& T R
# \ \ = e e it -5 & -
- e s - — <
* e =
!. > ;. L o, 1.,-"- -~ ’/ FI/ ar e "f.‘-\-..

RENEWABLE ENERGY STORAGE AND CONVERSION
TOWARDS NET ZERO CARBON ECONOMIES

Ana Inés Torres -Instituto de Ingenieria Quimica, Facultad de Ingenieria, UdelaR
Seminar Energy Systems Initiative- CAPD- December 4, 2021
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VISION OF A SUSTAINABLE FUTURE: NET ZERO CARBON

 Energy - electricity : wind, solar, hydropower => houses, industries
- transportation: electrification - passenger cars
low carbon fuels - heavy duty, maritime and aviation
e Chemicals, materials, consumer products: renewable carbon sOWLLEESiimedia commons,
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UNITED NATIONS SUSTAINABLE DEVELOPMENT GOALS
e Collection of global goals and targets set for the 2030 Agenda

POvERTY UG mrke  © Balance the three dimensions of
((( _M/\. sustainability: economic social and
environmental
QUALITY GENDER CLEAN WATER J AFFORDABLE AND DECENT WORK AND INDUSTRY, INNOVATION 10 REDUCED
EDUCATION EQUALITY AND SANITATION 4 CLEAN ENERGY ECONOMIC GROWTH AND INFRASTRUCTURE INEQUALITIES
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STATUS: RENEWABLE ENERGY- ELECTRICITY

 RE Sources: already integrated in the grid

Share of electricity production from renewables
Renewables includes electricity production from hydropower, solar, wind, biomass. and waste, geothermal, wave
"\\j o

and tidal sources.

P
e Programmable sources: hydropower,
hydrothermal, nuclear, biomass & waste '
 Non-programmable sources: wind, sun :
’ 2019: 10 countries > 99% share
Figures: Wikimedia Commons, Figure: On the basis of Our world in data https://ourworldindata.org/grapher/share-electricity-renewables
=y ociiwriica Ana Inés Torres, gISQP, 11Q-FING 4
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https://ourworldindata.org/grapher/share-electricity-renewables

STATUS: RENEWABLE ENERGY- ELECTRICITY

 RE Sources: already integrated in the grid

‘ oo

Share of wind + solar

ﬂ ‘ _. 1) e 60:% »1
* Programmable sources: hydropower, < ) Lo g 3o
hydrothermal, nuclear, biomass & waste b 25JUSA  12%

. I I I — |
 Non-programmable sources: wind, sun

Figure: Our world in data https://ourworldindata.org/grapher/share-electricity-renewables

Figures: Wikimedia Commons,
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https://ourworldindata.org/grapher/share-electricity-renewables

STATUS: RENEWABLE ENERGY-ELECTRICITY

e Modern non-programmable renewable energy sources complicate operations

Installed Capacity Shortage
-

Surplus e Large shares of wind/solar

Demand energy => imbalances between
availability and demand

Power

Resource

Time

Challenge: keep growing and use surpluses
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STATUS: TRANSPORTATION SECTOR

* USA 2020

natural gas
4% \

biofuels
5%

o

jet fuel {petroleumy)
9%

- pasoline (petroleum)?®
56%

distillates (petroleum) —
24%,

1. Based on energy confent
2. Motor gasocline and aviation gas; excludes ethanol

3. Includes residual fuel oil, lubricants, hydrocarbon gas liquids (mostly propane), and electricity (includes electrical system

energy logses)

Source: U.5. Energy Information Administration, Monthly Energy Review, Tables 2.5, 3.5c, and 10.2b, April 2021, preliminail

5, daia
L' Mote: Sum of individual components may not equal 100% because of independent rounding.

e Uruguay, 2020 ()

Biodiesel N
2.51% Electricidad
0.01%
Bioetanol
3.02%
Gasolina autos
0,
Gasoil 47.00%
47.22%
Gasoli it turbo-com
asolina aviacion 016%

0.08%

e Europe!?: 8% renewables 2018

Challenge: Advance on decarbonization of transportation sector

(1) Balance Energético Nacional (MIEM)

(2) Eurostat https://ec.europa.eu/eurostat/web/products-eurostat-news/-/ddn-20200123-2

=> more than 90% fossil based
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STATUS: CHEMICALS MATERIALS END PRODUCTS

 Bio-refineries: Process biomass into fuels materials and chemicals

October 2019 : D
° The I’G r( SUSTAINABILITY E:. REUTERS Worldv Businessv Legal v Marketsv Breakingviews v  Technology v
From traditional to green refinery: ...... ———

8:56 PM -03

'Fl)'gen::ransformatlon of Eni’s Gela ST EXCLUSIVE Exxon, Chevron

The need for a more sustainable energy mix is setting a challenge for refinery operators.

look to make renewable fuels

, Pareiae e, v Gravame, F,, Nardi, A, Gioli, G., Corti, F, Baker Hughes Without costly refinery upg rad es
&y | ] o Energy Transtion: Total s Ires -sources
. S e Convert Its Grandpuits Refifery
l"’ ! ‘ : \ lje:C l - 11.— Blufuels and BIDplaSﬂcs 5 minute read By Laura Sanicola
.‘ ' | ' g : % Press release - 24 September 2020

Diegq

... lo france’s roadmap for deploying sustainable aviation fuel , which calls for an
incorporation target into aviation fuel of 2% by 2025 and 5% by 2030 . the new
unit, to be ... which will confribute to total's ambition to provide green electricity {o
all its industrial sites in europe . the ... »

Y Fud

 Popular among oil companies as it uses existing infrastructure

. . “ . Figures: Wikimedia Commons ' Eni's websitg
| e Kee PS pEtrOChemlcaI IndUStry as Is Honewywell Uop 's website Total's website
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CURRENT STATUS: MATERIALS & CHEMICALS

— 1d chemicals

. Challenge 1 make bio-mass conversion

economical/competitive with fossil based | B
 Challenge 2: develop pathways for
fueIs/chemlcaIs from captured CO

'_ - | Caprolactam, diamine alcoho's, 1,5-giamingpenta) ne ]
| “ Gluconic Acid | -4 esters
N — G 570 s e s |
- } ) 1_ _ r‘::zi . _ ’Ph‘;nrnfi:s food additves _ iy
 Analogues of current petrochemlcals
. Figures: Wikimedia Commons, Cargill's website

e Popularinindustries that already process biomass Natureworks LLC website  BASF website
Egﬂgﬁ%@ﬁm Ana Inés Torres, glSQP, IIQ-FING

9



OUTLINE OF THE TALK

e Research group: Analysis & Development of tools for transitioning to a
zero/low carbon future

* Today: Processes that may be coupled to intermittent renewable energy (P2X)

1. Self-storage as a solution to imbalances between generation and
demand: tools for assessing self-storage convenience/TOU policies (P2P)

2. Production of green-hydrogen using surpluses (P2G): selection of
technology and production capacities

3. Electro-reduction of CO,: Recent advances in reaction network definition

 Focus mostly on Uruguay, ideas & discussion useful for other regions
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HOW DID URUGUAY BECAME A LEADER IN RENEWABLE ENERGY?

Share of wind + solar e 0 fossil fuels: import 100%
petroleum & gas needs

S okaupr T )  2005: Big energy problem:

Wi~ 2R e 2006: Industries self-generate
4 usingbiomass -> grid

1) Denmark 60% * _~ e 2009: First 10 MW wind park
- 2) Uruguay 44%

3) Luxembourg 39% e 2017: Doubled 2005 generation

<0% . 5% 25) USA 20% 12% . 60% .
| Y —— capacity, 70% non-programmables

Figure: Our world in data https://ourworldindata.org/grapher/share-electricity-renewables
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https://ourworldindata.org/grapher/share-electricity-renewables

TRANSITION TO RENEWABLE ENERGY

 Not that planned process = > satisfy demand installing very large capacities

Installed Capacity Shortage More
v~ Surpluses
Surplus ' Still some

Power

Demand | shortage [&

Power

Resource

Time

e Planned: Lara et. al, EJOR, 2018

Time

. UNIVERSIDAD ,
EB‘TTQ nggm‘yﬂucn Ana Inés Torres, glSQP, IIQ-FING 12
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OPTIONS TO BALANCE DEMAND AND AVAILABILITY

/X" ‘ 1. Curtailment: Discard any
excess energy: do not turn on

generators

Power

Time

IVERSIDAD
ELAREPUBLICA — Ana Inés Torres, glSQP, 11Q-FING
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OPTIONS TO BALANCE DEMAND AND AVAILABILITY

1. Curtailment: Discard any
Change habits: excess energy/ do not turn on
tim.es of consu.mpFi.on = generators
times of availability
2. Demand response programs:
time of use (TOU) pricing

Power

Time

IVERSIDAD
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OPTIONS TO BALANCE DEMAND AND AVAILABILITY

Energy Storage 1. Curtailment: Discard any
excess energy/ do not turn on
generators

2. Demand response programs:
time of use (TOU) pricing

3. Energy Storage: P2P, P2X

industrial or consumer level

Power

Time

IVERSIDAD
REPUBLICA A na Inés Torres, glSQP, 11Q-FING
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SMART TARIFFS?

e Demand response programs * Behind the meter storage

9 9
< <
3 3
< <
D 6 o 6
2 2
g ——Simple g —Simple
5; 2H 5; 2H
3 3
E::" ----3H E::" ----3H
0 : 0 :
0 6 12 18 24 0 6 12 18 24
Hour Hour
 Major habit changes e Batteries degrade when used

UNIVERSIDAD
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STATING THE PROBLEM

direct

Direct Power to users

. Smart Pi 4\
Energy pricing — >
pattern Power Meter 4
+ from grid
(7]
S py Py
Time Energy
—— —
Storage

e Strategy: Time-shift power signal

{Goal: Maximize savings]

— Consume & charge at power pf when energy cost ($;) is low
— Discharge (& consume a rest if needed) at power p2 when $, high

UNIVERSIDAD

;ﬁ% DELAREPUBLCA  Ana Inés Torres, glSQP, 11Q-FING
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STATING THE PROBLEM

Direct Power to users

Charge/discharge
patterns affect efficiency

pdi?‘t’.cﬂ A d I f f h b
. t nd li r
Energy pricing . Smart . ﬂ a e of the battery
pattern Power Meter 4 ﬂ
g from grid o s ChemE phenomena
O Pt P
Time
Battery pr=—
Discharge .
5 Nernst equation
Power
Discharge g _,
_ Self-Discharge Losses
. T S
Reversible reactions
T
bl | \emmmm I
t i(A) orj(Afcm?) i Irreversible unwanted reactions | i(A)or j(A/em?)

Nernst equation

UNIVERSIDAD
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FORMULATION OF THE OPTIMIZATION PROBLEM

Charging loss Discharging loss

S AN
e Objective function e j T :% |

Grid .
Reaction

pe/n", pP !

! Battery !

In the electricity bill Penalty for losing capacity

A A
[ | [ \

Savings = Z(&EAt — $¢[£At)
t % .

direct
Pt

Power not consumed Power consumed from Fraction of capacity lost
from the grid when the grid when price is due to operation @ t
orice is high low Installed capacity
(@ t=0)

“Discretization” Cost of the device

of the price signal
o pP.pf . x5 Degrees of freedom

UNIVERSIDAD

;ﬂ% DELAREPUBLCA  Ana Inés Torres, glSQP, 11Q-FING 19
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FORMULATION OF THE OPTIMIZATION PROBLEM

e Main constraints

1. Energy balance SoC; = SoC;_1 + AtpSnt — Atf?ii

2. Non-simultaneous charge/discharge pSpP =0

3. Models for capacity loss

operation current

Battery State of Health

Slope depends on .

Charging loss Discharging loss

Electrochemical
Reaction
1
n* pe/m", pP
Battery !

Grid Load

e Battery degradation models

Number of cycles

i % . e Convex approximations appropriate
b9 S ‘3 (Fortenbacher et al, Proc. IEEE PowerTech, 2017)
= . »
'3 g 2 CL 2
a (3] - Ly — At(al (C'r’a,tert) + aQCTCLﬁe,ﬁ)
)
‘ , Operation rate (Cyrqte) T T

. 7
Crate — IC(_;)
3

Parameters fitted from
experimental data

UNIVERSIDAD
DE LAREPUBLICA
URUGUAY

=
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FORMULATION OF THE OPTIMIZATION PROBLEM

Charging loss Discharging loss
e e - - -y I
1 1
1 1 c | _ I
e Main constraints R LN Electrochemical |,/
" Reaction Load

| pEn* pP/n7y pP |
I

P
1. Energy balance SoC; = SoC; 1 + Atpi'n* — Atls Battery .

direct
Pt

2. Non-simultaneous charge/discharge pSpP =0

3. Models for capacity loss 1
O — At(o 24 <— Introduce non-linearity = Limits solving the problem
Lt — N\ X1 Crate,t aQCTCLﬁe,ﬁ) .
to the problem for short time spans
=y ociiwriica Ana Inés Torres, gISQP, 11Q-FING 21
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FORMULATION OF THE OPTIMIZATION PROBLEM

Charging loss Discharging loss

e Convex relaxation

Electrochemical

Reaction

_1
+ pe/n", pP

Battery !

Grid Load

1. Energy balance SoC; = SoC;_1 + AtpSnt — Atf?ii
2. Nen-simultancous—charge/dischargep~p2—=0- Drop & check

“... simultaneous charge and discharge will not occur if marginal prices are positive”
(Castillo & Gayme, IEEE Conference on Decision and Control, 2013)

3. Models for capacity loss

CL . = 'rtCL > At(al (CT’G»W;T»)Q + aQCra;ﬁe,ﬁ)
Larger Xt lower Savings

i [:> Equivalent convex problem ]

Degradation (x“1)

25t = At(ar(Cratet)? + QaCrater)

v’ global optimum
v’ Also strict => unique

Operation rate (Crqte)

UNIVERSIDAD
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CASE STU DY‘SIMPLE SMART TARIFF (Corengia & Torres, Processes, 2018)

e Uruguay’s 2H e Charge/discharge schedule e Battery SoC
(Li-ion battery, Sarker et al Power Syst. Res. 2017)
0.3 T T T T 1 T T 8 T
I 300 USD/KWh I 300 USD/KWh
0.} 400 USD/kWh ] 7| 400 USD/KWh
gﬁ 25 ‘ g 1500 USD/kWh [_1500 USD/KkWh
= = al | =6
5 o2 =" 2.
S ‘ B 04t 1 S
® 0.15 Q O 4
2 £ o2f 1 U;
S o1 £ g3l
g ‘ % 0’lll””"ll”””l 82
W 0.05 c ]
0 6 12 18 24 2I4
Time (h) Tlme T'me

e Optimal solution: charge/discharge the battery as slowly as possible @ constant power
e |If battery > 500 USD/kWh => optimal solution never turn on the battery

e GAMS/IPOPT: 1 day analysis is very easy : 96 variables, 24 eq. const., 24 ineq. const.; solved PCi7 in sec

UNIVERSIDAD

4 DELAREPUBLCA  Ana Inés Torres, glSQP, I1Q-FING
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CASE STU DY'COMPLEX SMART TARIFF (Corengia & Torres, Processes, 2018)

e Southern California Edison (2018 TOU-GS-2-RTP).

0.12 . . . T 3.5 .

I Vioderate Summer I Ext. Hot Summer

[ High cost Weekend 3l I Very Hot Summer
= 0.1 [ ]Low cost Winter = [ IHot Summer

[ IHigh cost Winter
2 = .
- Y 2.5
= 0.08 - 0
o)) 0]
2 2 2
(73] wn
8 8 1.5¢
230.04 - >
) o
0] 0
0.02 0.5 ‘
0 i ...|.|.I.|.I||||||||‘|‘|||||||||||I.|.|
6 12 18 24 6 12 18 24
Time (h) Time (h)

e Days with moderate variation in prices e Days with large variation in prices

UNIVERSIDAD

8 DELAREPUBUICA A na Inés Torres, glSQP, IIQ-FING 24
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CASE STU DY'COMPLEX SMART TARIFF (Corengia & Torres, Processes, 2018)

Whhd il

T T T I V T I T

e Long term behaviour

LA- Maximum temperatures 2017

-
o
I

energy (kWh)

o

—
o
I

Daily discharge Daily charge

Max. Temperalure (F)

— \J

% _
T LN B L ‘

G’O - : : | \ [ |
8 — — N . —]
T g 3 J’l’“ J‘ H | i
LB
55 - T 2 . - | |
Day of the year 00 ;0 1("JO 1;0 2(|JO 2;0 3c|Jo 3éo

Time (d)

Background colors => limits for tariffs

e Strategy: use the battery in days with large differences between peak/ off-peak prices

e Start charging slowly the battery even days before to preserve battery => add constraint to limit this behavior
e 1 yr analysis 35405 variables, 9125 eq. const., 8760 ineq. constr., 26280 DOF; solved PCi7 in ~1h
e 5yranalysis 177k variables, 45k eq. const., 219k ineq. constr., 131k DOF; solved PCi7 in hours , not solved before

= UNIVERSIDAD
===l DELAREPUBLICA A -
NAlILi} URUGUAY Ana Inés Torres, glSQP, IIQ-FING 25
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CASE STUDY-MATCH CONSUMPTION PROFILES

(Corengia & Torres, ENERLAC, 2020)

Direct Power to users

direct
p
Smart ! /ﬁ\
—— >
Power Meter
from grid 5
ch Py
.| Energy
| Storage

Add constraint: always satisfy demand

pioa.d _ p?i’r‘ect 4 pD

Cap maximum power from the grid

rrect < pcontract

pe

Student residency- TOU Uruguay 2H

—Pc
5T|—rd
—Load
— Grid
4_
<l
o
=
]
0_2_

|
A N consumption peak

during off-peak hours
ofs U l

\ | f |
0 L I L /{—
0 12 18 24
Time (h)

e Discharge concentrated in part of
the high price region

UNIVERSIDAD

DELAREPUBLCA A na Inés Torres, glSQP, IIQ-FING
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CASE STUDY-MATCH CONSUMPTION PROFILES

ENERLAC, 2020)

Direct Power to users

(Corengia & Torres,

direct
p
Smart ! /ﬁ\
—— >
Power Meter
from grid 5
ch Py
.| Energy
| Storage

e Add constraint: always satisfy demand

pioad direct 4 pD

e Cap maximum power from the grid

direct @) contract
* Pt +py =p
e |nclude penalty for consuming over
contract

3

Power (kW)

Student residency- TOU Uruguay 2H- cap peak

—Pc

| —Pd
— Load
Grid

|
- [ I':
I Ill | | v
| .'.I | . '
A /\ U
T\  — | \

for peak
shaving

Battery used

M

, |- L\
0 6 12 18
Time (h)

e Two charge/ discharge cycles- nonuniform

discharge

e Use ES to contract less power

UNIVERSIDAD
DE LAREPUBLICA

Ana Inés Torres,
URUGUAY

;ﬂ% glsQP, I1Q-FING
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IS IT WORTH COMPLICATING OURSELVES WITH
DEG RADATION TERMS? (Corengia & Torres, FOCAPD, 2019)

e Compare solutions to penalized and non-penalized problems

“7’\\".’
/

V

— z
< oL B Optimal i SIS .
3 B case A Q-
UD:- [case B

1L [ lcaseC ] PN | - B 1 ]

J‘ - IIIH IIIH IIIH II.
0 - 0 H
19 20 21 22
(h)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 23 24
Time (h) Time

e Non-penalized problem not strictly convex = global optimum not unique
e Cases A, B, C, W several possible schedules, W =worst (single charge/discharge)

= UNIVERSIDAD
===l DELAREPUBLICA A -
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IS IT WORTH COMPLICATING OURSELVES WITH
DEG RADAT'ON TERMS? (Corengia & Torres, FOCAPD, 2019)

e Consequences of sub-optimal operation (for Li-ion battery, Sarker et al Power Syst. Res. 2017)

10
—— Optimal
ol N e e What if degradation occurs but was not
S considered in optimization problem?
§ 8 1 e Algorithm stops at case B: not that
: . ) different = Lucky case
i | e Algorithm stops at case W = increased
capacity loss
6|
5

Time (y)

= UNIVERSIDAD
===l DELAREPUBLICA A -
NAlILi} URUGUAY Ana Inés Torres, glSQP, IIQ-FING 29
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SUMMARY: BEHIND THE METER STORAGE IN BATTERIES

e Take advantage of TOU strategies w/o disruptive changes in habits
 Mostly studied outside ChemE
= include degradation effects in formulation of optimization problems
= convex formulations allows for solving for years vs day

e (Case study new Li-ion batteries:
* Only worth if large price differences in smart tariff = second life batteries?
 Not considering degradation may lead to significant premature loss of capacity

— UNIVERSIDAD ,
;-ﬁ% EEEEEEEEEEEEE Ana Inés Torres, glSQP, IIQ-FING
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PRODUCTION OF GREEN-HYDROGEN

 The hydrogen economy

Projected
uses

Current
uses

poduction

=mical/Industrial
Processes

Power

Figure made on the basis of https://www.energy.gov/eere/fuelcells/h2scale

e The colors of Hydrogen

e Green H2: Water electrolysis
powered by renewable sources

UNIVERSIDAD

===aM DELAREPUBICA  Ana Inés Torres, glSQP, 11Q-FING
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Image from “Simulating the Hydrogen Transition” AVEVA

Current
practice

31



THE VERNE PROJECT URUGUAY-PILOT FUEL STATION

i * H, production capacity?
r
,' II :\" Vs Capacity maximizes use of the resource
\ I 1 M
|‘ 'l \‘ I __120
\ W =
L AN Y 2 100
Business plan: £ %0
E = 60
2 | Power company sells excess E J '
3 ) ' oy 5 w0 Al 14
energy wnen avallapble Y 90 ’ ~ Capacity maximizes use of the equipment
- H2 Com pa ny prOd UCES When 0 I‘"IIIII"HIII [ |l|||‘|‘||||'||||||""' ""J "'l"'l”.” lhi!! """'ln"” "l"""'||I||'|||||I'IIII'”IIHI'II”II ||||I“I|||I"|I|l|'III‘IIll"|l||I||1'||'|||“I|I'|||I|'|'|||'I|I R il I |""I'l" ALK
Slgnal |S recelved 0 50 100 150 days200 250 300 350
Time
e Surpluses = fuel H, * Trade-off => optimization

— UNIVERSIDAD ,
;ﬂ% EEEEEEEEEEEEE Ana Inés Torres, glSQP, IIQ-FING 32
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GREEN-H, CASE STUDY 1: SURPLUSES=> PEM - Fuel H, (1)

—> Power flows
— H, flows

io—rmm

| Storage

power
v

m

time Electrolyzer Compresso; Compressor
eEm
* PEME: e Compression system:
- low temperature (80-100°C) - designed and costed offline
- fast on-off dynamics (startups ~2-3 min (2)) (Aspen Plus/APEA)

- work at any partial load

(1) Corengia & Torres, ESCAPE 30, 2020 (2) Corengia & Torres, PSE, 2018

UNIVERSIDAD ,
?B% EEEEEEEEEEEEE Ana Inés Torres, glSQP, 11Q-FING 33
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GREEN-H, CASE STUDY 1: SURPLUSES=> PEM - Fuel H, (1)

Optimization Problems:

 Objective functions

1. max NPV for target SH,

2. max surplus usage for target SH, (NPV=0)
3. min SH, for target H, production

e Constraints:

- g, < ICH,

) pHgﬁt +pcomp.,.t < psurplus,t

- CAPEX(ICy,) & OPEX(ICy,)"
DV: ICy,, operation mode

LP problems, GAMS-CPLEX
(MILP ICy, < 2MW)

(1) Electrolyzer costs J. Proost, 2019. International Journal of Hydrogen Energy 44 (9), 4406—4413

— UNIVERSIDAD ,
ﬁ BELL:':EEE:\?BL'CA Ana Inés Torres, glSQP, IIQ-FING
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PEM ELECTROLYZER COSTS

e J. Proost, International Journal of Hydrogen Energy 44 (9), 4406—-4413, 2019

2.5

*

]  Equipments: stacks of cells up to 2 MW

. o e Beyond 2 MW: multiple stacks
= o => Composite curve approximated by
. linear fitting: 1257 euros/kw

0.5

0 4 | | | (costs include demineralizer, gas separators,

0 0.5 1 L5 2 vessesls, puryfying system, peripherals)

Electrolyzer Capacity (MW)

UNIVERSIDAD

;ﬂ% SEG'?;'BEI?”““ Ana Inés Torres, glSQP, IIQ-FING
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GREEN-H, CASE STUDY 1: SURPLUSES=> PEM - Fuel H, (1)

Optimization Problems:

 Objective functions * Results
1. max NPV for target SH,

N
(=]

- o Problerm 1 O cost for
2. max surplus usage for target SH, (NPV=0) = o+ Probem 2 energy
3. min $H, for target H, production Z | " Problems3 J
S 2 g 2 P 3 S % lowest day
 Constraints: S 10 e ahead UTE
. 3 o | tariffs large
- MA,. ¢ S ICHQ % . -"....0"'0 s . consumer
- . . . 5 & o I
PH> .t +pcomp.,.t < Psurplus,t % e 6 !
) GGy ‘;4" * o
- 0 Y G .
CAPEX(ICy,) & OPEX (ICy,) )

H2 selling price (USD/kg)

e Install only if SH, > 7 USD/kg
 Threshold capacity 2 MW: largest
single electrolyzer cost in Ref. (1)

* DV:ICy,, operation mode

e LP problems, GAMS-CPLEX
* (MILP ICy, <2MW)

(1) Electrolyzer costs J. Proost, 2019. International Journal of Hydrogen Energy 44 (9), 4406—4413

UNIVERSIDAD
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GREEN-H, CASE STUDY 1: SURPLUSES=> PEM - Fuel H, (1)

Optimization Problems:

 Objective functions * Results
1. max NPV for target SH, 2 o S 0 cost for
2. max surplus usage for target SH, (NPV=0) = | Problem? energy
: : - -*-Problem 3
3. min SH, for target H, production g » A lowest day
* Constraints: 810 Y . ‘ o ahead UTE
. 2 o - tariffs large
- MHst < ICHQ 2 o PO s consumer
. . . © AT 0 P
- PH,.t + Pcomp,t S Psurplus,t m (= | ,@,_4-------9--';---*
1 Y .
- CAPEX(ICq,) & OPEX([CHQ)( ) %7 8 9 10 11 12
H2 selling price (USD/kg)
e DV:[(Cy. , operation
Har OP « NPV Pwo M IC

e LP problems, GAMS-CPLEX

(1) Electrolyzer costs J. Proost, 2019. International Journal of Hydrogen Energy 44 (9), 4406—4413

e Both optimize @ NPV=0
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GREEN-H, CASE STUDY 1: SURPLUSES=> PEM - Fuel H, (1)

e Results

(P1) max NPV for target SH, (P2) max surplus usage for target SH, (NPV>0) (P3) min SH, for target H, production

12 /}" P e 1 ! ;
- ,0/ f{ ‘ . 4 Surplus-Problem 1
= ,/ ,,;" a | * Surplus-Problem 2
= 1M . , 0.8
D P ~* System-Problem 1
-] 5 * System-Problem 2
@ 10 0.6 .t
9 g B W * * "
o 9 20.4 5 Y
— % * " ;0
o) o el A
2 gl ¢ Problem 1 0.2 . . v .
IN ; ¢ Problem 3 . .:. e S
7 “' ' 0 ' -
0 400 600 800 7 8 9 10 11 12
H production (t/y) H, selling price (USD/kg)

e Forced IC<2MW =>small and costly * 1 H, prices favors 1 IC to capture resource
equipments => ‘I* H, prices at the expense of not fully using IC

P DelsRirBcA  Ana Inés T ISQP, 11Q-FING
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GREEN-H,: ADD FLEXIBILITY

AE

—> Power flows
— H, flows

mm
time Storage
PEME ompressor Compressor
Y AR
\-@- .
S Other uses

(large H2 production)

e PEME flexible but too expensive => combine (cheaper) AE for base operation + PEME peaks
e AE not at partial load => grid (not only surpluses) or install generator
e Also considered SOE: newer (not in the market) technology

Corengia & Torres, In preparation 2022
' UNIVERSIDAD

DE LAREPUBLICA A _
7 URUOUAY Ana Inés Torres, glSQP, IIQ-FING
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GREEN-H,: TECHNOLOGY COMPARISON (1)

e Alkaline

e Solid Oxide £
Electrolyzer

Electrolyzer [ob s

4 EARARNENENNNNRNANRARNR,

e Low temperature (80-100 °C)
e Work at partial load
e |n the market (NEL, Siemens)

e Low temperature, but lower current densities

e Efficiency “PEME but low flexibility: minimum partial load for
each stack 15-40% (safety)

e Old mature technology

e High temperature (500-850 °C) => on-off not easy
e More efficient than AE and PEME, partial load > 60% does not
require external heat

e Current densities comparable to PEME

. Figures: Siemens, NEL Technology, Oxoenergy
[
MarkEt' Ia b Scale (1) Schmidt, Int. J. Hyd. En, 42, 2017
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GREEN-H,: OPTIMIZATION PROBLEM(?)

* Superstructure e Allow all technologies and  power
combinations
—+ Power flows e QObijective function: Annualized cost
T " Haflows — CAPEX: Wind, Solar generators, AE, PEME,
% Demand SOE, Compressor, Tank, Battery
= W ".—’ — OPEX: Electrolyzers, Compressor, penalty
time PEME  Fompressor Storage for using the battery
/Ay, Tank e Restrictions for the equipment loads:
I\ ',.: II — SOE if selected always on: min. load > 60%
! — AE: may turn on/off; min load 40%
>OE e Costs: AE, PEM literature; SOE estimates? =>
e Family of problems worst case SOE~AE, then sensitivity analysis
e MILP (AE), Some LP e Demand curve: substitution of NG imports
e All GAMS/CPLEX with SolnPool e Wind/Sun availability, energy prices: real
curves Uruguay
| (1) Corengia & Torres, In preparation 2022 (2) Anghilante et al, International Journal of Hydrogen Energy, 43, 2018
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GREEN-H,: RESULTS LOW H, PRODUCTION (JUST GRID)
e SOE are preferred over AE, PEME

 Optimal solutions do not install batteries T "ﬂlﬂf

* pay large prices for electricity from the grid : 1 glm '
e Average usage factor SOE: ~“90% W G I |

e Trend is valid until Cost SOE~2 Cost AE

PEME  “ompressor

e |f SOE not considered AE always preferred over PEME

Flexible H, dispatch 500 kg dispatched in 1 hour

e 1h dispatch considers
bad case scenario for
storage

42



GREEN-H,: RESULTS LARGE H2 PRODUCTION

e AE preferred; combines AE & SOE & storage in batteries (if batteries < 300 USD/kWh)

Optimal Installed Capacity Optimal Installed Capacity
for 5% NG substitution for 100% NG substitution
15 400 AE
350
= 1= = 300
29 = 250
= = 200
g 6 150
g, I g 10 I PEME ompressor
I 50
0 s 0 —r—
SOE Wind Gen  Solar Gen Compressor SOE Wind Gen  Solar Gen Compressor
® With SOE  ®m Without SOE H With SOE m Without SOE SOE
Energy production/consumption/surplus Energy production/consumption/surplus
5% NG substituti 100% NG substituti 1 1 1
¢ NG substiution ¢ NG substtution e |nstallation of wind generators is
= = 1
~ Bt
£ w £ 1200 preferred over consuming from the
LB =
& 2 800 1
T II I I grid
L 9 400 I .
2 — : | "~ w=_* Installation of solar =>
< wind solar surplus from taken from grid <

wind solar surplus from taken from grid

generation generation new sources grid availability generation generation new sources grid availability CO m p I e m e nta rity Of t h e reso u rce

m With SOE ® Without SOE B With SOE  ® Without SOE

(Figures: batteries 100 USD/kWh—Tesla’s target)
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SUMMARY: GREEN H,

e Case study Uruguay: ~100 % renewable electricity

* Surplus = H, : not an option for current settings

* Options electricity : - (large) up to 50 tonH, /day install wind generators
- beyond 50H, /day ton install wind + solar
- consider batteries

 Electrolyzer technologies:

e PEM’s flexibility is not compensating its current cost => AE
e SOE not yet in the market but look very promising

UNIVERSIDAD ,
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CO, CAPTURE & UTILIZATION-MOTIVATION

Increasing pressure to lower CO, emissions
e Many capture & storage solutions: displace but not solve the problem

Development CO, capture process
for a cement industry

e Tower directly connected to
exhaust of clinker oven

e KEY: A marketable product that
can be sold by the industry

e Solution is not universal

e Heat is required

* Design and evaluation in Aspen Plus * A view of the pilot plant in operation
(Project ANII-HPI 147304, Pl-Udelar: Al Torres, PI-Cementos Artigas: F. Gutiérrez )
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ELECTROCATALYTIC REDUCTION OF CO,>CHEMICALS

* Very recent advances in chemistry

(%]
REVIEW = MATERIALS SCIENCE REPORT E
Strategies in catalysts and electrolyzer design for CO; electrolysis to mzumcarbon products at activities 5
. . - vy
electrochemical CO, reduction toward Cy, products greaterthan 1 A cm ‘
@ Lei Fan'2", @ chuan Xia™®", Fangqi Yang®, © Jun Wang®, © Haotian Wang?*" and @ Yingying Lu'" © F. Pelayo Garcia de Arquer'’, © Cao-Thang Dinh'~', @ Adnan Ozden™’, © Joshua Wicks'->", Christopher McCallum®, ... time
+ See all authors and affiliat + See all authors and affiliations I i
Cathode
CO, CH,,
Article Figures & Data Info & Metrics eletters [BPDF | Article Figures & Data Info & Metrics elLetters [(APDF AoX < - CH,0H,
COOH,
2 ) C,H,, etc
Abstract Graceful choreography for CO, and H,0 g =
In light of environmental concerns and energy transition, electrochemical CO; reduction (ECR) One challenge for efficient electrochemical reduction of carbon dioxide (CO) is that the gas is lg K
to value-added multicarbon (C5.) fuels and chemicals, using renewable electricity, presents an hydrophobic, but many of its desirable reactions require water (H;0). Garcia de Arquer et al. IECEL .:%
elegant long-term solution to close the carbon cycle with added economic benefits as well, addressed this problem by combining a copper electrocatalyst with an ionomer assembly that
" . i IS i — . intersperses sulfonate-lined paths for the H;0 with fluorocarbon channels for the CO,. The Ared - co
electrode architecture enables production of two-carbon products such as ethylene and |
E nergy Re po e ethanol at current densities just over an ampere per square centimeter. ADL ACLPEM c CI_CDL
el Volume &, November 2020, Pages 761-770 -
I 2 ETURN T PREV  VIEWPOINT  NEXT
5 - ot - -  React b led t
Integrating CO; Electrolysis into the Gas-to-Liquids—Power-to-Liquids Process e a C O r Ca n e CO u e O

Svetlana van Bavel*, Sumit Verma*, Emanuela Negro, and Maarten Sracht

.Tmpac.rs of deploying co-electrolysis of COy and | ocuuescsewsise wmsszmm-20 | nterm itte nt ene rgy sources
H,O in the power generation sector: A case study s o0 2 ey 1S 2939 6 2 . .
=> carbon negative chemicals

Copyright & 2020 American Chemical Soclety LEARN ABOUT THESE METRICS
BIGHTS & PERMISSIONS

for South Korea

PDF (2 MB) SUBJECTS: Oxides, Inorganic carbon compsunds, Electrolysis, Power, Electrocatalysts
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ELECTROCATALYTIC REDUCTION OF CO, (Work in Progress)

 Main challenge: Selectivity

3 N Power:
\ . .
2 V j intermittent
time sources
||
||
‘ Anode
CO, CH,,
CH,OH,
Alox < ° COOH,
(02) o o C,H,, etc
a a
8 8
g 8
o o
Ared - i —CQ,
(HZO) ADL, . PEM .. COL

* Products and their distribution
depend on catalyst, voltage,
current density

Electro-catalysis:
e (Catalytic surface promotes a series of elemental reactions

e Pathways on Cu surfaces

o, 5 H x?/ Haf{_JH
~ . . C—C-H / C
33333 CO insertion o, [CH,CO0- o‘\»c_/UH Il O%C/H O&c-‘" '1-. H (CH,
1 . -
9 H, H 'l n & " & v —_—=
d ¢
I, I EEE T I —
....... [ I 1 [ [
SHHISe-
iii —e] " H H o=c=0(C0,) "/
o 7 o _ 2 o—H —
I N N, F=5 — L R H,oxc/H H“‘P(‘/c: OH)
e —=H H
e CH,0, |[— ey ——. | C,H;O : 3
_&
I (C,H,)
/0_ [s) = 7 H\{:—cf L C,H;OH ~, : s
B N £ Je=c
[ ] [ 1 aHise Hie Y ! H _H 1
— L — c ¢ ~c
e
l—. s H © 3H*2e- &
o 4 S o] || = emT e

(Zheng et al, JACS, 2019) (Nie et al, Angew. Chemie, 2013)

=> Not a clear agreement on pathways/products

UNIVERSIDAD
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ELECTROCATALYTIC REDUCTION OF CO,- BUILDING THE NETWORK

* |dea: use Rule Input Network Generator (RING?) to build reaction network

RING (daoutidis.cems.umn.edu/software)

Initial reactants

Reaction rules

Post-processing
instructions

-

Reaction Initial
rules reactants

Post-processing
instructions

mm

Pathways
— Lumps
Mechanisms

Reaction list

Species list

e Apply all reaction rules to
all reactants, and species
formed to generate all
possible reaction pathways

Screenshot of our code

input reactant "C(=0)=0"

input reactant "[H+]"

input reactant "{Cu}" <- A possible catalyst (M)
input reactant "{El1-}" <. electrons

//About global restrictions:

//No 0-0, 0-Ominus, O-electron allowed

//No electron-electron bonds

//No more than one 0- connected to one same carbon

//We define a composite "atom" electron
define composite atom Cu
define composite atom El

group electronAnyAtom (el,carbon){
El labeled el
C labeled carbon any bond to el}

Some allowed reactions:
e Capture of an e-

e Form C-Metal bond

e Form C=Metal bond
e Form C=Metal bond

e M-C-OH dehydration to
form M-Cbond

e Form M-C-H bond
(from M-C)

* Desorption: breakage
of C-M bond and
formation of C-H bond

e etc

[1] Rangarajan & Daoutidis Rule Input Network Generator https://daoutidis.cems.umn.edu/software
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ELECTROCATALYTIC REDUCTION OF CO,- BUILDING THE NETWORK

* Partial view of the generated CO, -> chemicals network
 Compounds in squares show final stable products (>70)

* Number of routes to different products:

Methanol 12 Oxalic acid 30 | Propane 70
Formicacid |2 Ethylene 45 | 1-Propanol | 67
Methane 12 Ethylenglycol 45 | Acetic Acid | 20
Ethane 40 Ethanol 40 | glyoxal 32

e These products appear in the previous
mechanisms and have been reported in
different experimental contributions

UNIVERSIDAD
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ELECTROCATALYTIC REDUCTION OF CO,

e Next: assess which of these routes are thermodynamically feasible
 Classical approach prediction using DFT calculations
 DFT databases for a number of
species/ surfaces

 Can we use these databases to
learn a model and predict for
other species ?

=> Original idea Chowdury et al.,
Journal of Physical Chemistry, 2018
e Limitation just one DFT database

UNIVERSIDAD ,
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ELECTROCATALYTIC REDUCTION OF CO, - LEARNING A MODEL
TO ESTIMATE ADSORPTION ENERGIES

e Model: E,4s = f(descriptors molecule, descriptors surface)
T B H OH

Type and number of

Ei1
oarn & &~ atoms, bonds, 00000000 0000000

Step 2: including atom-bond- ® @ OH
: ® ® =
validate model \ metal, etc. >0—6/; N

, _  |dea: Find the adsorbates whose Eads
Step 0: Build — Step 1: find —p Vary the most for different surface

database the descriptors  « yse those adsorbates as the descriptors

IVERSIDAD ,
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ELECTROCATALYTIC REDUCTION OF CO,

e Step 1: Descriptors PCA 3 principal components 93% variation in data

C CH
CH2 CH2 %/@
H CH- 5o, | 00000
OH Change of OH
0 ) 01
oo coordinates ool
COOH — COOH - :;:
HCOOH i HCOOH 79% :
o (Va rimax o 00000
oo Rotation) 02 g
co CO - 9% '
H20 H20 00000
H H-
00 01 02 03 04 05 06 07 0.0 0.2 0.4 0.6 0.8 1.0

Coefficients of the three PC

Coefficients of the three rotated PC

Surfaces: Cu, Pt, Pd, Rh, Re, .
Ru, Ag, Au, Fe, Ir, Os, Co, Ni

If we want to test new surfaces, we
need Eads from these 3 adsorbates

UNIVERSIDAD

- ng%ﬁ?wm Ana Inés Torres, gISQP, IIQ-FING Arsuaga & Torres, submitted to ESCAPE 2022
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ELECTROCATALYTIC REDUCTION OF CO,

e Step 2: Regression: tested several techniques; similar & good results
Predicted vs DFT data; validation set, KRR (radial basis functions)

L 0 co e HCOO ¥

§ ] Do e | » Expanded set of
- S ey A databases

g o4 e o ah * Next: combine
g P model and CO,
g network

8 6 4 K 0

Test set adsorption energies values(eV)
Arsuaga & Torres, submitted to ESCAPE 2022
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SUMMARY: ELECTROREDUCTION OF CO,

* Very promising route to capture CO, and produce green chemicals

 Electrocatalytic processes not well understood:

* many products => |ots of research opportunities,

* many pathways collaboration with experimentalists
* many possible cell geometries

e |nitial work (in progress)
* Building reaction network at metallic electrode
=> Find most favorable species and pathways

UNIVERSIDAD ,
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