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Modular Energy Systems

therefore, for each well:

Drilling at shale formations / - X Geological formations,
\

» Specific production of gas
* Unique lifetime

<

Conventional natural gas
utilization

X

Distributed natural gas
utilization

Eagle Ford":-_' . . - .
(modular technologies for onsite utilization)

eia’ Source: US. Energy Information Administration
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Modular Energy Systems
T

Microchannel Reactor

Modular enerqgy systems —

« System modularization (SM): physically
Sma” mOdU|ar plants 'Rea:clict)':rateslo—uloololin:es
 Possibly employ process intensification SR v = | oo -z
(P1) for process integration e ——

Endothermic Reaction

Fast Residence Times

Combustion High Heat Flux

Process design challenges
« System nonlinearities, dimensionality and constraints  wmodular steam methane reforming (SMR) unit
« High degree of process integration and customization

« Lack of guidelines and heuristics for operation

Process Design Integration of
<~ Design and Control
Process Control (Operability Analysis)
4

[1] Lerou, J. J. et al., Chemical Engineering Science, 2010
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Process Operability Concepts

Operability Analysis!?3l: Address operability challenges at the design phase

(Uop,1) hot flow e ﬁ (y41) Total flow Shower
(Ugp2) cold flow smsmmmm— im (v.) Temperature Problem
Available Input Set (AIS,;) Achievable Output Set (AOS)
Manipulated variables (MVs) Controlled variables (CVs)
Desired Input Set (DIS) Desired Output Set (DOS)
Desired input operation Desired output operation
> DIS ... ol Operability Index (Ol)
g4 AIS,, S /. _ , AOS \
- e — Process Model (M) P = DOS
N[ o] B[ ot
& <« Inverse Model (M~1) i~ & : '
=° : ----------------------------------
Uy, 4: cold flow y,: total flow
° -1 i i
Challenges: M~ may not be straightforward to obtain

High number of function evaluations (M and M~1)
«  Operability approaches are usually tailored for specific applications

[2] Vinson D. R. and Georgakis C., J. Process Control, 2000

[3] Gazzaneo V., Carrasco J.C., Vinson D. R., Lima F. V., Ind. Eng. Chem. Res., 2020
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Multimodel Operability Approach

Multimodel operability representationl#!: Original nonlinear model substituted by paired
polytopes P, = {P¥, P}

« Simplified representation
« Efficient quantification of operability regions
«  Straightforward calculation of M~1

Explore system modularization

AI ) ) Iteration
Sd?s Modular region

104 1

100

udes,1

[4] Gazzaneo V., Lima. F.V., Ind. Eng. Chem. Res., 2019

wV' WestVirginiaUniversity.

Calculations of Ol
op2 AlS,,

u

WEST VIRGINIA UNIVERSITY
DEPARTMENT OF CHEMICAL AND BIOMEDICAL ENGINEERING

LIMA RESEARCH GROUP
Control, Optimization and Design for Energy and Sustainability (CODES)




Multimodel Operability Approach
1

MULTILAYER OPERABILITY FRAMEWORKI34
LAYER 1: MODULAR DESIGN PROBLEM

AlS,. « Find the modular design region (MDR)
Uges2 available designs «  Mixed integer linear programming (MILP)-
1 mDpR based iterative algorithm34]

| Process footprint (SM) — objective function
1 Process efficiency (Pl) — DOS limits

> udes,1
A
LAYER 2: INTENSIFIED OPERATION PROBLEM N
AlS, » Evaluate intensified operation
Uges 2 available designs - Rank competing modular designs with Ol

A

[3] Gazzaneo V., Carrasco J.C., Vinson D. R., Lima F. V., Ind. Eng. Chem. Res., 2020
[4] Gazzaneo V., Lima. F.V., Ind. Eng. Chem. Res., 2019
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NLP-based methods
1

Nonlinear programming (NLP)-based operability method!®]

« Handles infeasible DOS with NLP-based model inversion
* Finds feasible spaces, feasible DOS (DOS*) and feasible Desired Input Set (DIS*)

* Insights for changes in the selected AIS

Infeasible
= operation
E O DIs i
A <
L] ‘
— =
3 AlS HeTai E .
= e Unachievable
ﬁ;‘i Jdm T ":54 operation
5]
- 0 2 4 8 0 2 4 8 8
Ugp .1’ cold flow (gal/min) y - total flow (gal/min)

[5] Carrasco J. C. and Lima F.V., Comput. Chem. Eng., 2017
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Process Operability App Project

Process Operability Appl®!

Generalization in dimensionality

MULTIMODEL « Multimodel representation 5 and process model
APPROACH —° MILP-based algorithms

« Ol Calculations @
NLP-BASED /" Process Operability App )
APPROACH + reashigRROn « Open-source MATLAB app

* NLP-based algorithm for
DIS-DOS mappings

with user-friendly interface
« Dissemination and

OTHER _ \_ improvement of algorithms
TOOLS —[ * Input-output mappings ]—

PROCESS OPERABILITY Yok AOS of
ALGORITHMS
. u, o AIS Ir—l_—_-_-_-_-Mu\timodeI s “
https://fernandolima.faculty.wvu.edu/ e U Lapproadh 0os,
[5]
oq e 2]
operability-app - e aos
e DIS® — 000
i1 [NLP-based| _ . " oo
== approaasc:T\ """" 4 —p ¥, 9

[3] Gazzaneo V., Carrasco J.C., Vinson D. R., Lima F. V., Ind. Eng. Chem. Res., 2020
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https://fernandolima.faculty.wvu.edu/operability-app

Process Operability App: Applications

Input-output mapping for selection of the DOS

4| Operability Tool
File Help

Main Configurations

Summary
AlS
ADS

Sets Results

— | X

A total of 1000 input-output points were generated.

Available Input Set (AlS)

1.5

1.45

1.4

1.35

1.3
11

10.5
10

5 Low-pressure steam
flowrate (kmaolis)

u
op.

3.3

u : Lean solvent
op,2

flowrate (kmol/s)

34 35 36 37
Uap.‘f Flue gas

flowrate (kmol/s)

«10% Achievable Output Set (AOS)
28

25

2.4

23

2.2
0.5

0.45

¥ CCS overall work (kW)

75 8 8 %0 0%

0.4
: Lean solv. CO_, loadin
Y2 2 J y,: CO, capture rate (%)

{moICOZImOIMEA)

Application: DOS Selection for a Carbon Capture System (CCS)

W-l WestVirginiaUniversity.
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Process Operability App: Applications

Multimodel Operability Approach: LAYER 1: MODULAR DESIGN PROBLEM

4. Operability Tool — O X T 10t
File Help =) -: Alsdes
% 10 K —
Main Configurations Sets Fesults " % ‘0,‘ .:
Summa @ o5 ", Ty RO
4 Design region was found. £ ‘a 3 »*°
AlS 5 o 4
AOS Input ranges - lower bound: £ o -1 MDR :
15.63 05 300 2 vw 100
1 i 2o 60 %
Input ranges - upper bound: 20
2125 05938 6531

— Uy o Tube diameter (cm) Ujes 1 Reactor length (cm)

Size:

5.625 0.00375 6231 A and Pl of a membrane
CPU time(s): /e MILP algorithm)... iral gas utilization

211415 -

11
Export all variables
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Process Operability App: Applications

Multimodel Operability Approach:

LAYER 2: INTENSIFIED OPERATION PROBLEM

4. Operability Tool
File Help

Summary
AlS

AlS des
AlS op
ADS
DOS

ol

Iain Configurations

u des

Sets Results

16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16

16
1A

U des2
0.5667
0.5667
0.5667
0.5667
0.5667
0.5667
0.5667
0.5667
0.5667
05778
05778
0.5778
05778
05778
05778
0.5778
05778
05778

05778
N 580

Export all variables

u des3

611.1111
7222222
833.3333
044 4444
1.0556e+03
1.1667e+03
1.2778e+03
1.3589e+03
1500

500
611.1111
7222222
8333333
044 4444
1.0556e+03
1.1667e+03
1.2778e+03
1.38809e+03

1500
AN

— | >

Ol{AlS des)
1.5625 .
3.1250
3.1250
468375
46875
483875
46375
468375
46875
3.1250
46375
6.2500
46875
483875
46375
6.2500
6.2500
5.2500

6.2500
3 1760

W-l WestVirginiaUniversity.

T <10
Y

z | AIS,,.

z 10 : des
- D %e . .

- - ~

[] » D .
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o | 4

|

= 0

E

]

=

~~| MDR |
| go 100
1 40 90
20

Oil...

r{cm) Ujes Reactor length (cm)

Membrane se

Ujeg o° Tube diameter (cm) Udes, 1° Reactor length (cm)

Application: SM and Pl of a membrane
reactor for natural gas utilization
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Process Operability App: Applications

NLP-based Approach: Feasible DIS and DOS

4. Operability Tool — O b4 = (] o
= O Dls*
File Help =6 g o S
=2 O
Main Configurations Sets Results 2 41\0¢q 9 Al
= ey
Summary Data type | Foints k4 E 2 ©
DIS* T
DOS u1 u2 :%D
Dos* 1.5000 1.4999 0 2 4 _ i
1.3499 1 6501 ”-::-p-.*I: cold flow (gal/min)
1.2000 1.2001 )
1.0500 1.9409 Infeasible
0.8999 2.1002 operation
2.0000 2.0002 140
1.2001 2.2001 i
=]
1.5009 2.4001 E 120
1.4001 2.6000 =
@ 100 —
1.1999 2.8001 = L _ _pos )
2 4999 2.5001 2 an © pos' [ "= Unachievable
2.2500 2.7501 ::4 operation
2.0001 3.0000 60
1.7500 3.2499 0 2 4 6 &
15001 3 4908 ¥y total flow (gal/min)
3.0000 3.0000 ~
Application: DIS* and DOS* for the shower
problem 13
Export all variables
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Conclusions and Future Work
1

Future work
« Improve Ol with disturbance rejection (flexibility)

« Address app limitations (dimensionality)
* Include other input-output representations

» Explore connection with other software platforms (Aspen Plus, OSlsoft PI, etc.)
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