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As industry developed in the United 
States through the late 18th and 19th cen- 
turies, it initially employed wood and 
some coal as fuel. Beginning in the mid- 
1850's, the use of coal as an industrial 
fuel grew rapidly, and between 1850 and 
1870 there was a nearly fivefold increase 
in the production of bituminous coal. By 
1885 coal production surpassed firewood 
production and continued to grow vigor- 
ously, while production of firewood de- 

Early Use of Coal in the United States 

The earliest recorded coal mining in 
the United States occurred in 1701, near 
Richmond, Virginia, but commercial 
mining of coal did not begin in this coun- 
try until 1745. Coal was discovered in 
Ohio in 1755, and in 1770 George Wash- 
ington commented on an Ohio coal mine 
he had seen. Yet, with concentrated de- 
posits of coal available for exploitation, 
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dined, gradually (1). By 1930, the pro- 
duction of bituminous coal provided 
somewhat more than half of the fuel used 
in the United States, and alone repre- 
sented twice as much fuel as the total of 
all fuels consumed in this country during 
1900. In about 1920, the production of oil 
and natural gas, and their use as industri- 
al fuels, began a growth that ultimately 
exceeded even the previous growth in 
the use of coal. As coal had replaced 
wood as the principal industrial fuel, so 
oil and gas came to replace coal. 

Efforts are now being made to predict 
the possible patterns of industrial energy 
use in the future. In this context it is 
of interest to consider the profound 
changes which have taken place in indus- 
trial energy use over the past century. To 
enter this subject, let us consider the cir- 
cumstances under which coal largely dis- 
placed wood as an industrial fuel. 

at presumably very low cost, coal still 
did not make significant inroads into the 
market for fuels. In fact, even with 
American deposits of coal having been 
identified, most of the coal used in Amer- 
ica up until the Revolution was imported 
from England or Newfoundland. The 
shortage of coal occasioned by the break 
with England spurred the growth of 
American coal mining during the Revolu- 
tion. Government requisitions of coal in 
Pennsylvania and Maryland, to support 
the manufacture of munitions, stimulat- 
ed the beginning of American coal min- 
ing as an industry. Thus, the American 
coal mining industry began, not as a na- 
tional response to price, but as the result 
of a shock-the loss of English coal dur- 
ing the Revolutionary War. 

A great discovery of coal was made in 
1810 when an unusually violent freshet 
unearthed a huge coal seam, now be- 
lieved to have been the Pittsburgh seam, 
near the town of Barton. Coal from this 
seam was hauled by wagon as far east as 
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Romney and Winchester. Later it was 
hauled overland to Westerport, where 
it was placed on barges and rafts, and 
shipped to Washington. Yet, even with 
these early discoveries of coal in rich de- 
posits, where fuel could be picked from 
the surface of the ground, coal produc- 
tion did not make significant inroads in 
the market for fuels. It was not until 1850 
that coal production reached 10 percent 
of the fuel provided by firewood. Why 
was it that it took so long for coal to dis- 
place firewood? Why did coal displace 
firewood? 

It has been tempting to dismiss these 
questions by saying that wood must have 
become scarce and expensive as newly 
discovered coal offered a cheaper sub- 
stitute fuel. Therefore, coal displaced 
wood. The argument based upon price 
alone is plausible, but misleading. It ne- 
glects other important aspects of the 
competition between wood and coal, as- 
pects which had a strong influence upon 
the outcome of that competition and 
which may well have important implica- 
tions on the development of future pat- 
terns of industrial energy use. 

Let us consider the notion that re- 
sources of fuel wood were near depletion 
or were in some sense scarce, as com- 
pared with the national demand for fuels 
during the period 1830 to, say, 1850, 
when the transition from wood to coal 
became evident. Between 1850 and 1870 
the annual production of fuel wood rose 
from approximately 2 x 1015 British 
thermal units to nearly 3 x 1015 Btu (2). 
It then declined again to about 2 x 1015 
Btu in 1900. 

After 1900 production of fuel wood de- 
clined steadily, even during the fuel 
shortage of the two world wars. How- 
ever, as this decline in fuel wood produc- 
tion occurred, the total annual volume of 
wood harvesting rose rapidly. From 1869 
to 1923 annual lumber production rose 
from 12.7 x 109 board feet to 41 x 109 
board feet (2). These data cannot be 
translated directly into an equivalent 
production of fuel wood because they re- 
flect finished lumber taken from the se- 
lect marketable bole of the tree, rather 
than the whole of the wood mass (includ- 
ing slash and nonmarketable species, for 
example) which could be taken for fuel. 
Nonetheless, the figures do reflect the 
fact that the wood available, for what- 
ever purpose it might be used, had not 
been depleted at the time of the interfuel 
competition of the early 1800's (3). To 
estimate the magnitude that the supply of 
fuel wood might have attained, one may 
note that between about 1830 and 1900 
approximately 250 million acres of forest 
land were cleared for farming in the east- 
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ern United States (4). Most of this clear- 
ing occurred after 1850, with the growth 
of settlements. If one assumes that the 
cutting of these lands would have yielded 
ten cords per acre, the total fuel value of 
firewood which would have been taken 
as a by-product of clearing would have 
been approximately 60 x 1015 Btu (5). 
This is somewhat more than twice as 
much fuel as the entire United States 
consumed between 1850 and 1900. In- 
deed, there was no shortage of fuel wood 
during the competition which was won 
by coal. 

Why, then, was the firewood not 
used? Why was coal able to capture the 
industrial fuel market in the face of vast 
surpluses of firewood? One might sup- 
pose that the difficulties of transportation 
could have made wood a more costly and 
less attractive industrial fuel. However, 
difficulties of transportation did not deter 
those who exploited the forests for logs. 
They got their merchandise to the very 
industrial centers in which coal was dis- 
placing firewood, so that it could be used 
for construction. Also, we may note that 
given large supplies of fuel available at 
low price, industry might have located so 
as to exploit it. Few industries moved to 
the expanding boundaries of the newly 
cleared farmland. 

The price of coal versus the price of 
fuel wood, as influenced by the costs of 
gathering and transportation, certainly 
exerted some influence on the decisions 
of industry in the period of the interfuel 
competition. However, the incomplete 
historical data available to us concerning 
the price of these two commodities re- 
flect some periods when fuel wood was 
significantly cheaper than coal. 

In 1880 the price of coal, FOB (freight 
on board) at the mine was $1.25 per ton. 
It was not until 1899 that this price fell to 
$0.80, after which year it has risen stead- 
ily. Data concerning costs of transporta- 
tion and distribution of coal in this period 
are not readily available, nor are data 
concerning retail prices of coal. How- 
ever, we may assume that the costs of 
transporting and distributing fuel wood 
would not have differed greatly from 
those of coal, if a wood fuel industry had 
existed. So, to gain some notion of how 
the relative price of coal and fuel wood 
may have influenced the interfuel com- 
petition, one might estimate what the 
value of fuel wood stacked, say, at the 
roadside might have been, had one been 
able to sell the heating value of the wood 
at the same price which was obtained for 
coal. Taking into account the fact that 
both the coal and wood must be dried to 
some extent to yield their maximum 
heating value, the calculation indicated 
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above will show that fuel wood would 
have had a value of about $1.20 per cord, 
stacked at roadside. That is to say that 
the fuel wood disposed of in clearing 
farmland would have represented a value 
of about $12 per acre cleared. Not only 
was this an extremely high value during 
the time the clearing took place (1850 to 
1900), it even approaches the land prices 
in the northeastern United States record- 
ed as recently as 15 years ago. One might 
suppose then, that had there been an in- 
dustry organized to exploit fuel wood, 
industry could have sold fuel at a signifi- 
cantly lower price than coal. In fact, one 
can suppose that some fuel wood prob- 
ably was sold at a significantly lower 
price than coal. Nevertheless, coal pre- 
vailed. 

How Fuels Are Chosen 

Let us return to our original question: 
Why did coal displace wood as an indus- 
trial fuel? There was not an absolute 
shortage or depletion of fuel wood, 
which necessitated a switch from wood 
to coal. Also, price was neither the only 
nor perhaps even the principal factor in 
the contest. 

Let us reexamine this question. To 
suppose, as is now fashionable, that in- 
dustrial fuels will be chosen principally 
on the basis of price, one must pre- 
suppose that the fuels are equivalent in a 
number of other important respects. For 
example, one must presuppose that the 
fuels can be used the same way in the 
same equipment to carry out the same 
processes. One must also presuppose 
that when a transitional competition be- 
tween two or more fuels arises, such 
questions as may not be strictly econom- 
ic in nature (for example, possible modi- 
fications of processes) will be addressed 
with similar energy and intelligence by 
parties on all sides of the competition. 
These presumptions are seldom justified. 

Consider, for example, the wave of in- 
vention which preceded the growth of 
coal in the United States. Darby, in 1735, 
invented the first blast furnace in which 
high-quality iron could be made in large 
quantity. The basic secret to Darby's 
furnace was the use of coke produced 
from coal. Prior to Darby, iron was re- 
duced in furnaces which employed char- 
coal obtained from wood. But the logisti- 
cal problems of gathering sufficient char- 
coal to run such a furnace had always 
kept the furnaces small (6). In the mid- 
1800's, Bessemer perfected his steel- 
making process which further exploited 
the chemical properties of coal, as well 
as its heating value. As the technology of 

coal grew, opportunities to control com- 
bustion were developed and exploited. 
Pulverized coal burners were in use be- 
fore the turn of the century, affording 
control of heat release and temperature, 
which was crucial to development of 
many industrial processes. 

Portland cement, which was invented 
and patented in 1824 by Aspdin, requires 
ultimate processing at 1550?C. Coal com- 
bustion offered the opportunity to pro- 
duce Portland cement in large quantity. 

The use of coal as a fuel in glassmak- 
ing also made possible the execution of 
controlled processes of mass manufac- 
ture, which were not possible in (then) 
wood-fueled glassmaking (7). 

Another major aspect of the use of 
coal as an industrial fuel is that it lends 
itself to well-controlled gasification. 
This, in turn, permits even more refined 
process control than can be attained by 
way of solid fuel combustion. The impor- 
tance of the use of gasified coal as an in- 
dustrial fuel in stimulating the develop- 
ment of new processes may have been 
immense; in any event, it merits histori- 
cal study. It is doubtful that the first 
process for mass manufacture of glass 
containers, the Owens process, could 
have been made to work effectively (or 
at all) had it not been for the use of con- 
trolled combustion of gasified coal at one 
critical stage of the process. 

Coal, then, offered not merely the 
heating value required to run industrial 
equipment. It offered the opportunity to 
develop new and more productive pro- 
cesses. This, together with inventive 
minds which were attracted to examine 
the possible uses of coal and their impli- 
cations, had much to do with the growth 
of coal as an industrial fuel. 

This brings one to another aspect of 
the use of coal. In 1856 Perkins, in En- 
gland, discovered aniline dyes in coal. 
This set off not only the chemical indus- 
try based on coal products (which soon 
flowered in Germany) but also created 
the basis for the growth of the entire field 
of industrial organic chemistry. The sci- 
entific discoveries in organic chemistry 
attracted talented and motivated people 
like a magnet (8). Although the total frac- 
tion of coal production given to chemical 
products has never been very large, the 
influence of the chemical industry in at- 
tracting human intelligence to the ques- 
tions of how coal might be used was im- 
mense. 

So, coal won the contest to replace 
wood as an industrial fuel because there 
simply was no contest; the use of coal 
had on its side the focused intelligence of 
a large number of the world's most tal- 
ented scientists, engineers, inventors, 
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and entrepreneurs, all striving to find 
new and more productive ways to use 
coal. In addition, the extraction and 
transportation of coal lent itself to organ- 
ization as an industry. Fuel wood, on the 
other hand, was established. It was not 
organized as an industry, and it attracted 
no innovative champions to meet the 
challenge of coal. 

That the use of coal attracted talented 
people does not in itself show that talent 
was more important than price in deter- 
mining the outcome of the interfuel com- 
petition between coal and wood. One 
school of thought in economic history 
holds that it was because of the low price 
of coal that talent was attracted to its use 
(9). However, this argument is inconsist- 
ent with the theory that price is the chief 
determinant in setting the course of com- 
modity use. If coal had been cheap and if 
its cheapness had caused its ascendancy 
over wood fuel, then one would expect 
that this new cheaper energy source 
would have been used with profligate in- 
efficiency. But just the opposite was 
true. The world's genius was focused, in 
fact, upon finding new, more efficient 
and more productive means of using 
coal. 

Early Use of Fuel in France and England 

England, from the late 16th through 
the 18th centuries, was beset by defor- 
estation (10) and was thus faced with an 
absolute shortage of domestic fuel wood. 
The English response to this crisis was to 
turn to the use of domestic coal. Al- 

though coal had been exported from 
England to the Continent since 1200, it 
was apparently the shock of the absolute 
shortage of fuel wood which finally 
drove the English to exploit their own 
coal as fuel. There followed a wave of 
innovation, including the invention of 
the Darby blast furnace, the construction 
of inland canals for transport of coal and 
other goods, the construction of the 
early steam engine of Newcomen (which 
was designed to pump water from mines), 
and other such advances, which collec- 
tively gave rise to the British industrial 
revolution. 

During the same time France also ex- 
perienced difficulties in obtaining suf- 
ficient fuel wood. However, these diffi- 
culties were associated with practices of 
wood harvesting and transportation, 
rather than with absolute deforestation. 
Although, by the time of Louis XIV, the 
court believed that a concentrated effort 
should be made to develop France's coal 
deposits for fuel, France ultimately did 
not follow the British example. 
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French industry, particularly ironmak- 
ing and glassmaking, was reorganized to 
follow retreating forest boundaries (11). 
The forest sites most favorable for such 
purposes were those near water for pow- 
er and transportation. These same sites 
were desired by the navy because they 
facilitated transportation of the ship tim- 
bers which the navy required. Urban 
growth, much of which followed indus- 
try, also drew heavily on these same for- 
est areas for lumber and fuel wood. 
Thus, although France had abundant for- 
est lands, only limited forest areas were 
exploited, and three sectors of society, 
industry, the military, and the citizenry, 
competed for the wood of these limited 
areas. 

By the early 16th century some French 
towns had petitioned the king to protect 
their firewood against the competition of 
industry. In 1723 Versailles issued an 
edict which attempted to limit industrial 
fuel consumption, to protect the (not yet 
named) consumer. The law provided that 
no new forge, glass factory, or wood- 
burning manufacturing plant could be es- 
tablished, nor could an existing one be 
expanded, near towns or navigable riv- 
ers, without a favorable report from the 
provincial intendant and permission of 
the court role-general (12). Since en- 
forcement of this law was lax, the vol- 
ume of petitions to the king became im- 
mense and, as a result, there developed a 
complex regulatory system for the allo- 
cation of forest resources. At the same 
time, substantial tracts of forest lands 
were cleared for farming, near the very 
towns which had depended on these 
tracts for fuel wood. There is no evi- 
dence that transportation systems to 
bring fuel wood (or food) from more dis- 
tant tracts were seriously considered by 
the government. 

Under these conditions the wood sup- 
plies diminished, so that by the late 
1700's cries of "wood famine" were 
raised throughout France. Of the three 
sectors of French society which required 
wood, the navy was most seriously hurt. 
The fir species required for mast timbers 
had been ruined by nearly a century of 
grazing in the forests; mature oak, re- 
quired for hulls, had virtually vanished. 

The citizenry was the next most se- 
verely affected by the dearth of wood. 
Firewood prices in France climbed 87 
percent between 1730 and the eve of the 
Revolution. Most often the rise in the 
price of firewood bespoke receding for- 
est boundaries, in the absence of any ef- 
fective system of transportation, rather 
than genuine deforestation. 

Industry, on the other hand, was little 
affected by the scarcity of wood. It did 

not need the high-quality, mature fir and 
oak, as did the navy. In addition, indus- 
try was organized to follow the forest 
lines, so that costs of transportation, 
which contributed the greatest com- 
ponent to the price of urban firewood, 
had less effect on industrial fuel. And, in- 
dustry used much wood in the form of 
charcoal, the price of which was deter- 
mined mainly by costs of processing, 
rather than by the cost of feedstock. 

Finally, insofar as manufacturers' fuel 
bills were rising somewhat, a number of 
scientists and entrepreneurs devised im- 
proved uses of wood and charcoal in in- 
dustry; they also enabled industrialists to 
make use of previously untapped forests. 
The Marquis de Court found means to 
raise the yield of iron smelted from rocks 
by 19 percent, using the same amount of 
fuel. Buffon devised a forge with natural 
draft. This eliminated the need for water 
power to operate bellows, and thus per- 
mitted the operation of forges in forest 
areas far removed from the streams. 

In general, the response of French in- 
dustry to the fuel wood crisis was, in 
spirit, the same as the approach of "en- 
ergy conservation" as it is pursued to- 
day. This is to eliminate obvious wastes 
of fuel, to relocate plants, and to apply 
some innovations to ancillary aspects of 
industrial processes to improve the use 
of fuel. But it does not include making 
major conceptual changes in the process- 
es themselves. 

As the French observed the changes 
occurring in English industry, where 
coal was introduced to replace wood, 
they conducted an internal debate on the 
priorities for the use of fuel. The clergy 
maintained that the wood required to 
heat homes should be secured, even if 
this required denying fuel to industry. In- 
dustrialists considered the possibility of 
switching from fuel wood to coal but 
concluded that the cost of changing 
equipment was too high. The French 
tended toward decision by the (not yet 
formulated) science of economics. How 
much this tendency was reponsible for 
their reluctance to take to great risks re- 
flected by the British action, as opposed 
to how much this reluctance reflected the 
absence of an absolute necessity for 
change, remains an open question (13). 

The English Experience 

It is interesting to examine the history 
of certain processes through which coal 
came to be the principal industrial fuel in 

England in the 19th century. Glassmak- 
ing was advanced substantially in France 

during the last part of the 16th century, 
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and the English and the Dutch both 
sought French artisans for their glass- 
works. (Technology transfer it seems, 
then, as now, is best effected via transfer 
of persons.) Glassmaking at this time 
was entirely based on the use of fuel 
wood. The great glassmaking tradition of 
England began in 1567, with the con- 
struction of two glassworks in Fernfold 
Wood, Sussex, staffed by imported labor 
and located so as to exploit the then 
plentiful fuel wood of the region. Addi- 
tional glassworks soon were built in oth- 
er townships in the southeast of En- 
gland. Each was established to exploit 
foreign labor and local fuel wood. This 
pattern of development quickly pro- 
duced its own problems. 

Beginning in Sussex, Surrey, and 
Kent, where wood for fuel was plentiful, 
the foreign glassworkers and their de- 
scendants migrated from place to place, 
always driven by the fuel demands of 
their furnaces. Their progress, and the 
progress of English deforestation, can be 
traced by cullet heaps, the ruins of fur- 
naces, and by the distinctive names of 
foreign artisans recorded in parish regis- 
ters. The commercial benefits of glass- 
making in England, which contributed 
strongly to the flourishing growth of the 
British economy under Queen Elizabeth 
I, soon became an important part of the 
problem of British deforestation, which 
the great queen bequeathed to her trou- 
bled successors. 

British response to this problem was 
swift. In 1610 a patent had been granted 
to Sir W. Slingsby for burning coal in 
glassworks furnaces. In 1615 all patents 
for glassmaking were revoked, and a 
new patent was issued for making glass 
with coal as fuel, in the names of Mansel, 
Zouch, Thelwall, Kellaway, and Percival 
(14). Simultaneously, the use of wood for 
melting glass was prohibited. The impor- 
tation of glass from abroad was also pro- 
hibited. In about 1617, Mansel acquired 
the sole right of making glass in England, 
and this he retained for more than 30 
years. 

Ideas Versus Economics as 

the Force for Change 

English decisions were clearly not 
based on carefully drawn and economi- 
cally justified plans. The elements in the 
decision to prohibit the use of wood in 
glassmaking appear to have been desper- 
ation, invention, and arbitrary action, 
accompanied by a not unpredictable 
wave of greed (15). 

The production of glass with coal as 
fuel was originally a "batch" process, 
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just as was production with wood fuel. 
The full economic advantages of coal- 
fired glass production were yet to be de- 
veloped, and there was still a field of 
competition between coal and wood as a 
fuel for glassmaking. The innovations 
that were to establish the undisputed 
predominance of coal as the principal 
source of energy for glassmaking came in 
the form of broad advances that also af- 
fected the use of fuel in other industrial 
processes. The patents and the royal de- 
cree of 1610 compiled the development 
of a technology for making glass without 
chemical or mechanical defects by 
means of coal fuel, and this prepared the 
way for later and richer innovation. 

One major technical innovation in the 
use of coal was gasification. In the first 
practical application of gasification, 
Murdock, between 1792 and 1802, dem- 
onstrated the large-scale production of il- 
luminating gas from coal (this art dated 
back to 1691). In 1799 Lebon obtained a 
French patent for a process to make illu- 
minating gas from wood; he demon- 
strated his process in 1802. But wood gas 
was never to become a major fuel either 
for illumination or for power. 

The first coal gas producers for indus- 
trial fuel were built in 1836 in Magde- 
sprung, Germany. These were relatively 
crude, inexpensive units that produced 
"low Btu" gas at high temperature and 
were suitable for use with relatively 
small furnaces. In 1856, the Siemens 
company in Germany introduced an im- 
proved unit capable of delivering coal 
gas to several furnaces and suitable for a 
wide range of industrial uses. In the 
same year, Perkins in England discov- 
ered aniline dye in coal tars, an event 
that had such an explosive effect on 19th- 
century science and technology. 

The year 1856 marked the emergence 
of the Siemens brothers as a major 
source of industrial innovation. From the 
Siemens company came the regenerative 
glass-melting tank; this was an adapta- 
tion of the Siemens furnace for steel- 
making, in which then novel techniques 
of heat recovery by regeneration permit- 
ted, at the same time, (i) maintenance of 
the high temperatures (- 2700?F) re- 
quired for glass melting, (ii) vastly im- 
proved efficiency of fuel use and im- 
proved control of quality, and (iii), most 
important of all, reliable continuous op- 
eration. Of all of these advantages, con- 
tinuous production was the key. By 
1952, when Professor F. H. Norton (16) 
published Elements of Ceramics, the 
Siemens' coal gas generators, in combi- 
nation with Siemens' regenerative fur- 
naces, had become the standard to which 
all discussions of glass melting referred. 

Coal in Iron- and Steelmaking 

The first iron foundry in Pittsburgh, 
established in 1793 by Anshutz, made 
stove castings. It used local water power 
and wood fuel. The iron ore it used was 
transported across the Allegheny Moun- 
tains to the site. Although this particular 
foundry failed within 2 years, by 1840 
iron and steel founding had become 
Pittsburgh's principal industry. Howev- 
er, despite the well-known coal deposits 
of the region and the existing British 
technology for using coal-based coke, 
Pittsburgh iron was smelted primarily 
from charcoal. It required over 100 years 
for Pittsburgh to adopt the coal-based 
technology of ironmaking begun by Dar- 
by. 

In the mid-19th century two develop- 
ments in the technology of iron- and 
steelmaking served to reshape not only 
the iron and steel industry, but also the 
market for coal in the United States and 
abroad. One of these was the invention 
by K. W. Siemens in England, in 1856, of 
the regenerative furnace for open-hearth 
steelmaking and continuous glass melt- 
ing. Siemens was, according to his biog- 
raphers, fascinated with Stirling's earlier 
work on the hot-air engine and, in partic- 
ular, with the thermal regenerator which 
Stirling introduced. It was this fascina- 
tion that stimulated Siemens to apply 
Stirling's concepts to his own work. The 
first known application of Siemens' re- 
generative furnace to glassmaking was in 
Chances glassworks at Birmingham, in 
1861. Because of the combined merits of 
continuous production, high fuel effi- 
ciency, and control of quality, world- 
wide adoption of the Siemens' glass- 
melting system came fairly rapidly. With 
it came a new and unprecedented market 
for coal. 

The application of Siemens' furnace to 
open-hearth steelmaking came equally 
rapidly. By 1867 Siemens was success- 
fully producing mild steel in regenerative 
open-hearth furnaces in his own steel 
works. Worldwide imitation also fol- 
lowed this success, but not quite at the 
same rate as in the case of glassmaking. 
Ironically, the second great technical 
surge came close on the heels of Sie- 
mens' invention and, for a time, eclipsed 
Siemens' open-hearth process. 

The second development, also in 1856, 
was the Bessemer steelmaking process. 
It was not until 1865, however, that Bes- 
semer developed his to the point that he 
could reliably produce specimens of 
steel and malleable iron. The early re- 
sponse to his process had been cautious- 
ly optimistic and encouraging, with due 
expressions of skepticism by metallur- 
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gists. The response to his demonstra- 
tions was electric. Andrew Carnegie, up- 
on witnessing Bessemer's demonstra- 
tion, hurried home to Pittsburgh to 
announce to his partners, "The day of 
iron is past! Steel is king" (17). Carnegie 
built a Bessemer plant near Pittsburgh, 
at Braddock. He and his partners at- 
tained phenomenal rates of production 
with their ever-expanding Bessemer 
plants, and by 1881 the partnership be- 
came incorporated, at a value of $5 mil- 
lion. The Bessemer steelmaking boom, 
set off by Carnegie, gave tremendous im- 
petus to the coal industry near Pittsburgh 
(18). 

The basic concept that made it pos- 
sible to produce Portland cement contin- 
uously was the use of heat recuperation 
(preheating combustion air, while 
quenching the "clinker") in a rotary 
kiln. The additional concept of using pul- 
verized coal as fuel to obtain the local- 
ized high-temperature flame required in 
the final stages of calcining was also im- 
portant. Both these concepts were em- 
bodied in the design of the rotary cement 
kiln by Hurry and Seamen in about 1895. 
The rotary, coal-fired kiln revolutionized 
cementmaking and further increased the 
demand for coal. 

Processes and Fuels 

The history of the adoption of coal as 
the principal industrial fuel shows that 
the advent of new and more effective 
processes, which happened to be de- 
signed about the use of coal, had at least 
as much to do with the industrial switch 
from wood to coal as did the relative 
prices of these two fuels. The switch in 
fuels can be said to have been economi- 
cally motivated, to be sure. However, to 
the degree that it was, the motivation 
was based upon holistic considerations, 
rather than upon the price of the fuel it- 
self. The advantages of being able, for 
example, to produce glass continuously, 
in a process fueled by coal, was so im- 
portant that the price of coal itself was 
probably of little consequence. It was 
the widespread adoption of these pro- 
cesses that led to the rapid growth in the 
use of coal as an industrial fuel after 
1850. 

The processes that resulted in the 
adoption of coal as the principal industri- 
al fuel may have had their roots in a peri- 
od of desperation (the English dearth of 
fuel) when certain elements of basic sci- 
ence and technology were established. 
Nevertheless, they appear to have arisen 
chiefly in a burst of discovery and inven- 
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tion during which the attention of a large 
number of talented persons was drawn 
toward coal chemistry and other aspects 
of the use of coal. The motivation of 
these persons may, in part, be said to 
have been economic. The potential, re- 
vealed by Perkins' discoveries for the 
use of coal in applications that had not 
previously been suspected, certainly 
must have led many to speculate on the 
possible economic advances and person- 
al gains to be made. But those who ac- 
tually developed the new processes seem 
to have been as strongly influenced by 
fascination with new ideas as by the pos- 
sible economic consequences of their 
work. There is little evidence to suggest 
that the heroic inventors of 1856 were 
even aware of the price of coal, much 
less that they were motivated by price, 
to direct their thoughts toward the use of 
that fuel. 

There are striking parallels between 
the later growth of petroleum and the 
growth of coal. In the same way that the 
discovery of coal tar dyes by Perkins 
seems to have galvanized the scientific 
world and focused the world's talented 
minds on coal science, the refining of pe- 
troleum to provide illuminating oil, light 
motor fuel, and similar substances seems 
to have caught the imagination of a later 
generation of talented persons. The de- 
mands for motor fuel, especially from 
1915 on, were accompanied by the im- 
provement of refining techniques, the 
discovery of petrochemicals which had 
not been suspected to exist, and, in fact, 
the development of modern day chem- 
ical engineering. Coal science could not 
compete with the attraction of the newly 
developing fields of discovery offered by 
petroleum for the talented minds of the 
world. The full effect of the decline of 
coal science can be seen, for example, in 
the history of this field in the United 
States over the past 30 years. In 1973, 
one was hard pressed to find academic 
scientists in this country who were famil- 
iar with the properties of coal or the po- 
tential for production of synthetic chem- 
icals from coal. Yet, coal is this coun- 
try's major energy resource. 

Edison's invention of electric illumina- 
tion and the consequent growth of the 
electric utility industry gave coal a buffer 
from the effects of its declining attraction 
for talent. The uses of electricity beyond 
illumination also attracted great numbers 
of talented people. But insofar as the use 
of coal itself in producing electricity was 
concerned, the chief interests seem to 
have been combustion and economics. 
These interests were pursued by those 
whose basic concern was production of 

electricity, not coal science. As Sporn 
(19) has pointed out, the cushion which 
supplying fuel to the growing electric 
utilities and to the railroads gave to the 
coal industry was probably detrimental 
to that industry, and to coal science, in 
the long run. The latter fell behind as 
progress toward process innovation 
based on discoveries related to petro- 
leum science and electricity proceeded 
rapidly. 

The Initiation of Change 

It is evident that the changes from one 
form of energy to another are more often 
motivated by the overall aspects of a 
change in process than by the price of 
energy or other individual economic as- 
pects. Industry changed from the use of 
wood to coal principally because new 
and superior processes, which happened 
to be based on coal, became available. 
Industrial changes from coal to oil 
were, most often, similarly motivated. 
Changes from combustion to the use of 
electricity in industrial heating (for ex- 
ample, industrial direct heating furnaces 
or steel preheating by induction) are of- 
ten motivated by the availability of a su- 
perior process, or an entirely new pro- 
cess, rather than by the price of fuel ver- 
sus that of electricity. In 1927, Trinks 
(20), in his classical work on industrial 
furnaces, noted that even though elec- 
tricity is more costly than fuel for heat, 
"the electric type [of furnace] is pre- 
ferred because it offers advantages that 
cannot be measured in terms of fuel 
cost." 

Decisions to change either the form or 
the mode of industrial energy seem to 
have a set of common characteristics. 

1) The basic motives are usually holis- 
tic. To secure the widespread interest re- 
quired to cause a significant change in 
the way in which industry uses energy, it 
is usually not sufficient to offer merely a 
means of improving the efficiency of en- 
ergy use. Such means usually entail 
trade-offs between fuel costs and other 
costs (capital, labor, administration, for 
example) of making the improvement. 
They have, therefore, natural limits; 
they can be pursued only to the point 
at which the trade-off "breaks even." 
However, when a new process emerges 
to offer the possibility of producing, for 
example, some substance such as ce- 
ment, steel, or glass in a radically im- 
proved way, the process may be adopted 
with enthusiasm. Such processes usually 
entail advances in the efficiency of the 
use of all factors of production, including 
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energy. They may also entail changes in 
the form of energy to be used (for ex- 
ample, electricity versus fuel). The price 
of energy itself may not be an important 
consideration in the decision to adopt the 
new process. Industry is always more at- 
tracted by processes of this kind than by 
opportunities merely to substitute one 
form of additional expense (capital) for a 
decrease in another (energy). 

2) Those basic process innovations 
which have led industry to switch from 
one form of energy to another have been 
followed by further innovations which 
increase the efficiency of the process- 
including the efficiency of energy use- 
even as the price of the energy used has 
fallen in response to the broader market 
created for it by the new process. The 
efficiency of the use of coal, for example, 
increased radically after 1856, as coal 
prices fell. There have been important 
instances in which process innovation 
resulted in significant improvements in 
the efficiency of energy use without af- 
fecting in the least the form of energy 
used. Often these have been motivated 
by concerns that had little to do with en- 
ergy directly. One of the most important 
of these was the relatively recent devel- 
opment by Sir Alaistair Pilkington of the 
float process for manufacturing flat glass. 
This process is so much more efficient 
overall that it has entirely displaced its 
predecessor, the plate process. The float 
process saves vast quantities of fuel, la- 
bor, capital, material, and all other fac- 
tors used in the manufacture of flat glass. 
Its developers were motivated by a de- 
sire to do just that. Those who adopted it 
were motivated by a desire not to be- 
come obsolete. 

3) One may note that from time to 
time something happens, be it a crisis, a 
discovery, a war, or some other com- 
pelling event, to draw the attention of 
numbers of talented and imaginative 
people to the study of some subject. The 
subject might be the use of coal, the use 
of heat, petrochemistry, electricity, glass- 
making, or something else. Whatever the 
subject, it seems that the focused atten- 
tion of talented and imaginative people 
can be relied upon to produce innovative 
advances, advances such as Siemens' re- 
generative furnace, or Bessemer's con- 
vertor, or Daimler's engine, or Darby's 
blast furnace. These are advances 
which, because of their overall superior- 
ity to previous practices, can secure rap- 
id and widespread adoption. The oppor- 
tunities embodied in these advances ex- 
ert a much more powerful influence than 
do opportunities merely to substitute one 
thing for another. 
10 FEBRUARY 1978 

Conclusions 

There are a number of things about en- 
ergy research today which one may think 
represent misplaced emphasis. It seems 
to be of highly questionable value to at- 
tempt to decide which forms of energy to 
develop from the resources to be avail- 
able in the future without giving signifi- 
cant attention to the processes for which 
these forms of energy might be used. 
One cannot assume that energy will be 
used in 2010 in the same way it is today. 
The history of industrial processes 
seems to show that each one is suscep- 
tible to improvement through basic in- 
novation. One may have to wait for a 
Siemens or a Perkins or a Watt or an Edi- 
son to provide the innovation. But, such 
persons do appear, and, given a reason- 
able chance, they cause progress, the na- 
ture of which is usually unsuspected in 
advance. The proper field of endeavor in 
industrial energy conservation would 
seem to be the physics of processes 
rather than the use of fuel in existing 
equipment. 

We are about to have to change the 
basic energy resources on which we op- 
erate many of our basic production pro- 
cesses (for example, coal or solar energy 
will have to be used to replace natural 
gas and oil in some applications). We will 
be faced with a wide range of forms in 
which energy might be brought to a pro- 
cess (for example, coal might be used 
for direct combustion, or as synthetic 
gas, or as electricity, or even in some 
other form). In considering how various 
new forms of energy might be used to 
operate a process, especially one that 
has been conceptually unaltered since, 
say, 1856, one often finds opportunities 
to make fundamental conceptual ad- 
vances. These entail not only possibil- 
ities to improve directly the use of en- 
ergy in the process, but also opportuni- 
ties to advance overall productivity. The 
latter category includes opportunities to 
reduce losses in manufacturing yields, to 
advance control of quality, and to devise 
equipment that can operate flexibly ac- 
cording to the demands for production, 
rather than on essentially a full-time 
schedule. 

It may be useful to give some ex- 
amples here of apparently promising di- 
rections for technical efforts on process 
improvements. 

In metal fabrication it is not uncom- 
mon for 50 to 70 percent of the work- 
stock to be cut away as the final part is 
formed. Alternative techniques, which 
include electroforming and ionarc spray- 
ing, permit one to form metal parts di- 

rectly to shape. The perfection of tech- 
nology for fabrication of this type could 
both save fuel and lead to immense gains 
in productivity. 

In many industries (for example, elec- 
tronics, stainless steel), high-temper- 
ature furnaces that are used only, say, 40 
hours per week must remain energized 
around the clock (this is because of the 
peculiarities of traditional furnace de- 
sign). The time is overdue to develop 
lightweight furnaces with fast response 
times so that one can shut the unit off 
when it is not in use. (The furnace must 
be capable of quickly returning to the de- 
sired operating temperature, and there 
must be suitable control over temper- 
ature.) Heating equipment of this sort 
would be most valuable. 

If, in addition to providing fast re- 
sponse time, the high-temperature heat- 
ing systems suggested above were also 
to offer advances in the refinement with 
which one could control temperature, 
they might lead to substantial gains in 
munufacturing yields. In certain critical 
processes, such as production of elec- 
tronic components, this could be of im- 
mense importance. It would provide 
large indirect savings in fuel (by reducing 
wastes of material) and, even more im- 
portant, would provide direct gains in 
overall productivity. 

In specialty steel production, the very 
reheating furnace that is energized 
around the clock, to be used only 40 to 
80 hours per week, is also the site at 
which about 4 percent of the entire prod- 
uct of a plant is lost as oxide scale. Tech- 
niques of reheating and forming might be 
developed that would prevent this loss. 
For example, the stock could be heated 
and formed under an inert atmosphere or 
under a vacuum. 

High energy lasers can be used for 
hardening metals. Laser techniques can 
reproduce the effects of thermochemical 
hardening (for example, carburizing) and 
mechanical treatment (for example, shot 
peening). The laser techniques can be 
applied virtually instantaneously and 
they can be applied to highly localized 
zones on large parts and even to zones of 
completed structures. 

These examples, which offer only an 
imperfect representation of what may re- 
sult from a basic reexamination of indus- 
trial processes, all entail the application 
of known effects to already perceived 
opportunities. What we should expect, 
on the other hand, is that the problems of 
energy should motivate the search for 
opportunities to make conceptual ad- 
vances in processes. Such advances 
could range well beyond direct concerns 
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with energy. Thus the emergence of con- 
ceptually advanced processes will prob- 
ably set the future trends in industrial en- 
ergy use. 
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Although the growth of the petro- 
chemical industry in the United States is 
attributable to several factors over the 
years, one of its basic strengths has al- 
ways been the abundance of relatively 
cheap raw materials. Even though the in- 
dustry has never used more than 8 per- 
cent of the petroleum and natural gas 
consumed in the United States, it pro- 
duces 80 billion pounds of chemicals an- 

nually. Out of this has come a cornu- 
copia of products that has affected our 
daily living and, indeed, has influenced 
the form of our civilization. A world 
without plastics, synthetic rubber, man- 
made fibers, and pesticides would be a 
different world from the one we have en- 
joyed at relatively low cost during the 
past three decades. 

Although the domestic demand for 
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such products continues to grow (6 to 8 

percent per year according to recent esti- 
mates), the petrochemical industry can 
no longer look forward to satisfying this 

growth by relying solely on traditional 
raw materials that are approaching eco- 
nomic depletion. True, "economic de- 

pletion" is a relative term; today, we 
routinely recover hydrocarbons that 
were considered "uneconomic" just a 
few years ago. But the concept of finite- 
ness is now significant in the energy dia- 

logue because the costs of recovering oil 
and gas have escalated and are ap- 
proaching, for the first time in history, 
the costs of utilizing substitutes. The im- 
pact of this fact on the petrochemical in- 

dustry will be sizable, but we in Union 
Carbide are convinced that both the re- 
sourcefulness and the required tech- 
nology exist to meet this challenge. 

Over the years, industry has demon- 
strated its sensitivity to the dynamics of 
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economics and technology in making de- 
cisions about energy. At Union Carbide 
our own hydrogeneration projects pow- 
ered some of our earliest operations, and 
we used coal in some other locations. 
For many years we found oil and gas at- 
tractive as fuels as well as feedstocks, 
but we have been switching oil- and gas- 
fired boilers to coal for some time now, 
in recognition of the scarcity of oil and 
gas, their increasing price, and their 
greatly enhanced value as feedstocks. 

Boiler conversion alone, however, is 
not enough. Even if we conserve all 
the scarce hydrocarbons that we can 
through conversion, improved efficien- 
cies, and other conservation measures, 
the economics of feedstocks will contin- 
ue to signal the need for more radical ac- 
tions. We see the costs for oil and gas 
converging with and eventually ex- 
ceeding the costs for some substitutes by 
the year 2000. These signals have been 
clear for years, and we have oriented our 
research and development to prepare 
ourselves to make the adjustments. Our 
goal is to minimize the cost of our feed- 
stocks and thus retain the competitive 
value of our petrochemical products. We 
are convinced that we have in hand or 
under development the technologies nec- 
essary to achieve this goal. 

To understand the role we see for 
technological innovation in the petro- 
chemical industry of the future, we must 
first understand the role of oil and gas in 
the industry today, the economic and 
technological forces that will be affecting 
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