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Iron Ore 

Iron Ore: Energy, Labor, and 

Capital Changes with Technology 

Energy and labor are conserved with a shift from 

high-grade ore to lean-ore pelletization. 

Peter J. Kakela 

Many people believe that mineral pro- 
duction will require an "increase in ener- 

gy consumption as [ore] grade de- 
creases" (1, 2). This is not always the 
case. Pelletized iron ore may be pro- 
duced by mechanical concentration from 

'finely ground taconite containing mag- 
netite in natural concentrations averag- 

In this article I address energy, labor, 
and capital changes resulting from the 
shift to pelletized lean iron ore during the 
last two decades. Changes in the sub- 
stitution of factors of production, tax 
policies, and geographic distribution of 
environmental damage and employment 
are also discussed. 

Summary. Resource gathering is depending on leaner crude ores. Iron ore mining 
typifies this trend. To make lean taconite iron ores useful required a technologic 
breakthrough -pelletization. The shift to iron ore pellets has the advantage that they 
require less energy and labor per ton of molten iron than high-grade naturally concen- 
trated ores. Increased reliance on pellets causes a geographic shift of some jobs and 
environmental effects from blast furnaces to iron ore mines. 

ing 25 percent iron. Use of this pelletized 
ore results in substantial energy (and la- 
bor) savings per ton of molten iron pro- 
duced at the blast furnace when com- 
pared to the use of naturally concen- 
trated hematite and goethite ores con- 
taining 50 percent or more iron. Thus, 
the technological breakthrough of pellet- 
izing represents a step change in physical 
economic factors of production that tem- 
porarily offsets the persistent entropy 
trend associated with reliance on leaner 
and leaner ores. 

The author is associate professor in the Depart- 
ment of Resource Development and Extension Spe- 
cialist in Resource Management and Policy, Mich- 
igan State University, East Lansing 48824. This re- 
search was begun at the Center for Advanced Com- 
putation, University of Illinois, Urbana 61801. 
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Total energy requirements were com- 
puted for two iron ore technologies: (i) 
that based on hematite and goethite ores 
naturally concentrated to approximately 
50 percent iron or more, and (ii) that 
based on taconite ores of 20 to 30 percent 
crude iron mechanically concentrated to 
more than 60 percent iron and then pel- 
letized. Process and input-output tech- 
niques (3) were used in a hybrid energy 
analysis (4) to calculate total energy re- 
quirements per ton of molten iron from 
1954 through 1975. The shift in ore tech- 
nology toward pelletization produced 
net energy savings of 17 percent. Labor 
savings and modest capital increases al- 
so resulted from the shift to pellets dur- 
ing this period. 

Since the late 1800's, deposits in the 
Lake Superior region have supplied the 
majority of iron ore to U.S. blast fur- 
naces. The vast deposits differ in grade 
and treatment. Soft, oxidized, naturally 
concentrated ore contains the iron min- 
erals hematite and goethite. The highest 
grades of naturally concentrated ore, 
called direct-shipping or run-of-mine 
ores, contained 52 percent or more iron 
in crude form; some deposits exceeded 
65 percent iron. Today, most of the hem- 
atite and goethite ores mined are of less- 
er grade and require some beneficiation 
(mechanical concentration) before ores 
containing 50 to 55 percent iron can be 
shipped. Beneficiation may include 
washing, screening, jigging, high-density 
separation, spiraling, or scrubbing. Tex- 
ture grading distinguishes coarse ores 
from fines. Although they receive minor 
treatment, I refer to these ores as natu- 
rally concentrated to distinguish them 
from highly treated pelletized iron ores. 

In contrast, the hard taconite ores con- 
tain less than 30 percent crude iron, and 
the primary iron mineral is magnetite. 
The magnetite is mechanically concen- 
trated by crushing, grinding (commonly 
to -325 mesh), magnetically separating, 
balling, and indurating in mills near the 
mines. The resulting marble-size pellets 
contain 60 to 65 percent iron. Non- 
magnetic taconite and naturally concen- 
trated ores are also pelletized, but this 
requires different mechanical steps and 
usually more energy. Sinter was used be- 
fore pellets and is an agglomeration of 
fine, naturally concentrated iron ore; flue 
dust; coke breeze (a screening by-prod- 
uct of coke); and, more recently, fluxes, 
which are fused in sintering plants at the 
blast furnace. The sinter cake is broken 
into clinker-like chunks and is only 
somewhat inferior to pellets as blast fur- 
nace burden. Because of the pre- 
dominantly mechanical concentration in- 
volved in their production, I refer to pel- 
lets and sinter as agglomerate ore bur- 
dens. 

In 1955, pellets were commercially in- 
troduced. Sinter at that time accounted 
for less than 20 percent of the iron charge 
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to U.S. blast furnaces. As capital-in- 
tensive pellet mills expanded, pellets ac- 
counted for the growth of agglomerate 
charge and, by the early 1960's, they had 
begun to replace sinter. By 1975, more 
than 80 percent of the iron ore burden in 
U.S. blast furnaces was pelletized or 
otherwise agglomerated. Use of natural- 
ly concentrated iron ore declined com- 
mensurately. 

The shift to pelletized iron ore caused 
physical changes in blast furnace opera- 
tions as well as mining procedures. 
Therefore, in analyzing the effects of this 
shift in ore technology, changes must be 
traced through the production process 
until physical differences between natu- 
rally concentrated and pelletized ores 
vanish. The production of molten iron 
represents the point of indistinction- 
that is, the physical characteristics of 
molten iron (commonly called hot metal 
or, if cooled, pig iron) are the same 
whether pelletized or naturally concen- 
trated ore is fed to the blast furnace. Be- 
fore this point there are physical dif- 

ferences between ore forms, and they 
cause variations in physical economics- 
that is, the economics of molten iron pro- 
duction in terms of British thermal units 
(Btu's), man-hours, and capital invest- 
ment dollars. Therefore, the boundaries 
of my study extend from iron ore in the 
ground to molten iron produced in blast 
furnaces. 

Demands at the Mine 

Energy. Fuel and material consump- 
tion was inventoried for four naturally 
concentrated ore mines (5). Because 
they use different accounting procedures 
and in order to preserve their anonymity, 
I considered the case of a hypothetical 
standard naturally concentrated ore. The 
total energy required for the standard 
case is 1.934 million Btu's per net ton of 
iron delivered to blast furnaces (Table 1). 
Transportation is assumed to be from the 
Mesabi Range in Minnesota. Indirect en- 
ergy accounts for more than 60 percent 

Table 1. Energy requirements for naturally concentrated ore. Values are for a hypothetical 
standard case based on actual mine inventories. Factors used to derive the values in column 3 
are given in (5, p. 62). 

Energy per net ton of iron in ore 
Process Original 

units 

Stripping non-ore overburden 
Electricity 1.78 kilowatt-hours 23,000 
Diesel oil 0.31 gallon 52,500 
Explosives 0.31 pound 9,200 
Rubber tires $0.15 6,000 

Subtotal (percentage of total) 90,700 (4.7) 

Mining crude ore 
Electricity (process) 10.19 kilowatt-hours 132,000 
Electricity (pumping) 6.18 kilowatt-hours 80,000 
Diesel oil 0.69 gallon 115,000 
Lubricants 0.10 gallon 17,000 
Gasoline 0.03 gallon 5,200 
Explosives 0.89 gallon 26,600 
Rubber tires $0.34 13,800 
Steel wear parts $0.52 25,000 

Subtotal (percentage of total) 414,600 (21.4) 

Concentrating ore 
Electricity 8.08 kilowatt-hours 104,600 
Diesel oil 0.02 gallon 2,900 
Lubricants 0.01 gallon 2,600 
Plant repairs $0.07 2,200 
Steel wear parts $0.11 5,400 

Subtotal (percentage of total) 117,700 (6.1) 
Other (for example, office and stockpile) 

Electricity 0.01 kilowatt-hour 150 
Diesel oil 0.08 gallon 14,000 
Rubber tires $0.02 1,000 
Trade margins $0.24 6,300 

Subtotal (percentage of total) 21,450 (1.1) 

Transportation to blast furnace 
Rail (100 miles) 210 net ton-miles (iron) 104,800 
Water (900 miles) 1,881 net ton-miles (iron) 1,185,200 

Subtotal (percentage of total) 1,290,000 (66.7) 
Total 1,934,450 (100.0) 
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of total energy. Therefore, if mine oper- 
ators were to view the energy required to 
produce and deliver naturally concen- 
trated ore in terms of the heat value of 
fuels and power consumed on site, less 
than two-fifths of the total energy re- 
quirement would be accounted for. 

Similarly, six pellet mills were inven- 
toried and a hypothetical standard pellet- 
ized ore was developed. The total energy 
required in the standard pellet case is 
5.153 million Btu's per net ton of iron de- 
livered (Table 2). Magnetic taconite ore 
and transportation from the Mesabi 
Range are assumed (6). The transporta- 
tion of pellets requires less energy than 
that of naturally concentrated ore be- 
cause 10 percent less waste rock is trans- 
ported with the pellets. Indirect energy 
accounts for 53 percent of the total ener- 
gy required to produce and deliver pel- 
lets. Pellet production depends primarily 
on electricity and natural gas, whereas 
production of naturally concentrated 
ores depends mostly on electricity and 
diesel oil. 

Pelletized iron ore delivered to U.S. 
blast furnaces requires more than 2.5 
times as much total energy as naturally 
concentrated ore per net ton of iron. If 
only mine-site preparation is considered, 
and transportation to blast furnaces is 
excluded, the difference is even greater. 
Preparation of pelletized iron ore re- 
quires more than six times as much ener- 
gy as preparation of naturally concen- 
trated iron ore. However, neither min- 
ing, nor mining plus transportation, in- 
cludes the point of indistinction (that is, 
molten iron) in this resource production 
system. 

Labor and capital. Preparation of pel- 
letized iron ore also requires more labor 
than preparation of naturally concen- 
trated ore. I calculate that on the average 
the production of pellets amounts to 4380 
tons of pellets per year per employee, 
whereas that of naturally concentrated 
ore is 5660 tons of comparable iron con- 
tent per year per employee (7). There- 
fore, the average miner of naturally con- 
centrated ore produces 29 percent more 
iron than the pellet plant worker. 

Estimates of the expansion costs of 
four pellet companies in 1973 averaged 
approximately $50 per gross ton of annu- 
al pellet capacity (7). Engineering docu- 
ments entered in the case of the State of 
Minnesota versus Reserve Mining Co. 
indicate a cost of $75 per gross ton of an- 
nual pellet capacity for 1975 (8). Dis- 
cussions with pellet plant operators veri- 
fied these costs. 

There has been little new construction 
or added production capacity for natural- 
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ly concentrated ore, but it has been esti- 
mated that costs would range from $4 to 
$25 per gross ton of annual capacity if 
natural ore mining companies were to 
expand (9). A reasonable average might 
be $10 to $15. Pellet production is five 
times more capital intensive than pro- 
duction of naturally concentrated ore. 
Again, only mine-site labor and capital 
requirements are being compared. 

Demands at the Blast Furnace 

Energy. Blast furnaces chemically re- 
duce the iron oxide of the ore to molten 
iron. The substitution of pelletized ore 
for naturally concentrated iron ore 
causes three main energy changes in 
blast furnace firing: (i) the gas/solid con- 
tact ratio is increased because of im- 
proved permeability obtained with pel- 
lets, (ii) more air can be blown into the 
blast furnace because of the improved 
permeability, and (iii) waste removal 
(slag) is reduced because of the richer 
content of the pellets (10). Each of these 
changes reduces the amount of coke re- 
quired per net ton of molten iron. 

Furnace operators, however, have 
changed their firing practices in several 
ways since the introduction of pellets. 
The changes include increasing the blast 
temperatures, injecting supplemental 
fuels, and expanding the use of self-flux- 
ing sinter (11). Together with the in- 
creased embodied energy of iron ore pel- 
lets as a substitute for naturally concen- 
trated ores, these operating changes re- 
quire additional energy per net ton of 
molten iron. 

Taking into account both increases 
and decreases in energy use at the blast 
furnace, I computed the net changes in 
total energy requirements per net ton of 
molten iron for each year from 1954 
through 1975. I used the observed rates 
for pellet charge, coking, injected fuel, 
flux, and other factors as recorded annu- 
ally for blast furnace practices by the 
American Iron and Steel Institute and 
others (12) (Table 3). This analysis re- 
vealed two phases in the energy trend 
(Fig. 1). 

The first phase, from 1954 to 1963, en- 
compassed the major switch to agglom- 
erate charges and resulted in a 15 percent 
decrease in energy required per net ton 
of molten iron. Thus, the decreased coke 
rates more than compensated for the in- 
creased embodied energy of iron ore pel- 
lets and sinter. 

In the second phase, 1964 through 
1975, injection of supplemental fuels into 
the blast furnace was widely practiced. 
15 DECEMBER 1978 

Table 2. Energy requirements for pelletized ore. Values are for a hypothetical standard case 
based on actual pellet plant inventories; the ore is assumed to be magnetic taconite mined at a 
northern Minnesota location. Factors used to derive the values in column 3 are given in (5, p. 
62). 

Energy per net ton of iron in ore 

Process Original Bt 
units 

Crude ore mining 
Electricity 
Natural gas 
Diesel oil 
Gasoline 
Lubricants 
Explosives 
Oxygen 
Rubber tires 
Steel wear parts 
Calcium chloride 

Subtotal (percentage of total) 
Coarse crushing 

Electricity 
Fuel oil plus natural gas 
Lubricants 
Steel wear parts 
Chemicals 

Subtotal (percentage of total) 

Fine crushing 
Electricity 
Lubricants 
Steel wear parts 

Subtotal (percentage of total) 

Concentrating 
Electricity 
Natural gas 
Natural gas (heat) 
Lubricants 
Rod, balls, liners 

Subtotal (percentage of total) 

Water handling and tailings 
Electricity 
Additives 

Subtotal (percentage of total) 

Agglomerating and induration 
Electricity 
Natural gas 
Gasoline 
Lubricants 
Bentonite 
Steel wear parts 
Neutralizers 
Refractories 

Subtotal (percentage of total) 

Other (office, shop, and so on) 
Electricity 
Natural gas 
Propane 
Diesel-fuel oil 
Lubricants 
Trade margins 

Subtotal (percentage of total) 

Loading pellets 
Electricity 
Diesel oil 
Gasoline 
Lubricants 

Subtotal (percentage of total) 

Transport to blast furnace 
Rail (100 miles) 
Water (900 miles) 

Subtotal (percentage of total) 
Total 

3.67 kilowatt-hours 
10.07 cubic feet 
0.66 gallon 
0.02 gallon 
0.03 gallon 
3.93 pounds 

109.29 cubic feet 
$0.30 
$0.08 
$0.04 

3.55 kilowatt-hours 
0.08 gallon 
0.01 gallon 

$0.11 
$0.02 

8.49 kilowatt-hours 
0.00 gallon 

$0.28 

94.03 kilowatt-hours 
120.69 cubic feet 
77.13 cubic feet 
0.00 gallon 
8.86 pounds 

14.28 kilowatt-hours 
$0.02 

39.60 kilowatt-hours 
994.56 cubic feet 

0.00 gallon 
0.02 gallon 

34.00 pounds 
$0.06 
$0.05 
$0.07 

1.34 kilowatt-hours 
11.80 cubic feet 
0.11 pound 
0.24 gallon 
0.01 gallon 

$0.148 

0.74 kilowatt-hour 
0.02 gallon 
0.01 gallon 
0.00 gallon 

177 net ton-miles (iron) 
1,590 net ton-miles (iron) 

47,600 
11,100 

111,000 
3,590 
6,010 

118,000 
20,000 
12,100 
3,700 
7,470 

340,570 (6.6) 

46,000 
13,400 
1,040 
5,120 
4,230 

69,790(1.4) 

110,000 
500 

13,300 
123,800 (2.4) 

1,218,000 
133,000 
85,000 

700 
155,000 

1,591,700 (30.7) 

185,000 
4,470 

189,470 (3.7) 

513,000 
1,096,000 

225 
4,000 

20,400 
2,940 
9,200 
7,930 

1,653,695 (31.9) 

17,300 
13,000 
2,800 

40,000 
2,500 
3,900 

79,500 (2.2) 

9,620 
3,730 

900 
200 

14,450 (0.3) 

88,400 
1,002,000 
1,090,400 (21.0) 
5,153,375 (100.0) 
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Fig. 1 (left). Total energy trend for U.S. blast furnace production of molten iron from 1954 
through 1975. Fig. 2 (right). Average U.S. production of molten iron per blast furnace-day 
from 1953 through 1975 (14). Data from American Iron and Steel Institute. 

Coke rates continued to decline as pel- 
lets gradually assumed a larger share of 
the charge, but supplemental fuel injec- 
tion nullified these energy savings. Total 
energy requirements remained nearly 
constant from 1964 to 1975. 

Over the complete period 1954 to 
1975, there was a net reduction of 17 per- 
cent in the total energy required. This is 
4.9 million Btu's per net ton of molten 
iron (13, 14). The energy conservation is 
attributable to the use of pellets and sin- 
ter because their improved permeability 
increased the chemical efficiency of blast 
furnaces. If supplemental fuel injection 

had not been practiced, the net savings 
could have been 23 percent of the total 
energy required or 6.5 million Btu's per 
net ton of molten iron. 

Further energy conservation. The 
maximum amount of energy that could 
be saved through use of pellets and sinter 
can be calculated. A shift in the blast fur- 
nace burden from 100 percent naturally 
concentrated iron ore to 100 percent ag- 
glomerate, with no supplemental fuel in- 
jection, would reduce total energy con- 
sumption by 36 percent. This is more 
than 10 million Btu's per net ton of mol- 
ten iron. An all-agglomerate charge 

would consume 4.1 million Btu's per net 
ton less than is used in current (1975) 
practices, or would provide an additional 
18 percent savings of energy. Blast fur- 
nace production, however, would be 
slowed. 

Could even more energy be saved by 
pelletizing the richer, naturally concen- 
trated ores rather than the lean taconite 
ores? The answer is no, for two reasons. 

First, with taconite, energy as well as 
iron is mined. The magnetite (Fe203 
FeO) in magnetic taconite contains free 
thermodynamic energy. Induration in 
pellet kilns converts the magnetite to 
hematite (Fe2O3) and releases exother- 
mic heat (15, 16). The released heat 
amounts to 37 percent of the total en- 
ergy required for agglomeration and 
induration in my standard pellet pro- 
duction case (Table 2). Naturally con- 
centrated ores, which are already hema- 
tite or goethite, produce no exothermic 
heat during induration. On the other 
hand, some pellets made from naturally 
concentrated ores require additional heat 
to vaporize water of crystallization dur- 
ing induration (17). Taconite has virtual- 
ly no water of crystallization. 

The second and more important rea- 
son involves the physical structure of the 
crude ore, which has a wide range of par- 
ticle sizes and much clay. Crushing and 

grinding the very hard, metamorphic 

Table 3. Total energy consumption per net ton of molten iron (NTMI) from blast furnaces in 1975, 1965, and 1955. 

Energy per net ton of molten iron 

Million 1975 1965 1955 
Item Btu's (production = 79.9 (production = 88.9 (production = 77.8 

per million NTMI) million NTMI) million NTMI) 
~unit 

Original Million Original Million Original Million 
units Btu's units Btu's units Btu's 

Naturally concentrated ore 1.934 per net ton (iron) 0.184 0.36 0.357 0.69 0.815 1.58 
Sinter 6.0 per net ton (iron) 0.275 1.65 0.387 2.32 0.172 1.03 
Pellets 5.153 per net ton (iron) 0.541 2.79 0.246 1.27 0.007 0.04 

Subtotal 4.80 4.28 2.65 
Fuel oil 0.168 per gallon 4.74 0.80 0.60 0.10 NR* 0.00 
Tar and pitch 0.203 per gallon 1.44 0.29 NR 0.00 NR 0.00 
Natural gas 1.127 per million cubic feet 0.35 0.39 0.52 0.59 NR 0.00 
Blast furnace gas 0.121 per million cubic feet 16.73 2.02 AVt 2.03 AV 2.03 
Coke-oven gas 0.635 per million cubic feet 0.15 0.10 0.13 0.08 NR 0.00 
Oxygen 0.183 per million cubic feet 0.32 0.06 0.11 0.02 NR 0.00 

Subtotal 3.66 2.82 2.03 
Coke 31.5pernetton 0.611 19.25 0.656 20.66 0.873 27.50 
Limestone and other 0.24 per net ton 0.234 0.06 0.279 0.07 0.09 

Subtotal 19.31 20.73 27.59 
Mill cinder and other 0.0 per net ton 0.05 0.00 CT 0.00 C 0.00 
Scrap 0.0 per net ton 0.05 0.00 0.04 0.00 0.05 0.00 
Refractories 0.013 per pound 5.0 0.06 C 0.06 C 0.06 
Electricity 0.013 per kilowatt-hour 25.0 0.33 C 0.33 C 0.33 
Steam 1 per 1000 pounds 1.2 1.20 C 1.20 C 1.20 

Subtotal 1.59 1.59 1.59 
Total Million BTU's per NTMI 29.36 29.42 33.86 

By-product blast furnace gas 0.121 per million cubic feet 48.8 -5.91 AV -5.53 AV -5.53 
Net total Million BTU's per NTMI 23.45 23.89 28.33 

*NR, not recorded in American Iron and Steel Institute (AISI) Annual Statistical Reports and assumed to be zero. tAV, the average blast furnace gas value from 
the AISI record for 1966 to 1975 assumed for earlier years, when it was unreported. tC, values held constant at Battelle (25) levels. 
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taconite ore produces more uniform and 
larger particles. Grinding magnetite pro- 
duces particles that are about ten times 
larger on the average than the largest 
clay particles of naturally concentrated 
ore. There are three problems in pelletiz- 
ing naturally concentrated ores: (i) diffi- 
culty in controlling moisture produces 
pellets of various sizes, which reduces 
permeability in blast furnaces; (ii) the 
weaker naturally concentrated ore pel- 
lets fragment and clog the blast furnace, 
reducing permeability; and (iii) difficulty 
in filtering and colloidal suspension of 
the particles impede the mechanical con- 
centration of iron. Naturally concen- 
trated hematite ore is not magnetic, and 
this presents a fourth problem, since 
magnets are used in the simplest me- 
chanical concentration process. 

Labor and capital. Blast furnace pro- 
ductivity doubled between 1954 and 
1975. The increased production of mol- 
ten iron reduces both labor and capital 
requirements per ton of product. Two 
phases are identified (Fig. 2). 

In the first phase, from 1954 to 1963, 
the improved permeability of agglomer- 
ate burdens resulted in more efficient and 
more rapid chemical reduction of iron 
ore in blast furnaces. In the middle 
1960's production increases began to lev- 
el off, and new firing practices were de- 
veloped, including greater preheating of 
the air blown into the furnaces and injec- 
tion of supplemental fuels into the fur- 
nace base. These practices characterized 
the second phase of increased productiv- 
ity (1964 to 1975). The resulting higher 
blast temperatures speeded the chemical 
reduction process and productivity once 
again began to increase, but without con- 
comitant energy savings. Pellets and, to 
a lesser degree, sinter indirectly contrib- 
uted to the second phase of increased 
production by allowing greater pre- 
heating of the blast air and injection of 
supplemental fuels. The direct produc- 
tivity gains attributable to pellets and 
sinter, however, tended to reach a 
plateau in the middle 1960's. 

To calculate labor and capital changes, 
I constructed a total cost schedule for 
molten iron production and scaled it ac- 
cording to the relative labor and capital 
intensiveness of each industrial process 
sector (5, p. 69; 18). Absolute changes in 
labor and capital recorded in the U.S. 
Census of Manufacturing and by the Bu- 
reau of Labor Statistics were then 
weighted according to the scaling (19). 

If labor intensities for mining are in- 
creased to reflect the observed shift in 
ore preparation and labor intensities for 
blast furnaces are decreased to reflect 
the productivity gains from 1954 to 1963 
15 DECEMBER 1978 

and half of the productivity gains after 
the 1963 "pellet plateau," then direct la- 
bor in mines and blast furnaces (in man- 
hours per net ton of molten iron) de- 
creased by 8.2 percent. If the same con- 
ditions are applied to capital invest- 
ments, it is estimated that pelletization 
increased capital costs (in dollars per net 
ton of molten iron) by 31 percent. 

Total Costs for the Mine and 

Furnace System 

It is not possible at this point to reduce 
the three factors of molten iron produc- 
tion (total energy, direct labor, and di- 
rect capital) to common units. Thus, 
they cannot be added together to obtain 
a single evaluation of the total cost of 
shifting to pelletized iron ores. Energy 
savings are measured in Btu's per net ton 
of molten iron; direct labor savings are in 
man-hours per net ton of molten iron; 
and increased capital costs are for in- 
vestment dollars per net ton of molten 
iron. Despite the lack of a factor to 
equate units, to ensure comprehensive 
coverage, and to avoid double counting, 
a general comparison reveals that labor 
is by far the largest cost component. 
Capital costs are generally the smallest 
factor in total costs; in 1967, on the aver- 
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age, fixed capital formation constituted 
only 12.3 percent of total costs in the fi- 
nal demand sector (20). Blast furnaces 
and iron ore pellet plants are more capi- 
tal intensive than this, but 15 percent of 
total costs may be a generous enough es- 
timate. Therefore, with both labor and 
energy conserved, the total cost of mol- 
ten iron production has probably de- 
clined as a result of the introduction of 
pelletized iron ore. 

The substitutional advantages of ener- 
gy, labor, and capital in the iron and steel 
industry influence technological deci- 
sions. Marginal productivities for 1940 
through 1977 were calculated from ratios 
of unit cost indexes (21) (Fig. 3). From 
1940 to 1950, low-priced capital had a 
substitutional advantage over both labor 
and energy. After World War II, the iron 
and steel industry rebuilt and expanded 
its war-worn capital stock. Between 1950 
and 1970, relatively low-priced energy 
held a substantial advantage over high- 
priced labor. The industry, however, dis- 
covered that capital investments in pellet 
plants could save both labor and energy 
until 1963; after that, capital plus energy 
were substituted for high-priced labor. A 
sharp reversal of substitutional advan- 
tage occurred in 1970, when energy be- 
came the most costly factor. Thus, capi- 
tal now holds a strong substitutional ad- 
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Fig. 3. Unit cost ratios for the iron and steel industry for energy, labor, and capital from 1940 
through 1977. For capital, the market value of selected AA bonds for major steel companies was 
used. Since new capital for captive pellet plants and other mines is often raised by major steel 
company bonds, this measure applies to the entire molten iron production system. Wages are 
based on the average total payroll costs for wage employees in the iron and steel industry (14). 
Although there are discrepancies, iron ore mines belong to the same union as iron and steel 
workers and the patterns of wage change for both have been very similar. Coke values are based 
on the cost of coal per ton of coke, from the Bureau of Mines Minerals Yearbook for 1940 
through 1975 and from Coal Week for 1976 and 1977. Since coke is the major fuel of the molten 
iron production system, its cost is a reliable indicator of energy costs for the entire system. 
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vantage over high-priced energy and in- 
termediate-priced labor. The steel in- 

dustry, however, chooses to substitute 
capital plus energy for labor when its 
prime savings potential is in finding capi- 
tal substitutions for energy. 

Policy Implications 

There are a number of policies con- 
nected with the shift to pelletized iron 
ore. For policies, too, the point of phys- 
ical indistinction (molten iron) deter- 
mines the boundaries of analysis. 

As steel production shifted toward de- 
pendence on pelletized iron ore, a por- 
tion of the manufacturing process was 
transferred from the blast furnace to the 
ore mines. The pellet mill located near 
the mine physically manifests the relo- 
cated manufacturing activity; the in- 
crease in mine employment manifests 
the geographic shift of direct labor. At 
the steel mills, changes include fewer 
jobs at the blast furnace and coke ovens 
and fewer blast furnaces and coke ovens 
required per net ton of molten iron. 

Transfer of some environmental dam- 
age from blast furnace locations to iron 
ore mines has also occurred. Pelletized 
ore burdens reduce blast furnace coke 
requirements and thus reduce associated 
air and water pollution. The increased 
energy required to produce pellets re- 
sults in increased air and water pollution 
in the ore production region. In addition, 
the larger volumes of crude ore that must 
be processed for pelletized taconite re- 
sult in more discarded waste. In some 
taconite deposits, trace elements in the 
waste rock have caused particular con- 
cern. The case of the State of Minnesota 
versus Reserve Mining Co. has brought 
public attention to emissions of amphi- 
bole and asbestiform fibers to water and 
air. Reserve Mining Co. is not typical of 
other pellet operations because of the 
particular taconite ores mined by Re- 
serve. However, the expanded manufac- 
turing activities and the larger volumes 
of crude ore mined for pellets do produce 
more waste and the potential for new 
pollutants. The geographic shift in envi- 
ronmental damage has been away from 
areas of dense population near blast fur- 
naces and toward sparsely populated 
mining regions. 

As government encourages, or regu- 
lates, energy conservation, the drafted 
policies should encompass the point of 
physical indistinction. For the iron and 
steel industry, pelletized taconite con- 
serves energy even though it requires six 
times more energy in the mining sector 
than naturally concentrated iron ore. 
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Taxes 

Minnesota iron ore taxes illustrate 
some of the complexities associated with 
legislated mineral policies. Even before 
production of naturally concentrated ore 
began in Minnesota, low taxes were set 
to encourage resource exploitation. The 
production tax amounted to 1 cent per 
gross ton of iron ore mined and shipped. 
This lenient tax was ruled uncon- 
stitutional in 1897 and replaced by an ad 
valorem tax, based on 50 percent of the 
assessed "full and true value" of mineral 
properties; thus the tax rates were put in 
the hands of local assessors. The result- 
ing taxes varied greatly from one mining 
property to another and, in general, were 
much higher than the earlier taxes based 
on production. In 1907, the State Tax 
Commission did much to standardize the 
methods of ascertaining the quantity, 
quality, and value of mining properties, 
but the iron mining industry in Minne- 
sota continued to pay higher taxes than 
other businesses and industries in the 
state. This taxing policy for naturally 
concentrated iron ore was rooted in the 
philosophy that the state should be com- 
pensated for the removal of an irreplace- 
able resource (the natural heritage theo- 
ry). 

In 1941, the first taconite law was 
passed in Minnesota. Like the early leg- 
islation governing taxes on naturally 
concentrated ore, the first taconite law 
was operative before any commer- 
cialization and levied a low production 
tax to encourage development of pelleti- 
zation. To make this law constitutional, 
however, a minimal ad valorem tax was 
applied, but only to unmined properties. 
As commercial taconite production be- 
gan in 1955, the total tax on taconite per 
ton of iron in ore was only 15 percent of 
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Fig. 4. Minnesota taxes for naturally concen- 
trated iron ore and taconite pellets from 1952 
through 1976. Calculations are based on taxes 
paid per net ton of iron in ore; the average 
iron content is assumed to be 63 percent for 
taconite pellets and 53 percent for natural ore 
shipped. Data are from (26). 

the taxes on naturally concentrated iron 
(Fig. 4). 

Taconite continued to enjoy a favored 
tax position in Minnesota until recently. 
Shortly after the industry recognized the 
superior qualities of iron ore pellets in 
1960, a successful attempt was made to 
hold the line on taconite taxes. Specifi- 
cally, a 1964 Minnesota constitutional 
amendment stated that taconite-produc- 
ing companies should not be singled out 
for inordinate tax increases for the next 
25 years; taconite taxes should increase 
only in proportion to increases in state 
taxes for other manufacturing estab- 
lishments. In 1971 and 1975 taconite tax- 
es were raised significantly, and they are 
now on a par with taxes on naturally con- 
centrated iron ore. However, taxes on 
naturally concentrated ore have been 
held nearly constant in current dollars 
for the last 20 years, so taconite still 
seems to enjoy a favored tax status in 
Minnesota. 

Resource regulations have broad im- 
plications that should be understood by 
government and the public. The low 
taconite taxes have encouraged the relo- 
cation of mining and manufacturing com- 
panies in Minnesota and thus produced 
more jobs there; nationwide, they have 
encouraged energy conservation. On the 
other hand, Minnesota pays the cost of 
increased environmental damage (22), 
and employment is reduced slightly na- 
tionwide. Recent changes in the taconite 
taxes suggest that policy-makers in Min- 
nesota are seeking a different balance 
point for these trade-offs. 

Unfortunately, confused thinking may 
also motivate policy decisions, and there 
are two misconceptions that might sup- 
port favoring taconite with low taxes: (i) 
that the depletion of naturally concen- 
trated ore reserves leaves only the inferi- 
or taconite deposits to be developed; and 
(ii) that the high capital costs of pellet 
plants are a significant disadvantage to 
taconite compared to naturally concen- 
trated ore. Actually, taconite pellets are 
the preferred form of raw iron because 
they improve productivity, conserve en- 
ergy, and allow greater quality control of 
iron production from the blast furnace. 
In all probability, total costs per ton of 
molten iron are less with pellets than 
with naturally concentrated ore. 

Conclusions 

Pelletized iron ore involves the sub- 
stitution of energy to do mechanical 
work for energy to do chemical work. 
The mechanical energy required for pel- 
letization is embodied as indirect energy 
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for the chemical processes of the blast 
furnace. When the changes in all direct 
and indirect energy per ton of molten 
iron are considered, the total energy re- 
quirements decline with increased use of 
pellets. 

This energy conservation is remark- 
able since the ores mined to produce pel- 
lets are leaner than high-grade naturally 
concentrated ores. Part of this energy 
saving occurs because the lean taconite 
ores contain both iron and energy. Pellet 
hardening in kilns releases exothermic 
heat. More importantly, however, the 
durability and uniform spherical shape of 
pellets greatly increases permeability in 
blast furnaces and improves the chem- 
ical efficiency of the furnaces. Improved 
permeability saves more than six times 
as much energy as the exothermic heat 
released in pellet kilns per ton of molten 
iron. 

Pellets also allow significant increases 
in blast furnace productivity, thereby im- 
proving overall labor and capital produc- 
tivity in the manufacture of iron. Net la- 
bor requirements are reduced. The labor 
and energy savings depend on capital in- 
vestment in pelletizing plants; net capital 
per ton of molten iron rose with con- 
version to pellet technology. 

Pelletization increases the efficiency of 
molten iron production. The tech- 
nological benefits must be considered in 
the broader context of social policy is- 
sues involving (i) export of jobs and pol- 
lution from cities to the country, and (ii) 
net changes in health conditions and en- 
vironmental damage. 

This analysis leads to several general 
conclusions. First, an energy analysis 
confined to one industrial sector can be 
misleading. Changes within one sector 
result in changes in associated sectors 
that can more than compensate for them; 
therefore, piecemeal approaches to in- 
dustrial energy conservation are in- 
appropriate. An analysis of the direct 
and indirect energy required for a poten- 
tial conservation adjustment must be fol- 
lowed to a point in the industrial process 
where there is no longer any physical dif- 
ference in the product. Second, the ex- 
ample of iron ore pellets supports the 
view of the so-called technological opti- 
mists over that of the doomsayers. 
Doomsayers stress limits and finite re- 
sources; they see energy requirements 
increasing and effective exhaustion of re- 
sources resulting as demands continue to 
grow rapidly (23). Technological opti- 
mists view resources by analogy with a 
series of storerooms and consider that as 

man "used up what was piled in that first 
room, he found he could fashion a key to 
open a door into a much larger room" 
(24). The keys are generally formed by 
substitution and technological innova- 
tion. Pelletizing technology has unlocked 
one large storeroom of previously value- 
less rock, which now provides superior 
iron ore. 
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