2. MMARERB L IRZONE

2—1 FES5EPFRRERSE (BILLS5 AFEE)
Wi\ 2% 8h

Fs5EKFE=RALF— v AT LKL, HESS Ar5 BELETELLT, ERAE=F1
F-BEAALTLOHMICL Y, BAMS534F 11 7 24 RBIERSMELT 20+ — A0 Chfks
Nz, FHOHFTRAFREROSNEO0HK, KERERAED 7 fORRRZFTHH, HERLH
WO ETFEREEBABZETH > fce FROBTEIMBE_MPRIZED [KKEESI LLAD0]
BT DR RN S - 1ok, SBRARMMEED o FOMRRKR I TobN. MR Bk ©
AOEFECIED, SRELGBAEMY Y vEU T ALWADIBREETH -7, 4

BFER LU~ 7Y » VERICIZKERBZEL S FOoRENRTON, ZOR, o, =
VALKROS L L UAEC B, BROWE L B0 2 FR RS h, BEREED, KE
[ EREES RO RRE RV RS SN ic. —H TiO2 ¥ EAEERIC X 5 RFEROBIIZBIL,
ZOREEMEZ =V 7 Fei i Fy ¢ VATEEBMLULCERE RGBS S, TORBEPEEIC
&S BREZT 7z,

HETHRIHNEBR RO LI BARRIEDFE L SN, =3 F—HBEIRKkEEL 2 ET
BETHHI, REPIRIIEDBALLEFIR Thabb, LFH 28R 33851053290
HZ SATTRbRTNE SRV, RREZRT OB, EOX 5 RIREHEICEI W T &#
RY B I MEBORMETH B, BIET REZ LT LI VI REMHFEITVTHE NI T E
THY, ERTFUOKERZOIREFIZBEREL TV INEITH D,

SEARFIMDTBRORERRIIIHH 720, ZOVTHERTIRDOBZOTH -7 HIZ, #
REBZE ZADRY - FeTi MR OKFZRFERHEOXBETFO ST 2RENEBES IV
Tro HBEADRHOE, &BAFCHOBREEHEDT — 2 IAARTH D, ZOREHEMEIT S
REP2UD oTco 58, WAZOMBIEERINDI THS 95, WHTTTIL, #4B, =7
VyH—, B30 ¥R BESBARCHORBLEORERDY, BOEEIEGBEKFE Y
DFFCEREZL TNDH T L R#MERL T,



tf-

Bl 5 AFE R &
ESAARRIFAF—VRATLHARRERET 0 7 4

B & BEfS53FE11824R8 @) 9:30~17:10
A& B BRiER &8 BF2ls—-1)

B o BB
(B8 9:30) A = X HBH K B
aEHLED HESS &4 & & ® F #
B &k @ + B K

. REBYYY ARBAOIBILFERARKERE - ervreeas

B chEBEA, EASE, GlESE— b REIE

Sy r L RE RERT P AL LD BMEEAIKRELLE oo
B - TERSES, A, (S, MIREE

Mg- 1 8L¥ Y1 7 VBT DMg0 & 12 DRIGE XU LB GHE e
IR - DREAE, AR, BH KA

: Mglﬁm%%4aw kﬁéavmmimﬁﬂ?%&r ------------------

RIA - Eﬂk ﬁﬁ*ﬁ,ﬁﬁ%& TTHEANE, MRk, IR

K B 10 7

B kOB O KT

BILBEI X5 2 vibKE, KE, a2 vERESKELSOKEDOGHEE e
BEA CH4LER, SREM, KHEE nes

Zkﬁi@ gﬁ%ﬁﬂ@:g@j—é%% ................................. Eﬁﬁ . 1}}]’?: ﬂz?‘éﬁﬁ

KB HE RN FEBEIC LD KGRREB (V) e
BAK - RIR—Z, W 4., BBEX BHREED

(154)

(154)

(154)

(154)

(154)
(15%)

(15%4)



F & o B

(H£13:20)

= kR & B R E

Piiig

¥ o5 B OE [RXREESIEOABM] ARTERET K HER

10.

11 EEFBBEC L 5Mg2Ni Hahko BEHBE R -ooooeeeeeees _
BTR THER CAEES M, k%N
1k M 10 o
B RO B v
12 SEAFEDE FIR LI BRI (1) oo e
FTR, TESACER W, NI, Em
13, 2B~ FSAFavyT vy — @ﬁﬁﬂm ------------------
AABRR=vU=7) 7, T¥Ek, BTRMESE B6 Bk, FEE A
N —
14. SEARIMOBEEIEI DNT -oeeeeenee e y
AAZE=vo=7Y vy, THEA:OMKES BIKRE, AR
15. @BARBR AW TEHFIIC DT -oerererenmeeane Tekik - ERE AT
16. SBAFIMICHK D A= F 4 F— ORI (1) orerererrereens
BEX - KEES, ok Gk ® afk B BR F
BA & O ¥ BB ]

B & &£ H %
FeTi OB R - orerrrmreenneereenns - ST - x AR, KB

KEEBEMBLLTOFZ v~ 230 F BB QITDUVT rerererremmnnns
KIRA - KAKE HK 8 NEHE, PHRIER

F R e RF T AGEEDIKELL e
TR -NHE—, BN § mmEm

(604)

(15%)

(15%)

(15%)

(1o4)

(15%)

(104

(104)

(15%)

(104)

(CHWXBHESE)



2-2 EHAHERE &
(L B22l1EEAH|R &

(a)

INDIA:
Past

INDIA:

Today

HYDROGEN ENERGY PLANS IN INDJIA

Prof. Dr. MVC Sastri, FNA
Indian Institute of Technology
Madras - 600 036 (India)

A vast country - ancient civilization and hoary

past, - rich in cultural tradition and literature.
Centuries ago India was one of the richest countries of

the world with a high degree of technical skill. A vari-
ety of manufactured goods - mainly textiles - were exported
to Europe in Indian ships in exchange for gold which flowed
into the country.

Indeed, the material prosperity of India and its natural
resources attracted the attention of many foreign invaders
and explorers: Persians, Mongols, Greeks, Romans, Dutch,
Danes, French, Portugese, British - all coveted the riches
of India. Even the British explorer, Columbus, set out to
discover India, but went in the opposite direction and
"discovered" America - which, incidentally, was already
(previously) discovered by Indians. Soon, India fell vic-
tim to several foreign invasions and became a subject na-
tion, and that greatly retarded the economic development

of our country. It was only in 1947, at the end of the
last World War - II that India became a fully independent
country and got a national government which is dedicated to
the task of building up the country once again to its past

glory.

India today is known as a vast countfy with a huge popula-

tion (over 600 millions). Most of the people are very



poor — with a miserable standard of living.

In the language of economics, we would say that our country has

a very low productivity and rate of growth -~ inadequate to support
our big population.

The two vital requirements to sustain the economic growth of coun-

try are:

1) materials resources

2) energy resources

With a close interlocking of the two.

We are fairly well off in regard to materials resources, but the
development of our energy resources has lagged behind. The re-
lation ship between energy and economic development is shown in
Fig. 1, which shows the USA way-up on top, Germany and UK at about
half the US level, Japan further down and India right at the
bottom - almost at the origin. While we may not agree that the
true "quality of life" (as distinct from the materialistic concept
of "standard of living'") is related to the position on the graph,
there can be no doubt that the present situation of India - both
as represented on this graph and otherwise -~ is intolerable and
cells for an immediate, rapid and dramatic improvement. It is the
aim of our Government to raise the average per capita standard of
living to about one-half that of Europe in the first stage. It is
recognised that an intensive development of our energy resources
is the most vital requirement to attain this standard. We have
relied unduly long on the muscle power of humans and animals,
causing great hardship to both, but failing to make any impression
on the overall economics. Fortunately, the importance and urgency
of energy development is fully appreciated by our Government, which

intends to increase the quantum of energy production by a factor



of 10 over the next 15 - 20 years. It is important to bear this
in mind when we consider substitution of the depleting fuel re~
sources that are currently being used. That is, we have to con-
sider not the existing level of energy requirement, but what will
be required after another 20 years when, it is anticipated, world

0il resources will become scarce and expensive.

ENERGY RESOURCES

The main energy resources of India at present used are oil and gas,

hydro-electric power, coal and nuclear fission.

OIL: The present level of oil consumption in India is about 25
million tonnes (crude) per year - mostly for road, rail and air
transportation, but also used for production of hydrogen for
ammonia synthesis, in our growing petrochemical industry and to a
minor (negligible) extent for industrial and domestic heating and
lighting uses. About half or slightly more of our o0il requirement
is imported, mainly from the Middle East. New oil and gas re-
sources are no doubt being found in India, both on-shore and off-
shore (eg. the "Bombay High" in the Arabian Sea about 100 km from
the seaport of Bombay), but at the same time old oil wells are

drying up.

It is estimated that our oil requirement will ramp up to about 40
million tonnes over the next twenty years. Of this, indigenous

production is expected to about 15 million tonnes, leaving about
25 million tonnes to be covered by import. This in short will be
the Indian situation at the end of the present century when oil

will become a scarce commodity, too precious to be burnt as fuel
and has to be conserved as raw material for the organic chemical

industry.



Though the need for replacing oil by other fuels (eg coal) has
been recognized and widely recommended, it has not been possible
to do this because of practical difficulties. In fact, our rail-
road transportation continues to convert from coal-fired locomo-
tives to diesel locomotives. This emphasizes the need for deve-
loping a suitable fluid fuel to substitute for petroleum fuels.
Substitution of 0il by coal as source of hydrogen in our ferti-

lizers plants has also not been successful.

HYDROELECTRIC, COAL AND NUCLEAR RESOURCES

The situation with regard to our hydroelectric, coal and nuclear
power resources is shown in Table 1. Apart from these, other

new unconventional energy sources, such as solar power, wind
power, geothermal power etc. are in various stages of experimental

development.

Apparantely, we have harnessed only 16% of our hydro-electricl
potential. Though this will no doubt be developed further, it
will not be sufficient to meet more than a fraction of our future
energy demands. Moreover, the development of hydroelectric power
is beéet with geographical, logistic and, sometimes, political
difficulties. It is highly capital-intensive and takes usually
9 to 11 years from the start of operations to reach the power-

generation stage.

COAL: This is our major fuel resource. Details are given in

Fig. 2.

Current production of 90 M tonnes per year is used mainly for
metallurgical and industrial uses and for electrical power

generation.
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The India Govt. intends to step up the production of coal substan-
tially -~ about 10 times present output - in the course of the next
10 years or so and use it mainly for generating electricity in
super thermal power stations with generating capacity of more

than 1000 MWe each. But more than half of our good coal deposits
are concentrated in the north eastern states of Bihar and Bengal
and this will create serious problems of logistics. To meet the
energy requirements of other parts of the country far removed

from the coal deposits (India is a vast country) either we have
to transport coal over long distances or, if the power is genera-
ted at the coal-fields, we have to transmit electricity over long
distances. The first alternative will imply heavy capital invest-
ment on transportation; the second alternative will imply equally
heavy investment in electrical transmission lines and the

tional equipment required for ultra high voltage transmission.
Indeed, altogether new net-work will be required. Moreover, pro-
viding sufficient water supply at coal-field sites will be a
serious problem. So, if we increase our coal production 10 times
(which many experts believe is an almost impossible task), we shoul
should be prepared to expand our transportation capacity, power
generation and distribution plants also by the same factor.

The other major problem with coal (unfortunately not sufficiently
recognized in India) is: How long can we rely on coal resources?
Coal enthusiasts in India believe that it will last for several
centuries more. But more careful studies, reported in literature
indicate the maximum production of coal will be reached during the

period 2050-2070 AD, ie less than 100 years from now.

NUCLEAR POWER

Taking into consideration, all the factors relating to our future

energy requirements - the demands, the resources and the logistics
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- many experts in India believe that the ultimate solution will be
a massive development of nuclear energy making use of our indi-

genous resources, mainly of thorium.

ROLE AND SCOPE OF HYDROGEN IN THE FUTURE ENERGY SCENARIO OF INDIA

I have spoken at length about India's energy problems and resour-—
ces in general and about the plans for future expansion so as to
give a proper background for reviewing the relevance of hydrogen

in the future energy scenario of our country.

The present plans are for a massive expansion of electrical power -
generation. But it is an established fact that electricity can

at best meet only 25% of our energy needs. In order words, more
than 75% of our energy consumption will be non-electrical. Even
with maximum electrification, we shall still need fluid-fuel

energy carriers to meet 75% of our energy uses. Hydrogen can serve
excellently as the fluid fuel of the future to supplement electri-
city. It has been shown to be a more economical energy carrier

for transmission of energy over long distances.

Hydrogen is also recommended for use in electrical power generating
stations as a means of storage of electrical power during low-locad

periods to be used subsequently to meet peak-load requirements.

Recognizing the potentialities of hydrogen both as a substitute
for the depleting petroleum resources and also as a "running mate"
to electricity, the Government of India Department of Science and
Technology set up in July 1976 a special Task Force for Hydrogen

Energy with objectives as set forth below.

(1) Assembling and servicing of information on developments in
all aspects of hydrogen energy and dissemination of this

information through periodical quarterly reports.

12



(ii) Conduct or arrange for systems analysis in specific areas
of production, storage and utilization of hydrogen which
will include energy input-output analysis for various
methods of production and utilization of hydrogen as a
fuel. Possible cost analysis, i.e., the overall energy
economics of hydrogen as compared to other conventional
fuels should be formulated in the context of Indian condi-

tions.

(iii) VFeasibility studies; identification of specific research
areas requiring urgent intensive Research Development and
Demonstration efforts. Identifying implementing instituti-
ons and the evaluation of research projects relating to

hydrogen as an energy carrier.
- (iv) Arrangements of seminars and workshops.

(v) Developing technical competency in this fieldas early as
possible so that it would place us in a favourable position

for the exchange of technical know-how.

The first task of the Task Force was to prepare a Status Report on
Hydrogen Energy and to conduct a Workshop - Seminar to identify ¢
the areas for undertaking R&D research in India and their priori-
ties. The Workshop-Seminar was held at the Dept. of Science and
Technology, New Delhi, in July 1977. It was attended by over 30
invited specialists from different areas of technology. They were
divided into small working groups to deal with the different
aspects of the subject. We had two full days of discussion on the

following aspects of hydrogen energy development:

13



I.

Production of Hydrogen:

A. Currently established large-scale technologies,
petroleum reforming methods:
1. Coal based methods
2. Electrolytic methods

B. New, novel methods
Photoelectrolysis of water

Biophotosynthetic methods.

II. Storage and handling of Hydrogen

1. Metal hydrides
2. Liquefaction of hydrogen

3. Transmission of hydrogen

IIT.Utilization Hydrogen

1. As thermal fuel
2. As Power fuel in IC engines
Ground transportation (Automobiles)
Air transportation
3. Electricity generation
a) Directly with Fuel cells
b) Coupled with IC engines

excluding

4. Use of hydrogen in electrical power generation and

distribution systems. ("Peak-shaving')

IV. Techno-Economic Planning & Management Aspects

V.

1. National Energy Model.
2. Systems-Technology Studies.

Alternative Fluid Fuels

Methanol

14



1)

2)

Methane

Biogas.

PRODUCTION OF HYDROGEN

Coal-based methods

With air-gasification, hydrogen mixed with nitrogen is produced

- very suitable for ammonia, but not so good for use as fuel.

For pure hydrogen production from coal one must use oxygen
(instead of air) for coal gasification or the steam-iron pro-
cess, now under pilot plant development at the Institute of

Gas Technology, Chicago, USA.

In India, some experimental studies on these new technologies
have been proposed by the Central Fuel Research Institute of

the CSIR. The project has not yet been developed.

Electrolytic methods

Development of high efficiency alkaline water—electroly-sers
(Allis-Chalmers filter-press type) has been undertaken by the
Bhabha Atomic Research Centre (BARC, for short) at Bombay.
They use porous nickel bipolar electrodes and asbestos mat
separators. BARC has developed the technology for producing

these on a commercial scale.

This work has been highly successful and a voltage efficiency
of better than 75% has already been achieved. They have just

completed a 60 cell module experimental plant capable of

“yielding 1000 Nm3 of pure Hy per hour at 20 atmospheres pres-—

sure. This will be used for experimental engineering studies
to obtain data for scaling-up. The BARC has planned to de-
velop a 100 cell plant with 1 m. dia electrodes with a de-

sign capacity of 28000 Nm3 of pure hydrogen per hour at 20
15



sign capacity of 28000 Nm3 of pure hydrogen per hour at 20

atm. pressure.

No work has yet been planned for the development of solid
polymer electrolyte cells or high-temperature ceramic electro=-
lyte cells, although there is considerable interest in both

these.

Photoelectrochemical methods using sunlight: Work closely follow-

ing the technique developed by Dr. Fujishima and Prof. Honda is
currently in progress under my direction at the Indian Institute
of Technology, Madras, with financial support provided by the
Dept. of Science and Technology. We have been able to reproduce
the results reported by Fujishima and Honda with TiOp and SrTiO3,

with almost the same efficiency.

However, we are confronted with the problems of low conversion ef-
ficiency with high band-gap electrodes and poor stability with

low band-gap materials.

We are now thinking of changing to a 2-step process, using the
PEC cell to generate photovoltaic power and using the latter

for electrolysis in a separate cell. This approach has also been
recommended by Prof. Gerischer of Berlin. This aspect will be

examined further during my present visit in this country.

Photo~biosynthetic methods are considered very important and an

elaborate R&D proposal has been submitted to the DST by Prof. V.S.
Ramadas, Head of the Department of Botany at the 5.V. University,
Tirupati, S. India. The work proposed will be based mainly on

the use of Anabaena Azollae as the substrate. Our Government re-—

cognizes the difficulties and uncertainties of this work, but

still is keen on promoting it, because of its far-reaching

16



potentialities.

II. STORAGE OF HYDROGEN
The known methods of storage of hydrogen are:

1. As gas in pipelines and underground natural cavities,
2., As liquid hydrogen,
3. As solid metal hydrides.

Gas storage was not discussed at the Workshop meet as it is
applicable only to static situations and the engineering problems
connected with it can be considered as and when the situation
arises. No special R&D effort in India is considered necessary

at the present stage.

Liquid hydrogen is recommended mainly by USA for use in aircraft.

It will require extensive plant facilities for the liquefaction of
the gas and for handling and servicing the liquid. For the USA,
this is no problem because they already have the machinery and the
technical experience of production and handling of liquid hydrogen
on a very large scale in connection with their spare-research
programs. Although the case is quite strongly in favour of liquid
hydrogen as the most suitable alternative fuel for aircraft, a
final decision is yet to be made between liquid hydrogen and liquid
methane even in the United States. So, in India, the recommenda-
tion is that we should limit our efforts for the present to small
scale laboratory work, as part of cryogenic research, for which

it is proposed that we should import the necessary equipment.

Metal hydride storage is considered to be of far more urgent im-

portance. A project for the indigenous development of the metal

alloys suitable for this purpose has been undertaken by me at the

17



IIT Madras with the financial support of the Dept. of Science &
Technology. We are at present giving attention to the two already
established metal alloys, viz. Fe-Ti-Mn and Mg-Ni. We have hardly
started experimental work in this area. For the preparation of the
metal alloys and their physical characterization, it is proposed
to make use of the technical expertise and facilities available

at the Bhabha Atomic Research Centre in Bombay.

III. UTILIZATION OF HYDROGEN

The chemical uses of hydrogen are well know. As fuel, we consid-
ered its use for power generation through gas—turbines, IC engines
(spark-ignited and compression ignited reciprocating piston types),
fuel cells and MHD generators. Work on the use of hydrogen in SIIC
engines is already going on, on a limited scale, in the Department
of Mechanical Engineering of the Indian Institutes of Technology

at Delhi and Madras. It is proposed to step-up this work. At
present, rather more attention is being given to the use of bio-

gas to run IC engines for farm use in rural areas.

The importance of hydrogen for gas—-turbine propulsion is re-
cognized and work on this will be undertaken later at the Gas-~

Turbine Research Institute (GTRI) at Bangalore.

Work on Fuel Cells has been going on for some years already at the
Central Electrochemical Research Institute (CECRI) at Karaikudi,

S. India. It is felt that this work should be greatly intensified.
The immediate interest is mainly in developing a reversible
water-electrolysis cell, which in the reverse mode can function

as a Fuel Cell. This will be very useful for solar energy storége

and is urgently needed in the country.

18



The use of hydrogen as a heating fuel both for industrial pro-
cess heating and domestic uses was recognized, but not dis-
cussed at the Workshop Conference as it was not considered ur-
gent at the present time. The use of hydrogen for industrial
process heating will need only minor modification of the burners
(mainly replacement of the jets) and the Institute of Gas Tech-
nology at Chicago, USA, has already done extensive work in this
area. In the case of domestic uses, catalytic hot plates, on
which the combustion of hydrogen takes place through catalytic
action of finely dispersed platinum, are very attractive. This
is an excellent new area for research in heterogeneous catalysis.
There is some interest in India in the use of Hy for direct re-

duction of iron ores.

IV. TECHNO-ECONOMIC ASPECTS:

The change-over of the fuel system from oil and natural gas to
hydrogen on a nation~wide large scale will imply massive capital
investment for the production, distribution and utilization ma-
chinery for hydrogen. The economic aspects of this transfor-
matioh are therefore very important in order to bring about a
well-planned phased introduction of hydrogen in the energy sec-
tor. No country in the world can afford a sudden total change-
over to the new fuel system. For the less developed countries

this problem is even more serious.

The problems relating to hydrogen have to be considered in the
totality of the demand and utilization of hydrogen - both its
present large-scale use in chemical industry and its projected
future use as energy carrier. This point requires emphasis
because 80 - 85% of the industrial hydrogen is produced from
petroleum resources and within another 20 years we have to de-

velop alternative technologies for hydrogen production. TIf the
19



additional demand for hydrogen as a fuel is superimposed on the
demand for it as an industrial chemical, it becomes a gigantic t
echnological problem which will require careful economic
planning in advance.

In the USA this has been investigated through a NASA-supported
Systems-Technology Study carried out at the Jet Propulsion
Laboratory of the California Institute of Technology. I think
similar studies must be undertaken in every country. For India,
we have undertaken at the Indian Institute of Technology, Madras,
under my overall charge, a Hydrogen, K Energy Systems-Technology

Study with the following principal objectives:

1. to determine the future demand for hydrogen, based on
current trends and anticipated new applications, and

2. to identify the critical research and technology advancements
required to meet this need, considering the raw-materials

limitations, economic constraints and environmental factors.

In this project, which has just been sanctioned by the Dept of
Science and Technology, we propose to do a sector-wise analysis
of our future energy demands and the manner in which hydrogen
can be introduced to substitute for petroleum fuel without undue
strain on our economy. In carrying out this project, I will be
assisted by another Professor (Prof. S. Ramani), who is very
competent and experienced in modern techniques of systems ana-

lysis.

CONCLUSION:

I have so far given a brief review of the India Government's
plans for preparatory Research and Development work for the in-
troduction of hydrogen into our energy system, more as a sub-
stitute for petroleum fuels and as a supplement to electricity,

on natural scale. Ours is a vast country with limited
20



financial sources on which there are several other pressures,
like education, public health, employment, social welfare and so

on.

In addition to hydrogen, other alternative substitutes for petro-
leum fuels are also under consideration. These are methanol,
methane (or substitute natural gas) and biogas. The first two
can be produced synthetically from coal. Their production and
utility as power fuel is being examined in several research pro-
jects at the IIT Madras and Delhi and at the Indian Institute of
Petroleum, Dehra Dun. Methanol has the advantage of being a
liquid fuel which is easily transportable. But its production

from coal involves expensive high pressure technology.

There is considerable interest in the use of biogas which can
be very economically produced by treatment of sewage and cattle
dung with specific micro-organisms. Production of methane gas
by anaerobic fermentation of rapidly growing vegetation (such as
hyaeynths, which grow very rapidly in watery and marshy areas)
is also being actively considered. The use of animal dung gas
(called gobar gas) for domestic heating and running water pumps
is being popularised is our villages. Our progress in this
direction has attracted the attention of even more advanced

countries.

In conclusion, the situation in India with regard to the energy
problem is that, we are in need of a rapid and massive development
of energy resources and we are conscious of the limitations with
regard to fossil resources.

Several of our scientific and technical collaboration agreements
with other countries include possibilities for joint research
programs for the development of alternative unconventional energy

sources and energy carriers. We have a fairly big program for the
21



harnessing of solar energy and in that context hydrogen is likely
to play an important role as a means of storage and transmission.
I am glad to say that these topics are also included in the S

& T Colloboration Agreement between India and Japan and hope

that this will be relised in the immediate future. Energy

is global problem which calls for urgent global attention.
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POTENTIAL RESOURCES

HYDROELECTRIC

41,000 MWe (1)
Average = 25,000 MWe (2)

(= 221 x 107 kwh/yr.
607 capacity)

Maximum =

ENERGY SOURCES (INDIA)

COAL

81 x
Proved = 21 x

(about 80% is
with ash > 20%)

Total estimated

NUCLEAR

109 T Uranium reserves =

52,000 T (4)
109 T Thorium reserves = 320,000 T (4)

From U (thermal
nat

9 7.2 x 1012 kvh

Indicated ~ 30 x 10" T reactors with =
Inferred ~ 30 x 109 T plutonium recycle)
Fast breeder = 208 x 1012 kwh
12
Total Energy 160 x 10 Thorium (Fast
otential kwhe 12
P Breeder) = 1280 x 10" kwh
ALREADY EXPLOITED 16% of total available Current production = 90 x 106T/
= 387%.of total installed yE-
Used for electricity
Capacity of power generation . 6
generation =30 x 10°T/ c 9
= 38% of total electricity yr. Current production = 4.2 x 10
produced. Electricity = 58% total lorh/yx
from coal (Pre- electricity
sent) generated
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UNUSUAL APPLICATIONS OF HYDROGEN

by

T. Nejat Veziroglu
Clean Energy Research Institute, University of Miami
Coral Gables, Florida 33124, U.S.A.

1. INTRODUCTION

Hydrogen, which is to play the role of an energy carrier in
the proposed hydrogen energy system, is a unique synthetic
fuel with unusual properties and characteristics not shared
by other fuels. It is the lightest and cleanest fuel. It is
environmentally most compatible. It has very favorable com-
bustion characteristics. It can be converted to other forms
of energy, such as thermal, mechanical and electrical, with
higher efficiencies than other fuels. It can be stored in
three forms: in gaseous form, in liquid form, and also in
chemical combinations with some metals or elements in solid
form. The third (solid) form of storing hydrogen is the re-
sult of an unusual property of hydrogen which enables it to
form chemical compounds (called hydrides) with some metals,
elements and their alloys at not-too-high pressures and tem-
peratures with ease. In such hydriding substances, hydrogen
can be packed with higher atomic densities than is possible
with the liquified hydrogen. Hydrogen stored in hydrides can
be extracted either by supplying heat and/or by reducing pres-
sures. By making use of the aforementioned hydrogen-hydriding
substance reactions, scientists and engineers are finding many
unusual applications - from waste heat storage to electricity
generation, from cooling to pumping, and from hydrogen puri-
fication to isotope separation. As a result, recently there
has been an increase in the number of research papers dealing
with hydrogen-hydriding substance reactions and their applica-
tions. In the 2nd World Hydrogen Energy Conference, held on
21-24 August 1978 in Zurich, Switzerland, some 27 (about one-
sixth) papers [1-27] were devoted to the various aspects of
this subject. The present paper is intended to give a summary
of the unusual hydrogen applications which make use of hydri-
ding reactions and are covered in these papers.
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2. HYDRIDING REACTIONS

When a hydride is formed by the chemical combination of hydro-
gen with a metal, an element or an alloy, heat is generated. In
other words, the charging or absorption process is exothermic.
Conversely, the discharging or desorption process is endo-
thermic, i.e., heat must be supplied to a hydride in order to
liberate hydrogen from it. These processes can be represented
by the following chemical relationships:

Charging or Absorption:

M + Xhz -+ I{hzx 4+ Heat ................ (l)

Discharging or Desorption:

Mh2X + Heat -~ M + xhz ................. (2)

where M represents the hydriding substance, a metal, an ele-

ment, or an alloy. The rate of these reactions increase with
increase in the surface area. Therefore, in general, the hy-
driding substances are used in powdered form to speed up the

reactions.

In general, elements or metals with unfilled shells or sub-
shells are suitable hydriding substances. Such elements
(metals) are given in Tables I and II., Metal and hydrogen
atoms form chemical compounds by sharing their electrons in
the unfilled subshells of the metal atom and the K shells of
the hydrogen atoms. Figure 1 shows the atomic model of such
a chemical compound, viz., titanium hydride.

Ideally, for a given temperature, the charging or absorption
process and the discharging or desorption process takes place
at the same constant pressure, as shown in Figure 2 [20].
However, actually, there is a hysterisis effect and the pres-
sure is not absolutely constant, as shown in Figure 3 [20].
For a given temperature, charging pressures are higher than
the discharging pressures. The heat generated during the
charging process and the heat needed for discharging are func-
tions of the hydriding substance, the hydrogen pressure and
the temperature at which the heat is extracted or supplied.
Using different metals and by forming different alloys, dif-
ferent hydriding characteristics can be obtained. In other
words, it is possible to make or to find hydriding substances
which are more suitable for a given application. Using the
elements given in Tables I and II, almost an unlimited number
of alloys with quite different characteristics, as well as
costs, can be obtained.
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3. APPLICATIONS

The unusual hydrogen applications (which make use of the hy-
driding reactions) described in the papers presented at the
2nd World Hydrogen Energy Conference can be divided into
eight, viz., hydrogen storage, waste heat storage, electricity
storage, heating and cooling, electricity generation, pumping
or pressurizing, hydrogen purification, and deuterium separa-
tion. They wi%l be described herebelow.

3.1. Hydrogen Storage: Hydriding substances can be used for
storing hydrogen. During the storage (absorption) process,
heat is released which must be removed in order to achieve

the continuity of the hydrogen storing, and during the dis-
charging (desorption) process, heat must be added. Table III
[20] shows a comparison of the various methods of storing hy-
drogen. As can be seen, for storing 90 grams of hydrogen,

the total weight of a Fe-Ti hydriding container is 6.5 kilo-
grams while a pressure container for storing pressurized hy-
drogen gas is 17 kilograms and a cryostat for storing liquid
hydrogen is 4 kilograms. When the container volumes are com-
pared, the hydride container is the one occupying the smallest
volume with one liter, whereas the pressure container occupies
a ten times larger volume. Hydriding offers a good method of
hydrogen storing especially for stationary applications and
also for land vehicles. Table IV [20] gives a comparison of
some hydriding substances with liquid hydrogen, gaseous hydro-
gen and N-octane. As can be seen from the Table, all of the
hydriding substances shown there can store the hydrogen atoms
more densely than it is possible with liquid hydrogen. Ano-
ther advantage of storing hydrogen in hydriding substances is
the safety aspect. A seriocus damage (such as the one which
could be caused by a collusion) to a hydride tank would al-
most result in no fire hazard while the same is not true for

a pressurized hydrogen gas tank - or a gasoline tank.

3.2. Waste Heat Storage: Any heat, such as waste heat, solar
heat and geothermal heat, can be stored as potential hydrogen
hydriding energy by supplying the heat to a hydride as shown

in the following relationship:

Waste Heat + Hydride - Hydriding Substance + Hydrogen..(3)
Whenever heat is needed, hydrogen released can be supplied
back to the hydride, releasing the hydriding reaction heat
stored in the hydrogen, viz.,

Hvdrogen + Hydriding Substance + Hydride + Heat........ (4)

If the hydrogen is supplied to the hydriding substance at
the same pressure as it was released, then the heat released
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will be at the same temperature (or slightly lower because

of the hysterisis effect) as that of the waste heat. However,
by increasing the pressure of the hydrogen supplied, the tem-
perature of the heat released can be increased; and by reduc-
ing the hydrogen pressure, the temperature of the heat re-
leased can be reduced (see Figs. 2 and 3). In other words,
hydriding substances and hydrogen can be used as heat pumps.

Figure 4 [5] shows some possible applications of heat genera-
ted in hydriding. In this case, the heat generated in supply-
ing the home hydride storage tank and the car hydride storage
tank is used for space heating and water heating.

3.3. Electricity Storage: Hydriding substances can be used
for electricity storage in two ways. In one of the methods,
direct current is used to electrolyze the water, and the hy-
drogen produced is stored in a hydriding substance. When
electricity is needed, the hydrogen is released from the hy~
driding substance by adding heat and used in a fuel cell to
produce direct current electricity. In the second method,
cathode electrode is covered with a hydriding substance (e.g.,
titanium nickel alloy) by sintering the powdered material.
During the electrolysis of water, the hydrogen produced on
the cathode surface is absorbed by the hydriding substance
covering the cathode. Then, when the electricity is needed,
the electrolyzer itself works as a fuel cell producing direct
current. Table V compares these two methods of electricity
storage. As can be seen from the Table, the second method
gives a better overall efficiency of 70%, while the possible
efficiency with the first method is about 40 to 50%. These
methods could be used for the storage of the off-peak electri-
city, and then could resupply the electricity during the high
power demand periods.

3.4, Heating or Cooling: Hydrogen, together with hydriding
substances, can be used for heating or air conditioning build-
ings. Figures 5 and € [11] show how one of the proposed sys-
tems works. The system consists of four hydride tanks, a
solar collector, and a number of heat exchangers for the air
in the building and for the outside atmosphere. Tank 1 is
connected to Tank 3 with a hydrogen pipe in order to allow
the movement of hydrogen from one tank to the other. Simi-
larly, hydride Tanks 2 and 4 are connected with a hydrogen
pipe. Heat exchangers (including solar collector) and the
hydride tanks are connected by water-carrying pipe circuits
or loops, through a series of switches or valves, so that a
hydride tank in a given water circuit (loop) can be replaced
by another hydride tank. Tanks 1 and 2 contain calcium
nickel 5 (CaNis) hydriding substances while Tanks 3 and &
contain lanthanum nickel 5 (LaNis) hydriding substances.
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When the system works as a heater, the connections for Cycle
1 are as shown in Figure 5. The solar heat is carried to
Tank 1 by means of water at about 212°F and drives the hydro-
gen off the calcium nickel 5 hydride (CalNiglly) in Tank 1 to
the alloy lanthanum nickel 5 in the Tank 3. 1In Tank 3, lan-
thanum nickel 5 hydride (LaNigHg) and heat at 104°F are pro-
duced. The water circuit carries this heat to the building
heat exchangers and heats the air in the building. At the
same time, the water in the last loop (R.H.S. loop) absorbs
heat at 46°F from the ambient atmosphere and carries it to
Tank 4. This heat drives off the hydrogen out of the lan-
thanum nickel 5 hydride in Tank 4 to the calcium nickel 5 al-
loy in Tank 2. 1In Tank 2, calcium nickel 5 hydride and heat
at 104°F are produced. The water loop of Tank 2 then carries
the heat to the heat exchangers to heat the building. The
whole operation of moving hydrogen from Tanks 1 and 4 to
Tanks 3 and 2 takes about 2 minutes. At the end of this per-
iod, the hydride tanks are switched from one loop to the
other (Cycle 2) as shown in Figure 6. Now, the solar heat
and the ambient heat are used to drive off the hydrogen in
Tanks 2 and 3 to Tanks 4 and 1. Then, the heat produced dur-
ing the absorption processes in Tanks 1 and 4 are carried by
means of circulating waters to the heat exchangers for heat-
ing the building. After this, the cycles are repeated.

When the system works as an air conditioner, the building
heat exchangers are placed in the 46°F water loop, while the
outside heat exchangers are placed in the 104°F water loops.
During Cycle 1, the water in the 46°F loop removes the heat
from the air in the building, and through desorption and ab-
sorption processes, the heat is moved to the ambient atmos-
phere via the 104°F water loops. Two minutes later, during
the second cycle, the solar heat and the building heat moves
the hydrogen off the Tanks 2 and 3 to Tanks 4 and 1, and con-
tinue to remove the heat from the building to the outside at-
mosphere.

3.5. Electricity Generation: If passed through a turbine or
expansion engine, hydrogen moving from one hydride tank to
the other could produce mechanical and electrical power.
Figure 7 [ll] shows one of the schemes proposed for electric
power generation. The system is somewhat similar to the one
proposed for heating and cooling. However, it consists of
only three tanks containing the same kind of hydriding sub-
stances (in this case, lanthanum nickel 5 alloys). During
the first cycle, hydrogen driven off from the desorption
tank (Tank 1) by means of the solar heat (or heat from any
other source) passes through the expansion turbine producing
electricity, and then at a lower pressure is absorbed by the
lanthanum nickel 5 alloy in Tank 8 producing heat at 104°F.
In this case, the heat is produced at a lower temperature
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(and not at the temperature 212°F of the desorption process)
since hydrogen is at a lower pressure after passing through
the turbine. The heat produced in the absorption tank (Tank
2) is rejected to the environment through the water cooling
system. The water cooling system also helps to cool down the
cooling tank (Tank 3) from 212°F to 104°F, as it was the de-
sorption tanks in the previous cycle. 1In the second cycle,
through a system of switches, the tanks are displaced one step
to the right in the diagram, i.e., the cooling tank becomes
the absorption tank, the absorption tank becomes the desorp-
tion tank, and the desorption tank becomes the cooling tank.
Then, the cycle is repeated. Using this method, a low quality
heat could be converted to electricity.

3.6. Pumping or Pressurizing: The relation between the hydro-
gen pressure and the hydride temperature, in absorption or de-
sorption processes, is given by the following equation:

p = exp(é% ) I (4)

where AH is the hydriding reaction enthalpy, R the gas con-
stant, and S a constant depending on the hydriding substance.
If the hysterisis effect is neglected, the above equation
would hold for both the absorption and desorption processes.
Using this equation, it can be shown that the pressure ratio
for hydrogen corresponding to high and low hydride tempera-
tures becomes:

YHL AH ,1 1
*P'I':a = exp{-R- (TH TC)} ................ (5)

where Pyi is the hydrogen pressure corresponding to the hy-
dride temperature Ty, and Prp is the hydrogen pressure corres-
ponding to the hydride temperature Tg. Using this equation
and the appropriate parameters, it can be shown that in one
step, hydrogen pressures can be increased by many folds, even
by a hundred or more times. Table VI shows the inlet and exit
pressures in a hydride pumping device corresponding to pres-
sure ratios of 25, 50 and 100. Such pressure ratios can easi-
ly be obtained by the judicious selection of the known hydri-
ding substances. If more than one step is employed in pres-
surizing or pumping, the pressures can be increased by several
thousand times.

Figure 8 [20] shows a hydride pump. It consists of a tank filled
with a hydriding substance, a filter, two check valves, and

heat exchangers for cooling and heating the hydriding sub-
stance. First, the low pressure hydrogen enters the tank

through Check Valve 1 and the filter, and as the hydride is
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formed, the heat at temperature T is produced. This heat is
removed through the cooling heat exchanger. Then, through the
high temperature heat exchanger, heat at temperature Ty 1s
supplied to the hydride. The pressure of the hydrogen leaving
the hydride is now much higher, and therefore Check Valve 1
closes. As the pressure of hydrogen rises slightly above Tui,
Check Valve 2 opens and the hydrogen moves up into the high
pressure system. Such a pump would cause the pumping to be
intermittent. If an intermittent operation is not desirable,
two or more of these pumps could be connected in parallel in
order to obtain a continuous flow. Hydrogen/hydride pumps
would have the advantages of having no moving parts and using
only heat (such as waste heat or solar) as the energy needed
for pumping.

3.7. Hydrogen Purification: In many applications, such as the
hydrogeneration of the vegetable oils and some laboratory ex-
periments, high purity hydrogen is needed. One property of
the hydriding substances is that they absorb hydrogen but not
the other elements or molecules which may be present as im-
purities. Using this property of the hydriding substances,
it is possible to purify hydrogen simply and inexpensively.
Figure 9 shows a hydrogen purifying system which uses hydri-
ding substances. It consists of a hydride tank with cooling
and heating systems, a tank for the storage of high impurity
hydrogen and three valves. First, hydrogen containing im-
purities (such as the hydrogen produced from fossil fuels
which may contain hydrocarbons, carbon monoxide, carbon di-
oxide, etc., in small amounts) enters the hydride tank through
Valve 1 (Valves 2 and 3 being closed) and only the hydrogen
forms a hydride with the hydriding substance while the impur-
ities remain in gaseous form mixed with some hydrogen depend-
ing on the equilibrium conditions. The heat produced in hy-
driding is removed by the cooling system. Next, Valve 1 is
closed and Valve 2 is opened in order to allow the impurities
including some hydrogen, to enter the high impurity hydrogen
tank. After this, Valve 2 is closed, Va%ve 3 is opened, and
heat is applied to the hydride in the tank for releasing the
hydrogen from the hydride. Purer hydrogen comes out of the
Valve 3. Using such a system, a very high purity hydrogen
can be obtained in one step. Increasing the purification
steps increases the purity of the hydrogen processed.

3.8. Deuterium Separation: The property of hydrides used for
purifying hydrogen, can also be used for deuterium separation.
As such, it would be possible to obtain inexpensively high
purity deuterium and heavy water which are used in nuclear
industry. Figure 10 [5] shows one of the systems proposed for
deuterium separation. First, the hydrogen-deuterium mixture,
having a molecular ratio of hydrogen to deuterium 7000:1 as
that obtained by electrolysis, with a pressure of 220 bars
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enters the large tank having a volume of 100 liters. Then
‘the valve between the container and the 1ar%e hydride tank
(containing 200 kilograms of titanium nickel alloy) is opened.
The alloy absorbs most of the hydrogen and the pressure of

the mixture in the container falls down to 2 bars. At this
point, in the remaining gas mixture, the hydrogen to deuteri-
um molecular ratio is 35:1. This mixture is then compressed
into a smaller volume increasing the pressure back to 220
bars. After this, the valve between the container and the
smaller hydride tank (the tank containing 1.5 kilograms of
titanium nickel alloy) is opened, and most of the hydrogen is
absorbed by the titanium nickel alloy. The hydrogen to deu-
terium molecular ratio in the remaining gas mixture is now
1:7. By increasing the number of steps used, the amount of
deuterium in the hydrogen-deuterium mixture can further be
increased. Table VII shows molecular concentration of deu-
terium obtainable using a titanium nickel separation system,
as a function of the separation steps. As can be seen from
the Table, purity obtainable after only two steps is 85.77%,
after the third step 99.9%, and after the fourth step 99.999%.
Deuterium obtained in this manner could be burned with oxygen
to produce heavy water which could then be used in Candu type
nuclear reactors, while the pure hydrogen obtained could be
used in margarine production and in other applications requir-
ing pure hydrogen or as a fuel.

4., CONCLUSION

It has only been less than a decade since the hydrogen/metal
hydride reactions. caught the attention of the scientists.
Since then, scientists and engineers have been looking into
possibilities of putting into use the unusual properties of
the hydriding reactions. Some of these applications, ranging
from energy storage to energy conversion, from heat pumps to
hydrogen pumps, and from hydrogen purifying to deuterium sep-
aration, have been described above. As researchers develop
new hydriding substances with more desirable properties, the
efficiencies of the above described applications will be in-
creased, their costs will be brought down, and other ingenious
ways of making use of hydriding reactions will no doubt be
found. We are seeing the opening up of a new field of appli-
cations of hydrogen as an energy carrier. Such applications
will enhance the utility of the proposed hydrogen energy
system.
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TABLE I

ELEMENTS (METALS) SUITABLE FOR HYDRIDES

AND THEIR ELECTRON DISTRIBUTIONS AT GROUND STATE
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TABLE I1

ELEMENTS (RARE EARTH) SUITABLE FOR HYDRIDES

AND THEIR ELECTRON DISTRIBUTIONS AT GROUND STATE

K r M N o P
Shell n=1 n=2 n=3 n=4 n=5 =6

s s ) s ) d s P q 4 s p d 4 g s
Subshell | 1.0 | 120 1=1 | 120 1=1 1s2 | 1m0 1=1 1=2 1=3 | 1=0 1=1 1e2 1=3 1=4 | 1s0
Maximum 2
s | 2 2 6 2 6 10 | 2 6 0 14| 2 6 10 14 18 | 2
55 Cs 2 2 8 2 6 10 | 2 6 10 - 2 6 - - - 1
56 Ba 2 2 6 2 6 10 | 2 6 10 - .| 2 6 - - - 2
57 La 2 2 5 2 6 10 | 2 8 10 - 2 8 1 - - 2
58 Ce 2 2 6 2 6 10 | 2 6 10 1 2 8 1 - - 2
59 Pr 2 2 6 2 6 10 | 2 6 10 2 2 6 1 - - 2
80 Nd 2 2 6 2 6 10 2 <] 10 3 2 € 1 - - 2
61 11 2 2 6 2 6 10 2 € 10 4 2 (-] 1 - - 2
62 Sm 2 2 6 2 6 10| 2 6 10 5 2 8 1 - - 2
63 Eu 2 2 5 2 ¢ 10| 2 6 1 & 2 6 1 - - 2
64 Gd 2 2 6 2 6 10 | 2 6 10 7 2 8 1 - - 2
65 Tb 2 2 6 2 6 10 | 2 6 10 8 2 6 1 - - 2
66 Dy 2 2 6 2 6 10 | 2 8 10 9 2 6 1 - - 2
&7 Ho 2 2 6 2 6 10 | 2 6 10 10| 2 6 1 - - 2
68 Er 2 2 6 2 6 10 | 2 6 10 11| 2 6 1 - - 2
69 Tm 2 2 8 2 6 10 | 2 6 10 12 | 2 6 1 - - 2
70 Yb 2 2 8 2 6 10 | 2 6 10 13! 2 8 1 - - 2
71 Lu 2 2 6 2 8 10 | 2 6 2 1@ | 2 8 1 - - 2

TABLE III

COMPARISON OF SEVERAL HYDROGEN STORAGE SYSTEMS

Storage Volume
1 Nm? = 90g Pressure Fe-Ti- Cryostat
Hydrogen container container (liquid)

Volume (1) 10 1.0 1.3
Total mass (kg) 17 6.5 4.0
Working
pressure (bar) 0-100 5-30 1.0
Safety - + -
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TABLE IV
COMPARISON OF HYDROGEN STORAGE MEDIA

H Energy Density

Hydrogen Storage Heat of Combustion¥*
Content Capacity (higher)

Medium Wt % g/ml of Vol cal/g  cal/ml of vol

k]
MgH, * 7.0 0.101 2373 3423
MgzNi.H4 3.16 0.081 1071 2745
VHZ. Z2.07 701
FeTlHl. 95 1.75 0.096 593 3245
T1Fe. 7Mn. ZHI. 9 1.72 0.09 583 3050
LaN15H7. 0 1.37 0.089 464 3051
R. E. N15H6, 5 1.35 0.09 458 3050
Liquid H, 100 0.07 33900 2373

s
Gaseous H, 100 01007 33900 244
(100 atin pressure) .
N-Octane 11400 8020

*Starting alloy 94% Mg-6%Ni
**Refers to H only in metal hydrides

TABLE V
TWO METHODS OF ELECTRICITY STORAGE

Storage Method Partial Efficiency Overall Efficiency

1) electricity - electrolysis |

+ H, + hydride + 70-80%

Hy - fuel cell 40-50%

+ electricity 60-70%
2) electricity + electrode-hydride 85%

70%
electrode-hydride + electricity 85% b
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TABLE VI

PRESSURE RATIO VERSUS INLET AND EXIT PRESSURES

Pressure Ratio Inlet Pressure Exit Pressure
25 1 Atm 25 Atm (370 p.s.i.)
2 Atm 50 Atm (740 p.s.i.)
5 Atm 125 Atm (1800 p.s.i.)
10 Atm 250 Atm (3700 p.s.i.)
50 1 Atm 50 Atm (740 p.s.i.)
2 Atm 100 Atm (1470 p.s.i.)
5 Atm 250 Atm (3700 p.s.i.)
10 Atm 500 Atm (7350 p.s.i.)
100 1 Atm 100 Atm (1470 p.s.i.)
2 Atm 200 Atm (2940 p.s.i.)
5 Atm 500 Atm (7350 p.s.i.)
10 Atm 1000 Atm (14700 p.s.i.)
TABLE VII
DEUTERIUM ENRICHMENT
Compression
-Absorption Hy Dy D,/H, Dy
Step Mols Mols Ratio %
0 10% 1.45 1/7000 0.014%
1 5x 10 1.45 1/35 2.8%
2 2.5 x 101 1.45 6/1 85.7%
3 1.25 x 10-3 1.45 1160/1 99.9%
4 6.25 x 1076 1.45 232000/1 99.999%
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