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Abstract
Themain purpose of this paper is to analyze the contribution of land capital to the growth of
emissions and income per capita in the long run.We collect new satellite data from the Earth
Observatory to obtain estimates of the Enhanced Vegetation Index at the country level for
the period 2000–2015. We use these data and the World Bank wealth estimates of natural
capital to calibrate and empirically test an extension of the Green Solow model with land
degradation and land capital investment. We show that the model is consistent with the
cross-country variation in growth rates of carbon emissions per capita and find that there
is convergence at the global level, with the contribution of land capital investment to the
growth of emissions being negative and significant in all specifications.
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1. Introduction
Land degradation is on the rise each year due to competing pressures for food, energy
and shelter. At the same time, the carbon emissions associatedwith economic activity put
additional pressure on the environmental impact of economic growth. The main objec-
tive of this study is to analyze the contribution of land capital to the growth of emissions
and income per capita in the long run in a context where land productivity can directly
be improved through investment. With this purpose, land capital – or natural capital
excluding sub-soil assets – is introduced into the Green Solow model of Brock and Tay-
lor (2010). Using natural capital data from the World Bank and Enhanced Vegetation
Index (EVI) data from the Earth Observatory, it is shown that the model is consistent
with the cross-country variation in growth rates of carbon emissions and that initial
EVI-adjusted land endowments play a statistically-significant role in the convergence
analysis, which to the best of our knowledge, has not been studied previously. Our main
finding is that the initial land capital endowment has a positive impact on the growth
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of emissions but that land capital investment contributes significantly to reducing the
growth of emissions in the long run.

In this paper we treat land in a broad sense as a renewable resource. Economic growth
and population growth entail economic pressure on natural resources that are essential
for life, such as clean water and fertile soil. The expansion of modern agriculture and
industrial production is often associated with unsustainable practices and harmful waste
disposal that cause soil degradation and biodiversity loss, which in turn can contribute
to an increased flow of carbon emissions. We consider the natural resources essential
for life as a form of capital and assume that this land capital is as essential in aggregate
production as manufactured capital.

As a first step in this direction, we explore empirically the relationship between
natural capital excluding sub-soil assets and new quality-adjusted land endowments
based on a normalization of the EVI. Based on the positive relationship found between
these two indicators, we define land capital as a combination of embodied environmen-
tal knowledge and quality-adjusted land. We propose the Green Solow model of Brock
and Taylor (2010) as the reference framework for various reasons. First, it provides a
simple, intuitive and well-known growth framework whose quantitative implications
concerning long-run per capita income are consistent with the main stylized facts of
developed economies. Second, the implied dynamics of air pollution (modelled as a pure
production externality) along the transition to balanced growth are well in accord with
some puzzling evidence regarding emissions such as the Environmental Kuznets Curve
(EKC) or the convergence hypothesis. Thus it seems natural to extend (Brock and Tay-
lor, 2010) empirical analysis of carbon emissions convergence by adding land capital into
the growth equation.1

The conditions under which economic growth and environmental preservation are
compatible in the long run are the focus of a large body of endogenous growth stud-
ies starting in the early 1990s. Notable contributions are, for example, Bovenberg and
Smulders (1995), Smulders and Gradus (1996), Bretschger (1998) and Bretschger and
Smulders (2012). In these models, a broad concept of capital including knowledge
becomes the ultimate substitute for natural inputs and the existence of technologi-
cal progress in abatement holds the pollution in check. Following this tradition of
endogenous (AK) growth models, Braussman and Bretscheger (2018) consider soil as
a natural accumulable input whose quantity depends on investment decisions and on
the extent of human-induced damage effects. More recent Schumpeterian endogenous
growth models, such as Peretto and Valente (2015) and Lanz et al. (2017a, 2017b,
2018), put the accent on the interactions between agricultural technological change,
land (food) scarcity and endogenous population dynamics at the global level, but only
Lanz et al. (2018) explicitly treats the harmful influence of economic expansion on the
environment, connecting agricultural productivity with biodiversity loss.

In this paper we abstract away from endogenous growth, technological progress is an
exogenous process and accumulable factors present diminishing returns. Our setup of
the natural factor is closer to Braussman and Bretscheger (2018) specification in the way
it treats soil, combining quality and quantity of the natural input. In thatmodelmanufac-
tured capital and soil display constant returns at the aggregate level and investment is on

1Addressing optimality and property rights enforcement is crucial to promoting investment in targeted
environmental assets, but this is beyond the scope of this paper. Some contributions in the context of
endogenous growth models with a pollution problem are (Smulders and Gradus, 1996), Aznar-Márquez
and Ruiz-Tamarit (2005), Kollenbach (2015), and Suphaphiphat et al. (2015) without a pollution problem.
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the unique combined integrated asset, whereas here we want to highlight the importance
of land resources in a broad sense (not only soil) and the need to analyze land capital
investment separately from manufactured capital investment. We conceive land capi-
tal investment as a country’s effort to transfer the existing scientific knowledge towards
a better environmental management, noting that this transfer of knowledge is costly.
It involves, for example, learning and adapting basic science to spread good practices,
which becomes especially important in developing economies.

We show that this extended model is consistent with the cross-country variation in
growth rates of carbon emissions per capita. Moreover, we find that there exists con-
vergence of per capita emissions at the global level, with the long-run contribution of
land capital investment to the growth rate of emissions being negative and significant in
all specifications. Furthermore, the estimated coefficients of initial emissions and EVI-
adjusted land levels have significant opposite signs in all specifications, with the absolute
values being of the same order of magnitude. In general, the empirical evidence shows
convergence in per capita carbon dioxide emissions for countries grouped by institu-
tional structure, income classification and geographic region, but also shows persistent
gaps or divergence for large multi-country studies. Moreover, the role of initial condi-
tions in this analysis is crucial, but to the best of our knowledge at the time of writing
this article, the empirical literature lacks explicit reference to land quality endowments
(see Acar et al., 2018; Payne, 2020 for a review). Despite the limitation of the data on land
quality, our contribution to this strand of the literature introduces new variables into the
debate and highlights the need to generate more and better land data.

The rest of the paper is organized as follows. Section 2 describes the data and shows
the stylized facts regarding natural capital and EVI-adjusted land and carbon emissions.
Section 3 describes theGreen Solowmodelwith land degradation and land capital invest-
ment. Section 4 undertakes the empirical analysis of emissions convergence. Section 5
concludes.

2. Data and stylized facts
2.1. Data description
The United Nations Convention to Combat Desertification in 2017 defined land as “the
terrestrial bio-productive system that comprises soil, vegetation, other biota, and the
ecological and hydrological processes that operate within the system.” Land degradation
describes how one or more of the land resources has changed for the worse. In general,
landdegradation signifies the temporary or permanent decline in the productive capacity
of land, including itsmajor uses (rain-fed, arable, irrigated, rangeland, forest), its farming
systems and its value as an economic resource (?).

To carry out the calibration and estimation implemented in this study, we use land
data from different sources.2 Bai et al. (2008) quantify degradation over 1981–2003 by
using the normalized difference vegetation index (NDVI) as a proxy for net primary pro-
ductivity. They find a declining trend in net primary production across 2.7 bn ha (21 per
cent) of global land area, but at the same time, they also find that 16 per cent of global

2Satellite-based measurements can provide more accurate and detailed information for both soils and
vegetation, but satellite data are only available from the 1980s. Global estimates of total degraded land area
vary from less than 1 bn ha to over 6 bn ha, with equally wide disagreement in their spatial distribution (see
Gibbs and Salmon, 2015).
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land area is increasing in net primary production. We will use their estimates to cali-
brate some key parameters of the model, but for the empirical exploration we use our
own estimates from the EVI.We collect MonthlyModerate resolution Imaging Spectro-
radiometer (MODIS) data at resolution 0.05 degree (5600m), from the MODIS data we
select the Global MOD13C2 version 6 product, which provides vegetation index values
at a per pixel basis. This product provides two vegetation indices: the NDVI and the EVI.
In this study we opt for the EVI because it has improved sensitivity over high biomass
regions.3 The EVI data aremonthly data and are available from 2000. As data are at a per
pixel basis, the computation of the country’s average EVI is time consuming. Therefore,
we only collect theMOD13C2 for onemonth (March) from2000 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 val-
ues 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 qual-
ity index as follows: 1 − (max EVI − EVIi), where max EVI is the maximum value of
EVI in our sample which is 0.69 (Samoa) and EVIi 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 area are from FAO (land
area excluding area under inland water bodies) measured in 1000 ha. We will call this
measure of land the “EVI-adjusted land”.

From the World Bank’s Wealth of Nations data we 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. Unfortunately, these estimates are only available for the years 1995, 2000
and 2005, but we will try to get some insights to define our land capital input from the
available evidence. The data on income come from the Penn World Table (PWT) in
Feenstra et al. (2015), which cover 182 countries between 1950 and 2014.

The data on pollution abatement efforts to be used in the empirical convergence anal-
ysis come from the OECD environmental protection expenditure and revenues dataset
and are available for the period 2000-2011 for 35 countries. Finally, data on carbon diox-
ide emissions are from the World Development Indicators 2016 (World Bank, 2016),
which cover 214 countries over the period 1960-2011. These data include gases from the
burning of fossil fuels and cement manufacture, but unfortunately exclude emissions
from land use and land cover change due to large uncertainties.4

3The EVI uses the blue band to remove residual atmospheric contamination, and feedback adjustment
to minimize canopy background variations and to enhance vegetation sensitivity from sparse to dense
vegetation conditions.

4The 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 of uncertainties in rates of deforestation and forestation, but also
because of uncertainties in the carbon density of the lands undergoing change. See for example, Baccini et al.
(2012), Houghton et al. (2012) and Houghton and Nassikas (2017) for some global and regional estimates.
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(a) (b)

Figure 1. Conditional land capital per dollar and EVI-adjusted land per dollar. (a) 2000, (b) 2005. 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,
1− (max EVI− EVIi), which is between zero and one, and the land area (in 1000 ha) divided by the real GDP at con-
stant 2005 national prices (in mil. 2005US). Figures 1(a) and 1(b) represent the relationship between land capital per
dollar and EVI-adjusted land per dollar conditional on the urban land share in the 2000 and 2005, respectively. To
remove some outliers, the studentized residuals were calculated and the observations with a residual larger than 3
were removed. The regression in panel (a) has a slope parameter of 0.709with a standard error of 0.15 and R2 of 0.20.
The regression in panel (b) has a slope parameter of 0.608 with a standard error of 0.13 and R2 of 0.17.

2.2. Stylized facts
In this section we provide new evidence regarding the EVI-adjusted land, the World
Bank’s natural capital estimates, and carbon dioxide (CO2) emissions. First, we have
found a positive significant relationship between the input output ratios of natural cap-
ital (excluding sub-soil assets) and the EVI-adjusted land for the available years, 2000
and 2005. Figure 1 shows the positive relationship between these two estimates after
controlling for the urban land share effect. It is evident that figure 1 also tells us that
there must be other important factors affecting the land capital intensity of economic
activity, such as land demand forces stemming from different land uses.5 We will use
this positive relationship as a proxy of the efficiency of land in the production of final
goods, meaning that healthier land in a given period is, on average, more valuable and
productive. Specifically, we define the variable ‘land capital’ as the product Z = Q · N,
whereN represents the EVI-adjusted land andQ a technological efficiency factor. Thus,
given output, the slopes of the lines in figure 1 can be interpreted as proxies of (propor-
tional to) the average Q for the years 2000 and 2005, respectively. Then, according to
this interpretation, the (average world) productivity of land might have decreased over
this five-year period. For instance, Amundson et al. (2015) show that the ability of soil
to support the growth of food supply is plateauing, pointing out that we have the knowl-
edge to recycle soil nutrients but that stronger commitment to implement the solutions
is needed.

Figure 2 illustrates the relationship between the (log) natural capital output and the
(log) CO2 emissions output ratios for the years 2000 and 2005. It shows that countries
with higher natural capital output ratios (higher propensities to save natural capital) are,
on average, those with lower emissions per unit of output. Comparing the 2000 and 2005

5In addition to any measure of land quality, the value of land in a given period depends, among other
factors, on the different potential land uses arising from the process of industrialization and urbanization,
such as the land demand for commercialization and residential purposes. Figure 1 is just one dimension of
the complex relation between the quality of a natural input and its market value.
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(a) (b)

Figure 2. CO2 emissions per dollar and land capital per dollar (in logs). (a) 2000, (b) 2005. Notes: To compute
the CO2 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 3. Growth of emissions per capita and growth of EVI-adjusted land per capita. Notes: To compute the CO2
emissions per capita, we divide CO2 emissions (in kilotons) by the population (in millions). The EVI-adjusted land per
capita is the product of 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 −.3349with a standard error of .1673 and R2 of 0.022.

slopes of this relation, we note that an additional unit of land capital output is associated
with a drop in the emissions intensity from 2000 to 2005 of−0.055 units. Although data
on anthropogenic CO2 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 is associated
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(a) (b)

(c) (d)

Figure 4. CO2 emissions per dollar by income level. (a) High income, (b) Upper-middle income, (c) Low-middle
income, (d) Low income. Notes: To compute the CO2 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 groupwe use the Atlas
method used by the World Bank.

with a decrease in the growth rate of emissions per capita of 0.33 percentage points,
ceteris paribus.

Finally, we plot the evolution of CO2 output ratios and CO2 emissions per capita by
income groups. Figure 4 illustrates the evolution of CO2 emissions per dollar (emissions
per unit of gross domestic product or GDP) over time. The first observation is the declin-
ing trend on emissions per dollar for the high income countries in line with the evidence
in Brock and Taylor (2010). The second observation is that, unfortunately, this fact is not
the rule. In a context of technological progress and resource scarcity, emissions per dol-
lar should reflect a downward trend if cleaner and energy-saving technologies are being
adopted. In middle income countries the emissions per dollar present a constant posi-
tive 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, which suggests high inefficiencies
in production and/or weak growth processes.

Figure 5 illustrates total CO2 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. Except for the United Kingdom, showing a downward
trend over the whole period, high income countries show something like an inverted-
U relationship (an EKC) over time. France and the United States follow similar upward
trends until the beginning of the eighties, but only France shows a clear downward trend
afterwards. Total emissions in theUnited States andCanada show a verymarked upward
trend until 2008 and then start to decline, though Canada registers the highest growth
in total emissions over the whole period.
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(a) (b)

(c) (d)

Figure 5. Total CO2 emissions by income level. (a) High income, (b) Upper-middle income, (c) Low-middle
income, (d) Low income. Notes: Total CO2 emissions in kilotons. To classify countries by income group we use the
Atlas method used by the World Bank.

3. The framework
This section proposes an extension of the Green Solow model of Brock and Taylor
(2010) by incorporating a renewable natural (land) capital input and a land degradation
function.

3.1. Adding land capital to the Green Solowmodel
The level of economic activity is represented by an aggregate production function,
F(K,Z,BL), satisfying the standard neoclassical properties. In this function,K represents
manufactured capital, Z is land capital, L is labor, and B is a labor-augmenting technol-
ogy parameter that grows exogenously at the rate gB. We assume that the labor supply
of the economy is equal to the population size and that population grows at the rate gL,
which is also exogenous. For simplicity, and sincewe are interested in finding convenient
closed-form solutions for the empirical analysis, we assume that F is a Cobb-Douglas
production function,

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

Land capital, Z = Q · N, is an environmental asset that results from the combination
of environmental knowledge, Q, and a quality (EVI-adjusted) land area, N. Environ-
mental knowledge is the result of learning and adapting the existing knowledge to land
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services, which is costly.6 Thus, given a fixed land area, land productivity is captured by
the product of the biological index (normalized EVI) and the knowledge factor, which
is modelled just as a land-augmenting efficiency factor.7 The definition of land capi-
tal is related to the soil input in Braussman and Bretscheger (2018), where the quality
and quantity aspects of soil are important. In that model, soil investments include both
investment effort to increase productivity and land clearing to increase quantity, but
they only study aggregate investment in an integrated manufactured capital-soil asset.
Here, we treat land in a broad sense, including all land resources (not only soil) and
consider land capital investment and manufactured capital investment separately. Nev-
ertheless, themechanism bywhich the productivity of the natural input can be improved
is the same as in Braussman and Bretscheger (2018); the rise in productivity is driven by
the amount of environmental investment. We assume that the resulting environmental
knowledge is proportional to the amount spent on environmental investment, Iz , per
unit of land. Taking into account the depreciation of knowledge, which occurs at the
rate δQ, the net environmental productivity gains are

·
Q = υ

Iz
N

− δQQ, 0 < υ ≤ 1. (2)

In addition, the economic activity generates a negative production externality on land
quality, which is assumed to be proportional to the land capital intensity of economic
activity, � F

Z , where � is a constant externality parameter. This externality includes, for
example, land damage from industrial residuals, inadequatemanagement of households’
residuals and harmful soil management practices. With this specification, given out-
put and land endowment, larger stocks of environmental knowledge tend to alleviate
the effect of production on land degradation. We follow Braussman and Bretscheger
(2018) and assume that the economy’s efforts in protection and abatement activities
decrease the human-induced damage on land quality. We define the net damage as
(�F − �P)/Z, where protection P is a strictly concave constant returns to scale function
of total output and the economy’s protection efforts, P(F, θF), with θ being the fraction
of output spent on protection and abatement activities. Then, we can write the evolution
of the quality (EVI)-land N as

·
N = −μ (K,Z)N, (3)

μ (K,Z) := δN − η + �p (θ)
F
Z
, p (θ) = 1 − P (1, θ) , (4)

where the functionμ represents the overall rate of land degradation; δN − η is the exoge-
nous rate of landdepreciation uponuse in productionnet of natural regeneration;P(1, θ)

6A similar concept is used in Hwang et al. (2019), where knowledge is the outcome of active learning.
See also Del Rıo (2009) for a survey of the determinants of environmental technological change processes,
where learning effects are an important source.

7Although EVI estimates do not capture all dimensions of environmental quality, they are highly cor-
related with environmental services and biodiversity. Important lessons can be derived, for example, from
the processes of industrialization in agriculture and land cover change in case studies such as Pritchard et
al. (2018), Saikku et al. (2015), Duarte et al. (2014) and Krausmann et al. (2012). The challenge would be to
consider multiple and linked ecosystem services to properly address the tradeoffs affecting human welfare
(Fisher et al., 2011).
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represents total protection per unit of output; and so �p(θ) is net damage per unit of
output. Then, taking into account (2), (3) and (4), the evolution of Z can be written as

·
Z = υIZ − δZZ − �p (θ) F (K,Z,BL) , δZ = δQ + δN − η. (5)

In this framework, gross output net of protection and abatement expenditures,
(1 − θ)F, will be allocated to consumption,C, environmental investment, IZ , andmanu-
factured capital investment, IK . So, given a constant rate of depreciation ofmanufactured
capital, δK , we can write the evolution of K as

·
K = (1 − θ) F (K,Z,BL) − C − Iz − δKK. (6)

Let sK and sZ be the exogenous investment rates of manufactured capital and land
capital out of (1 − θ)F, respectively. Then, transforming the measures of output, man-
ufactured capital and land capital into intensive units, and defining the normalized
variable of X as x ≡ X/BL, capital accumulation in the extended Green Solow model
with land degradation is given by

·
k
k

= sK (1 − θ)
f (k, z)

k
− (

δK + gB + gL
)
, (7)

·
z
z

= [
υsZ (1 − θ) − �p (θ)

] f (k, z)
z

− (
δZ + gB + gL

)
. (8)

3.1.1. Balanced growth in the extended Green Solowmodel
A Balanced Growth (BG) solution to manufactured capital and land capital accumula-
tion is a stationary solution (k∗, z∗) to the above system, where K, Z and F will grow at
the rate gB + gL, and the corresponding per capita variables at the rate gB. This solution
exists and it is unique as long as υsZ(1 − θ) − �p(θ) > 0, that is, that the economy’s
efforts at investing and protecting land capital are sufficient to counter land degrada-
tion. Under this condition, the economy converges to (k∗, z∗) for any given k(0) > 0,
z(0) > 0. The corresponding capital output ratios and the BG solution are, respectively:

k∗

f (k∗, z∗)
= sK (1 − θ)(

δK + gB + gL
) , (9)

z∗

f (k∗, z∗)
= υsZ (1 − θ) − �p (θ)(

δZ + gB + gL
) , (10)

k∗ =
(

sK (1 − θ)

δK + gB + gL

) 1−β
1−α−β

(
υsZ (1 − θ) − �p (θ)

δZ + gB + gL

) β
1−α−β

(11)

z∗ =
(

sK (1 − θ)

δK + gB + gL

) α
1−α−β

(
υsZ (1 − θ) − �p (θ)

δZ + gB + gL

) 1−α
1−α−β

. (12)

To close the Green Solow model, we have to add the emissions externality equation.
As in Brock and Taylor (2010), we assume that each unit of output generates 	 units
of pollution that can be in part reduced by the economy’s efforts at abatement. The
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emissions abatement function is a concave constant returns to scale function of out-
put and the economy’s abatement effort, A(F, θaF), where θa is the fraction of output
spent specifically on air emissions abatement. So the level of emissions released into the
atmosphere is E = (1 − A(1, θa))	F(K,Z,BL), or in terms of the normalized variables:

e = a
(
θa
)
	f (k, z) , a

(
θa
) ≡ 1 − A

(
1, θa

)
, (13)

where it is assumed that each period technological progress in abatement makes the
intensity of emissions, 	, fall at the exogenous rate gA. To this setting we add a link
between the growth rate of emissions and the change in land capital intensity of eco-
nomic activity, trying to incorporate the facts illustrated in figures 2 and 3. Specifically,
taking into account equation (4), we assume that

·
	 = 	

⎡
⎣−gA + ζ ·

⎛
⎝ ·
F
F

−
·
Z
Z

⎞
⎠
⎤
⎦ , ζ > 0, (14)

where the parameter ζ captures the sensitivity of emissions intensity to the change in
the land degradation rate. We call this parameter the environmental stress parameter.
Since environmental stress appears when the demand or use of a natural factor grows
faster than its natural supply, land degradation is a form of environmental stress. Assum-
ing that the growth rate of demand for natural capital services is proportional to the
growth rate of economic activity, the difference between the growth rate of output and
the growth rate of natural capital supply will capture the extent of this environmental
stress. However, note that along the BG solution, total output and total capital output
will grow at the same rate, so

g∗
E =

·
	

	
+

·
F
F

= −gA + gB + gL. (15)

Therefore, the long-run air quality condition, g∗
E < 0, and sustained output growth,

gB > 0, will imply the same sustainability restrictions as in Brock and Taylor (2010):

gB + gL < gA, gB > 0. (16)

3.2. Parameter values
In this subsection we discuss the numerical values that will be assigned to some tech-
nology and environmental parameters, which will be assumed to be the same across
countries in the empirical analysis, and compute the investment rates implied by the
model. We take the US economy as the reference for most of the parameters, assuming
that it is on its balanced growth path.

The US average growth rates of population and income per capita over the last 30
years are 1 per cent and 2 per cent, respectively. So the estimated rate of technological
progress is also 2 per cent, gB = 0.02. The factor shares of total output in the Cobb-
Douglas technology can be calibrated using the respective factor income shares of total
GDP. The problem we face here is that the natural factor comprises the value of services
that do not always have a market value. We will rely on theWorld Bank’s estimates pro-
vided in “Changing wealth of nations, measuring sustainable development in the new
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millennium” (World Bank, 2011, table 5.4), where the elasticities of output for all coun-
tries with respect to natural capital and produced capital are 0.068 and 0.32, respectively.
These values are similar to the land and capital income shares estimated by Valentinyi
and Herrendof (2008) from the USA input-output dataset, which are 0.05 and 0.33,
respectively. The ratios of land capital and manufactured capital to output can be cal-
culated from the World Bank data 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 manufactured capital, we can set δK = 0.1,
a frequent value in global economy models (e.g., Lanz et al., 2017a; Hwang et al., 2019),
or δK = 0.05, a standard value in the growth literature.8 However, we do not have stan-
dard values for the depreciation of land. To assign values to (δN − η) and μ in equation
(4), we will assume that the former corresponds to the part of land degradation that is
directly due to agricultural activities. Based on the NDVI, Bai et al. (2008) estimate that
the degrading land for the USA over 1981 − 2003 accounted for 20.6 per cent of total
land area, which would imply an annual average degrading rate of 1 per cent over that
period given that significant human-induced land degradation started 200 years ago.
Assuming 23 per cent of total degraded area is due to agricultural activities, this would
imply an annual depreciation rate due to agriculture of around 0.18 per cent.9 In sum-
mary, we fixμ∗ = 0.01 and (δN − η) = 0.0018.10 With these values, we can use equation
(4) and the land capital output ratio set above, z/f = 0.29, to get an estimate for the net
human-induced damage factor, �p(θ) = 0.0024. Under a situation of zero protection
effort, this equation would imply a damage parameter of � = 0.0024. Finally, regard-
ing land capital depreciation, we consider a depreciation rate of environmental research
equal to δQ = 0.1, as in the active learning approach of Hwang et al. (2019).

The enacted budgets of the Environmental Protection Agency (EPA) yield an average
agency budget share of GDP around 0.058 per cent per year over 1998 − 2018, with a
maximum 0.08 per cent share in 1998 and around 0.04 per cent since 2014. Data from
the US Department of Agriculture (USDA) budget outlays report spending shares of
natural resources conservation service and wildland fire management that add up to
0.02 per cent every year over 2006 − 2015. With respect to pollution abatement costs,
Brock and Taylor (2010) report a GDP share of 1.6 per cent, or 0.5 per cent if abatement
costs refer specifically to air pollutants. Altogether, these estimates suggest an average
protection and abatement expenditure share θ of GDP around 1.68 per cent.

Taking into account these parameter values, we use equations (9 ) and (10) to com-
pute the implied investment rates of the model. The investment rate for manufactured
capital is 18 or 30 per cent depending on whether the depreciation rate considered is
5 or 10 per cent, respectively, which is consistent with average historical values of the
USA economy of around 20 per cent. In contrast, the implied investment rate for land
capital hinges on the conversion factor of environmental investment, 0.04/υ, and we do

8See, for example, Feenstra et al. (2015), where the average depreciation rate of the capital stock takes
values around 5 per cent since 1960.

9According to Bot et al. (2000), towards the end of the 1980s total degraded land represented 30 per
cent of total country land area in the USA economy, while 23 per cent of total degraded area was due to
agricultural activities (FAO, 2004, Appendix 6, WSRR 90).

10In the World Bank wealth accounting data set, the estimate of land depletion refers only to net forest
depletion rate, which in the case of the US is zero.
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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 0.026 Rate of technological progress in abatement

θ 0.0168 Protection effort

α 0.32 Manufactured capital income share

β 0.068 Land capital income share

� 0.0024 Human-induced damage factor

ζ 0.055 Environmental stress parameter

δN − η 0.0018 Land depreciation rate net of natural regeneration

δZ 0.1 Land capital depreciation rate

δK 0.05, 0.1 Manufactured capital depreciation rates

not have systematic historical data to compare with. The environmental research spend-
ing that we have found for the USA economy (which for other countries is even worse)
refers to the USDA annual spending onAgricultural, Forest and Rangeland research ser-
vices over 2006 − 2015 and to the EPA annual spending in Science and Technology over
2010 − 2018. They yield annual averageGDP shares of 0.0098 and 0.004 per cent, respec-
tively. Altogether these values would imply an environmental investment rate of 0.014
per cent, which assuming a very optimistic conversion factor υ = 1, would clearly be
well below the 4 per cent investment rate implied by the model. Note that this parameter
captures the conversion of foregone consumption (or manufactured capital) to environ-
mental knowledge, and so it is a key parameter, together with � in the tradeoff between
land protection and land investment efforts.

Finally, we assign values to ζ (the environmental stress parameter of emissions) and
gA (the rate of technological progress in air emissions abatement). Figure 2 implies that
the estimated change in emissions intensity from 2000 to 2005 due to an additional unit
of land capital output ratio is, on average, −0.055. So we fix the environmental stress
parameter (partial effect of the change in the output land capital ratio on the change of
emissions intensity in equation (14)) to ζ = 0.055.With respect to the rate of technologi-
cal progress in air emissions abatement, first we note that since emissions per capita have
been falling at an average rate of−0.6 per cent per year and population has been rising at
an average rate of 1 per cent per year, the growth rate of total emissions is positive in the
USA economy. In other words, these data do not satisfy the sustainability condition in
emissions, g∗

E < 0.Note that equation (15)would imply that gA = gB + gL − g∗
E = 0.026,

thus, violating the condition that requires long-run sustainability, gA > 0.03.
Table 1 summarizes the calibrated parameters. The empirical tests in the regression

analysis will confirm that most of these parameter values are reasonable.

4. Empirical analysis
4.1. Econometric specification
In this section we derive the estimating equation and estimate the model using the data
described in section 2.1. Our purpose is to explore how the EVI-adjusted land input,
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economic activity and actual environmental policies affect the growth of emissions per
capita. To do that, we rewrite equation (13) in per capita terms,

ec = a (θa)

1 − θ
	yc,

where xc is variable x in per capita terms. Differentiating with respect to time and taking
into account expression (14), we obtain the growth rate of emissions per capita,

·
ec

ec
= −gA + (1 + ζ )

·
yc

yc
− ζ

·
zc

zc
. (17)

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 con-
tinuous 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

)
. (18)

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:11

ln

(
yct

yct−T

)
= (

1 − exp
(−γyT

) )
ln(yc∗) − (

1 − exp
(−γyT

) )
ln(yct−T), (19)

ln

(
zct

zct−T

)
= (

1 − exp (−γzT)
)
ln(zc∗) − (

1 − exp (−γzT)
)
ln(zct−T), (20)

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)Bk∗α z∗β

into equation (19) and using equation (17) to get yct−T =
(1−θ)ect−T
a(θ)	t−T

, we can rewrite (18) 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(υsZi(1 − θi)

− p (θi)�i) + ρ5 ln (1 − θi) + ρ6 ln
(
δ + gB + gL

)
i + νi,

ρ0 = gB − gA + (1 + ζ )
[(1 − exp

(−γyT
) )

T
ln	t−TBt−T

]

ρ1 = − (1 + ζ )

(
1 − exp

(−γyT
))

T

11See, for example, Mankiw et al. (1992).
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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

]
(21)

ρ6 = −
[
(1 + ζ )

β

1 − α − β

(
1 − exp

(−γyT
) )

T

− ζ
1 − α

1 − α − β

(
1 − exp (−γzT)

)
T

]
. (22)

Thus, the average change in emissions per capita over a period of length T is deter-
mined 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, � ; and
the depreciation 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.

4.2. Empirical results
Data used in the econometric analysis were described in sections 2 and 3.2. To sum-
marize briefly, for emissions we consider data on CO2 in kilotons (kt) from the World
Development Indicators 2016. For data on population, GDP andGDP share ofmanufac-
tured capital investment, we collect data from the PennWorld Table. Data on 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. Recall that land capital in the model is
defined as Z = Q ∗ EVI ∗ N, and that data on this asset is only available from theWorld
Bank for a few years. We proxy Z by the EVI-adjusted land variable and the land cap-
ital investment term by the World Bank capital output ratio estimates. By doing this,
first note that the constant term in equation (21) will include an additional term propor-
tional to lnQt−T . Second, using the land capital output data and the calibrated values of
δZ = 0.1, gB = 0.02 and gL = 0.01, we obtain from equation (9) the country values of the
variable υsZ(1 − θ) − p(θ)� to be used in the estimation of (21). It is worthmentioning
that szi, ski, θi and (δ + gB + gL)i are time-average country specific. Moreover, we follow
Brock and Taylor (2010) and set the abatement technology factor as a(θa) = (1 − θa)ε ,
with ε > 1. As the abatement intensity for carbon is close to zero, we set θa = 0.005 for
every country.
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Table 2. Estimatedmodel 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
(0.0002) (0.0002) (0.0005) (0.0009) (0.0012)

ln zct−T 0.000460 0.00165 0.00471 0.00378
(0.0002) (0.0007) (0.0017) (0.0019)

ln sk 0.00512 −0.00273 0.00551
(0.0013) (0.0032) (0.0023)

ln(δ + gB + gL) 0.00147 0.0240 −0.000886
(0.029) (0.0069) (0.0055)

ln sz −0.00129 −0.00591 −0.00287
(0.007) (0.0018) (0.0018)

Cons 0.09374 0.0902 0.0953 0.0980 0.0735
(0.0017) (0.0027) (0.0073) (0.0174) (0.0167)

Sample-Size 146 146 146 30 44

Adj − R2 0.131 0.143 0.237 0.300 0.183

Notes: Standard errors are in parentheses. Columns (A) and (B) estimate the short version of our model described in (21)
and the remaining columns estimate the longer version of the model. Columns (A)-(C) include all countries in the sample
while Columns (D) and (E) only include the upper-middle income and the low income countries, respectively. Column (C)
is the preferred model. The dependent variable is the average growth rate in log emissions per capita over the 2000–2011
period, ect−T is the emissions per capita in 2000, z

c
t−T is the land capital per capita in 2000 (proxied by the EVI-adjusted land

per capita), the 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 0.1, gB is set equal to 0.02 and sz represents the land capital
investment rate net of land degradation (proxied by the average land capital output ratio).

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 = 0.1
and gB = 0.02. Thus, this term captures only the variation in population growth rates
across countries. The study covers 146 countries; the country sample is limited by the
availability of data in the Penn World Table.

To estimate the model, we follow Barro (1991), Durlauf and Johnson (1995), Brock
and Taylor (2010), and others, and employ the heteroskedasticity-corrected standard
error estimates. The estimation results are presented in table 2 and the empirical tests
presented have to be interpreted as a test of the devised model.12 Column A presents the
unconditional convergence results, column B reports the results for the shorter specifi-
cation 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 in our sample while columns D and E only include the upper-middle income
and the low income countries, respectively.13

12In table 2 we estimate the long-run effect of the initial stock of quality-adjusted land and emissions per
capita on the growth of emissions from 0 to T, controlling for the steady-state rates of investment in land
capital and in manufactured capital. To control for possible endogeneity of the land capital investment rate
net of land degradation variable, (sz), IV-GMM estimations were also computed. The IV-GMM results are
consistent with those presented in table 2. (The IV-GMM results are available upon request.)

13The results for high income countries (not shown) are not statistically significant, highlighting no evi-
dence of convergence within the high income countries group during 2000–2011. They are available upon
request.

https://doi.org/10.1017/S1355770X22000110 Published online by Cambridge University Press

https://doi.org/10.1017/S1355770X22000110


Environment and Development Economics 41

The Green Solowmodel with land capital explains quite well the cross-country varia-
tion in the growth rates of CO2 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 in column C, which is our preferred
model, and by the subsequent restricted country samples (columns D and E). Not sur-
prisingly, the explanatory power of the long version of the model is greater than that of
the short version, explaining approximately 24 per cent 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 growth 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 cap-
ital on the growth rate of emissions per capita) is negative and statistically significant.
Moreover, 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 EVI-adjusted land endowment. In the short version of the model
(column B), the speed of convergence is slightly lower than in the unconditional con-
vergence 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 (column C), however, the speed of convergence more than doubles the uncondi-
tional rate of the shorter version (column B). Figure 6 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 environmental stress parameter ζ is positive in all estimations
(see definition of ρ2 in equation (22)), which is in accordance with the theoretical predic-
tion 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 (14)). 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 with lower
initial levels of output and so higher growth rates of output and emissions along the tran-
sition path. What the empirical result tells us about the role of the initial EVI-adjusted
land 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 cap-
tures the overall long-run effect of land capital intensity on the growth rate of emissions
per capita. A higher land capital output ratio means faster land capital growth relative
to output growth and a lower emissions intensity. Note that this effect is driven by the
effectiveness of technological progress in abatement (equation (11)); without this col-
lateral effect, a higher land capital investment rate would just increase both long-run
output and emissions. Thus, the model predicts that the overall effect of investment can
slow down the growth rate of emissions per capita through higher investment rates in
land capital. No doubt there are other plausible theoretical interpretations arising from
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(a) (b)

(c)

Figure 6. Unconditional and conditional convergence. (a) Unconditional convergence, (b) Conditional conver-
gence, (c) Conditional convergence. 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 EVI-adjusted land per capita, the average capital investment
share (sk), the population growth rate, (δ + gB + gL), and the land capital investment rate net of land degradation
(υsz(1− θ) − �p(θ)).

alternative frameworks, but the estimates in table 2 have to be interpreted as a test of the
extended Green Solow model with land capital.14

Also in accordance with the predictions of the theoretical model, the manufactured
capital 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 D). The population growth effect is not in accordance with Brock
and Taylor (2010) results (negative or not significant); here it is positive and statistically
significant only for the restricted sample of upper-middle income countries. A possible
interpretation of this result is that upper-middle income countries are those undergoing
faster degradation due to structural changes and greater population pressure.

These convergence results should be interpreted with caution due to the limited time
horizon considered. Nevertheless, they shed light on the mixed evidence about conver-
gence of CO2 emissions across countries, pointing to the need to account for specific

14The negative sign of the coefficient of the land capital output ratio could be the result of a specialization
process in land intensive activities generating lower emissions, for example, or other alternative explanations
arising from different theoretical frameworks. But what our model says and cannot be rejected is that a
higher Z/Y ratio (higher land capital investment rate) implies a lower growth rate of emissions in the long
run.

https://doi.org/10.1017/S1355770X22000110 Published online by Cambridge University Press

https://doi.org/10.1017/S1355770X22000110


Environment and Development Economics 43

structural characteristics such as climate or natural resources (see Pettersson et al., 2014
for a review of the literature). Therefore, better international data on environmental ser-
vices is a prerequisite for more profound analysis of the emissions convergence issue.
Another prerequisite, 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 (22), the imputed
values are ζ = 0.065 andβ = 0.051. In contrast, the impliedGDP share ofmanufactured
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, Barro and Sala-i-Martin (2004), chapter 12).

5. Conclusion
In this paper we collected satellite vegetation data and obtained estimates of the EVI
at the country level. We presented some stylized facts on this biological index, nat-
ural capital excluding sub-soil assets and carbon emissions. Based on these facts, we
defined land capital and proposed an extension of the Green Solow model of Brock
and Taylor (2010) with land capital investment and land degradation. In our frame-
work land capital is the product of a normalized measure of EVI-adjusted land and
an environmental productivity factor that is directly linked to a country’s efforts to
implement better environmental practices, taking knowledge to practical users, which is
costly.

We have shown that the model is consistent with the cross-country variation in
growth rates of carbon emissions per capita and that there exists convergence at the
global level, with the long-run contribution of land capital investment to the growth rate
of emissions being negative and significant in all specifications. Furthermore, we have
found a positive effect of initial EVI-adjusted land on the growth of emissions, suggesting
that the environmental stress parameter (i.e., the sensitivity of the growth of emissions to
the growth in the land capital intensity of economic activity) is positive and statistically
significant, in accordance with the theoretical prediction of the model. Furthermore, the
estimation results imply that the overall effect of investment in the extendedGreen Solow
model can slow down the growth rate of emissions per capita through higher investment
rates in land capital.

Although these empirical results should be interpreted with caution due to data lim-
itations, they shed light on the mixed evidence about convergence of CO2 emissions
across countries, pointing to the need to account for specific structural characteris-
tics such as climate or natural resources in the growth equation, but also to the need
for more systematic data on environmental investment and land quality indicators.15

15Valuing the contribution of land resources to ecosystem services and wellbeing is a difficult task but
essential (e.g., Costanza et al., 1997; Bockstael et al., 2000). Proper valuation of ecosystem services can
enhance the value of other factor inputs used in the production of ecosystem services contributing to income
growth. For instance, a recent case study on Andalusian forests in Spain has shown that incorporating a
novel environmental income indicator in a framework with manufactured capital can have a multiplicative
effect on gross value added (Campos et al., 2019).
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To the best of our knowledge at the time of writing this article, previous empiri-
cal literature on emissions convergence has not included land quality in the growth
equation.

One limitation of the framework is that emissions are just the reflection of the produc-
tion externality and do not capture the possible effect of emissions on land degradation
through changes in climate conditions, which is beyond the scope of this paper. More-
over, one natural extension of the theoretical model is the development of an optimal
growth setup in which to perform a quantitative analysis of the welfare tradeoff between
environmental protection and land capital investment efforts and their implications for
policy. These are open questions for future research.
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