








general equilibrium model we have constructed here underlines that both substantial
TFP growth in part of the manufacturing sector and diminishing returns in agriculture
contribute importantly to precocious British industrialization. The best estimates we
have continue to suggest that growth during the Industrial Revolution was slower than
used to be thought and modest by later standards. This does not detract from the fact
that the period saw unprecedented technological progress while the economy coped
successfully with population pressure that would have undermined living standards in
earlier times. Equally, however, the increased inventiveness that was displayed is no

reason to suppose that there was rapid or pervasive TFP growth.
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APPENDIX 1: DETAILS OF HARLEY'S 1993 MODEL

The CGE modeling in this paper has all been carried out with the aid of Thomas
Rutherford's MPS-GE modeling software. The modeling process starts with a social
accounting matrix that is taken to represent an initial equilibrium for the economy.
Appendix Table 1 presents the benchmark matrix for the 1993 model. Model sectors
(production functions in the model) are arrayed along the left-hand side of the matrix.
Goods, the outputs (+) and potentially, inputs (-) in the production functions are
arrayed along the top of the matrix. Positive entries in the cells are outputs of the
industry. Inputs would appear as negative entries, but this very simple model has no
intermediate inputs. The last three columns on the right in the table list the factor
incomes generated in each industry. The unit of measure is one per cent of British 1841

GNP.

[Insert Appendix Table 1]

The data for the table are derived primarily from the estimate of national income in
current prices for 1841 given by Deane and Cole.* The industrial sector is divided on
the basis of Harley's estimate of industrial shares in value-added.*’ The modern
industrial sector consists of the textile and metal industries. Factor incomes were
allocated to be consistent with the parameters assumed for the Cobb-Douglas
production functions for each sector. Modern industry was modeled as relatively capital
intensive with a capital share of 0.6 and a labour share of 0.4. Agriculture was modeled
with both labor and land shares of 0.4 and a capital share of 0.2. All other sectors have

a labor share of 0.6 and a capital share of 0.4.

% Deane and Cole, British Economic Growth, p. 166.

47 Harley, "Output Growth", p. 269.
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The benchmark for the Rest of the World provides a large but not overwhelming
international trading partner for Britain. The overall size of the Rest of the World is set
in proportion to the ratio of European to British population. The size of the modern
sector is calibrated relative to the British modern sector using the estimates of
Bairoch.** Other manufacturing and services are assigned slightly smaller shares of
national income than was the case in Britain and the balance of national income is
assigned to agriculture. The production functions and factor shares in each sector in the

Rest of the World are assumed to be identical to those in Britain.

Only two of the produced goods are internationally tradable - modern industrial goods
and agricultural goods. Trade in modern industrial goods occurs without transport or
transactions costs so that the price of the good is identical in both countries. Trade in
agricultural goods, effectively British imports, is assumed to incur transport costs that
increase as the quantity of imports rises, reflecting the fact that increased British food
imports had to draw on more distant sources of supply. In the model increased
transport costs take the form of assuming that one unit of British agricultural imports is
produced by combining 0.5 units of foreign agricultural goods with 0.5 units of a
foreign-produced transport service. The price of transport services falls (rises) as its
output falls (increases) because it is produced with a Cobb-Douglas production function
in which 40 per cent of its cost in the initial benchmark is accounted for by a fixed
factor of production. The specification causes Britain's agricultural prices in the 1770
simulation to be a little over a quarter cheaper relative to European agricultural prices

than in the 1841 benchmark.

4 Bairoch, "International Industrialization Levels".
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The demand side of the general equilibrium model consists of a single representative
consumer in each country. The consumer receives all the factor income and spends that
income to maximize utility. The consumers have the same constant elasticity functions
in each country. The function assumes that modern industrial goods and other industrial
goods have a unitary elasticity of substitution. This creates an aggregate manufactured
good that enters into a higher level utility function with agricultural goods and services

where the elasticity of substitution is set at 0.5.

In order to highlight the role of diminishing returns in Harley's 1993 simulation, we
created a slightly revised version of the model and re-ran the 1770 simulation. To
eliminate diminishing returns, land was removed from the agricultural production
function and the labour and capital shares were raised to 0.667 and 0.333 respectively.
The 1770 results presented in Table 1 columns (4) and (5) are the result of solving the
revised model with the same changes in technology and factor supplies as in the

original 1993 model.

APPENDIX 2: DETAILS OF REVISED CGE MODEL

The model has been built using Thomas Rutherford's PPS-GE software. Models in this
software begin with a consistent accounting matrix of product output, factor demand by
product, factor incomes, and product demand. The accounting matrix is assumed to
represent a full general equilibrium for the modeled economy. the quantities in the
accounting matrix for the present model are presented in Appendix Table 2. The total
factor incomes also represent the benchmark factor supplies. Benchmark prices are all
taken to be 1.0, with the exception of the British price of tropical foodstuffs which is
1.5 to allow for a 50 per cent import tariff. The model redistributes the tariff revenue to

British consumers. Alternative equilibria are simulated by using specifications of
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elasticities of substitution in both production and consumption to calculate a new

equilibrium based on the original benchmark.

[Insert Appendix Table 2]

In the calculated equilibrium, factors in each country earn the same returns in all uses
and all markets clear. Production and consumption functions are specified as constant
elasticity relationships (and include the possibility of zero elasticity or no
substitutability). Considerable flexibility is possible in the models because it is possible
to constuct subaggregates with different aggregation elasticities that can be used as
inputs into the final production and utility functions. For computational reasons,
substitution elasticities above 10 are not accommodated but perfect substitution among
goods is easily modeled by having two production processes make the same

commodity.

[Insert Appendix Figure 1]

Utility Functions. There are only two consumers in the model, one in Britain and one
in the rest of the world. Although the benchmark consumption patterns of the two
differ, the elasticities of substitution used to calculate new equilibria are identical. The
structure of the utility functions is summarized in Appendix Figure 1. At the top level,
consumers choose manufactured goods, temperate agricultural goods, services, and

tropical foodstuffs. The elasticity of substitution among these goods is 0.5.
Services and tropical foodstuffs are simple produced goods. All services in each
country are domestically produced - there is no trade in services. Tropical foodstuffs

are all produced in the rest of the world. Temperate agricultural goods are produced in
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both Britain and the rest of the world. The goods from each region are modeled as

perfect substitutes in consumption.

Modeling of the Industrial Revolution required disaggregations of the manufactured
good that enters into the final utility function. The first disaggregation separated
textiles, metal goods, other traded manufactured goods, and non-traded goods. These
goods aggregated into a composite manufactured good using an aggregation (or utility)
function with the same 0.5 substitution that characterizes the top level utility
aggregation. Because our understanding of the Industrial Revolution emphasizes the
special nature of the changes in cotton textiles, textiles were further disaggregated into
cotton and other textiles. It seemed appropriate to allow greater substitution between
the textiles than was the case in higher levels of the utility function, so an elasticity of

2.0 was chosen.

Since the simulation focused on trade in the various commodities that entered into the
consumers' utility functions, it was necessary to pay attention to the degree of
substitutability between imports and domestic production. As indicated in the text, we
decided that even at our level of disaggregation the various categories of goods were
quite heterogeneous aggregates. In this case, it was generally inappropriate to consider
imports and domestic production to be perfect substitutes. We adopted the procedure,
generally used in empirical trade modeling, of an Armington specification. The greater
the degree of heterogeneity in the goods in the model category, the lower the
appropriate elasticity of substitution. Imported and domestically produced cotton goods
and metal products were regarded as good substitutes and an elasticity of 5.0 was
adopted in both cases. Other textiles and other traded goods are more heterogeneous
and we adopted a lower (2.0) elasticity of substitution between imports and

domestically produced goods.
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Production Functions. Production functions in the two countries were specified with the
same factor proportions and elasticities of substitution. Differences in the rate of
technological change between countries were modeled in simulating the pre-Industrial
Revolution equilibrium. Intermediate good inputs were specifically modeled in the
textile industries and in metals. In terms of influencing the calculated equilibria, only
the cotton textile intermediate demand for tropical raw materials (cotton) was vital. For
most goods, production is specified as a simple Cobb-Douglas production function with
capital and labor inputs. Other traded goods, non-traded manufactured goods, and
services are all Cobb-Douglas functions and the income shares in the initial benchmark

are 60 percent labor and 40 percent capital.

Agricultural production functions (for both temperate agriculture and tropical foodstufss
and raw materials) are somewhat more complex. The production function for temperate
agriculture in both Britain and the rest of the world combines a capital and labor
aggregate (aggregated with an elasticity of substitution of 0.5) with land. An elasticity
of 0.3 is allowed between land and the capital/labor aggregate. The lower elasticity
between land and other inputs was chosen to allow the share of agricultural income
going to land to increase as land scarcity increased. Tropical foodstuffs and tropical
raw materials are modeled as perfect substitutes in production. They are produced only
in the rest of the world. Production technology is a CES production function using
labor, capital and land with an elasticity of substitution of 0.5. In the initial benchmark,
the value of agricultural output in all cases is shared among labor, capital, and land at

proportions of 0.4, 0.2, and 0.4 respectively.

Production in the manufacturing industries of the Industrial Revolution has been
modeled in somewhat greater detail. In cotton textiles a fixed quantity of tropical raw
materials (cotton) and non-traded manufactures are combined with a value added
aggregation of capital and labor (in which 40 percent of the income goes to labor and
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60 percent to capital) to produce a unit of output. Substitution between labor and capital
occurs with an elasticity of 0.1. At the benchmark production, 21 percent of output
goes to labor, 31 percent to capital, 27 percent to tropical raw materials, and 22 percent
to non-traded manufactures. Other textiles and metal production have a similar
production structure, with fixed intermediate inputs and a Cobb-Douglas value added
from capital and labor. The distribution of the value of production in other textiles at
the benchmark is 26 percent to labor, 40 percent to capital, 7 percent to tropical raw
materials (silk), and 27 percent to temperate agricultural goods (wool and flax). The
payments to inputs in metal production are 36 percent to labor, 54 percent to capital,

and 9 percent to other traded manufactures (coal).

British commodity trade in 1841 was characterized by significantly larger import values
than export values. The model accommodates this imbalance by modeling a British
service export sector that paid for the excess commodity imports. The foreign consumer
consumes these services directly in the top-level utility function. They are produced in
Britain with a Cobb-Douglas production function with factor shares of 0.6 for labor and

0.4 for capital.

Simulations of 1770. The pre-Industrial Revolution equilibrium is calculated with lower
factor supplies and inferior technology in various sectors. In addition, the tariff on
tropical imports is removed and British service exports are eliminated so that
commodity imports and exports are of equal value. British labor supply is reduced from
52.1 to 22.8. capital supply was reduced from its benchmark 39.1 to 14.4. Land was
also reduced by 15 per cent from 8.8 to 7.5. Factor inputs in the rest of the world were
reduced by about 30 per cent. labor fell from 279.9 to 200, capital from 170.9 to 120,
and land from 127.6 to 87.
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Various changes were introduced in technology. First, a unit of agricultural output was
modeled as using 1.5 times its original inputs of land, capital, and labor (in the Allen
technological change variants) or 1.75 times as much (in the Crafts variants).
Technological change in British manufacturing was calculated to correspond
approximately with the calculations made by McCloskey with the corrections in
Harley.* In cotton, the assumption was that real cost was about 6 times its 1841 level
in 1770 and that the improved technology had only resulted in savings of capital and
labor and not in intermediate inputs. As a result, a point on the production function for
a unit of output used 2.4 units of labor and 3.6 units of capital instead of the 0.21 and
0.31 units used in 1841. A similar procedure in other textiles, based on a real cost
twice the 1841 level gave inputs of labor of 0.8 and capital of 1.2 in place of 0.26 and
0.40. The change in metal goods replaced a labor input of 0.36 with an input of 0.68
and a capital input of 0.54 with an input of 1.36. This corresponds to an increase of
real cost of about 70 per cent. Technological change has been introduced in the
Industrial Revolution goods in the rest of the world but at a slower pace. The
coefficients on the various components of value added are presented in Appendix Table
3.
[Insert Appendix Table 3]

# McCloskey, "Industrial Revolution", p. 114; Harley, "Reassessing”, p. 200.
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Appendix Figure 1: Structure of Consumer’s Utility
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Table 1. Diminishing Returns in Harley's 1993 Model.

Diminishing Returns  No Diminishing Returns

1841 1770 1841/1770 1770  1841/1770
Benchmark
Modern Industry 12.4 1.8 6.9 3.8 33
Agriculture 22.1 8.2 2.7 3.5 6.3
Other Output 65.5 27.5 2.4 26.1 2.5
Agricultural Imports 6.8 2.1 32 5.0 1.4
Industrial Exports 6.8 1.0 6.8 3.0 2.3

Note: Units are percentages of 1841 national income.
Source: Derived from Harley, "Reassessing", Table 3.8 and further experiments with the model
on which it was based, see text
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Table 2. Simulations of the Revised CGE Model.

Benchmarks Simulation
1841  1841/1770 1770 1841/1770

Outputs

Cottons 10.3 125 0.1 98.4
Other Textiles 127 23 39 3.3
Metal Industries 42 14.3 0.4 11.2
Other Traded Manufactures 8.7 4 3.1 2.8
Other Industry 8.7 4 23 3.8
Agriculture 22.1 2 9.6 2.3
Services 41.8 2.5 14.7 2.8
Exports

Cottons 62 253 0.0 239
Other Textiles 2.8 1.6 0.9 3.0
Metal Industries 1.5 4.5 0.0 31.1
Other Traded Manufactures 29 2.1 1.2 23
Imports

Temperate Agriculture 7.1 6.8 0.5 153
Tropical Raw Materials 3.6 15.9 0.0 130
Tropical Food 3.0 3.2 1.5 2.0
Modern Industry 05 ? 1.0 0.5
Other Traded Manufactures 04 ? 0.2 1.8
Goods Price Relatives

Cottons 7.5 75
Other Textiles 2.1 2.7
Metal Industries 1.8 2.5
Other Traded Manufactures 1.0 1.1
Other Industry 0.9 1.1
Agriculture 1.2 12
Factor Price Relatives

Labor 1.0 1.0
Capital 1.0 13
Land 0.6 0.3
Cost of Living 1.2 1.4

Notes: Levels of outputs, exports and imports measured as percentages of 1841 national income.
Price relatives are for 1770/1841 and measured relative to the price of labor in 1770/1841 (0.58
in the benchmark based on Feinstein, "New Estimates") as numeraire.
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Sources: Model solutions are from the computable equilibrium model described in the appendix.
The estimates of the benchmarks in column 2 were obtained as follows.
Outputs: based on Harley, "British Industrialization," p. 272 except for agriculture from Allen,
"Agriculture,”, p. 101 and services from Crafts, British Economic Growth, p. 37 extended using
Deane and Cole, British Economic Growth, p. 166.

Exports: from Mitchell, British Historical Statistics, pp. 469, 471 extended to 1841 using Davis,
The Industrial Revolution, pp. 98-100 except for Other Industry which was calculated directly for
1830/1770 using UK, Finance Accounts and Davis, "English Foreign Trade" and extended to
1841 based on Schlote, British Overseas Trade, p. 152.

Imports: from Davis, "English Foreign Trade" and Mitchell, British Historical Statistics, pp. 466-
467 except for temperate agricultural imports for which 1841 estimates use the data in Davis,
The Industrial Revolution adopting the correction for Ireland proposed by Thomas, "Food
Supply", p. 145 with deflation using the agricultural price index in O'Brien, "Agriculture and the
Home Market" extended to 1841 using the Rousseaux agricultural prices index.

Goods Price Relatives: cottons from Harley, "Cotton Textile Prices"; other textiles, metal
industries, other traded manufactures (represented by leather), and other industry (represented by
construction) from O'Brien, "Agriculture and the Home Market" extended respectively using
woolens export prices from Imlah, Economic Elements; bar iron from Mitchell, British Historical
Statistics, p. 762, leather from Gayer et al., Growth and Fluctuation, p. 143, 279, and building
materials from Jones, Increasing Returns.

Factor Price Relatives: these are nominal prices where capital is based on consols yields from
Mitchell, British Historical Statistics, p. 678 and capital goods prices from Feinstein,
"Appendix", p. 441, and land is taken from Turner et al., Agricultural Rent, p. 150; cost of living
index from Feinstein, "New Estimates".
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Table 3. Sensitivity Analysis of 1841/1770 Multiples.

Agriculture  Elasticities = |

Benchmark  Base No DR Textile Manfg
Outputs
Cottons 125 98.4 38.3 49.9 124
Other Textiles 23 33 2.8 3.7 4.1
Metal Industries 143 112 32 10.3 114
Other Traded Manufactures 4.0 2.8 2.0 2.7 2.1
Other Industry 4.0 3.8 3.8 3.8 2.8
Agriculture 2.0 23 4.8 2.2 23
Services 25 2.8 29 2.8 2.8
Exports
Cottons 253 239 448 148 308
Other Textiles 1.6 3.0 1.6 32 3.8
Metal Industries 4.5 31.1 55 26.5 30.1
Other Traded Manufactures 2.1 2.3 1.2 21 2.0
Imports
Temperate Agriculture 6.8 153 1.8 ! 16.0
Tropical Raw Materials 15.9 130 50.7 66 164
Tropical Food 3.2 2.0 2.4 2.1 2.1
Modern Industry ? 0.5 1.8 0.4 0.6
Other Traded Manufactures ? 1.8 4.0 2.0 1.3
Goods Price Relatives
Cottons 7.5 7.5 8.1 7.4 73
Other Textiles 2.1 2.7 3.0 2.8 2.6
Metal Industries 1.8 2.5 27 2.5 24
Other Traded Manufactures 1.0 1.1 1.2 1.1 1.1
Other Industry 0.9 1.1 1.2 1.1 1.1
Agriculture 12 14 1.7 1.1 1.1
Factor Price Relatives
Labor 1.0 1.0 1.0 1.0 1.0
Capital 1.0 1.3 1.4 1.3 1.2
Land 0.6 0.3 na 0.3 03
Cost of Living 12 1.4 1.6 14 13

Note: the simulation shows Britain with no temperate agricultural imports but small exports in
1770.

Source: see text.
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Table 4. Technological Progress in Other Traded Manufactures: Sensitivity Analysis of
1841/1770 Multiples.

Manufactures ¢ = 1
Benchmark Base OT™M O™
TFP=0.2 TFP=0.5

Outputs

Cottons 125 98.4 120.3 115.2
Other Textiles 2.3 3.3 4.1 4.0
Metal Industries 143 11.2 11.2 11.2
Other Traded Manufactures 4.0 2.8 2:5 33
Other Industry 4.0 3.8 2.8 2.8
Agriculture 2.0 23 23 23
Services 2.5 2.8 2.8 2.8
Exports

Cottons 253 239 295 il
Other Textiles 1.6 3.0 3.8 3.7
Metal Industries 4.5 31.1 29.6 293
Other Traded Manufactures 2.1 23 2.3 34
Imports

Temperate Agriculture 6.8 15.3 23.8 783
Tropical Raw Materials 15.9 130 159 152
Tropical Food 3.2 2.0 2:1 2.1
Modern Industry ? 0.5 0.6 0.6
Other Traded Manufactures ? 1.8 1.2 1.0
Goods Price Relatives

Cottons 7.5 7:5 ] 7.3
Other Textiles 2.0 2.7 2.6 2.6
Metal Industries 1.8 2.5 2.4 2.5
Other Traded Manufactures 1.0 1.1 1.2 1.5
Other Industry 0.9 1.1 1.1 i
Agriculture 1.2 1.1 1.1 1.1
Factor Price Relatives

Labor 1.0 1.0 1.0 1.0
Capital 1.0 1.3 1.2 1.2
Land 0.6 0.3 03 0.3
Cost of Living 1.2 14 1.3 13

Source: see text.
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Table 5. Contributions to National Productivity Growth, 1780-1860 (% per year).

Variant 1 Variant 2
Share TFP  Amount TFP Amount TFP  Amount

Cotton 0.07 1.9 0.13
Worsteds 0.035 13 0.05
Woolens 0.035 0.6 0.02
Iron 0.02 0.9 0.02
Canals & Railways ~ 0.07 13 0.09
Shipping 0.06 0.5 0.03

Sum of Modernized  0.29 1.2 0.34

Agriculture 0.27 0.7 0.19

Other Traded Manfs  0.20 0.2 0.04 0.2 0.04
Rest 0.65 -0.02 -0.02 0.02  0.02
All Others 0.85 0.02 0.02 0.02 0.06
Total 1.41 0.55 0.55 0.59

Sources: Harley, "Reassessing", p. 200 and for variants, see text.
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Appendix Table 1: Accounting Matrix for Harley’s 1993 Model

BRITAIN Good: (+production - purchase) Factor Incomes:

Modern  Other Agri- Services Transport| Labour Capital Rent
Sector: industry industry  culture
Modern industry 124 5.0 7.4
Other industry 22.0 132 8.8
Agriculture 22.1 8.8 44 8.8
Services 435 26.1 17.4
Import 6.8
Total available: 12.4 220 28.9 435 53.1 38.1 8.8
Consumption 5.6 22.0 28.9 43.5
Exports 6.8
REST OF
WORLD
Sector:
Modern industry 11.1 44 6.6
Other industry 126.5 75.9 50.6
Agriculture 297.0 118.8 594 118.8
Services 219.2 131.5 87.7
Transport 34 1.4 0.7
Import 6.8
Total available: 17.9 126.5 297.0 219.2 34 3319 2050 11838
Consumption 17.9 126.5 293.6 2192 0.0
Exports 3.4 3.4
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Appendix Table 2: Accounting Matrix for Complex CGE Model

BRITAIN Good (+ production, - purchase):
Cotton Other Metals Other  Non- Agricu- Services Int'l  Tropical Tropical| Labour Capital Rent

textiles textiles traded traded lture services Raw mat. food
Sector:

Cotton 10.3 -2.3 -2.7
Other textiles 12T -3.4 -0.9
Metal 4.2 -0.

Other traded 8
Non-traded 8.7

Agriculture 22.1

Service 41.8

Int'l Services 1.2

Imports 7.1 3.6 4.5

258 418 0.0 3.0 -52.1  -391 -8.8
258 418 : i -62.1  -39.1 -8.8
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Appendix Table 3: Model Factor Inputs 1840 and 1770

Britain Rest of World
1840 1770 1840 1770
Lab Cap Land| Lab Cap Land| Lab Cap Land|Lab Cap Land
\Agriculture (Crafts) 04 02 0407 035 0704 02 04|04 02 04
IAgriculture (Allen) 04 02 04|06 03 06|04 02 04|04 02 04
Cotton Textiles 0.21 0.31 2.40 3.60 0.21 0.31 096 1.44
Other Textiles 0.26 0.40 0.80 1.20 0.26 0.40 0.80 1.20
Metal Products 0.36 0.54 0.68 1.36 0.36 0.54 0.56 0.84
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