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Chapter 1 Introduction
to Photovoltaics

1.1 What is Photovoltaics?

Photovoltaics (abbreviated PV) is the most direct way to convert solar radiation into
electricity and is based on the photovoltaic effect, which was first observed by Becquerel in
18399, 1t is quite generally defined as the emergence of an electric voltage between two
electrodes attached to a solid or liquid system upon shining light onto this sys-
tem. Practically all photovoltaic devices incorporate a PN junction in a semiconductor across
which the photovoltage is developed (see Chap. 2). These devices are also known as solar
cells. Light absorption occurs in a semiconductor material. The semiconductor material has
to be able to absorb a large part of the solar spectrum. Dependent on the absorption proper-
ties of the material, the light is absorbed in a region more or less close to the sur-
face. When light quanta are absorbed, electron hole pairs are generated, and if their recom-
bination is prevented they can reach the junction where they are separated by an electric
field. Even for a weakly absorbing semiconductor like silicon, most carriers are generated

near the surface. This leads to the typical solar cell structure of Fig. 1. 1.

Front contact

Anti-reflection layer
Emitter

Base

Back surface field
Back contact

Fig. 1.1 Typical solar cell structure

The pn junction that separates the emitter and base layer is very close to the surface in
order to have a high collection probability for the photogenerated charge carriers®. The thin
emitter layer above the junction has a relatively high resistance which requires a well de-
signed contact grid, also shown in the figure.

For practical use solar cells are packaged into modules containing either a number of
crystalline Si cells connected in series or a layer of thin-film material which is also internally
series connected. The module serves two purposes: It protects the solar cells from the am-

bient and it delivers a higher voltage than a single cell, which develops only a voltage of
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less than 1 Volt. The conversion efficiencies of today’s production cells are in the range of
16% to 18%, but module efficiencies are somewhat lower. The best laboratory efficiency
of crystalline silicon achieved so far is 24. 7%, which approaches the theoretical limit of

this type of solar cell®,
Q’,’ New Words and Expressions

1. Photovoltaic a. JEAERITHY, HRW, B—TE KRR BVEBHEA .

2. solar radiation KPH¥EST, F& KM 6 F 8 2 6 & 5 H BB AR TR .

3. photovoltaic effect HRBR, HEHBEAYGELRFEBERARESEEETHA
FIFAZR=EBEMAZHNIASE, EEBHETF O HA BT, KEEERAVEERN
o, RERBENSE, YA P8EENRKSTE S G [ B .

4. Henri Becquerel DI#I/R, IKEWHEER, M1 1839 FRIE WM &4 6
BIARRFRALZ E = AEBALE, XMARERGEHRA SCERITB”, FFR “SeRBN”.

5. photovoltaic device YG{RERE, HREs4 .

6. PN junction PN %%, #5kAARMB R T, & P B G N B2k S H4E
fEF—REEH b, FEENHZFEE R 2 B 8 EXFRA PN 4.

7. semiconductor n. ¥ 5, HEBTSHEMEEN T FHE (conductor) H444EK
(insulator) ZEE# kL, HS@EHREHM “SH%” (conduction band) FEHH B FHER
ER, HHEFMNM “HF” (valence band) KRGREEMBLERZE “S4” 8F, BHFHITLEW
EEEBHTFE, —BEFEMBOERAN 1~3eV, Bl FESKEIESHY
KRB -

8. photovoltage n. JeH[E .

9. solar cell XFHHLM, &—Fhal LA 0% WK FH BB IF 18 5% b o BB #9 2K S 4K
1.

10. light absorption YW, HEER K TFRWREN LT AN, KAEMAKE
FREMNMTEH W, N8B -2, BRI .

11. solar spectrum KFHGHE, A KEXEESENELZ R LIE, FTEERE
AT AEE Sy (0.4~0.76pm), PWRKKFRIIMHLLIIE (0. 76pm) FI/NFA[ B KM %
SRR (<<0.4pm) MIERATELL .

12. absorption property Mt ¥gE .

13. light quanta >tRF, BRUBENIERFLOECWEEZS), FH#FEABMERANH
A F A O YR .

14. electron hole pairs B F-5 75, ERERK—MNETF, BRE—-—1HBHFH—4
2.

15. recombination n. H&, ¥ FERFEFRZAEAMNNHR LI SH, ETH
F-Z=708, ZEREREARLSEL “E450” FROVBBAFHNESEREF, ERH
F-Z7HEAHEE, NTEARERS, X—dBHRAIES .

16. carriers n. BWF, X FERNBIHNEHERE, —BREAHBFHESN.

Kk

]
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17. emitter layer X2 .

18. base layer HIKE, MUEKKMARERMRET MMM B TZ .

19. photogenerated charge carriers YEAEHME I F -

20. contact grid HEfRMELR, T RMHEERMKR LSRR L, BHEHB/PERLT, XHHE
'’k L.

21. package wr. H % .

22. module = A, WEAHHARAPKLS . ERMEMAERBE LK. B
ARl EFRARMASEKE .

23. crystalline Si cell SRiRREd M, OFEASEHEMME SeEdEH .

24. thin-film material FiE# ¥ .

25. conversion efficiency H#BE, HX AW KHBBHOR RIS AH DN ZKMHA
B EER BRI RNE T .

Q. Notes

(@D Photovoltaics (abbreviated PV) is the most direct way to convert solar radiation
into electricity and is based on the photovoltaic effect, which was first observed by Henri
Becquerel in 1839.

SHEFNL: HERIT (FHHKPV) BEBRKHARHEIREBHEEER, FET
1839 4E Henri Becquerel B 56 & BB JGAR BN .

A which R AE B ¥ € B N AT, A LABLBA SBAR B0

® The pn junction that separates the emitter and base layer is very close to the sur-
face in order to have a high collection probability for the photogenerated charge carriers,

ZHEFEL: BRFBEMERBAIN PN S HEAERE, UEARSMOEERRT
WA

® The best laboratory efficiency of crystalline silicon achieved so far is 24.7%,
which approaches the theoretical limit of this type of solar cell.

SBEFL: E5RIEREERHEMMRIFLRERERRL 24.7%, EHHETFXHEKMH
B, 3t ) B R AR PR

1. 2 Short History of Photovoltaics

1. Technology

The photovoltaic effect remained a laboratory curiosity from 1839 until 1959, when
the first silicon solar cell was developed at Bell Laboratories in 1954 by Chapin et al. It al-
ready had an efficiency of 6%, which was rapidly increased to 10%. The main application
for many years was in space vehicle power supplies.

Terrestrial application of photovoltaics (PV) developed very slowly. Nevertheless,

PV fascinated not only the researchers, but also the general public. Its strong points are:
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—direct conversion of solar radiation into electricity,

—no mechanical moving parts, no noise,

—no high temperatures,

—no pollution,

—PV modules have a very long lifetime (25 years),

—the energy source, the sun, is free, ubiquitous, and inexhaustible,

—PV is a very flexible energy source, its power ranging from microwatts to mega-
watts.

Solar cell technology benefited greatly from the high standard of silicon technology
developed originally for transistors and later for integrated circuits® . This applied also to
the quality and availability of single crystal silicon of high perfection. In the first years,
only Czochralski (Cz) grown single crystals were used for solar cells. This material still
plays an important role. As the cost of silicon is a significant proportion of the cost of a so-
lar cell, great efforts have been made to reduce these costs. One technology, which dates
back to the 1970s, is block casting which avoids the costly pulling process. Silicon is mel-
ted and poured into a square Si()/SiN-coated graphite crucible. Controlled cooling produces
a polycrystalline silicon block with a large crystal grain structure.

From solid state physics we know that silicon is not the ideal material for photovoltaic
conversion. It is a material with relatively low absorption of solar radiation, and, there-
fore, a thick layer of silicon is required for efficient absorption. Theoretically, this can be
explained by the semiconductor band structure of silicon in which the valence band maxi-
mum is offset from the conduction band minimum®. Since the basic process of light absorp-
tion is excitation of an electron from the valence to the conduction band, light absorption
is impeded because it requires a change of momentum. The search for a more suitable mate-
rial started almost with the beginning of solar cell technology. This search concentrated on
the thin-film materials. They are characterized by a direct band structure, which gives
them very strong light absorption.

Today, the goal is still elusive, although promising materials and technologies are
beginning to emerge. The first material to appear was amorphous Silicon (a-Si). It is re-
markable that even the second contender in this field is based on the element silicon, this
time in its amorphous form. Amorphous silicon has properties fundamentally different from
crystalline silicon. However, it took quite some time before the basic properties of the ma-
terial were understood. The high expectancy in this material was curbed by the relatively
low efficiency obtained so far and by the initial light-induced degradation for this kind of so-
lar cell (so-called Staebler-Wronski effect). Today, a-Si has its fixed place in consumer
applications, mainly for indoor use. After understanding and partly solving the problems
of light-induced degradation, amorphous silicon begins to enter the power market. Stabi-
lized cell efficiencies reach 13%. Module efficiencies are in the 6 %-8% range. The visual

appearance of thin-film modules makes them attractive for facade applications.
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Beyond amorphous silicon there are many other potential solar cell materials fulfilling
the requirement of high light absorption and are therefore suitable for thin-film solar
cells. They belong to the class of compound semiconductors like GaAs or InP, which are
M-V compounds according to their position in the periodic table. Other important groups
are [[-VI and T-M[-VI compounds, which, just like the elemental semiconductors, have
four bonds per atom. It is clear that an almost infinite number of compounds could be con-
sidered. From the mostly empirical search only very few promising materials have resul-
ted. Foremost are Copper Indium Diselenide (CIS) and Cadmium Telluride (CdTe). Al-
ready by the early 1960s cadmium sulfide/copper sulfide solar cells were under develop-
ment. Problems with low efficiency and insufficient stability prevented further penetration
of this material.

The new technology is based on the ternary compound semiconductors CulnSe;, Cu-
GaSe; , CulnS; and their multinary alloy Cu (In, Ga) (S, Se);. The first results of sin-
gle crystal work on CulnSe; (CIS) were extremely promising, but the complexity of the
material looked complicated as a thin-film technology. Pioneering work, however, showed
immediate success. It became evident that CIS process technology is very flexible with re-
spect to process conditions. In later developments;, the addition of Ga and S helped to in-
crease the efficiency. The best laboratory efficiency has recently reached a remarkable
18. 9%. CIS/CIGS modules are now available on the market in small quantities.

Thin-film solar cells based on CdTe have a very long tradition and are also just at the
onset of commercial production. After a long and varied development phase, they arrived
at cell efficiencies of 16% and large-area module efficiencies of over 10%.

In spite of the complicated manufacture and the high cost, crystalline silicon still dominates
the market today and probably will continue to do so in the immediate future®. This is mostly
due to the fact that there is an abundant supply of silicon as raw material, high efficiencies
are feasible, the ecological impact is low, and silicon in its crystalline form has practically
no degradation.

The various forms of crystalline silicon have together a share of 93%. Single crystal
and cast poly material had about equal share for a long time. Recently, cast material has
surpassed single crystals. Newer types of crystalline silicon like Ribbon and Si film are not
yet very important. A newcomer is a-Si on crystalline silicon. Of the true thin-film materi-
als which are summarized as “others” amorphous silicon is dominant. As mentioned before,
its market is mainly in consumer products. These market shares are rather stable and
change only in an evolutionary manner. The dominance of the element silicon in its crystal-
line and amorphous forms is an overwhelming 99%. Of all the other materials only CdTe
has a market share of only 0. 4%.

2. Applications

The need to provide power for space vehicles provided an excellent point of entry for

solar cells starting in the late 1950s. Solar cells can work reliably and without maintenance
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for long periods. This provided an opportunity for further development. Efficiency was in-
creased and resistance against radiation was studied and improved. At the same time, PV
energy supply systems for those very demanding conditions were developed.

In 1958, the first 108 solar cells for the supply of the Vanguard satellite were put into
orbit. They performed even better than predicted and powered the satellite much longer
than expected. The demand for solar cells climbed rapidly in the following years, leading
to a small industrial production. The consequence was not only an improvement of the elec-
trical parameters of the cells, but also a drop in prices. This, in turn, lead to a modest
use of solar cells in terrestrial applications, but space remained the main market for more
than a decade.

The breakthrough for terrestrial photovoltaics can be traced directly to the oilshock of
1973/1974® . Experts in all industrialized nations started to look for alternatives to the
scarce and expensive mineral oil. They discovered photovoltaics and recognized a possible
candidate for a future nonfossil energy supply. Newly emerging development institutions in
the United States, Europe, and Asia occupied themselves not only with the development
of cells, but also with systems and system components. The problems to be solved were
formidable: The cost of PV energy had to be reduced by a factor of 1000. This referred not
only to the cells, but also to the entire system.

Since then, the price for grid-connected systems has been reduced by a factor 100. How
was this accomplished? Obviously, an energy source as expensive as PV has no chance in
an open market. Governments in some European countries, the U.S., and Japan initiated
large support programs, because they were convinced of the great potential of photovolta-
ics. The success of cost reduction resulted from an interaction of several more or less coor-
dinated initiatives: Development of better solar cells and systems, demonstration pro-
grams for testing and optimization of systems, and, finally, market support programs for
grid-connected generators.

As a result, production expanded with remarkable growth rates between 20 and 40%
per year with corresponding cost reductions. The most important demonstration and mar-
ket support programs are:

—The German 1000 Roof Measurement and analysis program.

—The 100000 Roof Program in Germany.

—The 1 Million Roof Program in the U. S.

—The Italian Roof top Program.

—Smaller programs were introduced in Austria and Switzerland.

Probably the most important tool for market development are the feed-in laws in sev-
eral European countries and Japan. These laws provide a more or less adequate compensa-
tion for PV energy fed into the grid. Today, we have generators ranging from several mil-
liwatts in consumer products to grid-connected systems in the kilowatt range up to central

power plants of several megawatts.
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Q"g_ New Words and Expressions

1. Bell Laboratory M/RELWKE, BMMTEEFEAMHURE - H/R, BREE.
BoE. KM, RAETRE. HFXHRI. EE1E. B THFIHEI. &885
BERE. KEHWEE, HEES. AFRE. TREXTUAGENETFLZERLKH
RIEA:H; B 1925 FRAK, NREREZFXRBH I AT EZIERN, RAEFHEANTIEH
RB=DMEER; WRERERNABEFRT ZZEN/REREE .

2. space vehicle power supplies 250 Ki78F (WLEE. K. SEWEZE) HIE.

3. terrestrial application HuTEIW FH .

4. ubiquitous a. LIRFIER; LIAATER .

5. inexhaustible a. AATEH; MZAR, AZANEH .

6. transistor n. fEEE, BR—MEGLIERE, TURATRE. BH. K. 7
X, BE. FSREAMMFZHAMIIEE .

7. integrated circuit AR, R—FEEISFHGEEE, RA—EWTZE—1TH
PP R A AIARE . ZRE . B, AEMRE TR AR EE R, SIEE—/NRSRILN
PG R RER B, REHRE-ERAN, BOARA TR EINRNMEILSH .

8. Czochralski n. FEIPIHTEEME, —FaERAE, B—MERBLER, REF
FA R & A ch SR 0 o BB R R B T

9. block casting REEPEFEE, BN K HER G PURBL R S A Bk .

10. polycrystalline silicon Z &, BFERHN—FES, EEERBEMRET, BF
BREFEERME, ES5ILFERMRER, BAESEMEE, RBEAEENRRESE
Pl ZREXRESRBENERER, BRERAIEMR. ashish. FRLAH., tda
W RSB 5 B R

11. band structure BEHFZEH .

12. valence band 7, #5¥FHBALZIETE OK BB A F SR RER . ¥
FHME, WEFPHEBEEALRELSEN, 2AWMNEF PR FARBERKS A diz
3 EEXBFZAAR, EMRKEBEEMBAT - MARFNREREX, Ml mnH
RS EE, WM FFE TR FAERAKSTBHES .

13. conduction band ‘3, HEXFHEBIRLZEMB T A EBFHREEFREENT
B, XM BN EEETMH (valence band), MFIEEESW I B TFHATEHIIEN
Ha, 37 1o 2 17T B AR R O

14. amorphous Silicon JEfEE, RHEHEN—FES, FEEZENLSNIG R S,
HEAT, BR. TEAMEESBEOCHASKRTASH, hEHRHASEEE. AR
AHERESRE (ng. §% EMRTERENKE (SiF, 3 SiCly) SRR T AR
BERRENS S aEE RS .

15. light-induced degradation JCBOERRNL, 5K FHRE B3 MubR B9 38036 & Bl & O IR it
Vi) 88 i T R AR R B &

16. facade application HEREN A .
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17. compound semiconductors {L-&473¥ Sk .

18. Copper Indium Diselenide 40L& %7, &4 R /E 69 K P W 1 B A A2 7 A
. BHRAN. ATEER. BEUREEFEEER S, LA LMEESHEBEAHBMZE,
R T R KHEME, MRARREWN=0Z—, BHRAIT-RIEFFIENFH B HR
KM .

19. cadmium Telluride #Eb4&R, 485 CdTe, N TF N-VIfI Mk Sk, HEWSHE
H1.45eV, HRFHIERUCH:, N AT K FHAE B AR

20. ternary compound Z=JG{bEHY) .

21. degradation n. ZEW,, BIk., B% .

22. ribbon silicon #7aE .

23. Vanguard satellite #BTE.

24. breakthrough =n. 5EB¥; REREMEHE .

25. oilshock n. AMWMEHL; A .

26. alternative n. BSh; HBHEMROEE.

27. grid-connected system HMERHERLE, ALSEHRMAMEE, ALHFMIETREE
B AN LBE N A H RS -

28. roof program JRIRitH .

Q. Notes

(D Solar cell technology benefited greatly from the high standard of silicon technology
developed originally for transistors and later for integrated circuits.

SEFE L KR MBI AR NEYIR R SEE &G RKEWEBR BB E—RERAR S
Z B .

@ Theoretically, this can be explained by the semiconductor band structure of silicon
in which the valence band maximum is offset from the conduction band minimum.

SEFN: NER L, XATDNENESFEETEWEIRE, N TRRESS
AR IME 2 Bl R 2%

® In spite of the complicated manufacture and the high cost, crystalline silicon still
dominates the market today and probably will continue to do so in the immediate future.

SEFL: BEHRAEHEERFESARE, BE4STHNAEERFER, A
ERAMKRARELHET %,

@ The breakthrough for terrestrial photovoltaics can be traced directly to the oilshock
of 1973/74.
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1.3 The Future of Photovoltaics

1. Boundary Conditions for the Future Development of Photovoltaics

The cost development of conventional electricity is a very important boundary condi-
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tion for the future use of photovoltaics. Generally, it can be assumed that the cost of grid
electricity will slowly rise over the next decades. The slope of this rise depends on the fol-
lowing influences: degree of liberalization of electricity markets, margins for the security
of supply, proportion of distributed generation, e.g., cogeneration, environmental re-
strictions, and last but not least, the fate of atomic energy. Practically all these influ-
ences, with the exception of liberalization, point toward higher cost of electrici-
ty. Another influence comes from the development of storage technologies. Presently,
storage of electricity is not a technical, but an economic problem. Large-scale, grid-con-
nected storage is only possible with pumped hydro installations, which are very limited in
their potential. Storage batteries are widely used in stand-alone and mobile systems, but
are much too expensive for storing grid electricity. If the full potential of photovoltaics is to
be realized, better means of storage are necessary. The hydrogen economy would be a so-
lution to the storage problem, as will be pointed out later.

The liberalization of the electricity market that is going on worldwide will influence
the penetration of grid-connected PV. The following tendencies can be recognized:

—Liberalization will lead to more economics, i.e., lower electricity prices, but this
may be limited to large-scale consumers. Therefore, the overall consequence could be neu-
tral relative to the expansion of PV in distributed systems.

—Electricity prices will reflect the real cost of generation. Prices will fluctuate widely
depending on the time of day and season. Since a large part of solar electricity is generated
during the high price period, this will be beneficial for PV.

—The cost of reserve capacity will lead to a lower security of supply. The role of PV
as a back-up source will be favorable for this market.

2. Cost and Market Development of Stand-Alone and Grid-Connected Systems

The future of PV depends mainly on the cost development for modules and entire sys-
tems®. For modules, which are the most expensive part of a system, has been well estab-
lished for more than twenty years. It predicts a 20%4 price reduction for every doubling of
cumulated production. Assumptions have to be made about market growth for such a pre-
diction. If present support mechanisms are maintained, the current growth rate will con-
tinue into the future. An estimate for the market development is given by W. Hoffmann:
30% per year until 2010 and 25% thereafter.

Future development of markets: The grid-connected market will remain the most im-
portant sector, but the other sectors, remote industrial, developing countries and con-
sumer products together reach almost the same size. These markets are, of course, inter-
dependent. Only by price reductions due to expanding grid-connected markets can the other
sectors grow accordingly.

3. PV in a Future Liberalized and Partly Decentralized Energy System

Future electricity grids will have a mixture of central and decentralized generation ca-

pacity. Central conventional and renewable plants will cooperate with small and medium
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distributed generation. Modern electronics will permit a high degree of control, leading to
a rapid adjustment of the economic optimum. Very important in this concept is the possibil-
ity of local storage of electricity.

Present models of a distributed energy system envision PV at many rooftops or similar
structures interacting with an electricity grid and other local generators and consum-
ers. Demand can be adjusted to some degree by central control. Besides PV, other small
generators may be connected to the grid like combined heat and power plants, some based
on biofuels, fuel cells, and local storage in batteries or more likely by hydrogen. Central
plants can be planned by weather forecasts predicting wind and sunshine. Different renew-
able energies acting together have much lower fluctuation than each one by itself. A consid-
erable proportion of local generation and storage may reduce the cost of distribution grids
and enhance the security of supply. Much work remains to be done in working out grid and
control structures for such a scenario. Undoubtedly, PV will play a major role in such a
new electricity scene. The Edison project supported by the German Ministry of Economics
and Technology has the goal of developing and demonstrating modular intelligent systems
for such distributed grids. It involves, in particular, the combination of electricity grid
and communication systems. The structure of such a future electricity distribution network

is shown in Fig. 1. 2.
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Fig. 1.2 Structure of a future electricity distribution network

A fully autonomous system has already been demonstrated as the Self-Sufficient Solar
House. In this project, most of the above mentioned techniques were already incorporated
and tested. When they will become reality is mainly a question of cost. Fuel cells are under
very intense development for mobile applications which are more demanding than stationa-
ry ones. If fuel cells become more available, local storage of hydrogen will make distribu-

ted systems more independent. From today’s point of view, complete autonomy is not a
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very likely option. But the grid is already in place, so why not use its advantages. If a
dwelling with local generation is grid-connected, it can deliver surpluses into the grid and
local storage does not have to cover extreme situations. Energy stored locally can be fed in-
to the grid at times of peak power and fetch a higher price. Such a dwelling would have a
low heating demand that would be covered by a combined heat and power plant, which
could, besides covering local demand, feed energy into the grid when demand is high.

A further scenario developed some time ago recognizes the fact that as energy efficien-
cy in buildings improves the center of demand shifts to mobility. The engine of an automo-
bile is, after all, a combined heat and power plant.

4. PV in a Centralized Energy System

PV could in a very long-term scenario also play a role in a centralized energy sys-
tem. LLarge PV power plants in the multi-megawatt range can be envisioned to produce
electricity in forever sunny desert areas or even in outer space. Such scenarios require very
low but still possible cost for modules and systems. It is quite clear that these visions can
only become reality in the distant future, maybe around the middle of this century.

Deserts are regions of abundant sunshine but of very little other use. It is tempting to
imagine large-scale solar energy installations in such areas where they are much more effi-
cient than in the areas where most energy is consumed. The big challenge is to transport
the energy over large distances to the consumers. Two main techniques can be identified to-
day: high tension power lines and conversion to hydrogen.

Transmission of electricity by power lines over long distances is technically possible
today. High voltage dc transmission works with low losses and has been operational for
many years. Such lines could be set up, for instance, between Northern Africa and Eu-
rope or from the Gobi desert to Japan. An even further reaching idea is to establish a
worldwide electricity grid. Then the storage problem could be solved very elegantly, be-
cause the sun is always shining in one half of the world. And seasonal differences can also
be overcome by energy exchange between the northern and southern hemispheres. Such
grids could also be used for wind energy, since many areas with very good wind resources
are located in remote parts of the world. The cost of transmission has recently been esti-
mated for transport from north Africa to central Europe. A 5000km transmission line has
18% loss at 600 kV and 14 % loss at 800 kV. The cost of the losses is estimated at 0.5 cts
per kW ¢ h and the cost of transmission at 0.5 to 1.0 cts per kW » h.

The second option for energy transport is hydrogen. Water is split into hydrogen and
oxygen by electrolysis and hydrogen can then serve as the energy carrier®. Transport of
hydrogen can be accomplished in three different ways:

—Hydrogen is liquefied near a harbor and then transported away by tankers.

—Hydrogen is pressurized and piped to the consumers by pipeline.

—The third pathway is the least explored and its realiability is uncertain: Hydrogen is

chemically reacted to form a liquid energy carrier that can be transported, as outlined



