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Brief introduction to reinforcement learning (RL)

How RL can be applied to process synthesis

Synopsis Distillation gym: A set of reinforcement learning
environments for the design simple distillation trains

Chemical Engineering Gym (next step): A general
process synthesis reinforcement learning framework
Recommendations for Co-Lan




Introduction to Reinforcement learning

e Reinforcement learning (RL), is a type of machine learning which involves an agent making decisions within an
environment to maximize an expected reward. RL has had many recent successful applications, including mastering

games such as chess and go.
e The environment is structured as a Markov Decision Process (MDP), where the following set of steps occurs

Repeat until episode is completed:

The agent observes the state (or part of the state) of the environment,
The agent takes an action

The agent receives a reward

Environment transitions to the next state
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Reinforcement learning for chemical
engineering process synthesis

e Reinforcement learning has been recently applied to chemical engineering problems, notably process
control (Nian et al., 2020).

e However, it has not yet been successfully applied to computer aided process synthesis, which is currently
dominated by other techniques such as MINLP (Chen and Grossmann, 2017).

e Chemical engineering process design can be framed as an MDP.



https://www.zotero.org/google-docs/?v4pQOr
https://www.zotero.org/google-docs/?Z4pxiV
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Distillation Gym with COCO and
ChemSep

e Design of a simple distillation train sequence
e User defined
e starting stream
e simulator thermophysical properties
e product definition (selling prices and required purity)
Agent selects
e To separate a stream or not
e Column specification (pressure, reflux ratio, reboil
ratio, number of stages)
Reward: Revenue - Total Annual Cost
Unit simulation using COCO and ChemSep
Agent & environment coded in python
e Controlling unit simulation using COM interface
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Distillation Gym Visualisation
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Note — text in order of appearance reads:

n (number of stages), br (boil-up ratio), rr (reflux ratio), TAC (total annual cost)




Example Problems

Problem 1: Benzene - Toluene - p-Xylene:
o Equimolar starting stream: 3.35 mol/s, 25 °C, 1 atm

o Price (S/tonne): $488, S488, S510

Problem 2: Hydrocarbons:
o |nitial conditions: 105 °C, 17.4 atm

Compounds Starting stream flowrate (mol/s) Price (S/tonne)
Ethane 17 125
Propane 1110 204
Isobutane 1198 272
N-butane 516 249
Isopentane 344 545
N-pentane 173 545
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Best Design Outcome

stream 2

/\» reveme $3.62 M
3.29 mol's

0.0 mol's
0.0 mol's
feed Tin 298 Igofl’lllg;l;te 100 kPa stream 4
298 K, 101 kPa 0 staes 53 revenue $4.33 M
Benzene 3.35 mol/’s ——m» _RR:t,S 3k 0.06 mol's
Toluene 3.35 mol's BR 3' 3 ) 3.34 mol's
P-xylene 3.35 mol's o stream 3 0.0 mol's
TAC$0.28 M 394 K, 100.311 kPa :
0.06 mol's Colummn 2
3.35 mol's Tin 392 K, Pregsure 96 IPa
3.35 mol's n_stages 58
RR 3.0
BR 3.0
TAC$0.17TM
streaim 5
revenue $5.22 W
0.0 mol's
0.01 mol's
3.35 mol/s
Revenue $ 13.17 million

Column TAC

$ 0.45 million




feed
208 K, 101 IPa
Benzene 3.35 mol's
Toluene 3.35 mol's
P-xylene 3.35 mol's

1,

Column 1
Tin 298 K., Pressure 93 kPa
n_stages 157
RR 57
BR 7.0
TAC $047 M

stream 2
359 K, 93.219 kPa
3.35 mol/s
1.92 mol's
0.0 mol/s

stream 3
397 K, 93.219 kPa
0.0 mol'g
1.43 mol's
3.35 molis

Early Sample Design 1

stream 4

/\. revenue $1.54 M
1.4 mol's

Colunmn 2
Tin 314 K, Pressure 18 kPa
n_gtages 85
ER 10.0
BR 2.8
TAC$0.13 M

stream 3
316 I, 18.643 kPa
1.95 mol's
1.92 mol's
0.0 mol's

stream &

376 K, 54.990 kPa
0.0 mol's
1.43 mol's
1.92 mol's

Colum 3
Tin 380 K, Pressure 54 kPa
n_stages 61
RE 338
BR 8.9
TACS02ZM

0.0 mol's
0.0 mol's

Column 4
Tin 287 K. Pressure 4 kPa
n_stages 77
RR 32
BR 3.1
TAC $0.24 M

Column 5
Tin 355 K, Pressure 27 KPa
n_stages 186
RR 8.7
BR 4.4
TAC$021 M

stream 7
revenne $2.23 M
0.0 mol's
0.0 mol's
1.43 mol's

streain §
278 K, 4.66 kPa
1.95 mol's
0.19 mol/s
0.0 mol's

gtream 12
revenue $1.89 M

(- 1.72 mol's

Column 6
Tin 249 K, Pressure 0 kKPa
n_stages 124
ER 32
BR 9.8
TAC §042 M

0.0 mol/g
0.0 mol's

stream 13
revenue $0.0 1

0.23 mol's

stream 9
revenue $2.24 M
0.0 mol's
1.73 mol's
0.0 mol's

stream 10

/\* revenue $1.7 M
0.0 mol's

1.32 mol's
0.0 mol's

stream 11
revemme $0.0 M
0.0 mol's
0.12 mol's
1.92 mol's

0.19 mol's
0.0 mol/g




feed
208 K, 101 kPa
Benzene 3.35 mol's
Toluene 3.35 mol's
P-xylene 3.35 mol/s

Early Sample Design 2

R

Colunm 1
Tin 208 K, Pressure 60 IkPa
n_stages 133
RR 1.5
BE 2.4
TACS02M

stream 2
344 K, 60.795 kPa
3.35 mol's
1.72 mol's
0.0 mol's

stream 3
352 K, 60.795 kPa
0.0 mol's
1.63 mol's
3.35 mol's

Columm 2
Tm 339 I, Pressure 51 kPa
n_stages 39
RR 26
BER 5.0
TACS$0.14 M

stream 4

/\ reveme $3.68 M
3.35 mol's

stream 6
365 K, 51.067 kPa
0.0 mol‘s
1.63 mol's
0.49 mol's

Colunm 3
Tin 376 K, Pressure 51 kPa
n_stages 120
RE 8.4
BR 5.7
TACS$02TM

0.05 mol's
0.0 mol/s

stream 5
revemie $2.16 M
0.0 mol's
1.67 mol's
0.0 mol/s

e

Columm 4
Tin 361 K, Pressure 43 kkPa
n_stages 88
RR 2.6
BER 6.6
TAC $0.08 M

stream 7
reveime $4.46 M
0.0 mol's
0.0 mol's
2.86 mol's

stream 8
revenue $2.11 M
0.0 mol's
1.63 mol's
0.05 mol‘s

stream 9
revenue $0.69 M
0.0 mol‘s
0.0 mol‘s
0.44 mol's




feed
2908 K., 101 kPa
Benzene 3.35 mol's
Toluene 3.35 mol's
P-xylene 3.35 mol's

—

Cohunm 1
Tin 298 K, Pressure 94 kPa
n_sftages 158
RE 1.2
ER 2.2
TAC $0.18 M

Early Sample Design 3

stream 2
358 K., 94.232 kkPa
3.35 mol's
1.65 mol's
0.0 mol's

stream 3
307 K, 94.232 kPa
0.0 mol's
1.7 mol's
3.35 mol's

e

Column 2
Tin 343 K, Pressure 38 kPa
n_stages 130
RR 51
BE 9.1
TACS$0.25 M

Column 3
Tin 393 K, Pressure 84 kPa
n_stages 113
RE 3.7
ER 1.4
TAC$01 M

\

stream 4
revenue $3.63 M
3.3 mol's
0.0 mol's
0.0 mol's

stream 5
revenue $2.13 M
0.05 mol's
1.65 mol's
0.0 mol's

stream 6
revenue $2.16 M
0.0 mol's
1.67 mol's
0.02 mol's

stream 7
revemie $5.18 M
0.0 mol's
0.03 mol's
3.32 mol's




teed
208 K, 101 kPa
Benzene 3.35 mol's
Toluene 3.35 mol's
P-xylene 3.35 mol's

Final Design

S

S T~

Colunm 1
Tin 298 K, Pressure 100 kPa
n_ stages 53
EE 6.3
BR 3.3
TAC $0.28 M

stream 2
revenue $3.62 M
3.20 mol's
0.0 mol's
0.0 mol/s

-

gfream 3
394 K, 100.311 kPa
0.06 mol's
3.35 mol's

3.35 mol's

N —

Colunm 2
Tin 392 K, Prezsure 926 kPa
n_stages 53
EE 3.0
ER 3.0
TAC$0.17 M

gtream 4
revenue $4.33 M
0.06 mol's
3.34 mol's
0.0 mol's

stream 5
revenue $5.22 M
0.0 mol's
0.01 mol's
3.35 mol's




Hydrocarbon Problem

Best Design Outcome

Agent performance during training
Total Revenue $ 1588 million
| "l Total Column TAC $ 119 million
£
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Early Sample Design

Design Outcome

feed
378 K. 1763 kPa
Ethane 16.71 mol's
Propane 1109.71 mol's 1
I>ol\llllauxe 1197.62mols )
N-butane 515.75 mol's
Tsopentane 344.28 mol's
N-pentane 173.14 mol's

Tin 364

TACS 3485 M

Total Revenue

$ 826 million

Total Column TAC

$ 671 million

Recovery

Propane

92.7%

Isobutane

49.6%

N-butane

58.9%

Isopentane

41.7%

N-pentane

0.0%

200 K. 775744 KPa
16.71 mol's
1109.71 mol's
567.79 mol's
0.01 mol's
0.0 mol's
0.0 mol's

3H K, 778
0.0 mol's
0.0 mol's
629.82 mol's
515.74 mol's
344.28 mol's
173.14 mol's

Colmm 2
Tin 234 K, Pressure 77 kPa
n_stages
RR79
BR 57
TACS 26747 M

Colmn 3
T 337 K. Pressure 651 kPa
n_stages 165

TACS 1462 M

stream 5
239K, 574 kPa
0.0 mol/s
388.58 mol's
367.79 mol's
0.01 mol's
0.0 mol's
0.0 molis

stream 6
326 K. 651.625 kPa
0.0 molis
0.0 mol's
62982 mol's
4756 mol's
0.0 mol's
0.0 mol's

stream 7
363 K. 651.625 kPa

0.0 mol's

0.0 mol's

0.0 mol's
40.14 mol's
34428 mol's
173.14 mol's

stream 4
revenue $186.81 M
16.71 mol's
72113 mol's

0.0 mol

0.0 mol's
0.0 mol's
0.0 mol's

Colunm 4
Tin 234 K, Pressure 62 kPa
n_stages 120
RR 9.4
BR 1.0
TAC $42.74 M

Column $
e 404 kPa
177

"RR 62
BR 48
TAC $6.51 M

Column 6
Tin 344 K, Pressure 410 kPa

n_stages
RR 6.1
BR2S
TACS$653M

stream 9
235 K, 62.050 kPa
0.0 mol's
20219 mol's
567.79 mol's
0.01 mol's
0.0 mol's
0.0 mol's

stream 11
312 K, 404.007 kPa
0.0 mol's
0.0 mol's
163.1 mol's
475.6 mol's
0.0 mol's
0.0 mol's

stream 12
338 K, 410.523 kPa
0.0 mol's
0.0 mol's
0.0 mol's
40.14 mol's
123.88 mol's
373 mol's

stream 13
346 K, 410.523 kPa
0.0 mol's
0.0 mol's
0.0 mol's
0.0 mol's
220.39 mol's
16941 mol's

stream §
revenue $24.97 M
0.0 mol's
96.39 mol's
0.0 mol's
0.0 mol's
0.0 mol's
0.0 mol's

Column 7
Tin 206 K, Pressure 12 kPa
n_stages 140
RR 0.6

8.2
TACS$6L14 M

stream 10
revenue $212.23 M
0.0 mol's
0.0 mol's
466.72 mol's
0.0 mol's
0.0 mol's
0.0 mol's

Colum §
T 288 K, Pressure 197 kPa
n_stages 86
RR13
BR 3§
TACS130M

Colun &
Tin 313 K, Pressure 201 kPa
n_stages 166

BR 32
TACS$09™M

Column 10
Pressure 287 kPa

stream 14
203K, 12411 kPa
0.0 mol's
202.19 mol's
439.02 mol's
0.0 mol's
0.0 mol's
0.0 mol's

stream 16
285 K. 197.963 kPa
0.0 mol's
0.0 mol's
162,55 mol's
172.72 mol's
0.0 mol's
0.0 mol's

stream 18
306 K. 201.156 kPa
0.0 mol's
0.0 mol's
0.0 mol's
40.14 mol's
51.12 mol's
0.3 mol's

Column 11
Tin 200 K, Pressure 10 kPa
n_stages 136
RRGS
BR 23S
TACS21330M

stream 15
revenne $58.56 M
0.0 mol's
0.0 mol's
128.77 mol's
0.0 mol's
0.0 mol's
0.0 mol's

BR 590
TACS$ 804 M

stream 17
revenue $126.05 M
0.0 mol's
0.0 mol's
0.56 mol's
302.87 mol’s
0.0 mol's
0.0 mol's

Colunm 13
Tin 291 K. Presswre 120 kPa

BRO1
TACS03I M

stream 19
revenue $82 35

0.0 mol
0.0 mol's
0.0 mol's
0.0 mol's
72.77 mol's
344 mols

stream 20
revenue $81.84
0.0 mol's
0.0 mol's
0.0 mol's
0.0 mol's
72.32 mol's
0.0 mol's

M

stream 21
revenue $0.0 M
0.0 mol's
0.0 mol's
0.0 mol's
0.0 mol's
148.08 mol's
1694 mol's

stream 22
revenue $54.93 M
0.0 mol's
212.05 mol's
0.0 mol's
0.0 mol's
0.0 mol's
0.0 mol's

stream 23
revenue $0.0 M
0.0 mol's
80.13 mol's
430,02 mol's
0.0 mol's
0.0 mol's
0.0 mol's

stream 24
revenue $0.0 M
0.0 mol's
0.0 mol's
116.71 mols
77.04 mol's
0.0 mol's
0.0 mol's

stream 25
revenne $0.0 M
0.0 mol's
0.0 mol's
45,83 mol's
95.68 mol's
0.0 mol's
0.0 mol's

stream 26
revenue $0.93 M
0.0 mol's
0.0 mol's
0.0 mol's
2.24 mol's
0.0 mol's
0.0 mol's

stream 27
revenue $0.0 M
0.0 mol's
0.0 mol's
0.0 mol's
37.9 mol’s
51.12 mol's
0.3 mol's



feed
3" K. 1763 kPa
Ethane 16.71 mol's
Propane 1109.71 mol's

Isobutance 1197.62 mol's

N-butane $15.7¢ mol's

Isopentane 344 28 mol's

Nepentane 17313 mol's

1,

Cohmm 1
T 378 K. Pressuge 1763 kPa
n_stages 121
RR £.2
BR™6
TAC$ 3699 M

Final Design

strean 2
32K, 1763.055 KPa
16.71 mol's
110971 mol s
106242 mol's
12.61 mol's
0.0 mol's
0.0 mol's

strean 3
304K, 1763.05% kPa
0.0 mol's
0.0 mol's
135.2 mol's
0314 mol's
24428 mol's
173 18 mol's

Cohunn 2
Tin 31 K, Pressure 1745 kPa
n_stages 72
RR 6.1
BRT.O
TACS2:3M

Cohunn 3
Tin 378 K, Pressure 1304 kPa
n_stages 5§
RR 49
BR 9.1
TACS1939M

stream 6
365 K, 101,661 kPa
0.0 mol's
0.0 mol's
135.2 mol's
50313 mol's
$518 mol's
2.89 mol's

stream 7
400 K, 1304661 kPa
0.0 mol's
0.0 mol's
0.0 mol's
0.0 mol's
2801 mol's
170.25 mol's

strean 4
revemte $284.19 M
16.71 mol's
1097.06 mol's
0.0 mol's
0.0 mol's
0.0 mol's
0.0 mol's

stream §
revenme 48312 M

0.0 mol's

12.65 mol's
106242 mol's

12.61 mol's

0.0 mol's

0.0 mol's

Cobunn 4
Tar 330 K, Pressure 587 kPa
n_stages 98
RRG62
BR 81
TACS 393 M

Cobum §
T 309 K, Pressure 143 kPa
n_stages 56
RR Y9
ER S0
TACSA™IM

strean 8
325 K. 587.097 kPa
0.0 mol's
0.0 mol's
13519 mol s
2728 mol's
0.0 mol's
0.0 mol's

stream 9
337 K. 557.097 kPa
0.0 mol's
0.0 mol's
0.01 mol's
230.33 mok's
8518 mol's
2.89 mol's

stream 11
32K, HI3.5120Pa
0.0 mol's
0.0 mol's
0.0 mol's
0.0 mol's
f0.63 mol's
170,11 mol's

me o
Tin 298 K. Pressure 281 KPa
n_stages 120
RR ™1
BR %6
TACS32'M

Cohumm 7
Tin 310 K., Pressure 281 kPa
n_stages 73
RR 59
BR 6.3
TACS21ISM

stream 10
revenie $235.93 M
0.0 mol's
0.0 mol's
0.0 mol's
0.0mol's
208,46 mol's
014 mol's

Cohmm §
T 308 K, Pressure 126 kPa
n_stages 89
RR 96
BR 9.3
TACS2™OM

streamn 12
204 K. 251806 kPa
0.0 mol's
0.0 mol’s
13519 mol's
69.71 mol's
0.0 mol's
0.0 mol's

#tream 18
317 K, 281.806 kPa
0.0 mol's
0.0 mol's
0.0 mol's
68.06 mol's
S5 18 mol's
2.89 mol's

slream 16
306 K. 126.291 kPa
0.0 mol's
0.0 mol's
0.0 mol's
0.0 mol's
£0.62 mol's
22,00 mol's

Cohum 9

Tin 279 K, Pressure 174 kPa

n_stages 114
RR 5.3
BR 59

TACS6TIM

strean 13
revenne $81.53 M
0.0 mol's
0.0 mol's
0.0 mol's
203.09 mol's
0.0 mol's
0.0 mol's

stream 14
revenpe $67. 53 M
0.0 mol's
0.0 mol's
0.01 mol's
162.27 mol's
0.0 mol's
0.0 mol's

Coluum 10
Tin 208 K. Presswre 154 KPa
1_stages 08
RR O3
BR 6.8
TACS76IM

Colunm 11
Tus 293 K, Pressuge 82 kPa
n_stages 101
RROS
BR9T
TACS1™M

stream 17
revenne $130.18 M
0.0 mol's
0.0 mol's
0.0 mol's
0.0 mol's
0.02 mol's
11502 mol's

stream 19
283K 1TAT2 P
0.0 mol's
0.0 mol's
3217 mol's
6971 mol's
0.0 mol's
0.0 mol's

stream 18
revame $46.84 M
0.0 mol's
0.0 mol's
103,02 mol's
0.0 mol's
0.0 mol's
0.0 mol's

Cohmu 12
Tn 274 K, Presswre 127 KPa
n_stages 153
RR 43
BR 83
TACS4 M

stream 20
revemie $27.92 M
0.0 mol's
0.0 mol's
0.0 mol's
67 08 mol's
0.0 mol's
0.0 mol's

streamn 21
revenme $96.4 M
0.0 mol's
0.0 mol's
0.0 mol's
0.98 mol's
8518 mol's
2.89 mol's

stream 22
revemme $57.28 M
0.0 mol's
0.0 mol's
0.0 mol's
0.0 mol's
50.61 mol's
1.51 mol's

stream 23
revemie $60.61 M
0.0 mol's
0.0 mol's
0.0 mol's
0.0 mol's
0.0 mol's
5358 mol's

stream 21
revanme $0.0 M
0.0 mol's
0.0 mol's
3217 mol's
30.9 mob's
0.0 mol's
0.0 mol's

streamy 25
Tevenne $16.15 M
0.0 mol's
0.0 mol's
0.0 mol's
A8.81 mol's
0.0 mol's
0.0 mol's



Next steps: Build Chemical Engineering
Gym

A general all-purpose reinforcement learning framework for chemical
engineering process synthesis




Recommendations to Co-Lan

® Create an interface for external programs (e.g. python) to easily manipulate flowsheets.
® Try make as much functionality that is accessible from GUI accessible from external program
® i.e. add new units/streams, deleting units/streams, changing flowsheet topology etc...

® Multithreading support

® This would give computational chemical engineering in simulators a far larger scope,
extending from being able to edit existing flowsheet structures (e.g. changing unit
conditions), to creating complete flowsheets from scratch
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Thank you

Jasper van Baten (COCO) & Harry Kooiman (ChemSep) for answering endless emails with lots of
help

ChemSep
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