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Abstract

The aim is to advance in the analytical framework of green growth and to shed light on

the concept of long run sustainability. We extend the Green Solow model by including

a land-capital input and land degradation as a by-product of economic activity. In

this framework, the effectiveness of technological progress in abatement depends on the

degree of environmental stress, measured as the excess of output growth over land-capital

growth. We build land-capital data at the country level using the Enhanced Vegetation

Index and calibrate the model for the USA economy. In addition, we estimate the growth

equation of per capita CO2 emissions over the period 2000-2011. We find convergence

at the global level, statistical significance of the environmental stress parameter and a

negative effect of land-capital investment on the growth rate of emissions, implying that

in the long run the positive environmental effect is stronger than the production effect.
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†UPT-Porto, CEFAGE-Évora and OBEGEF-Porto, Portugal. CEFAGE has financial support from FCT

and FEDER/COMPETE, through grant UID/ECO/04007/2013 (POCI-01-0145-FEDER-007659.

1



1 Introduction

Land degradation, deforestation, drought and desertification are on the rise each year, and

the growth in global greenhouse gas emissions are also projected to further warm the planet

(The Millennium Goals Report 2015). Making economic growth compatible with environ-

mental sustainability is a necessary condition for the survival of millions of people in de-

veloping countries today and a major challenge to advanced economies. Since the seminal

works of Solow (1974) and Stiglitz (1974) the links between economic growth and long run

sustainability have been extensively examined in the economic literature in the context of

non-renewable natural resources, showing that sustainable growth is possible if some con-

ditions on population growth, technological progress and the use of natural resources in

production are satisfied. Though essential, this view of sustainability ignores the role of

Nature as a sink for unwanted by-products of economic activity and the resulting damage to

environmental quality. More recently, Brock and Taylor (2005, 2010) show that growth with

non-renewable resources and non-deteriorating air quality can be sustained in the long run

if technological progress in abatement is sufficiently fast. Furthermore, they show that some

puzzling facts regarding pollution emissions are well in accord with the theoretical predic-

tions of a very simple extension of the one-sector Solow model (dubbed the “Green Solow”

model).1 Motivated by the increasing concern about land degradation and desertification

our aim is to advance in the analytical framework of green growth. As a first step in this

direction we provide new evidence about land quality and carbon dioxide emissions (CO2)

and show that an extended version of the Brock and Taylor’s (2010) Green Solow model is

in accord with this evidence.

Brock and Taylor (2010) develop a Solow model with exogenous technological progress in

abatement that leads to perpetual growth with rising air quality. They found that the En-

vironmental Kuznets Curve (EKC) of emissions, or the inverted-U relationship between per

capita income and emissions, is a necessary by product of convergence to any sustainable

growth path that results from the combination of diminishing returns to capital and tech-

nological progress in abatement. They show that a robust prediction of the Green Solow

model is convergence in emissions per capita, which can occur when the pollutant follows a

1See also Brock and Taylor (2005) for a review of the extensive literature on economic growth and the
environment.
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EKC pattern (non-deteriorating air quality in the long run) or when such pattern does not

arise and growth is unsustainable. Exploiting the income convergence approach in macroe-

conomics they find strong empirical evidence of convergence in carbon dioxide emissions per

capita across OECD countries. Ordás Criado et al. (2011) develop a close setup with en-

dogenous emission reduction and also find evidence of convergence for two important and

very regulated air pollutants, sulfur oxides and nitrogen oxides, in a panel of 25 European

countries. The empirical evidence regarding emissions convergence is huge. Using different

empirical methodologies, Jobert et al. (2010) and Ordás Criado and Grether (2011) find

support for the convergence of per capita carbon dioxide emissions after the oil shocks in the

European Union and in some world areas, respectively, although the latter predict future

higher emissions per capita and dispersion compared to the level of the year 2000. In gen-

eral the empirical research shows some evidence of convergence between OECD countries,

but also persistent gaps or divergence at the global level, being the results sensitive to the

choice of econometric approach and data set (see Petterson et al., 2014 for a review of the

literature). All these works, however, lack an explicit reference to the importance of land

quality for long run environmental sustainability.

Land depletion and desertification can contribute to global climate change by releasing to

the atmosphere carbon stored in dryland vegetation and soils, but also have a negative

impact on goods production and hence on production emissions. So the interaction between

output growth and emissions growth can critically depend on the land absorption capacity.

We construct a land quality measure combining land area from the Food and Agriculture

Organization (FAO) dataset of the United Nations and the Enhanced Vegetation Index from

the NASA Earth Observatory, and present new facts regarding this land quality measure

and CO2 emissions. We find, for instance, a significant negative relationship between the

growth rate of land quality per capita and the growth rate of CO2 emissions per capita,

which suggests that environmental stress can be an important determinant of the growth

rate of emissions.

We build on Brock and Taylor’s (2010) framework incorporating a natural input into the

production function and a relationship between the flow of emissions and the land pressure

of economic activity in line with those facts. Moreover, we link environmental quality not

only to air quality, as in the previous studies, but also to land quality. In this context,
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the pre-requisites for sustainable long run growth are both non-deteriorating air and non-

deteriorating land qualities. The land quality is modeled as a renewable resource that requires

specific investment to overcome natural and production induced deterioration. We obtain

similar results as those in Brock and Taylor’s model regarding the EKC of emissions but

also a testable relationship between the growth rate of emissions, the initial land quality

endowment and the investment rate in land quality.

We calibrate the model for the USA economy and show that the model’s simulations are in

line with the main stylized facts. We empirically test the growth equation of CO2 emissions

per capita implied by the model for 146 countries over the period 2000-2011 and find that

the environmental stress parameter is positive and statistically significant in all the empirical

model specifications considered, being the implied value of this parameter very close to its

calibrated value. Regarding the results about convergence in emissions, we find that the

initial level of emissions and the initial land quality endowment have, respectively, negative

and positive significant effects on the growth rate of emissions per capita. Despite this, the

net convergence effect is negative. Furthermore, the long-run growth effect of land quality

investment is negative.

The rest of the paper is organized as follows. Section 2 describes the data and stylized facts;

Section 3 presents the model and the sustainable balanced growth path; Section 4 describes

the model calibration; Section 5 simulates the model and undertakes some sensitivity analysis

with respect some key parameters; Section 6 contains the empirical analysis; and Section 7

concludes.

2 Data and stylized facts

2.1 Data

To carry out the calibration and estimation implemented in this study, we use data from dif-

ferent sources. We collect Monthly Moderate resolution Imaging Spectrodiometer (MODIS)

data at resolution 0.05 degree (5600 meters) to estimate the Enhanced Vegetation Index

(EVI). From the MODIS data available, we select the Global MOD13C2 version 6 product,

which provides vegetation index values at a per pixel basis. This product provides two veg-
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etation indices: the Normalized Difference Vegetation Index (NDVI) and the EVI. In this

study we opt by the EVI because it has improved sensitivity over high biomass regions. The

EVI uses the blue band to remove residual atmospheric contamination, and feedback adjust-

ment to minimize canopy background variations and to enhance vegetation sensitivity from

sparse to dense vegetation conditions. The EVI data are monthly data and are available from

2000 to 2015. As data are at a per pixel basis, the computation of the country’s average EVI

is time consuming. Therefore, we only collect the MOD13C2 for one month (March) from

2000 to 2015. Afterwards, we import the MODIS data and the country boundaries shapefile

into ArcGis and compute the average EVI for each country and year.

The EVI for a given pixel is always a number that ranges from -1 to +1. Positive values

generally indicate the presence of vegetation and negative values generally indicate a lack

of vegetation (water, rock, etc). However, no green leaves gives a value close to zero, a

zero means no vegetation and close to one indicates the highest possible density of green

leaves. For instance, the USA’s average EVI value over the period 2000-2011 is 0.135 while

the average EVI values for the United Kingdom and Spain are 0.332 and 0.267, respectively.

We will use a normalization of the EVI data to compute a land-quality index as follows:

1− (maxEV I −EV Ii), where maxEV I is the maximum value of EVI in our sample which

is 0.69 (Samoa) and EV Ii is the average value of EVI observed in each country i. The

physical measure of land adjusted by quality will be the product of this normalized index

by the land area. The data on land are the Land area from FAO (i.e., land area excluding

area under inland water bodies) measured in 1000 ha. We will call this measure of land the

‘EVI-adjusted land’.

We also use the Wealth of Nations data from the World Bank (WB) to obtain estimates of the

land to output ratios. In this case the value of land is the value of natural capital excluding

sub-soil assets. We will call the resulting asset ‘land-capital’. Unfortunately, these WB

estimates are only available for the years 1995, 2000 and 2005. Other related data relevant

for our study, like land degradation and rates of desertification, are scarce or non existent.

The Global Assessment of Soil Degradation (GLASOD) project (International Soil Reference

and Information Centre (ISRIC) and United Nations Environmental Programme (UNEP))

provides a uniform global source of human-induced soil degradation from 1987 to 1990 for

160 countries. The World Soil Resources Reports (WSRR, FAO 2000, 2004) provide country
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and regional data estimates on degraded land and desertification rates based on GLASOD

and UNEP data. We will use these data to calibrate some important parameters of the

model.

Data on carbon dioxide emissions are from the World Bank, World Development Indicators

2016, which covers 214 countries over the period 1960-2011. These data include gases from

the burning of fossil fuels and cement manufacture, but exclude emissions from land use and

land cover change due to large uncertainties. 2

Data on income come from the Penn World Table (PWT) in Feenstra et al. (2015), which

cover 182 countries between 1950 and 2014. Finally, data on pollution abatement efforts

were collected from the OECD Environmental protection expenditure and revenues dataset

and are available for the period 2000-2011 and 35 countries.

2.2 Stylized facts

In this section we report some stylized facts concerning carbon dioxide emissions and provide

new evidence regarding the EVI-adjusted land and the land-capital measures of the natural

input.

Figure 1 illustrates the evolution of CO2 emissions per unit of GDP, hereafter called emissions

per dollar or emissions intensity, over time. The first observation is the decline trend on

emissions per dollar for the high-income countries in line with the evidence in Brock and

Taylor’s (2010). The second observation is that, unfortunately, this fact is not the rule. In

middle income countries the emissions per dollar present a constant trend over time and both

in low and low-middle income countries the emissions per dollar have in general increased

over the last 50 years.

2The net flux of carbon emissions from land use and land cover change is the most uncertain term in
the global carbon budget, not only because uncertainties in rates of deforestation and forestation, but also
because of uncertainties in the carbon density of the lands undergoing change. See for example, Houghton et
al. (2012), Baccini et al. (2012) and Houghton and Nassikas (2017) for some global and regional estimates.
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Figure 1: C02 emissions per dollar by income level
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Notes: To compute the C02 emissions per dollar, we divide CO2 emissions (in Kilotons) by the
real GDP at constant 2005 national prices (in mil. 2005US). To classify countries by income group
we use the Atlas method used by the World Bank.
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Figure 2 illustrates total carbon dioxide emissions for the same groups of countries. We can

observe, however, that for the high income countries there is not always a tendency for total

carbon emissions to fall. The United Kingdom is the only one showing a downward trend

over the whole period. France and the United States follow similar upward trends until

the beginning of the eighties, but only France shows a downward trend afterwards. Total

emissions in the United States and Canada show a very marked upward trend until 2008 and

then start to decline, though Canada registers the highest growth in total emissions over the

whole period.

Figure 2: Total CO2 emissions by income level
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Notes: Total C02 emissions in Kilotons. To classify countries by income group we use the Atlas
method used by the World Bank.

Although data on anthropogenic carbon dioxide emissions do not include emissions from

the land use and land cover change, we find that there is a statistically significant relation

between the growth of CO2 emissions per capita and the growth of EVI-adjusted land per

capita. Figure 3 shows that, on average, an increase of one percentage point in the latter
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is associated with a decrease in the growth rate of emissions per capita of 0.33 percentage

points, ceteris paribus. Moreover, using the WB’s estimates of natural capital, we also

find a statistically significant negative relation between the (log) land-capital intensity (i.e.,

natural capital excluding sub-soil assets per dollar produced) and the (log) CO2 emissions

intensity (i.e., CO2 emissions per dollar produced). Figure 4 illustrates this relationship for

the years 2000 and 2005, where countries with more intensive use of land-capital services

in production are, on average, those with lower emissions per unit of output. A rationale

for these two features of the data is given in the theoretical framework, where land-capital

formation alleviates the environmental stress caused by the production of goods and, as a

result, improves the land absorption capacity.

Figure 3: Growth of emissions per capita and growth of EVI-adjusted land per capita
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Notes: To compute the C02 emissions per capita, we divide CO2 emissions (in Kilotons) by the
population (in millions). The EVI-adjusted land per capita is the product between the normalized
vegetation index, which is between zero and one, and the land area (in 1000 ha) divided by the total
population (in millions). The growth rates of these two variables are annual growth rates. The
corresponding regression has a slope parameter of −.3349 with a standard error of .1673 and R2 of
0.022.

Finally, for the years 2000 and 2005, we plot the natural input intensities using the land-

capital and the EVI-adjusted land estimates. Figure 5 shows the positive relationship be-

tween these two estimates. This positive slope can be interpreted as a productivity factor of

land, indicating that healthier land is, on average, more productive.
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Figure 4: C02 emissions per dollar and land-capital per dollar (in logs)
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Notes: To compute the C02 emissions per dollar, we divide CO2 emissions (in Kilotons) by the real GDP
at constant 2005 national prices (in mil. 2005US). The land-capital per dollar is the value of natural capital
excluding sub-soil assets divided by the real GDP at constant 2005 national prices (in mil. 2005US). The left
hand side regression has a slope parameter of -.131 with a standard error of .058 and R2 of 0.05. The right
hand side regression has a slope parameter of -.186 with a standard error of .045 and R2 of 0.13.

Figure 5: Land-capital per dollar and EVI-adjusted land per dollar
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Notes: The land-capital per dollar is the value of natural capital excluding sub-soil assets divided by the
real GDP at constant 2005 national prices. The EVI-adjusted land per dollar is the product between the
normalized vegetation index, which is between zero and one, and the land area (in 1000 ha) divided by the
real GDP at constant 2005 national prices (in mil. 2005US). The left hand side regression has a slope
parameter of 0.692 with a standard error of 0.16 and R2 of 0.16. The right hand side regression has a slope
parameter of 0.559 with a standard error of 0.161 and R2 of 0.10.
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3 The Model

We extend the Green Solow model of Brock and Taylor (2010) in two important aspects.

First, we introduce a natural input (land-capital) into the production function and assume

that land erosion and degradation are a by-product of economic activity, which can be

counterbalanced by the economy’s efforts at maintenance, management and improvement of

the natural input:

F (K,Z,BL) = KαZβ (BL)1−α−β α, β ∈ (0, 1) , (1)

·
K = sKY − δKK, (2)

·
Z = sZY − µZ, Z = NQ (3)

µ = Ψ
F (K,Z,BL)

Z
+ δZ , (4)

·
L = gLL,

·
B = gBB, (5)

si, δi, Ψ ∈ (0, 1) .

In this set of equations F is the aggregate production function of economic goods and services,

K is the stock of manufactured capital, Z is the stock of land-capital, N is the fixed land area,

Q is a land productivity factor to be specified latter, B represents labor augmenting technical

progress, L is labor and Y is available output for consumption or investment (Output net of

abatement effort). The parameter si is the exogenous fraction of available output devoted

to investment in factor i, which in the case of land capital includes conservation, prevention

and improvement of environmental services. The parameter δi is the depreciation rate upon

use in production of factor i, which in the case of land represents production depletion

net of natural regeneration, assumed to be positive.3 The overall rate of land depletion µ

in equation (4) also includes a specific term related to the human-induced damage of the

natural input or production externality that is assumed proportional to the land intensity

of economic activity, ΨF
Z , where Ψ is an exogenous positive parameter. Thus, equation (3)

states that without investment in land capital, the natural input will eventually become

3There are two possible scenarios: µ < 0 and µ > 0. In the former δz must be negative and, hence, Z will
always grow, which is not a very reasonable assumption. In the latter δz can be negative but not very large
and, hence, Z can grow or fall, in that case we will assume that gB + gL < −δZ .

11



unproductive. Finally, gj represents the exogenous growth rate of variable j. Therefore,

equations (2) to (5) describe the evolution of production factors over time.

Equation (3) implies that the productivity factor of land, Q, is directly related to the econ-

omy’s efforts at maintenance, management and improvement of the natural input. It is

assumed that the resources needed to obtain one unit of land-capital are inversely related

to the vegetation index, so the productivity factor of land is proportional to the vegetation

index, Q = qEV I. In other words, land-capital is the product of a physical measure (the

EVI-adjusted land) and an endogenous productivity measure (q).

The second extension of the Green Solow model is the introduction of an effective rate

of technological progress in abatement that depends on the growth of land-capital output

ratio. In Brock and Taylor (2010), each unit of production generates Ω units of pollution as

a joint product of output, the economy dedicates a constant fraction of output to abatement,

FA = θF , abatement is a strictly concave constant returns to scale function of total output

and the economy’s efforts at abatement, A
(
F, FA

)
, and technological progress in abatement

lowers Ω at an exogenous constant rate gA. In our model technological progress in abatement

will lower Ω at the rate gA+ ζ ·
( ·
Z
Z −

·
F
F

)
, so the growth rate of emissions per unit of output

produced is

·
Ω = Ω

−gA + ζ ·

 ·
F

F
−
·
Z

Z

 , ζ > 0 (6)

The term in squared brackets in (6) represents the effective technological progress in abate-

ment, i.e., the higher the growth rate of total output F in relation to the growth rate of

land-capital Z, the less effective technological progress will be in abatement. Technological

progress in abatement occurs at an exogenous rate gA, but the effectiveness of abatement ef-

forts depends on the speed of output growth relative to land-capital growth. The parameter

ζ in equation (6) tries to capture the relationship between the environmental stress and the

growth rate of emissions. That is, for any given rate of technological progress in abatement,

if final output production grows faster than land-capital, which can be the consequence of

either natural or anthropogenic factors, environmental stress intensifies and the absorption

capacity of land decreases. In contrast, if land-capital grows faster than output, this allows

a relaxation of environmental stress and the absorption capacity of land rises. Therefore,
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the amount of pollution produced per unit of output at time t is inversely related to the

land-capital output ratio, Z/F :

Ω = Ω (0) e−gAt
(
F

Z

)ζ
, (7)

Then, the level of total emissions or amount of pollution released into the atmosphere, E ,

is

E = ΩF (K,Z,BL)− ΩA (1, θ)F (K,Z,BL) , θ ∈ (0, 1) . (8)

That is, E represents the amount of pollution produced minus the amount of pollution

abated. Moreover, the level of emissions per dollar, E/F , that follows from equation (8)

will be inversely related to Z/F through Ω. This feature of the model tries to capture the

empirical relationship illustrated in Figure 4 .

Transforming the measures of output, manufactured capital, land capital and air pollution

into intensive units, the augmented Green Solow model with land degradation and pollution

can be written as

·
k = sK (1− θ) f (k, z)− (δK + gB + gL) k, (9)

·
z = [sZ (1− θ)−Ψ] f (k, z)− (δZ + gB + gL) z, (10)

e = Ωa (θ) f (k, z) , (11)

given k (0) , z (0) ,Ω (0) > 0,

where the intensive measure of variable X is defined as x = X/BL, f (k, z) = kαzβ and

a (θ) = 1−A (1, θ). The first and second equations of this system follow from expressions (2)

and (3), respectively, taking into account (4), (5) and the fact that accounting for abatement

implies that output available for investment is Y = (1− θ)F (K,Z,BL) .
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3.1 Sustainable balanced growth

Equations (9) and (10) describe a dynamic system very similar to the augmented Solow

model of Mankiw et al.(1992). Along a balanced growth path or stationary solution to this

system, these equations imply that the manufactured-capital output ratio, k/f , and the

land-capital output ratio, z/f , must satisfy the following conditions:

sK (1− θ) = (δK + gB + gL)
k

f (k, z)
, (12)

sZ (1− θ)−Ψ = (δZ + gB + gL)
z

f (k, z)
, (13)

sZ (1− θ) = (µ+ gB + gL)
z

f (k, z)
, (14)

where equations (13) and (14) are the same but written differently, taking into account the

overall depreciation rate µ defined in (4). It is easy to show that our dynamic system has

a unique non-trivial steady state or balanced growth path (k∗, z∗) to which the economy

converges for any given k (0) > 0 and z (0) > 0, provided that the left hand side of equation

(13) is positive. That is, provided that each period the amount of degraded land per unit of

output produced is less than the fraction of output invested to augment or to recover it. In

case this condition does not hold, land becomes barren and life cannot be sustained in the

long run. This steady state or balanced growth solution is given by

k∗ =

(
sk (1− θ)

δK + gB + gL

) 1−β
1−α−β

(
(sZ (1− θ)−Ψ)

δZ + gB + gL

) β
1−α−β

(15)

z∗ =

(
sk (1− θ)

δK + gB + gL

) α
1−α−β

(
(sZ (1− θ)−Ψ)

δZ + gB + gL

) 1−α
1−α−β

(16)

Along the balanced growth path defined by (15) and (16), output per efficiency unit of labor,

f (k, z), and consumption per efficiency unit of labor, c = (1− θ) (1− sK − sZ) f (k, z), are

also constant magnitudes. Whereas total output F , land-capital Z, manufactured-capital K

and total consumption C will grow at the rate gB + gL, and their corresponding per capita

magnitudes at the rate gB. Moreover, since the amount of land is fixed, the land productivity

factor Q must also be growing at the rate gB + gL (see equation (3)).

Regarding the evolution of emissions, it follows from equations (6) and (11) that the aggregate
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level of emissions along the balanced growth path will be growing at the rate

g∗E = −
·
Ω

Ω
+ gB + gL = −gA + gB + gL, (17)

which coincides with the long run growth rate of emissions in the Green Solow model of

Brock and Taylor (2010). In that model a balanced growth path is sustainable if it generates

both rising consumption per capita (gB > 0) and falling total emissions (gE < 0), that

is, environmental sustainability refers to air quality only. As mentioned above, our model

includes also a condition on long-run land quality. Therefore, a sustainable balanced growth

(SBG) path in our model must satisfy the following conditions:

gB > 0, gB + gL < gA, (18)

sZ (1− θ)−Ψ > 0 (19)

Where the second inequality in (18) is the long-run air quality condition that follows from

(17), and (19) is the long-run land quality condition that follows from the left-hand side

of (13). Note that the latter establishes an important relationship between the economy’s

efforts in abatement and land-capital investment, creating a potential tension between these

two elements of environmental policy. We will try to shed some light over this feature in

the simulations of Section 5. We can also wonder about what is the rate of land-capital

investment that maximizes (sustainable) consumption in the long run. In other words, we

can compute the golden rule of land-capital (and manufactured-capital) investment and

see how it relates to the environmental parameters. Specifically, maximization of steady

state consumption with respect to sK and sZ yields the following ’golden rule’ rates of

investment:

s∗K = α− α Ψ

1− θ
, (20)

s∗Z = β + (1− β)
Ψ

1− θ
, (21)

with 0 ≤ Ψ

1− θ
≤ 1.

Notice that in an environment without land degradation (ψ = 0), the golden rule rate in each
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case coincides with the corresponding capital income share. However, in a context of land

degradation, the production externality has a positive effect on natural capital investment

and a negative effect on manufactured capital investment.4

4 Calibration of the model

We first calibrate the parameters of the model for the USA economy assuming it is on its

balanced growth path. The average growth rate of population and income per capita over the

last thirty years are 1 percent and 2 percent, respectively. So the estimated growth rate of

labor augmenting technological progress is also 2 percent, gB = 0.02. Since over this period

emissions per capita have been falling at the average rate of −0.6 percent per year, equation

(17) implies that −gA + gB = −0.006 and so a rate of technical progress in abatement equal

to gA = 0.026. That is, the long-run sustainability condition (18) is not satisfied. To attain

long-run sustainability we need gA > 0.03. In the next Section we will analyze alternative

scenarios concerning this parameter.

The factor shares of total output in the Cobb-Douglas technology can be calibrated using

the respective factor income shares of total Gross Domestic Product. The problem we face

here is that the natural factor comprises the value of services that not always have a market

value. We will relay on the World Bank’s estimates provided in “Changing wealth of nations,

measuring sustainable development in the new millennium” (Table 5.4, The World Bank,

2011), where the elasticities of output for all countries with respect to natural capital (β)

and produced capital (α) are 0.068 and 0.32, respectively. Which are very similar to the

land and capital income shares estimated by Valentinyi and Herrendof (2008) from the USA

Input-Output dataset. These values are 0.05 and 0.33., respectively

The value of θ (GDP share of pollution abatement costs) is set to 1.6 percent, average data for

the 1972− 1994 period or to 0.5 percent if we consider pollution abatement costs specifically

4The resulting long run maximal sustainable consumption level is closely related to the concept of carrying
capacity in ecological economics. Carrying capacity in its biological definition is closely tied to the concept of
sustainability, it refers to the maximum size of the population of a given species that an area can support over
the long run, without destroying it. Therefore, it is defined as a function of the characteristics of both the
area and the population. For the human population, the concept becomes more difficult to measure since the
types and quantities of resources consumed by human beings vary and evolve notably with culture and the
level of economic development (Daily and Ehrlich, 1992, p.762). In other words, is not an absolute number,
it depends on available resources, technology and per capita consumption.
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directed to air pollutants (Brock and Taylor, 2010).

The ratios of land-capital and manufactured-capital to output can be calculated from the

Wealth of Nations estimates of the World Bank available for the years 1995, 2000 and 2005.

These data imply an average value of produced capital to gross national income equal to

2.27, and an average value of natural capital excluding sub-soil assets (crop land, pasture

land, forest land and protected areas) to gross output equal to 0.29. With respect to the

depreciation rate of capital we set δK to a standard value in the literature, δK = 0.05

5

We can substitute these values into equations (12) and (14), respectively, and solve for the

corresponding investment rates that support the sustainable balanced growth path. For

reasonable values of θ, it follows that the investment rate in produced capital is sK = 0.18,

which is consistent with the average investment rate in the USA economy over the last thirty

years. To compute the investment rate in land-capital, we need first some estimate about µ.

According to the WSRR 102 the estimated rate of desertification in mid-latitudes drylands

has been of 0.13 percent per year (Table 5, FAO 2004). In the case of the USA economy

total degraded land represents 30 percent of total country land area and 23 percent of total

country area degraded is due to agricultural activities (WSRR 90, Appendix 6, FAO 2000).

Assuming significative human-induced land degradation started two hundred years ago, these

figures imply a 0.17 percent of total degradation per year and a 0.13 percent degradation per

year due to agricultural activities. Accordingly, we set the overall rate of land degradation,

µ, equal to 0.17 percent, and the rate of human-induced damage in (4), ΨF
Z , between 0.13

and 0.17 percent, say 0.15 percent. Then, equation (14) implies a value of sZ around 0.93

percent for reasonable values of θ and equation (4) a value of Ψ between 0.0377 and 0.0493

percent, say 0.043 percent. Finally, given this estimated value of Ψ, it follows that δZ must

be set around 0.02 percent.

Unfortunately, data on environmental assets investment and land management expenditures

are scarce or non existent, so we don’t have accurate data to check out if these implied

theoretical values of sZ and δZ are reasonable predictions of our model. With respect to the

former, the only data we have found about investment in environmental assets for the USA

5See for example Feenstra et al. (2015), where the average depreciation rate of the capital stock takes
values around five percent since 1960.
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economy (for other countries is even worse) refer to annual spending for major USA Depart-

ment of Agriculture conservation programs in 2012 and to R&D investment in environmental

sciences over the 2013-2015 period, being on average 0.036 percent and 0.015 percent of GNI,

respectively. Altogether these values would imply a 0.05 percent GNI investment share in

environmental assets, which is clearly insufficient to sustain economic growth in the long

run according to our model and to the desertification rates discussed above. Although this

0.05 percent value probably underestimates total expenditures in environmental assets, it

is worth noting that the EVI for the USA economy is falling at the rate of 0.04% per year

from 2000-2011, indicating that the economy might be evolving along a non sustainable

path.

With respect to δZ , the Wealth Accounting data set of the World Bank contains annual

estimates of net depletion rate of natural resources as percentage of gross national income,

but in the case of land the rate refers only to net forest depletion. This rate is calculated as

the product of unit resource rents and the excess of roundwood harvest over natural growth

and in the case of the USA economy it is estimated to be zero at every year. Therefore, it

seems that the δZ = 0.0002 fixed above is a reasonable value for the net depreciation rate of

land-capital upon use in the production process.

Finally, we have to assign a value to the pollution parameter ζ. Note that this parameter

only affects the transitional dynamics of emissions, so we can use equations (8) and (7). First

we divide equation (8) at time T by the same equation at time 0,, then substitute the initial

and final data values of emissions and output per capita over the given period under study.

We find a value of Ω (T ) /Ω (0) = 0.5 if 1980 is the inital period, or Ω (T ) /Ω (0) = 0.8 if

the initial year is 2000 (GDP pc chained 2009 US$, 1980-2010). Then, we take logs in (7)

and solve for ζ, assuming gA = 0.026 and Z/Y = 0.29, as discussed above. We find that

ζ = 0.073 if the initial year is 1980 and ζ = 0.037 if the initial year is 2000, and set its

benchmark value equal to the average, ζ = 0.055. We will explore further this relationship

in the empirical analysis of Section 6.

Table 1 summarizes the calibrated parameters for the USA economy which constitute our

benchmark case. The robustness checks for the critical parameters in the simulation exercises

and and the empirical tests in the regression analalysis will confirm that most of these
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Table 1: Calibrated parameters

Parameter Value Target

gL 0.01 Rate of population growth
gB 0.02 Rate of labor augmenting technological progress
gA 0.0265 Rate of technological progress in abatement
θ 0.005 Fraction of output dedicated to abatement
α 0.32 Capital income share
β 0.068 Land income share
δk 0.05 Depreciation rate of produced capital
sk 0.18 Produced capital investment rate
µ 0.0017 Overall land depletion rate
Ψ 0.00043 Human induced damage factor
δz 0.0002 Net depreciation rate of land upon use in production
sz 0.0093 Sustainable natural input investment rate
ζ 0.055 Air pollution parameter

parameter values are reasonable.

5 Model dynamics and sensitivity analysis

To analyse the transitional dynamics of the state variables k, z from an initial state k0, z0 to

the steady-state defined by equations (15)-(16), we solve first the dynamic system (9)-(10).

Afterwards, we use the calibrated parameter values obtained above to simulate the model

and then explore how sensitive are the results to some of them. The aim is to try to quantify

the importance of some key parameters that directly affect the dynamics of emissions and

land-capital. The results are shown in Figures 6 and 7, where the solid lines represent the

model dynamics for the baseline parameter values of Table 1.

The solid lines in the first three panels of Figures 6 and 7 represent the paths of manufactured

capital, land capital and consumption per efficiency unit of labor, respectively. They show

the typical convergence paths of a neoclassical framework with two types of capital (output

per efficiency unit of labor not shown). In each Figure, panels (d), (e) and (f) plot the paths

of total emissions, emissions per capita and emissions per unit of output, respectively. As

expected, total emissions display a positive trend, or an unsustainable path, for values of gA

less than 3 percent. This fact, however, is compatible with a path of emissions per capita

presenting an inverted-U shape (panel (e)), and with emissions per dollar showing a negative

trend (panel (f)). These features can also be observed in the carbon dioxide emissions data

presented in Figures 1 and 2 for the USA economy and other high-income countries.
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Figure 6 also shows the sensitivity of the model to the rate of technological progress in

abatement, gA, and to the environmental parameter ζ. First note that the dynamics of

capital and consumption are independent of these parameters. Second, the growth rate of

emissions at the steady state does not depend on the parameter ζ, it is driven only by the

difference −gA+gB+gL. Third, capital accumulation and the presence of diminishing returns

to land-capital makes the output land-capital ratio to fall along the transition path, which

in turn makes technological progress in abatement more effective along the transition (see

equation (6)).

Regarding the technological progress in abatement we consider an improvement of gA from

0.0265 to 0.05 (dashed line), and regarding the environmental parameter we consider a

decrease of ζ from 0.055 to 0 (dashed-dot line), which would be related to emissions being

independent of the balance between natural-capital and output (as in Brock and Taylor,

2010), or an increase of ζ from 0.055 to 0.1 (dotted line), which would be related to emissions

being very sensitive to environmental stress. Figure 6(d) clearly shows that fast technological

progress in abatement is key to have a sustainable path for total emissions.

With respect to the environmental parameter, it is worth noting that along all the transition

paths shown in Figure 6 the ratio of output to land-capital is decreasing. As a result, the

effective rate of abatement is faster than the rate of technological progress in abatement (see

equation (6)). Changes in the environmental parameter have significant effects on the level

and on the growth of emissions, but a negligible effect on the emissions intensity. It will turn

out from the econometric analysis in the next section that this parameter is always positive

and statistically significant in all model specifications considered.
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Figure 6: Model dynamics and model sensitivity to gA and ζ
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Notes: Solid line: baseline case; dashed line: an increase of gA from 0.0265 to 0.05 ; dashed-dot
line: an increase of ζ from 0.055 to 0.1. Dotted line a decrease of ζ from 0.055 to 0.

The sensitivity of the model to changes in sz, θ, and Ψ is shown in Figure 7. In particular,

we analyze increases in (i) the land-capital investment rate, sz, from 0.0093 to 0.02 (dashed
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line); (ii) the fraction of output dedicated to abatement, θ, from 0.005 to 0.016 (dashed-dot

line); and (iii) the human induced damage factor, Ψ, from 0.00043 to 0.009 (dotted line). An

increase in sz clearly has a positive effect on k, and z and hence on output (not shown) and

consumption. An increase in sz (or a decrease in Ψ) implies a higher ratio of land-capital

to output in the long run (see equation (13)) and so lower long run levels of emissions per

unit of output (see equations (7) and (11)). Changes in sz and in Ψ of opposite signs have

similar long run effects on capital stocks, consumption, output and emissions (see equations

(15) and (16)). The overall effect on the level of emissions (and emissions per capita) of

an increase in sz (or a decrease in Ψ) is the sum of the increase in emissions induced by a

higher production level plus the fall in emissions induced by lower emissions levels per unit

of produced output. Whether the emissions intensity effect dominates the overall change

in emissions will depend crucially on the environmental parameter zeta. In Figure 7 the

dominating effect is always driven by the change in the production level. However, in the

empirical analysis below we find that sz is negatively related to the growth rate of emissions

per capita.

Finally, an increase in the abatement effort slightly reduces k, and z and so output (not

shown) and consumption, but it has a negligible effect on both the level and the intensity of

emissions. By construction of the model, technological progress in abatement is exogenous

and independent of the abatement effort, so increases in θ cannot change the growth rate of

emissions in the long-run.
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Figure 7: Model dynamics and model sensitivity to sz, θ and Ψ
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Notes: Solid line: baseline case; dashed line: an increase of sz from 0.0093 to 0.02; dashed-dot
line: an increase of θ from 0.005 to 0.016. Dotted line: an increase of Ψ from 0.00043 to 0.009.
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6 Empirical analysis

6.1 Econometric specification

In this section we derive the estimating equation and estimate the model using the data de-

scribed in Section 2.1. Our purpose is to explore how the EVI-adjusted land input, economic

activity and actual environmental policies affect the growth of emissions per capita. To do

that, we rewrite equation (11) in per capita terms,

ec =
a (θ)

1− θ
Ωyc

where xc is variable x in per capita terms. Differentiating with respect to time and taking

into account expression (6), we obtain the growth rate of emissions per capita,

·
ec

ec
= −gA + (1 + ζ)

·
yc

yc
− ζ

·
zc

zc
(22)

As our data is discrete and we are interested in a time horizon of size T, we follow the approach

in Mankiw et al. (1992) and Brock and Taylor (2010), approximating the continuous growth

rates of emissions per capita and income per capita by their log changes, and the growth

rate over a given period by the average of log changes.

1

T
ln

(
ect
ect−T

)
= −gA + (1 + ζ)

1

T
ln

(
yct
yct−T

)
− ζ 1

T
ln

(
zct
zct−T

)
(23)

Next, following the standard approach we log-linearize the growth of income per capita and

land-capital per capita around the model’s steady state:6

ln

(
yct
yct−T

)
=
(
1− exp (−γyT )

)
ln(yc∗)−

(
1− exp (−γyT )

)
ln(yct−T ), (24)

ln

(
zct
zct−T

)
=
(
1− exp (−γzT )

)
ln(zc∗)−

(
1− exp (−γzT )

)
ln(zct−T ), (25)

6See Mankiw et al. (1992) for details.
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where γy and γz denote the long-run convergence rates of y and z, given by γy ≈ (1− α− β) (δ+

gB + gL) and γz ≈ (1− β) (δ + gB + gL), respectively. Substituting yc∗ = (1− θ)Bkc∗αzc∗β

into equation (24) and using equation (22) to get yct−T =
(1−θ)et−T
a(θ)Ωt−T

, we can rewrite (23) and

obtain the estimating equation:

1

T
ln

ecit
ecit−T

=ρ0 + ρ1 ln ecit−T + ρ2 ln zcit−T + ρ3 ln ski + ρ4 ln(sZi(1 − θi) − Ψi) + ...

ρ5 ln (1 − θi) + ρ6 ln (δ + gB + gL)i + νi (26)

ρ0 =gB − gA + (1 + ζ)
[(1 − exp (−γyT )

)
T

ln Ωt−TBt−T
]

ρ1 = − (1 + ζ)
(1 − exp (−γyT ))

T

ρ2 =ζ
(1 − exp (−γzT ))

T

ρ3 =
α

1 − α− β

[
(1 + ζ)

(
1 − exp (−γyT )

)
T

− ζ

(
1 − exp (−γzT )

)
T

]
ρ4 =

[
(1 + ζ)

β

1 − α− β

(
1 − exp (−γyT )

)
T

− ζ
1 − α

1 − α− β

(
1 − exp (−γzT )

)
T

]
ρ5 =

[
(1 + ζ)(ε− 1 +

1 − β

1 − α− β
)

(
1 − exp (−γyT )

)
T

− ζ
α

1 − α− β

(
1 − exp (−γzT )

)
T

]
ρ6 = −

[
(1 + ζ)

β

1 − α− β

(
1 − exp (−γyT )

)
T

− ζ
1 − α

1 − α− β

(
1 − exp (−γzT )

)
T

]
(27)

Thus, the average change of emissions per capita over a period of length T ,
ect
ect−T

, is determined

by the initial value of emissions per capita, ect−T , the initial value of land-capital per capita,

zct−T , and a set of variables that capture the effect of income per capita in the long-run. These

variables are the manufactured-capital investment rate, sk, the land-capital investment rate,

sz, the abatement effort, θ, the human induced damage, Ψ, and the depretiation term,

(δ + gB + gL), which depends on the depreciation rate of capital (δ = δk = δz), the rate of

labor-augmenting technological progress, gB, and the rate of population growth, gL.

6.2 Empirical results

Data used in the econometric analysis have already been described in Sections 2 and 4. Just

to remind, for emissions we consider data on carbon dioxide emissions (CO2) in kilotons (kt)

from the World Development Indicators 2016. For data on population, GDP and GDP share

of manufactured-capital investment we collect data from the Penn World Table. Data on
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abatement efforts come from the OECD, and data related to land-capital come from different

sources: natural capital excluding sub-soil assets from the World Bank, land area from FAO

and EVI data from the NASA Earth Observatory.

The time period under analysis is 2000-2011, which is limited by the availability of EVI data.

Recall that land-capital in the model is defined as Z = q ∗ EV I ∗N , and that data on this

asset is only available from the World Bank for a few years. We proxy Z by the EVI-adjusted

land variable and use the capital output estimates of the World Bank to compute the steady

state investment rates implied by the model. By doing this, first note that the constant term

in equation (26) will include an additional term proportional to ln qt−T . Second, using the

World Bank’s estimates of the capital output ratios and the calibrated values of δz, gB and

gL (see Table 1), we obtain from equation (13) the country values of the variable sZ(1−θ)−Ψ

to be used in the estimation of (26). In other words, we proxy the net rate of investment in

natural capital (excluding subsoil assets) by the ratios of land-capital to output. It is worth

mentioning that szi, ski, and θi, (δ + gB + gL)i are time-average country specific. Moreover,

we follow Brock and Taylor (2010) and set the abatement technology factor as a(θ) = (1−θ)ε,

with ε > 1. As the abatement intensity for carbon is close to zero we set θ = 0.005 for every

country.

Finally, regarding the variable (δ+gB+gL), we use the population data to find the population

growth over the period 2000-2011, and use the calibrated values of δk and gB, (see Table 1).

Thus, this term captures only the variation in population growth rates across countries. The

study covers 146 countries, country sample limited by the availability of data at the Penn

World Table.

To estimate the model, we follow Barro (1991), Durlauf and Johnson (1995), Brock and

Taylor (2015), and others, and employ the heteroskedasticity corrected standard error esti-

mates. The estimation results are presented in Table 2. Column A presents the uncondional

convergence results, Column B reports the results for the shorter specification of the model

(controlling only for the initial value of land-capital) and columns C-E report the results

for the longer specification of the model. Columns A-C include all countries of our sample

while Columns D and E only include the upper middle-income and the low-income countries,
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respectively.7

Table 2: Estimated model results for CO2 Emissions per capita growth rates

(A) (B) (C) (D) (E)

ln ect−T -0.00109∗∗∗ -0.00103∗∗∗ -0.00223∗∗∗ -0.00285∗∗∗ -0.00286∗∗

(-4.79) (-4.50) (-4.11) (-3.05) (-2.46)
ln zct−T 0.000460∗ 0.00165∗∗ 0.00471∗∗ 0.00378∗

(1.72) (2.27) (2.74) (1.98)
ln sk 0.00512∗∗∗ -0.00273 0.00551∗∗

(3.89) (-0.85) (2.39)
ln (δ + gB + gL) 0.00147 0.0240∗∗∗ -0.000886

(0.49) (3.48) (-0.16)
ln(sz(1− θ)−Ψ) -0.00129∗ -0.00591∗∗∗ -0.00287

(-1.91) (-3.32) (-1.61)
Cons 0.09374∗∗∗ 0.0902∗∗∗ 0.0953∗∗∗ 0.0980∗∗∗ 0.0735∗∗∗

(53.82) (33.35) (13.13) (5.62) (4.41)

Sample-Size 146 146 146 30 44
Adj −R2 0.131 0.143 0.237 0.300 0.183

Notes: t-statistics are in parentheses. Columns (A) e (B) estimate the short version of our model described in
(26) and the remaining columns estimate longer versions of the model. The dependent variable is the average
growth rate in log emissions per capital over the 2000-2011 period, ect−T is the emissions per capita in 2000,

sk is the average capital investment to GDP ratio over the 2000-2011 period, (δ + gB + gL) is the average
population growth over the period where δ is set equal to the average value of δk and δz (see Table 1), gB is
set equal to 0.02 as defined in Table 1, and, sz and Ψ are the average natural investment rate and the human
induced damage. * p < 0.10, ** p < 0.05, *** p < 0.01

The Green Solow model with land-capital explains quite well the cross country variation

in the growth rates of carbon dioxide emissions per capita over the period 2000-2011. The

short version of the empirical model (Column B) shows that the negative coefficient of the

initial emissions per capita, ln ect−T , and the positive coefficient of the initial quality-adjusted

land per capita, ln zct−T , are both statistically significant. These results are confirmed by the

longer version of the model (Column C) and by the subsequent restricted country samples of

Columns D and E. Not surprisingly, the explanatory power of the long version of the model

is greater than the short version, explaining approximately 24 percent of the variation of the

per capita carbon emissions growth rates over the period.

The empirical results imply that, given control variables, an equal proportional increase

in initial emissions and land-capital would reduce the grow rate of emissions per capita

(Columns B (short version) and C (long version)). That is, the net convergence effect

(i.e., the combined impact from initial per capita values of emissions and land-capital on

the growth rate of emissions per capita) is negative and statistically significant. Moreover,

7The results for high-income countries are not statistically significant, highlighting no evidence of conver-
gence within the high-income countries group during 2000-2011. Results available upon request.
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the speed of convergence (i.e., the reaction of the growth rate of emissions to the initial

emissions level) is greater in the long version of the model despite the higher influence of

the initial land-capital stock. In the short version of the model (column B), the speed of

convergence is slightly lower than in the unconditional convergence case (column A), implying

that the omission of the natural endowment might be behind the convergence results in some

empirical studies. In the long version of the model, however, the speed of convergence more

than doubles the unconditional rate (column C). Figure 8 plots the absolute and conditional

convergence results for the whole country sample (Columns A, B and C). In other words, if

there were identical parameter values across countries (same steady states), the model would

predict absolute convergence in emissions per capita but at a slower speed for countries with

better initial endowments of EVI-adjusted land.

A positive and statistically significant coefficient of the initial EVI-adjusted land means that

the implied parameter ζ is positive in all estimations (see definition of ρ2 in equation (27

)), which is in accordance with the theoretical prediction of the model. Everything else

constant, a lower initial value of land-capital means a higher growth rate of z and so a lower

growth rate of emissions (see equation (6)). This is a direct negative effect of the growth rate

of land-capital on the growth rate of emissions. But the theoretical model also establishes

an indirect positive effect that goes through the growth of final output; that is, lower initial

levels of land-capital are associated to higher growth rates of output along the transition

path and so to higher growth rates of emissions. What the empirical result tells us about the

role of the initial land-capital endowment is that the direct effect dominates. In contrast,

the coefficient of the land-capital investment rate is negative (statistically significant in all

specifications of the model except for the low-income country subsample, column D). This

coefficient captures the overall long-run effect of land-capital on the growth rate of emissions

per capita. A higher land-capital investment rate means a higher land-capital output ratio in

the long-run and a lower long run level of emissions per capita (see equations (7) and (11)).

Everything else constant, this means a slowdown effect on the growth rate of emissions

per capita. Note that this effect is driven by the effectiveness of technological progress in

abatement; without this collateral effect, a higher land-capital investment rate would just

increase both long run output and emissions.

Also in accordance with the predictions of the theoretical model, the manufactured-capital
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investment rate has a positive and statistically significant effect on the growth rate of CO2

emissions per capita (not statistically significant in the upper-middle income subsample,

column C), as well as population growth, although this is statistically significant only for the

upper-middle income countries. These partial effects are in accordance with those obtained

by Brock and Taylor (2010), but the green Solow model with land-capital analyzed here also

predicts that the overall effect of investment can slow down the growth rate of emissions per

capita through higher investment rates in land-capital. These convergence results should be

interpreted with caution due to the limited time horizon considered here. Nevertheless, they

shed light on the mixed evidence about convergence of CO2 emissions across countries and

point to the need of accounting for specific structural characteristics like climate or natural

resources (see Pettersson et al (2014) for a review of the literature). Therefore, better

international data on environmental services is a pre-requisite for more profound analysis

of the emissions convergence and sustainability issues. Another pre-requisite, as already

mentioned, is better data on emissions from land use and land cover change at the country

or regional level.

Despite the data limitations, the implied values for the key parameters of the model, ζ and β

are very close to the calibrated values reported in Table 1. Specifically, using the estimated

coefficients of the general case (Column B) and equations in (27), the imputed values are

ζ = 0.065 and β = 0.051. In contrast, the implied GDP share of manufactured capital,

α = 0.697, and the speed of convergence of income per capita, γy = 0.02, are too large and

too low, respectively, compared to reasonable theoretical values, but similar to those reported

in Brock and Taylor (2010) and other related empirical work (see for example chapter 12 in

Barro and Sala-i-Martin, 2004).
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Figure 8: Unconditional and conditional convergence

(a) Unconditional convergence.
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(b) Conditional convergence
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(c) Conditional convergence
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Notes: Panel (a) plots the growth of emissions per capita against the initial emissions per capita.
Panel (b) plots the growth of emissions per capita against the initial emissions per capita conditional
on the initial adjusted-land quality. Panel (c) plots the the growth of emissions per capita against the
initial emissions per capita conditional on the initial adjusted-land quality and capital investment
share (sk), population growth rate, (δ+gB+gL), and natural capital investment share net of human
induced damage (sz(1 − θ) − Ψ).

7 Conclusion

We have extended the Green Solow model of Brock and Taylor (2010) in two important

dimensions in accordance with the data. First, we have introduced intermediate land-capital

services into the production function and assumed that the degradation of land is a by-

product of economic activity. Second, we have supposed that the effectiveness of technological

progress in abatement depends on the degree of environmental stress, measured as the excess

of output growth over land-capital growth. To evaluate the quantitative implications of

the model, we have constructed land-capital data at the country level using the Enhanced

Vegetation Index (EVI) from the Earth Observatory, land area from the Food and Agriculture
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Organization, and natural capital excluding sub-soil assets from the World Bank.

We have shown that the calibration of the model for the USA economy and the sensitivity

analysis for the main parameters imply that an improvement of the (exogenous) rate of

technological progress in abatement is the only parameter that can reverse the positive trend

in carbon dioxide emissions. Moreover, we have found that the estimation of the growth

equation of carbon dioxide emissions per capita for 146 countries over the period 2000-2011

implies that the environmental stress parameter is positive and statistically significant in all

the empirical model specifications considered, being the implied value of this parameter very

close to its calibrated value.

Our results imply that the Green Solow model with land-capital explains quite well the cross

country variation in the growth rates of carbon dioxide emissions per capita over the period

2000-2011. Concerning the convergence results, we have found the following. First, the

negative coefficient of the initial carbon dioxide emissions and the positive coefficient of the

initial EVI-adjusted land are statistically significant in all specifications. Second, an equal

proportional increase in initial per capita values of emissions and land-capital would reduce

the growth rate of emissions per capita at the global level, but would rise it at the upper

middle-income and lower-income country levels. In other words, the net convergence effect

(i.e., the combined impact from initial per capita values of emissions and land-capital on the

growth rate of emissions per capita) is negative and statistically significant at the global level,

but there can be persistent gaps or divergence at the upper middle-income and low-income

country levels. Third, the rate of investment in land-capital has a negative influence on the

growth rate of emissions per capita, implying that in the long run the positive environmental

effect is stronger than the production effect.

The data we have used on carbon dioxide emissions include gases from the burning of fossil

fuels and cement manufacture, but exclude emissions from land use and land cover change,

such as deforestation, which is one of the most uncertain terms in the global carbon budget.

More data on these activities and on land management expenditures will help to solve some

of these uncertainties and contribute to a better understanding of the role of environmental

services in production and long-run sustainability.

We have shown that an extended version of the Brock and Taylor’s (2010) Green Solow
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model including EVI-adjusted land constitutes a good starting point in that direction.
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