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History of Energy Storage

KI EI z KOREA INSTITUTE OF ENERGY RESEARCH

What is energy? (In the past) If you needed heat and/or light, you needed fire (exothermic reaction).
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Energy Storage: Bunkering (security) KIER s

Bunkering: Long-Duration Energy Storage

System (National Level)

Bunkering goes beyond simple ship refueling, serving a
vital long-duration energy storage (LDES) function within
the broader macro-energy system.

= Physical Fuel Stockpiling: Serves as a definitive form Natural gas storage

of long-duration energy storage through the creation of
large-scale physical fuel reserves.

= Market Price Stabilization: Acts as an economic
buffer, securing stable energy costs against market
volatility, seasonal fluctuations, and geopolitical supply
chain disruptions.

= Decoupling Supply and Demand: Eliminates the
requirement for instantaneous matching of energy
generation and consumption, providing critical time-shifting
flexibility for energy grid operations.
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Renewable Energy System KER
— | T
Global electricity generation by source, 2019-2030 The New Shape of Duck Curve — Role of Battery
12 000 The New Shape of Demand: Load with Battery Charging
o creased battery charging brought midday load to pre-2020 levels
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RES = renewable energy sources. ‘Other non-RES’ includes oil, waste and other non- In CAISO, Solar Generation Jumps Again While Batteries Reshape Demand
renewable sources. ‘Other RES’ includes geothermal, bioenergy, concentrated solar power (In CAISO, Solar Generation Jumps Again While Batteries Reshape Demand)

(CSP), and ocean energy. Data for 2026-2030 are forecast values.
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Long-Duration Energy Storage

NON-EXHAUSTIVE — HYDROGEN AND HYBRID LONG DURATION STORAGE EXCLUDE

PaY

/% Faces geologic constraints?

Mot enough public datapoints to obtain a reliable value

. Can function as both

.Ir1ter—rciayr
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Less Desirable - More Desirable

I Multi-day/week

Nominal Min.
Energy storage duration, LCOSE, deployment  Average
Duration form Technology hrs $/MWh size, MW RTE, % TRL
Mechanical Traditional pumped hydro (PSH) dL ellizatl Wil
Novel pumped hydro (PSH) 70170 10-100 50-80
Gravity based 90-120 20-1,000 70-90
Compressed air (CAES) Faa 80-150 200-500 40-70
Liquid air (LAES)? 175-300 50-100 40-70
Liquid CO21 50—60 10-500 7080
Thermal Sensible r;eat (e.g., molten salts, rock material, 10-2002 300 10-500
concrete)
Latent heat (e.g., aluminum alloy) 25100 300 10-100
day / Thermochemical heat (e.g., zeolites, silica gel) XX XX
Electrochemical Aqueous electrolyte flow batteries 100-140 50-80

>

Metal anode batteries

Hybrid flow battery, with liquid electrolyte and
metal anode (some are Inter-day) 22
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Economics in LDES KIER

KOREA INSTITUTE OF ENERGY RESEARCH

CAPEX | with:
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Cost components and LCOS for utility-scale stationary battery
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ikl W e storage system for dispatchable PV [USD¢/kWh]

N DOD = depth of discharge
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Economics in LDES

KI EI z KOREA INSTITUTE OF ENERGY RESEARCH

Competitiveness of LDES

» Compared with Li-ion batteries, LDES is more economical for discharge durations exceeding 8 hours.
» Compared with hydrogen (HESS), LDES is more economical for discharge durations under 100 hours.

Energy storage LCOS competitiveness by duration for Li-ion and Energy storage LCOS comparison by duration for hydrogen and
LDES, 2030 LDES, 2030
== Central (conservative leaming rate) == == Progressive (ambitious learning rate) Il 8-24 hour archetype M Li-ion - Central (conservative leaming rate) = = Progressive (ambitious leaming rate) [ Hydrogen [ LDES 24+ hour archetype
USD/MWh USD/MWh
240 280
220 USD 2/kg of H,
260
200
180 240 s
Li-ion: lower power capex 220 e -
160 but energy capex increasing _ - Hydrogen turbines: L
linearly with duration .- LDES: higher power capex high fuel cost but e
ke e = but low energy capex, 200 fully dispatchable 5 R
120 making duration scalable e TR - =
S e ee== T USD 1/kg of H
180 L = = R e it ot L RS SO
1w @ L ee—— oo p— e
DT D SIS SIS 160 P
80 e I LDES: higher power capex but low
e =i | energy capex, making duration scalable
= 0E
0
4 6 8 10 12 14 16 18 20 2 24 50 100 150 200
Hours Hours
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UN CTCN TA cRD&D : Papua New Guinea KIER s

UN CTCN TA cRD&D Project : Papua New Guinea
» Project Title: Pre-feasibility study on Ocean Energy focusing on Salinity Gradient Energy Technology and Electrochemical Ocean

Thermal Energy Conversion (= Seawater Energy Nexus)
= NDE: CCDA (Climate Change & Development Authority), Mr. Danny Nekitel (Manager Mitigation and Low Carbon Growth)\

= Proponent: National Energy Authority, Contact person: Larsen Daboyan (Manager Research and Statistics)

= Aims of project:
» To provide essential technical groundwork and knowledge base enabling PNG to utilize its ocean potential effectively
» To focus on cutting-edge technologies compatible with PNG’s unique geographical and environmental landscape
» To contribute to the nation’s renewable energy journey and reinforce its commitments to both national and global climate action.

' Site investigation

Tl
uKIER UNe @CTCIN *

UM ..TCN TA Workshop

.25~2025.5.31

I uN CTCN TA Workshop . ¥

2025.5,25~2025.5.31
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The Seawater Energy Nexus:

CLIMATE

e e ’ Grid Stability & Base Load: Optimized
Powering Papua New Guinea's Green Future generaion and sorage preven!
:c:urta|lltrlseQ:l,J)[r)?\}/édg:?dconstant base load
or por :

Decarbonizing Marine Mobility:
Powering zero-emission electric vessels
with Marine DC Fast-Charging.

Solar arrays Heat pump

Hybrid Power boosters

Generation Hub

FRESHWATER
FLOW SGE

e

Salinity Gradient Energy '(SGE): Harvesting
energy from the mixing of freshwater (from
Kampwelch & Angabunga rivers) and - ;
seawater via Reverse Electrodialysis (RED). - SEAWATER

FLOW
Deei)m,tfé Electrochemical
lon Exchange  Electrochemical OTEC (e-OTEC): (~200m) OTEC (e-OTEC) — _ The Blue Battery: Direct Ocean Capture (DOC):

G brade Uses Thermally Regenerative Seawater based storage Capturing coean C02 to cynthesize

Electrochemical Cycles (TREC) with usin sallnltg 8-pft gradients, Methanol (e-Fuel) for sustainable
Cu Foam shallow intake depth (200m) non-Rammable with chemical & fuel use.
Bipolar Stocks - hoosting efficiency from 5% to 15%. f LCOs < 300 KRW/kWh.

——

Technology Comparative Performance
Mechanical OTEC  Electrochemical OTEC (e-OTEC)

Thermal Efficiency ~3% 10% - 15%
- r-S : o
o - - B - Massive Scalability: Required Intake Depth 1,000 m ~200m
58% Reduction in LCOE 10 ¢ gg'gg/kWh E- PNG's river discharge offers . . : :
Hybrid systems (Solar + Heat Pump + 53 . GW scale SGE potential, and Primary Cost Driver Deep-water CWP Pipe | Modular Electrochemical Stack
Thermal Energy Storage) significantly . shallow-water intake drastically : .
reduce Levelized Cost of Energy. Lower Cost than Fossil Fuels lowers CAPEX for ocean energy. e ensity Lo e L b Tad)
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The Seawater Energy Nexus

KI EI z KOREA INSTITUTE OF ENERGY RESEARCH

« Environmental and energy crisis in small islands as

Marine Energy Platform: survival issues

A Sustainable Solution for Island Sovereignty
* Importance of decentralized energy systems in small

THE PROBLEM: THE SOLUTION: Distributed On-Offshore Applications
The Survival of Small Islands Leveraging the Ocean o gonnect is I an d S

onshore needs, creating a seamless
decentralized energy network.

e-OTEC & Salinity

ot el Gradient Energy (SGE) - Challenges in the implementation of independent renewable
for small islam: nations, n.;e en?.rgy ?isis g':ﬁﬁg;;ﬁ‘f::;”fmf

el T L [ it nd ey o energy systems

independent energy systems. to ensure a constant

electricity supply.

- The crucial role of the energy mix for independent power
systems

- Unequal opportunities for Solar PV and Wind Turbine (WT)

installations in small islands
PROJECT FRAMEWORK

RIMPLEENTATION - Mutual influence between renewable energy sustainability and
surrounding environments

Limitations of
Solar and Wind

Geographic constraints often
prevent large-scale installation
of wind and solar, and their
output is highly dependent on
unpredictable environmental

* Necessity of energy storage (e.g., batteries) for a stable
UN CTCN Technical ~ Country-Wide .. .
oo BRI tridn-sor Lo o electricity supply from volatile renewables

the UN Climate Technology being conducted across
Centre and Network (CTCR)  Papua New Guinea to

changes.
to mitigate climate change evaluate the potential for

5
through technical expertise. ~ OTEC and SGE integration

The Storage Dilemma 300 KRW/KWh 300 KRW/kWh “ y Into the national energy mix. ° Key c h al Ie n g es fo r futu re e n e rgy sto ra g e : eCO n O m |C

Energy storage is essential to Economic Storage

handle renewable volatility, via “Blue Battery” 4 4 ‘ ‘ “Turni . . . oy age
urning to the Most

but current battery The Blue Battery offers a sustainable a y a e-( :y( s e eas y

technologies face significant and economical storage solution with a Abundant Resource” VI I I n I I I I

challenges regarding target Levelized Cost of Storage (LOGS) 4

economic viability and of 300 KRW/kWh or less.
life-cycle feasibility.

The project shifts focus from land-limited
renewables to the vest, surrounding sea
to ensure long-term energy sustainability
for PNG.
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New Technology: Seawater-based Energy Storage

KI EI z KOREA INSTITUTE OF ENERGY RESEARCH

Seawater-based energy storage (Blue-Battery)
= Charging : electrochemically separating ions in seawater (e.g., NaCl) according to its own charges by ion-exchange membrane.
» Discharging : electrochemical reaction by acid-base reaction (NaCl + NaOH — NaCl + H,0)

_’?‘-.--
AN W
F—71 1%
—
Cl(0.5M) | AEM (R-NR;*-CI) | HCI (0.5M) Na*(0.5M) | CEM (R-SO5-Na*) | NaOH (0.5M)
| Brackish water |
Anode B CI % Nat OH Cathode
8  pH34 g pH10~11 K
%
é Acid-Base
Anolyte storage i y reaction Na*
38 Kw=10" % (discharging) Kw=104
##l(Water Buffer) ﬁ (Water Buffer)
pH 3~4 S cr V = Nacl Nat
\_/ it Charge % (charging) E Charge
B—i=afps [ ance % —| imbalage
% =
S = O
2 =
* & Seawater —“ 4
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New Technology: Seawater-based Energy Storage

KI EI z KOREA INSTITUTE OF ENERGY RESEARCH

| | I &
THE BLUE BATTERY HUB: ERADICATING CURTAILMENT

Charging: lonic Separation Discharging: Acid-Base Reaction I w =T]
N :
z POWER FOR GRID

Stored acidic anolyte and basic Core Function:
& SHIPPING

BlueBattery: Powering Energy Storage with Seawater

Solar power splits energy
energy to leare on acohatic

' energy and power energy.

o BlueBattery =)

Cf'h‘ﬂvtge'eéct 10 et Redirects excess solar and wind energy
SR from onshore arrays into massive
seawater-based storage systems, ensuring
Basic 100% utilization of harvested power.
Catholyte

The process results in the

production of desallinated water (
the central seawater chamber.

——

il

o x Higher 74N oensiy: 10 Wh/L

57.6 ki/mol b Potential ‘ v 10 W

Ener.gy Storage Dgsaginatit_;n than Pumped St ) - Levelized Cost of Storage (LCOS):
o-benefi

Slqrageis_achie_ved through the cor_nbinatio_n of = Hydro : L< 300 KRw/kWh

acid-base junctions and concentration gradients. i (sgxzza:;z?e 2 Pumpe(gal-:,{)draullc | 1 |

= Eradicating Curtailment & Maximizing Utilization = Massive Storage Potential & Grid Stability

= Unmatched Economic Viability & Ultimate Safety = Simultaneous Energy Storage and Desalination (Co-benéefit)

"Ultimately, the Blue Battery serves as the beating heart of the 'Seawater Energy Nexus' in Papua New Guinea,
leveraging the nation's boundless seawater to economically conquer the curtailment of volatile renewables and
accelerate the journey toward complete energy independence and zero-emission decarbonization."

UN® | @) CT
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New Technology: Seawater-based Energy Storage

KI EI z KOREA INSTITUTE OF ENERGY RESEARCH
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New Technology: Seawater-based Energy Storage KR

]---e- Charging
40 - & Disharging

. @@

w
o
|

N
o
|
iy 01 Q1110 B0 01100
Kt .'.'u'@

Current density (mA/cm?)

1
400

<3>

~ 2 6

0 50 100 450" 250 300 Cadh
ACumuIatwe time ( hr) £

ECHNOPARK h = RS -10 4

E&:} 7 TEE = ‘ ~—~ i : 4

3ROV Iﬂlll[:!
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Blue-Battery Pipelines in Korea

Stack/Module

[
Korea Institute of Energy PRIONE (South Korea)
Research (KIER) 000 (0&M specific
Innomeditech (South Korea) company) (PNG)

Lapinion (South Korea)

Seawater

KI EI z KOREA INSTITUTE OF ENERGY RESEARCH

Electrodes

Papua New Guinea (PNG)

EPC

Wesco Electrode (South Korea)
Innomeditech (South Korea)
POSCO (South Korea)

Membrane

®
RED (South Korea)

Korea Institute of Energy Research (South Korea)
Samsung Engineering (South Korea)

CARBONCO (South Korea)

Copyright © 2023 Distributed Energy Team (Blue Battery Research Group) All Right Reserved
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New Technology: Seawater-based Energy Storage

KI EI z KOREA INSTITUTE OF ENERGY RESEARCH

A LCOS (Levelized cost of storage, USD/kWh)
0.5
Li-polymer
H,ESS

; E Li ion Batt
0.4 ; 0.3-0.5 USD/kWh Hion Baten

' ~100 Wh/L 0.3-0.5 USD/kWh

| ~400 Wh/L PPty
Lead 5 IS
Battery ; e
0.3 0,34 USDKWH Seawater-oriented_---~~
50~100 WhiL Na Battery
_-0270.3 USD/kWh

r =777 50 WhiL
0.2 | 0.2-0.4 USD/KWh oy ‘

 15-25Wh/L JPPttoas

CAES JEPStioans Economic threshold regarding to the specific (or
0.14 USD/KWh S volumetric) energy density
0.1 2-6 WhiL Ny ;
00 le==t : : P
10" Wh/L 102 Wh/L
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The Seawater-Based Energy Ecosystem:

THE BLUE BATTERY HUB & STORAGE

High-Efficiency Energy Storage
| Seawater-based batteries achieve 10 Wh/L
density with costs under 300 KRW/kWh

Curtailment
Prevention

Surplus solar and wind energy
is captured into seawater-
originated storage tanks.

Integrated Resource
Recovery

The system facilitates Direct
Ocean Capture to produce
Methanol (e-Fuel)

From Storage to Zero-Emission Transport

DECENTRALIZED ON-OFFSHORE APPLICATIONS

Fossil-Free Maritime Transport

Electric ships utilize seawater
secondary batteries and e-Fuel to
eliminate air pollution

Environmental
Protection Measures

Multi-Gradient
Power Generation

Salinity and thermal (e-OTEC)
gradients provide consistent
"Base Load" power for ports

Integrated ballast water management
prevents water pollution during energy
and transport cycles
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Implementation Plan

KI EI z KOREA INSTITUTE OF ENERGY RESEARCH

Demonstration site Budgets Implementation Partners Implementation plan
specification (in South Korea)

Salinity gradient power (e.g., Kalo (river mouth) 4 MS KIER Stepl. Manufacturing in Korea
RED) (Installation cost: 2.5 ~ 3.0 MS, Lapinion (including FAT) — 6~8 months
Operation cost: 0.5~1.0 MS$/3 Inomeditech Step2. CEPA (target: Level 2/3)

years)

Toray Materials

—6~12 months

Step3. Logistics (Customs

clearance)- 6-8 weeks

Step3. PNG installation
3.1. Mechanical BOP
(Pumps and Pipes)
3.2. Electrical BOP

Electrochemical Ocean thermal  Port Moresby 50~100 3.0-3.5M$ KIER (electrical load)
energy conversion * Depends on the installation Danfoss Korea Step4. SAT, optimization
cost of intake pump and (~24 months)
pipe system
CAPEX
¢ Stack (module): 1.2 M$
* BOP (pump & pipe): 0.8 MS
OPEX:1.0- 1.5 M$
Seawater-based energy storage  Port Moresby 200 2.5-3.0 MS KIER
(Blue battery) (800 kWh, 4 hrs) » Battery pack: 1.2 MS Hanyang University (O&M)
 BOP:1.0MS$ Korea University (Capacity
* Installation cost: 0.5 M$ building)
* SAT:0.3 MS PRIONE (Electrode)

Innomeditech (Stack/Module)
CARBONCO (EPC)

Copyright © 2023 Distributed Energy Team (Blue Battery Research Group) All Right Reserved
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Implementation Plan

KI ER KOREA INSTITUTE OF ENERGY RESEARCH

Task Name

1 Site Survey & Basic Design [ ] [ ] KR/PNG

2 PNG Environmental Permitting (CEPA) [ | [ | [ | | | CCDA

3 Detailed Engineering (Stack/BOP) [ | [ | H KR

4 Membrane & Stack Fabrication ] [ [ [ KR

5 BOP & Control System Assembly [ [ [ KR

6 Factory Acceptance Test (FAT) [ ] KR

7 Shipping & Port Clearance ] [ Logistics

8 Site Preparation (Foundation/Intake) [ ] [ [ PNG

9 On-site Installation & Integration [ [ KR/PNG
10 Commissioning & Training [ ] [ ] KR/PNG

UN® | @) CT
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