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Abstract  9 

 10 

Modifying the form and spatial structure of cities through urban planning can be an 11 
effective means to reduce greenhouse gas (GHG) emissions in cities. The supporters of 12 
the Compact City Approach to urban sustainability propose dense and centralized urban 13 

systems. In the case of population density, they argue that it promotes displacements of 14 
foot and public transport, and that typical apartments of compact fabrics require less 15 
energy than single-family dwellings. Therefore, high density should lead to low 16 
greenhouse gas (GHG) emissions. During the last decade this association has been 17 

questioned because: a) there may be compensatory behaviors (more energy consumption 18 
and more GHG in mobility and housing during weekends and holidays, and b) the fact of 19 

not considering the effects of the endogeneity associated with self-selection. In this paper, 20 
we analyze population density as a determinant of mobility and residential GHG 21 

emissions in Gran Concepción (Chile) using multivariate regression models. The results 22 
obtained indicate that density does not exert a significant impact on GHG emissions in 23 
mobility and housing. It is income differences that mostly explain individual GHG 24 

emissions variability. This calls into question the possible effectiveness of compactness 25 
policies in regional, cultural and climatic contexts different from those of the US and 26 

Europe and are excessively oriented towards the maintenance and increase of density in 27 
urban centers and slowing down the expansion of suburban neighborhoods. 28 
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HIGHLIGHTS 33 

Population density does not significantly affect per capita greenhouse-gas emissions in 34 
mobility and housing. 35 

Distance from the economic center of the city influences greenhouse-gas emissions in 36 
mobility and housing.  37 

Similar parameters are obtained both with and without endogeneity controls.  38 

No significant compensation has been detected linked to mobility and housing 39 
greenhouse-gas emissions. 40 

 41 

Abbreviations 42 

 GHG (greenhouse gas emissions); CBD (Central Business District); CO2eq (GHG 43 

emissions measure); OLS (Ordinary Least Squares); GIS (Geographic Information 44 
System). 45 
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1. Introduction 47 

 48 

Cities are responsible for between 30% and 40% of global greenhouse gas (GHG) 49 

emissions (Satterthwaite, 2008; Walraven, 2009; Dodman, 2009). The volume of 50 

emissions depends on a multitude of factors, such as climate, demographics, the economic 51 

model, technology, income, or lifestyle. The form and spatial structure of cities could also 52 

play a key role.  (Dhakal, 2008; Markham, 2009; Croci et al. 2013). There is no general 53 

agreement on what is considered urban form and what is considered spatial structure.  As 54 

Dempsey et al., (2010),  for example, consider that the spatial structure is one of the 55 

dimensions of the urban form, and Krehl et al. (2016) consider density as one of the 56 

dimensions of the spatial structure, it is important to clarify some concepts used in this 57 

study. Following Lynch (1984) and Frey (2003)  urban form refers to density conditions, 58 

land uses, and morphology of urbanized spaces. spatial structure is the skeleton that 59 

supports the urban mass. This skeleton is made up of employment centers (Central 60 

Business Dictrict (CBD), sub-centers, satellite cities), transport infrastructures 61 

(highways, trails), and natural borders (coasts, rivers, lakes, mountains, valleys, etc.). The 62 

most studied spatial structures, according to the spatial distribution of employment, are 63 

the monocentric, the polycentric, and the scattered.  64 

The form and spatial structure of cities occupies a central place in the debate on 65 

urban sustainability. There are numerous studies that see in urban planning a great 66 

potential to increase city sustainability. In this context, the commonly termed Compact 67 

City Approach, also called “Re-designing City Model”(Haughton, 1999; Lynch, 1984; 68 

C.E.C. (1990); Ewing, 1997; Frey, 2003; Holden, 2004; Holden y Norland, 2005; 69 

Jabareen, 2006; Muñiz et al. 2013) holds that cities will be more sustainable the greater 70 

their compactness, considering compactness as a combination of high density, urbanized 71 



land continuity and mix of land uses. This model would have low GHG emissions 72 

associated with mobility because it would involve shorter distances and less car 73 

dependency (Newman and Kenworthy, 1989, 1999; Satterthwaite, 1997, 2009, 74 

Holtzclaw, 1994, Holtzclaw et al., 2002, Ewing and Cervero, 2001; Bürer et al., 2004; 75 

Litman, 2015).  76 

On the other hand, compactness policies would also have effects on the emissions 77 

associated with domestic energy consumption. An apartment in a multi-story building, 78 

the typical housing in dense and compact neighbourhoods, requires less energy than 79 

single-family housing, typical of suburban, low-density, neighbourhoods (Dong, 2006; 80 

Ewing and Rong, 2008; Mollay, 2010).  81 

The advantages of high density would not be restricted to energy savings in 82 

housing and mobility, but this energy would be used more efficiently in terms of GHG, 83 

since high density reduces the infrastructure needed per person, facilitates cogeneration, 84 

reduces the consumption of developed land -thus allowing unoccupied space to be used 85 

for GHG sequestration- and restricts losses from electricity lines in energy transmission 86 

and distribution (Jabareen, 2006; Frey, 2003) 87 

 Most of the studies that have addressed this issue obtain empirical evidence in 88 

favor of the Compact City Approach. However, literature that addresses the question by 89 

taking GHG emissions as dependent variable is scarcer, and the results offered are less 90 

convincing. For example, in the case of large cities in the United States, three studies have 91 

focused on capturing the effect of urban form and spatial structure on GHG emissions 92 

associated with housing and mobility for the same year (2000) (Brown) et al., 2008; 93 

Glaeser and Kahn, 2010, Lee and Lee, 2014). While Brown et al. (2008) and Lee and Lee 94 

(2014) find environmental benefits associated with density, Glaeser and Khan (2010) do 95 

not find a significant effect.  96 



 97 

The principal objectives of this study are: a) to calculate GHG emissions from 98 

individual mobility and residential energy uses, and b) to address how urban form and 99 

spatial structure can determine mobility and housing GHG emissions in the Metropolitan 100 

Area of Concepción (Gran Concepción), Chile. 101 

  The work is novel in two aspects. First, we include information on mobility and 102 

energy consumption during the weekends and holiday periods in the regression models. 103 

In this way, we can check if there are compensatory behaviors associated with mobility 104 

and housing transferred to GHG emissions (Høyer and Holden, 2003, Muñiz et al., 2013). 105 

If such behavior occurs, the impact of the density variables on GHG emissions during 106 

weekends and holidays should be the opposite to that obtained with information regarding 107 

working days. In addition, we propose to control endogeneity associated with self-108 

selection, including preferences of individuals in terms of life-style and environmental 109 

awareness as explanatory variables. We have not found any research that simultaneously 110 

addresses both statistical issues.  111 

 112 

2. Literature review on the impact of urban form and spatial structure on GHG 113 

emissions 114 

 There is a large body of literature on the impact of the built environment on 115 

mobility and energy consumption. Most of these studies point to the existence of 116 

environmental benefits -lower energy consumption- in mobility and housing in dense 117 

urban centers (Cervero, 2002; Giuliano and Mayaran, 2003; Ewing and Rong, 2008;  118 

Rickwood et al., 2008; Marshall, 2008; Weisz and Steinberg, 2010). Some studies detect 119 

a low impact (Handy; 1996; Levinson and Kumar, 1997; Boarnet and Sarmiento, 1998, 120 



Crane, 2000; Lenzen et al., 2008;  Mindali et al., 2004; Handy et al., 2005; Echenique et 121 

al., 2012; Heinonen, 2012). 122 

 Since a significant proportion of the energy used by individuals as consumers 123 

comes from the burning of fossil fuels, the main question addressed here is, does urban 124 

form and spatial structure affect GHG emissions in the same way that it affects mobility 125 

and residential energy consumption? A significant number of investigations have 126 

addressed this issue in the last decade. Although most of them detect benefits associated 127 

with high density in terms of low emissions (van de Weghe and Kennedy, 2007; Andrews, 128 

2008; Kennedy et al. , 2009; Weisz et al., 2010; Hankey and Marshall, 2010; Hoorneg et 129 

al., 2011;  Liu et al., 2012; Creintzig et al., 2012; Makido et al., 2012;  Croci et al, 2013; 130 

Ma et al., 2014; Lee and Lee, 2014), some find a very low or / and statistically 131 

insignificant correlation (Norman et al., 2006; Glaeser and Kahn, 2010; Ishii et al., 2010; 132 

Liu and Shen, 2011; Heinonen and Junila, 2011; Heinonen et al., 2013). 133 

 A first group of studies present correlations between density and GHG emissions, 134 

or compare the estimated emissions in dense spaces with those of the low-density 135 

peripheral spaces of a certain urban region (Norman et al., 2006; van de Weghe and 136 

Kennnedy, 2007; Andrews, 2008; Weisz et al., 2010; Ishii et al., 2010; Hoornweg et al., 137 

2011; Heinonen and Junila, 2011; Liu et al., 2012; Creintzig et al., 2012; Ma et al., 2014; 138 

Jones and Kammen, 2014). In most cases they detect advantages associated with high 139 

density in terms of low GHG emissions. A second group uses regression models, taking 140 

GHG emissions as dependent variable and density and other socio-economic controls as 141 

explanatory variables (Grazi et al., 2008; Kennedy et al., 2009; Zahabi et al., 2012; Liu 142 

and Shen, 2011; Makido et al., 2012; Croci et al., 2013). Density is the variable referring 143 

to the built environment that has received more attention, several works have incorporated 144 

an indicator that measures the effect of urban spatial structure such as monocentrism 145 



(Glaeser and Kahn, 2010; Norman et al., 2006; Van de Weghe and Kennedy, 2007; 146 

Andrews, 2008) and polycentrism as an essential variable (Veneri, 2010; Lee and Lee, 147 

2014). 148 

 There are also studies that, without focusing on the case of density, have also 149 

contributed to the knowledge on the potential benefits of high density. Eaton et al. (2007) 150 

and Parshall et al. (2010) compare emissions in urban, rural, and suburban environments, 151 

with results showing that suburban environments generate the highest level of emissions. 152 

Makido et al. (2012) used other urban form indicators, such as its complexity and 153 

fragmentation1, finding that greater morphological complexity leads to greater emissions. 154 

 Most of these works have focused on the impact of density on mobility and 155 

housing GHG emissions (Norman et al., 2006; Van de Weghe and Kennedy, 2007; 156 

Andrews, 2008; Kennedy et al., 2009; Glaeser and Kahn, 2010; Heinonen et al., 2013). 157 

Some analyze only in the case of mobility (Grazi et al., 2008; Hankey and Marshall, 2010, 158 

Zahabi et al., 2012; Liu and Shen, 2011; Creintzig et al., 2012) and some only housing 159 

(Ishii et al. al., 2012). According to Wackernagel and Rees (1998) density would only 160 

affect these two sectors. In other words, the urban form would not explain the GHG 161 

differences associated with dietary or consumer goods2.  162 

 One of the statistical aspects that may be behind a minimal impact or a non-163 

significant impact of the density variable is endogeneity associated with self-selection. In 164 

such a case, the direction of causality would be the reverse. The built environment would 165 

 
1 There is an extensive literature on how to measure urban spatial shape and structure using a combination 

of spatial elements (Galster et al., 2001; Torrens and Alberti, 2000; Malpezzi and Guo, 2001; Wolman et 

al., 2005; López and Hynes, 2003). 

 
2 Several studies do not share this vision, stating that the effects can occur in all sectors. For example, if 

more local foods are consumed in the periphery than in the center, indirect GHG emissions associated with 

their transport would be reduced to the final consumer. (Weisz et al., 2010; Liu et al., 2012; Heinonen and 

Junila, 2011; Jones and Kammen, 2014). 

 

  



not affect mobility and housing energy consumption, but the preferences of individuals 166 

with regard to mobility (travel on foot, by bicycle, public transport, or private car) makes 167 

population self-select in dense and mixed urban centers, or in peripheral, sparse and 168 

dispersed suburban neighborhoods. In theory, the failure to contemplate these preferences 169 

would be biasing the value of the density variable parameter upwards. However, applied 170 

research shows that the value and significance of the built environment indicators can 171 

both increase and decrease (Nӕss; 2014; Chatman, 2009). As Nӕss and Jensen (2000), 172 

Nӕss (2014) and Chatman, (2009; 2014) assert, strategies for endogeneity correction may 173 

actually underestimate the real impact of the built environment. A small group of studies 174 

that have addressed the relationship between the built environment and GHG emissions 175 

have followed some type of strategy to control endogeneity, obtaining disparate results. 176 

While Liu and Shen (2011) do not find a significant correlation between density and GHG 177 

emissions per capita, Grazi et al. (2008), Zahabi et al. (2012) and Jones and Kammen 178 

(2014) detect a significant negative correlation. 179 

The potential environmental benefits of a high density can disappear in the 180 

presence of   "compensatory behaviors". The idea of “compensation” is that, although 181 

living close to the main urban center is very useful in terms of accessibility to employment 182 

and all kinds of services, which leads to low emissions during the working days, a high 183 

density also implies congestion and low access to nature, creating the conditions for high 184 

mobility during holidays, thus generating greater emissions in mobility and housing 185 

(Holden and Norland, 2005; Holden, 2007; Holden and Linnerud, 2011; Strandell and 186 

Hall, 2015; Ambrosius and Gilderbloom, 2015). If total energy consumption is not 187 

considered, including emissions associated with energy consumption in principal and 188 

second homes, and energy in transport, on working days and holidays, a negative 189 

correlation between density and GHG emissions in mobility and housing would only 190 



partially explain the complex relationship between the built environment and GHG 191 

emissions.  192 

"Compensation" is the most common explanation for the low impact of urban 193 

from and spatial structure variables. However, an alternative explanation is possible. If 194 

individuals or households with a greater preference for a suburban type of life (single-195 

family housing, car preference, direct access to nature, no second residence, or vacations 196 

in remote destinations) self-select in the suburban periphery, the correlation between both 197 

variables continue to be low, but the cause is very different. Instead of compensation, 198 

there is self-selection (Holden, 2007). 199 

 200 

3. Material and methods  201 

3.1. Case study 202 

We choose the Metropolitan Area of Concepcion as case study, because it gives 203 

us the opportunity to validate to what extent certain predictions and proposals from the 204 

Compact City Approach -designed for Western countries with a high average income- 205 

may not make sense in the Latin American urban context, especially in the case of 206 

medium-sized metropolises. In other words, context matters, and therefore, extrapolating 207 

methodologies and policies must be done with caution.  208 

The Metropolitan Area of Concepción, also known as Gran Concepción, is in the 209 

central-southern part of Chile, on the Pacific coast. Concepción is the capital of the Bio-210 

Bio Region. Its physical expansion has been conditioned by its geography, in particular 211 

the River Bio-Bio and the coastal ridge. Gran Concepción is made up of eleven communes 212 

that together occupy 2,831 km2. Gran Concepción is the second largest metropolitan area 213 

in Chile, after Santiago. It currently has a population of around 892,000 according to the 214 



latest census data (Salinas and Pérez, 2011). Although low density is the norm in the 215 

Metropolitan Area of Concepción (Rojas et al, 2013), in the most central areas there are 216 

buildings of between eight and twenty-five stories, and relatively dense residential 217 

fabrics, but the form and spatial structure of Gran Concepción is far from being compact. 218 

The most used public transport is the bus (in the most central areas) and the shared taxi. 219 

Also, there are a series of inter-urban bus lines that structure the metropolitan space. Rail 220 

transport is limited to two lines, an urban one (Biotrén), and another one that connects the 221 

old towns of the northern bank of the Biobío River (Division of Regional Public 222 

Transport, 2014). 223 

 224 

3.2. Data, variables and methods 225 

The scope of the study is households and individuals living inside the 226 

administrative borders of Gran Concepción, which implies considering high, medium, 227 

and low-density areas. Also, all kind of trips are considered, including those beyond the 228 

Biobío region (especially at weekends and holidays). The selection of neighborhoods is 229 

aimed at capturing the variety of situations regarding density, centrality, and income 230 

levels. On this basis, residents of 19 neighborhoods (Rojas et al. 2013) belonging to 8 231 

communes3 have been asked about individual mobility patterns, housing energy 232 

consumption, as well as socio economic characteristics and attitudes towards mobility 233 

and housing (475 questionnaires, 25 surveys per neighborhood). (Table Annex 2) 234 

 235 

 236 

 237 
 

3 (Concepción, Hualpén, Talcahuano, San Pedro de la Paz, Chiguayante, Coronel, Penco and Tomé) .The 

more rural communes of Hualqui and Santa Juana were ruled out as they are poorly integrated in functional 

terms. Lota was also left out due to its similarity with Coronel.  



Figure 1 238 

Selected and analyzed neighborhoods of the study area Gran Concepción  239 

 240 
 241 

 242 

The information is grouped into four categories: a) household profile; b) dwelling 243 

characteristics; c) mobility; and d) controls for residential self-selection. Distances 244 

covered were estimated on the basis of straight-line distances between starting points and 245 

destinations.  246 

The information on energy consumption on housing and mobility can be 247 

transformed into individual GHG emissions. This value is obtained by adding together 248 

three sources of emissions: 1) housing CO2eq emissions; 2) CO2eq emissions from 249 

commuting mobility; and 3) CO2eq emissions from weekend and holiday mobility.  250 

CO2eq emissions associated with mobility are mainly composed of direct emissions from 251 

motor vehicles. Mobility by other means such as rail is scarce but considered. Muñiz and 252 

Galindo (2005) provide CO2eq emissions conversion factors for the case of mobility. Total 253 



emissions include the energy need for traction, vehicle manufacturing, construction and 254 

maintenance of the infrastructure. Other conversion factors similar to Muñiz and Galindo 255 

(2005) can be found in Stokenberga (2012) and Bertaud et al. (2009) although these two 256 

additional sources do not include the emissions embodied in vehicles and infrastructures. 257 

The calculation of emissions for each means of transport is obtained from the following equation 258 

taken directly from Muñiz and Galindo (2005). 259 

 260 

 261 

𝐶𝑂2,𝑖𝑟 =  ∑ [𝐸𝐶𝑧  𝐸𝐺𝑧𝐷𝑖𝑗 𝑇𝑟𝑖𝑝𝑟𝑗𝑧 ]𝑧
 262 

 263 

 264 

 265 

where CO2ir is the annual CO2eq emissions of individual i that resides in area r, ECz is the 266 

energy consumption of mode of transport z per km and passenger (Gj/km), EGz is CO2eq 267 

emission per Gj in mode of transport z, Drj is the straight line between origin r and 268 

destination j. Tripijz is the number of trips of individual i with origin r and destination j by 269 

mode of transport z. 270 

As for residential energy consumption, the conversion factors that appear in 271 

Chambers et al. (2000) are used. There are other sources with conversion factors for 272 

different energy sources, for example, Gov UK (2018). But, in general, these sources do 273 

not include indirect energy in infrastructures and facilities in their calculations, so they 274 

tend to provide lower values.  275 

 276 



Housing CO2eq emissions are measured at the place of consumption (energy 277 

consumption in individual mobility and in housing) when it comes to the use of coal, fuel, 278 

firewood, or electricity. In the case of electricity, the CO2eq emissions are estimated 279 

according to the primary sources industry-mix in Chile. Por lo tanto, en esta investigación 280 

no se computan las emisiones directas de las plantas de energía (termal power stations) 281 

localizadas dentro del Gran Concepción, sino que se imputan las emisiones producidas 282 

para conseguir la energía eléctrica utilizada en los hogares independiente de dónde se 283 

produzcan dichas emisiones. Esta metodología utilizada para computar las emisiones 284 

asociadas a la vivienda en otros estudios como Glaeser y Kahn (2010) y Brown et al. 285 

(2008).  286 

This research therefore does not compute the direct emissions of power plants located 287 

within Gran Concepción, but, instead, the emissions produced to obtain the domestic electric 288 

energy used, regardless of where these are produced. This methodology is used in other studies 289 

such as Glaeser and Kahn (2010) and Brown et al. (2008) in order to compute the emissions 290 

associated with housing. 291 

Housing emissions are calculated directly by multiplying the value of the estimated MWh 292 

during a year from the information on the expenditure of households in different energy 293 

sources. Taking energy bills as a reference, energy consumption is deducted and 294 

converted into CO2 emissions by applying the factors shown in tables 1 and 2. These data 295 

include the indirect emissions associated with the construction of facilities and power 296 

plants. As can be seen when comparing the values shown in tables 2 and 3, burning gas to obtain 297 

electricity is twice as inefficient in terms of CO2 emissions as burning it directly using stoves. 298 

 299 

 300 

 301 



 302 

Table 1 303 
Delivered CO2eq emissions for non-renewable sources. 304 

 305 
Energy primary and secondary 

fuels 

tn CO2eq /MWh 

Natural gas 0.24 

Fuel oil 0.31 

Bottled gas (LPG) 0.27 
Source: Chambers et al., (2000) 306 

Table 2 307 
Delivered electricity CO2eq for non-renewable Sources 308 

 309 
Energy: electricity generation tn CO2eq per MWh 

Hard coal power stations 0.86 

coal 1.06 

oil 0.81 

Natural gas 0.50 
Sources: Chambers et al. (2000), and European Union and Government of Chile (Conacyt) (2007)  310 

“The energy sector in Chile. Research capabilities and Science and Technology development areas” 311 
 312 

The CO2 emission indicator used in this research is the carbon footprint, which 313 

implies: a) attributing consumptions to the final consumer; b) accounting for direct 314 

emissions, as well as the facilities and buildings required to supply the energy; and c) 315 

accounting for the carbon intensity of vehicles and homes (Pon and Pon, 2009; Wiedman 316 

and Sanchez, 2018; Lombardi et al., 2017). However, in this study we have not accounted 317 

for the grey energy embodied in the homes themselves. The calculation of grey energy in 318 

buildings requires very specific knowledge of the carbon content in construction 319 

materials, their durability over time and their ability to be recycled, as well as the energy 320 

used during the building process. In the study by Muñiz et al. (2013), grey energy in the 321 

building was 35 percent of direct-emission values, and 14 percent of the total footprint. 322 

We therefore underestimate the value of the total footprint by a similar percentage. 323 

 324 



The following is the estimation of a multiple regression model by Ordinary Least 325 

Squares (OLS), taking the logarithm of the CO2eq emissions per capita associated with 326 

housing energy consumption and mobility as the dependent variable. The explanatory 327 

variables are grouped into three categories: a) socioeconomic variables; b) controls for 328 

endogeneity variables, and c) urban form and spatial structure variables. 329 

The main endogeneity problem is the possible presence of a double causality. 330 

Mobility can be affected by urban form and spatial structure, but the reverse could also 331 

be the case: the urban form and spatial structure can be a result of the mobility patterns 332 

(Baum-Snow et al. 2012; Duranton and Turner, 2012; García-López et al., 2015). In the 333 

regression models, with individual data, the most common endogeneity problem is "self-334 

selection". If individuals consider their mobility preferences when choosing their place 335 

of residence, failure to consider this information could skew the parameter values. The 336 

most common solutions are the following: a) work with a population sample that has little 337 

chance of choosing a place of residence, such as young people who work and live with 338 

their parents (O’Reagan and Quigley, 1998; Dujardin et al, 2008;); b) use the Heckman 339 

estimator and treat the endogeneity associated with the omission of variables that capture 340 

mobility preferences as a case of unobserved heterogeneity (Greene, 2003); and c) include 341 

a question in the individual questionnaire that explicitly elicits individuals' preferences 342 

regarding mobility, and include this information in the regression model (Høyer and 343 

Holden, 2003; Holden and Linnerud, 2011; Muñiz et al. 2013).  344 

 We choose the third option because the first requires a very large universe of 345 

observations that we do not have, and because the second works well when it comes to 346 

evaluating the effect of the built environment, for example, on car use, discriminating 347 

between those who have and those who do not. This is not the case of our models. 348 



After considering socioeconomic characteristics and possible residential self-selection, 349 

urban form and spatial structure variables should capture their net impact on individual 350 

GHG emissions. In the estimated models, population density and distance to the main 351 

center (CBD) are included simultaneously. Distance to the CBD squared and density 352 

squared were also included as regressors with the aim of capturing the possible existence 353 

of local maximums or minimums (U-shape or inverted U-shape). 354 

 355 

4. Results 356 

 357 

Table 3 presents the mean values of the information obtained from the 358 

questionnaires that will be used to calculate GHG emissions, or as explanatory variables 359 

in the regression model. These values indicate that average income is low by European 360 

and American standards, but high in the Latin-American context. The most common 361 

housing is the single-family home. These homes are relatively new and only fifteen 362 

percent of families have second homes. Each family unit has an average of 0.87 cars, but 363 

only 21 percent use this on a daily basis. In our assessment of these families, mobility is 364 

of intermediate importance when choosing where to live. The table in Annex 1 reports 365 

average individual emissions per commune and population density. 366 

 367 

  368 



Table 3  369 
Basic information obtained from questionnaires 370 

 371 

 Average values 

Socio-economics  

Individuals per household (No) 3.84 

Monthly Average household income (Chilean 

peso) 

561,614* 

 

Dwelling characteristics  

Surface (m2) 106  

Year of construction  
1987 

Most common materials (%) Concrete (28), Mixed 

(33), Wood (24) 

Second residence (%) 15 

Type of dwelling (%) Detached house  

Mobility  

Distance to work place (km) 3.65  

Percentage of workers that use car with 

regularity (%) 21 

Mobility during weekends and holidays (%) 41 

Number of cars/household  0.78 

Mobility and sustainability preferences  

Mobility type considered in choosing where to 

live (subjective scale 1 to 10) 4.27 

Interest in sustainability 

(subjective scale 1 to 10) 4.72 

*842 American $ considering a rate of change (peso dollar) one peso 0.0015 American $ 372 
 373 
 374 

The mean annual emissions associated with individual mobility and residential 375 

energy consumption is 0.532 tons of CO2eq/capita (Table 4). A low value compared with 376 

other researches4. It should be noted, however, that the values provided by the studies 377 

consulted are not strictly comparable, as, for the same city, the value estimated depends 378 

on the urban spatial scale chosen, the method for calculating residential energy 379 

consumption, and the corresponding method for mobility.  380 

 381 
 382 
 383 

 
4 Between 3.6 and 5.2 GHG emissions per capita in three Norwegian cities (Høyer and Holden, 2003; 24 

in Dallas county, US (Ryu (2005); 6.9 in Toronto, Canada (Van de Weghe and Kennedy; 2007); between 

4 and 7 in New Jersey, US (Andrews, 2008); between 5 and 7 in the largest US metropolitan regions 

(Glaeser and Kahn, 2010); 4.4 in the Barcelona Metropolitan Region, Spain (Muñiz et al., 2013). 



Table 4 384 
Estimated Annual CO2eq emissions per capita from mobility and housing. 385 

 386 
 387 

 388 

 389 

 390 

 391 

 392 

 393 

 394 

 395 

 The low carbon footprint estimated may be due to different factors: 1) the fact 396 

that the grey energy in buildings is not accounted for; 2) the city’s temperate climate; 3) 397 

level of income; and 4) the wide use of renewable energy sources such as firewood. This 398 

last aspect is important, since the low footprint assigned to firewood is contrasted with 399 

local pollution (carbon monoxide, hydrocarbons and particles in suspension) that are 400 

consequences of its use (Smith et al., 2005). 401 

 Table 5 summarizes the indicators obtained from the five regression models 402 

estimated by OLS. The dependent variable appears in the first row and the explanatory 403 

variables in the first column. The global adjustment capacity of the model (R2
adj) is 404 

presented at the end of each column. The first column reports the results corresponding 405 

to the estimated models using the CO2eq emissions from commuting mobility as a 406 

dependent variable; in the second, the CO2eq emissions from leisure mobility (weekends 407 

and holidays); in the third, total emissions from mobility (sum of the two above); in the 408 

fourth, emissions from household energy consumption; and in the fifth, total emissions in 409 

mobility and housing. The estimation is made by taking the logarithm of the individual 410 

emissions as a dependent variable, which allows us to directly interpret as elasticities the 411 

Housing   

Gas 0.036 

Electricity 0.218 

Other sources 0.020 

Total Housing Emissions per capita 0.274 

Mobility  

Commuting mobility 0.218 

Holidays mobility 0.020 

Weekend mobility 0.020 

Total Mobility  0.258 

Total  0.532 



parameters of the explanatory variables, also expressed in logarithms5. The value of the 412 

estimated parameter appears in each cell and below, in parentheses, the Student "t" 413 

indicator that measures the statistical significance of the parameter. The significant 414 

parameters are marked with asterisks. The more asterisks, the more the statistical 415 

significance. 416 

The common explanatory variables for the five estimated models are: the number 417 

of members in each household, household income per capita, Population Density and 418 

Population Density Squared, distance to the CBD, and distance to the CBD squared. In 419 

the first tests, the number of cars and the surface area of the dwelling were added as 420 

explanatory variables, but these were eventually discarded as they were too highly 421 

correlated to income. No household type was statistically significant.  422 

Population density is not significant in the most aggregated model (Table 6, 423 

column 5). This could point to the existence of compensatory behaviors. However, the 424 

parameter corresponding to the above variable does not show a positive sign in the model 425 

where the dependent variable is emissions associated with leisure and holiday mobility 426 

(Table 6, column 2), and for this reason, such a hypothesis should be rejected. Distance 427 

to the CBD exerts a positive-sign effect on the mobility footprint – both the commuting 428 

and the leisure and holidays types– so compensatory behaviors associated with an "excess 429 

of centrality" are not detected either. In addition, a significant quadratic effect is 430 

identified, which meant that, although CO2eq emissions grow in line with distance to the 431 

CBD, the association is inverted at a certain distance to the CBD. Once that distance is 432 

reached, larger distances to the CBD imply lower GHG emissions.  433 

 
5 Estimations were made without applying logarithms, and the results were very similar in terms of the sign 

and the significance of the parameters. 

 



The estimated parameters of the socioeconomic variables present the expected 434 

sign. The number of inhabitants per dwelling exerts a negative impact, confirming the 435 

existence of economies of scale in energy consumption and in mobility, especially leisure 436 

and holiday mobility. On being the principal factor in explaining the variability observed, 437 

household income level exerts a significant positive impact (as income increases, so do 438 

emissions) on the five models. The self-selection endogeneity controls are all included at 439 

the same time, but none of them were statistically significant.  440 

The controls for self-selection generally present the expected sign, although they 441 

do not prove to be statistically significant. Comparing the impact of population density 442 

and distance to the center with the other socioeconomic variables, it seems obvious that, 443 

in the case of Concepción, the factor that best explains the individual volume of emissions 444 

variability is income.  445 

  446 



Table 5 447 
OLS Regression Models 448 

 449 
 1.  

Commuting 

Mobility 

(Ln Tonnes 

of CO2eq per 

capita) 

2. 

Weekends 

and 

Holidays 

Mobility 

(Ln Tonnes 

of CO2eq 

per capita) 

3. 

Total 

Mobility 

 (Ln 

Tonnes of 

CO2eq per 

capita) 

4. 

Residential 

Energy use 

(Ln Tonnes 

of CO2eq per 

capita) 

5. 

Total 

Mobility 

and 

Residence 

(Ln  Tonnes 

of CO2eq 

per capita) 

Persons per household -0.075** 

(1.8) 

-0.32**** 

(8.5) 

-0.07** 

(1.9) 

-0.46**** 

(23.6) 

-0.13**** 

(6.9) 

Ln household per capita 

income 

0.33**** 

(4.5) 

0.47**** 

(7.2) 

0.46**** 

(7.2) 

0.17**** 

(6.4) 

0.28**** 

(8.5) 

Ln Population Density -0.10 

(1.3) 

-0.08 

(0.1) 

0.04 

(0.5) 

-0.02 

(0.5) 

-0.04 

(0.5) 

Ln Population Density 

Squared 

0.04 

(0.4) 

-0.02 

(0.6) 

0.007 

(0.09) 

0.04 

(0.06) 

0.001 

(0.05) 

Ln dist. to the CBD  1.24**** 

(4.2) 

0.68*** 

(2.3) 

0.9**** 

(3.5) 

0.001 

(0.01) 

0.20*** 

(2.3) 

Ln dist. to the CBD 

Squared 

-0.21*** 

(2.7) 

-0.17*** 

(2.3) 

-0.17*** 

(2.3) 

-0.03 

(0.7) 

-0.04* 

(1.9) 

Preference auto 0.13 

(1.8) 

-0.04 

(1.1) 

0.9 

(1.2) 

0.21 

(0.82) 

0.12 

(0.94) 

Mobility  

preferences when 

choosing residence 

0.04 

(1.7) 

0.08 

(1.5) 

0.12 

(1.2) 

0.002 

(0.4) 

0.09 

(0.8) 

Awareness of local 

environmental problems 

-0.01 

(0.09) 

-0.04 

(0.07) 

-0.06 

(0.06) 

0.02 

(0.08) 

0.03 

(0.12) 

Awareness of global 

environmental problems 

-0.02 

(0.04) 

-0.03 

(0.009) 

0.04 

(0.002) 

-0.01 

(0.08) 

-0.04 

(0.07) 

Importance of 

awareness on local and 

global environmental 

problems when choosing 

the place of residence 

 

0.04 

(0.04) 

-0.002 

(0.09) 

-0.001 

(0.02) 

0.041 

(0.009) 

0.037 

(0.04) 

Constant -2.5**** 

(2.8) 

-4.06**** 

(4.2) 

-4.3**** 

(5.0) 

4.5**** 

(11.8) 

0.63* 

(1.5) 

R2adjusted 0.19 0.32 0.28 0.66 0.37 

Nº Observations 475 475 475 475 475 

 450 
 (Statistic “t” in brackets) 451 
*p<0.15; **p<0.1; ***p<0.05; ****p<0.01 452 
Ln: Napierian Logarithms 453 
 454 

 455 

  456 



5. Conclusions 457 

 458 

One of the most important results of the study is that density does not appear to 459 

exert any impact on the volume of emissions, which clearly comes into conflict with the 460 

results obtained in most of the studies reviewed for this paper, in which population density 461 

variability is sufficient in itself to explain much of the variability observed in the volume 462 

of emissions. Another significant result is that the non-significant impact of density is not 463 

due to the existence of compensatory behaviors. 464 

With regard to the variables, distance to CBD (distance to the main center) and 465 

distance to CBD squared, GHG emissions increase as the distance to the CBD increases, 466 

but if the parameter [dist. CBD2] is negative and significant, this association is reversed 467 

for the more peripheral localities. These results could justify a regional planning program 468 

to check the process of decentralization that the city is undergoing, and at the same time 469 

preserve the low-footprint lifestyle present in the communes further away from the main 470 

center. 471 

An aspect that should be improved in future studies, is the density indicator. In 472 

our study, it is population divided by the urbanized land of each commune. However, as 473 

argued by Lee and Lee (2014) and Krehl et al. (2016), there is no commonly accepted 474 

indicator in the international specialized literature, and no one scale is considered 475 

relevant. It is possible that the lack of significance of the density variable is due in part to 476 

the failure to capture it correctly, that is, with an appropriate scale and appropriate land 477 

uses (Krehl et al., 2016). Therefore, the results obtained should be interpreted with due 478 

caution. 479 

Another result to highlight is that the per-capita income affects the value of 480 

emissions relating to any of the indicators of urban form and spatial structure. In a context 481 



of prolonged economic growth—independently of urban policies—it is expected that 482 

emissions will grow significantly. (43) In future studies, research should be expanded to 483 

include various Latin-American cities in order to validate the results obtained in this 484 

research.  485 

Our future research aims to address the following aspects: a) the calculation of 486 

grey energy in buildings; b) the importance of climatology; and c) the possible trade-off 487 

between low residential footprint due to the low consumption of non-renewable energy 488 

and the high local pollutants caused by the use of firewood, a particularly worrying aspect 489 

for cities in southern Chile. 490 

 491 

 492 

  493 



References 494 

 495 
Ambrosius, J. D. Gilderbloom, J. I., 2015. Who's greener? Comparing urban and suburban 496 
residents' environmental behavior and concern. Local Environment, 20 (7), 836-849. 497 
 498 
Andrews, C. J. 2008., Greenhouse gas emissions along the rural-urban gradient. Journal of 499 
Environmental Planning and Management, 51 (6) 847-870 500 
 501 
Baum-Snow, N., L. Brandt, J.V. Henderson, M.A. Turner, Zhang, Q. 2012., Roads, railroads and 502 
decentralization of Chinese cities. Working paper 503 
 504 
Bertaud, A., Lefèvre, B., & Yuen, B. 2009. GHG emissions, urban mobility and efficiency of 505 
urban morphology: A hypothesis. In Marseille Symposium Report 5th Urban research symposium 506 
on cities and climate change: responding to an urgent agenda. Marseille, France (pp. 28-30). 507 
 508 
Boarnet, M. G., & Sarmiento, S. 1998. Can land-use policy really affect travel behavior? A study 509 
of the link between non-work travel and land-use characteristics. Urban Studies, 35 (7), 1155-510 
1169. 511 
 512 
Brown, M. A., F. Southworth, Sarzynskim, A. 2008. Shrinking the carbon footprint of 513 
metropolitan America, Washington, DC: Brookings Institution 514 
 515 
Bürer, M. J., D.B. Goldstein, Holtzclaw, J. 2004. Location Efficiency as the Missing Piece of The 516 
Energy Puzzle: How Smart Growth Can Unlock Trillion Dollar Consumer Cost Savings, 517 
Proceedings of the 2004 Summer Study on Energy Efficiency in Buildings, American Council 518 
for an Energy Efficient Economy (www.aceee.org) 519 
 520 
Cervero, R. 2002. Built environments and mode choice: toward a normative framework. 521 
Transportation Research Part D: Transport and Environment, 7 (4), 265-284. 522 
 523 
Commission of European Communities, 1990. Green Paper on the Urban Environment. Eur 524 
12902, Brussels: EEC 525 
 526 
Crane, R. 2000. The influence of urban form on travel: an interpretive review. Journal of Planning 527 
Literature, 15 (1), 3-23. 528 
 529 
Creutzig, F., Mühlhoff, R., & Römer, J. 2012. Decarbonizing urban transport in European cities: 530 
four cases show possibly high co-benefits. Environmental Research Letters, 7 (4), 044042. 531 
 532 
Croci, E., T. S. Melandri, T. Molteni, Zadorozhna, O. 2013.  Determinants of GHG emissions 533 
from urban ground transportation: review of simple of European cities, IEFE Center for research 534 
on Energy and Environmental Economics and Policy. Bocconi University, Milan (Italia) 535 
 536 
Chambers, N., C. Simmons, Wackernagel, M. 2000. Sharing nature's interest: ecological 537 
footprints as an indicator of sustainability. Routledge 538 
 539 
Chatman, D. G. 2009. Residential choice, the built environment, and nonwork travel: evidence 540 
using new data and methods. Environment and Planning A, 41 (5), 1072-1089. 541 
 542 

http://www.aceee.org/


Chatman, D. G. 2014. Estimating the effect of land use and transportation planning on travel 543 
patterns: Three problems in controlling for residential self-selection. Journal of Transport and 544 
Land use, 7 (3), 47-56. 545 
 546 
Dempsey, N., Brown, C., Raman, S., Porta, S., Jenks, M., Jones, C., & Bramley, G. (2010). 547 
Elements of urban form. In Dimensions of the sustainable city (pp. 21-51). Springer, Dordrecht. 548 
 549 
Dhakal, S. 2008. Climate Change and cities: The making of a climate friendly future” in Droege, 550 
P (Editor), Urban Energy Transportation: From Fossil Fuels to renewable Power, Elsevier 551 
Science, Oxford, 173-192 552 
 553 
División de Transporte Público Regional. 2014. Plan de Transporte Público Regional. Región del 554 
Biobío. Concepción, Chile. 555 
 556 
Dodman, D. 2009. Blaming cities for Climate Change? An analysis of urban greenhouse gas 557 
emissions inventories” Environment and Urbanization, 21, (1), 185-201. 558 
 559 
Dong, F. 2006. Impact of Urban Sprawl on US Residential Energy Use.  Ph.D. Dissertation, 560 
School of Public Policy, University of Maryland. 561 
 562 
Dujardin, C., Selod, H., Thomas, I. 2008. Residential Segregation and Unemployment: the case 563 
of Brussels. Urban Studies 45 (1) 89-113. 564 
 565 
Duranton, G., & Turner, M. A. 2012. Urban growth and transportation. Review of Economic 566 
Studies, 79 (4), 1407-1440. 567 
 568 
Eaton, R. L., Hammond, G. P., & Laurie, J. (2007). Footprints on the landscape: An 569 
environmental appraisal of urban and rural living in the developed world. Landscape and Urban 570 
Planning, 83(1), 13-28. 571 
 572 
Echenique, M. H., Hargreaves, A. J., Mitchell, G., & Namdeo, A. 2012. Growing cities 573 
sustainably: does urban form really matter?. Journal of the American Planning Association, 78 574 
(2), 121-137. 575 
 576 
Ewing, R. 1997. Is Los Angeles-style sprawl desirable? Journal of the American planning 577 
association. 63 (1), 107-126. 578 
 579 
Ewing, R., Cervero, R. 2001. Travel and the built environment: a synthesis. Transportation 580 
Research Record. Journal of the Transportation Research Board, 1780 (1); 87-114. 581 
 582 
Ewing, R., & Rong, F. 2008. The impact of urban form on US residential energy use. Housing 583 
policy debate, 19(1), 1-30. 584 
 585 
Frey, H. 2003. Designing the city. Towards a more sustainable urban form. 586 
 587 
Galster, G., Hanson, R., Ratcliffe, M. R., Wolman, H., Coleman, S., & Freihage, J. 2001. 588 
Wrestling sprawl to the ground: defining and measuring an elusive concept. Housing policy 589 
debate, 12 (4), 681-717. 590 
 591 
Garcia-López, M. À., Holl, A., Viladecans-Marsal, E. 2015. Suburbanization and highways in 592 
Spain when the Romans and the Bourbons still shape its cities”, Journal of Urban Economics. 85, 593 
52-67. 594 
 595 



Giuliano, G., & Narayan, D. 2003. Another look at travel patterns and urban form: the US and 596 
Great Britain. Urban studies, 40 (11), 2295-2312. 597 
 598 
Glaeser, E. L.; Kahn, M.E. 2010. The greenness of cities: carbon dioxide emissions and urban 599 
development, Journal of Urban Economics, 67 (3), 404-418. 600 
 601 
Grazi, F., van den Bergh, J. C., & van Ommeren, J. N. 2008. An empirical analysis of urban form, 602 
transport, and global warming. The Energy Journal, 29 (4), 97-122. 603 
 604 
Greene, W. 2003. Econometric analysis. New Jersey: Pearson Education Inc. 605 
 606 
Handy, S. 1996. Methodologies for exploring the link between urban form and travel behavior. 607 
Transportation Research Part D: Transport and Environment, 1(2), 151-165. 608 
 609 
Handy, S., Cao, X., & Mokhtarian, P. 2005. Correlation or causality between the built 610 
environment and travel behavior? Evidence from Northern California. Transportation Research 611 
Part D: Transport and Environment, 10 (6), 427-444. 612 
 613 
Hankey, S., & Marshall, J. D. 2010. Impacts of urban form on future US passenger-vehicle 614 
greenhouse gas emissions. Energy Policy, 38 (9), 4880-4887. 615 
 616 
Haughton, G. 1999. Environmental justice and the sustainable city. Journal of planning education 617 
and research, 18(3), 233-243. 618 
 619 
Heinonen, J., & Junnila, S. 2011. Implications of urban structure on carbon consumption in 620 
metropolitan areas. Environmen.tal Research Letters, 6 (1), 014018. 621 
 622 
Heinonen, J. 2012. The impacts of urban structure and the related consumption patterns on the 623 
carbon emissions of an average consumer. Aalto University publication serie. Doctoral 624 
dissertations, 25/2012 625 
 626 
Heinonen, J., Jalas, M., Juntunen, J. K., Ala-Mantila, S., & Junnila, S. 2013. Situated lifestyles: 627 
I. How lifestyles change along with the level of urbanization and what the greenhouse gas 628 
implications are—a study of Finland. Environmental Research Letters, 8 (2), 025003. 629 
 630 
Holden, E. 2004. Ecological footprints and sustainable urban form. Journal of Housing and the 631 
Built Environment, 19 (1), 91-109. 632 
 633 
Holden, E. 2007. Achieving sustainable mobility: Every day and leisure-time travel in the UE. 634 
Aldershot, Ashgate. 635 
 636 
Holden, E., Linnerud, K. 2011. Troublesome leisure travel: The contradictions of three 637 
sustainable transport policies. Urban Studies, 48 (14) 3087-3106 638 
 639 
Holden, E., Norland. I.T. 2005. Three challenges for the compact city as a sustainable urban form: 640 
Household consumption of energy and transport in eight residential areas in the Greater Oslo 641 
Region. Urban Studies, 42 (12) 2145-2166 642 
 643 
Holtzclaw, J. 1994. Using residential patterns and transit to decrease auto dependence and costs. 644 
San Francisco, CA: Natural Resources Defense Council 645 
 646 



Holtzclaw, J., Clear, R., Dittmar, H., Goldstein, D., Haas, P. 2002. Location efficiency: 647 
Neighborhood and socio-economic characteristics determine auto ownership and use-studies in 648 
Chicago, Los Angeles and San Francisco. Transportation Planning and Technology. 25 (1), 1-27 649 
 650 
Hoornweg, D., Sugar, L., & Trejos Gomez, C. L. 2011. Cities and greenhouse gas emissions: 651 
moving forward. Environment and Urbanization, 23(1), 207-227. 652 
 653 
Høyer, K. G., Holden, E.  2003. Household consumption and ecological footprints in Norway–654 
does urban form matter? Journal of Consumer Policy. 26 (3) 327-349 655 
 656 
Ishii, S., Tabushi, S., Aramaki, T., & Hanaki, K. 2010. Impact of future urban form on the 657 
potential to reduce greenhouse gas emissions from residential, commercial and public buildings 658 
in Utsunomiya, Japan. Energy policy, 38 (9), 4888-4896. 659 
 660 
Jabareen, Y. R. 2006. Sustainable urban forms. Their typologies, models and concepts. Journal 661 
of Planning Education and Research Vol 26, pages 38-52 662 
 663 
Jones, C., & Kammen, D. M. 2014. Spatial distribution of US household carbon footprints reveals 664 
suburbanization undermines greenhouse gas benefits of urban population density. Environmental 665 
science & technology, 48 (2), 895-902. 666 
 667 
Kennedy, C., Steinberger, J., Gasson, B., Hansen, Y., Hillman, T., Havranek, M., Pataki, D., 668 
Phdungsilp, A., Ramaswami, A. and Mendez, G.V., 2009. Greenhouse gas emissions from global 669 
cities. 670 
 671 
Knaap, G., & Talen, E. (2005). New urbanism and smart growth: A few words from the academy. 672 
International Regional Science Review, 28 (2), 107-118. 673 
 674 
Krehl, A., Siedentop, S., Taubenböck, H., & Wurm, M. 2016. A comprehensive view on urban 675 
spatial structure: Urban density patterns of German city regions. ISPRS International Journal of 676 
Geo-Information, 5(6), 76. 677 
 678 
Lee, S., & Lee, B. 2014. The influence of urban form on GHG emissions in the US household 679 
sector. Energy Policy, 68, 534-549. 680 
 681 
Lenzen, M., Wood, R., & Foran, B. 2008. Direct versus embodied energy–the need for urban 682 
lifestyle transitions. In Urban energy transition.  91-120. 683 
 684 
Levinson, D. M., & Kumar, A. 1997. Density and the journey to work. Growth and change, 28(2), 685 
147-172. 686 
 687 
Litman, T. 2015. Evaluating public transit benefits and costs. British Columbia, Canada: Victoria 688 
Transport Policy Institute. 689 
 690 
Liu, C., & Shen, Q. 2011. An empirical analysis of the influence of urban form on household 691 
travel and energy consumption. Computers, Environment and Urban Systems, 35(5), 347-357. 692 
 693 
Liu, Z., Liang, S., Geng, Y., Xue, B., Xi, F., Pan, Y., ... & Fujita, T. 2012. Features, trajectories 694 
and driving forces for energy-related GHG emissions from Chinese mega cites: the case of 695 
Beijing, Tianjin, Shanghai and Chongqing. Energy, 37(1), 245-254. 696 
 697 
Lombardi, M., Laiola, E., Tricase, C., Rana, R. 2017. Assessing the urban carbon footprint: An 698 
overview. Environmental Impact Assessment Review, 66, 43-52. 699 
 700 



Lopez, R., & Hynes, H. P. 2003. Sprawl in the 1990s: measurement, distribution, and trends. 701 
Urban Affairs Review, 38(3), 325-355. 702 
 703 
Lynch, K. 1984. Good city form. MIT press. 704 
 705 
Ma, J., A. Heppenstall, K. Harland, Mitchell, G. 2014. Synthesising carbon emission for mega-706 
cities: A static spatial microsimulation of transport CO2 from urban travel in Beijing. Computers, 707 
Environment and Urban Systems, 45, 78-88 708 
 709 
Makido, Y., Dhakal, S., & Yamagata, Y. 2012. Relationship between urban form and CO2 710 
emissions: Evidence from fifty Japanese cities. Urban Climate, 2, 55-67. 711 
 712 
Malpezzi, S., & Guo, W. K. (2001). Measuring “sprawl”: alternative measures of urban form in 713 
US metropolitan areas. Unpublished manuscript, Center for Urban Land Economics Research, 714 
University of Wisconsin, Madison. 715 
 716 
Mindali, O., Raveh, A., & Salomon, I. 2004. Urban density and energy consumption: a new look 717 
at old statistics. Transportation Research Part A: Policy and Practice, 38(2), 143-162. 718 
 719 
Markham, V. 2009.  U.S. Population, Energy and Climate Change, Center for Environment and 720 
Population,  New Cannan, Connecticut. 721 
www.cepnet.org/documents/USPopulationnergyandClimateChangeReportCEP.pdf 722 
 723 
Marshall, J. D. 2008. Energy-efficient urban form. Environ Sci technol 42, 3133-3137 724 
 725 
Mollay, U. 2010. Energy aware spatial planning. Impact potential of settlement structures and 726 
opportunities for assessment tools to support sustainable municipal development. Master Thesis 727 
T.V. Wien 728 
 729 
Muñiz, I., Galindo, A. 2005. Urban Form and the Ecological Footprint of Commuting. The Case 730 
of Barcelona.  Ecological Economics. 55, 499-514 731 
 732 
Muñiz, I., Calatayud, D., Dobaño, R. 2013. The compensation hypothesis in Barcelona measured 733 
through the ecological footprint of mobility and housing. Landscape and Urban Planning, 113, 734 
113-119 735 
 736 
Næss, P. 2014. Tempest in a teapot: The exaggerated problem of transport-related residential self-737 
selection as a source of error in empirical studies. Journal of transport and land use, 7(3), 57-79. 738 
 739 
Næss, P., & Jensen, O. B. 2000. Residential location and transport in Frederikshavn, paper for the 740 
conference Traffic Days 2000 at Aalborg University. 741 
 742 
Norman, J., MacLean, H.L., Kennedy, C.A. 2006. Comparing high and low residential density: 743 
Life-cycle analysis of energy use and greenhouse gas emissions. Journal of Urban Planning and 744 
Development, 132 (1) 10-21 745 
 746 
Newman, P. G., & Kenworthy, J. R. 1989. Cities and automobile dependence: An international 747 
sourcebook. 748 
 749 
Newman, P.W.G., Kenworthy, J.R. 1999. Sustainability and Cities. Overcoming Automobile 750 
Dependence. Washington, DC/Covelo, CA: Island Press 751 
 752 

http://www.cepnet.org/documents/USPopulationnergyandClimateChangeReportCEP.pdf


O'Reagan, K., J. Quigley, J. 1998. Where Youth Live: Economic Effects of Urban Space on 753 
Employment Prospects. Urban Studies, 35 (7), 1187-1205. 754 
 755 
Parshall, L., Gurney, K., Hammer, S. A., Mendoza, D., Zhou, Y., & Geethakumar, S. (2010). 756 
Modeling energy consumption and CO2 emissions at the urban scale: Methodological challenges 757 
and insights from the United States. Energy Policy, 38(9), 4765-4782. 758 
 759 
Pon, D., J. Pon, J. 2009. Evaluando el impacto climático del consumo: la huella de carbono. 760 
Ecosostenible, 50, 4-15. 761 
 762 
Rickwood, P., Glazebrook, G., & Searle, G. (2008). Urban structure and energy—a review. Urban 763 
policy and research, 26(1), 57-81. 764 
 765 
Rojas, C., Pino, J., C. Basnou, C., Vivanco, M. 2013. Assessing land-use and-cover changes in 766 
relation to geographic factors and urban planning in the metropolitan area of Concepción (Chile). 767 
Implications for biodiversity conservation.  Applied Geography, Vol 39, pages 93-103. 768 
 769 
Ryu, H.C. 2005. Modeling the per capita ecological footprint for Dallas County, Texas: 770 
examining demographic, environmental value, land-use and spatial influences. Phd Dissertation, 771 
Texas A&M University 772 
 773 
Salinas Varela, E., Pérez Bustamante, L. 2011. Procesos urbanos recientes en el Área 774 
Metropolitana de Concepción: transformaciones morfológicas y tipologías de ocupación. Revista 775 
de Geografía Norte Grande, 49, 79-97. 776 
 777 
Satterthwaite, D. 1997. Sustainable cities or cities that contribute to sustainable development? 778 
Urban Studies, 34, (10), 1667-1691. 779 

Satterthwaite, D. 2008. Cities contribution to Global Warming: Notes on the allocation of 780 
greenhouse emissions. Environment and Urbanization. 20 (2) 539-549. 781 
 782 
Satterthwaite, D. 2009. The implications of population growth and urbanization for climate 783 
change. Environment and Urbanization, 21 (2), 545-567. 784 
 785 
Smith, K.R., Rogers, J. and Cowlin, S.C. 2005. Household fuels and ill-health in developing 786 
countries: what improvements can be brought by LP gas (LPG)? París, Francia, World LP Gas 787 
Association & Intermediate Technology Development Group. 788 
 789 
Stokenberga, A. (2012). Explaining and projecting the carbon footprint of Mexico's urban 790 
transport. Transport research board 91st annual meeting. Washington dc. 791 
 792 
Strandell, A., Hall, C.M. 2015. Impact of the residential environment on second home use in 793 
Finland–Testing the compensation hypothesis. Landscape and Urban Planning. 133, 12-23. 794 
 795 
Torrens, P. M., & Alberti, M. 2000. Measuring sprawl. Manusc. 796 
 797 
Unión Europea y Gobierno de Chile (Conacyt). 2014). The energy sector in Chile. Research 798 
capabilities and science & technology development areas.  799 
 800 
VandeWeghe, J. R., Kennedy, C. 2007. A spatial analysis of residential greenhouse gas emissions 801 
in the Toronto census metropolitan area. Journal of industrial ecology, 11 (2); 133-144. 802 
 803 



Veneri, P. 2010. Urban polycentricity and the costs of commuting: evidence from Italian 804 
metropolitan areas. Growth and Change. 41 (3), 403-429. 805 
 806 
Wackernagel, M., & Rees, W. (1998). Our ecological footprint: reducing human impact on the 807 
earth (Vol. 9). New Society Publishers. 808 
 809 
Walraven, A. 2009. The Impact of Cities in Terms of Climate Change. United Nations 810 
Environment Programme 811 
 812 
Weisz, H., & Steinberger, J. K. 2010. Reducing energy and material flows in cities. Current 813 
Opinion in Environmental Sustainability, 2(3), 185-192. 814 
 815 
Wiedman, T., Minx, T. 2007. A definition of “carbon footprint, ISAUK Research report 07-01. 816 
Jun 2007 817 
 818 
Wolman, H., Galster, G., Hanson, R., Ratcliffe, M., Furdell, K., & Sarzynski, A. 2005. The 819 
fundamental challenge in measuring sprawl: Which land should be considered?. The Professional 820 
Geographer, 57(1), 94-105. 821 
 822 
Zahabi, S. A. H., Miranda-Moreno, L., Patterson, Z., Barla, P., & Harding, C. 2012. 823 
Transportation greenhouse gas emissions and its relationship with urban form, transit accessibility 824 
and emerging green technologies: a Montreal case study. Procedia-Social and Behavioral 825 
Sciences, 54, 966-978. 826 
 827 
   828 



Annex Table 1 829 
Housing and Mobility CO2 emissions. Mean values per commune 830 

 831 

Commune Population 
density 
(persons/ha) 

Tn CO2 eq 
housing per 
capita 

Tn CO2 eq 

mobility per 
capita 

Tn CO2 eq per  
TOTAL per 
capita 

Agüita de la Perdiz 1241.41 0.22 0.08 0.30 

Barrio Colón 56.59 0.31 0.30 0.61 

Barrio Universitario 234.64 0.54 0.37 0.91 

Brisas del Sol 107.56 0.30 0.41 0.71 

Cerro Alegre 286.72 0.21 0.21 0.42 

Cerro Verde Bajo 195.82 0.19 0.10 0.29 

Cerros Centinela 22.53 0.19 0.12 0.30 

Jorge Alessandri 216.73 0.25 0.16 0.41 

La Condola 143.25 0.19 0.11 0.30 

Lagunillas 100.04 0.26 0.28 0.54 

Leonera 460.6 0.18 0.12 0.30 

Lomas de San Andrés 82.35 0.31 0.48 0.79 

Lonco 139.24 0.45 0.50 0.95 

Los Tilos 190.35 0.20 0.15 0.35 

Pedro Valdivia Alto 353.35 0.48 0.40 0.87 

Pedro Valdivia Bajo 72.98 0.30 0.09 0.39 

Peñuelas 138.15 0.20 0.10 0.30 

Santa Sabina 220.12 0.28 0.06 0.34 

Villa el Aromo 35.71 0.30 0.45 0.75 

  

 832 
 833 
  834 



Annex Table 2 835 

Questionnaire 836 

 Individual 1 Individual 2 Individual 3 Individual 4 Individual 5 Individual 6 total 

Socio-economic        

Number of individuals        

Per capita income        

Mobility emissions        

Number of weekly 
journeys between 
home and place of 
work/study 

       

Distance between 
home and place of 
work 

       

Mode of transport 
mobility home place of 
work/study  

       

Number of journeys 
during the last 
weekend  

       

Distance between 
home and weekend 
destination  

       

Mode of transport 
journeys between 
home and weekend 
destination  

       

Number of journeys 
during vacations  

       

Distance between 
home and vacation 
destination  

       

Mode of transport 
during vacations  

       

Housing emissions        

Electricity bill        

Other energy sources         

Firewood        

Fuel        

Gas        

Preferences (1 to 10)        

auto        

Awareness of local 
environmental 
problems 

       

Awareness of global 
environmental 
problems   

       

Importance of 
awareness of local and 
global environmental 
problems when 
choosing place of 
residence 

       

 837 
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