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I INTRODUCTION 

This work presents a model for technological progress based on the 

assumption that the technology can be represented as a closed set of 

possibilities. The usual progress function, i.e. the exponential func

tion, is then substituted for the logistic formulation. It is argued that 

the best application of the model is within specific process technologies, 

where the finite technological space can be accurately motivated on the 

basis of engineering calculations. An empirical example, the Blast Furnace 

technology, illustrates the working of the model. 

II THE MODEL 

Let us assume a production function: 

q = f (v^ . . .vn) (1) 

with q output and inputs. In general technical progress enters the 

function by adding time, t, as a parameter and assuming the derivative 

with respect to t being positive. 

When specifying the form of the progress the most common approach is to 
« . a t  

use the exponential function e , a a constant. If we for instance con

sider the general factor augmenting case, this specification means that: 

a-1 at 
q(t) = f(e * v (t),...,e n v (t)) (2) 

1 n 
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The arguments for using the exponential function are usually not gi ven, 

but one can guess that the choise is made becau se of the simplicity of 

the function. However, in many cases I think that other forms should be 

considered. When using the exponential form for the progress function 

we implicit assume that technology can grow without limit. But when 

doing detailed studies of technology on the micro level, we soon discover 

the existence of engineering limits to possible improvements. These limits 

can be of various kinds. The most common is the limit set on energy 

requirement as a result of the thermodynamical laws that governs the 

process in question. For instance, when making metals out of ore we have 

an under limit for energy (per unit of output) needed to reduce the metal. 

Also when making electricity from fuels, when to drive a vechile with a 

certain speed and so on, thermodynamical limits to the energy input can 

be calculated. 

And other limit is set by the physical chracter of the product. It takes 
3 for instance at least 2m of wood to make one tonne of pulp, and some 

minimum amount of oil to make a gallon of gasoline. When studying special 

machine types we can also find limits to speed, power etc, given by the 

technical principle that is applied. 

A very special form of limits are set by the finite amounts of engineering 

principles that can be used to solve a special problem of production. An 

early example of this was given by Zwicky (19) who studied the totality 

of all jet engines operating in a pure medium (vacuum, air, water, earth). 

The following possibilities were noted: 

12 
p^' intrinsic or extrinsic chemically active mass 

p^'^ internal or external thrust generation 

12 3 
p^* ' intrinsic, extrinsic, or zero thrust augmentation 

P^*^ internal or external thrust augmentation 

1 , 2  .  .  .  
p<- positive or negative jet 

1 • -4 
p^ possible thermal cycles (adiabatic, isothermal etc) 
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1..4 
medium (vacuum, water, earth, air) 

1. .4 
motion (transiatory, rotatory, oscillatory or none) 

12 3 
Pg* 9 state of propellant (gas, liquid, solid) 

1 , 2  . . . .  P^Q continius or intermittent operation 

12 
p^ self-igniting or non-self-ignitint propellant. 

When combining these principles, Zwicky arrived at 36 864 possible 

solutions to the jet engine, a number that was reduced to 25 344 when 

taking account of non possible cases. This number is of course great, 

but nevertheless it points to the finit e amount of possible technological 

solutions to the problem. When studying smaller parts of technology, we 

of course have smaller number of engineering solutions. (See for instance 

Ayres /3/ p 77 for the case of electorical torque-producing devices). 

The outcome of all this is that technology on the micro level might be 

regarded as a finite set of possibilities. When we think of it this way, 

it is quite obvious that the ordinary exponential function is not a 

theoretically suitable formulation of the progress function. If we admit 

the existence of an upper limit to the growth of technology, we ought to 

take this restriction in account when specifying the path of the progress. 

This could be done in many ways, but I think the most obvious and simple 

is to start with the exponential formulation and just adding the "maximum 

constraint:'. For simplicity, let us assume the Hicks neutral technical 

progress case (generalized to the case of n factor of production). 

If A(t) has the exponential form, its time derivative (marked with a dot) 

can be written as: 

q(t) = A(t) f(v1(t),...vn(t)) (3) 

A(t) = k • A(t) (4) 

(k a constant > 0) 
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The reason for using the exponential form for A(t) could be based on the 

following argument: Growth of technological knowledge (i.e. A(t) is 

proportional to the state of knowledge, i.e. A(t). The more this know

ledge grows, the broader is the base from which new discoveries can be 

made and hence, the speed of progress increases. 

Suppose now that the total amount of possibilities is finite and that 

A(t) has an upper value C. At any point of time the amount of undiscovered 

possibilities could then be measured with C-A(t). If we now add this com

ponent to our progress function (4), we arrive at: 

A(t) = k- A(t) • (C-A(t)) (5) 

Technical progress is now seen as determined both by the state of know

ledge (i.e. A(t)) and the undiscovered possibilities (i.e. C-A(t)). As the 

knowledge base grows, the speed of progress increases but at the same time 

the possibilities of future discoveries decrease, imposing increasingly 

severe restrictions on the growth process. The resulting curve for A(t) 

is bell-shaped. At first Å(t) grows as a result of the broadened base, 

but the finite possibilities causes it to reach its maximum and ultimately 

to decrease and approach zero. 

A(t) becomes the logistic curve known from the theory of diffusion and 

from many other fields in the social and natural sciences: 

A(t) j— (6) 

1 + k1-e 

(where and are new constants with k^> 0 k^ <0) 

raising from zero to C as time goes to infinety. 

This model could be used for many forms of technical progress, for in

stance the Harrod neutral case (where the technical efficiency of labour 

increases but in this specification to an upper limit), the Solow neutral 

case (where the technical efficiency of capital increases) or for some 

or all of the factors in the general factor-augmenting case (2). 
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It should be observed that technical progress is seen as something 

completely exogeneous to the individual firm, and that the development 

of prices do not influence the path of the progress. This is what is 

usually assumed about technical progress and it can also be given a 

fairely good motivation: As well known from the history of technology, 

progress has many different sources: the individual inventor, advances 

in science, the preassure from the market, the cost reducing efforts of 

the individual firm etc. Given this totality of causes, it might be a 

reasonable assumption that technical progress is something just "given 

from above11 to the individual firm: the discovery is made somewhere i n 

the system and the individual firm just applies these known methods to 

its own specific problems. 

I claim no general validity for this model. When we make macro studies, or 

when the model is supposed to predict only the immediate future, the expo

nential form is probably prefferrable because of its simplicity. In prin

ciple (of course), this model can be used whenever we now use the exponen

tial formulation, and it can even be a realistic picture of a whole econo

my, or some minor aggregate (e.g. the agricultural sector) to think of 

some form of "technological exhaustion11, especially in the long run. 

However, the best application of the model is probably within a special 

process technology. With process technology I understand a minor segment 

of the totality of possible techniques for producing one special good, 

where one process is separated from another by the use of some special 

factors of production or by the application of some special engineering 

principle. When producing steel one can for instance use the different 

technologies Bessemer, OD, OH, OBM and Kaldo (among others). Between 

OD and OH both energy source and engineering principle differ, but 

between OD, OBM and Kaldo only the engineering principle differ. (All 

use pure exygen as energy source, but in the OD case this oxygen is blown 

from above into a stationary bed of molten iron, in the OBM case the 

oxygen is blown from the bottom into an also stationary bed, and in the 

Kaldo case the oxygen is blown from above into a rotating bed of iron). 

Precise definition of separate production technologies are often im

possible, but in general it is often easy to single out the most impor

tant processes according to accepted engineering classification. 
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The limits to one specific technology is not the same as the general 

physical limits for producing the good in question. One example of 

this is given in this paper: When producing iron the thermodynamical 

minimum energy requirement is 224 kg coke per tonne, but the minimum 

for the must used technique is 373 kg. The same is true for other engi

neering specifications. The maximum speed in general is the speed of 

light, but the maximum speed for special transportati on technologies, 

bicycles, horses, boats, cars, railways etc are of course much lower 

and specific to the technology. This holds also for material requirement. 

When using the sulphate or sulphite method for making pulp the mimimum 
3  . . .  requirement is about 4.0 m wood per tonne, but when making it meachnical 

the minimum requirement is about 2 m^. 

The possibility of exhausting the technological possibilities within one 

specific process also has some relevance for adjacent areas in the engi

neering and economic field. It is not unusual in the engineering littéra

ture to base predictions of the technological development on the potentials 

of different process technologies. (3, 7). In the economic field we have 

a wast littérature on the diffusion of technology (which actually presup

pose some concept of discrete production techniques, i.e. about the same 

concept as my "process technology"), where "exhaustion" could be one reason 

for the replacement of one technology with another. 

Ill THE IÅ0DEL IN A LEONTJE¥-TECHNOLOGY 

If we,however, limit ourself to the study of specific process technologies, 

we should also be able to make some restrictions on the form of the pro

duction function. We would for instance expect that the substitution 

possibilities between factors of production are small, at least when 

compared with the substitution possibilities when choosing between sepa

rate technologies. Within both the mechanical pulp process and the sulphate 

process there exists of course some possibilités of substitution between 

energy and raw material, but these could be disregarded when compared to 

the substitution possibilities when we allow a choise oetween these two 

processes. All detailed exmpirical studies I know of points to the fact 

that even the ex ante substitution possibilities within one specific 
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technology are fairely small. 

These arguments allows me to assume that the production function within 

a special process technology is of the Leontief type, i.e.: 

q = min (a., v ,. ..av) (7) 
, 11 n n 

where a^ are the fixed coefficients. Technical progress is here equal to 

the lowering of the specific input coefficients (=l/a^), and if A(t) 

is specified according to (6), this implies that 

. C t 
Ç (t) = c1 + cje J (8) 
i 

(where are new constants with > 0, > 0, < 0) 

The input coefficients thus decreases exponentially towards some m inimum 

value C^. This minimim value can often, as the discussion earlier points 

to, be determined from engineering and scientific calculations, thus 

making the estimated trends far more accurate and reliable. 

However, when using this model, the strategic role of capital must be 

emphazised. Capital, as economists use the word, is usually the sum value 

of all different machines and buildings in the process. Obviously this 

model can not be used for the sum value of all machines, but only for one 

specific machine at a time. We could, for instance, expect that the value 

of a specific drilling machine (defined by doing a specific amount of 

drilling per time unit) would decrease according to the path (8). But as 

technical progress, as the engineers concieve of it, often means discove

ries of new machines that perform tasks formerly done by labour, or 

discoveries of new equipment that lower the energy or material input, 

we can not expect the sum total of all pieces of capital equipment to 

follow the path (8). To calculate capital input development we must, in 

other words, also take account of the effect of "more tools" that occurs 

in every industrial process over time. (Another way of putting it is to 

say that "more tools" is the means that engineers use to lower the input 

coefficients of other factors of production, notably labour, energy and 

material). 
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11/ AW EMPIRICAL EXAMPLE - THE BLAST FURNACE TECHNOLOGY 

To illustrate the working of the model I have choosen the Blast Furnace 

process. The Blast Furnace dominates iron production and accounts alone 

for about 95% of total iron production in the world. 

I have tested the model on the four principle factors of production, 

namely labour, material, energy (coke) and capital. It is possible to 

calculate the mimimum requirement per unit of production for all these 

factors, i.e. in equation (8). The other coefficients C2, have 

then been estimated by ordinary least square regression. Data, presented 

in appendix, is for labour, energy and material average consumption figu

res for the Swedish production 1900-1975. Data for the capital require

ment are collected from observations of the dimensions of the world1s 

largest furnaces during the same time period. 

Regarding labourô the minimum input coefficient could be approximated to 

0. Present labour requirement is about 0.3 hrs/ton. 

For material> i.e. iron ore in the form of sinter, the theoretical minimum 

value is about 1450 kg/ton. Iron ores are different kinds of iron oxides, 

and counting from the atomic weights for iron and oxygen one finds that 

the amount of iron in the richest ore, Fe^O ,̂ is 72.5%. (The assumption 

is of course that this ore is completely pure). Counting then with the 

additional inputs in the sintering process (e.g. limestone) one arrives 

at about 1450 kg/ton. 

For the reduction of a completely pure ore, the minimum energy consumption 

is about 224 kg coke/ton. However, this figure is based on thermodynami-

cal reasoning only, and presuppose for instance a completely pure coke, 

no radiation losses, no heat in the reduced iron etc. For the Blast Furnace 

technology this figure is h igher, due to the specific characteristics of 

the process, and the theoretical minimum figure is a function of material 

input, according to the formulae: 
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Ç ̂ in = 286 + 0.06 M (9) 
h 

£ ̂ in = minimum coke consumption kg/ton 

M = material input kg/ton 

With M111111 = 1450, we arrive at the value of 373 kg/tonne as the minimum 

coke consumption figure. (Present consumption is about 500 kg). 

The capital input presents more difficult problems. Over time, the furnace 

have been supplied with several side equipments, here regarded as an in

crease in the "number of tools". However, given one specific engineering 

equipment, every furnace has large scale effects. An investigation from 

1965 (16) showed that the investment cost for a furnace with some given 

equipment could be written as a function of the hearth according to the 

formulae: 

I - K . O1'21 <10> 

where I is the investment cost, K a price determined constant, and D the 

hearth diameter in metres. Production, q, could also be written as a 

function of the hearth diameter(14)(15) according to: 

q = Kx • D2 (1-0.01 - D) (11) 

where is a new constant. Obviously then, capital per unit of output, 

for a furnace of given technological standard, can be written: 

K2 . D"0'79 

~ (1 - 0.01 • D) (12) 

being a new constant 

The development of (12), should in principle follow the same functional 

path as the other specific input coefficients. The idea here is thus, 

that the discovery (and application) of the scale effects follows the 

same principle as the other discoveries, i.e. that (12) develops 

according to (8). If K? is given some arbitrary number, the theoretical 
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minimum value can be determined, and choosing the number 1000 for 

we arrive at the number 90 for the minimum capital input coefficient. 

As I have access to the diametres for the world's largest furnaces since 

1900 (see appendix), the path for (12), can then be determined by ordinary 

regression analysis. The real capital input can then be determined if 

is given a correct price value and if the effect of "more tools 1' is added. 

II/: 1 RuaU 

The result from the regression analysis for the period 1900-1975 are pre

sented in the table below: 

Table 1 Results from estimating the input coefficients for the period 

1900-1975 with the function £(t) = +~ C^e^*", where has been 

given a theoretically determined value. (1900, t = 0). 

ci C2 C3 
2 

r DW 

Labour 
hrs 
ton 

0 12.6 
(***) 

-0.050 
(***) 

0.9867 2.71 

Coke 
kg 
ton 

373 1280 -0.026 0.9526 1.53 
kg 
ton (***) (***) 

Material 
kg_ 
ton 

1450 425 -0.014 0.8274 1.14 
kg_ 
ton (***) (***) 

Capital 
"units'1 

ton 
90 22.2 

(***) 
-0.017 
(***) 

0.9477 2.11 

(*** significant on 99% level) 

2 As can be observed, the functional fit, measured with r , is good for all 

paths. The estimated parameteres are furthermore all significant on the 

99% confidence level. The Durbin-Watson values are also high exept for 

material where it indicates a misspecification in the functional form. 

In the figure below, the estimated paths are displaye d. To save space, 

I have pictured the development of two inputs in one figure and marked 

some years of observation. Figure 1 shows the path for energy and 
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material, and figure 2 the path for labour and capital. (Observe that 

capital here refers to capital with a specific technological standard, 

and a diametre equal to the one of the world's largest furnace). 

Figure 1 Path for the input coefficients for material and energy 

according to the mod el 

Material 
kg/tor. 
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Energy 
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Figure 2 Path for the input coefficients for labour and capita] 

Capital "units" 
per ton 

200-

100-
/ / / / 
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Labour 
hrs/ton 



t/ USING THE MOV EL TO PREDICT THE FUTURE OF A TECHNOLOGY 

One of the advantages of this model for technical progress compared to 

others, is that more reliable predictions can be made. This in turn is 

because the introduction of the engineering limits forms a more solid 

base, than more statistical examination can give. 

The future of Blast Furnace technology is the subject of many articles 

in the field of iron and steel. (1, 5, 9, 11, 14). The technology has 

always dominated iron production, but many observers are now beginning 

to think that it has reached the limits for its existence. Several alterna

tive processes are also under development, their main feature seems to be 

avoiding the capital demanding sintering and coking processes. 

It is of course impossible to make any certain predictions without knowing 

for instance the development of other technologies and the development of 

relative prices. Disregarding the development within the Blast Furnace 

technology, a sudden increase in the price of some strategic input, or 

the sudden break-through of an alternative process, could make the Blast 

Furnace obsolete independently of its technological possibilities. What 

can be done, however, is to estimate the future development of the Blast 

Furnace on the basis of existing trends, something which is one piece 

of the total information needed. 

I have done a forecast of the Blast Furnace technology based on assump

tions as simple as possible. First I have calculated the specific factor 

costs for energy, capital and labour in current prices. (I have omitted 

material since improvements here in principle affect all iron producing 

technologies). I have then used the factor prices 1913 and 1978 and 

assumed a steady increase in these prices: for labour 7.5%, for energy 

4.05% and for capital 2.06% per year. (Sources see appendix). 
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I have furthermore adjusted the capital cost for the increase in the 

number of tools. This adjustment was done by comparing the unadjusted 

capital cost 1913 with actual capital cost the same year , 

where it was found that the amount of capital had increased with 3.5% 

per year on average. The total increase in capital input was thus 5.56% 

per year. I have furthermore assumed that the yearly capital cost was 

15% of total investment cost. 

With these assumptions T have measured the rate of technological progress 

as the rate of cost decrease according to the formulae: 

PL - O » PE - O * PC <?C - O  

'I'll* PE 4 * PC • «C 

where t is a time index, P prices, t, input coefficients, L labour, E 

energy and C capital cost. 

The concept of technological progress should ideally reflect the develop

ment of "Best Practice Technique". I have tried to take account of this 

by assuming that best technique is ten years ahead of the Swedish average 

trend that I have estimated. 1 

to the figures given in table 1. 

trend that I have estimated. has thus been calculated as according 

Finally I have assumed that the amount of capital stops increasing che 

moment when the extra cost exeeds the saving made form lowering the 

specific labour and energy input. After this year T only calculate with a 

price increase of 2.06% on capital. 

The result is given in figure 3 where the rate of cost decrease 1900-2050 

according to the model is displayed. 
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Figure 3 Rate of technical progress according to the model 

Rate of cost decrease 
% per year 

1-

2050 2000 1950 1900 

As can be seen, the rate decreases form about 2.5% in the beginning of 

the period to about 1% in the year 2000. After about that year the curve 

obtains a steeper sloop, due to the fact that it is no longer profitable 

to add more tools to the equipment in order to lower the labour and 

energy input. The coke consumption then stops at about 442 kg/tonne and 

the labour input at about 0.045 hrs/tonne. 

The cost decrease in capital comes from an increase in size, and in 

figure 4, the development of the hearth diametre is displayed: 
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Figure 4 Development of hearth diametre according to the model 

Diametre (m) 

1900 2000 2100 2200 

As can be seen furnaces with a diametre of about 20 m is to be built 

around the year of 2000 if the models predictions are correct. This 

means an production of about 10. 7 milj tonne per year, 2.5 times as rauch 

as the largest furnace production today. If we assume that a yearly 

decrease of about 1% per year is need to "keep away11 from other techno

logies and/or that 10 milj tonnes/year is the maximum production ever 

to be reached (due to side investments etc) this means that the Blast 

Furnace reach it's "technological limit11 by the year 2000. 

All sorts of reservations must of course be made when doing predictions 

like this. A technological break-through might occur , realtive 

prices might suddenly change dras tically and some verv special improve

ments in the technology itself might occur. However, the model shows 

a simple method that can be applied when doing a crude long run 

prognosis for the development of a process technology. 
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APPENPIX 

Vata 

1. Labour hrs/ton. Average for the Swedish industry. 

Source: Wibe (1980b) 

Year hrs/tonne 

1910 7.0 

1920 4.5 

1930 3.2 

1940 1.5 

1950 1.2 

1960 0.7 

1970 0.3 

1978 0.3 

2, Coke kg/ton. Average for the Swedish industry. 

Source: SOS Bergshanteringen 

Year kg/ton 
(average for the years) 

1911-1916 1100 
(given the year 13.5) 

1920-1925 1145 * 
(22.5) ^ é 
1926-1930 1127 , 
(28.°) . .b 

1931-1935 935 , 
(33.0) 

1936-1940 807 
(38.0) 

1941-1945 799 

1946-1950 8*9 

1951-1955 731 

1956-1960 665 

1961-1965 592 

1966-1970 559 

1971-1975 578 

1976-1977 552 

lLÌJ 

- G 

ff 2-

! U 

fV 1 
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Z. Material kg/ton ; Average for the Swedish industry. 

Source: SOS Bergshanteringen 

Year kg/ton 
(average for the years) 

1900-1905 1945 

1910-1915 1848 

1925 1732 

1930 1690 

1940 1645 

1950 1649 

1960 1640 

1970 1659 

1975 1605 

4. Capital "units"/ton. Calculated according to eq (10) from data 

below, showing hearth diametres for the largest furnaces in the 

world. 

Source: 1900-1970 Heynert (197Ö) 

1975 "Baudaten..."(1975) 

Year Max diametres (m) 

1900 4.6 

1910 5.7 

1920 6.4 

1930 8.1 

1940 8.1 

1950 8.5 

1960 9.8 

1970 13.1 

1975 14.0 

5. Prices 

a. Labour (48.56 kr/hr 1978) 

Source: SOS Industri 1913, 1978 

b. Coke (503 kr/tonne 1978) 

Source: 1978 Statistiska Meddelanden "prisutvecklingen" 

1913 Wibe 1980a 
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c. Capital 

! - K - O1'21 

I = investment 

K = 16.27-106 kr 1978 

Source: 1978 Wibe (1980b) 

1913 Wibe (1980b) 

Price index 1913-1955 Wibe (1980a) 
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