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ABSTRACT: We investigate empirically how national-level
CO, emissions are affected by urbanization and environmental
policy. We use statistical modeling to explore panel data on
annual CO, emissions from 80 countries for the period 1983—
2005. Random- and fixed-effects models indicate that, on the
global average, the urbanization—emission elasticity value is
0.95 (i.e., a 1% increase in urbanization correlates with a 0.95%
increase in emissions). Several regions display a statistically
significant, positive elasticity for fixed- and random-effects
models: lower-income Europe, India and the Sub-Continent,
Latin America, and Africa. Using two proxies for environ-
mental policy/outcomes (ratification status for the Kyoto
Protocol; the Yale Environmental Performance Index), we find

that in countries with stronger environmental policy/outcomes, urbanization has a more beneficial (or, a less negative) impact on
emissions. Specifically, elasticity values are —1.1 (0.21) for higher-income (lower-income) countries with strong environmental
policy, versus 0.65 (1.3) for higher-income (lower-income) countries with weak environmental policies. Our finding that the
urbanization—emissions elasticity may depend on the strength of a country’s environmental policy, not just marginal increases in
income, is in contrast to the idea of universal urban scaling laws that can ignore local context. Most global population growth in
the coming decades is expected to occur in urban areas of lower-income countries, which underscores the importance of these

findings.

B INTRODUCTION

This article evaluates environmental implications of global
urbanization. Urbanization has increased dramatically, from
~30% in 1950 to more than 50% today, with ~60% projected
by 2030."” The urban developing-country population grew
by ~3 million people per week during 1990—2010, equivalent
to one new developing-country megacity per month, and is
projected to more than double from 2.3 billion in 2005 to
5.3 billion in 2050. By 2050, Asia and Africa are expected to be
home to about two-thirds of the world’s urban population (3.3
and 1.2 billion people, respectively). UN-HABITAT predicts
that the developing world will be home to 95% of the world’s
urban population growth during the next four decades.®
Urbanization is a complex phenomenon, with myriad
impacts.”® Under favorable conditions, urbanization increases
productivity, provides economic opportunities, generates
wealth, and leads to a flourishing of new ideas in the arts,
sciences, politics, and other fields.*~® Under other conditions,
urbanization quickens the spread of disease and exacerbates ills
such as crime, poverty, exclusion, and environmental degra-
dation.* The United Nations estimates that more than 1 billion
people lived in areas classified as slums in 2005.” On the global
average, within a country, health is generally better in urban
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than in rural areas, owing to improved sanitation and nutrition,
and easier access to contraception and health care.®’

To evaluate environmental impacts of urbanization, we ex-
plore here the following hypotheses related to per capita CO,
emissions. Our unit of analysis is nations, because available
global CO, estimates and international regulations styled on
the Kyoto Protocol generally track and report emissions by
country. Empirical evidence from North America and Europe
emphasizes the possible energy efliciencies of urban areas,
especially of denser urban areas,®” suggesting the following
hypothesis:

Hypothesis 1a: in higher-income countries, the urbanization—
emission elasticity is negative (urbanization reduces emissions).

Investigations of urbanization and CO, emissions in lower-
income countries are limited. Potential differences between
higher- and lower-income countries include how cities generate,
spend, and distribute income. Higher-income service econo-
mies in the West have comparatively low levels of urban-scale
income inequality and have resources to invest in urban form
and infrastructure.”'°"'* In contrast, cities in lower-income
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Figure 1. Countries and subgroups included in the analysis.

countries are experiencing rising incomes, but also rising pollu- data by region (Africa, Latin America, North America, Europe,
tion and income inequality.”'°~"* Our expectation for lower- India and the Sub-Continent, East Asia), higher- versus lower-
income countries is that urbanization increases wealth (a so- income (annual Gross National Income per person is
cially beneficial outcome) and that in lower-income countries more/less than US$11,456, based on the World Bank’s
(unlike in higher-income countries), wealth effects outweigh year-2009 income classifications),'” and environmental policy.
urban energy efficiency. Income group is binary (higher; lower) because analyses using

Hypothesis 1b: in lower-income countries, the urbanization— four income groups (low, lower-middle, upper-middle, and
emission elasticity is positive (urbanization increases emis- high) yielded similar results for the first three bins. “Higher-
sions). income” here equates to the “high income” label by the World

Recent analyses of urban areas emphasize universal urban Bank; “lower-income” here would equate to “low, lower-
scaling laws,"*'* and imply little or no impact of local context middle, and upper-middle income” using World Bank labels."”
(e.g., culture, politics) on aspects of cities such as the provision Income groups are created based on final-year income.
of material infrastructure (e.g, road surface, gasoline stations, For example, Cyprus (considered here to be higher income)
length of electrical cables), patterns of social activity (e.g., crime changed from upper-middle to high income between 1983
rates, patent creation, private R&D employment), and indi- and 200S. Variables were added via forward stepwise regression,
vidual human needs (e.g, household electrical and water controlling for variables described in the literature as the most
consumption).'* Thus, we anticipate that energy consumption robust determinants for emissions. Age structure has been used
and CO, emissions depend on income and urbanization rates, in the literature as an estimator; we do not include it here, as its
not local context (e.g, environmental regulations). validation and correct specification have so far remained

Hypothesis 2a: in higher-income countries, presence or ,19

absence of strong pro-environment policy does not change the We separately employed two indicators of the strength of
urbanization—emission elasticity. national environmental policy: (1) ratification status for the
Hypothesis 2b: in lower-income countries, presence or Kyoto Protocol (ratified/nonratified), and (2) the Yale Envi-
absence of strong pro-environment policy does not change the ronmental Performance Index (EPI), a country-specific com-
urbanization—emission elasticity. prehensive evaluation of environmental quality.”” The EPI
A novel aspect of our work is exploring the importance of ranks countries on 25 performance measures, including eco-
national e.nvironmental policies. We employ panel rather than system vitality, environmental health, agricultural water inten-
cross-sectional data, and present results for fixed- and random- sity, and air pollution and its effect on ecosystems and human
effects models. health. Strictly, EPI is a measure of national environmental
outcomes and performance. However, we argue here that it

. .18
inconclusive.

B METHODS provides a reasonable gauge at the national scale of how close
We tested the hypotheses using panel data on 80 countries for countries are to established environmental policy goals; with
the period 1983—2005S. From the original (109-country) data few globally available alternative metrics to choose from, we use
set, we dropped 9 countries because of the paucity of data. We EPI here as an (imperfect) proxy for the strength of national
additionally omitted five countries (China, Singapore, Ireland, environmental policies.”® Based on EPI, we grouped countries
Trinidad and Tobago, and Thailand) as statistical outliers, and into two bins (stronger/weaker environmental policy), with the
15 Middle Eastern countries because of colinearity and paucity top-ranked 22 countries with available data regarded as having
of data (see the Supporting Information).'>'® We stratified the stronger environmental policy (Figure 1). Our models interact
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Table 1. Descriptive Statistics

group” income (US$ GDP person year™) urbanization (% of population living in urban settlements) CO, emissions (tCO, person™* year™")
mean (std) mean (std) mean (std)
all countries $7,000 ($9,400) 55% (22%) 23 (32)
EPI countries $14,000 ($11,000) 69% (11%) 3.6 (1.8)
non-EPI countries $4,400 ($1,200) 50% (23%) 1.8 (2.5)
Kyoto countries $7,800 ($9,700) 57% (21%) 2.5 (2.5)
non-Kyoto countries $4,100 ($7,600) 47% (25%) 1.6 (2.4)

“Group comparisons were performed via analysis of variance (ANOVA). All entries in the bottom four rows are statistically significantly different
than the first row (p < 0.01). “EPI” refers to the 22 high-EPI countries (EPI = environmental performance indicator).

urbanization with income and environmental policy to evaluate
these connections.

We used the following analyses and tests to investigate our
hypotheses. Group comparisons were evaluated using one-way
analysis of variance (ANOVA). We tested for heteroskedasticity
(White’s test) and autocorrelation (Wooldrige’s test) and
corrected for autocorrelated errors (lst term autoregressive:
AR1) and heteroskedasticity using generalized least-squares
(GLS) regressions with both fixed and random effects. We
employed the Hausman test to evaluate how parameter
estimates differ between both approaches: the null of the test
is that the coeflicients estimated by the random effects
estimator (more efficient) are the same as the ones estimated
by the fixed effects estimator (more consistent). If the
difference is statistically significant (p < 0.0S), then analyses
should use fixed effects estimators. Here we provide both fixed
and random effects results, as we do not find sufficient evidence
to fully reject the null of random effects (see the Supporting
Information, Tables S1 and S2). The random effects model
assumes that the time and individual components are not fixed
over time, and that all countries in the panel have time-variant
effects. Stated differently, the random effects model allows for
estimating the urbanization coefficient taking into account
heterogeneity across nations, with the time and individual error
components being estimated individually from each other. An
important drawback of the random effects approach, however,
is the bias that partial pooling introduces in coeflicient
estimates, especially in situations where omitted variable bias
may occur, which is likely to be the case here. The fixed effects
estimation, in contrast, avoids that bias, because confounding
from an omitted variable is removed via the separate unit
effects.”’ Fixed effects models respect the orthogonality
assumption and are better suited as an estimator for a
nonrandomly selected sample of countries. Our fixed effects
estimator also allows us to correct for endogeneity between
emissions and energy variables. We do not consider the
endogeneity to be evidence of true causality because emissions
and energy-use could be driven by a common third process
with different lags. Our fixed effects specification corrects for
endogeneity albeit with a large standard error. From a
theoretical standpoint, we also expect high energy-consumption
(in a fossil fuel based economy) to lead to more CO,
emissions and not the other way round; therefore, we do not
find issues with reverse causality and misspecification in the
model.

The net outcome of our models is estimates of the impact of
urbanization on national CO, emissions per capita, controlling
for variables such as per capita income,” Eercentage of land
dedicated to agriculture,”” and energy use.”” In our analyses,
CO, per capita refers to the natural log of metric tons of
petroleum consumption per capita (dependent variable).

Agriculture intensity is the natural log of the proportion of
land dedicated to agriculture adjusted for population. Total
energy use is log-transformed (units: natural log of kg of oil-
equivalent per capita). Income is the natural log of GDP per
capita (2005 dollars).*® The natural logarithm allows us to correct
for some of the skewness of the distribution, making the data sets
closer to a normal distribution, and allows for the coefficients to
be interpreted as elasticities.

Urbanization is defined here as the percentage of the total
population that lives in urban areas, as defined by the United
Nations (UN) Section on Population Division, Estimates, and
Projects.** This definition follows country-by-country defini-
tions of “urban”; it thus avoids using uniform criteria to dis-
tinguish between urban and rural areas because of the variety
of situations in which urbanization arises around the world,
instead relying on national statistical offices to establish and
characterize the most appropriate criteria for their urban
areas.”* Establishing a rigid criterion that would define an urban
area as one where, for example, population exceeds a certain
amount could be inappropriate for countries like India, where
rural areas with none of the characteristics of urban areas fre-
quently can have a large number of inhabitants.** The data on
urban areas and urban populations employed here are based on
definitions by national statistical offices, and are reported by the
UN.** Those definitions could include administrative bounda-
ries, population size and density, economic, and other criteria
related to the functional nature of urban areas (e.g., availability
of water-supply, sewerage, or electric lighting).

As a sensitivity analysis, we separately developed models
allowing for nonlinearities, including interactions between
income, urbanization, and strength of environmental policy;
results are in the Supporting Information. Results below are
statistically significant for one and two-sided tests unless stated
otherwise.

B RESULTS AND DISCUSSION

Descriptive statistics are in Tables 1 and S1 (Supporting
Information). Correlations among the variables are in Table 2.
For the period 1983—2005, economic growth rates were
slightly higher for high-EPI than for low-EPI countries

Table 2. Correlations Among Variables

agricultural energy GDP/

CO, intensity use capita  urbanization
CcoO, 1
agricultural 0.12 1
intensity
energy use 0.88 0.053 1
GDP/capita 0.93 0.081 0.89 1
urbanization 0.76 0.051 0.68 0.79 1
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Figure 2. Elasticity values by geographic region (subplots A and B) and by policy framework (C, D), based on percent changes (A, C) and absolute-
value changes (B, D). For example, for all regions, a 1% increase in urbanization is associated with a 0.95% (0.021 tCO,) increase in emissions per
person per year. “Higher-income” versus “lower-income” categorization is based on the year-2009 GPD per capita being above or below US$11,456.
++ Statistically significant at the 1% level for one and two-sided significance tests. + Statistically significant at the 10% level for one and two-sided
significance tests. * Statistically significant at the 10% level for one-sided significance tests (H, for higher-income countries: coef > 0; H, for lower-
income countries: coef < 0).
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(average annual GDP growth: 2.6% versus 2.3%, respectively, p
< 0.05). Among higher-income countries, per capita GDP is
similar between high versus low EPI countries (means: $23,500
vs $22,300; p < 0.06). In contrast, for lower-income countries,
mean income differs between high-EPI ($4,400) versus low-EPI
($2,100) nations (p < 0.01). Average annual growth in per
capita CO, is greater in higher-income than in lower-income
countries if one considers absolute emission-increases (annual
change in emission rate, units: [kgCO, person™ y~'] y': 66 vs
17, p < 0.01), but the reverse holds if one considers relative
emission-increases (0.63% y~' [higher-income] vs 0.88% y'
[lower-income], p < 0.01). Between 1983 and 2005, average
annual growth in urbanization rates was six times higher for
lower-income countries than for higher-income countries
(0.89% y ' vs 0.15% y').

Our regression models estimate CO, emissions (dependent
variable) as a function of urbanization, percentage of land
dedicated to agriculture, income, and energy use. We find little
evidence to support a nonlinear relationship between environ-
mental impacts and urbanization. (We also do not find evi-
dence in the data to support an environmental Kuznets curve
for CO, emissions.) Here we highlight results from our mono-
tonic (log—linear) model (Supporting Information, Tables S2
and S3 model A), which is parsimonious, yet it explains 82% of
the variance in CO, emissions.”>*® In general, regression
models isolate the impact of each independent variable on the
dependent variable, accounting for variations in other indepen-
dent variables. Some countries in the panel have a significant
proportion of nonfossil energy, including the Scandinavian
countries (~45% large renewables), France (~80% nuclear),
Belgium (~54% nuclear), Switzerland (~40% nuclear), Brazil
(~90% hydro), and Germany (25% renewables). Other coun-
tries have an energy mix that is diverse and changing. On
average, increases in income, energy use, and the percentage of
land dedicated to agriculture each lead to higher emissions
levels. Agriculture is energy-intensive and may play an im-
portant role in national CO, emissions.”’

The all-country emissions elasticity for urbanization is sta-
tistically significant, with a value of 0.95 (95% CI: 0.27—1.7);
i.e, a 10% increase in urbanization is on average associated with
a 9.5% increase in emissions per capita, all else being equal. An
elasticity between 0 and 1 (“inelastic”) indicates that the
percentage change in emissions is smaller than the percentage
change in urbanization. An elasticity greater than 1 (“elastic”)
means that a percentage change in urbanization leads to a
more than proportionate change in CO, emissions. A negative
elasticity means that urbanization reduces per capita emissions.
Elasticity values from random and fixed effects models are
statistically significant for lower-income Europe (0.96; 95% CI:
0.33—1.6), India and the Sub-Continent (3.2, 95% CI: 0.18—
6.3), Latin America (1.3; 95% CI: 0.64—1.9), and Africa (1.3;
95% CI: 0.72—1.8). Elasticity values for lower-income Asia are
statistically significant for fixed effects models but not random
effects models.

Figure 2 presents relative and absolute changes in emissions
per change in urbanization. Coefficient estimates and con-
fidence intervals are presented in Tables S3—S6 (Supporting
Information). The lower-income group shows a positive and
statistically significant elasticity with random and fixed effects
estimators (1.1; 95% CI: 0.35—1.7); overall, elasticity values for
the higher-income group are not statistically significant.

Elasticity values for countries with strong environmental
outcomes and policy (high scoring EPI) suggest that, all else
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equal, strong environmental policy reduces the urbanization
emission elasticity (makes it less positive or more negative).
That is, urbanization has a more beneficial impact (or, a less
negative impact) in countries with strong environmental policy
than in other countries. Elasticity values are statistically
significant for both random and fixed effects models for
lower-income countries with low EPI, Kyoto ratified, or Kyoto
nonratified. In addition, for random effects models, elasticity
values are statistically significant for higher-income countries
with strong environmental outcomes and policy (high EPA and
Kyoto ratified). Urbanization is correlated with reduced CO,
emissions in lower-income countries with strong environmental
performance (0.21; 95% CI: —1.1 — +1.6) than in lower-
income countries with weaker environmental policies (1.3; 95%
CL 0.51-2.1).

A negative elasticity (coefficient < 0) suggests that urbaniza-
tion reduces average per capita emissions. A negative “elastic”
elasticity (coefficient < —1; see higher-income, high-EP], ran-
dom effects model) implies not only that urbanization reduces
emissions, but also a multiplier effect whereby an individual
moving from a rural to an urban area impacts his/her own emis-
sions plus emissions from other people in a community.”® (The
rationale that elasticity < —1 necessarily uncovers a “multiplier”
effect follows from the observation that any individual,
including one moving to an urban area, can at most reduce
her own emissions by 100% [i.e., to zero emissions]; therefore
elasticity < —1 means that each person moving to an urban area
impacts [reduces] others’ emissions too.) Potential mechanisms
for a multiplier effect are as follows. As urban demand for
goods, services, employment, and schools increases, govern-
ments and markets may respond with improved public
transportation services, roads, and other infrastructure that
could reduce total emissions,” all potential aspects of energy-
efficient urban form.'® Under the right circumstances, urban-
ization can also trigger two other important greenhouse gas
(GHG) offsetting forces: it can slow national population
growth through changing fertility patterns (as women have
more employment opportunities, they might marry later and
delay having their first child), and it can provide incentives for
smaller household sizes (urban land is more expensive than
rural land; health care is more readily available in urban areas,
which reduces child mortality and thereby makes smaller family
size more likely), which potentially reduces a household’s
energy demand.””*°

Most (~95%) of the global population growth in coming
decades is expected to occur in urban areas of lower-income
countries.”’ Our results suggest that for lower-income countries,
the elasticity is positive, elastic, and statistically significant (i.e.,
growth in urban population increases per capita emissions).
Urbanization correlates with increasing economic activity, which
can increase energy consumption and CO, emissions.””*"**

We generated several alternative models to explore the
robustness of our findings; see the Supporting Information.
The additional models generally yielded consistent results. For
example, if we allow an urbanization—income? interaction term
in the model, the urbanization—emissions elasticity remains
positive and small for lower levels of income with strong
environmental policy (0.37; 95% CI: —0.96 — +1.7) and
remains negative but not statistically significant for higher-
income countries with strong environmental policy (—0.95;
95% CI: —4.3 — +2.4). Our policy—income’—urbanization
interaction terms were equally consistent with the results
described above (Supporting Information, Tables $4—S7).

dx.doi.org/10.1021/es405117n | Environ. Sci. Technol. 2014, 48, 3632—3639



Policy Analysis

Environmental Science & Technology

"(STY9) sorenbs

-)sea] payoInsaI pue (S TJ) sarenbs-jses] renred (STH) sarenbs-ysea] pazieraual ‘() S9OUSISPIP ISIY ‘S[PPOW () SSE[> JUSIL[ IPN[IUL 3197 PIIST] SPOIat [eansne3s, K3ojoune) X souanpye X uonemdod
= pedun o s1p1 1yd] ‘Ppow £3ojourpay pue ‘ousnge ‘vonendod uo uorssaidar £q syoedur [ejusTIUOIAUS dUSEYD0)S Y} ST LV II LS, "SUOISSIUId 0D [243] Anunoo are sa[qerrea yuspuadap 1y,

(L9°0—) 1d9 mo[—awoour y3ry

(2€'1-) 1d9 y3ry—swoour y3ry

(6T°T) Idd moO[—awodour MO[

(20°0) 1d9 YSry—awoour mo]
(16°0) semunod Je

(79°0) semunod Je

(0£°0) semunod Jre
(£5°0) YW (£7°0) [ppru-1omoy
(€20) S[pprw-1amo]

(€€°0) awodour-moy ($7°0) S3MIUNOd e

(8%°0) somunod padoppasp

(£8°0) swoour y3ry

(2#'1) S[pprw-1addn

(L61) dIpprw-1omo]

(8$°T) swoour-mof (1) s3LUNOd
ITe "uoneziueqin jou uonendod

(9€0) swodur-y3iy
(15°0) dwoour-3[pprut
(£4°0) swoour Mo[ (S°0) SAMIUNOD e
(s'0) awod
-ur appprw-raddn /a[ppruw-moy
(08°0) dWOdUT J[PPIL-MO]/MO]
(£T—150) samunod [pe

Aypnse[s uoneziueqn

(xopu] 2douRWLIONR]

[EIUIWUOTIAUY S AJISTOATU[) d[ex

‘uoneoyney 0304y) £orjod (esy iseq dyped

Quaunuo)-qng ‘edUJy ‘edILLDWY YHON

‘eouPWY une| ‘wmouumc uor3ar ¢ (semyunoo

swoour ySry pue ‘Spprw-raddn ‘Sppprur
-19MO] ‘MO]) SWOdUI {SOOT—E86T ‘SANUNOd (8

9661 ‘SAUNOD 94T

ejep Apeak ‘866T—SL6T ‘SAUNod 98
erep A[1eak ‘S007—0L61
SaLIUNOd dwodur Y3y pue ‘S[pprur
-1oddn ‘o[pprw-1Mo] ‘MO :S3LIIUNOD 80T

STeATOJUT Te94-G I SUONBAIISQO dpN[OUT
PUB S00T—0961 :sammunod padofaaap /T

eyep
Apreak ‘966T—SL61 ‘satnunod swodur Y3y
‘Spprur-1oddn ‘B[ppruw-1aMo] ‘MO] :$3LIUN0d €6

ejep A[reak ‘S0OT—SL6T ‘sonunod
suroour Y3y pue ‘S[pprur ‘Moj SALIUNod 66

eyep Apread ‘€007—SL6T
‘owoour s[pprw-1addn pue ‘S[ppru-1amor
‘mof :satunod Jurdofaasp gg

ejep

sjuaunsnipe
uonendod apnpur sajqerrea
=m|?ﬁmmu 12d juareambs o mmv
asn £310u0 (%) puey [eamynouse
‘(%) uonezueqin ‘eydes /3o
Aﬁv uoneziueqn ‘qqon Aﬁxu
[emsnpur “eyides/ 3o ‘vonemndod
dao a%x.v Suumyoeynuewr ‘Ayisusyur
1oud ‘eyded /ddD ‘@Indnis
a3e ‘ajer uoneziueqm ‘vonemndod

Ayisuayur
£81ous ‘amyonns uonemdod
‘uonezrueqn ‘eydes/J@o ‘vonemndod

12303 (%) uondwnsuod

£31oua [eIsSNpUI “{I0M)PU pEOI

303 Aﬁxo [re1 ‘fe303 A§v uondwnsuod

£)o109[2 [euUIpISaI ‘(%) s[ony Tissoy

uou M&% uonezIUeqIN ‘9IN3onys
uonendod ‘“eydes/Jqo ‘vonemndod

(%)33e

£q paynens uvonemndod Sunjrom

‘dad (%)31qepenuou ‘qan (%)

$901ATRS ‘I(D (%) SunrmoenuEw
‘endeo/ 3o ‘vonemndod

asn

£31ous e30) ‘voneziueqm ‘JdO (%)

$901AT38 ‘gD (%) Ansnpur ‘ysujur
£3rouas ‘endes/g@o ‘vonendod

dad (%) Ansnpur
“houspyge 4319ua‘ormnionns a3 (9
uoneziueqmn ‘endes/Jqo ‘vonemndod

S9[qeLIeA [013U0d

(1
passnipe uonemndod
(STY) LVQILLS

(ad) LVadLLS

(ST1d) LVAALLS

(ST0) LVAALLS

(STD) LVIILLS

(ad) rvdi

(O71) LVQILLS
A8ojopoyjour

29V’

£orjod
[BJUSWUOIATUD
pue
‘uordar ‘Quoour
uonesynens ou

uonedynens ou

uwroour

arnjpnns ade

woour

awodur

awoour

uonesynens

Sd1Ie JUISAI]

€00T “Te 3 JOX

+007 ‘ToAewmaN pue 3[0)

0T0T “Te 30 ueq

010 ‘SunT pue 3[ppr]

€00T 1S

110C
‘oyouey] pue Suoafuewmog

110T ‘DInoIeN
ﬁ:w 0Z0ZIe7-ZIUNIeA

Amvuofzm

3IN)eIAIT Y} Ul SUOISSTWY ‘Q) pue uonezrueqin) ‘< d[qeL

dx.doi.org/10.1021/es405117n | Environ. Sci. Technol. 2014, 48, 3632—3639

3637



Environmental Science & Technology

Policy Analysis

As income increases, environmental impacts may shift from
immediate and localized issues, to more delayed issues such as
air and chemical pollutants and later to sustainability.'>**~*
With increasing urbanization and wealth, developing nations
have been shown to pollute faster, and at lower income levels,
than did developed countries.*® Although recent research
has reported a negative urbanization—emissions elasticity for
higher-income countries, and some work has investigated
regional impacts, no prior research has investigated the income,
regional and policy interactions of this relationship.**~3!
Importantly, our investigation did not find evidence that
urbanization reduces emissions similarly across all incomes and
environmental policy groups; instead, we found evidence of a
negative elasticity only in some cases (higher-income countries
with high EPI or with Kyoto ratification).

Our results corroborate earlier findings that urbanization is
an increasingly important determinant of GHG emissions in
the developed and developing world.*”~** We bridge a gap in
the literature by considering the urbanization—emissions rela-
tionship by region, national income, and strength of environ-
mental policy (Table 3). STIRPAT (stochastic environmental
impacts by regression on population, affluence, and technology)-
based approaches have reported that urbanization’s impact
on CO, emissions is smaller in higher-income countries than
in other countries but with a positive elasticity for all income
levels.*7°! In contrast, we find the urbanization—emissions
elasticity to be negative and statistically significant only in
specific cases (countries with higher-income and strong
environmental policy). Our findings indicate that the relation-
ship between urbanization and higher-income is not in itself
sufficient to foster a negative elasticity with carbon emissions;
rather, strong environmental policy and its implementation are
essential to reduce the environmental footprint of urbanization.
That finding, highlighting the importance of environmental
policy, is a core contribution of this article to the literature.

A strength of the analyses presented here is that they employ
panel data, thereby allowing us to explore changes over time in
many locations. A limitation of our analyses is that we are
unable to identify specific policies that might impact the elastic-
ity in different regions and levels of urbanization and develop-
ment. That type of research is an important next step. Variables
not explicitly examined here include urban density, the
proportion of specific energy end points (e.g, transportation,
heating, electricity-generation) met using nonfossil sources, and
weather. We leave those evaluations for future research. Our data
rely on self-reported values from participant countries; we were
unable to verify raw-data estimates. In addition, our data cover
direct emissions only, not life cycle emissions; others have found
that life cycle approaches shed important and useful light on
understanding the environmental impacts of urbanization.**”°

As with many empirical analyses, causation is unclear: policy
differences may cause the observed differences in elasticity
values, may be caused by the differences in elasticity, or may
merely correlate with other unobserved differences. Although
not explored here, as different regions and countries develop and
populations grow, they face vastly different challenges related to
urbanization (and, potentially, different urbanization—emission
elasticity values); policy solutions may differ by region, country,
or within-country area. Our statistical analyses in some cases
grouped low, lower-middle, and upper-middle income catego-
ries, because certain models given here yielded similar results for
the three groups; however, the policy challenges and potential
solutions they face may differ. Evaluating how population density
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and how national and inter-regional urban area characteristics
shape the urbanization—emissions elasticity — within national
and regional scenarios — is a natural next step in future work.
Overall, our results support hypothesis 1b but do not support
hypotheses 2a and 2b. We find only partial support for hypoth-
esis 1la, specifically only for higher-income nations with strong
environmental policy. Our findings highlight the potential role
of policy as a contributor to the elasticity magnitude; the results
do not reveal location-invariant universal urban scaling laws.
Our research suggests that in both developed and developing
countries alike, the CO, impacts of urbanization are better
(lower) if they come accompanied by the successful develop-
ment and implementation of strong environmental policies.
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Supplemental Results

Table S1. Descriptive Statistics for Selected Groups

Urbanization

CO2 Emissions
Group* (SUS GD]}ncc:ﬂmen_l ) (% of Population Living in _ll .
person—yea Urban Settlements) (tCO, person™ year™)
Mean (STD) Mean (STD) Mean (STD)
All Countries $7,000 ($9,400) 55% (22%) 23@3.2)
High-Income $23,000 ($6,500) 77% (10%) 5.83 (1.3)
Low-Income $2,500 ($2,900) 49% (21%) 1.31 (1.6)
EPI Countries $13,900 ($11,000) 69% (11%) 3.6(1.8)
High-Income $16,000 ($10,600) 72% (12%) 4.5(2.4)
Low-Income $5,600 ($8,400) 52% (21%) 1.2 (2.5)
Non-EPI Countries $4,400 ($1,200) 50% (23%) 1.8 (2.5)
High-Income $7,400 ($9,900) 53% (23%) 2.3(2.6)
Low-Income $4,400 ($6,700) 51% (22%) 1.9 (24)
Kyoto Countries $7,800 ($9,700) 57% (21%) 2.5(2.5)
High-Income $8,300 ($10,000) 58% (21%) 2.7 (2.6)
Low-Income $6,600 ($9,000) 54% (22%) 2.2(3.3)
Non-Kyoto Countries $4,100 ($7,700) 47% (25%) 1.6 (2.4)
High-Income $13,000 ($12,000) 61% (24%) 3.6 (2.9)
Low-Income $3,100 ($4,900) 50% (21%) 1.5(1.9)

* Group comparisons were performed via analysis of variance (ANOVA). All entries in the bottom four rows are
statistically significantly different than the first row (p < 0.01).



Table S2. Regression Results — Fixed Effects

[A] [B] |(¢] D]
Variable” GLS® 5% p.value Income Nonlinearity P-Value Urban Nonlinearity P-Value P-Value
cn (95% CI) (95% CI) Full Model’ (95% CI)
Agricultural Intensity 0.0675 (0.0141 - 0.121) 0013 ** 0.325 (0.241 - 0.408) <0.001  ** 0.321 (0.239 - 0.402) <0.001  **x 0351 (0.233 - 0.398) 0023
Energy Intensity 0.334(0.251 - 0.416) <0.001  *** 0.372(0.273 - 0.471) <0.001  *** 0.361 (0.263 - 0.459) <0.001  *** 0.370 (0.271 - 0.469) <0.001 =
Income .357 (259 - .456) <0.001  *** 0.287 (0.177 - 0.398) <0.001  **x 0.320 (0.217 - 0.425) <0.001  **x 0.302(0.192 - 0.412) =0.001  **
(Income)? = = -0.0291 (-0.0614 - 0.00315)  <0.001 *** - - -0.0189 (-0.0514 - 0.0135) 0254 -
Urbanization ** 0.949 (0.271 - 1.68) <0.001  *** 1.01 (0.361 - 1.66) <0.001  *** 0.751 (0.0801 - 1.42) <0.001 = 0.790 (0.113 - 1.44) 0.018  *
(% Urban)* = = - - -0.000334 (-0.000507 - -0.000172) <0.001 -0.0003245 (-0.000492 - -0.000158) <0.001  ***
Constant -1.08 (-1.16 - -1.00) <0.001  *** -1.04 (-1.13 - -0.961) <0.001  *xx -1.04 (-1.12 - -0.959) <0.001 = -5.89 (-6.37 - -5.15) <0.001 =
Adjusted R* Overall 0.749 0.754 0.772 0.914
Overall Model P-Value (0.001) (0.001) (0.001) (0.001)
Hausman Test (Prob > Chi*)* 0.0599 0.053 0.0248 0.0922
Countries 80
Years 1983-2005

*** Indicates statistical significance (two-sided) at the 1% level, ** at the 5% level and, * at the 10% level.

[1] CO2 per Capita is the natural log of metric tons of petroleum consumption per capita. Agriculture Intensity is the natural log of the proportion of land dedicated to agriculture adjusted for population effects. Energy Intensity is the natural log of kg of

oil equivalent per capita. Zncome is the natural of GDP per capita in 2005 dollars. U

of the total

is the p

living in urban arcas.

[2] A In(dependent variable) - In(independent variable) regression produces coefficients that can be understood as clasticities. eg., a 1% increase in agricultural intensity leads to a 0.0675% increase in CO, emissions per capita. When the independent

variable is a the coel

has to be

[3] GLS corrects for heteroskedasticty and autocorrelation in the error terms. A random effects

panel may have some influence on the dependent variable.

allows for

by 100 to obtain the elasticity (urbanization). cg., a 1% increase in urbanization leads to a 0.908% increase in CO2 emissions per capita.

among nations and is used when there is reason to believe that differences across entities in a

[4] According to the World Bank some countries define urbanization based on the size or characteristics of settlements and others base their definition on the presence of certain infrastructure and services. For most countries in the data set

'urban population’ is that which is living in 'inner city, inner and outer suburban districts, and inner and outer counties'.

5] In the regional, income, and policy framework models every binary i

term is

by the urt

urbanization coefficient from the urbanization*interaction coefficient.

[6] The null of the hausman test is that the coefficients estimated by the random effects estimator (more efficient) are the same as the ones estimated by the fixed effects estimator (more

significant (5% is considered appropriate) then the analysis should be used using a fixed effects estimator. Here we fail to reject the null of random effects and estimate our models using random effects.

Table S2. Regression Results — Random Effects

). If the di

term. The regional, income, or policy urbanization-emissions elasticity is then obtained by subtracting the

is statistically

[A] [B] IC] [D]
Variable!? GLS’ P_Value Income Nonlinearity P-Value Urban Nonlinearity P-Value Full Model® P_Value
(95% CI) (95% CI) (95% CI) (95% CI)
Agricultural Intensity 0.0675 (0.0141 - 0.121) 0.013 e 0.0504 (0.00168 - 0.0984) 0.043  ** 0.0678 (0.0179 - 0.117) <0.001 ¥ 0.0542 (0.00736 - 0.101) 0.023  **
Energy Intensity 0.385(0.299 - 0.471) <0.001  *x* 0.429 (0.345 - 0.515) <0.001  *** 0.404 (0.321 - 0.488) <0.001  *** 0.436 (0.352 - 0.520) <0.001  ***
Income 0.462 (0.387 - 0.537) <0.001  xx 0.434 (0.361 - 0.507) <0.001 0.474 (0.401 - 0.546) <0.001 % 0.451 (0.379 - 0.523) <0.001 ¥k
(Income)’ - - -0.0585 (-0.0797 - -0.0374) <0.001 *** - - -0.0438 (-0.0655 - -0.0223) <0.001  ***
Urbanization ** 0.906 (0.541 - 1.27) <0.001  *x* 0.874 (0.524 - 1.21) <0.001  *** 0.546 (0.178 - 0.914) <0.001  *** 0.581(0.226 - 0.937) <0.001  ***
(% Urban)® = = - - -0.000307 (-0.000404 - -0.000211) <0.001  #*** -0.000256 (-0.000353 - -0.000159) <0.001  ***
Constant -5.87 (-6.71 - -5.04) <0.001  k** -6.02 (-6.78 - -5.26) <0.001 *** -5.74 (-6.52 - -4.95) <0.001  *** -5.89 (-6.37 - -5.15) <0.001  ***
Adjusted R* Overall 0.886 0.905 0.904 0.914
Overall Model P-Value (0.001) (0.001) (0.001) (0.001)
Hausman Test (Prob > Chi?)* 0.0599 0.053 0.0248 0.0922
Countries 80
Years 1983-2005

*** Indicates statistical significance (two-sided) at the 1% level, ** at the 5% level and, * at the 10% level.

[1] CO2 per Capita is the natural log of metric tons of petroleum consumption per capita. Agriculture Intensity is the natural log of the proportion of land dedicated to agriculture adjusted for population effects. Energy Intensity is the natural log of kg of

oil equivalent per capita. Income is the natural of GDP per capita in 2005 dollars. Urb

[2] A lng variable) - In(

variable)

is the percentage of the total p

living in urban areas.

variable is a percentage the coefficient has to be multiplied by 100 to obtain the elasticity (urbanization). eg., a 1% increase in urbanization leads to a 0.908% increase in CO2 emissions per capita.

[3] GLS corrects for heteroskedasticty and autocorrelation in the error terms. A random effects regression regression allows for heterogeneity among nations and is used when there is reason to believe that differenc
pancl may have some influence on the dependent variable.

across entities in a

produces coefficients that can be understood as elasticities. eg., a 1% increase in agricultural intensity leads to a 0.0675% increase in CO, emissions per capita. When the independent

[4] According to the World Bank some countries define urbanization based on the size or characteristics of settlements and others base their definition on the presence of certain infrastructure and services. For most countries in the data set

‘urban population' is that which is living in 'inner city, inner and outer suburban districts, and inner and outer counties'.

[5] In the regional, income, and policy framework models every binary interaction term is multiplied by the urbanization term. The regional, income, or policy urbanization-emissions elasticity is then obtained by subtracting the
urbanization coefficient from the urbanization*interaction coefficient.

[6] The null of the hausman test is that the coefficients estimated by the random effects estimator (more efficient) are the same as the ones estimated by the fixed effects estimator (more consistent). If the difference is statistically
significant (5% is considered appropriate) then the analysis should be used using a fixed effects estimator. Here we fail to reject the null of random effects and estimate our models using random effects.
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Figure S1. Outliers: Leverage and Influence. China, Thailand, Trinidad and Tobago, Singapore, and Ireland.

In general, high leverage observations are those with an extreme value on a predictor variable (such as
Singapore with urbanization, for example), and outliers are those observations that are numerically distant
from the rest of the data. Influence refers to the ability of an observation to substantially affect the
estimate of regression coefficients. China, Singapore, Thailand and Trinidad and Tobago are outliers with
high residuals (and influence within their regional groupings), while the case of Ireland is different as it is
a case of influence. In an iterative analysis to investigate which countries had strong influence in Europe
(running our regressions to see which countries markedly affected results), Ireland stood out from the rest
and was removed from the sample. Other studies have shown that Ireland is an outlier in European terms
regarding decoupling CO2 emissions from transport emissions from 1970-2000 as it achieved
immaterialisation (which describes the decoupling of both material production and consumption from
economic production and can be measured by using indicators such as energy intensity or transport
intensity) of transport during this time period and was markedly above the EU15 average in
dematerialization of transport (referring to the decoupling of the specified environmental harm from
material production and may consist of technical development and/or shifts within the sector observed
and can be measured, by changes in the carbon intensity of energy production or by changes in the
carbon intensity of transport). Ireland experienced a below average freight intensity and passenger
transport intensity, with a completely different economic sectorial shift focusing on high-tech industrial
production rather than in service employment.

Tapio, P; et al. Energy and transport in comparison: Immaterialisation, dematerialisation and
decarbonisation in the EU15 between 1970 and 2000. Energy Policy. 2007. 35, 433-451.
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Figure S2. Scatter Plot: tCo2 Emissions/Capita vs. %Urbanization and InCO, Emissions.(A) Linear model (emissions
and urbanization), (B) Non-linear model with an urbanization® term, (C) Linear model (emissions and income), (D)
Non-linear model with an income? term. The linear models are a better fit overall.
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Figure S3. tCo2 Emissions/Capita vs. %Urbanization. Each group includes countries such as: EPI high-income:
Austria, Japan, Norway and Switzerland, EPI low-income: Chile, Hungary, Malaysia and Panama, Kyoto high-income:
Sweden, France, United Kingdom, and Canada, and Kyoto low-income: Algeria, Angola, Cameroon, and El Salvador.

* Data for each group is from 1983-2005.
** Bubble size represents per capita income, thus different bubble sizes represent income differences across groups.



Table S4. Regional Results — Fixed Effects

IA] [B] (o] D]
i 12 GLS Linear Model’  Two-Sided One-Sided ~ Hausman GLS Income’ Two-Sided P-  One-Sided 2 GLS Urbanzation® Two-Sided One-Sided Hausman Full Model® Two-Sided  One-Sided 2
Region’ b 2 . ; Hausman (") b v 2, b Hausman (X)
(95% CI) P-Value  P-Value o’ (P-Value) (95% CI) Value P-Value 95% CI) P-Value  P-Value o) 95% CI) P-Value P-Value

High Income Europe -0.0828 (-2.31-2.15) 0.942 0471 10.50 (0.0623) 0.176 (-2.00 - 2.35) 0.874 0437 9.82(0.1324) -0.196 (-4.13-3.74) 0.922 0461 15.51 (0.030) 0.00296 (-3.84 -3.84 0.999 0.500 13.70 (0.0900)
Lower Income Furope 0.687 (-0.236 - 1.60) 0.144 0.072 23.72(0.001) 0.744 (-0.164 - 1.65) 0.108 0.054 25.30 (<0.001) 0.759 (0.0515 - 1.46) 0.036 0.018 2646 (<0.001) 0.796 (0.100 - 1.49) 0.028 0.014 25.08 (0.0015)
USA and Canada 0.959 (-4.14 - 6.06) 0.713 0357 7.13(02112) 1.31(-3.71-633) 0.608 0304 10.84 (0.0935) 10.48 (-5.91 - 80.11) 0.768 0.384 9.12/(0.2443) 8.50(-61.1-782) 0811 0.406 9.23(0.3232)

India and the Sub-Continent 3.23(0.184-6.29) 0.038 0.019 16.67 (0.0052) 322(0.221-6.23) 0.035 0.018 15.34(0.0178) 14.5(-283-342) 0.038 0019 34.69(<0.001) 14.7(-28.2-25.8) 0.033 0.017 41.09 (0.001)
Latin America 1.26(0.116 - 2.42) 0.031 0.016 14.91 (0.0107) 1.49(0.394 - 1.83) 0.008 0.004 23.70 (0.001) 1.58 (0.485 - 2.69) 0.005 82.64 (0.001) 1.74 (0.671 - 2.81) 0.001 0.001 78.20 (0.001)

High Income Asia 0.109 (-5.21 - 5.44) 0.968 0.484 7.67(0.1754) 0.338(-4.93 - 5.61) 0.900 0450 1043 (0.1079) -1.09(-11.9-9.81) 0.844 19.75 (0.0061) -0.982%(-11.8-9.81) 0.859 0.430 15.29 (0.0537)
Lower Income Asia 1.70(-0.200 - 3.61) 0.080 0.040 12.02 (0.0346) 1.67(-0.127 - 3.49) 0.068 0.034 15.09 (0.0196) 1.44(-0.499 - 3.39) 0.192 22.56 (0.0020) 1.44(-0.448 -3.34) 0381 0.191 15.87 (0.0443)
Africa 0.795 (-0.226 - 1.81) 0.127 0.064 24.72(0.001) 0.712(-0.256 - 1.69) 0.149 0.075 20.55 (0.0022) 0.218(-1.33-0.901) 0.702 30.14 (<0.001) 0.224(-1.31-0.864) 0.686 0.343 20.94 (<0.001)

[1] A In(dependent variable) - In(independent variable) produces coeflicients that can be und das eg., a 1% increase in agricultural intensity leads to a 0.0675% increase in CO, emissions per capita. When the independent variable is a percentage the

coefficient has to be multiplied by 100 to obtain the elasticity (urt
[2] According to the World Bank some countries define urbanization based on the size or characteristics of settlements and others base their definition on the presence of certain infrastructure and services. For most countries in the data set 'urban population' is that which is living in
'inner city, inner and outer suburban districts, and inner and outer counties'.

[3] GLS corrects for heteroskedasticty and autocorrelation in the error terms. A random effects

variable.

eg., a 1% increase in

allows for I

[4] One sided-tests of statistical significance. H, for High Income Countries: coef>= 0. H, for Low Income Countries: coef <= 0.

[5] The full model takes the general model into account in addition to an income nonlinearity (incomez) and an

2

ion nonlinearity (
[6] The Hausman test evaluates how parameter estimates differ between a fixed and a random effects approache: the null of the test is that the coefficients estimated by the random effects estimator (more efficient) are the same as the ones estimated by the fixed effects estimator (more

leads to a 0.908% increase in CO, emissions per capita.

among nations and is used when there is reason to believe that differences across entities in a panel may have some influence on the dependent

). Ifthe lly significant (p<0.05) then the analysis should be used using a fixed effects estimator.
. . .
Table S5. Income and Environmental Policy Results — Fixed Effects
[A] [B] (¢ D]
2 GLS Linear Model’ ~ Two-Sided One-Sided ~ Hausman GLS Income”  Two-Sided P-  One-Sided Hausman GLS Urbanzation’®  Two-Sided One-Sided ~Hausman Full Model® Two-Sided  One-Sided Hausman
Region 2 b ., PN ., ., 2 . 2
95% CI) P-Value  P-Value (P-Value) 95% CI) Value P-Value o (P-Value) 95% CI) P-Value  P-Value 4 (P-Value) 95% CI) P-Value P-Value 4 (P-Value)
Low, bnw?r-Midlle and 1.05(0.353 - 1.74) 0.003 0.002 13.84(0.0167) 1.07 (0.400 - 1.75) 0.002 0.001 7.17 (0.3055) 0.653 (-0.0638 -1.37) 0.074 0.037 8.25(0.4288) 0.681(-0.019 - 1.38) 0.057 0.0285 20.16 (0.0097)
Upper-Middle Income
High Income 0.09279 (-1.81 -1.99) 0.924 0.462 13.84(0.0167) 0.346 (-1.53 - 2.23) 0.719 03595 7.17 (0.3055) -0.377 (-4.04-3.27) 0.839 04195 21.32(0.0033) -0.192(-3.77-3.39) 0916 0458 13.64 (0.0917)
High-Income & High EPI -1.09(-4.44-221) 0515 0.258 11.00(0.0514) -0.949 (-4.25 -2.35) 0573 0.2865 8.44(0.2075) -0.136 (-7.24 - 6.97) 0.997 04985 16.82(0.0186) -0.0397 (-7.18 -7.102) 0.991 04955 10.76 (0.2158)
High - Income & Low EPI 0.648 (-1.69 - 2.99) 0.588 0.294 7.44(0.1902) 0939 (-1.33-3.21) 0417 0.2085 12,47 (0.0523) -0.466 (-4.74 - 3.81) 0.831 04155 11.94(0.1026) -0.248 (-4.36 - 3.87) 0.906 0453 14.48 (0.0701)
Low-Income & High EPI 0.206 (-1.118 -1.60) 0.772 0.386 11.87 (0.0365) 0.373 (-0.962 - 1.70) 0.584 0.292 12,50 (0.0517) 0228 (-1.51-1.96) 0.797 03985 1310 (0.0698) 0.337(-1.35-2.02) 0.694 0347 12.44(0.1327)
Low- Income & Low EPI 1.29(0.506 - 2.07) 0.001 0.001 12.78 (0.0256) 1.28 (0.529 0.001 0.0005 6.25 (0.3957) 0.589 (-0.261 - 1.44) 0.174 0.087 17.00 (0.0174) 0599 (-0.232- 1.43) 0.157 0.0785 9.94(0.2693)
Higher-Income Kyoto 0.0921 (-1.96 - 2.14) 0930 0.465 11.59 (0.0409) 0.733 0.3665 8.24 (0.2209) -0.457 (-4.18 -3.26) 0.81 0405 18.40 (0.0103) -0.264 (-3.90 - 0.338) 0.887 04435 15.18 (0.0558)
Lower-Income Kyoto 1.54(0.794 - 2.30) 0.001 0.001 150.98 (<0.001) 0.001 0.0005 261.87 (0.001) 118 (0411 - 1.94) 0.003 00015 22.35(0.0022) 1.20(0.451 - 1.94) 0.002 0.001 29.20(0.0003)
Higher-Income Non-Kyoto 0.0632(-5.03-5.16) 0.981 0.491 56.97 (<0.001) 0.323 (-4.70 - 5.35) 0.900 045 1924 (<0.001) 3.96(-2.55-33.4) 0.792 0.396 9.63 (0.2108) 3.76 (-2.54-3.29) 0.801 0.4005 9.94(0.2695)
Lower-Income Non-Kyoto -0.619(-1.95 -0.716) 0364 0.182 16.27 (0.0061) 1.57 (0.852 - 2.29) 0.000 0 34.64 (<0.001) 118 (0.411 - 0.194) 0.003 0.0015  22.35(0.0022) 1.02(0.451 - 1.95) 0.002 0.001 29.20(0.0003)
[1] A In(dependent variable) - In(independent variable) produces coefficients that can be understood as elasticities. eg., a 1% increase in agricultural intensity leads to a 0.0675% increase in CO, emissions per capita. When the independent variable is a percentage the

coeflicient has to be multiplied by 100 to obtain the elasticity (urbanization).eg., a 1% increase in urbanization leads to a 0.908% increase in CO, emissions per capita.
[2] According to the World Bank some countries define urbanization based on the size or characteristics of settlements and others base their definition on the presence of certain infrastructure and services. For most countries in the data set 'urban population' is that which is living in
'ner city, inner and outer suburban districts, and inner and outer counties'.

[3] GLS corrects for heteroskedasticty and autocorrelation in the error terms. A random effects

variable.

allows for

[4] One sided-tests of statistical significance. H, for High Income Countries: coef>= 0. H, for Low Income Countries: coef <= 0.

[5] The full model takes the general model into account in addition to an income nonlinearity (incomez) and an urbanization nonlinearity (urbaniznionz).
[6] The Hausman test evaluates how parameter estimates differ between a fixed and a random effects approache: the null of the test is that the coefficients estimated by the random effects estimator (more efficient) are the same as the ones estimated by the fixed effects estimator (more

consistent). If the difference is statistically significant (p<0.05) then the analysis should be used using a fixed effects estimator.

eity among nations and is used when there is reason to believe that differences across entities in a panel may have some influence on the dependent



Table S6. Regional Results — Random Effects

IA] IB] IC] ID]
Region™ GLS Linear Model’  Two-Sided One-Sided GLS Income’ (95%  Two-Sided One-Sided GLS Urbanzation>  Two-Sided One-Sided Full Model’ Two-Sided  One-Sided
(95% CI) P-Value P-Value CI) P-Value  P-Value (95% CI) P-Value P-Value (95% CI) P-Value P-Value

All Regions 0.908 (0.514 - 1.27) <0.001 <0.001 0.874(0.529 - 1.21) <0.001 <0.001 0.546 (0.179 - 0.913) <0.001 <0.001 0.581(0.226 - 0.937) <0.001 <0.001

High Income Furope -0.738 (-2.11 - 0641) 0.294 0.147 -0.202(-1.54-1.13) 0.767 0.384 -1.52(-5.91--0.352) 0.441 0.221 -1.51(-4.83-272) 0.584 0.292
Lower Income Europe 0961 (0.329 - 1.59) =<0.001 =0.001 0.967(0.351 - 1.58) <0.001 <0.001 0.632(0.211 - 1.05) <0.001 <0.001 0.661(0.251 - 1.07) =0.001 =<0.001
USA and Canada -1.53(-5.91-2.83) 0.245 0.123 -0.279 (-4.61 - 4.04) 0.249 0.125 -0.206 (-3.99 - 0.2485) 0.447 0224 -0.7092 (-4.67 - 3.26) 0.247 0.124

India and the Sub-Continent 3.72(1.48-5.92) <0.001 <0.001 286 (0.693 - 5.01) <0.001 <0.001 1.04 (-0.456 - 3.59) 0.087 0.043 0977 (0444 - 2.39) 0.089 0.045
Latin America 1.25(0.638 - 1.87) =0.001 =0.001 1.26 (0.681 - 1.83) =0.001 =0.001 0.819(0.412-1.22) =0.001 =0.001 0.821(0.429-1.21) =0.001 =0.001

High Income Asia -1.38 (-4.67- 1.91) 0.206 0.103 -1.21(-4.27-1.87) 0217 0.108 -3.62(-5.32-0.916) 0.274 0.137 -3.243 (-5.94 - -0.543) 0.106 0.053
Lower Income Asia 0418 (-0.618 - 1.45) 0215 0.107 0.993 (0.0347 - 1.94) 0.021 0.011 0.327 (-0.00427 - 0.898) 0.192 0.096 0.108 (-0.589 - 0.807) 0381 0.191
Africa 1.26 (0.723 - 1.79) =0.001 <0.001 1.05(0.538 - 1.57) =0.001 =0.001 0.252(-0.214 - 719) 0.145 0.073 0.275 (-0.173 - 0.724) 0.115 0.058

[1] A In(dependent variable) - In(independent variable) regression produces coefficients that can be und d as elasticities. eg., a 1% increase in agricultural intensity leads to a 0.0675% increase in CO, emissions per capita.

‘When the independent variable is a percentage the coefficient has to be multiplied by 100 to obtain the elasticity (urbanization).eg., a 1% increase in urbanization leads to a 0.908% increase in CO, emissions per capita.

[2] According to the World Bank some countries define urbanization based on the size or characteristics of settlements and others base their definition on the presence of certain infrastructure and services. For most countries in
the data set 'urban population' is that which is living in 'inner city, inner and outer suburban districts, and inner and outer counties'.

[3] GLS corrects for heteroskedasticty and autocorrelation in the error terms. A random effects regression regression allows for heterogeneity among nations and is used when there is reason to believe that differences across
entities in a panel may have some influence on the dependent variable.

[4] One sided-tests of statistical significance. H, for High Income Countries: coef>= 0. H, for Low Income Countries: coef <= 0.

[5] The full model takes the general model into account in addition to an income nonlinearity (incomez) and an urbanization nonlinearity (urbanizati 2).

Table S7. Income and Environmental Policy Results — Random Effects

IA] IB] €] ID]
L2 GLS Linear Model’ Two-Sided  One-Sided GLS Income’ Two-Sided One-Sided GLS Urbanzation’ Two-Sided  One-Sided Full Model® Two-Sided  One-Sided
Region (95% CI) P-Value  P-Value (95% CI) P-Value  P-Value (95% CI) P-Value  P-Value 95% CI) P-Value  P-Value
All Regions 0.908 (0.514 - 1.27) =0.001 =<0.001 0.874(0.529 - 1.21) =<0.001 =<0.001 0.546 (0.179 - 0.913) =0.001 <0.001 0.581(0.226 - 0.937) <0.001 =0.001
Low, Lower-Midlle and 1.05 (0.682 - 1.42) <0.001 <0.001 0971 (0.612-133) <0.001 <0.001 0539 (0.147 - 0.931) <0.001 <0.001 0.531 (0.147 - 0.916) <0.001 <0.001
Upper-Middle Income
High Income -0.887 (-2.09- 0.319) 0.150 0075 0311 (-1.50- 0.882) 0610 0305 -0.355 (:0.295 - 0.296) 0282 0.141 0711 (-1.37--0.0473) 0461 0231
High-Income & High EPT -1.32(-2.99-0.311) 0.112 0.056 -0.909 (-2.49 - 0.675) 0.260 0.130 -1.13(-3.32- 1.06) 0.596 0.298 -0.587(-2.74 - 1.57) 0.782 0.391
High - Income & Low EPI -0.666 (-2.61 - 1.28) 0.502 0.251 -0.765 (-2.47 - -0.235) 0.202 0.101 -2.67(-6.29 --0.371) 0.195 0.098 -1.76 (-5.31-0.182) 0278 0.139
Low-Income & High EPI 0.0159 (-0.867 - 0.899) 0972 0486 0.0361 (-0.812 - 0.935) 0.936 0.468 0.0476 (0.937 - 0.959) 0.470 0235 0.0738 (-0.891 - 1.79) 0.624 0312
Low- Income & Low EP1 119 (0.803 - 1.58) <0.001 <0.001 104 (0.658 - 1.41) <0.001 <0.001 0.625 (0.181 - 1.07) <0.001 <0.001 0.545 (0116 - 0.974) <0.001 <0.001
Higher-Income Kyoto -0.851 (-2.12- 0.422) 0.190 0.095 -0.315 (-1.56 - 0.929) 0.620 0310 -2.12(-5.56-1.31) 0.226 0.113 -1.57(-4.97-1.82) 0.364 0.182
Lower-Income Kyoto 0.968 (0.562 - 1.37) =0.001 =<0.001 0.861 (0.471 - 1.25) =<0.001 =<0.001 0.382 (-0.0645 - 0.827) 0.094 0.047 0.333 (-0.0981 - 0.765) 0.130 0.065
Higher-Income Non-Kyoto -1.77(-6.01-2.51) 0418 0.209 -0.99(-5.17-3.18) 0.640 0320 -0.854 (-0.0645 - 0.827) 0.949 0475 -1.01 (-0.0981 - 0.765) 0.939 0470
Lower-Income Non-Kyoto 1.12(0.562 - 1.37) <0.001 <0.001 0.871(0.471 - 1.25) <0.001 <0.001 0.644 (-0.0645 - 0.827) 0.103 0.052 0.727 (-0.0981 - 0.765) 0.103 0.052
[1] A In(d dent variable) - In(independent variable) ion prod flicients that can be understood as elasticities. eg., a 1% increase in agricultural intensity leads to a 0.0675% increase in CO, emissions per capita.

‘When the independent variable is a percentage the coefficient has to be multiplied by 100 to obtain the elasticity (urbanization).eg., a 1% increase in urbanization leads to a 0.908% increase in CO, emissions per capita.
[2] According to the World Bank some countries define urbanization based on the size or characteristics of settlements and others base their definition on the presence of certain infrastructure and services. For most countries in
the data set 'urban population' is that which is living in 'inner city, inner and outer suburban districts, and inner and outer counties'.

[3] GLS corrects for heteroskedasticty and autocorrelation in the error terms. A random effects regression regression allows for heterogeneity among nations and is used when there is reason to believe that differences across
entities in a panel may have some influence on the dependent variable.

[4] One sided-tests of | si . Hy for High Income Countries: coef>= 0. H, for Low Income Countries: coef <= 0.

[5] The full model takes the general model into account in addition to an income nonlinearity (incomez) and an urbanization nonlinearity (urbanizati 2).




Table S8. Equality of Regression Coefficients (P-Value)

Low, Middle, Upper-Middle High Income

High-Income & High - Income Low-Income

Low - Income

High-Income High-Income Lower-Income Lower-Income

Income High EPI & LowEPI & High EPI & LowEPI & Kyoto & Non Kyoto & Kyoto & Non Kyoto
Low, Middte, Upper-Middie <001 <001 0.091 0.035 0.612 <001 0.203 0.761 0.848
Income

High Income <0.01 0.666 0.842 0.238 <0.01 0.982 0.704 <0.01 <0.01

High-Income & High EPI <0.01 0.666 0.616 0.148 <0.01 0.652 0.856 <0.01 <0.01

High - Income & Low EPI 0.091 0.842 0.616 0.534 0.066 0.881 0.652 0.108 0.088

Low-Income & High EPI 0.035 0.238 0.148 0.534 0.0168 0.261 0.422 0.0541 0.036

Low- Income & Low EPI 0.612 <0.01 <0.01 0.066 0.0168 <0.01 0.196 0.234 0.856

High-Income & Kyoto <0.01 0.982 0.652 0.881 0.261 <0.01 0.666 <0.01 <0.01

High-Income & Non Kyoto 0.203 0.704 0.856 0.652 0.422 0.196 0.666 0214 0.192

Lower-Income & Kyoto 0.761 <0.01 <0.01 0.108 0.0541 0.234 <0.01 0.214 0.681
Lower-Income & Non Kyoto 0.848 <0.01 <0.01 0.088 0.036 0.856 <0.01 0.192 0.681

Significant at the 1% level, at the 5% level, and at the 10% level.

Two sided P-Values computed from the z-statistic derived from the difference between coefficients and standard errors. The Null Hypothesis is that B;= B,
or that B, — B, = 0. Then the z-statistic is B, — B,/ ¥ (STE12 + STEzz) and two sided P-Values are estimated from a normal z-table.

Granger Causality Tests

Null Hypothesis: CO, Emissions do not Granger Cause Urbanization — We Fail to Reject the Null

Testing Granger Causality of CO, Emissions on Urbanization

test L.Inco2tons capita L2.Inco2tons capita L3.Inco2tons capita L4.Inco2tons_capita

(1) L.Inco2tons_capita=0

(2) L2.Inco2tons_capita =10
(3) L3.Inco2tons capita =0
(4) L4.Inco2tons capita =0

F( 4, 1622)= 124
Prob>F= 0.2927

Null Hypothesis: CO, Emissions do not Granger Energy— We Reject the Null

test L.Inco2tons capita L2.Inco2tons capita L3.Inco2tons_capita L4.Inco2tons_capita

(1) L.Inco2tons_capita =0

(2) L2.Inco2tons_capita =0
(3) L3.Inco2tons_capita =0
(4) L4.Inco2tons capita =0

F( 4, 1622)= 5.24
Prob>F=0.0003




List of Countries:

Country (Region; Income Level; Policy Level)
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18.
19.

20.
21.
22.

23.
24,

25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.

Algeria (Africa; Lower Income; Kyoto)

Angola (Africa; Lower Income; Kyoto)
Argentina (Latin America; Lower Income; Kyoto)
Australia (EP Asia; Higher Income)

Austria (Europe; Higher Income; EPI & Kyoto)
Bangladesh (India & Sub; Lower Income; Kyoto)
Belgium (Europe; Higher Income; Kyoto)
Belize (Latin America; Lower Income; Kyoto)
Benin (Africa; Lower Income; Kyoto)

. Bolivia (Latin America; Lower Income; Kyoto)

. Botswana (Africa; Lower Income; Kyoto)

. Brazil (Latin America; Lower Income; EPI & Kyoto)
. Bulgaria (Europe; Lower Income; Kyoto)

. Cameroon (Africa; Lower Income; Kyoto)

. Canada (USA and Canada; Higher Income; Kyoto)

. Chile (Latin America; Lower Income; EPI & Kyoto)
. Colombia (Latin America; Lower Income; EPI &

Kyoto)

COI’lgO (Africa; Lower Income)

Costa Rica (Latin America; Lower Income; EPI &
Kyoto)

Cyprus (Europe; Higher Income; Kyoto)
Denmark (Europe; Higher Income; EPI & Kyoto)

Dominican Republic (Latin America; Lower
Income; EPI & Kyoto)

DR COIlgO (Africa; Lower Income)

Ecuador (Latin America; Lower Income; EPI &
Kyoto)

Egy pt (Africa; Lower Income)

El Salvador (Latin America; Lower Income; Kyoto)
Ethiopia (Africa; Lower Income)

Finland (Europe; Higher Income; EPI & Kyoto)
France (Europe; Higher Income; Kyoto)

Gabon (Africa; Lower Income)

Germany (Europe; Higher Income; EPI & Kyoto)
Ghana (Africa; Lower Income; Kyoto)

Greece (Europe; Lower Income; Kyoto)
Guatemala (Latin America; Lower Income; Kyoto)
Honduras (Latin America; Lower Income; Kyoto)
Hungary (Europe; Lower Income; EPI & Kyoto)
Iceland (Europe; Higher Income; Kyoto)

India (India & Sub; Lower Income; Kyoto)
Indonesia (EP Asia; Lower Income; Kyoto)
Italy (Europe; Higher Income; EPI & Kyoto)
IVOIy Coast (Africa; Lower Income)

Japan (EP Asia; Higher Income; EPI & Kyoto)

43.
44.
45.
46.
47.
48.
49.
50.
51.
52.

53.
54.
55.
56.
57.

58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.

75.
76.
77.
78.
79.
80.

Kenya (Africa; Lower Income)

Libya (Africa; Lower Income)

Luxembourg (Europe; Higher Income; Kyoto)
Malaysia (EP Asia; Lower Income; EPI & Kyoto)
Mexico (Latin America; Lower Income; Kyoto)
Morocco (Africa; Lower Income; Kyoto)
Mozambique (Africa; Lower Income)

Nepal (India & Sub; Lower Income)
Netherlands (Europe; Higher Income; Kyoto)
New Zealand (EP Asia; Higher Income; EPI &
Kyoto)

Nicaragua (Latin America; Lower Income; Kyoto)
Nigeria (Africa; Lower Income; Kyoto)
Norway (Europe; Higher Income; EPI & Kyoto)
Pakistan (India & Sub; Lower Income)
Panama (Latin America; Lower Income; EPI &
Kyoto)

Paraguay (Latin America; Lower Income; Kyoto)
Peru (Latin America; Lower Income; Kyoto)
Poland (Europe; Lower Income; Kyoto)
Portugal (Europe; Lower Income; EPI & Kyoto)
Romania (Europe; Lower Income; Kyoto)
Senegal (Africa; Lower Income; Kyoto)

South Africa (Africa; Lower Income; Kyoto)
Spain (Europe; Lower Income; EPI & Kyoto)

Sri Lanka (India & Sub; Lower Income; Kyoto)
Sudan (Africa; Lower Income; Kyoto)

Sweden (Europe; Higher Income; EPI & Kyoto)
Switzerland (Europe; Higher Income; EPI & Kyoto)
Tanzania (Africa; Lower Income; Kyoto)

TOgO (Africa; Lower Income; Kyoto)

Tunisia (Africa; Lower Income; Kyoto)
Turkey (Europe; Lower Income)

United Klngdom (Europe; Higher Income; EPI &
Kyoto)

Uruguay (Latin America; Lower Income; Kyoto)
USA (USA and Canada; Higher Income)
Vietham (EP Asia; Lower Income; Kyoto)
Venezuela (Latin America; Lower Income)
Zambia (Africa; Lower Income)

Zimbabwe (Africa; Lower Income)
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