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Supplementary results

Figures and results accompanying the discussion in the main body.

Capital cost breakdowns
Breakdown of capital costs for each scenario, at 0.15 bar, desorption pressure.

Natural gas

3.0
2.5
= 7] Feed compressors
2 204 I Feed coolers
i ] [ CW pumps
° 15 [ ]Columns
% : I Adsorbent
s _ I VVacuum pumps
= 1.0 Absorption | [ Vac. pump motors
2 [ Control valves
00 T T 1 T T T ]!I 1 T T T 1 T T 1 T T 1 T T g
zZz CZZONNNMTMNNNNNNN>NN
§L35552755522 70 innrnnra88
§%%TF8L\>T>>>%00§®03\1\1\1200§ ==
O-n—igg.—SL:‘.%wUJU TOOOROINRT B
'.""\.me@'ﬂov\noooo © e g
NES CERY 0O Q7%
ag ™~ o) 2
@ A~ 3 g
O% I ]
(@]
m

Figure 1 — Capital cost breakdown for each adsorbent for the natural gas scenario at 0.15 bar,
desorption pressure
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Figure 2 — Capital cost breakdown for each adsorbent for the coal scenario at 0.15 bar,

desorption pressure
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Energy penalty plots

Plots showing the total electrical energy penalty, and the specific energy requirements for each

scenario are presented here.

Natural gas

1
60 Specific energy [GJ-to]
. o Y
| eee ¢ 7
< 120 L BSR4 7
= goee o ;
>
’ g
5 80 vvaXvOXXXVo.vaVVVVv v 2
5 oo 002 WEAL, 4, Ay 1
5 AXAAA.. EpE, eomAgliie Desorption pressure
|
YT A ° - .'.'l A esorption pressu
B 0.15 bar,
® 0.10 bar,
A 0.05bar,
O+ 7T T T T T T T T T T T T T T T T T T T T 111V 003bar,
SEZ555255525 0 HBRRRRRRNERE @ ootba,
£2C508T 252098l s0L0885282
OFHZ88-2L3dmEg TOCe®e=Pg0 0
FTd1o002233080 & ege
N2 a&832°N0888 >
INES OGS @ g8~
CG’)IQ. % g
69 2 5
<
o
m

Figure 5 — Energy penalty and specific energy consumption for the natural gas scenario
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Figure 6 — Energy penalty and specific energy consumption for the coal scenario
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Figure 7 — Energy penalty and specific energy consumption for the cement scenatio
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Figure 8 — Energy penalty and specific energy consumption for the steel scenario



Working selectivity

Plots of the working selectivity of each adsorbent for each of the scenarios are presented here.

The working selectivity is the ratio of the working capacity of CO, to N.
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Figure 11 — Working and ideal selectivities for the cement scenario
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Sensitivity analysis

The sensitivity analysis plots for purity, recovery, and cost are presented here for Mg-MOF-74

and UTSA-16 at 0.01 bara desorption pressure for the natural gas scenario.
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Figure 13 — Sensitivity analysis of density, void fraction, and heat capacity for Mg-MOF-74 and
UTSA-16 at 0.01 bar, and 0.15 bar, desorption pressure on CO; purity
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Figure 14 — Sensitivity analysis of density, void fraction, and heat capacity for Mg-MOF-74 and
UTSA-16 at 0.01 bar, and 0.15 bar, desorption pressure on CO; recovery
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Figure 15 — Sensitivity analysis of density, void fraction, and heat capacity for Mg-MOF-74 and
UTSA-16 at 0.01 bar, and 0.15 bar, desorption pressure on CO; capture cost
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Effect of adsorption temperature (extended range)
Plots of purity and recovery are provided for all adsorbents over a wider temperature range for
the natural gas scenario.
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Figure 16 — Effect of adsorption temperature on CO, purity and recovery for Mg-MOF-74, Ni-
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Operating cost fractions

Fraction of operating cost relative to total annual cost, for all adsorbents, for the natural gas
scenario.
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Figure 21 — Proportion of total annual costs that are operating costs at each desorption pressure
for the natural gas scenario for each adsorbent
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Surrogate model goodness-of-fit

The goodness of fit metrics for the surrogate model are provided here. Statistical analysis is also

provided on the values of the absolute and percentage errors.

The parameters are defined as below, where y, is the ‘actual value’ or ‘input value’, and yr is the

‘fitted value’ or ‘predicted value’.

Residual =y, -y,

Errabsolute = |yf —Va

Err e = 2% 100

percentage
Va

Absolute error statistics

Number of points Number of input points to model

Minimum Minimum value of Ett,psolue

Maximum Maximum value of Ettpsoue

Average Average value of Effabeoute

Median Median value of Ettapsolute [units]
Standard deviation Standard deviation of Ettapsohue

Margin of error for 99 % | 99 % confidence interval based on

confidence interval standatrd error.

The percentage error statistic table shows the number of points (and the corresponding
percentage of the total number of points) of the dataset that have percentage errors greater than
the indicated value. The table is not bounded, i.e. if 17 points have a percentage error greater

than 5 %, and 4 points greater than 10 %, there are 13 points between 5 and 10 %.

Percentage error statistics

Percentage | Number of points | Percentage of total
error greater than points

5

10
15
20
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Figure 22 — Parity and residual plots of the surrogate model fit for the CO; purity data for the
natural gas scenario

Absolute error statistics

Number of points 4992

Minimum 6.279-107

Maximum 5.731-10°

Average 4268107 .
Median 2795107 motmol
Standard deviation 4.624-10”

Margin of error for 99 % confidence interval +1.686:10*

Percentage error statistics

Percentage | Number of points | Percentage of total
error greater than points

5 516 10.3

10 175 3.5

15 75 1.5

20 44 0.9
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Figure 23 — Parity and residual plots of the surrogate model fit for the CO; recovery data for the
natural gas scenario

Absolute error statistics

Number of points 4480

Minimum 2.499-107

Maximum 6.772:107

Average 3.925-10° .
Median 1.508-107 motmol
Standard deviation 5.891-10°7

Matgin of etror for 99 % confidence interval +2.268-10*

Percentage error statistics

Percentage | Number of points | Percentage of total
error greater than points

5 46 1.0

10 4 0.1

15 0.0

20 0 0.0
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Figure 24 — Parity and residual plots of the surrogate model fit for the CO; capture cost data for
the natural gas scenario

Absolute error statistics

Number of points 4608

Minimum 7.179-107

Maximum 1.059

Average 1.791-10” /o
Median 4.861-10°

Standard deviation 4.821-10

Matgin of etror for 99 % confidence interval +1.830-10°

Percentage error statistics

Percentage | Number of points | Percentage of total
error greater than points

5 277 6.0

10 58 1.3

15 13 0.3

20 3 0.1
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Figure 25 — Parity and residual plots of the surrogate model fit for the CO; purity data for the

coal scenario

Absolute error statistics

Residual

0.10

0.05

-0.05

{ CO, purity [mol-mol™"]

-0.10 —
00 0.2

L
04 06

Input value

Number of points 4992

Minimum 4911-10°

Maximum 3.765-10°

Average 2467107 .
Median 1.461-10° motmol
Standard deviation 3.087-107

Margin of error for 99 % confidence interval +1.126-10*

Percentage error statistics

Percentage | Number of points | Percentage of total
error greater than points

5 192 3.8

10 44 0.9

15 15 0.3

20 5 0.1
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Figure 26 — Parity and residual plots of the surrogate model fit for the CO; recovery data for the

coal scenario

Absolute error statistics

Residual
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{ CO, recovery [mol-mol ]

-0.2 —

— .
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Number of points 4992

Minimum 6.569-10°

Maximum 1.141-10"

Average 4038107 .
Median 9.967-10° motmel
Standard deviation 7.201-10°

Margin of error for 99 % confidence interval +2.626:10*

Percentage error statistics

Percentage | Number of points | Percentage of total
error greater than points

5 96 1.9

10 15 0.3

15 6 0.1

20 0.0
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Figure 27 — Parity and residual plots of the surrogate model fit for the CO; capture cost data for

the coal scenario

Absolute error statistics

Input value

Number of points 4992

Minimum 9.516-107

Maximum 0.5583

Average 9.476-10° e/ teos”
Median 1.381-10°

Standard deviation 2.794-10

Matgin of etror for 99 % confidence interval +1.019-10°

Percentage error statistics

Percentage | Number of points | Percentage of total
error greater than points

5 134 2.7

10 24 0.5

15 0.1

20 0.0




Purity
1.0

Cement

0.10

0.8

0.6

0.4 +

Fitted value

0.2 1

1 CO, purity [mol-mol™']

Residual

-0.05

1 CO, purity [mol-mol™]
0.05

0.0
0.0

Figure 28 — Parity and residual plots of the surrogate model fit for the CO; purity data for the

— T T 1
02 04 06

Input value

cement scenario

Absolute error statistics

T
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Number of points 4992

Minimum 4.574-107

Maximum 471810
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Standard deviation 3.293-107

Margin of error for 99 % confidence interval +1.201-10*

Percentage error statistics

Percentage | Number of points | Percentage of total
error greater than points
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Figure 29 — Parity and residual plots of the surrogate model fit for the CO; recovery data for the
cement scenario

Absolute error statistics

Number of points 5104

Minimum 3.538-107

Maximum 1.109-10"

Average 4.519-10° .
Median 1.06810° motmol
Standard deviation 7.776-10°7

Matgin of etror for 99 % confidence interval +2.805-10*

Percentage error statistics

Percentage | Number of points | Percentage of total
error greater than points

5 91 1.8

10 15 0.3

15 1 0.0

20 1 0.0
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Figure 30 — Parity and residual plots of the surrogate model fit for the CO; capture cost data for

the cement scenario

Absolute error statistics

Residual

0.8

{ Annualised capture cost
[kE-tdo]

0.4 +

Input value

Number of points 4992

Minimum 4.990-107

Maximum 0.3536

Average 8.045-10° kf teos
Median 1.297-10° ‘
Standard deviation 2.186-107

Margin of error for 99 % confidence interval +7.974-10°*

Percentage error statistics

Percentage | Number of points | Percentage of total
error greater than points

5 148 3.0

10 31 0.6

15 8 0.2

20 0.1
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Figure 31 — Parity and residual plots of the surrogate model fit for the CO; purity data for the

steel scenario

Absolute error statistics

Residual

0.10
{ CO, purity [mol-mol™"]
0.05
0.00
-0.05
-0.10 L L L
00 02 04 06 08
Input value

Number of points 5200

Minimum 4.327-10°

Maximum 1.598-10°

Average 1.241-10° .
Median 6.914-10" molmol
Standard deviation 1.641-107

Margin of error for 99 % confidence interval +5.864:10°

Percentage error statistics

Percentage | Number of points | Percentage of total
error greater than points

5 18 0.3

10 0.0

15 0.0

20 0.0
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Figure 32 — Parity and residual plots of the surrogate model fit for the CO; recovery data for the

steel scenario

Absolute error statistics

Number of points 5200

Minimum 1.169-10”

Maximum 9.514:10”

Average 4.000-107 .
Median 8.747-10° ot mol
Standard deviation 7.143-10°

Matgin of etror for 99 % confidence interval +2.552-10™*

Percentage error statistics

Percentage | Number of points | Percentage of total
error greater than points

5 79 1.5

10 7 0.1

15 0.0

20 0.0
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Figure 33 — Parity and residual plots of the surrogate model fit for the CO; capture cost data for

the steel scenario
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Number of points 5200
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Power plant flue-gas determination

A method was devised to determine the flow rate and composition of post-combustion flue
gases. This was to allow on-the-fly calculation of the flue-gas stream given a fuel source and a

power generation capacity.

The mass flow rate of fuel, ms., with lower heating value, LHV ., that is required to be
combusted in order to produce a given amount of electrical power, P, with a given plant

round-trip-efficiency, nrr, is given by the equation below.

P

elec

My =
LH Vﬁtel Ty

This is the basis for this method, and examples for natural gas and coal are given below. The

natural gas case is fairly trivial.

Natural-gas
It is assumed that the natural gas is pure methane, however, this method can be adapted for

other gaseous fuel compositions.

Perec = 400 MW
LHVfuel =50 Mjkgl
7RT = 0.55
400
m, =———=1455kg-s™"
el 50.0.55 8
14.55

iy = —==>=0.9091 kmol -s”!
- 16

Assuming and air to fuel ratio (AFR) of 43 on a mass basis for an NGCC power plant, and

assuming complete combustion of the fuel, a mass balance can be carried out.

mair = mfuel x AFR
. mair
n. =
“28.84
Al =n,, x0.21

cin -
ny =n,, *x0.79



CH, +20, = CO, +2H,0

Component In Reacted Out

Fuel 0.9091 -0.9091 0.0000
O, 4.5557 -1.8182 2.7375
N 17.138 0.0000 17.138
CO» - +0.9091 0.9091
H,O - +1.8182 1.8182

In this work, as it is assumed that the flue gas is provided dry, so the HO is subtracted to give

the dry flow rate of flue gas.

Although some excess O, is present, it is assumed that the separation taking place is only a

CO,/N; separation, however, the O; is included in the mass flow rate calculation.

Reco,

Yeco, =
, = 5 5
Reo, + 1o, + 11y,

nﬂuegas = nCOZ + n02 + nNz

mﬂuegas = [yCO2 ’ ]\/[VVCO2 + yN2 ’ MWNZ + yO2 ’ MVVO2 :| ’ flﬂuegas

This yields a flue gas composition of 4.37 %ome CO», and a flow rate of 607 kg's™ for an electrical

output power of 400 MW.

Coal

For the coal case the overall procedure is the same, however, additional steps are required to

determine the LHV of the coal, and the required air to fuel ratio.

The HHV of the coal sample is determined using the method developed by Majumder ez a/.'
below, which is based on proximate analysis of a coal sample. Where HHYV is the higher heating
value in M]'kg'l, A is the mass percentage of ash, M the mass percentage of moisture, Vy the
mass percentage of volatile matter, and Fc the mass percentage of fixed carbon; all on an as

received basis.



HHYV =—0.03x A—0.11x M +0.33xV,, +0.35x F.

The process will be demonstrated for the high-rank coal used in this work.

Vassilev e al” undertook a statistical analysis on a range of low, medium, and high-rank coals, to
provide an average representative of each.

The proximate analysis of high-rank coal was 2.6 %o moisture, 16.5 %o, volatile matter, 65.9 %oy
fixed carbon, and 15.0 %y ash.

HHV =-0.03x15.0—-0.11x2.6+0.33x16.5+0.35%x65.9
=27.774 MJ kg™

The ultimate analysis of the coal is then used to determine the ‘molecular formula’ of the coal
sample.

The coal sample consisted 88.7 %o carbon, 4.1 %o hydrogen, 1.2 %, nitrogen, and 1.6 %oy«
sulphur on a dry and ash-free basis.

It was assumed that the coal was composed of C, H, and O, such that the combustion produces
only CO; and H>O. This results in a composition of 91.0 % carbon, 4.2 %, hydrogen, and 4.8
% oxygen. The molecular formula which results in this composition is then determined.

In this case: C»sH14O, with molar mass 330 g-mol”

The HHV can now be converted to the LHV.

Considering all the H present in the coal will form H,O:

roduce l H 0
n(H,0)7et <18 000 ) oy MONTE) ( 2 )
pir " 7330 kgeo!

It is now necessary to convert the dry and ash-free basis to the as-received basis:

roduced
n(H O)produced _ n(H20);AF _ 2121
27 /4R M+ A4 2.6+15.0
1+ 4500000
100 100
mol(H 0)
=18.0 P —
S AR



The Ahy, of water at 1 atm is 40.65 k] mol™.

LHV = HHV — Ah,, -n(H,0)

40.65x18.0

=27.774—- =27.04 MJ -kg™'

Using the molecular formula, it is also possible to determine the stoichiometric amount of air
required for combustion.

C,H,,0+15.50, =12.5C0O, +TH,0

The stoichiometric mass of air required for 330 g (1 mole) of high-rank coal is 2362 g, thus the
stoichiometric air to fuel ratio is 7.16.

It is assumed the coal is combusted in 25 % excess air, thus the final air to fuel ratio is 8.95, and
a value of 9 is used in the model.

With the LHV (27 MJ-kg™), and AFR (9) determined, it is now possible to catry out the mass
balance in the same way as per natural gas.

It is assumed that the coal plant is of the ultra-supercritical (USC) type with a round trip
efficiency of 45 %.

The mass balance is shown for a 500 MW plant.

Component In Reacted Out

Fuel 0.1245 -0.1245 0.0000
O, 2.677 -1.930 0.7468
N 10.07 0.000 10.07
CO» - +1.556 1.556
H,O 0.06094 +0.8716 0.9325

Using the same assumptions as for the natural gas case, this results in a flue gas of 12.5 %omo
COy, and a flow rate of 377.1 kg's™.

For interest of the reader, using the same procedure for the low-rank coal provided in Vassilev ez

al.
LHV = 18.7 MJ kg’



AFR =13
Peaec = 500 MW
NRT = 0.40

yeoz = 13.5 Yome CO;
Q =900 kg's™!



Adsorbent input data

This section contains the input data for the adsorbents evaluated including the: dual-site

Langmuir isotherm fitting parameters, physical properties, and any data sources.

The numerical isotherm data for adsorbents which required data digitisation is provided as

additional supplementary information.
Units are as follows:

m — mol-kg’'
by — bar’'
AH — J-mol”
@ —kg'm”
e—m’m”

Cp—J kg "K'



Mg-MOF-74 Ni-MOF-74 HKUST-1 MOF-505
Isotherm parameters
CO;
my 6.405 6.459 15.43 2.579
bo,1 1.701-10° 1.116-10° 5.669:10° 7.777-10”
AH; 42843 40846 28526 25715
m; 9.802 363.5 - 29.54
bo,2 7.320-10° 1.237-10* - 5.835-107
AH, 26394 8842.0 - 27369
N2
my 114.0 7.120 9.014 41.25
bo,1 5.682-10° 1.208-10° 5.829-10° 5.008-10°
AH, 5.302-10°* 23540 16039 18093
m; 5.935 - - -
bo,2 1.954-10” - - -
AH, 22803 - - -
Isotherm 5 4 . .
data source
dD;tg;tised No Yes No Yes
Physical properties
Density 457 602 446 467
Porosity 0.758 0.757 0.808 0.785
CIF file ; . , T
source
izjcity 989 781 803 925
Heat
capacity - - - -
source




5 (1)\5%2-0 Mi(’:‘zcll\f(.g);nd MIL-101(Cr) UTSA-16
Isotherm parameters
CO;
my 3.627 1.700 3.589 4.079
bo, 4.246-10" 1.673-10° 1.961-10° 6.000-10°¢
AH, 21632 33810 32356 34250
m; 40.71 8.456 1.177 1.289
bo,2 5.067-107 2.616-10° 7.125-10°¢ 1.626-10"
AH, 27097 26929 25332 37820
N,
my 41.25 53.96 10.14 1.326
bo,1 5.008:10° 2.838:10” 2.028-10” 2.154-10°
AH; 18093 12800 2243.8 8558
m; - - 3.072 1.773
bo,2 - - 5.387-10° 1.669-107
AH, - - 228064 30280
Isotherm P - - 1
data source
dD;tgaitised Yes Yes Yes No
Physical properties
Density 467 408 208 787
Porosity 0.785 0.725 0.893 0.605
CIF file o n " 5
source
g;jciw 925 916 936 878
Heat
capacity - - - -
source




MOF-177 NiDABCO CuDABCO ZnDABCO
Isotherm parameters
CO;
my 2841 138.1 2111 227.6
bo,1 1.359-10° 5.860-10° 1.632:10° 1.752:10°
AH; 13315 18302 17186 18566
m; - 37.61 250.4 269.2
bo,2 - 8.667-107 5.698-107 6.080-107
AH, - 23645 21540 21490
N2
my 113.6 10.18 7.899 6.442
bo,1 3.854-10° 217510 8.179-10° 9.811-10°
AH, 9253.9 17468 13051 14379
m; 97.73 - - -
bo,2 2.354-10° - - -
AH, 1640.9 - - -
Isotherm 5 16 16 .
data source
dD;:c:;;tised No No No No
Physical properties
Density 306 421 421 334
Porosity 0.883 0.757 0.757 0.840
CIF file 18 19 Assumed same 2
source as NiDABCO
2(;:city 1067 1008 985 1002
Heat
capacity - - - -
source




Zn(BPDC)(BPP) ZIF-8 ED-ZIF-8 ZIF-68
Isotherm parameters
CO;
my 0.855 7.759 28.07 6.082
bo,1 3.966-10° 1.152:10* 1.006-10* 2.140-10”
AH; 22873 16100 13732 24109
m; 0.6085 - 1.503 -
bo,2 1.948-10° - 2.640-107 -
AH, 28302 - 8757.9 -
N:
my 0.3702 154.8 327.5 15.71
bo,1 8.652:10” 2164107 1.189-10” 2.041-107
AH, 38425 8478.9 8743.1 14780
m; - - - -
bo2 . . . .
AH, - - - .
Isotherm " » » 3
data source
dD;tg;tised Yes Yes Yes Yes
Physical properties
Density 596 405 405 521
Porosity 0.540 0.752 0.752 0.684
CIF file - ) Assumed same o
source as ZIF-8
gg)jcity 1088 1058 1058 905
Heat
capacity - - - -
source




ZIF-69 ZIF-70 ZIF-78 ZIF-79
Isotherm parameters
CO;
my 5.801 6.984 1.596 1.668
bo,1 2.310-10” 9.335-10” 3.121-10° 5.046:10”
AH; 24365 19418 29052 251006
m; - - 4.216 4.223
bo,2 - - 9.512-10° 3.453-10°
AH, - - 25543 26144
N2
my 13.39 2.806 2.399 1.747
bo,1 4.709-10° 2.588-10* 1.822-10* 1.801-10*
AH, 13418 13061 14904 14854
m; _ B, B, B,
bo, i i, i, i,
AH, - - - -
Isotherm 3 3 - -
data source
dD;tg;tised Yes Yes Yes Yes
Physical properties
Density 595 392 558 542
Porosity 0.518 0.746 0.608 0.633
CIF file o o o o
source
izjcity 905 998 915 990
Heat
capacity - - - -
source




Activated

ZIF-81 ZIF-82 Carbon Zeolite 5A
Isotherm parameters
CO,
my 1.546 1.669 3.234 1.794
bo,1 2.307-10” 3.208-10” 1.395-10” 4.198-10”
AH; 27493 27436 29302 38748
m; 13.28 23.56 6.933 1.702
bo,2 6.028-10° 8.874-10° 7.010-107 1.645-10”
AH, 22575 21464 15000 35225
N2
my 2.588 3.236 50.36 36.65
bo,1 1.536-10"* 2.874:10* 5.187-10° 3.844-10°
AH; 14205 12812 16252 19432
m; - - 50.36 36.65
bo,2 - - 5.187-10° 3.844-10°
AH, - - 16252 19432
Isotherm s s % -
data source
dD:tgaitised Yes Yes No No
Physical properties
Density 656 474 481 747
Porosity 0.633 0.646 0.690 0.517
CIF file 3 3 0, ¢ Cpall from | p, ¢, Cp all from
source Cp source Cp source
gi::city 811 928 1050 920
Heat
capacity - - * 7
source




Zeolite 13X

Isotherm parameters

CO;
my 2.808
bo,1 4.731-10°
AH; 32194
m; 2.498
bo,2 3.301-10°
AH, 32177
N2
my 2.020
bo,1 2.036-10*
AH, 14875
ms .
bo,2 ,
AH, -
Isotherm data source »
Digitised data No
Physical properties
Density 750
Porosity 0.710

CIF file source

0, &, Cp all from
Cp source

Heat capacity

920

Heat capacity source

28




Sample heat capacity calculation
Example calculation for UTSA-16

Unit cell formula: CosK(CsHsOr)2

Heat capacity of metals from Rumble™

Cp(Co) = 24.81 J'mol K"

Cp(K) = 29.6 J-mol ™ K'!

Heat capacity of ligand using method of Goodman ez a/.”!

- Atom Number of
Group a’ value
numbers groups
>C< -0.041 2 1
>CH, 0.1164 1,3 2
—COOH 0.2102 4,6,7 3
—OH 0.1034 5 1

A= exp(6.7796+2ak -nkj
k

= exp[ 6.7796 +(-0.041x1)+(0.1164x2)+(0.2102x3)+(0.1034x1) |

=2221.2T -kmol™-K™

A
CP,ligand = m

22212
1000

0.79267

0.79267

x(313.15)

=211.302J-mol™" -K™'




Heat capacity of MOF using method described in paper.

1
Cppior =— Z n-Cpy

ok

:%-[(3x24.81)+(1x29.6)+(2><21 1.302) ]

=87.7723 J-mol™" - K™

1
MW, = —an MW,

tot Kk

=%-[(3x58.933)+(1x39.098)+(2x192.123)]

=100.024 g-mol™’

A

C
Cpror = ——22—-x1000

MOF
_87.7723 oo
100.024
=877.5 I-kg" K™



Adsorption model
The adsorption process is a 1-bed, 3-step cycle, and modelled based on the work by Maring and

Webley”. The model was implemented as desctibed in their work, with the exception that 500
discretised steps were used for the desorption and adsorption step calculations instead of the

specified 100 in the paper.
Two additional parameters were also included in the desorption step loop.

The first is to determine the actual volume of gas removed by vacuum, using the ideal gas law.
Where Any is the moles of gas removed in the k™ step, and Ty and P are the temperature and

pressure of the k™ step respectively.

o=y M L
= B

The second is to determine the total moles of gas removed under vacuum.

cycle __
R = Z Ank
k

Using the outputs from the PVSA model, the process design and economics are then calculated.
The process equipment that are sized and costed are shown in the figure below; the equipment is

enumerated/parallelised as required.

Feed gas CO; rich gas

CWR

cw

\V4
A g/

N, rich gas N, rich gas

Figure 34 — Process equipment considered for design and costing in the adsorption model

[49]



Equipment sizing
Feed compression
The PVSA model returns the blower energy (Epiower) required for one cycle, along with the total

feed (nweea™) for that cycle. The total feed compression shaft work can then be determined

given the total feed flow rate (Ngeed®™).

Wtotal _ Eblowgr Xr'ltotal
comp cycle Jeed

feed

The total feed volumetric flow rate (in m’-hr™") is used to determine the number of compressors,

with sizes limited to 10° m’-hr" assuming an axial-flow centrifugal type.

- total

N _ m_ feed
comp ~ gas % 106

Pr feed »Preed

total
each __ ~ comp

comp
comp

Post-compression heat exchanger
The PVSA model returns the temperature of the feed gas post-compression (Tpc), assuming an

isentropic compression process. Using this temperature, and the user specified adsorption

temperature (T.q) the heat exchanger duty can be determined.

. feed
Apc =M g X Cp x (TPC - Tads)

If Togs < Tec

Cooling water inlet temperature (Tew'™): 298.15 K
Cooling water outlet temperature (Tew™): 323.15 K
Opverall heat transfer coefficient (Ucy): 20 W-m™ K



(Tads _TC”;V)_(TPC _TCO;Vt)
ATLM = in
ln[y;ds _TC;VMth
TPC _TCW
total __ qPC
PC
UCW 'ATLM
mCW — QPC

out in water
(TCW _TCW)'CP

If Tuss > Tec

To have flexibility in the input range in this work, high-pressure steam (25 bar,) was used.

However, this should be adjusted for each application.

Steam temperature (Trups): 497.10 K
Enthalpy of vapourisation (AH.): 1840 kJ-kg!
Overall heat transfer coefficient (Upps): 30 W-m™> K

(Zm _THP )_(TPC _THPS)

AT,y =
ln(T:lds _THPS J
Toc = Typs
total __ qPC
PC —
UHPS 'ATLM

. —-q

Myps = A]_;C

vl

The heat exchangers were assumed to be of the shell & tube type, with areas limited to 1000 m*.

This was then used to determine the number of heat exchangers required.

Amtal
Npcuy = |71(;(C)0—‘

total
APC

N

PCHX

each __
APC -



Vacuum pumps
The vacuum pumps were enumerated based on manufacturer pump curves. A Pfeiffer Okta

4000 was used between desorption pressures of 0.10 bar, and 1.00 bar,, while a Pfeiffer Okta

18000 was used for desorption pressure < 0.10 bara.

The pump curves’” were digitised in order to enable interpolation at any desorption pressure

and converted to a piecewise function.

x =log,, (Px1000)
—4.656-x* —7.2038-x* —11.8-x* +1.9683  —1.79<x<-0.71

_]-0.01265-x+4.1590 —0.71<x<0.29
y(x)= 0.2322-x*—0.9236-x +4.4121 029<x<2
0.073363-x* —0.42998 - x +3.6449 2<x<3
V =10"

vacpump

Where P is the desorption pressure in bat,, and Vi is the volumetric flow rate in m’*hr”'. The

number of vacuum pumps can then be determined.

First, the total amount of vacuum required per cycle must be determined, and the time available
for it to take place. The values used in this work are presented, however, they can be adjusted

for a specific case.

Cycles per day (CPD): 24
Adsorption time fraction (ATF): 0.75

This results in a 1-hour cycle time (tec), of which 15 minutes is desorption time (tvac).

, .24
cycle — CPD
tvac = tcycle x (1 - ATF)

cycle
N _ I/vac
vac V P
vacpump x vac

The PVSA model does also return the vacuum energy required for a cycle, based on the
isentropic compression formulae. However, the power requirements of the vacuum pumps are
specified by the manufacturer, so they are used directly. In cases where they are not available,

the same method applied for the feed compressors can be used.

[52]



Adsorbent beds
Due to the calculation method used in PVSA model regarding the mass of adsorbent and the

reported output values, the scaling approach required is atypical.

MW,

co,

10°

— Jeed
TPDcCO2 =N goq X Vo, X RecCO2 X

o _ TPDCC, x10°
@ MW, xCPD

cycle
o,

mads T
WCep, x1000

Where TPDccoz is the tonnes of CO, captured per day.

Where nfed is the molar flow rate of the feed is in mol-day™.

Where yeo2* is molar fraction of CO: in the feed gas.

Where Reccoz is the recovery of CO: on a molar basis, returned by the PVSA model.
Where MW oz is the molar mass of CO. in g'mol™.

cycle

Where ncox™ is the amount of CO» captured per cycle in moles.
Where m,q is the mass of adsorbent in tonnes.

Where WCcoz is the working capacity of CO; for the adsorbent, returned by the PVSA model.

The sizing of the adsorbent vessels is based on the procedure described in the GPSA
Databook™.

The first step is to calculate the gas velocity that results in the desired pressure drop per unit

length of bed, using their modified Ergun equation.

AP/z = 0.3 psi-ft', recommended maximum is 0.33 psi-ft .
APy = 5.8 psi, recommended range is 4 to 8 psi.

The modified Ergun equation parameters for 1/16” extrudates are: x; = 0.238, x, = 0.0002100.



oas AP

‘x2 .p]%ads,[;ds ngv +x1 /’lVgZS :7

Where g is the gas density fed to the column, required to be in Ib-ft”.
Where p is the gas viscosity fed to the column, required to be in cP.

Wherte V, is the superficial gas velocity through the bed, in ft'min™.

The quadratic equation can then be solved to obtain the gas velocity.

The length of the bed (in feet) can be determined simply by:

AP

fot

L =
bed AP/Z

The diameter (in feet) of the bed can be determined by assuming a vessel aspect ratio. For axial

flow packed-bed adsorption vessels, this is commonly 1 — and that was used for this work.

L
D — “bed
bed A R

As the superficial gas velocity and bed diameter are known, the number of vessels required to

achieve this velocity are determined.

The flow rate (f*min™) that can be put through one bed at the allowable superficial velocity is

given by:

2

De
Qbed = ”%'Vgs

The minimum number of beds required can then be calculated:

- total

Nmin _ mfeed

beds - gas X
p Tds Fuds Qbed

Ensuring that the units are appropriately matched.



The number of beds required from an adsorbent mass basis is also determined:

2
D
_ bed
Viea =7 L,
bed __
mads - I/;nza' X IObed

Nuds _ mgds
beds — bed
ads

The number of beds is then selected:

N, = maX{Nmin N }

beds > " " beds

This ensures that there is always the requisite number of beds to not exceed the gas velocity.

The actual volumetric flow rate and pressure drop must now be determined and checked to

confirm it is still within limits.

- total
act __ feed
bed —
gas
Tous > P, XN beds

ads >* ads

act
Vact 4 ) ngd

&s 2
ﬂ'-D bed

The length of the mass transfer zone (in feet), Larz, can now be determined, the constant for

1/16” extrudates is 0.85. Ensure that V™ is in ft'min™.

act \93

Ly =| 5| %085

ads >* ads

AP*" = |:x2 PR '(V;f’ )2 TX M (Vgid )2} X(Lyoy + Lyyrz)

The units are as per the modified Ergun equation above.



The pressure drop should be checked against the recommended ranges, and the outlet pressure.

4 < AP™ <8psi
Pout — Paa’s _APact

If the pressure drop is outside the range, then the initial values for pressure drop per unit length,
and total pressure drop should be adjusted. If the outlet pressure is below a defined threshold,

cither the adsorption pressure should be increased, or the initial total pressure drop adjusted.

The number of beds required for capital costing also needs to include the standby beds which
are undergoing desorption, so that the total feed flow rate is always accommodated. To account
for this, an empirical relationship, the bed multiplication factor (BMF) was developed for this

cycle as a function of adsorption time fraction (ATF).

9.242- ATF ¢
10
Nyt =[ Nypg X BMF]

BMF =

The vessels are costed on the basis of mass of steel required. The final dimensions are now

calculated and the mass per vessel determined.

It is assumed that an additional 3’ is being provided for gas distributors and bed supports, and a

further 3’ is being provided for top and bottom bed support media.

L,.,=L,,+L,,,+3+3

The vessel thickness is determined based on AS1210%; both the pressure and vacuum
thicknesses are calculated, and the greater one chosen. AS1210 uses units of mm for length

dimensions, and MPa for pressure, stress, and yield strength values.

circ __ P ! D
press 2. f - P
tlong — P : D
press 4. f e P
_ circ long
ZP"GSS = max {tpress 2 tpress }



Where P is the design pressure in MPa,, D the inside diameter in mm, f the yield strength of the

material in MPa, and 7 the weld efficiency.

The design pressure is 10 % above the operating pressure. The yield strength used in this work
was 133 MPa (PT460 steel, valid up to 40 mm thickness and 325 °C), and the weld efficiency was

assumed to be 1 (which has associated welding and inspection implications).

The thickness that satisfies combined loading requirements is now calculated, with tyess being the
initial value. This is a check to confirm whether the thickness will also withstand the mass of the
vessel and its contents, in addition to the pressure requirements. Accounting for factors such as

carthquakes and wind loading/bending moment also takes place here, however, we have

excluded those factors.

The mass of the empty vessel is first determined using the correlation in the GPSA Databook™.
mshell = 155X(t+0125)X(L +075 D)D

Where t is the vessel thickness in inches, L the tan-tan vessel length in feet, and D the vessel

inside diameter in feet; giving the mass of the shell (mgen) in pounds.

The vessel total mass must then be compared for two cases, the operating case, and the

hydrostatic test case, with the maximum selected.

op  __ bed
rotal — Mhper + Mg

hydro __
Myotar = Mpeny + I/vessel szO

m

m

total >

_ op hydro
total — max {m mtotal }

All masses are in kg.

The mean diameter (Dy,) is calculated, in millimetres.

Dm=D+i
2



The three principal stresses are then calculated to evaluate against the Tresca criterion.

S, - 4x M
7[~Di-t-cos(a)
P-D,
c:2-t-cos(a)
-m,,, %9.81

w

_ﬁ-Dm-t~cos(a)

Sy is the bending stress and as mentioned earlier was excluded from this analysis, therefore S, =

0; a is the half-apex angle for conical sections, so is 0 for cylindrical shells.

SC
£+SW+S,,
2
i+Sw—Sb
T=||2
SW+S,,—i
2
S.
S, =max(T)

Where Sg. is the equivalent stress, in MPa.

The Tresca criterion is satisfied when:

Sp=n-f

The minimum allowable thickness is obtained when:

Sg=n-f

In this work, a 10 MPa margin was applied to give the following objective function:
n-f—SE(t)—IOZO

The system (from mgen to this point) can now be solved iteratively to satisfy this criteria.



The solution that satisfies the combined loading objective function for the pressure scenario is:

CL
press

The thickness required to satisfy the vacuum conditions is then calculated.

7-D
2

YA

L

JD -t -1

{2 ncalc <2
n=

-L
ncalc — Z .

cale

n otherwise

2 n?—1+27%)
A, = ! =X ZZ 2+t2( 2)
) Z n+7Z 2.73xD
n—1+—
Pe=2-E-Aa-t
D
P :2-1.5-f't
7 D
P
2{-3)
})calc: 3 Pe>])y
% otherwise

Where E is the Young’s modulus of the material, a value of 201-10° MPa was used for this work.

An objective function can then be defined:

Pcalc (t) - Ijext = 0

P.s is the external pressure the vessel experiences in MPa, most easily defined for this work by:

1.01325-P,,
Pext = 10 s



Where Py is the desorption pressure in bat,.

The solution of the function will give ty., the thickness required to withstand the vacuum
conditions, and becomes the initial value for the combined loading calculations. The procedure

is the same as that for the pressure scenario with the following difference.

-P _-D
S — ext m
© 2-t-cos(a)

The solution that satisfies the combined loading objective function for the vacuum case is:

CL
vac

!

The vessel thickness can then be obtained:

ey =max {15 1"

press % “vac

Using the GPSA shell mass equation above, the mass of the vessel can now be calculated using

ten and used for capital cost estimation.



Cost estimation
Once the number of equipment items is determined, and the corresponding cost metric, cost

estimation can then take place. An example is provided for one unit, with the data provided for

the others.

The IChemE, or factorial cost estimation is used’”, with capital costing data obtained from
either Peters and Timmerhaus™” (P&T), or Garrett®, and are indicated respectively. Any
specific differences are highlighted. In general, data is obtained and fit to a function to enable

interpolation in the model.

e The CEPCI for costs from P&T is 390.4 (CEpr)
e The CEPCI for costs from Garret is 320 (CEg).
e The CEPCI used for the current cost is 616.3 (October 2018) (CEpy).

® An exchange rate of 0.76 £-USD™ was used to convert the current day cost to GBP

(ERpy).

The IChemE installation cost factors are a function of equipment purchase cost and reported at
a different time. Therefore, they have their respective CEPCI and exchange rate values. The

updated installation cost factors from January 2000 are used”’.

e The CEPCI for the IChemE installation cost factors is 394.1 (January 2000) (CEicr).

® An exchange range of 0.61 £-USD" was used to convert the January 2000 cost in USD
to GBP (ERICF).

The installation cost factors are presented in Table 2 of Brennan’ and are categorised by type,
L.e. installation, piping, instrumentation etc. Each section is treated as a matrix (n X 7) in the
model for which the row is specified by the user, and the column is selected based on the

equipment purchase cost. The reader is directed to the reference for what each row represents.

For example, if “average bore piping with complex system” were desired for an equipment item
with purchase cost £30,000, that would be represented by position (5,4) of the piping factor

matrix, resulting in a value of 0.78.

The rows that were selected for each equipment item are represented in a table in their
corresponding section and are abbreviated as follows. A value of 0 indicates that that factor was

not applied.



e Installation of equipment item = ICF
e Piping including installation = PCF

e Instrumentation = CCF

e Electrical = ECF

e Civil = FCF

e Structures and buildings = BCF

e Jagging = LCF

Feed compression
From the equipment sizing the number of compressors is known, and the shaft work per

compressor is also known.

The equipment purchase cost (Ceqp) is first calculated, where Wi is the shaft work of the

compressor in kW. Costs are from P&T for a centrifugal type that is motor driven.

C,,. =exp(6.77684)x W

qu[

The cost in GBP on a January 2000 basis is then determined to enable lookup in the installation

cost factor table.

C
CICF = gpt X CEICF X ERcp

PT

The rows of the cost factor table used are:

ICF PCF CCF ECF FCF BCF LCF

3 6 4 4 2 3 0

The total installed cost on a present value basis is then given by:

C,, =C.,, x(1+ . CF)

C =C xN CEpy x ER

total ins comp C E PV
PT

Where 2CF represents the sum of the cost factors read from the table, and Ceu is the total

installed cost in GBP.



Post-compression heat exchanger
The data for the post-compression heat exchanger is below. Costing data is from P&T.

C,, =exp(6.152479)x 4%71%*%

eqpt

Where A is the atea of the heat exchanger in m”. For a floating head shell & tube type, carbon

steel shell & tubes, up to 100 psi, shell side.

ICF PCF CCF ECF FCF BCF LCF

Cooling water pump
For this work it was determined that 1 pump capable of providing the flow rate required was

available. However, the number of pumps required should be adjusted or calculated accordingly
for the reader’s application. In this work, 2 pumps were costed as it is customary to have 1 on

standby, or operate both cyclically, or operate both at 50 % capacity.

The pump cost cutve is based on the parameter QAP in m’s” kPa. It was assumed that 50 kPa

pressure loss was required to be overcome in the system.

m
Oy =—

Pew

Costing is from P&T for a horizontal, centrifugal pump including electric motor, with a

maximum outlet pressure of 150 psi.

C,,, =exp(9.102953)xexp(0.0122735x Q... - AP, )

@qp[

ICF PCF CCF ECF FCF BCF LCF




Adsorbent columns
Costing is from P&T, for carbon steel column shells, where m is the mass of the column in kg.

C,,, =exp(5.483027)x m o153

eqpt

ICF PCF CCF ECF FCF BCF LCF

Ensure to use N biZiEx for the number of columns in the total cost calculation.

Adsorbent
The purchase cost of the adsorbent is given by:

purchase __ bed CapEx
Cads - Cads xm ads XN, beds

Where Cua is the purchase price for 1 kg of adsorbent, assumed to be 1.5 £kg™ in this work.

The current day price is converted to the historical cost in order to look up the cost factor table.

Ch;storial — C p:rchase v CE Py
A ‘ CEICF
ICF PCF CCF ECF FCF BCF LCF
4 0 0 0 0 0 0

As the cost of adsorbent is already the present-day value, the installed cost of adsorbent is given

only by:

Co = Cli™ % (14 2 CF)



Vacuum pumps
Cost data or curves for vacuum equipment is not readily available. This following cost

correlation was available in Garrett. Ensure to use CEg for present day cost conversion.

C = eXp (1 1 23543) X VFO.750473

egpt

Where VF is the vacuum factor (called capacity factor, CF, in the reference). The factor is
Ib(air)-hr'-mmHg", the equivalent air mass flow in pounds per hout, at the desired vacuum

pressure.

ncycle
— _vac__, - total
vac — cycle n.f€5d X3600
feed

cycle

Where ny,c is the moles of gas removed under vacuum per hour, n..” is the number of moles

total

is the total moles fed per cycle, where nged ™ is

cycle

of gas removed under vacuum per cycle, Nfed

the feed gas flow rate in mol-s’.

The air equivalent mass (Mag) can then be determined, in pounds.

A, x28.98%2.20462
1000

my, =

The vacuum pressure (Py.) in mmHg can then be determined, with Pu. being the desorption

pressure in bar,.

P, =P, x750.062

vac

The vacuum factor can then be determined.

yF ="l
Pvac ’ NVQC
ICF PCF CCF ECF FCF BCF LCF
3 6 4 0 1 2 0




Vacuum pump motors
The cost correlation in Garrett for vacuum pumps does not include the motor. The cost of the

motor is obtained from P&T.

Where Ws is the shaft work of the motor in kW, costs are for a totally enclosed fan cooled
(TEFC) motor.

C, , =-0.05344-W; +104.737 - W, +448.863

(?qp[

ICF PCF CCF ECF FCF BCF LCF

Control valves

The cost correlation for carbon steel gate valves is from P&T, where D is the diameter of the
valve in metres.

C,, =exp(11.45291)x D>

qu[

A gas velocity of 12 m's™” was assumed to determine the pipe size. It is also assumed that all

CVs have the same size.

- total

A — feed
cv gas
7, x12

ads >+ ads

DCV :\/4'ACV
T

The diameter is limited to 0.85 m if the result is larger.

ICF PCF CCF ECF FCF BCF LCF

There are 3 CVs per bed, so the total cost is given by:

CE
_ CapEx PV
Ctotal - Cins x3x Nbeds X X ERPV

PT




Operating costs

Electricity
The contributions to electricity consumption are the cooling water pumps, compressors, and

vacuum pumps.

The electrical power consumption of the cooling water pump was estimated by assuming a 75 %

hydraulic efficiency, and an 85 % motor & drive efficiency.

E :QCWXAPCW

cw
npump ) nelec

The electrical power consumption of the compressors was estimated by their shaft work
requirements, which already includes an 83 % efficiency for the compressor, and 90 % efficiency
is assumed for the motor & drive. These values are appropriate for large units, however, should
be adjusted for each application.

E, = Ws XN,

comp ~ comp

nelec

The electrical power consumption of the vacuum pumps was taken from the manufacturer’s
specification. In the case of the Pfeiffer Okta 18000, 45 kW per pump, and 15 kW per pump for
the Okta 4000.

E Eeach x N

vac — vac vac

The power requirements were then converted to energy requirements per year, as the natural gas
is costed per GJ. A round-trip efficiency of 55 % was assumed for the generation of this

electricity from an NGCC process/CHP plant.

. . . 360024 x365
Etot = (ECW +Ecomp +Evac)x 106
E
E — fot
Y055

NG _
COp = ENG X CNG

The cost of natural gas was taken as 4 USD-GJ" from Brennan™. This was adjusted from a 1996
basis using the 1996 CEPCI of 381.7, and then converted to GBP using the exchange rate

previously mentioned.



Cooling water
The cooling water flow rate was also converted to a per annum basis.

The cost of recirculated cooling water was taken as 0.05 USD'm? from Brennan and also

adjusted to current day values in the same way as described above.

Steam
The steam consumption (mass flow rate) was also converted to a per annum basis.

The cost of high-pressure steam was taken as 15 USD-t", and also converted to current day costs

using the method described for the cost of natural gas.

Adsorbent replacement
It was assumed that the adsorbent had a lifetime of 5 years.

The total installed cost of adsorbent was divided by 5 and assigned as an annual operating cost.

CO;, capture cost
The total capital cost (Cesp) is given by the sum of the installed capital costs for the listed

equipment items. The annual operating costs (Coy) are given by the sum of the operating costs

presented.

The capital recovery factor (CRF) is calculated for an interest rate (i) of 10 %, and a payback

period (n) of 25 years.

i-(1+6)
CRF =——/—
(1+i) -1

The CRF is then used to annualise the total capital cost, such that a total annual cost (TAC) can

be obtained.

TAC =CRF -C

Cap + COp



The TAC is then used to determine the capture cost per tonne of CO, (CCPT), where TPDccoz

is the tonnes of CO, captured per day.

TAC

CCPT =———
TPDc,,, %365



Absorption model

The absorption model is based on the conventional amine absorption process layout. There are
limits imposed on the maximum size of unit operations, and as such depending on the
application there may be multiple unit operations. There are almost always multiple heat
exchangers due to limitations in maximum area. To facilitate this, storage tanks have been
included at points to allow the distribution of fluid to the multiple unit operations. The tanks are

sized based on residence time for each application.

CO;, lean CO, product
»

o
o B
S

cHECs

Figure 35 — Process equipment considered for design and costing in the absorption model

The absorption model is not a rigorous/discretised rate-based model, but rather rates are
calculated based on inlet/outlet conditions. This returns morte accurate results than a fully
equilibrium model as the process is kinetically limited, however, temperature profiles are not able
to be generated and accounted for. Although this model would not be suitable for rigorous

process design, it has sufficient accuracy to enable a costing comparison.

In this work, MEA was compared to Cansolv, also an amine-based absorbent with lower
regeneration energy requirements. This comparison is not straightforward as there are many
conflicting reports in the literature. It was assumed that the physical properties and reaction
characteristics of Cansolv were the same as MEA, with the only difference being the reboiler
energy requirements. The work by Just" was the only one in why MEA was directly compared
to Cansolv in the same apparatus under the same conditions. Their results were used as the

scaling factor between the two in this work.



There are some parameters which remain constant through the process:

CO; recovery/capture rate (CR) 90 Yomol

Amine concentration (C.m) 30 Youe

Lean amine loading 0.08 mol(COy) mol(amine)
Flue gas pressure 1.05 bar,

Absorption temperature (Tk) 40 °C

Absotber flooding (For*™) 70 %

Regenerator flooding (For™®) 70 %

Approach to equilibrium 90 %

Condenser molar reflux ratio 2

Regenerator overhead pressure drop (Pioss) 2 psi

Reboiler steam temperature 406.7 K (3 bar, saturated)

A range of lean loadings were investigated, and it was determined that 0.08 mol-mol" was close

to the minimum cost in each case.

The feed pressure to the absorber was adjusted on a case by case basis, such that the blower
work could be minimised. The results of this are presented in the table below. It was assumed
that the temperature rise in the blower was negligible, so the absorption temperature is the same

as the flue gas temperature.

Absorber feed pressure for each scenario [bar.]
Natural gas 1.08
Coal 1.06
Cement 1.06
Steel 1.06

The gas inlet pressure is selected such that the outlet pressure from the absorber was at least 1.05

bar.. The method used to calculate the pressure drop is described later.

It was assumed that the column could achieve 90 % of the equilibrium loading value once

kinetics were accounted for. This was used when determining the lean amine circulation rate.

It was required to assume a condenser reflux ratio in order to solve the energy balance. This is
an area that does not receive much attention in other work, as the condenser requirements are
generally excluded. As such there is no guideline for these values. It was assumed that the reflux

ratio between condensed water reflux, and CO, product gas on a molar basis was 2.

The regenerator overhead pressure drop is what the fluid experiences between the regenerator

overhead outlet, and the reflux drum.



A range of resources were used during the development of the model and will be highlighted
accordingly, however, whenever Kohl* and the GPSA Databook™ are used, the correlations are
design data are in imperial units. Care should be taken around the unit conversion when

indicated. A range of conversion factors is provided below.

1 KPa | = |0.145038 | psi
1 bar | = | 145038 | psi
1 kg | = | 220462 | b
1 m | = | 328084 | ft
1 m' | = | 353147 | £
1 | BTU | = | 1.05506 | kJ

Throughout the process, various design correlations, and physical and chemical properties are
required. To expediate the process a number of sub-function were developed and used
throughout the model when required. These will be indicated when used (highlighted in red) and

are provided at the end of this section under “Sub-functions”.

For physical properties such as density, heat capacity, and viscosity of the gas mixtures, data was
generated in HYSYS using the PR-EOS and numerically fit to functions in order to enable data
generation in the model on-the-fly. For the same properties of water, and also the heat of
vapourisation, data was obtained from the NIST Thermophysical Properties of Fluid Systems

database®, and also numerically fit.

Absorber design

The first step is to undertake a mass and energy balance to determine the flow rate of lean amine

required. 'This is based on the method provided in Kohl®.

The absorber design is an iterative process, both from an energy balance (EB) and pressure drop
(DP) perspective, i.e. the outlet pressure is first assumed to obtain the driving force over the
column, then the actual pressure drop is calculated, and the process iterated until convergence.

We used 1 % as a convergence criteria.

The heat of reaction of CO, with MEA is taken as 825 BT U lbco, ", from Table 2-11 of Kohl.

The first step is to calculate the total heat of reaction, Wco2® is the CO, mass flow rate in the

feed gas in Ib-hr'.



Oy = chgjd “AH by
The lean amine inlet temperature (Tv) is set 10 °F above the gas inlet temperature:
T,=T,+10

To begin the convergence loop, assume the rich amine temperature (Tx) is 36 °F above the lean

temperature: T, =7, +36

The calculated value for rich amine outlet temperature from the energy balance is then used as
the starting value. For the pressure drop loop, the outlet pressure is first assumed to be 0.02 bar

less than the gas inlet pressure.

BEGIN DP LOOP

BEGIN EB LOOP

e TFirst, solve rich loading of amine such that the CO, vapour pressure is equal to the CO»

partial pressure in the feed, at Tr. The VLE relationship of Gabrielsen* was used.

e Calculate amine acid gas pick up(AGPU) (or working capacity): rich loading — lean
loading.

e Calculate the lean amine mass flow rate (Wr), where nco. is the molar flow rate of CO,
in the feed in mol-ht™', where MW s is the molar mass of MEA in Ib-mol™, to give W,
inIb-hr':

. feed
_ nC02 X CR x MVVamine

" AGPUxC, /100

e Calculate the wet composition of the outlet gas at the lean amine temperature, and outlet
pressure.

e Calculate the heat capacity of the outlet gas (Cp**™) assuming an ideal mixture.

‘ A Woutlet % C;utlet (]wL , Poutlet) '
e (Calculate the ratio: r =— = where W' is the mass flow rate

WL % Cla)mine (TvL)

of the outlet gas stream, and Wi, is the mass flow rate of lean amine. If r > 1, the

assumption that the outlet gas is at the lean amine temperature is invalid. There is a

142

detailed approach to deal with this in Kohl™, however, the immediate solution is to



increase the amine circulation rate (Wi) by an appropriate factor. This was not required

for the scenarios investigated here, but this issue may arise at very small scales.

Calculate water evaporation ot condensation: W, , = Wffeod - W;;”O[e’

Calculate associate heat of water phase change: O, , =W, , xAH,,

Calculate rich amine mass flow rate: W, =W, + ng)jd CR+W,

Calculate COz loading of rich amine in Ib(CO5) per 100 Ib(amine), Cac™"
Calculate heat capacity of rich amine: Cp”" = C3™* (T, )—0.0068182x C'j. The
constant in this equation is the slope of the lines in figure 2-77 of Kohl

Calculate the rich amine temperature based on the energy balance:

B(TL _TF)_A'(TP_TF)+QRX *+ o n
C;iCh'WR

cale __
T, =

T}

T _ Tcalc
Calculate error: err = |-2—=£

R

END EB LOOP

Assume 90 % of the equilibrium rich loading is going to be achieved.
Calculate new energy balance from lean amine flow rate onwards, and obtain ‘actual’ Tk.
Size absorber diameter based on the GPDC method, impose limit of 16 m on absorber
diameter.
o Using Mellapak 2X structured packing
o Packing properties from Green & Southard®. Packing factor = 23, surface area =
223 m**m”, void fraction = 0.99.
o Packing dimensions (for interfacial area calculations) from Wang et al.*. Channel
base width (B) = 0.0302 m, crimp height (h) = 0.0143 m, corrugation angle = 60
°. We assumed the surface enhancement factor (Fsg) to be the same as that for

other similar packings from Rocha et al.¥', Fsi; = 0.350.

Calculate flooding point for packing: AP =0.12x F"’

i T ’P > ‘ee
Calculate Fre: F; = ﬂ\/ Pe ( l i d) where my is the mass flow rate of lean
7t P (T,)

4
amine in kg's”, m, is the mass flow rate of feed gas, g, is the gas density in kg'm™ at the

inlet conditions, and gv. is the density of the lean amine.



Calculate the capacity factor from the Kister & Gill GPDC correlation at the flooding
point (Frg, AP™*% for structured packing. The GPDC chart** was digitised and the
data fit with a model in order to automate the process. The function is provided at the

end.

Calculate superficial velocity (us) at operating flooding point:

CP

_ abs
u, = xFSp

Supertficial velocity is in ft's”. Densities are in kg'm™~, and vy, is the viscosity of the MEA

solution in cSt. A function was generated by digitising the data in Figure 2-68 in Kohl

for the viscosity of 30 % MEA solution.

BEGIN AD LOOP

Convert superficial velocity (uy) to m*s™ and calculate column diameter:
dp=— T2
< N
p g : ux ' abs

D, = [4-4,
T

Where m, is the mass flow rate of the feed gas, and Ny is the number of absorbers

(initially 1).

If D¢ > 16 m, add another column.

END AD LOOP

Calculate operating pressure drop of packing: solve the GPDC function for AP given Fig
and CP.

Calculate amount of CO to be absorbed per absorber: ng, = ﬁgegj xCR / N,

Calculate log mean values for temperature and CO, mole fraction across the column

BEGIN AH LOOP

Calculate log mean value for pressure

Calculate height of packing required to absorb nco,. Using mass transfer relationship
(equation 11) from Mota-Martinez et al.”

o The diffusivity of CO; in the liquid was calculated using the Wilke-Chang
50

correlation™. The viscosity of pure MEA was calculated using the correlation of

[75]



DiGuilio et al.”!. The molar volume of CO; at the normal boiling point (15549.2
cm’ mol™) was interpolated from Din*>. The values of ¢ for water and MEA
were taken as 2.6 and 2.26 respectively.

o The pseudo first order reaction rate between CO; and MEA was taken from
Penny & Ritter™.

o The interfacial concentration of CO, was calculated using the Henry constant
method of Penttili et al.™.

o The packing interfacial area was determined using the method of Shi &
Mersmann®, as interpreted by Rocha et al*.

o The surface tension of the lean amine was obtained from the data provided by

Vazquez et al.”

. The data was fit with an equation in order to enable automation
and interpolation, provided below.
e Calculate number of packing sections required using a maximum of 6 m/20 ft per
section — based on the recommendation of the GPSA Databook™.
e Calculate pressure drop of packing using operating pressure drop determined eatlier.
Calculate pressure drop due to liquid distributors (one per section) using method from
Rix & Olujic””. Assume pressure drop of packing supports is negligible.

e Determine gas outlet pressure at the end of the “active packing” section.

e Calculate error between calculated outlet pressure and assumed outlet pressure.

END AH LOOP

e Calculate error between calculated outlet pressure and the initially assumed outlet

pressure.

END DP LOOP

e Check lean loading.

o Calculate vapour pressure of CO, over amine solution at ‘final value’ of outlet
pressure.

o If MEA lean loading is too high (partial pressure of CO, due to VLE is greater
than desired CO, partial pressure in the outlet) — restart process with lower lean
loading.

e (Calculate pressure drop above active packing section.

o Calculate pressure drop due to water wash section.



*  Use GPDC method with the specified water wash flow rate, and the gas
outlet flow rate.
® Assume 1.5 m of water wash packing height.
o Calculate pressure drop due to demister, using method of Setekleiv and
Svendsen™. Assuming a demister thickness of 0.30 m.
»  Using Sulzer 9030-1.27, surface area = 482 m*'m>, density = 144 kg'm”,
and void fraction = 0.98.
o Calculate pressure drop due to water wash collection tray, using method from Rix
& Olujic””.
Calculate final gas outlet/vent pressure. Pressure at outlet of active packing minus

pressure drop due to components above active packing.
Calculate tan-tan height of absorber:

+7Z

Zy =Z, 2, +Zy, +(Ny +4)x0.9+Z L

pack duct
Zpaek 18 the total active height of packing, Z is the height of water wash packing, Zdem is
the thickness of the demister pad, 3 ft allowances between sections for column
ancillaries, inlet, outlet, above packing section, Zau is the height due to the flue-gas inlet
duct, and Zinu is the height of liquid hold up.

o Assume 20 m*s" gas velocity in the flue gas duct.

o Assume 5 minutes of liquid hold up.



Regenerator design
The regenerator design is based on an energy balance which is used to obtain the required
stripping steam flow rate. Then this is used for the process design.

e Regenerator bottom T and P set by lean amine specifications.
o Bottom temperature (T;"™) (assume same as reboiler temperature) from Figure
2-88 in Kohl — digitised and provided as a function.
o Bottom pressure (P,”™) is set by amine solution vapour pressure at that
temperature. From figure 2-56 in Kohl — digitised and provided as a function.
e Calculate rich amine outlet temperature from lean-rich exchanger — rich amine inlet
temperature to regenerator (Ti,"").
o Lean amine inlet temperature is regenerator bottom temperature
o Rich amine inlet temperature is absorber bottom temperature
o Lean amine outlet temperature is 40 °F/22°C above rich amine inlet temperature
e Assume initial regenerator overhead pressure, and then loop design to convergence: Pro

= PBTM -1 pSl
BEGIN RD LOOP

e Set condenser pressure to: Peond = Pro — Plogs
BEGIN CEB LOOP

To solve the regenerator energy balance simultaneous equations:

_ Nlat sens
Qcond - Qcond + Qcond
Q _ Q + Q + - rich % Crich % Tbtm _Trich
reb — cond rx TM P rg in
The latent heat contribution (Qcond™)to the condenser energy balance is unknown, and is the
vatiable to be solved. Qcond™ is unknown as the water content and temperature of the regenerator

overhead stream is unknown. The objective function is the reflux ratio of regenerator, i.e. Qcond™
is solved to give the desired reflux ratio.

The reboiler energy balance equation is the typical format*®.

e Perform condenser energy balance:
o Calculate water content of product gas (mo.°*) at the condenser temperature,
using its saturation pressure and Raoult’s law.
o Calculate composition of outlet gas assuming only HO and CO; are present.

The flow rate of COz in the outlet gas on a dry basis is known, as it is the amount

of CO, absorbed/desorbed.

[78]



lat
- H,0 Q . H,0
o Calculate regenerator overhead water content: fiy =—2L + g, 2

out
Iy

o Calculate composition and flow rate of regenerator overhead stream

o Calculate temperature of regenerator overhead (Tro) stream using the partial
pressure of H>O in the overhead stream (its corresponding saturation
temperature).

o Calculate sensible heat requirements of condenser:

Qi = Titgo X C¥ x (Too = Tona)
A function is provided for the heat capacity of a CO,/H,O mixture.

o Calculate condenser and reboiler duties

o Calculate reflux ratio — on a molar basis between the flow rate of the CO,
product stream (wet basis) and the water reflux returning to the column. Water
present in the regenerator overhead that does not exit with the CO; product

returns as reflux.

o Calculate error: err = RR— RR

calc

END CEB LOOP

e Use calculated reboiler duty to obtain stripping steam flow rate assuming reboiler duty

only vapourises H>O, using the enthalpy of vapoursation at the reboiler pressure:

mboilup _ Qreb

e (Calculate diameter of regenerator and pressure drop using the same method described
for the absorber.
o The gas flow rate of the active packing section is the steam flow rate, the liquid
flow rate is the rich amine flow rate.
o For the regenerator, the reflux liquid is used as the water wash.
e Calculate error between calculated overhead pressure and initially assumed overhead

pressure.
END RD LOOP

e Check that the actual condenser pressure is above the required limit, 1.05 bar, used in

this work: P = Pl — P

cond loss



o Ifitis below the limit, the flooding percentage could be adjusted, or the lean

amine loading could be reduced in order to increase the bottom pressure.

e (Calculate tan-tan height if regenerator using same method described for the absorber.

o For the regeneratot, Zguee = 0



Sub-functions

GPDC chart/correlation
Data from Kister et al.®*

Range: 0.005 < FL.G < 2 and 0.25 < AP < 1.5 inmo- ft'!

u=In(F,;) v=AP
CP=x-u+x, v+x, -1n(v)+x4 -exp(u)+x5 -exp(v)+x6 L

+X, -u-v+)c9-(u~v)2 +x10-(u-v)3 +Xx;, -(u-v)4+)c12 -y + X3
Where:

x; = -0.757736978 x2 = 0.607599649 x3 = -0.0808 x4 =0.307567553
x5 = -0.141355268 x¢ = -0.110693574 x7=-0.0084 x5 = 0.0739

x9 = 0.00255 x10 = -0.00425 x11 = -0.000428

x12 = 0.0433 xi3 = -0.0114.

Amine solution viscosity (vr)
Data from Figure 2-68 in Kohl*.

Range: 280 = T = 378 K
v, = exp(2.49942-10-7 xT*=2.0028-10* xT? +3.994739.102 ><T—O.357760296)

Whete v;, is in cSt.

MEA surface tension (ov)
_76.08923+1151.03744 - x

LT 141912543 x +2.96876 - x°
K, =—0.1609—0.00391- x*%*7
K -K,-T
O'L - =
1000

Where x is the molar fraction of MEA in the amine solution, and T is the temperature of the

solution in °C.



Amine regeneration temperature
Data from Figure 2-88 in Kohl*.

Range: 0.015 < o < 0.32 mol'mol”
T =-41.1285x1In(ar)+156.4586

Tisin °F

Amine saturation pressure
Range: 220 < T =< 365 °F

P _ex (—8827.73192

= +15.68753
T +459.67

Paminc” 18 in psia.

Rich amine density
Data from Amundsen et al.". Function applies for 30 %o, MEA only.

Range: 25 < T <80 °C, 0.1 < « < 0.5 mol'mol”

rich

PuiEa =1000><|:x1 'T+)C2 O+ X, -exp(a)+x4-T2 + X; .a4+x6 'T'0{+x7:|

rich ;

Where pyea™" is in kg'm”.

Where:

x1 = -0.00041288315 x; = -0.19127554 x3 = 0.335208741
x4 = -1.4389298:-10° x5 = -0.223756005 xs = 7.493324-10°
x7 = 0.688011038



Rich amine viscosity
Data from Amundsen et al.”". Function applies for 30 %.. MEA only

Range: 25 < T <80 °C, 0.1 <« < 0.5 mol'mol”

rich

2 3
My =X T+x,-a+x,-exp(a)+x, - T? +x-T° +x,- T

Whetre:
x1 = -0.146305695 X = -3.222437162 x3 = 5.225757408

x5 = -6.891501-10° x5 = -0.03563098

x4 = 0.001708255



Cost estimation
The method is the same as that described for the adsorption model. Information pertaining

specifically to the absorption model is presented.

Feed blower
The feed blower work is calculated using the isentropic work formula:

])2 = PFG + APduct
k-1
k
Uk ()
isen k_l PFG
E
VVS — blower % mfegd
MVVjéed A

Whete Py is the feed/delivery pressure of the flue gas, and APq. is the pressure loss of the duct

— assumed to be 0.03 bar.

If the volumetric flow rate of the feed is > 15 m’s™, opt for a typical induced draught fan as
used in power plant/boiler application. Given cost cotrelations do not exist for these units, cost
the unit as an motor driven centrifugal compression — as the shaft work requirements are in the

same order of magnitude and the manufacturing process is similar.

If the volumetric flow rate of the feed is < 1000 m’*s™ (based on manufacturer characteristic

curves®), use one blower to feed all absorbers. Otherwise Nijower = Nabsorbers-

Use cost correlation for compressor in adsorption model section for purchase cost estimation.

If volumetric flow rate of feed is < 15 m’ s, cost unit as a blower (Nyjower = 1). Cost correlation
for a blower with a maximum outlet pressure of 0.69 bar from P&T — where Q is the volumetric

flow rate in m>-s™.

C__ =exp (10.94457426) x (0606200979

eqpt

ICF PCF CCF ECF FCF BCF LCF




Absorber
e The cost of 1 absorber (absorber + internals) is first calculated and then multiplied by

Nips.

e Calculate mass of packing required:
My = A (Z i + Z,1,) (1= € 0 ) -8000
Where 8000 represents the density of 304 SS.

e Calculate the thickness of the vessel using method described in adsorption column
section
o0 Mass of adsorbent is replaced with mass of packing
o =133 MPa for PT460 steel at 100 °C
e (Calculate mass of steel required using method described in the adsorption column

section.

e Use same cost correlation for carbon steel column in the adsorption column section.

ICF PCF CCF ECF FCF BCF LCF

Absorber internals
Packing
Costs were taken from Wang et al.”. Costs are on a 2014 basis, therefore a CEPCI of 576.1

should be used when adjusting the cost to the present-day value.

C,.=(731x4,

L’qpt

+203.05)-V

ack pack

Where A is the surface area of the packing in m**m™, and V. is the volume of packing

required in m’.

ICF PCF CCF ECF FCF BCF LCF




Packing supports

Costs were taken from Wang et al.”. Costs are on a 2014 basis, therefore a CEPCI of 576.1

should be used when adjusting the cost to the present-day value.

C, = (12019 DX )x (N, +1)

eqpt

Whete D¢ is the diameter of the column in m.

ICF PCF CCF ECF FCF BCF LCF
3 0 0 0 0 0 0
Liquid distributors

Costs were taken from Wang et al.”. Costs are on a 2014 basis, therefore a CEPCI of 576.1

should be used when adjusting the cost to the present-day value.

Coyp =(1+ 34) 15335 D x (N, +1)

eqpt

Whete Dc is the diameter of the column in m.

ICF PCF CCF ECF FCF

BCF

LCF




Demister pad
Costs were taken from Vatavuk®v. Costs are on a 1988 basis, therefore a CEPCI of 342.4

should be used when adjusting the cost to the present-day value.

egpt

C. =784xDL* X(Zdem / 15)

Where D. is the diameter of the absorber in feet, and Zgen is the thickness of the demister in m.

ICF PCF CCF ECF FCF BCF LCF
3 0 0 0 0 0 0
Regenerator

e The cost of 1 regenerator (absorber + internals) is first calculated and then multiplied by
Nieg.
e Calculate mass of packing required
e Calculate the thickness of the vessel using method described in adsorption column
section
O Mass of adsorbent is replaced with mass of packing
o f =183 MPa for 304 SS at 200 °C.
e (Calculate mass of steel required using method described in the adsorption column

section. The variation in density between CS and SS 304 is not signi

Cost correlation for 304 SS columns from P&T based on shell mass (m) in kg.

C = eXp(6.019165699)x 0642626314

eqpl

ICF PCF CCF ECF FCF BCF LCF




Regenerator internals
Same procedure as per absorber internals.

Lean-Rich Exchanger(s)

e (Calculate the total area required based on the total duty from the regenerator energy
balance calculations.

o Assumed overall heat transfer coefficient, U = 900 W-m* K

¢ Determine number of exchangers based on a maximum area of 1500 m” per exchanger.

Cost correlation for shell & tube heat exchanger with SS shell and tubes up to 100 psi,, from
P&T.

C,, =exp(7.169723)- 471

egpt

ICF PCF CCF ECF FCF BCF LCF




Reboiler(s)

e Calculate total area required based on reboiler heat duty from regenerator energy balance.
o Assumed overall heat transfer coefficient, U = 1500 W-m* K"
o This will also give the required steam utility flow rate.
¢ Determine number of exchangers based on a maximum area of 1500 m” per exchanger.
® If Nip < Ny, force Niw, = Ny (unlikely to be required)
o Adding another condition so that each regenerator has the same number of
reboilers is a possibility for added peace of mind. However, in this work an

evenly divisible number of reboilers always resulted.

The cost correlations for the reboilers, are from Cotripio et al.”. Using a kettle type made from
304 SS, up to 100 psig shell/kettle side. The costs ate on a 1979 basis with an Equipment

CEPCI of 252.5. The corresponding Equipment CEPCI value for 2000 is 438 — required when
determining installation cost factors. The CEPCI for 1979 is 238.7 — required when converting

installed cost to current day value.

egpt
F, =135
F = 1.1991+0.15984-1n(A)

C.p = F; - F, -exp[ 8.202—0.01506-In(4)+0.06811-In* (4) |

Where A is the area of the heat exchanger in m?

N.B. — The installation cost factors are on a carbon steel basis, therefore, when looking up the

table, F., = 1.

ICF PCF CCF ECF FCF BCF LCF

For the Cansolv case, the process was repeated except the reboiler duty was scaled based on the
scaling factor of 2.7/4.0 from Just", and later calculations which rely on this value such as steam

requitements and exchanger area/cost are repeated with this duty.



Condenser(s)

e The condensers are costed in the same way as the lean-rich exchangers.
e The area can be obtained from the condenser duty from regenerator energy balance.
o Assumed overall heat transfer coefficient, U = 200 W-m* K
o Cooling water inlet temperature (Tcew'™): 298.15 K
o Cooling water return temperature (Tew™): 303.15 K
o Condenser minimum approach temperature (Typp): 10 K
o Condenser temperature = Tew”" + Tapp

e This will also give the required cooling water flow rate.

ICF PCF CCF ECF FCF BCF LCF

Lean amine cooler(s)

e (Calculate duty and area requirements
o From the regenerator energy balance, the temperatures of all four streams are
known.
o The flow rates of all the streams are also known.
o Assumed overall heat transfer coefficient, U = 900 W-m* K

¢ Calculate number of exchangers based on a maximum area per exchanger of 1500 m”.

e If Npac < Nig, set Nrac = Nig, this will make fluid distribution and piping requirements

more straightforward.

e Unit is costed in the same way as the lean-rich exchanger.

ICF PCF CCF ECF FCF BCF LCF

It is not uncommon for the lean amine cooler and the condensers to be air-cooled units,

however, given the duty requirements in the scenarios here, it was not feasible to do so.



Amine holding/distribution tanks

e (Calculate volume for each of the four tanks & the reflux drum

o Assume 600 s holdup time per tank

o The total flow rate of each inlet stream to the tanks is known.

o Size and cost tanks as small (up to 2650 m’) field erected tanks from P&T — API-650

tanks, SS 304
o Also determine the height of the tanks (method provided below) as it is required

later to approximate the pumping head requirements.

C,,, =130.46xV,, +53432
ICF PCF CCF ECF FCF BCF LCF
4 5 3 1 1 1 2

Table of API-650 tank heights® to lookup based on volume.

Tank volume (m’) .
- Tank height (m)

min max

= 200 4.88

200 550 7.32

550 1300 9.75

1300 2500 12.2

2500 24000 14.6




Pumps

e Assume 10 kPa pressure loss (APiosses) due to fittings and friction in each pipe section

e Assume 20 kPa pressure loss (APux) in heat exchangers

e Assume 50 kPa pressure loss (APcw) over cooling water circuit

e In cases where the AP for a given pump is < 0 due to static head contributions, the cost
of that pump is set to 0.

e For pumps that are indicated as stainless steel, a material factor of 1.7 is applied to the
cost correlation for 304 SS.

o Same cost correlation from P&T as per cooling water pumps in adsorption
model section.

o The same installation cost factor rows were used for all pumps

ICF PCF CCF ECF FCF BCF LCF

Absorber outlet to absorber outlet tank
Carbon steel construction

y

Q — tank
tyy N

abs

AP:APlosses +p.g'(ZA0T _ZLHU)/IOOO

Where Vi is the volume of the absorber outlet tank, tiy is the hold up time of the tank, and
N is the number of absorbers. Zaor is the height of the absorber outlet tank, and Zinu is the

height of the liquid holdup section in the absorber.

Npumps = 2X Nabs



Absorber outlet tank to heated rich amine tank via LR exchanger
Carbon steel construction

Q — I/tank
tyy N LR
AP = 3 ’ APlosses + Af)HX

Where Nixr is the number of lean-rich exchangers. It is assumed the level in both tanks are the

same.

Npumps =N + 2

Heated rich amine tank to regenerator inlet
Stainless steel construction

v
Q= tank

tHU 'Nreg
AP = ABosses +pg(ZRG _ZAOT)/1000+(PRO _101325)

Where N, is the number of regenerators, Zrc the height of the regenerator excluding the height
of the water wash section, Zaor represents the height of the heated amine tank as it is assumed

to be the same as the absorber outlet tank, and Pro is the regenerator overhead pressure in kPa,.

Npumps = ZXNreg

Regenerator to hot lean amine tank
Stainless steel construction

Q — Vtank
tyy N,

reb
AP = ABosses +p'g'(ZHLA _1)/1000

Where N, represents the number of reboilers, Zura represents the height of the hot lean amine

tank, and it is assumed the liquid level in the reboiler is 1 m above ground level.

Npumps = Nreb + 2



Reflux pump
Stainless steel construction

Qre ux
N

reg

AP = ABosses +pg(ZRG _ZRD )/IOOO

0=

Where Qrenux 1s the total reflux flow rate for all regenerators, and Zrp is the height of the reflux

drum.

Npumps = ZXNreg

Hot lean amine tank to cooled lean amine tank via LR exchangers
Stainless steel construction

Q= Vtank
Ly 'NLR
AP:3.ABosses +2.APHX

Where Nixr is the number of lean-rich exchangers

Npumps = NLR +2

Cooled lean amine tank to absorber
Carbon steel construction

V
Q — tank

tHU 'Nabs
AP = APlosses +pg '(Zabs _ZHLA )/1000_{_(1)&121;[ _101325)

Where Z. is the height of the absorber excluding the water wash section, Znra represents the
height of the cooled lean amine tank as it is assumed to be the same as the hot lean amine tank,

and P, is the gas outlet pressure of the absorber in kPa,.

Npumps = 2X Nabs



Absorber water wash pump
Carbon steel construction

Q=QWW
AP =AP,

losses

+p- g+ Zpy [1000+( P ~101.325)

Where Qww is the water wash flow rate per absorber in m’*s™, and Zrr is the tan-tan height of

the absorber.

Npumps = Nabs + 1

Cooling water pumps for condensers
Carbon steel construction

Oow.

Q ) N cond

AP =AF,,

Wherte Qe is the total cooling water flow rate requirements in m® s, and Neonq is the number of
g q )

condensets.

Npumps = Ncond +2

Cooling water pumps for lean amine cooler
Carbon steel construction

Q — QCW
NLAC

AP =AF,,

Where Qcy is the total cooling water flow rate requirements in m’*s”, and Npac is the number of

condensers.

Npumps = NLAC + 2



Make-up water pump
Carbon steel construction

. out

H,0
Q:QMUW: -

AP = AP,

loss

b Z,,/1000

Where Qumuy is the total make-up water flow rate requirements in m’*s™', which is equal to the
amount of water lost with the CO, product stream, and Zura represents the height of the cooled

lean amine tank.

Npumps =2

First fill amine costs

e Determine amount of amine solution required
o The liquid holdup of the packing for both the absorber and regenerator was
determined using the correlation developed by Suess and Spiegel®’.

o The volume of the holdup sections of the absorber and regenerator are also
added.

o A residence time of 120 s was assumed for the reboilers to obtain the holdup
volume.

o The volume of all amine holdup tanks are also summed.

e The amount of pure MEA required was calculated from the total volume of solution

e The cost of amine used was 1100 US$-t"

ICF PCF CCF ECF FCF BCF LCF




Operating costs
Reboiler steam

e The total steam flow rate for regeneration is converted to an annual basis

e A cost of steam of 13 US$ t" was used from Brennan, and converted to the current day

value as described in the adsorption model operating cost section.

e The process is repeated with the Cansolv duty requirements.

Electricity
e Electricity requirements are made up of the pumps and the feed blower(s).

ZQk “AE - N,
k

pumps =
77 pump : nmotor

Where k represents each pump in the system, and QQ and AP are the corresponding values used
in costing the pumps. N represents the number of pumps that are in operation, Mpump represents
the hydraulic efficiency of the pump and mowr represents the efficiency of the motor. The same

values as per the adsorption model are used, 0.75 and 0.85 respectively.

blower
By =05

blower
motor

Where Ws"*" is the shaft work requirements of the blower calculated for cost estimation, and

Nmotor 18 the efficiency of the motor, 0.90.

The annual energy requirement in GJ is then calculated.

. 3600-24-365
Etot - (Epumps + blower ) g T

The amount and cost of natural gas required to produce that electricity is determined in the same

was as per the adsorption model.

[97]



Cooling water

The cooling water requirements for the condensers and lean amine coolers are summed.

The annual cost is determined in the same way as per the adsorption model.

MEA makeup
A value of 1.6 kg(MEA)-t(CO2)" was used to represent the amine losses™

Makeup water

Makeup water requirements include both the makeup water requirements resulting from

loses, and water required to dilute the makeup MEA.

A cost of 0.8 USD'm” for towns water from Brennan was used to cost this water
requirement. The costs were converted to present GBP using the same method

described for other utilities in the adsorption model operating cost section.

CO: capture cost

The same method described in the adsorption model was used.
o The process was undertaken twice, once with the associated costs for MEA, and

again with the costs of the Cansolv process.
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