Problem Description
	Concept of Droop Control
	Internal Structure of Droop Controller

	Case Studies
	Case Study-1
	Case Study-2

	Conclusions and Future Work
	Bibliography
	Introduction
	System Description
	Electrode Drying
	Solvent Recovery System
	Dry Room Air Dehumidification System
	Heat Pump
	Heat Exchanger Networks

	Results and Discussion
	Effect of Parameters on the Evaporation Energy of Drying
	Effect of Drying Temperature and Regenerator Size on the Energy of Solvent Recovery System
	Energy Consumption with Heat Pump
	Energy Consumption with MER-Network
	Comparison of the Used Energy Optimization Methods
	Comparison with Literature Values

	Conclusions
	Introduction
	System Description
	System model
	Operational constraints

	Optimal Control Formulation
	Reference region tracking OCP with output constraints
	New OCP with constraint relaxation

	Simulation of Nominal MPC
	Simulation result: Initial water level below the reference region
	Simulation result: Initial water level in the reference region

	Robustness Analysis
	Conclusion
	Introduction
	Methods
	Results and Discussions
	Conclusions
	Introduction
	Modeling and Sensitivity Analysis
	Model Description
	Uncertainties
	Open Loop Simulation
	Global Sensitivity Analysis

	Standard NMPC and Stochastic Analysis
	Design of deterministic standard NMPC
	Stochastic analysis of parametric uncertainty

	Conclusion
	Introduction
	Background
	Previous Work
	Structure of Paper

	Model Overview
	Two-phase Flow in a Porous Media
	Reservoir Overview
	Reservoir Model
	Well Model
	Simplifying Assumptions
	Valve and Pipe
	Water Saturation Versus Relative Permeability
	Mobility Determination
	Numerical Solution
	Pressure Equation

	Model Uncertainty and PI Controller
	Uncertainty Analysis
	PI Controller

	Simulation Results
	Conclusions
	Bibliography
	Introduction
	Method
	Simulation
	Sensors and Measurement Noise
	Analysis of Residuals

	Results and Discussion
	Fault Detectability and Isolability
	Fault Signatures
	Sensitivity to Measurement Noise

	Conclusions and Recommendations
	Acknowledgements
	Introduction
	Method
	Using a Cloud Platform
	Models
	Data
	Integration
	Output and presentation

	Results
	Implemented models
	Data Extraction
	Data and Model Integration

	Discussions
	Conclusions
	Acknowledgment
	Methanol synthesis from syngas: a process simulation
	1 Introduction
	2 Methanol synthesis from syngas and carbon dioxide
	2.1  Previous works

	3 Materials and methods
	4 Results and discussion
	5 Conclusion
	Introduction
	Modeling
	Seahorse XF
	Parameter estimation
	Structural properties
	Conclusions
	Introduction
	Background
	Previous work
	Scope

	Materials and methods
	Number balance
	Assumptions on the total population
	The classical continuous SIR description
	Extension: the SEIR description
	Poisson distribution in events
	Stochastic differential equation
	First reaction time

	Reproduction number
	Model fitting
	Measles case study

	Measles case study
	SIR model
	Deterministic model with model fitting
	SDE model
	First reaction event model

	SEIR model

	Analysis of epidemiology models
	Condition for infection growth
	Stability from SEIR model

	Conclusions
	Bibliography
	Introduction
	Background
	Previous work
	Scope

	Materials and Methods
	COVID-19 data
	Initial evolution of C
	SEICUR model
	Reaction mechanism
	Approximate initial response
	Parameters and initial states
	Reproduction number

	The Norwegian PHI model
	Variation in infection rate
	Mitigation

	Model Fitting
	Initial evolution
	Fitted mitigation policy
	Case Norway
	Case: Italy
	Case: Spain


	Discussion and conclusions
	Bibliography
	Introduction
	Background
	Previous work
	Scope

	Materials and Methods
	Reaction mechanism
	Migration
	Demographic distribution
	Extinction of COVID-19
	Herd immunity
	Vaccination
	Qualitative effect of mitigation + vaccination


	Results
	Migration
	Herd immunity
	Vaccination
	Quenching COVID-19: the importance of vaccination

	Conclusions
	Bibliography
	Introduction
	COVID-19 data
	Methodologies
	Nonlinear scaling
	Steady-state LE modelling
	Dynamic LE modelling

	Epidemiological modelling
	Variable selection
	Data analysis
	Feasibility results

	Discussions
	Conclusions and future studies

