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Abstract

No comprehensive database of directly measured fossil-fuel subsidies exists at the in-

ternational level. I develop an indirect method of inferring these wedges by examining

country-specific patterns in carbon emission-to-GDP ratios, known as emission intensities.

I identify two regularities in the data: 1) Intensities tend to be hump-shaped with income

and 2) the intensities of later developers tend to follow an envelope-pattern with time rela-

tive to those of earlier developers. I construct a simple model of structural transformation

calibrated to the experience of the UK that reproduces these facts by generating an en-

dogenously changing fuel mix. In the framework of the model, any deviation in a country’s

intensity from the above pattern is indicative of distortions within that economy - either in

energy prices or in non-agricultural productivity. I use the calibrated model in conjunction

with data on the size of a country’s agricultural sector, its GDP per capita and its relative

emission intensity to measure and disentangle the two distortions and to develop a database

of comparable fossil-fuel subsidies for 155 countries from 1980 to 2010. Finally, I examine

how emissions would have evolved without subsidization. I find that carbon subsidies ac-

counted for 37% of global CO2 emissions between 1980-2010 and cost tax payers 1.3 trillion

dollars in 2009 alone.

1 PRELIMINARY AND INCOMPLETE. An earlier version of this paper was circulated under the title
“Structural Transformation and Pollution”. I would like to thank Thierry Brechet, Mario Crucini, Marine
Ganofsky, Torfinn Harding, David Lagakos, Peter Neary, Bill Nordhaus, Fabrizio Perri, Rick van der Ploeg, Tony
Smith and Tony Venables as well as seminar participants at the University of Minnesota, the University of Oxford,
Yale University, Laval University and the University of Surrey for helpful comments and discussion. I have also
benefited from comments of seminar participants at the Overlapping Generations Days Meetings (Vielsalm), the
World Congress of Environmental and Resource Economists (Montreal), the Royal Economic Society Meetings
(Cambridge), NEUDC 2013 (Boston), Midwest Macro (Minneapolis) and the Canadian Economics Association
Meetings (Montreal). All errors are my own. Contact: radek.stefafnski@ecn.ulaval.ca



1 Introduction

An astonishing feature of international energy and climate policy is that fossil fuels - often seen

as the primary contributor to global warming - receive enormous government support causing

them to be artificially cheap and encouraging their greater use.2 Eliminating these distortionary

policies could in principle improve efficiency, provide a reprieve to strained government budgets

whilst - importantly - also lowering carbon emissions.3 The first step towards reform however

must be the transparent, comprehensive and systematic reporting of environmentally harmful

subsidies. Surprisingly, a comprehensive database directly measuring energy subsidies does not

exist at the international level. As argued by Koplow (2009), this is both because of political

pressure from the direct beneficiaries of subsidies and because of the immense complexity of the

task given the profusion and diversity of subsidy programs across countries.4 Indirect measures

of subsidies such as the ones constructed by the IMF (2013) or the IEA (2012) are based on

the price-gap approach which infers national subsidies by comparing measured energy prices

with an international benchmark price. The key limitation of this technique is that it does not

account for government actions which support carbon energy without changing its final price

(Koplow, 2009).5 Furthermore, since estimates are based on energy prices measured ‘at the

pump’, they incorporate significant non-traded components which bias estimated subsidies. In

this paper, I develop an alternative indirect method of inferring carbon subsidies by examining

country-specific patterns in carbon emission-to-GDP ratios, known as emission intensities.

The method is based on two observations about carbon emission intensity. First, emission

intensities follow a robust hump-shaped pattern with income. Figure 1(a) plots total CO2 emis-

sions per dollar of GDP for 26 OECD countries versus each country’s GDP per capita, for

1820-2008. The graph suggests that when countries are in the middle phase of their develop-

ment they produce dirtier output than at the start or the end of their development process.

Second, emission intensities tend to follow an envelope pattern with time. As an illustrative ex-

ample, Figure 1(b) shows the hump-shaped emission intensities of six countries whose emission

intensities peak at different times. Emission intensities rise until roughly reaching the level of

the United Kingdom, at which point they tend to decline at approximately the same rate as

the intensity of the UK. In the graph, the obvious exceptions are China and the USSR, which

2 Rough estimates by the IEA (2012) show that global fossil fuel subsidies to consumers and producers in
2009 were on the order of magnitude of US$ 700 billion a year - or 1% of world GDP and approximately seven
times more than global subsidies on fossil fuel alternatives (Koplow, 2009).

3 See, for example, IEA (2012), OECD (2012), IMF (2013) or Koplow (2009).
4 The only attempt to directly calculate a subset of carbon subsidies has been performed by the OECD

(2012). These estimates, however, are only for a select number of countries and years, and more importantly,
they are not comparable across countries.

5 For example in the US, oil and gas producers receive support if they have older technology or access to
more expensive reserves. As argued by Koplow (2009), “the subsidy is not likely to change the market price of
heating oil or gasoline, simply because the subsidized producer is a very small player in the global oil market.”



3

1

10

100

1000

0 10000 20000 30000
GDP per Capita (1990 GK US $)

To
ns

 o
f C

ar
bo

n/
M

ill
io

n 
PP

P 
U

S$

CO2 Emissions per unit of GDP

(a) OECD CO2 Emission Intensity, 1751-2007

10

100

1000

10000

1820 1840 1860 1880 1900 1920 1940 1960 1980 2000To
ns

 o
f C

ar
bo

n/
M

ill
io

n 
PP

P 
U

S$ CO2 Intensity 

UK

US Canada KoreaChina

USSR

(b) Timing and Emission Intensity

Figure 1: Carbon Dioxide Emission Intensity Patterns

greatly overshoot the envelope pattern.6 I argue that a country’s deviation from this envelope

pattern is indicative of different types of distortions within that economy and demonstrate how

a simple model of structural transformation can be used to measure these distortions and to

extract a country-specific energy wedge.

The first contribution of this paper is to show that the process of structural transformation -

the shift in the composition of an economy away from agriculture towards industry and services

that accompanies growth - is responsible for the hump-shaped emission intensity curve. The

second contribution is to show that the envelope in CO2 emission intensity is a consequence

of different starting dates of structural transformation driven by cross-country differences in

agricultural productivity. The third contribution is to show that the higher level of emission

intensity found in economies such as China is symptomatic of two further distortions in those

economies - either in the form of cross-country differences in non-agricultural productivity or

due to subsidy-like wedges on fossil fuels. The deviation from the envelope pattern can then be

used in conjunction with the structural model to infer the size of energy wedges across countries

and over time.

To construct a model that can generate a hump-shaped intensity, I need to isolate the key

drivers of emission intensity in the data. To do this, I perform an accounting exercise which

shows that the hump-shape is driven by changing fuel mix at low levels of income, and falling

energy intensity (the energy used per unit of GDP) at higher levels of income. In the data,

agricultural economies tend to predominantly use carbon-neutral biomass fuels, whilst non-

agriculture dominated economies use predominantly carbon positive fossil fuels. The shift of an

6 Notice that whilst the above are illustrative, the hump-shape and envelope patterns are statistically robust
as is shown in the Appendix.
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economy from agriculture to non-agriculture will thus change the mix of fuel in use and result in

rising emission intensity at low levels of income. The subsequent decline in emission intensity is

driven by a decline in energy intensity. I propose two channels that are potentially responsible

for the decline in energy intensity and are independent of the state of industrialization: energy

saving technological progress and complementarity between energy and non-energy inputs.

To reproduce the above mechanisms, I build and calibrate a simple two-sector, general equi-

librium growth model of structural transformation similar to Gollin et al. (2002), Rogerson

(2007), Duarte and Restuccia (2007) and Echevarria (1997) but with energy as an intermediate

input. Agriculture is assumed to consume only clean energy, whilst non-agriculture is assumed

to use only dirty energy. Energy efficiency improves exogenously in both sectors and the ability

to substitute between energy and non-energy inputs may vary across sectors. As agricultural

productivity improves, labor shifts across sectors due to an assumption of non-homothetic pref-

erences in agriculture. Since each sector consumes a different energy type, structural transfor-

mation will generate endogenously changing fuel mix, which - coupled with improving energy

efficiency - will result in a hump-shaped emission intensity and a falling energy intensity over

time. I calibrate the model to match the growth and industrialization patterns of the United

Kingdom and show that it does remarkably well in reproducing the UK’s CO2 emission intensity

profile.

Given the above calibration, I then demonstrate how three different types of wedges in

the model impact the evolution of country-specific emission intensities. Countries with lower

productivity in agriculture devote a larger share of their work force to satisfying subsistence

needs. By choosing this productivity, I can change the share of employment in that sector and

hence the effective starting date of industrialization.7 Countries that begin industrialization

later will have access to more energy efficient (and hence cleaner) technology than countries

that industrialized earlier which in turn will drive the envelope pattern in emission intensities

observed in the data. The addition of two further wedges allows me to account for the remaining

variation in emission intensities across countries. In particular, I can choose non-agricultural

productivity wedge to match the remaining differences in GDP per capita across countries and

the fossil fuel subsidy-like wedge to account for the remaining differences in pollution intensities.

In this way, I use a calibrated model of structural transformation to disentangle the different

types of distortions found in an economy, and to infer the size of energy wedges implied by the

deviation from the emission intensity envelope for a panel of 155 countries over the 1980-2010

period. I find large and growing energy wedges in many countries of the world. In addition I

find that carbon subsidies accounted for 37% of CO2 emissions between 1980-2010 and cost 1.3

7 Gollin et al. (2002) use these productivities as a shorthand method of capturing a wide range of cross-
country differences in agriculture productivity including, but not limited to, differences in taxation, educational
attainment, endowments, technological differences, enforcement of property rights or regulations.
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trillion dollars in 2009 alone.

There are three key benefits to using the above method. First, the measure of energy

distortions calculated above will be a residual and hence will be wider than a direct measurement

of fossil fuel subsidies. In particular it will also capture indirect government support as well as

differences in country-specific factors such as transportation costs, resource endowments, tariffs

or other policies or geographical features causing countries to have a disproportionately dirtier

or cleaner output. This is helpful since it provides a broader picture of the extent of support to

fossil fuels around the world and allows us to infer subsidies that do not directly affect energy

prices. Second, the approach overcomes an important issue of data scarcity. The standard

price-gap method of inferring fossil fuel subsidies, depends on knowing the cost of fossil fuels

‘at-the-pump’. This data is limited to a few years, whilst my approach can easily provide

measures of fossil fuel wedges for many decades. Finally, and perhaps most importantly, the

model based approach allows me to perform counterfactuals and to examine how both output

and emissions would have evolved without energy wedges in place.

In the following section, I perform a pollution accounting exercise that demonstrates the

importance of changes in fuel mix and structural transformation to the hump-shaped intensity.

Sections 3 and 4 present the model and its calibration. Section 5 demonstrates that the mecha-

nism does well in accounting for the observed intensity of the UK. Section 6 presents examples

of how delays to the start of industrialization explain the envelope pattern in intensity whilst

the overshooting of intensity follows from distortions in an economy. Section 7 then uses these

finding to infer subsidies for a wide panel of countries. Sections 8 and 9 examine the resulting

subsidies and consider the counterfactual case when subsidies are eliminated. Section 10 carries

out a number of robustness exercises and finally section 11 concludes.

2 Stylized Facts

In this section I establish that UK CO2 emission intensity followed an inverted-U shape over

time. I then perform a pollution accounting exercise to demonstrate that the initial increase in

emission intensity was driven by rising energy impurity (emissions per unit of energy) whilst the

subsequent decline was driven by falling energy intensity (energy per unit of GDP). Finally, I

argue that the increase in impurity stems from a change in the fuel mix from biomass to fossil

fuels driven by structural transformation, whilst falling energy intensity can be attributed to

energy saving technological progress in conjunction with complimentarity between energy and

non-energy inputs.

Throughout the paper, I focus on carbon emissions that stem entirely from energy con-

sumption. There are two reasons for this. First, fossil fuels account for approximately 80% of
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Figure 2: Pollution intensity, energy intensity and energy impurity in UK.

all anthropogenic carbon dioxide emissions (Schimel et al., 1996).8 Second, there is a tight,

physicochemical link between the type of fuel that is combusted and the quantity of carbon

released (EPA, 2008). Thus, given data on energy production and consumption by fuel type, it

is relatively easy to infer accurate quantities of carbon emissions. Using this methodology An-

dres et al. (1999) have constructed long time series data of carbon emissions for most countries

including the UK. Then, taking the ratio of carbon emissions to GDP measured in purchasing

power parity terms from Heston et al. (2012) and Maddison (2007), gives a country’s emission

intensity. For more details on data sources and construction see the Appendix. The curve la-

beled ‘CO2 intensity’ in Figure 2 shows that CO2 emission intensity in the UK has followed an

inverted-U shape over the 1820-2009 period.

I now examine the source of this hump shape. Since I focus on carbon emissions derived

from energy production, the total amount of emissions in an economy can be expressed through

the following identity, Pt ≡ ηtEt, where Pt is the amount of carbon emissions, Et is the total use

of energy and ηt represents the emissions released per unit of energy and can be interpreted as

the impurity of energy. Dividing both sides of the identity by GDP, relates pollution intensity

with energy intensity and impurity:
Pt

Yt
= ηt

Et

Yt
. (1)

For the United Kingdom I obtain data on total energy consumption from Fouqet and Pearson

(1998), DUKES (2012) and from Krausmann et al. (2008) (see the Appendix for more details)

and compute energy intensity by dividing by GDP. Given pollution and energy intensity, I can

deduce energy impurity using equation (1). Figure 2 shows the results of the decomposition:

energy impurity rises almost over the entire period (with a slight decline at the end of the series),

8 The remaining twenty percent of emissions stem largely from changes in land use - such as deforestation or
urbanization.
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Figure 3: Fuel mix in the United Kingdom.

whilst energy intensity falls. The implication of this is that the increases in emission intensity

observed initially is driven predominantly by rising impurity, whereas the subsequent decline in

emission intensity is driven predominantly by falling energy intensity.

Energy Impurity Since carbon emissions are linked directly to the type of fuel that is used to

generate energy, a changing fuel mix must be the source of rising impurity. To see this, suppose

that there are a number of different energy sources, Ei,t, and each emits a fixed quantity of

pollution, ηi, so that total emissions are given by, Pt ≡
∑

i ηiEi,t. Dividing both sides of this

identity by GDP and denoting total energy consumption by Et =
∑

i Ei,t, I can write:

Pt

Yt
=

(∑
i

ηi
Ei,t

Et

)
Et

Yt
, (2)

where, the term in brackets is the impurity of total energy. As the proportion of energy coming

from a some dirty fuel,
ED,t

Et
, increases, so does the energy impurity. Figure 3(a) shows how the

fuel mix used to generate energy in the UK has shifted from “clean” combustible renewable fuels

towards “dirty” fossil fuels. According to most international protocols, the burning of biomass

materials for energy does not add to the concentrations of carbon dioxide in the biosphere since

it recycles carbon accumulated by the plant-matter during its lifecycle. The burning of fossil

fuels however contributes to higher levels of carbon concentration since it releases CO2 that had

previously been removed or ‘fixed’ from the biosphere over millions of years and locked under

ground in the form of fossil fuels.9

9 Both the Intergovernmental Panel on Climate Change (IPCC) and the US Energy Information Adminis-
tration consider biomass emissions to be carbon neutral and recommends that “reporters may wish to use an
emission factor of zero for wood, wood waste, and other biomass fuels”. For details see, Emissions of Greenhouse
Gases in the United States 2000 (November 2001).
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I argue that the change in fuel mix is closely linked to structural transformation. The

idea is that traditional fuels are relatively abundant in an agricultural and rural setting and

that subsistence agriculture lends itself to bio-fuel use, whilst industrial processes and services

require modern types of energy which are more dependable, have greater flexibility, higher

energy density and burn hotter than bio-fuels. Thus as an economy shifts from an agrarian to

an industrialized state, a change in fuel mix will occur - from renewable biomass materials to

(predominantly) fossil fuels such as coal, oil or gas. The above idea is relatively well represented

in the literature in papers such as Grossman and Krueger (1993) or Fischer-Kowalski and Haberl,

eds (2007). Figure 3(b) provides some evidence evidence of this process by plotting the share of

traditional fuels versus the share of employment in agriculture in the UK. Higher employment

in agriculture is associated with a higher use of traditional fuels. In the Appendix, I show that

this pattern is quite general and occurs in a panel of 159 countries both over time and across

countries.

Energy Intensity I focus on two channels that can drive changes in energy intensity: tech-

nology and complementarity. First, the key characteristic of energy is that it is an intermediate

input. As such, energy benefits from technological progress at two stages of the production pro-

cess: during the production of energy itself (economies become better at creating more energy

given other inputs) and during the consumption of energy as an intermediate product (economies

become better at using less energy to produce a given unit of output). Whilst other intermediate

products may benefit from targeted technological progress at various stages of their use, since

energy is an input at virtually every stage of production, it will always benefit from technolog-

ical progress at an additional stage. Second, complementarity between energy and non-energy

inputs can induce a lower demand for energy. Suppose energy and non-energy inputs are per-

fect complements that must be used in relatively fixed proportions in production. Since, by

the above argument, an economy is better at producing a higher effective amount of energy,

an economy will devote relatively more resources to the slower growing non-energy input over

time to maintain relatively fixed proportions between energy and non-energy inputs. If there is

enough complementarity between energy and non-energy inputs, the outflow of resources from

energy production can contribute to falling energy use and hence to falling energy intensity. If,

on the other hand, energy and non-energy inputs are substitutes, the efficiency gains of energy,

will encourage more resource to move towards energy production and may result in rising energy

use and intensity. At this stage, I do not specify which of the two channel or to what extent

either channel operates. Instead, I assume that both channels may potentially be active but I

leave the pinning down of the parameters to the calibration, when a structural model is specified.
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3 The Model

Preferences There is an infinitely lived representative agent endowed with a unit of time each

period. Period utility is defined over agricultural goods at and non-agricultural goods ct. To

generate structural transformation, I follow Gollin et al. (2002) by assuming a simple type of

Stone-Geary period utility:

U(at, ct) =

ā + u(ct) if at > ā

at if at ≤ ā,
(3)

with lifetime utility being given by:

∞∑
t=0

βtU(at, ct), (4)

where 0 < β < 1, is the discount factor. From this setup, we see that once per capita output in

the agricultural sector has reached the level ā, all remaining labor moves to the non-agricultural

sector.

Technologies Non-agricultural output (YCt) is produced using labor (Ly
Ct) and a modern

energy inputs (ECt):

YCt =
(
αC(BlCtL

y
Ct)

σ−1
σ + (1 − αC)(BEtECt)

σ−1
σ

) σ
σ−1

(5)

In the above equation, αC is the weight of labor in production, whilst σ is the elasticity of

substitution between labor and energy, whilst BlCt and BEt are labor and energy augmenting

productivity terms at time t respectively. Modern energy, is produced using labor (Le
Ct):

ECt = BeCtL
e
Ct, (6)

where BeCt is productivity at time t. The modern energy sector can be taken to be the mining

or drilling sector and as such total employment in the non-agricultural sector is given by the

sum of employment in both sub-sectors, LCt ≡ Ly
Ct + Le

Ct.

Agricultural output (YAt) is produced using labor (Ly
At) and a traditional energy input(EAt):

YAt = BAtL
y
At

αAEAt
1−αA . (7)

In the above equation, αA is the weight of labor in production and BAt is productivity at time t.

Unlike the non-agricultural sector I assume an elasticity of substitution of one between energy

and labor, so that the production function is Cobb-Douglas. This is in line with the argument

put forward by Lucas (2004) that “traditional agricultural societies are very like one another”.
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I take this to mean that the structure of time and labor spent across activities in traditional

agricultural societies remains the same, which would imply a production function like the above.

Traditional energy, is produced using labor (Le
At):

EAt = BeAtL
e
At, (8)

where BeAt is productivity at time t. The traditional energy sector can be taken to be the gath-

ering of fuel wood or charcoal production etc. and as such total employment in the agricultural

sector is given by the sum of employment in both sub-sectors, LAt ≡ Ly
At + Le

At. Finally, I

assume that the total amount labor in the economy is given by, Ly
At + LCt = gtN , where gN − 1

is the exogenous growth rate of the total labor force.

Pollution Burning a unit of modern energy, ECt releases a constant amount of pollution, PCt:

PCt = ηCECt (9)

where, ηC , is the coefficient of proportionality. To capture the idea that the overwhelming

majority of fossil fuels are used in the non-agricultural sector and that emissions from traditional,

biomass fuels do not add carbon dioxide to the biosphere, I assume that agriculture does not

contribute to emissions. Notice also that emissions influence neither utility nor productivity.

Competitive Equilibrium I focus on the competitive equilibrium of the above economy

which for every t is defined as the: (1) Price of agricultural and non-agricultural goods, wage

rates, as well as traditional and modern energy prices, {pAt, pCt, wt, p
e
At, p

e
Ct}; (2) household

allocations: {at, ct}; and (3) firm allocations {Ly
At, L

e
At, L

y
Ct, L

e
Ct, PCt}; such that: (a) Given

prices, (1), households’ allocations, (2), maximize equation (3) subject to the budget con-

straint of the household, pAtat + pCtct = wt; (b) Given prices, (1), firms’ allocations, (2),

solve the firms’ problems in output and energy sub-sectors for s = A,C: max pstYst − wtL
y
st −

pestEst and max pestEst − wtL
y
st and emit carbon according to (9) (c) goods and labor markets

clear: YAt = gtNat, YCt = gtNct, L
y
A,t + Le

A,t + Ly
C,t + Le

C,t = gtN .

Solution The problem is solved in two parts. The first step, takes employment across agri-

culture and non-agriculture as given and allocates labor within each sector between energy and

output subsectors. Next, I set equal to each other the wage-to-energy price ratios derived from

the first order conditions of output and energy firms in each sector. This implies the following

distribution of labor across subsectors within agriculture:

Le
At = (1 − αA)LAt and Ly

At = αALAt. (10)
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Due to the Cobb-Douglas structure of agriculture, a constant proportion of agricultural workers

are devoted to the production of energy and non-energy inputs. In non-agriculture however,

since the elasticity of substitution is potentially different from one, the proportion of workers

devoted to the energy and non-energy sectors is potentially non-constant:

Le
Ct =

(
1

1 + xCt

)
LCt and Ly

Ct =

(
xCt

1 + xCt

)
LCt, (11)

where, xCt ≡
(

αC

1−αC

)σ (
BEtBeCt

BlCt

)1−σ

. Notice that energy benefits from technological progress

twice - both when it is produced (BeCt) and when it is consumed (BEt) - whereas labor only

benefit once (BlCt). Thus, we may reasonably expect the ratio BEtBeCt

BlCt
to increase over time.

If, in addition, the elasticity of substitution between energy and non-energy inputs is less than

one, σ < 1, these differences in sectoral productivity growth will result in an increase in xCt

over time. Since Ly
Ct/L

e
Ct = xCt, this will generate a reallocation of inputs from energy to

non-energy production in the non-agricultural sector.

The second step, determines the division of labor across agriculture and non-agriculture.

Preferences imply that YAt = āgtN . Combining this with equations (7), (8) and (10), employment

in agriculture and non-agriculture is respectively given by:

LAt =
āgtN

BAtαA
αA (BeAt(1 − αA))

1−αA
and LCt = gtN − LAt. (12)

Higher productivity in agriculture results in a smaller proportion of workers being needed to

produce the subsistence level of food and their subsequent reallocation to non-agriculture. Given

the above, equations (6), (8) and (9) determine sectoral energy use and emissions.

Intensity Next, I define and analyze the evolution of emission intensity over time. Normalizing

the wage rate to one, firms’ first order conditions imply that the price of sector s = A,C

goods is pst = 1/ ∂Yst

∂Lst
. Hence, the constant price GDP evaluated at time t∗ prices is simply

Yt = pAt∗YAt +pCt∗YCt. Aggregate emission intensity, Nt, can then be written as the product of

the constant price share of non-agriculture in GDP, dt ≡ pCt∗YCt

pAt∗YAt+pCt∗YCt
, and non-agricultural

emission intensity, NCt ≡ PCt

pCt∗YCt
:

Nt ≡
PCt

pAt∗YAt + pCt∗YCt
= dtNCt. (13)

I examine the evolution of dt and NCt to gain insight into the evolution of Nt. For illustrative

purposes, it is helpful to suppose that sectoral productivities grow at constant and exogenous

rates and to focus on the case where there is ‘enough’ technological progress associated with

energy. As such, in this section, I make the following assumption:

Assumption 1. Suppose that Bit+1

Bit
= gi > 1 for all t and i = A, eA, lC,E, eC and gEgeC

glC
> 1.
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I then establish the following theorem describing the evolution of dt:

Propostion 1. Suppose Assumption 1 holds. Then when LAt = gtN , dt = 0; when LAt < gtN ,

dt+1/dt > 1 and limt→∞ dt = 1.

Proof. See Appendix 11.3.1.

Intuitively, when all workers are in agriculture, the economy only produces agricultural goods

and the constant price share of non-agriculture is zero. Once industrialization begins, non-

agricultural output per-worker increases whilst agricultural output per-worker stays constant,

driving the constant price share of non-agriculture monotonically from zero to one. Next, I

establish the following theorem describing the evolution of NCt:

Propostion 2. Suppose that Assumption 1 holds and σ < min
{

log(gE)
log(gE)+log(geC)−log(glC) , 1

}
then, when LAt < gtN , NCt+1/NCt < 1 and limt→∞ NCt = 0.

Proof. See Appendix 11.3.2.

If there is enough complementarity between energy and non-energy inputs, higher technolog-

ical progress associated with energy will result in a reallocation of resources away from energy

towards non-energy in the non-agricultural sector at a fast enough pace to engender a monotonic

decline in non-agricultural emission intensity towards zero.10

Putting these facts together lends some insight into the evolution of aggregate emission

intensity. When a country is on the brink of industrialization, it’s aggregate emission intensity

will be zero, since it’s completely dominated by non-polluting agriculture. As the economy shifts

towards dirty non-agriculture, emission intensity will rise at first. However, emission intensity

in non-agriculture falls with time, and thus as an ever greater proportion of GDP comes from

non-agriculture, aggregate emission intensity of the economy will also fall.11 Nonetheless, the

exact shape of emission intensity will depend on underlying parameters. Testing the model

thus requires choosing reasonable parameters to see if these can reproduce observed patterns of

energy and emission intensity in the data.

4 Calibration

I calibrate the model by choosing a specification that largely matches the development process

of the United Kingdom over the last 200 years. First, population growth is chosen to match the

10 Notice, the condition on elasticity will be tighter than σ < 1 if and only if geC > glC . If, labor productivity
in the modern energy sector does not grow ‘too quickly’ (i.e. geC ≤ glC), then σ < 1 and gEgeC

glC
> 1 are sufficient

conditions for a declining non-agricultural intensity.
11 In fact, if dt and NCt are replaced by their first-order linear approximations, the resulting product will be a

hump-shaped, quadratic parabola so that aggregate emission intensity is hump shaped to a first approximation.
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Parameter Values Target
gN 1.008 Population growth 1870-1950

BA1870, BeA1870, Bl1870, BE1870, BeC1870 1 Normalization
ā 0.170 Agriculture Empl. Share, 1870
gA 1.0183 Agriculture Empl. Share, 1950
geA 1.009 Growth in wage to fuelwood price ratio, 1820-1870

1− αA 0.08 Share of time spent gathering fuel wood
1− αC 0.07 Mining VA Share, 1870

σ 0.85 Mining VA Share, 1950
gE 1.043 Change in total energy intensity, 1870-1950

BeCt data Growth in wage to oil price ratio
glC 1.019 GDP per capita growth, 1950-2010
ηC 1 Normalization

Table 1: Calibrated parameters

average labor force growth between 1870 and 1950 so that gN = 1.008. Next, without loss of

generality, I normalize BA0 = BeA0 = BlC0 = BE0 = BeC0 = 1. I also assume that BAt = gtA,

BeAt = gteA, BCt = gtC , - so that these productivity terms grows at a constant, exogenous rate.

Notice that in the model BeAt = wt

pA
Et

and BeCt = wt

pC
Et

where wt is the wage rate and pAEt and

pCEt are the prices of traditional and modern energy respectively. As such, I set geA = 1.009

which is the average growth rate of farm wages to fuelwood price between 1820 and 1870 and I

choose BeCt to match growth rates in craft wage to modern energy price ratio period-by-period

directly from the data. The reason for this second choice is that the relative price of modern

energy has not grown at constant rate over the last two hundred year, especially after 1970. For

data construction, sources and details see the Appendix.

The parameter 1−αA determines what fraction of their time workers spend producing energy

in the agricultural sector. Ideally, this parameter would be calibrated to the share of hours

devoted to energy production in the pre-industrial agricultural sector in the United Kingdom.

Since this data is unavailable, I use data for another pre-industrial country for which data is

available - Nepal. I set 1 − αA = 0.92 to match the fact that agricultural families devote 8% of

their time to fuel wood gathering. See the Appendix for details. I set parameters ā = 0.17 and

gA = 1.0183 so that the model matches employment shares in the UK agriculture in 1870 and

1950 (with t = 0 for 1870 and t = 80 for 1950) of 22.7% and and 5.1% respectively.

For the non-agricultural sector, I set 1 − αC = 0.07, σ = 0.85 and gE = 1.043. These

are chosen simultaneously to best fit the (current price) value added share of mining in value

added between 1870 and 1950 (comparable employment shares are unavailable) and the rate of

decline of total energy intensity between 1870-1950. See the Appendix for data and construction

details. The elasticity parameter is broadly consistent with previous literature and lies in the

mid-range of the values usually estimated for Allen partial elasticities between energy and labor
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Figure 4: Simulations and data for UK employment shares, fuel mix, emission intensity and energy
intensity, 1820-2010
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in manufacturing.12 Given σ < 1, it can be shown that the asymptotic growth rate of (per

capita) output in the model economy is glC . As such, I choose glC = 1.019 to match the

observed GDP per worker growth rate in the model since 1950. Finally, I normalize the pollution

parameter so that ηC = 1.

Figure 4 shows the baseline simulations for the UK. Increasing productivity in agriculture

results in less workers being needed to produce the subsistence level of food and the subsequent

reallocation of workers to non-agriculture. The falling employment share in agriculture in the

data and the model is presented in Figure 4(a). As workers move to the sector that uses fossil-

fuels, the share of modern energy rises. Figure 4(b) shows this change in the fuel mix. At

the same time, the low elasticity of substitution between energy and non-energy inputs in the

non-agricultural sector, σ < 1, coupled with energy-specific technological progress BeCt drives

workers away from the modern energy sector to the modern non-energy sector. This is visible

in Figure 5(c). This, together with energy specific technological progress generates a declining

energy intensity over the period visible in Figure 4(d). Finally, Figure 4(c) shows the resulting

changes in pollution intensity. Pollution intensity follows a hump-shape. The initial increase

comes from a shift of workers out of the clean and into the dirty sector, generating a change in

the fuel mix, whilst the decline in intensity visible in the second half of the graph stems from

falling energy intensity. Finally, Figure 5 shows the result for total emissions and GDP per

capita.

5 Role of Wedges: Example

Next, I demonstrate how agriculture, non-agriculture and energy price wedges impact emission

intensities and I show how the model can be used to disentangle the different types of wedges.

For illustrative purposes, in this section only, I replace the time varying productivity growth

in the modern energy sector by the 1870-1950 average productivity growth in the UK so that

BeCt = gteC where, geC = 1.019.

Agricultural Wedges First, I show how differences in agricultural productivity, BAt, affect

emission intensities. Following Gollin et al. (2002), I take these productivity differences across

countries as catchalls for any number of cross-country differences such as “taxation, regulation,

assignment and enforcement of property rights, institutions such as collective bargaining, and

12 For example Stefanski (2013b) estimates the elasticity of substitution between oil and non-oil inputs in the
non-agricultural sector between 0.69 and 0.72. Berndt and Wood (1975) estimate the elasticity of substitution
in US manufacturing between energy and labor to be 0.65. Griffin and Gregory (1976) estimates this elasticity
for numerous advanced European countries and the US to be between 0.72 and 0.87. Kemfert (1998) as well as
Kemfert and Welsch (2000) estimate this elasticity for Germany to be 0.871.
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Figure 6: The first counterfactual examining the impact of agricultural productivity on emission
intensity.

soil and climate conditions”. I then choose BA0 = 0.370; 0.112; 0.0365 in order to create industri-

alizations that begin in 1850 and 1900 and 1980, whilst leaving all other productivity parameters

unchanged. The last agriculture productivity parameter is chosen to match China’s employment

share in agriculture of 50% in 2000. Figure 6 shows the results for constant price share of non-

agriculture, non-agricultural emission intensity and total emission intensity all computed using

1990 UK prices. It is easy to show that when LAt < gtN then ∂dt

∂BA0
> 0 and ∂NCt

∂BA0
= 0. Thus

lower agricultural productivity translates into a lower proportion of non-agriculture in GDP

but leaves the intensity of non-agriculture unaffected. Intuitively, low agricultural productiv-

ity delays industrialization. However, since non-agricultural emission intensity is declining over

time - countries that industrialize later will move to a non-agricultural sector that is less energy

and emission intensive than countries that industrialized earlier. This can be interpreted as

‘catching-up’ to the technological frontier and means that countries industrializing later, will

tend to form an envelope pattern in emission intensities as demonstrated in Figure 6(c).

Non-agricultural Wedges Not all cross-country differences in productivity however, stem

from inefficiencies in agriculture. In the second counterfactual, I examine the impact on emission

intensity of loosening the assumption of identical non-agricultural productivity across countries,

BC ≡ BlC0 = BE0 = BeC0 = 1. I now suppose that productivity differences can occur both in

the agricultural and the non-agricultural sectors. I keep BA0 = 0.0365 to generate an indus-

trialization that began in 1980 but - in addition - I set BC = 0.14, to match the Chinese-UK

ratio of GDP per capita in 2000 of 0.082. Differences in BA0 will now reflect distortions spe-

cific to agriculture - such as soil or climate conditions - whilst differences in BC will capture

inefficiencies specific to the non-agricultural sector such as banking regulations or unionization

rates. The results of the second counterfactual are shown in Figure 7. It is easy to show that

when LAt < gtN , then ∂dt

∂BC
> 0 and ∂NCt

∂BC
< 0. Thus, a lower non-agricultural productivity
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Figure 7: The second and third counterfactuals examining the impact of non-agricultural pro-
ductivity and energy prices wedges on emission intensity.

results in a smaller constant-price non-agricultural share of GDP and a higher non-agricultural

pollution intensity. Intuitively, lower productivity in non-agriculture simply translates to less

non-agricultural output being produced and hence a smaller proportion of non-agriculture in

total output. On the other hand, lower non-agricultural productivity results in a composition

of the non-agricultural sector resembling one of an earlier time - when a greater proportion of

workers were employed in non-agricultural energy production and the non-agricultural sector

used more energy, which translates into a higher emission intensity. Since the effects go in

opposite directions, the final impact on total emission intensity is ambiguous and depends on

parameters. In this case, as shown in Figure 7(c), initially emission intensity is slightly lower as

the size effect dominates and then slightly higher as the intensity effect dominates.

Energy Subsidies The previous wedges - even taken together - cannot capture the large vari-

ation in emission intensity across countries. In the third counterfactual, I choose an additional

wedge that takes the form of a modern-energy subsidy and use it to absorb the remaining differ-

ences in cross country emission intensities. In particular, I continue to examine the hypothetical

economy with BA0 = 0.0365 and BC = 0.14 but - in addition - I assume that non-agricultural

final good producers also benefit from a fixed subsidy on modern energy, (1 − τet), financed

by a lump sum tax on consumer income. Consequently, the non-agricultural final good firm’s

problem now becomes:

max
Ly

Ct,ECt

pCt YCt − wtL
y
Ct − peCt(1 − τet)ECt, (14)

with the consumer and government period budget constraints given by :

pAtat + pCtct = wt − Tt and gtNTt = τetp
e
CtECt. (15)



18

With the above subsidy, the only change to the solution is that xCt from equation (11) now

becomes, xCt ≡
(

αC

1−αC

)σ (
BEtBeCt

BlCt

)1−σ

(1−τe)
σ. I choose τe = 0.71 to match the ratio between

emission intensity in China and the UK in 2000. The results are shown in Figure 7. Notice

that ∂dt

∂τt
< 0 and ∂NCt

∂τt
> 0 - the subsidy is distortive and lowers non-agricultural output and

hence the share of non-agriculture in GDP but a higher τe also makes the energy sector more

attractive to workers, resulting in higher production of modern energy and higher emissions.

In principle, since these terms move in opposite directions, the impact of energy subsidies on

emission intensity is ambiguous. In practice, due to the relatively small weight of modern energy

in output, the distortion to GDP is small but the impact on emission intensity is large. Hence,

as seen in Figure 7(c), aggregate emission intensity tends to rise with energy subsidies.

The above three counterfactuals demonstrate how the model can be used to disentangle

various distortions within an economy. In the above, I have done this - as an illustrative

example - for China in one particular year. In the next section, I perform the same exercises for

each year and each country in the sample, forcing the model to match agriculture employment

shares, GDP per worker and relative emission intensities.

6 Imputing Subsidies

In this section I use GDP per capita from the Penn World tables, the share of agricultural

employment in the labor force from UNCTAD, and the emission intensity data introduce earlier

in conjunction with the calibrated model to infer fossil fuel subsidies for a panel of 155 countries

over the 1980-2010 period using the strategy outlined above. I take each country at each point

in time to be a closed economy with the same rates of technological progress. For each country,

i, and in each period, t, I choose Bi
A,t to match the ratio between the agricultural employment

share in the particular country and that of the UK, I choose Bi
C,t to match the ratio between the

specific country and the UK and I choose a subsidy on fossil fuels, τ iEt, to match the ratio between

emission intensity of the country and the UK. I thus force the model to reproduce cross-country

differences in GDP-per-worker, agricultural employment shares and carbon emission-intensities

and hence also relative carbon emissions-per-worker.

The model does well in matching moments of the data to which it has not been calibrated.

Figure 8 (a), plots the share of traditional fuels (biofuels) in total energy consumption from the

model versus the corresponding number from the data (WDI) for the year 2009. We see that

the model does well in predicting the share of energy from traditional sources across countries,

although it does predicts a somewhat greater use of traditional fuels across countries than is

observed. Figure 8 (b) plots the modern energy relative to the United Kingdom consumed by

each country for the model and the data in 2009. The model also does well, although it implies
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a modern energy use that is especially low for countries that tend to use low levels of modern

energy. Notice that the good fit of this model along this dimension is at least partially due to

the fact that most modern energy is carbon energy is tied directly to carbon emissions which

we have forced the model to match.

Finally, I demonstrate the fit of predicted energy subsidies. To do this, I construct estimates

of subsidies on gasoline at the pump using the price-gap approach. Taking data from Bloomberg

on the price of gasoline at the pump for sixty countries in 2009, I calculate how much higher/lower

the price is relative to the UK

τ iData,t ≡
pUK
t − pit
pUK
t

. (16)

Since, in principle, gasoline is a perfectly traded good, I interpret τ iData,t as a rough estimate

of direct subsidies/taxes on gasoline in particular countries. This is necessarily only a rough

exercise. First, prices at the pump include the cost of auxiliary service (e.g. delivery, refining

etc.) that vary across countries. Second, countries may have policies that subsidize only one

type of fuel. Moreover, subsidies inferred using the price-gap approach - unlike those imputed

by the model - will not capture indirect policies. Thus, from the get go, we are not expecting the

model to do well in matching these inferred subsidies (and in fact this is exactly why we need

the model), instead we use the comparison to demonstrate that the order of magnitude and the

trend of subsidies implied by the model across countries is broadly ‘right’. The results are shown

in Figure 8 (c). Remarkably, with a few telling exceptions, the model does well in predicting the

magnitude of energy subsidies across countries. As a final test, I invert the exercise: I calibrate

the model to match agricultural (Bi
A,t) and non-agricultural (Bi

C,t) distortions but plug in the

estimated subsidies τ iData,t directly into the model. Figure ?? shows the models predictions of

relative carbon intensity across countries. Despite the crude nature of our inferred subsidies,

the model does well in predicting carbon intensity differences across countries.

7 Examination of implied subsidies

In this section I examine the energy subsidies found in the previous section. Figure 9, presents

the share of subsidies in GDP (current prices), the subsidy rates, and total subsidies (in billions

of 1990 international dollars) from the model in graphical form for 2009. In addition to these,

Table 2 shows per capita subsidies for the largest 30 subsidisers and by geographical region.

Oil rich countries as well as former/current communist countries have the highest subsidies -

although the US is not far behind. These countries tend to have a history of direct subsidies

on dirty energy as well as a tradition of supporting heavy industries that use large quantities of

energy. Both of these policies are effectively (at least in the framework of the model) subsidies on

carbon energy. In absolute terms, China, the US, India and Russia are the largest subsidizers,
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(a) Share of Subsidies in GDP (current prices)

(b) Subsidy Rates (%)

(c) Total Subsidies (billions of 1990 international dollars)

Figure 9: Carbon Energy Subsidies in 2009
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(a) Top 30

Rank Subs Rate Subs/GDP Subs. Total Subs. per cap.
(%) curr. prices, (%) bill. 1990 int. $ 1990 int. $

1 UZB 88.71% QAT 33.40% CHN 520.78 QAT 6065
2 ZAF 86.73% TTO 21.99% USA 241.59 TTO 2801
3 TTO 86.38% KWT 18.88% IND 100.32 KWT 2306
4 QAT 86.22% SAU 14.30% RUS 96.88 ARE 1739
5 KWT 85.69% BRN 12.40% IRN 40.58 BRN 1484
6 MNG 85.42% ARE 10.89% ZAF 36.45 BHR 1441
7 SAU 84.95% BHR 10.56% SAU 30.74 SAU 1214
8 BHR 81.39% OMN 8.95% CAN 22.77 AUS 942
9 BIH 81.05% ZAF 8.03% AUS 20.03 OMN 940
10 IRN 80.27% AUS 7.23% KOR 19.40 USA 787
11 CHN 79.67% LBY 6.99% IDN 19.36 EST 777
12 OMN 79.47% IRN 6.45% JPN 16.55 ZAF 743
13 LBY 77.77% USA 6.33% POL 13.75 RUS 692
14 EST 75.48% EST 6.10% THA 13.09 CAN 680
15 IRQ 75.00% RUS 5.26% MEX 11.68 LBY 648
16 BRN 74.39% CAN 5.07% MYS 11.56 IRN 534
17 VEN 73.64% BIH 4.66% VEN 11.47 CZE 471
18 RUS 73.35% IRQ 4.12% EGY 10.92 LUX 465
19 SYR 71.11% MYS 4.01% DEU 10.90 BIH 447
20 SRB 70.92% CZE 3.81% TUR 9.48 VEN 428
21 MKD 70.56% VEN 3.75% UZB 8.96 MYS 416
22 MYS 69.42% MNG 3.26% VNM 8.48 KOR 400
23 DZA 67.57% KOR 3.26% ARE 8.35 CHN 393
24 VNM 67.57% ISR 3.24% DZA 6.91 SRB 375
25 TGO 64.14% POL 3.21% IRQ 6.89 POL 357
26 ARE 63.85% SRB 3.03% KWT 5.74 MNG 349
27 JOR 63.40% UZB 3.01% ARG 5.20 ISR 330
28 AUS 59.99% JOR 2.99% QAT 5.05 MKD 327
29 AGO 59.82% MKD 2.90% CZE 4.81 UZB 325
30 EGY 59.72% SYR 2.75% PAK 4.37 GRC 293

(b) By Geographic Region

ave. ave. total total
Region Subs Rate Subs/GDP Subsidies Subs. per cap.

(%) curr. prices, (%) bill. 1990 int. $ 1990 int. $
Post Soviet 79.18% 4.79% 106.85 632
Middle East 66.92% 8.19% 131.34 365
Northern Africa 57.21% 2.80% 13.60 165
Eastern Asia 57.17% 2.54% 557.79 371
Northern America 53.87% 5.70% 264.36 776
Eastern Europe 41.90% 2.25% 22.10 310
Western Asia 41.48% 2.04% 0.28 262
Oceania 39.04% 4.05% 20.51 805
Southern Africa 31.52% 2.71% 36.46 686
Southern Europe 21.24% 1.47% 8.56 56
South-Eastern Asia 20.67% 1.95% 49.20 91
Western Africa 10.02% 0.04% 0.36 2
South America 0.71% 0.47% 6.89 18
Caribbean 0.07% 4.33% 2.58 75
Western Europe -8.11% 0.20% 0.72 4
Northern Europe -12.28% -0.20% -1.45 -16
Southern Asia -19.00% 0.13% 103.30 67
Central America -24.29% -0.18% 10.11 67
Eastern Africa -27.54% -0.02% 0.28 1
Middle Africa -28.29% -0.08% 0.91 25

Table 2: The subsidy rates, the share of subsidies in current price GDP, total subsidies and
subsidies per capita for the largest subsidizers and by geographical region implied by the model
in 2009. (Baseline)
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Figure 10: Implications of Model

spending on average nearly six hundred billion dollars (in international 1990 dollars) a year

between 2000 and 2010. Countries in Europe - especially northern Europe - tend to have far

lower subsidies, or even implicit taxes. This captures the fact that many European countries

subsidize ‘green’ energy or discourage carbon energy through high direct or indirect taxation -

which is effectively captured in the model by a tax on energy. Finally, countries in sub-saharan

Africa as well as South America have the highest taxes. This may be due to high direct taxes

on energy or taxes on imports of fossil fuels or the closed nature of those economies, which -

from the perspective of the model - are reflected as taxes on carbon energy.

Figure 10(a) shows the (GDP weighted) average and median subsidy rates in the sample of

countries over time. We see that the average/median subsidy rate has steadily increased over

the last thirty years. This is indicative of greater involvement in energy policy by governments

around the world and - as I argue in the following section - a major cause of increased carbon

emissions over time.

8 No Distortions: A counterfactual

Having used the model to extract a panel of subsidies, I now ask the obvious followup question

- how would global emissions have evolved if all distortive energy policies had been eliminated?

I use the model to carry out this counterfactual. In particular, I keep all productivity growth

rates as well as the inferred distortions in agricultural and non-agricultural productivity from the

baseline experiment, but instead set all energy subsidies to zero. I then calculate the resultant

pollution by country in each year, and sum these to obtain a counterfactual estimate of global

emissions. Over the 1980-2010 period, in the sample of countries, cumulative emissions would
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Oil Sh. Coal Sh. Gas Sh.
Africa 85.14% 6.42% 8.44%
Americas 87.47% 2.75% 9.78%
Asia 54.45% 15.50% 30.05%
Europe 54.08% 19.62% 26.31%
Oceania 90.43% 5.44% 4.13%
UK 39.45% 15.69% 44.86%

(b) Carbon Fuel Mix Across Countries.

Figure 11: Composition of carbon fuels over time (UK) and across countries (2009)

have been 37% percent lower. I then repeat the experiment, so that all distortive policies

on energy prices (and not just subsidies) are eliminated. Even if countries that discourage

the use of carbon fuels with high taxation such as Switzerland or France, eliminated their

fuel taxes, the simultaneous elimination of subsidies in other countries would have resulted in

emissions over the 1980-2010 period that would have been 30% percent lower than observed.

The results from this second experiment are shown in Figure 10(b). Clearly, cutting subsidies

to the carbon energy sector would result in massive declines in carbon emissions without many

of the painful costs associated with other schemes designed to lower carbon emissions. What’s

more, the elimination of the subsidy/tax price distortions would have resulted in cumulative

GDP (measured in 1990 international dollars) over the period that was 0.052% higher. A final

important benefit, would be the enormous cost saving to governments funding these subsidies.

Over the 1980-2009 period, the average annual global cost of subsidies was 694 billion dollars

(in 1990 international US dollars). This rose to 1.3 trillion US dollars by 2009. Importantly, the

vast bulk of these subsidies (72% in 2009) came from only five countries: China, the US, India

and Russia. The elimination of subsidies would thus result in lower emissions, higher levels of

GDP, and greater flexibility in government budgets.

9 Robustness

9.1 China

As Brandt and Zhu (2010) and Rawski and Mead (1998) argue that official Chinese data sig-

nificantly underreports the outflow of labor from agriculture. Since China is such an important

subsidiser in the data, in this section I investigate what role this plays on emissions.
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TO BE WRITTEN

9.2 Agricultural Energy Productivity

In the above we calculated the productivity in the energy sector by matching the evolution of

energy prices in the data. What if, instead, we force the model to match sectoral energy output

exactly?

TO BE WRITTEN

9.3 UK net Taxes

The above analysis was performed under the assumption that the UK set zero net subsidies.

Whilst this assumption is the best we can do for the pre world war 2 period, the United Kingdom

followed a rather strict taxation policy after the war. See for instance Parry and Small (2005).

Thus, the previous results are all relative to the tax policy of the United Kingdom. To obtain

estimates of absolute tax subsidies, in this section I calculate the net energy subsidies in the

UK, and then repeat the exercise for the countries in the sample.

TO BE WRITTEN

9.4 Robustness: Modern Fuel Mix and Impurity

In the baseline model I assume that modern fuel always emits the same quantity of carbon

dioxide when burnt. In reality, the impurity of carbon fuels varies not only across coal, oil and

natural gas, but also across the many different varieties of these fuels.13 Furthermore, Figure 11

shows that there is significant variation in the composition of carbon fuels - and hence impurity -

both over time and across countries. In what follows I re-estimate implicit energy subsidies and

emission intensities whilst accounting for this variation in impurity and show that the overall

effect is quantitatively and qualitatively small.

Taking PCt as the emissions of CO2 associated with burning a quantity of fossil-fuel, EC,t,

the impurity of carbon fuel is simply the residual ηC,t of the following relation:

PCt ≡ ηC,tEC,t. (17)

In the baseline I assume that ηC,t is constant and equal to one in all periods and all countries.

Instead, I now calculate impurity of carbon fuel in each country for 1980-2010 directly from the

data making use of WDI carbon energy data and the CDIAC carbon emissions data. Then, for

the UK, I extend the data back until 1820 using energy data from DUKES (2012) and Fouqet

13 The EIA specifies that the burning of one million BTU of energy derived from bituminous coal releases
205.7 pounds of CO2. The corresponding numbers for gasoline are 157.2 and 117.0 for natural gas.



26

0.1

1.0

10.0

1800 1840 1880 1920 1960 2000

18
70

=1

United Kingdom,
Carbon Energy Impurity Index

(a) Energy Impurity Index of Carbon Energy in the UK

0.0

0.5

1.0

1.5

2.0

1820 1840 1860 1880 1900 1920 1940 1960 1980 2000

Po
llu

tio
n 

In
te

ns
ity

, 1
95

0=
1

Baseline

UK ,
Pollution Intensity in Models

Changing 
Impurity

(b) Emission Intensity in Baseline model and in model
with changing impurity.

Figure 12: Implications of Model

and Pearson (1998), and normalize the impurity in the UK in 1870 to 1.14 Then, for each

country, I plug this impurity data directly into equation 9 for non-agricultural and examine the

effects on predicted intensities and wedges in this new setup.

First, consider the impact of changing impurity shown in Figure 12(a) on the emission

intensity of the UK. Impurity is roughly constant although there is a slight increase until the

1950’s after which it slowly declines. Changes in impurity thus contribute slightly to the inverted-

U shape of intensity, however the overall impact is not large. This can be seen in Figure 12(b)

which shows the emission intensities of the UK in the baseline model and the model with changing

impurity.15 The key transition responsible for the hump shape in carbon emission intensity is

thus the shift from fuelwood to carbon fuel, rather than the changes between different types or

varieties of carbon fuels. Finally, notice that if changes in ηC,t were common across countries due

to - for example - common technological progress, common legislative efforts or common price

shocks - then the relative emission intensities across countries would nonethless be unaffected

by changes in impurity. Since the baseline model is calibrated to match relative intensities, the

size of the previously estimated wedges will also remain the same. Thus, the baseline results are

completely robust to any common changes in fuel impurity across countries.

Second, I re-estimate the implied wedges controlling for impurity differences across countries.

Table 3 shows the results for the 30 largest subsidizers as well as for 20 different regions. In

general, the ordering and quantitative size of subsidies is very similar to the baseline. Some

14 Notice, that whilst in principle I could calculate my own impurity measures using fuel share data from the
EIA, this is unnecessary, since the CDIAC carbon data is constructed exactly by carefully accounting for the
detailed composition of carbon fuels across countries.

15 Since the calibration did not depend on impurity, all parameter estimates other than impurity remain the
same.
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(a) Top 30

Rank Subs Rate Subs/GDP Subs. Total Subs. per cap.
(%) curr. prices, (%) bill. 1990 int. $ 1990 int. $

1 UZB 89.32% QAT 30.03% CHN 314.79 QAT 5453
2 TTO 88.81% TTO 26.41% USA 216.01 TTO 3364
3 KWT 86.34% KWT 19.73% RUS 99.91 KWT 2410
4 SAU 85.05% SAU 14.40% IND 39.79 ARE 1920
5 QAT 84.62% ARE 12.02% IRN 39.10 BHR 1583
6 BHR 83.04% BHR 11.59% SAU 30.95 BRN 1331
7 IRN 79.56% BRN 11.12% ZAF 23.15 SAU 1222
8 OMN 79.46% OMN 8.94% CAN 22.67 OMN 940
9 ZAF 79.02% LBY 7.15% KOR 20.03 RUS 713
10 LBY 78.23% IRN 6.22% AUS 13.35 USA 704
11 RUS 74.05% USA 5.66% JPN 11.85 CAN 677
12 BRN 71.88% RUS 5.42% VEN 10.16 LBY 663
13 MNG 70.87% ZAF 5.10% MYS 10.04 AUS 628
14 VEN 70.79% CAN 5.05% MEX 9.91 IRN 515
15 CHN 68.41% AUS 4.82% IDN 9.90 SGP 511
16 IRQ 66.99% SGP 3.83% THA 9.81 ZAF 472
17 SYR 66.54% MYS 3.48% UZB 9.43 EST 427
18 ARE 66.41% KOR 3.36% ARE 9.21 KOR 413
19 MYS 65.83% EST 3.35% EGY 8.42 VEN 379
20 DZA 64.18% VEN 3.32% POL 8.25 LUX 371
21 SRB 61.22% UZB 3.16% DEU 6.88 MYS 361
22 EST 60.56% IRQ 2.95% ARG 6.09 UZB 341
23 JOR 57.85% BEL 2.80% DZA 6.07 NLD 331
24 BIH 55.69% CZE 2.63% TUR 6.01 CZE 326
25 CAN 52.96% NLD 2.50% KWT 6.00 BEL 308
26 EGY 52.50% JOR 2.43% NLD 5.53 SRB 258
27 USA 51.56% DZA 2.29% IRQ 4.93 CHN 238
28 THA 48.95% SYR 2.29% QAT 4.54 POL 214
29 AUS 48.80% SRB 2.08% VNM 4.23 ISR 198
30 VNM 48.58% LUX 2.04% LBY 4.19 BGR 191

(b) By Geographic Region

ave. ave. total total
Region Subs Rate Subs/GDP Subsidies Subs. per cap.

(%) curr. prices, (%) bill. 1990 int. $ 1990 int. $
Post Soviet 74.64% 3.98% 109.89 650
Middle East 61.92% 7.77% 120.35 334
Northern America 52.26% 5.36% 238.68 701
Eastern Asia 49.80% 1.82% 347.18 231
Northern Africa 48.36% 2.57% 11.47 140
Eastern Europe 34.56% 1.58% 14.44 202
Oceania 31.39% 2.74% 13.71 538
Western Asia 24.76% 0.99% 0.14 128
South-Eastern Asia 16.98% 2.46% 33.77 63
Southern Europe 12.90% 0.59% 1.96 13
Southern Africa 10.52% 1.51% 23.00 433
Northern Europe -1.21% -0.05% -0.19 -2
Western Europe -8.54% 0.35% -0.41 -2
Western Africa -14.62% -0.04% -2.88 -13
South America -18.16% 0.28% -0.23 -1
Caribbean -18.23% 5.00% 2.35 68
Middle Africa -27.49% -0.21% -0.39 -11
Southern Asia -38.63% -0.02% 41.50 27
Central America -64.95% -0.45% 7.00 46
Eastern Africa -70.07% -0.06% -0.64 -3

Table 3: The subsidy rates, the share of subsidies in current price GDP, total subsidies and
subsidies per capita for the largest subsidizers and by geographical region implied by the model
in 2009. (Varying Impurity)



28

Weighted Mean

Median

−1

−.5

0

.5
S

u
b

si
d

y 
R

at
es

 (
%

)

1980 1990 2000 2010

(a) Median and mean subsidy rates over time in data
sample.

Observed Emissions

Counterfactual Emissions

3

4

5

6

7

8

M
et

ri
c 

T
o

n
s 

o
f 

C
ar

b
o

n
 (

b
ill

io
n

s)

1980 1990 2000 2010

(b) Observed Emissions of Carbon and Counterfac-
tual emissions with distortionary taxes/subsidies re-
moved.

Figure 13: Implications of Model

important exceptions are countries like China, South Africa and Poland which have had clear

policies of supporting particular types of fuel for historical and/or political reasons. This high-

lights a limitation of the last strategy and speaks for sticking with the baseline estimates of im-

plied subsidies. Countries that chose to disproportionally subsidize coal rather than petroleum

or natural gas

Thus, a large explanation for a different fuel mix in China relative to the UK is carbon

fossil fuel subsidization. If however, we take the fossil fuel mix as exogenously given, then the

estimated size of subsidies is undervalued. In fact, since fossil fuels are largely freely traded

across the world, in principle, any deviation in the composition of fossil fuels across countries,

arises from the direct support of a particular fossil fuel. As such, the baseline estimate of

subsidies should be viewed as the upper bound of subsidies whereas the second number should

be viewed as the lower bound, with the ’right’ estimates lying in between, but closer to the

baseline.

Figure 13 reproduces the counterfactual experiment of what emissions would have been

if energy subsidies were reduced to zero. Again, the overall effects are marginally smaller,

however nonetheless emissions would still be 33% lower if all distortionary energy subsidies were

eliminated and 26% lower if all distortionary subsidies and taxes were eliminated. The difference

between the two scenarios is largely driven by China. Since China derives most of it’s energy

from coal, its carbon energy is significantly dirtier than that of the UK. Hence, a part of the

higher intensity observed in China comes from a different fuel mix.
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10 Conclusion

Countries exhibit emission intensities that are hump-shaped with income. This paper shows

that industrialization drives this pattern and that different starting dates of structural trans-

formation generate an ‘envelope pattern’ in countries’ carbon emissions intensity over time.

Deviations from this pattern are symptomatic of distortions within an economy - either in the

form of modern energy price subsidies or in the form of broadly understood wedges in the non-

agricultural sector. I use a calibrated model of structural transformation to disentangle these

distortions and to infer the size of subsidy-like wedges for a panel of 155 countries for the years

1980-2005. This provides vital, comparable international data on energy subsidies that can be

used by policy makers and researchers. I find that subsidy-like wedges are a massive contributor

to global carbon emissions, accounting for more than a third of CO2 production over the last

thirty years at a cost of 1.3 trillion dollars in 2009 alone. By distorting energy prices, subsidy-

like wedges also result in lower levels of global GDP. Eliminating carbon subsidy-like wedges can

potentially address three issues - it will help strained government budgets save money, it will

make a significant (and importantly cheap) contribution to the fight against global warming by

lowering carbon energy use, whilst the elimination of distortive price policies will contribute to

higher levels of global GDP.
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11 Appendix

hrs/person/day hrs/HH/day

Activity Men Women Children Household† HH Shares

Field Work 3.10 2.75 0.05 6.00 27.33%
Grazing 0.00 0.00 1.80 5.40 24.60%
Cooking 0.38 2.10 · · · 2.48 11.28%
Grass Collection 0.35 0.98 0.28 2.15 9.79%
Water 0.10 1.15 0.23 1.93 8.77%
Fuel Wood Collection 0.13 1.15 0.13 1.65 7.52%
Employment 0.80 0.13 · · · 0.93 4.21%
Food processing 0.20 0.70 · · · 0.90 4.10%
Leaf Fodder 0.10 0.35 0.03 0.53 2.39%

TOTAL 5.15 9.30 2.50 21.95 100.00%

Source: Kumar and Hotchkiss (1988), Table 5.
†Data constructed by assuming five people/household.

Table 4: Patterns of time allocation in Nepal for Men, Women, Children and Households.

11.1 Data Sources

Energy Share, Agriculture Table 4 shows time allocation information for men, women and

children for the year 1982 in Nepal. The table is constructed from numbers reported by Kumar

and Hotchkiss (1988) and is based on data collected by the Nepalese Agriculture Projects Service

Center; the Food and Agricultural Organization of the United Nations and the International

Food Policy Research Institute.16 In particular, the first three columns of the table show

the number of hours per person per day devoted to a particular activity. Kumar and Hotchkiss

(1988) present the data disaggregated by season - the data in the above table, is aggregated by

taking inter-seasonal averages and hence represents an annual average. To see what fraction of

total hours worked in agriculture is devoted to fuel collection, I construct hours spent per activity

for a “typical” Nepalese household/agricultural producer. According to the Nepalese Central

Bureau of Statistics,17 the average size of an agricultural household in Nepal is approximately

5 people - a man, a woman and three children. Thus, to obtain the total hours devoted to each

activity for an average household, the men, women and children columns are summed with the

children’s column weighed by a factor of three. This gives total hours per day spent by a typical

Nepalese agricultural household/producer in each one of the above activities. From this, the

16 “Nepal Energy and Nutrition Survey, 1982/83,” Western Region, Nepal.
17 http://www.cbs.gov.np/nlfs %20report demographic characteristics.php.
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fraction of time spent on fuel wood collection is approximately eight percent, which implies that,

1 − αA = 0.08.

United Kingdom Prices Wage data for for craftsmen and farmers (1820-1914) comes from

Greg Clark, on the Global Price and Income History Group web site.18 The wage data for

craftsmen is extended to 2010 using Officer (2011). The data for fuel wood prices also comes

from Greg Clark in the same data file for the year 1820-1970. For modern energy prices, I

combine two different price series: price of town gas for 1820-1900 and the oil price after 1900.

The price data on town gas comes from Fouquet (2011). The data there is given in 2000 GBP.

I convert it back into nominal GBP using the CPI from Officer (2011). The oil price after 1900

comes from (BP, 2008). Since this data is in US dollars, it is converted into British pounds using

data from Officer (2011). The reason for choosing gas and oil rather than coal, is that the types

of coal across different regions and over time in the UK vary significantly in fuel content and

type. Although oil and town gas can vary along this dimension as well, the variation is much

smaller. Notice however that as long as one unit of modern energy costs the same irrespective

of source, we expect the price of energy to be equalized across modern fuel types.

Contemporary and Historical GDP and Labor Force Data I use data from Penn World

Tables version 7.1. (see Heston et al. (2012)) to construct annual time series of PPP-adjusted

GDP in constant 1990 prices, PPP-adjusted GDP per worker in 1990 constant prices, and total

employment between 1950-2010. For each country, I construct total employment L using the

variables Population (POP), PPP Converted GDP Chain per worker at 2005 constant prices

(RGDPWOK), and PPP Converted GDP Per Capita (Chain Series) at 2005 constant prices

(RGDPCH) as L = (RGDPCH×POP )/RGDPWOK. I then construct PPP-adjusted GDP in

constant 2005 prices using the variables “PPP Converted GDP Per Capita (Laspeyres), derived

from growth rates of c, g, i, at 2005 constant prices (RGDPL)” and “Population (POP)” as

GDPK = RGDPL × POP . I then re-base the 2005 data to 1990 prices by first calculating

the ratio between the current GDP, TCGDP BLAH BLAH, and the constant price GDPK

calculated above in the year 1990. This gives a relative price level between 1990 and 2005:

P1990/P2005 = TCGDP1990/GDPK2005. Multiplying the constant 2005 value-added series

for each sector by this sector-specific price we obtain constant price GDP data in 1990 prices

GDP = (P1990/P2005) ×GDPK.

I extend the labor force and GDP data calculated above back in time for the period 1750-

1950 using growth rates from Maddison (2007). In particular, I calculate the pre-1950 growth

rates for Maddison’s GDP measure (in 1990 Geary-Khamis dollars) and use it to extend the

18 Available at http://gpih.ucdavis.edu/Datafilelist.htm, in the file ‘England prices and wages since 13th
Century (Clark)’
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GDP measure calculate above. I also calculate the population growth rates from Maddison’s

data and assume that the growth rate of the labor force pre-1950 is the same as the growth rate

of the population (which is true if the labor force to population ratio stays constant over time).

I then use these population growth rates to extend the labor force data calculated above back

in time. The series for PPP-adjusted GDP per worker in constant prices is then computed as

y = GDP/L. Finally, I smooth the GDP and labor force data is smoothed using an HP filter,

with smoothing parameter λ = 100.

Historical Emissions Data This paper focuses on CO2 emissions derived from energy use.

Since historical energy production and trade is well documented, this allows for the estimation

of long run emissions of both types of pollutants using historical energy consumption and pro-

duction data. Andres et al. (1999) make use of historical energy statistics and estimate fossil

fuel CO2 emissions from 1751 to the present for a wide selection of countries. In this exercise,

they obtain historical coal, brown coal, peat, and crude oil production data by nation and year

for the period 1751-1950 from Etemad et al. (1991) and fossil fuel trade data over this period

from Mitchell(1983, 1992, 1993, 1995).19 This production and trade data is used to calcu-

late fossil fuel consumption over the 1751-1950 period. Carbon dioxide emissions are imputed

following the method first developed by Marland and Rotty (1984) and Boden et al. (1995).

The 1950-2007 CO2 emission estimates reported by Andres et al. (1999) are derived primarily

from energy consumption statistics published by the United Nations Nations (2006) using the

methods of Marland and Rotty (1984). The data is now maintained and updated by the Carbon

Dioxide Information Analysis Center.20

Figure 1(a) plots total CO2 emissions per dollars of GDP for 26 OECD countries versus

each country’s GDP per capita, for the years 1820-2007. The countries and the years under

consideration are: Canada (1870-2007), Mexico (1900-2007), United States (1870-2007), Japan

(1875-2007), Korea, Rep. (1945-2007), Australia (1875-2007), New Zealand (1878-2007), Austria

(1870-2007), Belgium (1846-2007), Denmark (1843-2007), Finland (1860-2007), France (1820-

2007), Germany (1850-2007), Greece (1921-2007), Hungary (1924-1942; 1946-2007), Ireland

(1924-2007), Italy (1861-2007), Netherlands (1846-2007), Norway (1835-2007), Poland (1929-

1938; 1950-2007), Portugal (1870-2007), Spain (1850-2007), Sweden (1839-2007), Switzerland

(1858-2007), Turkey (1923-2007) and the United Kingdom (1830-2007). The Czech and Slovak

Republics, Iceland and Luxembourg were not considered due to the lack of data. Emissions of

CO2 are measured in thousands of metric tons of carbon and the data comes from Andres et al.

(1999).

Former/present communist states: Afghanistan, Angola, Albania, Armenia, Azerbaijan,

19 Mitchell’s work tabulates solid and liquid fuel imports and exports by nation and year.
20 The data is available for download at http://cdiac.ornl.gov/trends/emis/overview.html.
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Benin, Bulgaria, Belarus, China, Congo, Czechoslovakia, Cuba, Czech Republic, Estonia, Geor-

gia, Croatia, Hungary, Kazakhstan, Kyrgyz Republic, Lithuania, Latvia, Moldova, Macedonia,

Mongolia, Mozambique, Poland, North Korea, Romania, Russia, Somalia, Yugoslavia, Slovak

Republic, Slovenia, Tajikistan, Turkmenistan, Ukraine, Uzbekistan, Vietnam

Historical Energy Data Whilst historical data on fossil fuel consumption is well documented

the consumption of traditional, biomass fuels and other energy sources is not as well documented.

For historical series of energy, I use three different sources.

First, for the United Kingdom I obtain modern (non-biomass) energy data from Fouqet

and Pearson (1998) for 1800-1960 and from DUKES (2012) for 1970-2009 consisting of coal,

petroleum, natural gas, nuclear and other non fossil (wind, hydro etc.). I obtain the share of

biomass energy used by the UK from Krausmann et al. (2008) for the years 1820-2000. I then

extrapolate this last measure between 2001-2010 by assuming that the share of biomass energy

declined at the average 1820-2000 rate. Next, I combine the modern energy with the biomass

share to construct total energy used by the UK. Second Gales et al. (2007) “construct the first

national series of energy consumption data to include the full set of traditional energy carriers”

such as firewood, charcoal, human and animal traction, and stationary (nonelectric) hydropower

along with modern sources for: Sweden (1820-2000), Holland (1846-2000), Italy (1861-2000) and

Spain (1850-1935; 1940-2000). Third, I use energy consumption data from Wright (2006) and

Grubler (2003) for the United States (1800-2001). In their case, energy consumption consists of

wood, coal, petroleum, natural gas, hydroelectric power, nuclear electric power and geothermal

energy. Notice that since the UK, EU and US energy data come from different sources and

consist of slightly different energy types they are not directly comparable to each other.

Contemporary Energy and Emissions Data For the contemporary panel of modern data

I use WDI (2013) for all countries (over two hundred countries) and years available. Energy here

is defined as the use of primary energy before transformation to other end-use fuels and is in tons

of oil equivalent. Carbon dioxide emissions are those stemming from the burning of fossil fuels

and the manufacture of cement. They include carbon dioxide produced during consumption of

solid, liquid, and gas fuels and gas flaring. GDP and GDP per capita is in 2005 PPP US dollars.

11.2 Empirical Appendix

Pollution Decomposition in World, EU and US Figure 14 presents the result of the

growth accounting exercise. Energy impurity in the world, the EU and the US increases with

GDP per capita, whilst energy intensity falls. The increase in impurity predominantly takes

place at low levels of income, whereas falling energy intensity seems to be a more continuous
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process. The implication of this is that the increases in emission intensity observed in low

income countries is driven predominantly by rising impurity, whereas falling emission intensities

in richer countries are driven predominantly by falling energy intensity.

Fuel Mix and Structural Transformation I show evidence that structural transformation

- the shift of an economy from agriculture to non-agriculture - is associated with changing fuel

mix. I take the share of labor force employed in agriculture as a measure of the progress of

structural transformation - countries with a lower shares of agriculture are further along in their

structural transformation. For the world panel employment and value added data comes from

the WDI (2013). If employment data is unavailable in a given country or year, the observation

is dropped in the particular sample.21 For European countries the sources for agriculture

employment data are: Smits and van Zanden (2000) for the Netherlands (1849-1950), de la

Escosura (2006) for Spain (1850-1950), Kuznets (1971) for Italy (1866-1891) and Edvinsson

(2005) for Sweden (1850-1955), whilst 1956-2000 data for all countries comes from the OECD

(2013). Employment data for the US comes from Wright (2006) (1800-1890), Kendrick (1961)

(1890-1960) and OECD (2013) (1960-2000).

Figure 15, shows the extent to which the progress of structural transformation in a country

is related to it’s fuel mix. From the graphs it is clear that countries at earlier stages of structural

transformation, derive a larger share of their energy from renewable combustibles. Countries at

later stages, derive a greater share of their energy needs from fossil fuels.

Hump Shape The hump-shaped pattern of emission intensity for carbon dioxide is relatively

well known. Tol et al. (2009) examine this relationship for the United States for the 1850-2002

period. Lindmark (2002), Kander (2002) and Kander and Lindmark (2004) demonstrate that

this relationship holds for Sweden. Bartoletto and Rubio (2008) find evidence of a similar pattern

in Italy and Spain. Lindmark (2004) examines CO2 emission intensity in forty six countries and

finds that the hump shape is a feature in most of those economies. Finally, Stefanski (2013a)

demonstrates that a hump shape plays the key role in driving emissions in 149 countries. Using

Carbon data from the CDIAC as well as GDP and GDP per capita data from Maddison (2007)

for 152 countries for the period 1750-2008, Table 5 shows the results of regressing the log of

emission intensities on the log of GDP per capita and its square. The negative coefficient on

the squared term indicates the existence of a hump-shaped emission intensity with income. The

21 Notice also, that the following countries exhibit very erratic behavior in their employment data: Argentina,
Armenia, Bolivia, Colombia, El Salvador, Honduras, Morocco, Paraguay, Peru, Philippines, Uruguay. For ex-
ample, in 1988 employment in agriculture in Bolivia is 47% of the labor force, in 1989 it is 2% , whilst in 2001
it is 41%. As such, I use data from Timmer and de Vries (2007) for Argentina, Bolivia, Colombia, Peru and
the Philippines and I drop the other countries (for which alternative data is unavailable) from the employment
panels.
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Figure 14: Decomposition of emission intensity into energy impurity and energy intensity terms
for the World (1980-2005), selected EU countries (1820-2000) and the US (1800-2001).
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(1) (2) (3) (4) (5) (6)
log(int) log(int) log(int) log(int) log(int) log(int)

loggdppc 4.46*** 4.78*** 5.80*** 5.77*** 6.07*** 10.07***
(0.14) (0.14) (0.13) (0.13) (0.14) (0.29)

loggdppcsq -0.24*** -0.26*** -0.37*** -0.37*** -0.38*** -0.57***
(0.01) (0.01) (0.01) (0.01) (0.01) (0.02)

Time FE no yes yes yes yes yes

Country FE no no yes yes yes yes

Sample All All All No OPEC No OPEC OECD
No Comm

Obs. 10,451 10,451 10,451 9,635 8,140 3,247
R2 0.29 0.32 0.76 0.78 0.75 0.77

Standard errors in parentheses
*** p<0.01, ** p<0.05, * p<0.1

Table 5: The subsidy rates, the share of subsidies in current price GDP, total subsidies and
subsidies per capita by geographical region implied by the model in 2009.

result is robust to including time- and country-fixed effects and to considering different sub-

samples of the data; for example excluding OPEC countries and former/current communist

states or only considering the OECD.

Envelope Pattern In this section I establish the existence of an envelope pattern in the

data for carbon emission-intensities. In particular, I show that emission intensities of individual

countries peak roughly at the level of intensity of the United Kingdom in the corresponding year

and then they proceed to to decline at a rate similar to that of the UK emission intensity. In

the baseline experiment I focus on 24 (pre-1994) OECD member countries over the 1751-2008

period. Figure 16, presents the emission intensities of these countries versus time. Whilst there

is substantial variance in the data, an envelope pattern is discernable. Table 6 among other

data shows - for each country - the year its intensity peaks, the average growth rate of emission

intensity after a country’s intensity peaks as well as each country’s intensity relative to that of

the UK at the time that the country’s intensity peaked. From this we see that - on average -

countries in the OECD peak at 83% of the UK’s intensity in the corresponding year after which,

they decline at an average rate of 1.27% versus the UK’s 1.46%. The bottom of Table 7, shows

the summary statistics of this data including the standard errors and 95% confidence intervals.

This demonstrates that I cannot reject the null hypothesis that the mean rate of decline of

intensity in the OECD is statistically the same as the rate of decline of intensity in the UK.

In the above I focus on OECD countries as these have the longest time series and - more

importantly - since these countries are a-priori most likely to have undistorted energy policies.22
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Nonetheless- for the large part - similar results hold in a much broader sample of countries. In

Table 7, I present estimates of the mean and median maximum emission intensities (relative to

the the corresponding UK intensity) as well as the mean and median rate of decline of emission

intensities after a peak is reached for a variety of data samples. In the entire sample, emissions

tend to peak much higher than the UK’s intensity - on average 1.56 times that of the UK and the

rate of decline tends to be much higher than that of the UK as well - 2.39%. Notice, however, the

large difference between the medians and the means. This is indicative that outliers are driving

the results. Two obvious groups of countries spring to mind as potential culprits - OPEC

countries and current or former communist regimes. Both groups of countries are notorious for

subsidizing carbon energy and heavy industry, which - as I argue in the paper - drives up emission

intensities. Also, after the collapse of communism, many of these heavy industries were shut as

subsidies were revoked which would contribute to rapidly declining intensity. Excluding OPEC

and Communist countries from the sample brings down the mean to 0.83 - the same as in the

OECD and the growth rate to -1.64% - faster than the OECD but not statistically different from

that of the UK. Notice, that since excluding OPEC countries does not significantly affect the rate

of decline of intensity but does impact the average level at which countries peaked, this implies

that emission intensities peaked at high levels in both OPEC and communist countries, but that

intensities in OPEC countries have remained high, whereas those in communist countries have

tended to fall rapidly. This is consistent with the rapid decline of intensity after the collapse of

communism in former-eastern bloc countries.

22 Since, the point of this paper is that energy policies drive emission intensities, it logical to consider countries
where energy policy is presumably muted.
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Agr.
Emp.
Share
1980

Agr.
Emp.
Share
1956

Gr. In-
tensity
before
Peak

Year of
Peak

Gr. In-
tensity
after
Peak

Intensity
Rel. to
UK at
Peak

Max.
Inten-
sity

GBR 2.7% 5.1% 1.51% 1882 -1.46% 1.00 667
BEL 3.2% 8.7% 0.72% 1929 -2.04% 1.18 583
USA 3.5% 9.8% 4.43% 1915 -1.57% 1.33 757
NLD 5.0% 11.3% 0.88% 1932 -0.87% 0.54 259
CHE 5.5% 17.1% 3.91% 1910 -0.41% 0.23 140
SWE 6.1% 17.3% 5.95% 1908 -0.83% 0.38 237
AUS 6.5% 12.0% 1.97% 1982 -1.51% 1.35 277
CAN 6.7% 16.4% 6.66% 1920 -1.31% 1.12 609
DNK 6.9% 21.2% 1.59% 1969 -2.48% 0.84 247
DEU 6.9% 16.9% 4.24% 1917 -1.68% 1.20 671
NOR 8.2% 24.2% 5.66% 1910 -1.08% 0.50 303
FRA 8.5% 25.4% 2.63% 1928 -2.02% 0.68 342
NZL 9.8% 16.4% 3.41% 1909 -0.36% 0.37 229
AUT 9.8% 26.4% 3.81% 1908 -0.89% 0.87 538
JPN 11.0% 36.0% 9.58% 1928 -0.67% 0.41 205
FIN 12.1% 47.9% 2.94% 1974 -1.73% 0.98 252
ITA 12.7% 37.3% 1.95% 1973 -1.07% 0.59 158
ESP 18.4% 44.0% 3.39% 1977 -0.94% 0.70 165
IRL 18.6% 38.5% 26.00% 1934 -1.05% 0.70 324
PRT 26.4% 45.2% 0.59% 1999 -1.43% 0.92 120
GRC 32.2% 59.3% 2.44% 1995 -2.14% 1.34 199
TUR 53.0% 79.5% 2.94% 1997 -0.53% 0.94 131
Average 12.4% 28.0% 4.42% 1941 -1.28% 0.83 337
Median 8.4% 22.7% 3.17% 1929 -1.20% 0.86 256

Table 6: Table of Evidence

Structural Transformation and Intensities A key implication of the model is that the

starting point of a structural transformation is crucial to determining the emission path of a

country. This section shows evidence supporting these results of the model. In particular, I show

that the timing of industrialization is crucial in determining the hump shaped pattern visible in

the data. In particular, I show that countries starting the process of industrialization later will

tend to have emission intensities: 1) that peak later and that 2) the intensity peak will occur

lower level than in countries that industrialized earlier.

To show this, I use the 1956 employment share in agriculture from UNCTAD and ALFS

in a given country as a yardstick of when a country begins its industrialization process. The

implicit assumption is that the earlier a country began the industrialization process, the lower

its share of employment in agriculture at every point in time relative to countries that began

industrializing later.23 According to this measure, countries that industrialized later, will have

23 This assumption is based on the observation that the share of agricultural employment in countries tends to
fall over time once countries begin the industrialization process. For the countries where this is available, there
is in fact a near perfect correlation between agricultural employment share in 1950’s, the 1980’s and the 2000’s.
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Peak Intensity rel. to UK Growth in Intensity after Peak
Obs Mean Median Obs Mean Median

All 129 1.56 1.03 128 -0.0239 -0.0169
[1.21,1.91] [0.85,1.20] [-0.0277,-0.0201] [-0.0201,-0.0136]

0.18 0.09 0.0019 0.0017

No OPEC 121 1.31 0.97 120 -0.0244 -0.0169
[1.05,1.57] [0.78,1.15] [-0.0284,-0.0204] [-0.0204,-0.0133]

0.13 0.09 0.0020 0.0018

No OPEC 85 0.83 0.78 84 -0.0164 -0.0117
& No Comm [0.69,0.97] [0.63,0.93] [-0.0196,-0.0131] [-0.0147,-0.0086]

0.07 0.08 0.0017 0.0016

OECD 22 0.83 0.86 22 -0.0128 -0.0120
[0.67,0.98] [0.64,1.08] [-0.0153,-0.0102] [-0.0157,-0.0082]

0.07 0.11 0.0012 0.0019

Table 7: The subsidy rates, the share of subsidies in current price GDP, total subsidies and
subsidies per capita by geographical region implied by the model in 2009.

a higher agricultural employment shares in 1956. Although this is clearly an imperfect measure,

I use it for lack of better data. The results - shown in Table 6 - suggest that the UK, Belgium

and Germany were the first countries to industrialize, whilst Portugal, Greece and Turkey were

the last to industrialize in the sample. Figure 17, shows how different starting dates of structural

transformation influence emission intensity. In particular, the emission intensities of countries

that begin industrializing later: a) peak later (??) and tend to b) peak at lower levels (??) than

countries that industrialized earlier (??).

EVIDENCE - Intensity before peak grows faster the later countries peak!

11.3 Theoretical Appendix

11.3.1 Proof Of Proposition 1

Proof. The structure of preferences as well as equations (5), (6) and (11) imply that:

yAt = ā and yCt =

(1 − αC)
σ

σ−1BEtBeCt(1 + xCt)
− 1

1−σ lCt if σ ̸= 1

ααC

C (1 − αC)1−αC (BlCt)
αC (BEtBeCt)

1−αC lCt if σ = 1.
(18)

where, lCt ≡ LCt/g
t
N , yCt ≡ YCt/g

t
N and yAt ≡ YAt/g

t
N . Notice, also that dt ≡ pCt∗YCt

pAt∗YAt+pCt∗YCt
=

pCt∗yCt

pAt∗ ā+pCt∗yCt
. When LAt = gtN , by the labor market clearing condition LCt = 0 and hence

lCt = 0 which - by equation (18) - implies that yCt = 0 and hence dt = 0. Now, suppose

LAt < gtN , then lCt > 0 and hence yCt > 0 (and dt > 0). Given yCt > 0, I show that
yCt+1

yCt
> 1 and limt→∞

yCt+1

yCt
> 1, which I will subsequently use to describe the evolution of

dt. There are three cases to consider. First, suppose 0 < σ < 1. Then, given gEgeC
glC

> 1, it
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Figure 17: Start date of industrialization and carbon intensities in the OECD.

holds that xCt+1

xCt
> 1 and hence yCt+1

yCt
= glC

lCt+1

lCt

(
1+1/xCt

1+
(

glC
gEgeC

)1−σ
/xCt

) 1
1−σ

> 1. Notice also

that limt→∞
yCt+1

yCt
= glC > 1. Second, suppose σ > 1. Then, given gEgeC

glC
> 1, it holds that

xCt+1

xCt
< 1 and hence yCt+1

yCt
= gEgeC

(
1+xCt+1

1+xCt

) 1
σ−1 lCt+1

lCt
> 1. Notice also that limt→∞

yCt+1

yCt
=

gEgeC > 1. Finally, suppose σ = 1. Then, yCt+1

yCt
= (glC)

αC (gEgeC)
1−αC lCt+1

lCt
> 1. Notice

also that limt→∞
yCt+1

yCt
= (glC)

αC (gEgeC)
1−αC > 1. Since for all values of σ, yCt+1

yCt
> 1 and

limt→∞ yCt = ∞, from the above expression for dt, dt+1/dt > 1 and limt→∞ dt = 1.

11.3.2 Proof Of Proposition 2

Proof. Equations (5), (6) and (11) imply that: YCt = (1 − αC)
σ

σ−1BEtBeCt(1 + xCt)
− 1

1−σ LCt.

Whilst equations (9), (6) and (11) imply that PCt = ηCECt = ηCBeCtL
e
Ct =

(
ηCBeCt

1+xCt

)
LCt.

Combining these, non-agricultural emission intensity becomes:

NCt ≡
PCt

pCt∗YCt
=

ηC

(
B

σ−1
σ

eCt + B
σ−1
σ

eCt xCt

) σ
1−σ

pCt∗(1 − αC)
σ

σ−1
.

Consequently by Assumption 1, NCt+1/NCt =

(
g

σ−1
σ

eC +g
σ−1
σ

eC xCt+1

1+xCt

) σ
1−σ

. Since σ < 1, NCt+1/NCt

is less than one if and only if the term in brackets is less than one, that is:

g
σ−1
σ

eC + g
σ−1
σ

eC xCt+1 < 1 + xCt. (19)

Notice that g
σ−1
σ

eC xCt+1 < xCt follows directly from the assumption that σ < log(gE)
log(gE)+log(geC)−log(glC) .

Thus, 1 + xCt > 1 + g
σ−1
σ

eC xCt+1 > g
σ−1
σ

eC + g
σ−1
σ

eC xCt+1, where the last inequality follows from
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the fact that, given σ < 1 and geC > 1 then g
σ−1
σ

eC < 1. Thus, the inequality (19) is satis-

fied and NCt+1/NCt < 1. To show that intensity approaches zero in the limit, notice that

NCt+1/NCt = 1
geC

(
1

xCt
+
(

gEgeC
glC

)1−σ

1
xCt

+1

) σ
1−σ

. Since, limt→0
1

xCt
= 0, gNC ≡ limt→0 NCt+1/NCt =

1
geC

(
gEgeC
glC

)σ
< 1, from the assumption that σ < log(gE)

log(gE)+log(geC)−log(glC) . Hence, limt→∞ NCt =

limt→∞

(
NCt+1

NCt

)t
NC0 = limt→∞ gtNCNC0 = 0, since gNC < 1.
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