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Introduction ETHzurich

Mathematical programming

Objective function (e.g., cost, environmental impact, safety)

min| _ f(x,y)

s.t.| h(x,y) =0

g(x,y) < 0] Specifications
x € R Continuous variables (e.g., pressures, temperatures, flows)

y € {0,1}m Discrete variables (logic decisions)

Process equations (e.g., mass & energy balances)

*//

Soluti

Sub-problem

Decpmpositign

1

Problem complexity
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Introduction ETHzurich

Multi-objective optimization

1. Several objective functions

SOCIETY min fl (x, y), ...,fk(x; y)
s.t. h(x,y) =0
gx,y) <0

x € R,y € {0,1}"

Optimal
4 0
| \ +® Suboptimal
I::.I g‘ 2l
11 U \
A Q- -9
cradle| ~ Environment | Grave . . >
Environmental impact

2. Life cycle sustainability assessment 3. Pareto optimal solutions

A. Azapagic, R. Clift, Computers & Chemical Engineering 23, 1509-1526 (1999).
I. E. Grossmann, G. Guillén-Gosalbez, Computers & Chemical Engineering 34, 1365-1376 (2010). 21.11.2022 | 4



Introduction

Complexity and solution algorithms

1. How to reduce the number of objectives?

f4(x,y), :> min f2(,3), fa(x,y)
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1. G. Guillén-Gosalbez, Computers & Chemical Engineering 35, 1469-1477 (2011). %;‘ T ¢ ~— R
2. G. Guillén-Gosalbez, I. E. Grossmann, AIChE Journal 55, 99-121 (2009). i S e
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3. P. Limleamthong, G. Guillén-Gosalbez, Journal of Cleaner Production 164, 1602-1613 (2017).
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Applications ETH:urich

Supply chains: Hydrogen Supply Chains

? ' , Given are:
* Hydrogen demand

3;/[;:\;.
N

% e  Available technologies and potential locations (i.e. grids)
’)rf (@- * Investment and operating costs
Zﬁi? 8\ * GHG emissions
o

\aj\f
e
o
= F
w |
I/

10 1
\ The task is to determine: %
{X‘E/\& " 1‘43 * The optimal SC in texms of cost & environmental impact
| P —
}‘5 R ZJ Production
Pl * CH, reforming
@%ﬁo a1 * Coal gasification i Storage
- - (] * Biomass gasification « Liquid H,
44\f/ ) Transportation * Compressed gas

e Liquid H, -R
* Compressed-gaseous H, Yous¥g

G. Guillén-Gosalbez, F. Mele, I. E. Grossmann, AIChE Journal 56, 650-667 (2010).

N. Sabio et al., International Journal of Hydrogen Energy 37, 5385-5405 (2012).
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Applications ETH:urich

min(TDC(x,X,N),DAM(x,X,N))  Multi-objective MILP

s.t. glx,X,N)<0 Mass balance equations
h(x,X,N) =0 Capacity constraints
x€€RX€{0,1},N €N Objective function equations

1. Emissions and feedstock requirements: LCI from cradle to grave

LCI, = 7 7 7 7 PR;gpe(wpn + wp; ) +
i g p t 1

NP 1 B
_ YYD D> Yo Vb
Cradle | EnVironment | Grave Ty
Producti terials, ener a
/\ roduction (raw ma gy Storage 4 w
\ consumption and direct emissions) ,
eco nvent (compression of hydrogen)

/ e

2. Translate LCl into damage (CML 2001, Recipe 2008, etc.): Eco-indicator 99

o-a Transportation tasks

DAM = Z v, LCI, Damage factors translate life cycle inventory into impact
b
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Applications ETH:urich

Binary 10,580

Discrete 940

Continuous 12,701

Equations 35,491

Bi-level decomposition + B&B (CPLEX)
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\t D CH storage : .
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Applications
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Other applications

Biomass supply chains?! Petrochemicals?

Markets

Plants
=1,....J
Suppliers
PU
<:>_w" W.lpt
Technology |
CPLIil

Technology 1

Final Markets
each region g has associated
demands)

Production Plants
(different types of plant p can be
set in regions g)

Storage Facilities
(different types of storage facility
s can be set in regions g)

Technology |

Agriculture planning®

Max Production o

E; </’;("j}/‘c:r‘.,  -, ¢ ':.J,
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1. F.Mele et al., Industrial & Engineering Chemistry Research 50, 4939-4958 (2011).

2. G. Guillén-Gosalbez, I. E. Grossmann, AIChE Journal 55, 99-121 (2009).

3. C.Vadenbo, S. Hellweg, G. Guillén-Gosalbez, Conservation and Recycling 89, 41-51 (2014).

4. A. Galan-Martin et al., Journal of Cleaner Production 140, 816-830 (2017).

5. P.Vaskan et al., Environmental Modelling & Software 46, 163-169 (2013).

6. D. Cortés-Borda et al., Energy Policy 77, 21-30 (2015).

Geographical Information Systems>

Waste management?3

21.11.2022 | 10
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Applications ETH:urich

Hydro-dealkylation of toluene (HDA) process

Toluene recycle

Hydrogen recycle

Adiabatic reactor

Methane purge ®
. Absorber
Given are: £
* Product demands and quality Haolenees TOlUENE Fiash 2
* Cost data
* Environmental LCA data Hydrogen Benzene

Diphenyl byproduct

The task is to determine:
* Topology
* Operating conditions

Diphenyl byproduct
O Single choice stream splitter

& Multiple choice stream splitter toluene + hydrogen — benzene + methane

O Single choice stream mixer

SO as to: O Multiple choice stream mixer
*  Minimize the total cost
* Minimize the environmental LCA impact

2benzene « diphenyl + hydrogen

G. Guillén-Gosalbez, J. A. Caballero, L. Jiménez, Industrial & Engineering Chemistry Research 47, 777-789 (2008). 21.11.2022 | 12



Applications ETH:urich

Superstructure optimization using MINLP: HDA process
min (TC(x,y),ECOq9(x,y)) Multi-objective mixed-integer nonlinear program (MINLP)

s.t. h(x,y) =0 Mass & energy balances constraints
glx,y) <0 Thermodynamic constraints MINLP
x € Ry e{0,1}™ Short-cut methods LCA 724 constraints

710 continuous variables
| | : : 13 binary variables
mtermediate solutiorb Outer Approximation
Design 3 Design | (oA) DICOPT

T T

T T T T

”~ Minimum cost

~

Désign 1

0'%.8 2 2.2 2.4 26 2.8 3 3.2 3.4
Eco-indicator 99 8
x10 21.11.2022 | 13



Applications

Other applications

Heat exchangers! Thermodynamic cycles?

Stage k=1 Stage k=2 -
_,ﬁﬂ, § tis " Tz |

102.1 ™
thz 1 _@ Eﬂ% _@: ti
H2

Temperature Temperature Temperature
location k=1 location k=2 location k=3

Pharmaceutical processes*

P. Vaskan, G. Guillén-Gosalbez, L. Jiménez, Applied Energy 98, 149-161 (2012).

R. Salcedo et al., Desalination 286, 358-371 (2012).

R. Brunet et al., Chemical Engineering Research & Design 93, 203-212 (2015).

R. Brunet, G. Guillén-Gosalbez, L. Jiménez, Journal of Cleaner Production 76, 55-63 (2014).
M. J. Arbiza et al., Journal of Cleaner Production 16, 233-244 (2008).

V. Tulus et al., Applied Energy 181, 549-561 (2016).

ounkwNRE

Biofuels3

%@r ?‘\@

CSHPSS
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PSE tools for a more sustainable chemical industry

Temporal scale

| Macroscale

'sb

Microscale s
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Ongoing and future research

Impact quantification based on process modelling

3. Sector level/LCA

A proper assessment of chemical routes
requires a multi-scale approach

2. Process flowsheets

1. Chemical routes

year

month

week
day

hour

min

Temporal scale

ms

ns

fs

I. loannou et al., Reaction Chemistry & Engineering 6, 1179-1194 (2021). 21.11.2022 | 16



Ongoing and future research ETHzurich

Streamlined LCA methods for chemicals ; 5 ; ireamiined Lca

methods

) . ~1 Million registered chemicals
Automatic Data Regression

+ Feature Selection LCA data of only a few

thousand chemicals

S (" FullLCA Database
o
£
- eco nvent
O
S
a I _Q

E 1] 1J]

Min F S z yi—a—zbjxij
-§ i=1 j_=1
= a,bj € R,z € {0,1} vj€J 1.5
§ Model ;
S Validation "7 U 0 Noap
8 MIQCP ey
p .
s 0
s AHF 200 c.ontlnuous .
32 binary GWP = 75.2+ 0.786 - amines
— 315 i -
equations ) 8 .
q +3.1-1078 - Ay
CPLEX

G Wernet et al., Environmental Science & Technology 42, 6717-6722 (2008). ~30% error

R. Calvo-Serrano et al., Computers & Chemical Engineering 108, 179-193 (2018). 21.11.2022 | 17



Ongoing and future research ETH:urich

Screening via data envelopment analysis

N ¢ Efficient units ~ 6=1 p)
o ® Inefficient units  8<1 C
How to improve?

oF Z=minb, — ¢ ZSﬁ+zS[

TER S
s.t. z/lx1]+5 = 0,Xio Viel

)

_________________ JEJ]
Efficiency c N
frontier Z 4i¥rj = Sr = Yro VrE€R
J€J

A, 87,855 =0 VieJ,iel, reR

P. Limleamthong, G. Guillén-Gosalbez, Industrial & Engineering Chemistry Research 57, 9866-9878 (2018). 21.11.2022 | 18



Ongoing and future research

Screening of chemicals for CO, capture?! Eco-efficiency assessment of energy
2
— technologies and mixes |
Cbem:s;ry Molar Volume B TRETRET R | ! ] @ TARGETS 41
e EAIIINL EEE —;’ i i: g B e
i — - 4
2 i 27 European top economies I Efficient electricy mix
FireSExplosion 80 [ Inefficient electricity mix
Solubslty - Wind (offshore) ,‘ k . l

@ Efficient units
@ Inefficient units

6 & Targets

~~—____ Efficient

Social

Coal

= Gas (cCoT)

uuuuuuu

R o Wy EPl Ny g, o
: Solar PV - : Ew‘,‘oﬂ-\\c
g sm, - Eco-efficiency assessment of pharma processes*
) L BedbEd L) =
L‘j —“" :: .?}— e =

P. Limleamthong et al., Green Chemistry 18, 6468-6481 (2016).

A. Ewertowska et al., Journal of Cleaner Production 116, 13-22 (2016).
D. Fernandez et al., Applied Energy 212, 1563-1577 (2018).

A. Mio et al., Industrial & Engineering Chemistry Research 57, 7946-7960 (2018).

1.
2.
3.
4.

21.11.2022 | 19
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Planetary impact of chemical processes
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Ongoing and future research

A

How to quantify the impact?

»

Current metrics hard to interpret

Impact

Safe operating @
Space Earth

Planetary boundaries (PBs) defined on nine Earth-system processes key for resilience

Ozone Ecosystems
depletion loss

Chemical

pollution \

Climate

/ change

Three impact levels:
‘ Ocean © Safe op. space (SOS)

/ cidification () Uncertain zone

Atmospheric _ .
High-risk

aerosols © High-risk zone

Biochemical \ Land-system
flows

change

Freshwater use
J. Rockstrom et al., Nature 461, 472-475 (2009)

21.11.2022 | 21



Ongoing and future research

Computing the planetary impact of industrial systems

Evaluate the impact of a chemical process relative to the Earth’s ecological limits:

1.

Downscale the PBs to the industrial system

Trangressiony, {

M. W. Ryberg et al., Ecological Indicators 88, 250-262 (2018).

Trangression, =

IMP, = z CF,LCl; Vp
i

IMP,,
S0S0S,

< 1 - Sustainable }
> 1 - Unsustainable

GV AProcess

SOS,, -
S Process 7 GVATH

a)

Lan:

vp

= 50S0S, Vp

e cycle inventory entries) to the associated planetary impact

Ocean acidification
L Climate change
e

Ozone depletion (energy)

9 ' y
@
/ oa 2
06 \
/ 04 \
[ 02 \
|
® $ dio
d system ‘\, ’/‘ Climate
change \ % /  change
\ o4 /  (coy
\_ 08 16/
A . 7
m & 08 7 m
Phosphorous Nitrogen

(

Freshwater use

| Share of safe operating space
== $1: Business as usual == S4: Solar
=== §2: min Cost == S5: Wind
= = S§3: min Transgression = = S6: Nuclear
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Ongoing and future research

Are current fossil-based chemicals sustainable?

{ .
| 1. Goal and scope | | 4. Interpretation :
| inputs |
| from | I
: "E““f_e : | Outliers g |
| = I’ - ug:trelam - ‘; | : .I I.. %2 |
| § mE=R ¥ mrin o !
|| ¢ |
! E production production ! | . . -
| ®© technology y, technology v, | Transgression levels .. 8 I
| o of chemical ¢, | | | of chemical c; | | of chemicals ¢, — £ |
1 - e ‘"'WBT;_L"T‘"’”M < in PB, N 5§47 - CHEMICALS
S neEm - e —> N |
I3 Sl L - -y - I
I B [nlocationx, in location x, | | ——— I
B & - ) e 492 : - .
| lobal market | Outli E (
| . S Chemicals (organic, inorganic,
| 5o @ = a |
| . L, efd 46 ¢ 3 i ili
| 11 of chemica PR N petroleum-derived, fertilizers,
::::::::::‘L‘T::::::::':hjj' o | pesticides, plastics and rubber,
. Vg4 B 2 I
2. Inventory analysis (&1 i 065 .
L caem B Sell’ I .- pay pharmaceutical products, and
| database database |10 iy |l o | f
' —|->E' & T 2 erfumes)
e— et !
| = | [ e e e L] | p
I 1! Transgression levels in PB, |
| 14 ! sustainable I
__________________ | unsustainable |
P
I 3. Impact assessment ' [ ([ 9 .
| ot . | Planetary boundaries
| change Ozone | |
I Change i I :
[ biosphers ' <~
| integrity | |
ean |
| acidification |
Freshwater 11 -
| use T T T T T T T |
| Eétbgsoohem\cal 1 Transgression levels in PB,, |
WS
| m Land-system - Impact of chemical ¢, on PB, _ Transgression level ||
| change |, Share of GafeGperating spaca ~ of chemical cj in PB, |
) PB-LCIA method | [ attributed to chemical ¢, on PB, |

V. Tulus, J. Pérez-Ramirez, G. Guillén-Gosalbez, Green Chemistry 23, 9881-9893 (2021).
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Planetary footprints of widespread chemicals
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N
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'
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N
~
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— -0 D1 119 453 a_‘g
F 4
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U | O TR :
2
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o
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b 2 f3
O Adipicacid 776 1475 154 247 =0 019 =0 012 155 155 137 g
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Ongoing and future research

Could renewable-carbon help to operate within the PBs?

FOSSIL-BASED C0,/BIO-BASED
PETROCHEMICAL INDUSTRY PETROCHEMICAL INDUSTRY
Fossil-fuels feedstocks .
w * Ny Direct air
) - _power plant || power plant b‘capture P"’""
Crude ccu %
oil % oy o
B Natura =4 s
Sl o Platform ' H, Water electrolysis with
" chemicals J — £ & ia
"AN S -CC‘_ hydrogenation s j-: HQ
3 o Methanol "\ s f“i’
IMI—* 00-) 4= I
o ) 69) g '&é . Green methanol could be used as a
i! L precursor for olefins and aromatics
Biomas har 3 Biomass
Ethylene
. PEL 3 } (= 20) 1'3-
g : Propyl 4 Olefins __‘_
\-3-' @ {-3- Methanol-to-Olefins

Toluene

2 ‘5;-. Ay

Metha A

Arom l
Xylenos

,———.———.
Ql»
b v v
(—
c
c
-
1
L
]
'
)
3
2
2
|
[
|

Cradle-to-gate approach = (\, ‘-;-i Cradle-to-gate approach

A. Galan-Martin et al., One Earth 4, 565-583 (2021).
A. Gonzalez-Garay et al., Energy & Environmental Science 12, 3425-3436 (2019).

A. Katelhon et al., PNAS 116, 11187-11194 (2019).
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Ongoing and future research

Would a green methanol chemical industry be sustainable?

FOSSIL-BASED CO,/BIO-BASED
PETROCHEMICAL INDUSTRY PETROCHEMICAL INDUSTRY
Fossilfuols foodstocks ‘I~ I -

Natura gas || Dictair
o plant | powerpant | CopUepiant

C0, Steam methane
relomingwih 65
Hz | Wate lctrolysis win

i EY WY

* Fossil chemicals consume 25% of the planet 2

* 54 alternative scenarios based on green methanol
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23 ~ MeoH 25
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N | 1
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i 1 Olefins g \
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" " . 1 = S
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A. Galan-Martin et al., One Earth 4, 565-583 (2021). 21.11.2022 | 26



Ongoing and future research

Assessing the chemical sector’s impact based on the PBs

 From 25% (fossil carbon) to 1% (renewable carbon) of the planet

* Renewable carbon routes are too expensive: 4-fold increase in cost

o“
e\ & @“ N x\°‘° .
AP “acpo‘p“ 3O \@e \\°5° o
PO @ e 001 28

QS \o° o w‘" &
& o & o'b\ R SO
o o“g 6\'3“ (\° dg\“ ‘\e“\ g *5\0‘0 ﬁ\e‘\)

o e \0 o
oa@&d@o 0\\6"9 o @ o %0‘3 %\cﬁb \‘Q‘\é «@®

DAC CCU + BECCS .. .. 088 -35585 2837 004 000 040 13282 213 - 10
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T
o
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T
o

2
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=3
©
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©
o
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BTM -453 274  -16515-17570 0.2 -5602 0.8 007 000 020 -065 L5 T EPl
o8 = T 3.58 [ Ethylene
£ =
DACCCU +BTHCCS -445 -266  -16326-17459 020 -5567 041 008 000 064 1828 L1052 2 B Propylene
20 2 1 Benzene
300 121 11148 -119.69 028 -38.16 137 008 000 047 2117 gv = B Toluene
NG CCU+BTHCCS -300 -1, -111.48 -119.69 0. 16 1. ] ' . . --15§ F o Xone
e z : 144 B Methanol
Coal CCU+BTHCCS 283 -1.04  -110.15-11861 029 -37.82 076 008 000 049 21.71 -20 g b~ Pessimistc ostimat
[ 8 { Total cost
DAC CCU + Nuclear 026 152  -1354 -1525 009 -486 025 000 000 172 -0.16 —25 © S — 2051 Optimistic estimale

DACCCU+Wind 017 196 093 024 005 008 228 002 000 037 09

s,
ll\ DAC CCU + Hydro 047 226 -1595 1756 003 -560 013 000 000 032 6.15

Fossil (reference) 091 2.70 2482 2586 000 824 002 000 000 001 189

m DAC CCU + Solar 099 278 2677 2653 008 846 549 013 000 043 721

Chemicals Chemicals
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\
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Other applications

Process design? Supply chain design?

Production

€0 ———>
2,000 kgmole/h
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S. Cobo et al., Nature Communications 13, 1-11 (2022).
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Other applications

Process design? Diets?
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Electrochemical hydrogen scenarios
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1. SCD’Angelo et al., ACS Sustainable Chemistry & Engineering 9, 9740-9749 (2021).
2. E. Lucas, M. Guo, G. Guillén-Gosalbez, Sustainable Production and Consumption 28, 877-892 (2021).
3. A.Valente et al., Sustainable Energy & Fuels 5, 4637-4649 (2021).
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Future steps: Sustainable Development Goals optimization

Carbon neutral chemical industry under the lens of five SDGs
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ETHzurich

Future steps: Sustainable Development Goals optimization
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acetone, phenol, vinyl chloride, polyethylene, polypropylene,
propienic acid, acetic acid, acetaldehyde, and formic acid

Inorganic chemicals: ammonia

* Superstructure of technologies
encompassing thousands of alternatives

min,,
S. .

f(x)
h(x)

g(x)

IA

() Objective function
O Mass & energy balances

0 Capacity constraints

21.11.2022 | 31



| ) ) Ongoingand future research 3T

Future steps: Sustainable Development Goals optimization
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Future steps: Sustainable Development Goals optimization

CHEMZERO,,., Carbon neutrality at minimum cost
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Conclusions

® Process Systems Engineering can be applied to a wide range of sustainability problems
® Main applications at the multi-site and single-site levels
® Combining systems thinking, optimization and life cycle thinking leads to sustainability gains

® Future directions: planetary boundaries optimization

Take-home message

PSE concepts and tools provide a general framework to address a wide variety of
relevant problems related to our sustainable development

ol

min f(x,y) % >

s.t. h(xy)=0

g(xy)<0
x € R™y e {0,1)"
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