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Rﬂ 01 Introduction

Brief introduction of osmotic energy and

its harvesting technologies




01.1 Global warming and

energy crisis

Human activities are responsible for global warming

¢) Changes in global surface temperature

Global surface temperature has increased by
1.1°C by 2011-2020 compared to 1850-1900
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Sources: IPCC 2023 report
Ember Global Electricity Review 2023

d) Humans are responsible

Observed warming is driven by emissions

from human activities with GHG warming

partly masked by aerosol cooling 2010-2019
(change from 1850—1900)
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Total human influence
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Other human drivers*

Energy transition

Wind and solar hit 12% of global power; an era
is about to begin

Electricity generation (TWh, 000s)

Projections

of fossil decline

Other clean

Global electricity mix
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| Wind and solar

Fossil fuels could begin
anew era of decline
from as early as 2023

Other fossil ™ Gas ™ Coal



01.1 Osmotic energy harvesting ga

Osmotic Energy

The Gibbs free energy of mixing released by combining two
solutions of different salinities.

Enormous potential
- Considering all the sites
Estimation of 2.4 Terawatts

- Considering easily accessible sites
Estimation of 0.1 Terawatts ~ 3% World electricity power

Image Credit: Peter Bocklandt/Shutterstock.com

Blue Energy harvesting technologies

PRO RED Capmix
Pressure Retarded Osmosis Reverse Electrodialysis Capmixing

Sources: Wu et al. Lab on a Chip 2023 5
Wu et al. Nano Energy 2023



01.1 Osmotic energy harvesting ga

‘ S PRO Pressure retarded osmosis

Energy Brackish water
Salt water X > 2 (returned to source)

Active layer | ® Semipermeable membrane:

Turbine

Support
layer

Free passage of water molecules
Block of passage of ions

Membrane
module

Fresh water

Pressure
exchanger

Pressurization in salt water chamber:

. Water flux from fresh water chamber to seawater chamber

Brackish @ "f'f-"::t:; '
water ‘f 4 )

e =

Saltwater < = Freshwater
bleed

Energy conversion by turbines:
Depressurization process by accessary installations (turbines)
Energy conversion from hydrostatic potential to electricity

Figure 1 Energy harvesting procedure via PRO technologies
State-of-art performance:

9W.m 2 < 25W.m 2 (Commercialization threshold)
High cost of accessory systems (turbines, pumps, and etc.) 6



01.1 Osmotic energy harvesting

Y Energy

Anode
Oxidation

<§ == =====SFE| AEM
Crre o o -Na
Fresh water o P e=Cl
¥ Na'e R
=== _======ms ctv

Permselective
membrane

AEM

Cathode
Reduction

Salt water

Figure 2 Working principle of energy harvesting by RED

Sources: Logan, B E. and M. Elimelech. Nature 2012

RED Reverse Electrodialysis

lon-exchange membrane:

Free passage of counter-ions
Block of passage of co-ions and water molecules

Directional ion flux through membranes:

Directional ion flux under osmotic effects through membranes

lon flux from saltwater chamber to freshwater chamber

Stacks of CEM and AEM enable the voltage addition

Energy conversion by redox reactions:

Conversion of ionic flux towards electric flux by redox reactions

Energy conversion from osmotic potential to electricity

State-of-art performance:
Pilot-scale RED plant 0.5 W.m™2
Toxic electrolytes and overpotential problems

7



01.1 Osmotic energy harvesting ga

| —I &/ e
1 I | ' |
Step 1: Step 2:
Seawater: Charging | € Freshwater:
EDL expansion

EDL compression

Figure 3 The 4-step energy harvesting via CDLE
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. I 1 |
Step 4: & Step 3: &
Seawater: Freshwater: Discharging
i
: |
i
'

Capmix Capmixing

CDLE (capacitive energy extraction based on double layer expansion)

4-step process using capacitive electrodes:
Stepl Seawater compartment + electrode charging
Step2 Conversion into freshwater + EDL expansion
Step3 Freshwater compartment + electrode discharging
Step4 Conversion into seawater + EDL compression

Capacitive currents:
Conversion of ionic flux towards electronic flux by capacitive electrodes

Advantages:

Suppression of redox reaction related problems
Low cost of carbon based capacitive electrodes

State-of-art performance:
Power density ~0.1 W.m™



01.2 Capacitive RED (CRED)

Comparison

PRO

Pressure Retarded Osmosis

Highest power density
High cost of accessory systems

RED

Reverse Electrodialysis

High power density

Redox reaction related problems
(toxic electrolytes; overpotential

problems; environmental impact)

Capmix
Capmixing

Low cost; No redox reactions
Low power density

Combining RED system with capacitive electrodes:

Wonderful combination at the crossroad of RED and Capmixing :
previous thesis work of Dr. Brahmi Youcef

@(High power density >
Redox reaction problems

Capacitive RED cell

Capn

Low cost; No reaction

Low power density

v lon-exchange membranes (‘RED’)

Directional ionic flux creation under osmotic effect
Possibility of using stacks

v Capacitive electrodes (‘Capmixing’)
Capacitive electrodes charging by ion adsorption
Avoidance of hazardous redox reactions

Sources: Y. Brahmi and A. Colin. Energy Conversion and Management 2022



01.2 Capacitive RED (CRED)

vt o

Current

\Ql

Electrode

m

Saltwater outlet

S

Saltwater tnlet

Endplate
qasket  lon-exchange membane

Figure 4 The design of the CRED assembly

Sources: Y. Brahmi and A. Colin. Energy Conversion and Management 2022

] / collector

Freshwater outlet

Freshwater tnlet

10



01.2 Capacitive RED (CRED)

Working principle

Eocy >0

1 Saltwater l
e’ Chamber

Capacitive layer
CEM

o
Capacitive layer

Current collector
Current collector

&

CH €L

Figure 5 The working principle of the CRED system

® N
Cl-

lon-exchange membrane CEM:

Free passage of cations (Na*)
Block of passage of anions (Cl-) and water molecules

Directional ionic flux:
Directional ionic flux under osmotic effects through membranes

lon flux from saltwater chamber to freshwater chamber

OCV further enhanced by capacitive electrodes:
Eocv = Emem + Eetec

Capacitive electrodes:
Conversion of ionic flux towards electronic flux by ion adsorption
A blocking type electrode without redox reactions

11



01.2 Capacitive RED (CRED) 'y

Working principle

Egcy <0

- Load resistor
e | Load resistor

l Saltwater
Chamber

aahe| annpede)
IN3D
Jale] anppede)

40}23]|02 JuaIn)
40323]|02 jJua4in)

CH L

Figure 5 The working principle of CRED system
Image Credit: Youcef Brahmi, Thesis 2021

Na*
Cl-

Capacitive current decay:
lonic flux will be slowed down and eventually reaches a saturation regime
Blocking electrodes requires concentration reversal to deblock this state

Chamber switch to deblock saturation regime:
Necessity of water chamber switch to deblock the saturation
Creation of alternating periodic capacitive currents

12



01.2 Capacitive RED (CRED)

Power density measurement

Electrical load

Low salinity chamber

High salinity chamber

B @ ©OF . ¥
+ + - - & _
+
+ _ +
v'e +
+ +
+
+
+ + "
o G + Py
Capacitive - S + Capacitive
electrode - = 5 electrode

+ +

CEM

| — |

—
w

Capacitive salinity-gradient cell

I ¥ —
| ! —

|
|
C Ecen Reent

Figure 6 Direct connection of the resistor to the CRED
system for power density measurement

Cell-Resistor circuit

a)

b)

0.04}
0.02}

load V)

B 0.02}
-0.04

-0.06 ; - :
0 20 40 60
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Figure 7 Resistor voltage measurement curves as a function of

80

time for different resistance.
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Summary

CRED cell

CRED:
Reverse electrodialysis + Capacitive electrodes

Direct connection to resistor for power density
measurement

I
|
|
I
I
|
Alternating periodic output (switching) .
|
I
|
|
I
I

Power density amelioration ?

Lack of study in real world solutions ?

Generalization in other forms of osmotic energy ?

14



01.3 Thesis objective an

Objective:

Investigate the fundamental mechanism of the CRED system, aiming to

enhance its energy performance and broaden its range of applications.

Towards
pH gradient based
osmotic energy
harvesting

Towards Towards

Power density Real brines

amelioration

15



') OZ Boosting strategy

Towards higher energy performance
of CRED system.



02.1 Preamble

Pmax _

2
Eocv

4‘Rcell

EOCU’

Membrane selectivity
Optimized electrode
Salinity gradient

Rcell\

Freshwater chamber
Membrane resistance
Polarization effect

B MMBE HINIGL l 1Y) 8]
T IR
Micro-structured IEM Coated IEM
Inter-distance optlmlzatlon
" Environmental Science & Technology 2011

maas et al

Membrane Design

AL g ' - f . A
A et raf flacalinnalic) A0S
Apiain et al. L/esannagtion £Uzz

Coating layer
Molded microchannels

o
o

Net power density (W/mz)

o

0
q (mm?/s)

Nanopore RED

......

."-‘ a v-_-_Lr.-'LD. L'L/'_.'__.-‘

“Gdooiiibbg

Diffusio-osmotic streaming current

RED stacking
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02.1 Preamble e

Ideal cell equivalent circuit ..
Objective:
Rioaa , - Power density enhancement of capacitive cells
p . Eocv
Ideal cell max = s p | - Optimization of the collection of an ionic current and its
ce
ZZat Feet transformation into an electric current using a capacitive
| —_
| electrode.
CRED cell equivalent circuit
Rioaa
f— Boosting

Load resistor

Peapa~60% Prax Principle

Capacitive salinity-gradient cell

H I 11—

| I
C Eocv Rint

18



02.2 Boosting strategy - principles

Boosting system:

An alternating voltage power supply synchronized
to the switching period of the salinity-gradientcell.

Net power density calculation:

- TR
. j r(®) e
0

Pb—gross - ST R
1 T

Pb—bOOSt - S_T_[ Eo(t)l(t) dt
. 0

Pp_net = Pb—gross — Pyp_boost

Sources: Wu et al. Environmental Science & Technology 2023

Cell-Booster-Resistor circuit

(a) Phase1: 0<t<T

Electrical load
E'T JE' 0.8 E
High salinity chamber Low salinity chamber 0.6 —-E
- € . . _— 0 Electrical load Boosting system
j.c > e . © * 204
A e Ll Salinity -gradient cell
0.2 C Reen
% o ) 0 4 |—| I—I:F~
Capacitive v 9,6 - Capacitive 2T
electrode - . - electrode
: - Ecen
CEM
(b) Phase 2: T< t < 2T
Electrical load
Eipad E_‘().
= 0 I
v
- |
Low salinity chamber High salinity chamiber 0.2 Eload |_|R I ||
-U. toad
. -0 O i N
+ ) ® 2 0 o e _- + - 2-04 | Electrical load Boosting system
18]
Salinity -gradient cell
-0.6
¢ Rce!I
@ a & & - -0.8
Capacitive - : 2 Capacitive 2T
electrode = electrode

CEM

Ecen

19



02.2 Boosting strategy - principles

Py_net = Pb—gross — Pp_poost

0 20 40 60 80 100 120 0 100 200 300
Rioaa (2 Rioaq ()

Figure 8 Salinity gradient of 0.17 mol.L-! and 5.17 mol.L-1, flow rate of 10 mL/min, switching period of 45s, cation
exchange membrane of Nafion 117 and boosting voltage of 0.8V. The chronovoltammetric measurement of Ej g4
illustrated in (a) is for load resistance of 50 Q.

Pnb Pb—net
Non-boosting Boosting power Gain

Power density density
3.29 W.m-2 5.26 W.m2 59.8%

Sources: Wu et al. Environmental Science & Technology 2023

20



02.3 Boosting strategy - Models N

Theoretical models by equivalent R-C circuits

.- Cell-Booster-Resistor circuit

-

Electricalload ~ ——
& e Rioad E, |
— |
I
High salinity chamber Low salinity chamber | |
Electrical load Boosting system

- = L i . + +
+ &= = - z : =
Salinity-gradient cell

- . : + ~ +
+ + -
+ .+ o + -~ -
Capacitive D € + - ¥ Capacitive
electrode - . = - = electrode
" C ECE

CEM

(Rload + Rcell)l(t) + &;) - Emem(t) + Ec(t) + EO (t)

|

T

1
Py, = ﬁ I(t)? R dt
) 0

Sources: Wu et al. Environmental Science & Technology 2023

T=60s

5 . :

4 4
< g) —
g 3 -
S |
E

&1
o

0

0 20 40 60 80 100 120

RIoad (Q)
Figure 9 Comparison between theoretical model prediction and
experimental data of the cell-resistor circuit and cell-booster-resistor
circuit. Salinity gradient of 0.17 mol.L-t and 5.17 mol.L-%, flow rate of 10

mL/min, switching period of 60s, cation exchange membrane of Nafion
117 , and various boosting voltages.

21



02.4 Boosting strategy - Mechanism

R-C circuit with

|
| | |
I | [
| |
| | T<t ~~ X booster system |
| | .. . - .
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| I P Reff = Rigaa 0] —_—
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~ I Rigqa cell L1 Rioaa Reenr Risaa Reeur |l |
g : : I | : |
- | , , — LR R
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| 0.01] I 0 001 L —r=T '
| S |l 100 |
: 0! S : : -0.02" ! 0 | : 0 |
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| . I ) u / I
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| o | =
| 05 I %os o ] |
| N ! | Tt |
0. . J _ | - . '
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| * - I * |
| R =R | R >R ‘ * R =R e
L load — Mcell .. ™Moad ~ Tcel ! Rioad < Rioad ™ Rioad = Rioad ™ Rioaa >

Sources: Wu et al. Environmental Science & Technology 2023
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02 Summary

.

Boosting

principle

01 Boosting system: electrical signal in
phase with switching period

Maximum net power density of 5.2 W/m?
reaching over 90% of B,

03 Agreement between experimental data
and theoretical model

04 Underlying mechanism

- Ry Ny g g &



;9 O Divalent ion
mixing impact

Towards real brines in industrial applications



03.1 Preamble

Towards complex solutions:

Mixing complex multi-valance ions inside the solutions
injecte_d In RED systems

b
[

A) Ralex

B) Neosepta C) Fujifilm 10.8
e | 0%
VT
iE\Oﬁ _______ 5.%-05““@
2 mma———— | Moeo-oaom| | WL s
> | xr tc_ 1 4T 10% >
204 {042
% 25% %
] o
o2 N — oo 5% 02 §
|
Comm im0, 100%
0 "

: : <0
4 -1 0 1 2 3 o
Time (h)

Detrimental power density loss due to complex ion mixing
Reported both at lab and industrial'scale

RED: 75% power density drop (50% of divalent ions)

Uphill effect:

- lon valence difference results in differed membrane voltage

‘IRT ﬂ;_[
log

Zi a2

s

Ey =

Em,monovalent = 2Em,divalent

River water

- Emergence of a reversed S—
X % = X %
transportation of multivalent ions {Mgsm Mgso‘} <
against the concentration gradient i "Nat

NaCl < Na*) NaCl

n®

Seawater

CEM

Membrane poisoning:

- Trapping of multivalentions in the membrane

- It results in membrane selectivity decrease and electrical
resistance increase.

25



02.1 Preamble

Current studies on CRED:

- System establishment and working principle
- Power density enhancement and mechanism
- All studies are conducted using artificial NaCl solutions

,f -----------------------------------------------------------
’ . .
{ Objective
i
: - Systematic study of CRED system performance under divalention mixing solutions
i
: - Underlying mechanism analysis
i
i
: - Economic analysis of CRED system towards industrial applications
\
N\



03.2 Materials and methods

CRED Cell

\
< “ Current

f ] / collector

Saltwater inlet

Sources: Y. Brahmi and A. Colin. Energy
Conversion and Management 2022

4

Electrochemical
Characterizations

¢ EEN IEN BN N S . .y,

\

~-------------------------------------------------_

Cell voltage Power

Complex ion mixing solutions
Mixture of monovalentions (NaCl) with divalent ions (CaCl, or MgCl,)

NacCl
olar fraction

molar fraction

Cl
1.0 0.8 NaCl '
NaCl
molar fraction 04c, molar fraction 0:01c:
cacl, CaCl,

0.6 0.4

cyg = 0.171mol.L Y or 0.513 mol. L™ or 1.711 mol. L1 Salinity ratio
c, = 0.017mol. L1 Ra =1000r300r 10

‘--------------------------------------------------\

density

----_’

27
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03.3 Experimental

results

Cell voltage drop

Mix NaCl-CaCl, Ra=100

01¢
008 ey
S

—0.06
L
0.04}

E

m

0.02 |
{:} i i i i
0.2 0.4 0.6 0.8 1 1.2

NaCl molar fraction

-
<«

E,, is severely influenced
E ;.- remains stable

Sources: Wu et al. Scientific Reports 2024

Power density drop

CaCI2
2 ;
lModeI Experiment|
—_ 1.0 O 10
& 157 0.8 08
S —06 O 06
= QO —04 O 04

10° 10"
I-—\"Ioad (Q)

Smaller power density drop in CRED!

CRED: 34% power density drop
RED: 62% power density drop

28



03.4 Mechanism Y 7

@ill Ef@ Membrane poisoning Hidden mechanism?

Load resistor

Trapping of multivalentions
in membrane

Theory V.S. Experiment

Capacitive salinity-gradient cell

| | || —

® l I
0.1 - | | !
/>\ @ & C EOL'\J Ri‘?‘!l‘
< . Cacl
= 7 Sele y drop ) e
0.05 e 3 [Model_Experiment |
l § A ——06 8 0.6
C 8 —0.4 0.4
% 02 04 o6 03 = | BB S |
Molar fraction of divalent ions Addition tage drop g,o 5 }N
o . ]
0 0 | 1
i i : . . 10 10
The uphill effect is enough Suppression of Membrane poisoning R ()
oa

to explain the voltage drop
in CRED system

by flow reversal in CRED system Voltage drop is sufficient to

explain the power density drop

Sources: Wu et al. Scientific Reports 2024



03.4 Mechanism

System
Impact
Divalent

Uphill effect [
RED ions
system ﬁ Mot /
embrane
—

Uphill effect

Mechanism

CRED

ions
e ™ ‘v.
=N .A
Periodic
water reversal

Sources: Wu et al. Scientific Reports 2024

Eocv

N2

Power loss

30



03.5 Towards Real solutions rz,

(a) sSynthetic sea water / production water (b) ; Dead sea water (c) . Salt carvern
04+t
1 3
Real solution o3} | 2| .
E E E
measurements Z 0.2} = 2?2
=8 o1t o
0.1} : 1
0 0 ' : - 0 - - -
0 20 40 60 80 0 20 40 B0 80 0 20 40 60 80

R () R () R ()

Case 1: Artificial NaCl (80%) - CaCl2(20%) mixed solution; Nafion 117
Case 2: Production water; Nafion 117
Case 3: Artificial NaCl (40%) - CaCl2 (60%) mixed solution; Fumasep FS720

et loanz et
oy N TS c
— i" n‘_warumﬁw g ]

- o 08
measurements '

047f
o ===iCase 1
0.2 Lcaser The power density variation after 8h of operation is within 6%.
0

0 100 200 300 400 500

t (min) 31
Sources: Wu et al. Scientific Reports 2024



03.6 Economic analysis

Analysis hypothesis:

RED membrane surface of 100 000 m2
Membrane lifetime is 7 years
Production runs 8000 hours per year

Post scenario:

River water-Sea water mixing case.
RED system with a power of 2 W.m-?
Membrane price at 2 euros per m?

Annual exploitation cost estimated as 9% of the construction cost

A scenario. Post scenario A scenario B scenario
Great salt lake with treated wastewater Membrane cost (€) 254 000 6 000 000 1 500 000

Piping, fittings and pumps 406 400 406 400 406 400
Supplementary valves for water reversal ©)
Suppression of filtration cost Valves (€) 0 150000 150000

_ > Filtration (€) 469 900 0 0

CRED system with a power of 3.2 W.m Total (€) 1130 300 6 556 400 2056 400
Membrane price gt 60 eurosper m2 Annual Costs (9%) (€) 101 727 590076 185076

Total (€) 1232027 7 146 476 2 241 476

Current sSPEEK Net Power (kW) 200 320 320
. membrane cost MWh cost (€) Cur C39 D 125 >
B scenario: — — —
Membrane price er m2
Solar Energy: 40 euros per MWh
Future sSPEEK membrane _ 9y P
: . Wind off shore: 120 euros per MWh 32
cost estimation

Sources: Wu et al. Scientific Reports 2024




03 Summary

ool

Divhalent

ion mixing

(1 Divalent ion mixing results in cell voltage
and power density drop in CRED system.

02 Uphill effect is responsible for the drop.

Membrane poisoning is suppressed by
water chamber reversal in CRED system

04 It is worthy of further developing CRED
system according to economic analysis

-y Ny g g &



Rﬂ 04 pH gradient cell

Towards pH gradient based osmotic energy harvesting



04.1 Preamble

Objective:

- Generalization towards pH gradient based osmotic
energy harvesting system

- Integration inside the carbon capturing & storage
(CCS) process

- Energy performance increase by boosting strategy

Salinity based
osmotic energy

Na* concentration

pH based
osmotic energy

H* concentration

Integration Boosting

inside CCS Strategy
35



04.2 Osmotic energy source in CCS o

CO, Capture & Storage (CCS) Lower energy cost

BOOSTER

¥
SYSTEM ﬁ
{(Toad ) Air

1 _Load }

Carbon Capture Storage ) e

el,ectroLgtc 962
pnpture
co5
HeGAVERNG ELectroLgte \(/
generation
undergrou i
(njection / \
/ Electrolyte \
carbonproducts |\Carbovw?tes ] Recover

< / EV\IGYgﬁ

Co,

High Bnergy cost

Sources: Alaba et al. International Journal of Precision Engineering and Manufacturing-Green Technology 2021
Garcia et al. Journal of Environmental Chemical Engineering 2022 36
Hamelers et al. Environmental Science & Technology Letters 2014



04.2 Osmotic energy source in CCS m »

CO, Capture —> Energy source —> Electricity

C‘,C."2

COQ co. capacitive £ BOOSTER //

Concentration Cell SYSTEM ﬁ

¢o, Alr J “I—-—_r h
PHwL és, ALy |.

:
pH pH 3
capacitive
. Electrooes
ALy Mow-selective
. mwenbramne
ALy Alr
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H gradient cell for energy harvestings &

043 p

‘%

MnO, Anode

%}
o
o
N o
=
(]
©)
(@)
[~
p=

Figure 10 pH gradient based energy harvesting system.

MnO, Carbon  pype  NMP
Nanotubes + Carbon cloth

(current collector)

Capacitive layer

Osmotic energy source:
CO, gas capturing in carbonate solutions
NaHCO; (1 M, pH = 7.8) vs. Na,CO45 (0.5 M, pH = 11. 7)

pH gradient based system:

Non-selective membrane is used to prevent direct solution mixing
MnQO, electrodes present prior selectivity for protons H*

38



04.4 Energy performance r'zy

Rtoad

1
1

Load resistor

Capacitive salinity-gradient cell

| | [ —
| | B

c Eoey Rine

Figure 11 pH gradient based energy harvesting system
coupled with a booster system.

Sources: Wu et al. In Preparation

= Model
O Experiment

0 20 40 60 80
RIoad (Q)

Energy performance
matched with capacitive

equivalent circuit
39



04.4 Energy performance under boosting strateqgy & &

Eigad Eg
— |
o '
Rfoad
Electrical load Boosting system
pH gradient cell
¢ Rce!l

-

Eceli

Net power density calculation:

dt

1 (TER(®)?
Pb—gross - S TJ R
' 0

1 T
Pp_poost = ﬁj Eo(t)-l(t) dt
. 0

Pp_net = Pb—gross — Pp_poost

Sources: Wu et al. In Preparation

. A pH max
o) (@)
4! 9o & (o) (o)
5 O
€ 3}
=3
*q;, 2
o
1] (@)
0 1 1 1 1
0 20 40 60 80 100
RIoad (Q)
Model e B =0 B = 0.4V e E =05V e E = 0.6 V e E = 0.7V
Experiment|| () E;=0 () E,=04V () E,=05V () E,=06V () E,=07V

Boosting principle works!
MAX: 4.52 W.m"?

But BAD prediction of equivalent circuit
40



04.5 Mechanism discussion 'z 4

Is this a redox reaction governed faradaic process?
- Electrode related electrical potential well described by Nernst Equation
- However, the system shows capacitive behavior

Is this an ion-adsorption governed capacitive process?
Established capacitive equivalent circuit

Capacitive behavior verified by impedance characterization
Well prediction of energy performance by RC circuit
However, the system presents a reversed electrical voltage

co,

Figure 12 pH gradient based energy harvesting system. ) ) .. )
Faradaic process with capacitive behavior:

- Unigue behavior occurred in some materials: Surface faradaic reactions

Faradaic or Ca pacitive') - Redox reactions occurred mainly at the electrode surface
- It presents certain capacitive behavior

Sources: Toupin et al. Chemistry of Materials 2004 + - _
Augustyn et al. Energy & Environmental Science 2014 MTLOZ tH + e” = MnOOH(S)

Lee and Goodenough Journal of Solid State Chemistry 1999 MnO, + HC O; 12e 43 H+ — MnC 03(5) n 2H2 0

Sources: Wu et al. In Preparation 41



04.5 Mechanism discussion

(a) . _ (b)
Ejoaa Ey
T3 I I s

Rloud

A pH max

Electrical load Boosting system

pH gradient cell

I I Rcell

[ —
|1 |
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(c) (d)
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pH ‘ ‘ 5 . A pH max
0.1 /ﬁ
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Experiment

O E,=0 O E;=04V (O E =05V () E;=06V () E,=07V

Sources: Wu et al. In Preparation

Unexpected boosting result:

- Redox reaction leads to chemical composition variation

- Boosting amplifies such phenomenon

- Material composition variation leads to parameter variations
In equivalent circuits

- Cell voltage Egcy and cell inner resistance R ey

Fitting correction:
- Use of two fitting parameters: 6E and R

EOCV—eff = Egcy + OE Rcell—eff = Reeyp + OR

- Well accordance by adjusted capacitive equivalent circuit
- This occurred due to the material composition variation
inside MnQO, electrodes

Sources. Ferrell and Voosburgh Journal of The Electrochemical Society 1951
Johnson and Vosburgh Journal of The Electrochemical Society 1953

Conway Electrochimica Acta 1993 42



04 Summary

pH gradient based osmotic energy
harvesting in CCS cycle

pH gradient cell composed of MnO,
electrodes and non-selective membrane

pH-gradient

cell system

03 Faradaic process with capacitive behavior

Max net power density of 4.5 W/m? under
04 boosting strategy related to the chemical
composition variation in electrodes

Ry Ny N N
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Some future work to be further developed




05.1 Conclusion e

Thesis Objective:

Investigate the fundamental mechanism of the CRED system, aiming to

enhance its energy performance and broaden its range of applications.

Towards
pH gradient based

Towards
Power density
amelioration

Towards

Real brines osmotic energy

harvesting

Electrical load Boosting system

Salinity-gradient cell

45
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05.2 CRED system scale up r'y

Surface area increase Stacking CRED in series
il e e e e e e e e e e e e B e e e e e e e
—> Along the flow
——”—’,——‘7 l O O Electrical current Electrical apparatus
"""" Perpendicular R cem
@) O to the flow O O
~~~~~~~~~~~ O O ,
Membrane surface in CRED Rl °
Electrode Electrode

Along the flow:

- Increase of filling time for the entire system
- Impact on cell voltage and inner resistance due to the

Water chamber switch

Inhomogeneous ion concentration profile
- More efforts to fight against viscous dissipation

Eocy =N.Ey + N.Egjee

Stacking CRED units:

Perpendicular to the flow: - Each unit comprises 1 CEM membrane with 2 capacitive electrodes

- Limited width related to lineic resistance of current collectors _ Lower system cost compared with RED system stacking

- Structural design of co-flow or counter-flow



05.3 pH gradient cell in DOC gy

Direct Ocean Capture (DOCQC):

Direct removal of Carbon dioxide from oceanwateris a
method of capturing dispersed CO.,.

Acidification of water flow
enables extraction of CO, CO,
extraction Pure stream of CO,
mild for sequestration or

acidi- utilization

fication
/’f_\ ~_ pH
> 5 5 o

5 ~ restoration //,\
I & | R A \//

electro-\
dialysis ' "

o
~ 2 BACK TO
pre- =i OCEAN
Shallow intake via treatment High current density Recofer
on-or-off-shore and efficient acid and Energy?
platform base generation —

A very small fraction Oceanwater discharge with
of oceanwater needs restored alkalinity enabling
pre-treatment atmospheric CO2 drawdown

—— -

pH gradient energy

harvesting system Image Credit: Captura

Ocean CO, in the air

Pure CO, /

Energy \
(Harvestmg'

4

-,

\ Energy
," supply

Zero cost

Electrolyte ¥ Direct Ocean Carbon

regeneration Ca ptu re capture
Low energy Low energy
consumption consumption

Ocean
carbonates
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