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Vandenilio savybés

1 protonas, -253 °C Tik junginiuose
1 elektronas




Can be transported Produces clean power

[ ]
H S a V b e S over long distances, and/or heat for transport
2 allowing the distribution of and stationary
energy between countries applications

H TH

Protium Deuterium Tritium

Standartinis vandenilis (Protis) ~99,985% viso H.
Table 2. Physical properties of hydrogen

Density (gaseous) 0.089 kg/m’ (0°C, 1 bar) 1/10 of natural gas
E e Yp A Has a high energy Required as a clean
Density (liquid) 70.79 kg/m" (-253°C, 1 bar) 1/6 of natural gas density, fosdetiook in Industry
Boiling point -252.76°C (1 bar) 90°C below LNG making it suitable for when recycling
. : long-term storage captured CO2

Energy per unit of mass (LHV) 120.1 MJ/kg 3x that of gasoline

Energy density (ambient cond., LHV) 0.01 MJ/L 1/3 of natural gas

Specific energy (liquefied, LHV) 8.5 MJ/L 1/3 of LNG

Flame velocity 346 cm/s 8x methane

Ignition range 4-77% in air by volume 6x wider than methane

Autoignition temperature 585°C 220°C for gasoline

Ignition energy 0.02 M) 1/10 of methane - I:.tﬁ?;um Has ﬂd::?; ;ﬂergv
Notes: cm/s = centimetre per second; kg/m? = kilograms per cubic metre; LHV = lower heating value; MJ = megajoule; MJ/kg = ;SJ:::,L%:ST; making it suitable for

megajoules per kilogram; MJ/L = megajoules per litre. or SMR + CCS long-term storage



Degumas
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Gestis 2017; own diagram



H2 gavyba H2 naudojimas

- Kosmoso
Elektrolizé Kita pramone
4% Metanolis 4% 1%

8%

CATHODE

Gamtineés

Amoniakas
dujos Nalfto.s 50%
48 % perdirbimas
37%
20H— 2 H,O +2e—
H,O + 120, + 2¢- H,+20H-
Elektrolizé

Apie 70 min tony H, per metus pagaminama pasaulyje



Gavyba is iSkastinio kuro (Riformingas) 5

* Labiausiai paplites H, gavybos metodas;
* Angliavandeniliy ir alkoholiy konversija;
* Proceso temperatira: 700-900 °C; 1kg H2 — 7 kg COZ
« Salutiniai produktai: H,0, CO, CO,.

* Reikalingas oksidantas. Trys reformingo tipai priklausomai nuo oksidanto:

Gary reformingas Daliné oksidacija Autoterminis reformingas
Oksidantas — vanduo; » Oksidantas — deguonis / oras; » Dalinés oksidacijos ir gary
Endoterminé reakcija; * Egzoterminé reakcija; reformingo konbinacija;
Zaliava — metanas. « Zaliava — sunkieji anliavandeniliai; e Oksidantas — vanduo +
* Naudojamas aukstas slégis ir deguonis/oras;
CH A H = E0 3, temvperatura; . Zgllava.— metanas;
* Maziau efektyvus; * Pigesnis metodas.
CH,+2H,0->CO,+4H, « Didesnis Zaliavy pasirinkimas.
GO N =Eag i T, C . H,+ 80, ~+16C0+17H, 4 CH + 0, + ZHO—=4CO+ TOH,



Elektrolize

* Naudojant elektros energijg, vanduo skaidomas j deguonj ir vandenilj;
* Naudojami du elektrodai, nuolatinés sroveés saltinis ir elektrolitas;

« Svarus metodas (neformuoja aplinka tarsiy junginiy). Cathode Anigde
—

Priwiesr
Supply

Temperature®C  Electrolyte Plant size Efficiency  System costs  lifespan Maturity level

Alkaline - Commercially used in
Potassium- 1,000 - 60,000 -
Electrolysis 60 - 80 : 1.8 -5300kW 65-82% o : indusiry for the last 100 Hydrogen
(AE) hydroxid 1,200 €/kW 90,000 h Yo - ®
::(z‘::nge Commercially used .
Solid state 1,900 - 20,000 - for medium and small Hydrogen =]
E\:Ilnr:;u;: 60 - 80 e 0.2 -1,150kW 65-78% 2300 €AW 60,000 h il s Bublbles
(PEM) ’ (<300 kw)
Anion
Exchange P : Commercially available
Membrane 60 - 80 °I’b"'° 0.7 - 45 kW N/A N/A N/A for limited
4 membrane G
Electrolysis applications
(AEM)
Solid Oxide -
Electrolysis 700 - 900 c(t;):::‘i’c N/A [8122? N/A f Bfgg’;] Experimental siage
(SOE) ,

Edtech 2014; IEA 201 5b; own diogram



Hidrolize

e Hidrolizé — cheminé reakcija arba procesas, kurio metu cheminis
junginys reaguoja su vandeniu;

* Nesenai mokslininky pradeétas taikyti vandenilio gavybai;
* Vis dar tyrimy/prototipy stadijoje.

LiBH4KBH4, NaAlH,, LiH, NaH

i




Pavirsiaus aktyvavimas plazmoje

Kuro elementas

Dujy plazmos poveikis

H:b”@
‘

. Pakeistojo sluoksnio
Barjeras Al,0, o formavimas

Jonai i§ plazmos

Aluminium
powder

METHOD OF HYDROGENATION OF METALS AND THEIR ALLOYS. Authors: Darius Milcius, Liudvikas Pranevicius,
Martynas Lelis. European Patent Office. Patent number: 10478001.0-2111.

Plazma

Method for synthesis of y-aluminium oxide using plasma - modified aluminium and water reaction” pateikta
paraiska pagal Patentinés kooperacijos sutartj (PCT). 2018 m. Autoriai: Darius MilCius, Marius Urbonavicius,
Martynas Lelis.

UV spinduliavimas
Neutralios dalelés
Jonai ir radikalai
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H, saugojimo sistemos

How is hydrogen stored?

Physical-based

| Compressed Cold/Cryo
Gas Compressed

Material-based

Large-scale
hydrogen storage

¢

:ﬁ/m

Interstitial Complex
Adsorbent
soroen organic hydride hydride
Ex. MOF-5 Ex. BN-methyl Ex. LaNisH, Ex. NaAlH4
cyclopentane e \. o ',‘
% 1& B f ( b4
e e

e

= H,accessible
surface

@=H @=A @=Na

g%

s 100-400 bar
e @O 1070bar -253°C
+Additives +Catalyst
RRRAR
é? h i
“ete 8& & 1
Metal Chemical s
hydrides e ries Adsorption Liquefaction Compression
chemical 40-70kg/m®  50-120kg/m3 20-50kg/m3  70kg/m3 7-27 kg/m3

hydrogen

Ex. NH,BH,

¢
\!

\, MJ
“ +Catalyst

Electricity
Steel mill

‘ (, i
@®=H @=N =8 . Chemical processes



H, saugojimo sistemy palyginimas

i &
Physical S .
QO .
Storage % o O @
o) & DD
an Q0 0O
1 bar 150 bar 350 bar 700 bar liquid H,
normal lab cylinders Gen 1 vehicles Gen 2 vehicles 71gH,/L
0.3g/L 10 g/L 28 g/L 40g/L @ 20K
) i Reference
Materials IBEEOOR . _Af%‘_:‘_ £ 3
-based Vitee e TuiTe 4 AL r ™
i, e T IO TS & T o &Q
Storage DAt e o
LTINS PR 453 (‘
S e To s YR g
interstial hydrides  complex hydrides  chemical storage sorbents water
~100-150g H,/L  ~70-150 g H,/L ~70-150 g H,/L <70gH, /L 111 g HylL



Sléginiai indai

* Slégis: 350-700 bar;

Apie 6 % sléginio indo mases;

Didelis turis — mazas kiekis;

PlaCiausiai naudojamas H2 saugojimo
_ NPT
budas. - Lol ‘

Pritaikymas: transporto priemonés

(automobiliai, laivai, traukiniai, kt.),

stacionarus H2 saugojimas



Kriogenines sistemos

* Skystas vandenilis (< -253 °C);
* Apie 10 % krio-sistemos masés;
* Mazesnis turis — didesnis kiekis;

* Problema — technologijos kaina,

sudéetingumas;

* Pagrinde — kosmoso technologijos.




Metaly hidridai ) coo0000

)

e Sudaro junginius su metalo atomais;

S N SN O XX
o N0 0 0 %

...
-
. "

* 2-6 % visos sistemos mases; %

.‘.‘.‘C...Q‘l‘.‘.

* Mazas turis — didelis kiekis;

a8 s
.‘

* Pritaikymas — neSiojami jkrovikliai, dronai,
karinés technologijos, nedidelés transporto

priemones, kt.

* Problema — sudétinga pritaikyti dideliam
energijos poreikiui, sglyginiai sudétinga
jkrova/iskrova, vis dar tyrimy/plétojimo

stadijoje.



Kitos H, saugojimo sistemos

« Sinteniniai angliavandeniliai
« Amoniakas

» Fosforo boratas

* Anglies nanovamzdeliali

16



Hydrogen storage materials vs the best battery

h:it.::nry ﬂﬂmﬁrgmd H: LaNigH,  MgH, NaBH,

0.2kWh/kg 2kWh/kg 0.6 kWhkg 3KkWh/kg 4.1 kWhikg 6 kWhikg
0.5KkWh/L  15kWhiL 35kWhiL 4kWhiL 44KWhIL 5kWhIL

LaNigH,: Lanthanum nickel alloy, MgH,: Magnesium hydride, NaBH,: Sodium borohydride, LiBH,: Lithium borohydride



Transportavimas

Vamzdynai

Suslégto H2 transportavimas

e SunkveZimiai, jury
transportas, traukiniai;

* Transportuojami
mazi/vidutiniai kiekiai;

e Konteineriai gaminami is
plieno, daug sveriantys;

* Dazniausiai vezama 200-500
bar konteineriuose (gryno H2
svoris iki 1000 kg);

* H2 - aplinkos temperaturos.

Naudojami dideliems kiekiams
H2, dazniausiai pastoviam
transportavimui;

Reikalingi stabilts/pastovis H2
vartotojai;

Reikalauja didZiausiy investicijy
lyginant su kitais
transportavimo budais;
Dazniausiai jrenginéjami
vamzdyny mikro-tinklai
atskirose valstybeése, kurie gali
bati jungiami j tarptautinius
tinklus.

Skysto H2 transportavimas

E.

Raf e NESEEN

Sunkvezimiai, jury transportas,
traukiniai;

Naudojamos kriogeninés talpos;
Talpos — Zenkliai brangesnés nei
suslegiant H2.

Pervezami zenkliai didesni
kiekiai (apie 3500 kg H2 vienu
kartu).

Naudinga transportuojant
didelius atstumus (apie 4000
km)

H2 — kriogeninés temperaturos.



Transportavimas. Vamzdynai

18 HYROGEN PIPELINES PER COUNTRY

USA 2,608 km

Belgium 613 km

Germany 376 km

France 303 km

Netherlands 237 km >

Canada 147 km

Others 258 km

HyARC 2017; own diagram




INSTITUTAS

http://www.lei.lt

LIETUVOS
@ ENERGETIKOS  \/andenilio panaudojimas elektros ir Silumos generavimui; kuro elementai

Solid Oxide Fuel Cell

Heat Q A
Fuel cell heat Q' E
Hp + CO Fuel H20 + CO; AT | S »
- CO+H0 — Hz2+CO; Heat : : P
A1 e R
e G2 207 a2 0 [ o y wor |t
H - . i1l
|E..¢m.m'- o* - o= (R o 0* o - 2 Fuel cell controller 4_]EJH%W%HEJH
- A (| LAEER
Al Depleted O
L Oxidant Heat . -

Electric motor

G. Sandrock, in HANDBOOK OF FUEL CELLS, 2003,

http://science.nasa.gov/headlines/y2003/18mar fuelcell.htm
Vol. 3, Part 2, pp. 101-112




3x3x1 mm
0.7V, TmA

P. Koréja
21 kuro elementas
Vieno elemento galia — 2.8 MW




Kuro elementy tipai

- Efficiency my Investment costs life expectancy o
Fuel Oxidant (H) USD/kw, (h) Market development Application

Snkas 50-90(1)  From500Wto
PRMEC| | o 1000 1) 400 kW

From a couple of H, gas, syngas, -
MCFC 600 -700 100 kWi 5 60% 2000010

several MW




LETUVOS : : -
ENERGETIKOS Virtualios elektrines konceptas

INSTITUTAS

http:/ www.leilt

Shared Storage System

Individual PV and
Storage System

Bi-directional Meter

oy —@—

(=)
et

Individual PV and

Individual PV and
Storage System

http://www.idistributedpv.eu/




PRITAIKYMAS: ,,Zaliasis“ vandenilis kaip Zaliava pramonei

500 kW

P2G | gamtiniy dujy tinklus

gamtinés dujos

Kontroleris o Trasy gamybai
! %
V5
@ H, TRANSPORT H,
SN \
400-600 kW
Vandenilio gavybos Vandenilio kolonélé Transportavimas

irenginys : g
Heen %ﬁ Pramonei, kur naudojamos

—
III]

| " id
= Naftos perdirbimo procesuose
o



,Power-to-gas” technologijos

Renewable

energy Power grid

Electrolysis
Rl E 3

Electricity

=

CO, source

CO, separation

Raw gas

Power

Cco,

Methanation

Y
reatf & Usable heat
3/ <
N

>
CH,

Distribution Heat

-~
he

w H, or CH,
|

—

Mobility

Storage

SIS

Chemicals

25



LIETUVOS

KHENGRNS The use of metal hydrides in production of synthetic fuels

http://www.lei.lt

2M82Nll [dt‘” + CO;U‘, - O.TSMgzNI(;I + ZMS(\‘.‘) + O.ZSNIB) + D'SMSNIH!) + C(ﬂ o ‘4] lllgl

C{5| +21 ll’\K} = CI [ﬂx'l

Digital gas controller a)
= CO, ‘

Ar
* i Hl
|
Heating = ﬁ - Cataly:
oven
]

onstant
pressure

Figure & Optical and SEM images: (a) as mceived Mg; Ni alloy grains, (b) Mg;Ni grains after grinding,
() catalyst-AL Oy mixture afier methanation test, and (d) EDS elemental mapping of catalyst-ALOy
mixture after methanation test.

To gas analyzer
= ¥ Dehumidifier

Lelis M. [LEI], Varnagiris S. [LEI], Urbonavicius M. [LEl], Zakarauskas K. [LEI]. Investigation of Catalyst Development from Mg2NiH4 Hydride and Its Application for the CO2 Methanation
Reaction In: Coatings. Basel: MDPI, 2020, vol. 10 (12), 1178, p. 1-15. ISSN 2079-6412.



LIETUVOS

ENERGETIKOS e
INSTITUTAS Vandenilis plieno gamybos procesuose

http://www.lei.lt

EXHIBIT 18: DEEPLY DECARBONIZED STEELMAKING THROUGH HYDROGEN-BASED DIRECT
REDUCED IRON

Iron ore pellets 0
or lu p ore +: O O

2
H}.rdrugen Water

( 3Fe,04+ H,= 2Fe,0, + H,0 )
( Fe;0; + Hy = 3Fe0 + H,0 ) Direct
(" FeO+H,=Fe+H,0 ) oo |

plant \
'\" 'rf
I:IRHHBF @ — -

H, Hydrogen PEWHTE? Renewable
m electricity
B & —— &
Crude Electric Arc Scrap

steel Furnace

Hydrogen Roadmap Europe, 2019



Keltuvai
Walmart > -
Ceeoly,

G Fedix

JAV apie 20 tukst.
vandeniliu varomy
keltuvy




Bepilotés skraidyklés

1. NaBH4 Fuel tank

e \' 2. Hydrogen generator system

e

3. Fuel cell power system

Oil & gas pipeline inspection Grid line asset inspection Geological surveys / Mapping

Fuel cell powered UAV [12,63-67,324].

Organization (year) Power Reactant Endurance
Source Storage Type (est.)

Aerovironment, Inc. PEM H; Cryogenic 24 h
(2005)

Naval Research Lab PEM H, Gaseous 33h
(2006)

CSULA/OSU (2007) PEM H, Gaseous 12 h

KAIST (2007) PEM H; Sodium 10 h

Borohydride
AeroVironment (2007) PEM H, Sodium 9h
Borohydride

UTRC (2009) PEM Compressed H; 20 min

AFL, Naval Research PEM Metal Hydride 10 h
Lab (2010)

EnergyOr Technologies PEM H, 10 h 4 min
(2011)

Boeing, Lokheed SOFC Propane 8h
Martin (2011)

Naval Research Lab PEM Compressed H; 48 h
(2013)

H3 Dynamics (2016) PEM H; 10h

Forest Fire Menitoring



Apple Inc.

FUEL CARTRIDGE 104

FUEL CELL SYSTEM TeantrioGe
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Lpare fuel
cartridges

. [N
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=

Fuel cell x




LIETUVOS
ENERGETIKOS
INSTITUTAS

http://www.lei.lt

Vandenilis energijos poreikiams

Hydrogen Roadmap Europe, 2019

EXHIBIT 2: HYDROGEN COULD PROVIDE UP TO 24% OF TOTAL ENERGY DEMAND, OR UP TO
~2,250 TWH OF ENERGY IN THE EU BY 2050

Finalenergy 1. 10q 11,500 9.300
demand
Thereof H, 2% A% 8% 8% 24

B Aoyl e
tion, buffering

Transportation

5 - Heating and
% } power for

puigings

; New industry
e feedstack

£27 L27 391 391

Business as Ambitious Business as Ambitious
usual usual

235 2030 2050



LIETUVOS
ENERGETIKOS
INSTITUTAS

Vandenilis transporte ir pramonéje

http://www.lei.lt

Some key hydrogen targets featured in national hydrogen strategies

Decarbonised hydrogen
Electrolyser capacity in Number of hydrogen share within hydrogen
GW (2030) refuelling stations (2030) | mixed in the industry in
% (2030)
France 6.5 400 - 1,000° 20-40°
Germany 5 / /
Netherlands 3-4 / /
Portugal 2-25 50-100 >
Spain 4 100 - 150 25
South Korea / 310-1,200 /
Japan / 900 i
EU 40 / i




A PV G Water will be the coal of the future.

- Jules Verne
, "The Mysterious Island"
L 1874

VISIONS OF A HYDROGEN ECONOMY



