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34 Introduction

3.2 Hydrogen Fuel

3.3 Hydrogen Production

3.4 Hydrogen Storage : Gaseous, Cryogenic and Metal hydride.

3.5 Utilization of Hydrogen

3.1 Introduction :
Hydrogen holds to potential to provide clean, reliable and affordable energy supply that

can enhance economy, environment and security. It is flexible and can be used by all
sectors of economy. It is non-toxic and recyclable. Due to these qualities it is considered
. 1o be an ideal energy carrier in the projected future. Hydrogen can be produce by
variety of energy sources, such as solar, nuclear and fossil fuels and can be converted
to useful energy forms efficiently and without detrimental environmental effects. When
burn as fuel or converted into electricity it joins with the oxygen to produce energy with
\fﬂ;it:r as the only emission. Despite these benefits, realization of hydrogen economy
|arg:5r2:||tlple chal!enges. Unlike gasoli.ne.f and natural gas, hydrogen has no existing,
inVestme:; supporting infrastructure. Bundl.ng of such large lnfrast_ructure requ_lres major
curentl iﬁ Although. hydrogen production, storage and delivery Fec_:hmques are
commercial use by chemical and refining industries, existing hydrogen

stora ; )
3 .ge‘a“d conversion technologies are too costly for widespread usée In energy

3.2
= ma'j':rp;ftance of Hydrogen as a Future Fuel : )
Hy droge:?:tfhges_for the use of hydrogen as a future fuel are listed be?Iow
IS made fe simplest, lightest and abundant element in the qnlverse:_
hysicist Hgno one proton and one electron. It is recognized by English Chemist and
ry Cavendish in 1766 and named by Antoine Lavoisier, @ Frenchman

~—__ B
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2)

3)

4)

5)

6)

in 1783. Its density IS 1/14" that 0
atoms in the universe are Hydm?e“'

: i S!
Reduce depletion of fossil fue R ———
In last two hundred years, Wé have et e (coal, i 1
natural gas). Even today 85 % _°f aw energy comes I me QSSII Sources, T 3
reserves are continuously diminishing and are becoming Increasingly expeng;, b
will not exist for future generation.
To reduce greenhouse gas emissions: |
Due to excessive use of fossil fuels such as coal, oil, natural gas, propane anq ool
burn, pollutants like CO, CO2, a variety of hydrocarbons and quantities of Particulas
matters are produced. It is found that the environment have an adverse effet onit
The climate has changed. Global mean temperature has risen by 1°F gpq i
expected to increase to 3.6 °F by 2100, the sea level has risen by 4-10" anq
expected to increase 20" by 2100. The precipitation over land has increased by 1%
and its intensity is likely to increase by 2100. On the other hand pure hydroge
produces only heat energy, water and trace amounts of oxides of nitrogen when
burned. Oxides of nitrogen and water are natural in earth’s atmosphere. Thus
hydrogen is totally non- polluting.
Hydrogen is among the safest of all fuels:

Hydrogen is as safe as gasoline, diesel or natural gas. Other fuels take longer 10
disperse or may spill onto the ground. Some, like gasoline, require specialized
cleanup efforts and present toxic hazards to the nearby environment. Hydrogen s
14 times lighter than air and 9 times lighter than gasoline. In the event of 9y
accidental release, it disperses rapidly upward in the atmosphere. Hydrogen ¥
among the safest of all fuels because it is lightest compared to other fuels.
To have energy security of a nation:

Fossil fuels particularly crude oil is confined to few areas of the world i.€ idde
East. This region is susceptible to disturbances and consequent disruptions of oruce
ol SUPPW' The continuous supply of crude oil is governed by political, econorfic &
ecologlpal factors. These factors act together. The high fuel prizes, while at!

ase
are demanding reduction in greenhouse g

and toxic emission. Thus it *

: : IS n -
sustainable energy resources. TOESSAN o promote use of divers .
To have a coherent energy strategy'
A coherent e . ;
whole energ:e[i?: Sc:[;j:g?(nzur:qu"ed addressing demand taking int @ nlt'mon
network, energy conversio N9 fuel Production, transmission an te




\ . _ Hydrogen Energy
- Zrogen is economlcallg‘f competltn‘ve with the gasoline or diesel:

Jndef the hood of today’'s autlomoblles, IC engines capture only 15-20
onergy in vehicles. By harpessung the fl:lel'S eNergy via an electro-chemical reaction
ather than @ thermo-s:hemmal ('cpmbustlon) reaction, a fuel cell can convert 40-65 %
of hydroge”'s energy into electricity to propel a car. Fuel cells running on pure H2 are

o more efficient.
Hydrogen is also an excellent energy carrier:

" The standard heating value of hydrogen gas is 12.2 MJ/m?® compared with avers
383 MJ/m? for natural gas. The heating value of liquid hydrogen gas is 8400 MJ/m
v compared with 44 MJ/m?® for gasoline (jet fuel). Therefore, hydrogen is an excellent
:';. energy carrier.

: 322 Sources of Hydrogen :
. Hydrogen can produce from conventional as well as non-conventional energy sources.

L % of the

« (See figure 3.1)

Crude Qil > Reformer
Coal Reformer 5
Organic Wast » Reformer *
H
Nuclear >
Y
Nuclear »| Hectric Power Alant D
Solar | — » Generator > R
(0]
Wind L Generator >
Electrolyzer — G
Hydro |—— | Generator E
Wave | & Generator I——v N
Geothermal »|BectricPowerHant—% |
Wood || Retormer |
o Fig. 3.1 : Hydrogen Production Pathway -
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3.2.3 Fuel of Vehicles :
miliar with the terms gasoline, LPG, CNG, and others. Thesg 3

You may be fa : os s Ty
fuels that will enable you to finish your lengthy drive. The best performance of your

is ensured by using the right oil as fuel. This article will provide all the inforrnation
need to know about the fuel that is best for your vehicle. y
1) Petrol:
Petrol. also known as gasoline, is one of the most common fuel types for 3 vehig
It is transparent and is derived via the fractional distillation of petroleum. Itis ygqq;
spark-ignited combustion engines and is available in multiple variants. Let's take

look at its pros and cons-
Pros:
« It is cost-effective.
« Provides optimum acceleration.
« Petrol stations are easily available.
« Suitable for all types of ranges.
Cons:
« This fuel emits a high level of toxic gases.
« It offers lower mileage than diesel.
Ideal for:
4-wheeler private cars, bikes
Price per litre:
It is important to remember that the cost of gasoline differs in each state. Here is the
table comprising the respective petrol prices in different Indian cities.

Indian Cities Petrol Price Per Litre as on 1 March, 2023
Delhi Rs9672
Mumbai Rs.106.25
Bengaluru Rs.101.96 |
Kolkata Rs.105.97 —— B
Chennai T Rs 102 58 T .'
ChSu;?t - Rs.96.31 =]
anaigar Rs.96.19

2) Diesel:

l?espite. the current scenario, diesel consumption witnessed recovery with @
nse.'Thls speaks volun_nes about the popularity of this fuel. Like petrol. diese!
obtained from the fractional distillation of petroleum oil that is specially tailor

diesel engine.

a 2%
5 a|50
ord

Pros:

3.4
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\ —Je-for-money and is efficient for long travels.
N ofters que and delivers excellent performance on express lane

¥

L

1o
h

Hydrogen Energy

s high tor .
Feature nhanced acceleration.

cons
Diesé
A diesel €N9
deal for:

Tmcks, tra

price per litre: o
etrol, diesel prices differ in each state. Here is a table for your reference.

i engines require high maintenance and hence incur whopping expenses.
ine does not cater to every make and model.

ins, public buses

Like p
— Indian Cities Diesel Price Per Litre as on 1 March, 2023
—  Delhi Rs.89.62
T Mumbai Rs.94.22
Bengaluru Rs.87.91
Kolkata Rs.92.71
Chennai Rs.94.19
Surat Rs.92.06
Chandigarh Rs.84.26

Y Compressed Natural Gas (CNG) :

CNG or Compressed Natural Gas comprises compressed methane less than 1% by

Vofume. It is one of the emerging fuel types for a car in urban areas with the primary

Objective to reduce pollution.

Pros:

:i;satflrjee from lgad and sulphur and is popularly known as "Green Fgel.“ -

o '®S a high auto-ignition temperature (540 degrees Celsius) an_d ||'m|ted
MMability range of 5%-15%. It implies that 5%-15% of CNG concentration in the

ar wj
"Will not lead to accidental burning, thus, ensuring safety.

tis : '
> Safeto use as it is stored in certified cylinders, which are leak-proo

ight gas i
Cong-as' 't disperses and mixes with the air if it leaks.

f Sinceitis a

Limite —— -
t occﬁi 2Vailability of CNG stations, unlike petrol or diesel stations.
Pes at least 1731 of the vehicle's boot space. This makes it difficult for a

Ag ';oéher car owners to load the luggage in the cargo space. e engine's
°DtimUm A" performance deteriorates after 3 to 4 years of usage.

| Performance also decreases by 10% after regular use for one year

3.5
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It hampers the functionality of fuel injectors, making them dry quickly. |t dEtErio;a

engine performance in the long run.
A CNG-powered vehicle has a lower fuel economy compared to other vehicleg

The cost of conversion from conventional petrol or diesel-powered cars tq CNG

high.

Ideal for:
It is widely used in passenger cars. Models like Audi AS 2,0 TFSI CNG ang BMw

Series (E36) can run on CNG. Besides, vans, buses, trucks and more are Suitable

run on CNG.

Price per kg: .
The following table illustrates the costs of CNG in 5 metropolitan cities in India.

| Indian Cities CNG Price Per Kg as on 1 March, 2023
Delhi Rs.79.56
Mumbai Rs.87.00 ]
Bengaluru Rs.87.50 ' i
Kolkata Rs.64.69
Chennai Rs.77.20 §
| Surat Rs.79.59
Chandigarh Rs.92.25
4) Bio-Diesel :

The mixture of diesel with other oils produces bio-diesel. Converting vegetable o,
gnlmal fat, and waste cooking oil into bio-diesel is known as transesterification. Sin®
It constitutes natural ingredients, it is one of the best alternatives for biofuel.
Pros:

« Environment-friendly and emits 11% lower carbon monoxide compared t
fuels.

e It fegtures lower flashpoints and burns at a higher temperature. The storagé of this
fuelis simple as there is a lesser risk of sudden ignition.

e ltisa qon-toxuc and renewable source of energy and, hence, ensures sustainabillty

* Helps increase the lifespan of an engine. It acts as a soljvent to remove the 4

deposited in the engine and restore it - ; uen
S opti ng fred
wear and tear. Pimum performance, preventing

* Vehicle-owners can use it in diese| en
« This fuel reduces dependency on fore
Cons:

o othef

gines with or without any modifications:
'9n countries for oil imports.

/
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?_ _ —able for use in lower tgmperatures as it is susceptible to gelling. Gelling is
- Itis chss in which a fuel's paraffin component solidifies and forms a gel-like part in
r

r temperatures. .
io-diesel's advantages include removing dirt from the engine, this dirt gets
the gasket, leading to damage. It also damages an engine's rubber

uses. o o
:ﬂe ruel efficiency of a bio-diesel powered vehicle is lower than others. It reduces

el efficiency by 1%-2%.

It is more expensive than pgtroieum.

gio-diesel iS made from animal fat, vegetable oil, and the like. It affects food supply
and increases the prices of the given products, leading to food shortages.

It has regional restrictions as specific crop productions are not possible in every
region.

|deal for:

Diesel-powered vehicles are fit to run on bio-diesel. Specifically manufactured
trucks, vans, and SUVs are also approved to run on bio-diesel.

Price per litre:

Here are the costs of bio-diesel in each metropolitan city.

Indian Cities Bio-diesel Price Per Litre as on 1 March, 2023
Delhi Rs.69.44
| Mumbai Rs.69.00
Bengaluru Rs.67.20
Kolkata Rs.71.12
. Chennai Rs.77.00
| Surat Rs.67.00
! Chandigarh Rs.70.00

: °) Liquid Petroleum Gas (LPG) :
t:r?sti?urt Liquid Petroleum Gas is obtained from crude oil and natural gas. It
Pros: es hydrocarbon gases such as propane and butane.
TEZTgh Octane content in Auto LPG ensures a vehicle's optimum performance.
tsav::oves the carbon and acids from the engine, extending its Iongevnty.

UP 10 40% of running costs compared to petrol and is safe from spillage.

It em; .
ar:n c;tlz 7?% less carbon monoxide than petroleum and 60% less carbon dioxide
Sel.

he con

wost of LPG is affordable compared to CNG.

3.7
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stics, facilitating a higher octane numper.

It features anti-knocking character

Cons:
It is heavier than air. Hence,

environment.
It has 10% lower fuel efficiency than petrol. | |
Storage of LPG requires heavy cylinders, which ultimately increases the Weight

the engine.

Ideal for:

It is suitable for light-duty bio
Suzuki manufacture LPG-powered cars in India.

Price per 14.2kg: ' '
Take a look at the costs of Auto LPG in each metropolitan city —

in case of leakage, It creates a SUffocag

fuel vehicles. Specific brands like Chevrolet and May

Indian Cities LPG Price Per 14.2 Kg as on 1 March, 2023 |

Delhi Rs.1103.00
Mumbai Rs.1102.50
Bengaluru Rs.1105.50
Kolkata Rs.1129.00
Chennai Rs.1068.50
Surat Rs.1108.50
Chandigarh Rs.1112.50

6) Ethanol or Methanol :

It is alcohol with a high octane number. It is a renewable and biodegradable energ)
source and does not emit a significant amount of carbon dioxide and nitrogen
dioxide. Presently, India uses up to 10% of ethanol-blended fuel. The Indian

government is planning to increase eth . _ 08
: anol prod iesel pric
reach new heights every day. production as petrol and d

Pros:
It fgatures low flammability and is safe to use
This fuel can be manufactured from .

dependence on domestic fuels.
Cons:

. e
natural gas and coal. It also increases th

This fuel is corrosive and d
it amages the vehicle in the long run.

It is primarily used in ‘
_ ' racing cars. A it is mi ¢
for use in existing on-road vehicleg o, g Mixed with gasoline in smaller quant't

_/
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| pric Government raised the price of ethano| based on

xvantages 2
| 1 )

Hydrogen Energy

[ndian ) C-heavy molasses
54,: 69 per litre: The cost of B-heavy molasses remained at ¥57.61 per litre as t0c1:
2020 .
Hydrogen Production :
.3 producti"“ of Hydrogen by various methods :
3 .
WS me.thods used fo.r the pro_duct|on of hydrogen. These methods are
;-hscussed in detail in the following sections. Each production method has its
I

nd disadvantages.

Steam Methane Reformir_tg (SMR) : |

step |: Methane is catalytically reformed at elevated temperature and pressure. The
«eforming reaction is carried out in a reformer containing tubes filled with nickel

under at temperatures 500°C and 950 °C and pressure around 30 atmospheres. The
reforming reaction is described by:

CHs +HO+Heat — 3 H:+(CO

Step Il: An excess of steam is used to enhance conversion and to prevent thermal
cocking and coking using nickel catalystreaction

2CO — (CO»+C + Heat
Conversion of syngas gets to the desired H2 product.

CO+H, O — (O, + H, + Heat
Step lll: Purification process is then done by pressure swing adsorption to remove
Water, methane, CO2, N2 and CO and produce 99.99 % pure hydrogen. Chemical
3bsorption of H2 can be achieved using amine contractor followed by methanation
©eliminate CO and CO2 impurities.

. . en
Fig. 3.2 : Steam methane reforming production of hydro9®> —

3.9
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Advantages of steam metha ner(r:for
me of the major advantages.a_ :

i) gfoven technology and high eff|0|ency (&_3;; :i/:))

ii) Economically favorable (H2 price ~ $ 0.75/Kg

iii) Ideal for centralized production

iv) CH4 pipelines already in place

b) Disadvantages steam methane refo
These limitations are,

i) CO2 by-product _ . |
ii) Limited long-term methane supply and Subject to CH4 feed pricefluctuations

2) Partial oxidation and auto-thermal reforming of methane :_
Partial oxidation and auto thermal reforming of methane are similar to SMR.

a) Partial oxidation of methane :
In partial oxidation process, the methane is directly oxidized in a one-step reactio
The syngas-mixture of CO and H2 is produced via following the reaction:
CH4+':02 ——(CO+2H: AH =-36 KJ/mol
The total oxidation and formation of coke during the reaction is prevented by high
reaction temperature and controlled oxygen feed. The catalyst is not required, but
has the potential to enhance hydrogen yield and lower the required temperature. A
variety of catalysts are under investigation, including Rd, Pt, and Ni based catalysts.
althqggh research has indicated that Rd based catalysts have an advantage i
requiring a higher activation energy for over- oxidation of hydrogen. The partid
oxidation pr ocess requires careful control and design reactors to make possible hea
e ey s o e hrmal vy r sl 90
- AN oxygen plant is usually installed on site to suppY

pure oxygen feed. Nitro - ! _
afiet Hiocase: 9€n oxides may also be produced which require clean- ¥

b) Auto thermal reforming of methane -
In auto therm ' ' i
are combined?a'n':f:x;mg process, thg partial oxidation and the reforming e
NE IS react with a mixtyre of steam and oxygen catalyticall

It is differs from the steam me
only. thane process of in which methane is react with Steam

a)

e

rming method:

e . R A W e




Hydrogen E
i : ner
= part of Fhe heat from the exoth'ermlc Partial oxidation reactio —————-—____?f_
Si neat required fo_r the endothermic reforming reaction betWee: 'S Supplied to
th s some portion ofthe feed methane is burneqg within the rEact;nrethane and
vessel |ess

ired. Soot formation in the auto thermal proc :
€SS Is under investigati
gation.

ot is requ : s
e ing the operating conditions and mapping soot formation Mmay provide th
ide the
reformers. Development

formation necessary for commerc.ial use of auto thermal
snd testing of soot_—tolera_l:t :.atalysts IS also underway.

. A dvantages pal’tlall oxidation process: Some of the major advantages are

) ltisa proveptechno ogy -

i tis economically reason'abl.e (H2 price ~ $ 1.39/kg)

iil May be scale down- for distributed production of hyd rogen

i The methane pipelines already in place

¢ Disadvantages partial oxidation process: Some of the major disadvantages are,

) The CO2is by-product

i Limited long-term methane supply

ii Subject to methane feed pricefluctuations

v) The efficiency is lower than SMR process (70-80 %)

\) Catalysts are still under development for CH4

Y) Coal Gasification :
The figure 3.3 shows the flow diagram of coal gasification process. Similar to the
sieam methane reforming, the coal gasification method of production of hydrogen
involves three steps. First, the treatment of coal feedstock with high temperature
sleam to produce synthesis gas. Second is the catalytic shift conversion and third is
e purification of hydrogen.
::eep I Trgatment of coal feedstock with high temperature

coal is chemically broken down by high temperature

r - -
fe:z:ure steam to produce raw synthesis gas, as descri
Ion:

ManipUlat

(1330 °C) and high-
bed by the following

The Coal (carbon source) + Hx0 ——# Ha+CO+ mputies d addition of
oxvge:? 3 required for this gasification step comes from °°"§'§ﬂik a
Step ; : heh allows partial oxidation of small amount of coal feedstock.
ngas :Stalwlc shift conversion | .
ses through shift reactor converting a portion

CO+H,0 — CO:+H:

of the CO to CO2.

The oler

Syn ; .
Wherg ; 93s entering reactor is pretreated by pass

.+ IS Saturat ' ift reactor is
| rnperatUre( ed with water. The shift opalt molyD

Pnich ~450 °C), and contains a sulfur tolerant
r ' ' elow
2T oxide catalysts are also be used at pressures b

3.11

h a quench €@

high

i operates at @
adiabatts gate shift catalyst.
50 bars if H2S

ng throud
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removal is carried out before the shift reaction. The shifted syngas Containg
mixed with primarily CO2 and some residual CO. CH4, O2,N2 and Hyg
exist as impurities depending on the composition of the feed ¢og| The
cooled and enters a lower temperature shift reactor, after which it is Cooled

244
80 o
May 5
Mixture
again,

Slurry Gas

Storage

tani

Aur heater

e
L

L 0C0

Fig. 3.3 : Flow diagram of coal gasification process

Step llI: Purification of the hydrogen product

Physical absorption removes 99 % of HoS impurities. The majority of H2 in i€
shifted syngas (85%) is then removed as 99.999% pure H2 in.a pressure swind
adsorption unit (PSA). In the case of CO2 sequestration, a secondary absorption
tower removes CO2 from the remaining shifted syngas. This waste gas is bum to
produce electricity. A major field of application of coal gasification iS iﬁ_"‘e
manufacture of ammonia for fertilizer Production. For this purpose in variov®

developing countries such plants are based on hard coal and process must widely
use Koppers-Totzek process.

a) Advantages coal gasification
i) Itis a proventechnology.

ii) Itis ideal for large-scale hydrogen production
- iii) The efficiency of coal gasification ref .

. i orming is 63 ¢
iv) Coal gasification is economical methog (0.992 $!:l3(g;o.

v) Abundance of coal resources in the world /
3.12

Process: Some major advantages are,




o

ml gasification process:
) Disad‘:najor disadvantages are,
-product.

me
002 is by-ProC
uction of hydrogen depends on coal feed price fluctuations.

) T d
i of pro
3005t , - :
i 25 hydrogen rich than SMR hence low efficiency in hydrogen production

il

Hydrogen Energy

pirect electrolysis of water :
The orocess Of SP'_itti_ng waler into H2 and O2 by means of electric current is known
s e|ectr0|y5i5- This is the srmp!est method of H2 production. The figure 3.4 shows
i electrolysis cell of electrolysis process. It .consists of two electrodes of metal or
carbon immersed in ?n aqueogs ConduF;tlng solution called electrolyte (KOH
solution). A source of direct electric current is connected to the electrodes so that an
sectric current flows through the electrolyte from positive electrode (or anode) to
negative electrode (or cathode) As a result water in the electrolyte solution
decomposed into hydrogen gas which is released at cathode and oxygen gas at
anode. Although only water split, an electrolyte is required because the water itself

s avery poor conductor of electricity.
Under alkaline conditions, this process may be described by the reactions,

Cathode: 2H-O +2¢¢ ——» H>+20H
Anode: 20H — 50 +HO+2¢

Net Effect: HQO — H+'20;

—— Cathode

Hydrogen

0) ~_. | o . / (H,)

Water
{H)OJ

Exchange membrane

\ Fig. 3.4 : Electrolysis of Water i ————

3.13
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The net effect is to produce H2 and O2 by supplying only water and electricity 3
theoretical voltage for this decomposition of water at atmospherjc Préssure anq 77 i
1.23 V. At this voltage, reaction rates are very slow. In pl’?d‘ICE, higher Voltages 4
applied to increase the reaction rates. However, this results in increased hegt losseg
the surroundings, decreasing energy efficiency. The necessary Vgltage may be lowe
by introducing catalysts or sophisticated electrode surfaces that increase surface are
Increasing temperature and pressure may also increase the efficiency at the ¢oq
additional material costs to resist corrosion or higher pressures.

3.3.3 Direct thermal decomposition of water :

In sulfur-iodine cycle, the heat necessary to drive three coupled thermo-chem |
reactions is provided from nuclear or solar heat. The coupled reaction system takes yi
water as input. With a series of reactions involving sulfur and iodine, H? and 02 are

produced. The process flow-sheet for three coupled thermo-chemical reactions in suffur
lodine cycle is shown in figure 3.5.

W

B50'C H,50, Hi 450°C

Decomposition Decompaosition

N e

T s, b T -
L | L

e E Y -& | :

/ '| P

_ H,S0, |

i Concentration | |

\ |

— 2 J

Fig. 3.5 : Sulphur-lodine thermo-chemical cycle

tIn firstdreaction (called Bunsen reaction), excess of molten 12 reacts with SO2 and H20
0 produce a two phase product wi - ; d by
Gravity ith a heavier H| and lighter H2S04 separaté

2 H:O T SO) + I‘,

o —>  HSOs+2H] _ (< 120°C)
The second reaction is the Catalytic decomposition of sulfuric acid
H-SO,

2 > H0+505+ 1, 0, (>800°C)

The third reaction is decompositi
‘ on of HI which i i ; . distillation:
The overall N, Is achie dist
effect is to p'roduce H2 and 07 with the ad‘;?? usw}g rc:,-lactl::er and heat to
€INg any harmfy| emi on o omy W

Ssions or by-products. _/

3.14
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the cycle, without produ




r

! /-;;t Effect: HEO —_— H'\ 4 12 0

| ;um—Bromine cycle is under research and development.
e calc o5 0f sulphur iodine cycle process:

pdqaﬂof the major advantages are,
e

gome =" . e

) Em'zs';:nzznt on fossil sources

) Not :tages sulphur iodine cycle process:
pisa:\:; the major disadvantages are,

| fon;igh capital cost N

) Highly corrosive conditions

y Safety ONOSIN=

§) Process require high temperature

5 Low efficiency (42 %)

5 H2 selling price ~ 2.01 $/kg

Hydrogen Energy

133 Biological and biochemical methods of hydrogen production :

A Biological Method :
n this method the ability of plants especially algae to split water during the

photosynthesis process is utilized. An artificial system is devised which produce
hydrogen and oxygen from water in sunlight using isolated photosynthetic
membrane and other catalyst. Since this process essentially a decomposition of
water using photons in presence of biological catalysts, the reaction is called
photolysis of water. There is three distinct functional components couple together in

the system shown in figure 3.6.

Sunlight
H:0 . e

Photosynthetic | & Mo H* Activator

Membrane =D ‘

. yoenase or Pt

Chioroplast - Ferredoxin Hydrogeuase O P

: i uction
Photosy:'tg- 3.6 : Principle of photo-biolog|ca| hydrogenb?;:: et ight t0
Fenerat hetic membrane: The photosynthetic mem

Q electrons and protons. /
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1)

i)
i)

iii) Not dependent on fossil sources
2) Disadvantages of biophotolysis method:

i)
i)

iii) High capital cost of bio-reactor
iv) H2 selling price ~ 5.52%/kg
B) Biochemical Method :

Electron mediator: An electron mediator is reducible by photc>-symhetic‘a

enerated electrons.
I%roton activator: A proton activator accepts electrons from the reduceg cleqt
f

mediator and catalyzes the reaction:
JH* +2¢6¢ —» H>
t (a small bodies containing the chlorophyll in green Dlan

brane to split oxygen and hydrogen, ferredoxin as electrg
n enzyme) ofr finely dispersed platinum as a Profg

A system with chloroplas
as a photosynthetic mem
mediator and hydrogenase (a
activator, has been successfully tested.
Advantages of biophotolysis method:
Some of the major advantages are,

Renewable
CO2 by-product used as a carbon source by bacteria

Some of the major disadvantages are
Very low efficiency (24 %)
Capacity limited by depth of light

Biomass can be used to produce hydrogen in two ways, first is the direct gasification
Pf]?cess and second is by pyrolysis to produce liquid bio-oil from reforming. Bioma
refers to crops or other agricultural products and other plant species. It may @

include municipal solid waste or ,
sewage, a ich i to produ
steam for the process. g fraction of which is burned to P

Direct biomass gasification process

Biomass
L/‘
Grasitier
:_1 ]__\'illuu'.ulu_m gaves, hydrogen. Lad High temperamre steam
el — SIS o
COy, 1y and watey vapour) N——
Sl I'tacton o
Purification i

7 Pure Hydrogen

Fig. 3.7 : Schematic o
: ati i ;
f direct biomass gasification process of hg,rdrf?gen
Production
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\ Wsiﬁcat_ion process‘of production of hydrogen is a three step
" ~1he dire First the biomass is treated with high temperature steam in an oxygen-
procesi-r ir-plown gasifier to produce an impure syngas mixture composed of
plown on GASES hydrogen, CO, CO2, tar and water vapor, carbon residue and
nydr‘:: left behind 1N the gasifier. Secondly, a portion of the char is gasified by
h oxygen, steam, and hydrogen, while another portion is combusted to

ion Wlt ) .
react! t Finally the third step is followed by the shift reaction and purification.

rovide hea ; o .
Advantages direct biomass gasification process:
1) '

i Renewable .
i mdependent of fossil fuels

"I} c02 by-product considered environmentally neutral
1}

) pisadvantages direct biom'ass gasification pro_ces-s:

) Variation in price due to varying hydroggn content in biomass

j) Limited by rate at which biomass is available

ii) Difficulties i transportation of biomass

iv) Low efficiency (40-50 %)

) H2 selling price ~ 1.21-2.42 $/kg

¢) Liquid Bio-oil Pyrolysis Process:
In liquid bio il pyrolysis process, first the biomass is thermally decomposed at 450-
550 °C to get liquid bio-oil. It is an endothermic process. The bio-oil produced is a
liquid composed of oxygenated organics and water. The bio-oil then is steam
reformed using a nickel-based catalyst at 750-850 °C, followed by a shift reaction to

convert CO to CO2. The reactions are:

Biomass + Energy — Bio-oil + Char + Gas Impurities (pyrolysis)
Bio-oil + HHO —— CO+H. (refornung)

CO +H,O —— CO>+H> (shift reaction)

The yield of the process is limited, with a maximum of only 8.6 g H2/100 g bio-oil.

The
Process can be represented by the overall reaction:
CH;6007 +1.26 B0 —— €02 +2.21H:

1) Ady
\ anta L ]
) Re“ewat?lzs liquid bio-oil pyrolysis process:

) In
dependent of fossilfuels

) Liguig 1
Wid bio-oil is more easily transportable than bulk fo
Production, ¥ Haliey

\ P
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2) Disadvantages liquid bio-oil pyrolysis process: |
i) Variation in price and yield due to varying hydrogen content in biomasg
ii) Limited by rate at which biomass is available

iii) Low efficiency (56 %)

iv) H2 selling price ~ 1.26-2.19%/kg

3.4 Hydrogen Storage :

In energy system there is need to store energy somewhere between the Productig
point and utilization point. The need of energy storage due to inevitable Mismatg)
between the production rate of energy and fluctuations in energy demand for energy b
the users. Hydrogen can be stored in different ways depending on various fields g
applications. There are five principle methods that have been considered for hydroges
storage. These methods are,
1) Compressed gas storage
2) Liquid storage
3) Line pack system
4) Underground storage
5) Storage in metal hydrides
1) Compressed gas storage:
On a small scale or moderate scale, H2 is frequently stored under high pressure in
strong steel cylinders. This method of storage is expensive and bulky because very
large quantities of steel are required. This method of H2 storage is used in industries
where requirement is small. But, when H2 as a fuel is to be used this storag
method is not suitable.
2) Liquid storage:
This is also called cryogenic H2 storage. A more practical approach is store H2 2
a liquid at a low temperature. Liquid H2 boils at -253 °C. Thus it must be stored.al
this or b_elow thig temperature. Hence this type of H2 storage requires large facilitié .
for H2 hquefactpn and storage tanks. Sometimes H2 stored in vacuum, insulat |e:
o oot pion lquid gas is maintained in the liquid state at consider®”
Y using super insulation.
3) Line pack system:
The use of line pack storage in the naty
capacity storage system but with a ve
minute by minute or hour by hour
distribution system running on H,
but the capacity is reduced by a fac

24

ively sma|

ral gas industri rovides relat
g es p e Care

ry fast response time that can tak® |
variations in demand. A transmiss'onl 935
has similar potential compared with natur?
tor of 3 due to reduced heating value e

— — S = e a— X7 F FTT S
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| siorage
gy und

’ cheapest way to Store‘ large amount of HZ IS underground storage. The
Thgergrouﬂd storage of H2 mcluc!es depleted oil and gas reservoir and aquifers.
o H2 gas can escape easily tf_"OUQh POrous materials, some geological
sin tions which are suitable for storing the natural gas may not be suitable for
fofm the hydroge” gas.
g e in metal hydrides:
) St‘:ﬁgber of metals and alloys form solid compounds, called metal hydrides, by
z\irect reaction with hydrogen gas. Wh_en the hydride is heated, the hydrogen is
released and original me'lcal or an alloy is recovered for the further use. Thus metal
nydrides provide a possible means for H2 storage. An important property of the
metal hydrides is that the pressure of the H2 gas released by heating a particular
hydride depends mainly on temperature and the gas pressure almost remains
constant until the H2 content is completely exhausted.
During the charging up with hydrogen heat is always produced at the same time and
in order to withdraw the hydrogen from the hydride it is always necessary to add heat.
Several studies have been made to find a metal hydride that should satisfy the
requirement of hydrogen storage. These requirements include the following.
2) The metal or alloy should be inexpensive

b) Metal hydride should store large amount of hydrogen per unit volume and per unit

mass. '

¢) The hydride should form without difficulty by reaction of the metal with hydrogen gas
and §hould remain stable at roomtemperature.

d) Hydride should release at a significant pressure from it at a moderate temperature.
There are three promising hydrides which are generally used to store hydrogen.

These hydrides are Lanthanum-Nickel (LaNig), Iron-Titanium (FeTi) and
Magnesium-Nicke (Mg2Ni).

‘5 Utiization of Hydrogen :
: esidentia| uses:
h) Electricity for |

. ghting and operating domestic appliances
Omestlc Coo

ad king
) gL SPace heaters

a fuel i :
b) As 5 el 'NStead of coal or coal derived gases to reduce oxide ores
Y Ro Chemica| reducingagent
ehicles:

Us . : : trucks and
arm °of ™2 in internal combustion (IC) engines for automobiles, buses. petroleum
Chineries has attracted interest as a means of conserving

3.19
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M. Sc. (Sem.- IV) (Pap ospheric pollution. The advantages Claimeg

products and of reducing atm
hydrogen fuel engines aré

' i iCi % - 65 %).
a) High combustion efficiency (40 _ |
b) Amount of CO2 and hydrocarbons In the exhaust will be smg Hﬂwe\,

emission of nitrogen oxide will be high dye to high combustion temperatyre )
injecting water into the cylinder the emission level can be reduced.

4) Air craft applications: ‘ o |

The main advantage of use of hydrogen in air craft is its overall '_OW h\{EIght of fuel 5
storage tank than for ordinary fuel jet. Bgcause of lower weight |t.|s possible (ol .
archive shorter take off run, stepper climbing paths and smaller engine thrys (less W -

noise production).
5) Electric power generation using fuel cells

3.5.1 Fuel cell - Principle, Construction and Applications :

A fuel cell is an electrochemical energy conversion device that continuously converts .-
chemical energy of a fuel directly into electrical energy. Continuous operation requir
supply of fuel and oxidant and removal of water vapor, spent fuel, spent oxidant, inet
residue and heat, etc. It is known as a cell because of some similarities with a primary
cell. Like a conventional primary cell it also has two electrodes and an electrolyte
between them and produces dc power. It is also a static power conversion device.
However, active materials are generally supplied from outside unlike conventional cel
where it is contained inside the cell. Fuel is supplied at the negative electrode, alsd
known as fuel electrode or anode and oxidant is supplied at positive electrode, als0
known as oxidant electrode or cathode. Main exhaust of a fuel cell if pure hydrogen &
used as fuel (and pure oxygen as oxidant), is water vapor, which is not a pollutant "
case of hydrocarbon fuel, carbon dioxide is also produced. If air is used as oxidant

( | cell ma
typically about 0.7 V (on rated loaq) .

increase the voltage. The
by connecting severg| c
constructed by series-

be aroung 50%. The average cell volta

Current depan: Several cells may be connected IN Selasev
0 incr

> O the electrode area and can be i e

alle|. ) : can
Parallel connectior o ;hUS. Modules of different siz€s

\quirednumber of cells. -~
3.20
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U
N -
| __=ation of Fuel Cells:
(jass’ can be classified in several ways.

Fuel ceg: the type of electrolyte:
ssed O acid Fuel Cell (P AFC)

i B
i ) P:;fl,ine Fuel Cell (AFC)
A e Electrolytic Membrane Fuel Cell (PEMFC) or Solid Polymer Fuel el
pFC) or Proton Exchange Membrane Fuel Cell (PEMFC) 9
: LS Volten Carbonate Fuel Cell (MCFC)

; gased O the types of the fuel an;:l oixidant:
iq H ydrogen (Pure)-Oxy_gen (Ipure) uel cell
) Hydrogen rich gas-air fuel cell .
3) Hyd,azjne-qugenlhydrogen peroxide fuel cell
" Ammonia—airfugl cell
5) synthesis gas-air fugl cell
. §) Hydrocarbon (gas)-air fuel cell
7) Hydrocarbon (liquid)-air fuel cell
gased on operating temperature:
1) Low temperature fuel cell (below 150°C)
2) Medium temperature fuel cell (150-250°C)
3) High temperature fuel cell (250-800°C)
4) Very high temperature fuel cell (800-1100 °C)
Based on application:
1) Fuel cell for space applications
2) Fuel cell for vehicle propulsion
3) Fuel cell for submarines
4) Fuel cell for defense applications
5) Fuel cell for commercial applications
Based on the chemical nature of electrolyte:
;; ::::;10 electrolyte type
3 N ne electrolyte type
Neutral electrolyte type
Solid Oxide Fuel C :
et _ ell (SOFC) : trolvte. For
ain solid oxides (ceramics) at high temperature can be used as electrolyte. ;
*Xample, zirconium oxide containin Il amount of other oxide to stabilize the
8 g a sma L duct O- -
“Vstal structure has been used as an electrolyte. The material is able to con o
ons at high : i de of porous nickel and positive
elegt gh temperature. The negative electrode is made P rature is in the
raNgrQde employs metal oxide, e.g. indium oxide. The operaing tfmf is not required.
° o1 800-1000° C. Due to high temperature operation, catay® ode H2 and CO

&s : tr
wuld utilize same fuels as used in MCFC. At the fuel elec
3:21
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react with O- - ions present in the electrolyte to produce H20 and ¢
electrons released (per ion) flow through external path to constitute loa
MCFC, the heat of discharge can be utilized as process heat or for a
generation using steam plant. The output voltage at full load is aboyt 063v A tuh
construction of SOFC is shown in figure 3.8.

The reactions at the electrodes are:

Advantages of Fuel Cell :

1)
2)
3)
4)

5)

6)

7)
8)
9)

10) No charging is required.

or. 24
2_ The
d Currgny
dditiong b

Interconnection

Electrolyte «
Electrode , X

Air
Flow

_ _—FuelElectrode

Figure 3.8 Solid Oxide Fuel Cell (SOFC)

Atpositive electrode: Hy+ 0" ——  Hx0+2¢
CO+O0" —> (CO+2¢
Atnegative electiode: Oy +4¢ —» 20

The overall reaction is: Ha + CO + Oy ———» H>O + CO»

It is quiet in operation as it is a static device.

It is lesspollutant.

Its conversion efficiency is more due to direct single stage energyconversion.
Fuel cell plant can be installed near point of use, thus transmission and distribution
losses are avoided. i
No cooling water is needed as required in condenser of a conventional steam P&"

o
The heat generated can be easily removed and discharged to the atmospher®
used locally.

, the
‘Because of modular nature, any voltage current level can be realized and

capacity can be added later on as the demand grows
Fuel cell plants are COmpact and require less space |
Availability of choice from large number of possiblefﬁels
Can be used efficiently at part load from 50-100%. and |
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" _—osiications of Fuel Cell :

can be effectively used for load leveling. When the generation

d, excess generated 'energy can used to convert ang store —
electfo‘ysis' During pegk load time, when demand exceeds generatio
pydrogen can.be used in fuel cellis to meet ad;iitionaldemand‘

" central station power plant using fuel cell is also possible using gasified coal as

hydrogen by

! pe deman
n, the stored

fuel. .
The efficiency of such a plant would be higher due direct energy conversion as

compared to conventional thermal plant. Thus, coal will be used more efficiently with
«educed emissions.

3) Fuel cells are also §u¢ed for dispefsec!‘ generation. By locating the fuel cells near

" |oad center, transmission and distribution cost would avoided/ reduced, although
there would be some cost for transportation thehydrogen.

g To meet the demand of isolated sites such as construction sites, military camps and
small vilage community or hamlet, fuel cells are more suited than diesel generator

set.
5) For remote and unreachable locations fuel cell can be used unattended for a long

period.

6) Emergency/auxiliary supply to critical loads such as hospitals, etc. can be better met
using fuel cells as compared to diesel generator set.

7) Fuel cells can also be used as a mobile power source in vehicles, submarines,
spacecrafts, etc. Hydrogen-oxygen, alkali fuel cell has been used successfully to
provide electric power in Apollo and shuttle spacecrafts in USA.

8) Fuel cells are also proposed as a power source for propulsion of electric vehicles.

9) Fuel cells can be used to power portable electronic devices (€. 9. mobile phones
and other low power appliances, especially those used in military) as substitute for
primary or rechargeable batteries. Instead of waiting for several hours for
recharging, small cartridge of methanol can be replaced in the same way as an ink

cartridge in a computer printer.

dedededekdokk

*kkk ****x xxxxx
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4.
5.
6
7
8

9
1

Review Questions

Give the importance of hydrogen as a fuel. What are the sources from, Which
ic

can produce hydrogen?
Explain Steam methane reforming process of hydrogen production.

Write note on direct electrolysis of water.
Explain in detail the biological method of hydrogen production.

Which are the various methods of hydrogen storage?
How we can utilize hydrogen for various purposes?
What is Fuel cell? Give the classification of fuel cells.
Write short note on Solid oxide fuel cell.

. What are the advantages of the fuel cell?

0. Write potential applications of the fuel cell.

Reference Books:

1) G.D. Rai, Solar Energy Utilization, Khanna Publishers, 1995
2) T.Ohta, Solar Hydrogen Energy Systems, Pergamon Press, 1979
3) D.A. Maths, Hydrogen Technology for Energy, Noyes Data Corp., 1976
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