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Introduction 
 
The complementary influences of urban climate and urban morphology have been largely investigated 
according to complementary approaches: (1), searching for the influence of the built environment on climate, 
for example, urban heat island (UHI) studies (Akbari et al., 2016; Kolokotroni, Zhang, & Watkins, 2007; Oke, 
1973, 1982, 1988; Santamouris, 2007), and (2),  analysing the impact of urban microclimate on buildings’ 
energy consumption and thermal comfort (Kolokotroni, Ren, Davies, & Mavrogianni, 2012; Ratti, Baker, & 
Steemers, 2005; Sailor, 2014; Salvati, Coch, & Cecere, 2017). The temperature increase is not uniform across 
an urban area, being mostly dependent on the building density (Bueno, Roth, Norford, & Li, 2014; Nakano, 
Bueno, Norford, & Reinhart, 2015; Palme, Lobato & Carrasco, 2016; Palme, Inostroza, Villacreses, Lobato & 
Carrasco, 2017, Allegrini, Dorer, & Carmeliet, 2015). The global energy penalty (GEP) is a technique 
(Santamouris 2014a, 2014b) to estimate the impact of urban climate on the energy consumption of buildings 
and involves energy simulations of representative building types using urban and rural climatic data. 
However, methodologies for the selection of representative building types and for modelling energy 
consumptions at the district scale are still under development. Research on the relationships among land 
use, building density and sustainability of urban environments highlights that compact, high-density cities 
are better compared to sprawling automobile-based cities because of the more efficient use of resources, 
reduced costs for transportation, and reduced risk of social segregation via mixed land use (Hui, 2001; Mills 
et al., 2010; Morganti et al., 2017; Ng, 2010; Williams et al., 2000). However, an increase in building density 
can be achieved in different ways: increasing building depth, increasing building height, or increasing the 
compactness of urban textures (Steemers, 2003). Therefore, densification may lead to very different urban 
forms and building types, which, in turn, can modify the energy and environmental performance of buildings 
at the urban scale (Berghauser Pont and Haupt, 2007; March and Martin, 1972; Ratti et al., 2005, 2003). 
Further research on the impact of the morphological variety in the urban tissue - both in the horizontal and 
the vertical dimension - on the urban climate and buildings’ energy demand is required.  
 
An increasing number of studies are focused instead on the metabolism of cities, assessing the fluxes of 
energy, matter and information (Kennedy, Pincetl, & Bunje, 2011; Kennedy, Cuddihy, & Engel-Yan, 2007; 
Mindali, Raveh, & Salomon, 2004; Zhang et al., 2012; Zhang, 2013) However, only a few of these studies 
included urban form analysis in the assessment of the urban metabolism, despite the strong connection 
between the urban fluxes and the material structure of the urban environment (Inostroza, 2014). The 
technomass (TM) indicator (Inostroza, 2014) has been proposed to overcome this limitation by accounting 
for the material accumulation of anthropogenic matter per unit of surface. This approach links urban form 
and metabolism, where the reciprocal influences of morphology and function are producing strong heat 
dissipation path dependencies (Inostroza, 2018). TM is a spatially explicit 3D indicator particularly suitable 
for urban climate analysis, considering the key role of urban form in determining the UHI intensity (Oke & 
Stewart, 2012; Palme, Lobato & Carrasco., 2016; Rodríguez-Álvarez, 2013; Salvati, Palme & Inostroza, 2017). 
Linking urban form analysis with climate modelling would allow for a robust assessment of the environmental 
impact of urban development, considering the interdependencies among TM increase, UHI and the total 
energy requirements for buildings. This is a core topic for South American cities, considering the high rate of 
urban expansion (Cohen, 2006) and the observed reduction in density patterns that this expansion generates 
(Inostroza et al., 2013). The overlapping effect of the UHI intensity is detrimental to the building energy 
performance, especially in large cities located in hot climates (Santamouris & Kolokotsa, 2016) Moreover, in 
South America, a change in comfort expectations will probably produce an increase in the energy demand 
for space cooling in buildings. As highlighted in previous studies (Brager and de Dear, 2008), the increase of 
comfort expectations is mainly linked to the increase of the average per capita income and the efficiency of 
systems and machines designed to accomplish the challenge. In the future, air conditioning is supposed to 
increase by 500% at the world level, basically due to changes in the living conditions of China and India 
(Santamouris & Kolokotsa, 2016). South America will contribute to this trend, being the continent with the 
highest rate of urban growth (Cohen, 2006).  
 
The urban climate and the influence of urban form on buildings’ consumption has been studied in recent 
years in the South American context, with a primary focus on cities in Brazil, Argentina and Chile (Figuerola 



& Mazzeo, 1998; Romero, Irarrázaval, Opazo, Salgado, & Smith, 2010; Sarricolea & Romero, 2010; Sobral, 
2005, Correa, Ruiz, Canton, & Lesino, 2012; Palme, Inostroza, Villacreses, Lobato & Carrasco, 2017a; Sosa, 
Correa, & Canton, 2017). However, a clear connection between the built-up mass and the energy 
consumption has not been explored yet. Changes in form and building density can thus affect both climate 
and the energy consumption of buildings. The increase of the built density and the consequent heat 
generated by heating, ventilation and air conditioning (HVAC) systems and by traffic may determine a UHI 
intensity increase (Salvati, Coch Roura, & Cecere, 2016). Such a UHI intensity increase may entail an increase 
of the buildings’ cooling loads and a reduction of the heating loads (Salvati, Coch, & Morganti, 2017). 
Therefore, changes in urban morphology can determine a variation of the energy performance of buildings 
through primary and secondary effects:  an increase of building mass causes an inevitable rise of global 
energy demand (first order), and less obvious, a morphological change in urban developments can increase 
the UHI intensity, significantly impacting the final energy demand (second order). This study shows that the 
combination of these effects may lead to a superlinear relationship between buildings’ cooling demand and 
TM, i.e., energy demand may grow faster than the increase of TM. Based on the results across the urban 
fabric of four South American cities, the less energy efficient urban patterns have been identified. Some 
possible implications for urban planning and building design, such as better façade design, have been 
suggested to mitigate the adverse effect of uncontrolled density increase. 
 

Methods 
 
The relationship between buildings’ cooling demand and built density has been explored by applying multi-
scale analyses that include four steps: (1) identification of the representative samples of the urban fabric in 
four South American cities; (2) calculation of the TM of each urban sample; (3) classification of the samples 
into urban tissue categories (UTC) for estimation of the UHI intensity; and (4) simulation of the total cooling 
energy demand of all the buildings within each sample and evaluation of the energy penalty determined by 
the urban context. The UHI intensity is calculated using the Urban Weather Generator (UWG), a coupled 
atmosphere–building simulator developed to generate urban weather files for building energy modelling 
using meteorological information from the cities’ reference weather stations (i.e., the typical meteorological 
year) and parameters of urban area as inputs (Bueno et al., 2013). The building performance simulations are 
performed using TRNSYS © software, considering different model setups and weather files for rural and 
urban contexts, which allows for evaluation of the 'global energy penalty' determined by urban contexts.  
 
Case studies: Antofagasta, Valparaiso, Guayaquil and Lima 
Four South American coastal cities are used as case studies: Antofagasta and Valparaiso in Chile, Guayaquil 
in Ecuador and Lima in Peru. These four cities have different sizes, latitudes and urban morphologies, allowing 
for exploration of the variability of the relationship between urban form and building energy demand in 
different climatic and urban contexts (Table 1). In the hottest months of the year, the global horizontal solar 
radiation and diurnal temperature range are maximum in Valparaiso and minimum in Guayaquil because 
Valparaiso and Guayaquil are the cities with the highest and lowest latitudes, respectively, among the four 
(Figure 1). The average daily air temperature is higher in Guayaquil and Lima compared to Antofagasta and 
Valparaiso. 
 

 
Urban tissue categories (UTC) for UHI evaluation 
The UTC methodology is designed to group random samples of urban tissue of an urban area into groups 
with similar urban morphology for urban microclimate analysis. The UTC classification can be used to relate 
the existing morphology variability of a city to the estimated temperature variability across it; thus, the UTC 
classification is used to conduct building performance simulation in the urban context (Palme, Inostroza, 
Villacreses, Lobato and Carrasco, 2017 a and b). We developed our analysis on the basis of a successfully 
tested sample of 24 urban tissues of 1 hectare in the four cities that is fully available in (Palme, Inostroza, 
Villacreses, Lobato and Carrasco, 2017 a and b). The distribution of the samples is shown in Figure 2. Each 
sample is parameterised using three key variables of urban morphology that have major impacts on the UHI 
intensity at the local scale and that can be calculated from GIS data. The three variables are as follows: 1) Site 



coverage ratio (SCR), which is the ratio of the building footprints to the site area, 2) Façade-to-site ratio (FSR), 
which is the ratio of the vertical surface area (facades) to the site area, and 3) Vegetation coverage ratio 
(VCR), which is the ratio of the green area to the site area.  
 
Principal component analysis (PCA) is used to group the convergence of the variance of the three variables 
into a set of uncorrelated linear components. PCA allows further mathematical manipulation, thus avoiding 
the endogeneity of the original variables. Varimax orthogonal rotation was applied to enhance the 
convergence of similar values, and the Kaiser rule was used for the retention of components (Abdi & Williams, 
2010; Abdi, 2003). The rotated values of each sample factor score are plotted on the PCA biplot graph and 
used for dimensionality reduction to select the two most representative variables among the three 
uncorrelated dimensions. The retained components express these two uncorrelated dimensions of urban 
form for each city: SCR and FSR. UTC values are then identified as clusters of samples on the plot, where 
proximity implies sharing such morphological properties. For classifying the urban samples into groups with 
similar UHI intensity, the variations of the SCR and the FSR are much more significant than the variation of 
the VCR. This has been highlighted in studies focused on the Mediterranean context (Salvati, Palme, & 
Inostroza, 2017) as well as in validation studies of the UWG model in different geographical contexts (Bueno, 
Roth, Norford, & Li, 2014; Nakano, Bueno, Norford, & Reinhart, 2015; Palme, Inostroza, Villacreses, Lobato 
and Carrasco, 2017 a and b). At the same time, the clustering of UTCs is more straightforward in a bi-
dimensional plane than in a tri-dimensional space.  
 
The procedure for the UTC classification is depicted in figure 3. For each UTC, the corresponding UHI intensity 
is calculated using the UWG model. UWG estimates the canopy level air temperature of a homogeneous 
urban area based on the values of the SCR, the FSR, the average building height, and other parameters. The 
model has been validated in Boston (Street, Reinhart, Norford, & Ochsendorf, 2013), Toulouse in France and 
Basel in Switzerland (Bueno, Norford, Hidalgo, & Pigeon, 2013), Singapore (Bueno, Roth, Norford, & Li, 2014), 
Abu Dhabi (Mao, Yang, Afshari, & Norford, 2017) and Rome and Barcelona (Salvati, Coch, & Cecere, 2016), 
resulting in sufficient accuracy to predict the UHI intensity at the neighbourhood scale to perform building 
performance studies.  
 
 
 
 
 
Technomass estimation: Mass and volume computation 
The TM estimation is based on calculations of the parametric weights of four reference housing typologies 
(Figure 3) identified across the built environment of the studied cities: detached or semi-detached houses (2 
floors), terraced houses (2-3 floors), apartment blocks (4-8 floors) and tall buildings (more than 8 floors). 
These categories follow the definitions provided by the TABULA project for European building typologies 
(Loga, Diefenbach, Dascalaki, & Balaras, 2010).  
The total volume of each housing type in the samples (𝑉𝑡𝑖) was derived from GIS data, including the available 
data of the built-up area as well as the perimeter and height of all the buildings in the samples. The weight 
per unit volume of each housing type, 𝑀𝑡𝑖 (Tons/m3), was calculated using one reference building for each 
category (Figure 4) and considering the following components:  vertical structure, slabs, roof, external walls 
and windows, internal partitions and doors, and stairs and lifts. Only above ground TM was calculated to 
obtain comparable results; thus, the weight of the underground structures was omitted. Building systems 
were also considered using default parametric values from the literature (Morganti, Pages, Isalgue, Coch, & 
Cecere, 2012). The weight of the housing type per unit volume was obtained as the ratio of the total weight 
of the reference building (given by the sum of the weights of all the components) to the whole building 
volume.  
 
The TM of the urban samples is obtained as the sum of the products of the parametric weights (Tons/m3) of 
the different housing types and the total volume of the buildings of each type in the sample, as expressed in 
Equation 1: 



 
    Ms =  ∑(𝑀𝑡𝑖  𝑥 𝑉𝑡𝑖)      (1) 
 
where Ms is the TM of the sample in Tons/hectare, 𝑀𝑡𝑖 is the weight per unit volume (Tons/m3) of each 
housing type (𝑡𝑖), and 𝑉𝑡𝑖) is the total volume of each housing type in the sample. 
 
Energy demand and energy penalty 
To estimate the energy performance of the 24 samples in each city, building performance simulation (BPS) 
was conducted for the four residential building types. BPS was conducted using TRNSYS © tool version 17 
following the steps depicted in Figure 5. The total cooling load of each sample was calculated using volumes 
instead of surfaces by multiplying the cooling demand per cubic metre of each housing type by the effective 
volume of each type in the sample. The global energy penalty was obtained by comparing the BPS result 
corresponding to a rural environment (including standard weather data, no shadows and no radiant exchange 
between buildings) to those in urban environments using urban weather files, building shadows and radiant 
exchange between buildings. The results for the hottest months of the year (from January to March) are 
presented and analysed. The main variables of the model setup for the BPS are reported in Table 2. The 
cooling load of the housing types in the urban context was calculated for all the different boundary conditions 
determined by the morphology of the UTCs, namely, average UHI intensity, shortwave radiation obstruction 
(shadows) and long-wave radiation exchange between buildings. Details on the procedure are described in 
the Appendix.  
 
 

Results 

Housing types and technomass in the urban samples 
Figure 6 shows the variability of the TM and the percentage of housing types present in the 24 samples in 
the four cities. Detached and terraced house are the predominant types. In Guayaquil, these two types 
represent almost the entire housing stock analysed. The urban morphology of Guayaquil is homogenous and 
composed of a low building density, with an average building height of only two floors, resulting in the low 
value of the average TM (8,260 Ton*ha-1) and the small standard deviation (3,980 Ton*ha-1). The urban 
morphology in Lima is also homogeneous, where, in addition to detached and terraced houses, apartment 
blocks are also common. The average TM and the standard deviation are slightly higher than those in 
Guayaquil (12,590 and 5,880 Ton*ha-1, respectively). Conversely, Antofagasta and Valparaiso show a higher 
variability of TM because of the presence of all four housing types in similar proportions. The average TM is 
equal to 13,350 Ton*ha-1 in Antofagasta and 15,330 Ton*ha-1 in Valparaiso, indicating higher average building 
density in comparison to those in Lima and Guayaquil. The standard deviation of TM is also higher: 12,710 
Ton*ha-1 for Antofagasta and 12,070 Ton*ha-1 for Valparaiso.  
 
Urban tissue categories (UTCs) 
Two components were retained in all cases, reflecting the variability of the SCR and the FSR among the 24 
urban samples of each city. The relative position of each point on the graph indicates particular morphological 
characteristics of the urban sample: top-right quadrant - high SCR and high FSR; bottom-right quadrant - high 
SCR and low FSR; bottom-left quadrant - low SCR and low FSR; and top-left quadrant - low SCR and high FSR. 
The UTCs for each city have been identified as a cluster of samples on the bi-plots, as represented in Figure 
7. The average values of the original morphological parameters for each cluster of samples – i.e., for each 
UTC – are reported in Table 3; these parameters have been used to estimate the corresponding UHI intensity 
in the UWG model. The number and morphological characteristics of the UTCs are particular to each city, 
being based on the morphological variability of the 24 urban tissue random samples. For this reason, clusters 
of samples of different cities may have rather different morphological characteristics, even if they are located 
in the same relative position on the bi-plots graphs. Moreover, the values of the morphological parameters 
for the denser UTC (clusters in the top-right quarter) and the less dense UTC (clusters in the bottom-left 
quarter) vary significantly among different cities (i.e., the denser UTC of Antofagasta – UTC1 – has a SCR equal 



to 0.76, a FSR equal to 1.65 and a building height equal to 11.33 m, whereas the denser UTC in Lima has a 
SCR equal to 0.72, a FSR equal to 1.34 and a building height equal to 7.72 m).  
 
UTC and urban heat island intensity for each city  
Figure 8 shows the results of UHI calculations performed with UWG for each city and UTC. The daily average 
UHI intensity is significant in the four cities. The maximum nocturnal UHI intensity is found in Valparaiso 
(4.3°C, Table 4). In Antofagasta and Guayaquil, the nocturnal average intensity in summer reaches more than 
2°C in the densest UTC (UTC1), whereas in Lima, the daily UHI intensity is always below 1°C during both 
daytime and night-time. These results are in line with available monitoring data  (Serricolea & Romero 2016; 
Carrasco et al. 2017, Palme et al. 2016). The impact of urban morphology on UHI intensity is different in the 
four cities. Valparaiso and Antofagasta show a higher variability of the UHI intensity for the different UTCs 
compared to Guayaquil and Lima. In Valparaiso, the UHI intensity between different UTCs varies between 4.3 
°C and 2.6 °C during the night-time. In Antofagasta, the maximum difference of UHI intensity is between 2.0 
°C and 1.3 °C. The UHI intensity in Lima and Guayaquil is instead quite homogeneous, with temperature 
variation below 0.5 °C among the different UTCs. This different behaviour can be explained by two factors: 
(1) the homogeneity of the urban form across the city and (2) the climate and latitude of the cities. The results 
of the TM estimations showed that Valparaiso and Antofagasta are characterized by a higher variability in 
urban morphology than Guayaquil and Lima because of the different distributions of the building types. 
Furthermore, in Valparaiso and Antofagasta, the UTCs with the maximum values of site coverage ratio and 
façade-to-site ratio were found, often corresponding to a high value of the average building height (see Table 
3, UTCs 1 and 3 for Antofagasta and UTCs 1 and 3 for Valparaiso): for these UTCs, UWG estimated the 
maximum UHI intensity among all the case studies, resulting in a greater range of variability of urban 
temperature for the two cities. Regarding the climate, Guayaquil and Lima have a higher average 
temperature and a smaller diurnal temperature range than do Antofagasta and Valparaiso; these differences 
contribute to mitigating the temperature differences between the urban and rural contexts. The four cities 
are also located at different latitudes; this difference in latitude plays an important role in the influence of 
urban morphology on the UHI intensity. Lima and Guayaquil are located close to the equator and have high 
solar altitudes that probably reduce the possibility of interaction with the canyon geometry, whereas in 
Antofagasta and Valparaiso, the lower solar altitudes may determine multiple reflections within the canyon 
surfaces and increase the heat storage. Alternatively, at mid-latitudes, such as in Valparaiso, the urban 
geometry can also determine the so-called cool island during the daytime, namely, a reduction of urban 
temperature compared to the rural one during the hottest hours of the day caused by the beneficial effect 
of shadow (Figure 8). This beneficial effect is, however, counterbalanced by a higher nocturnal UHI intensity 
because of the impact of urban geometry on infrared radiation heat loss. 
 
BPS results: energy demand and energy penalty 
The analysis of BPS results is divided into three parts. First, the cooling loads of each housing type are 
analysed for each city and UTC. Second, the global energy penalty for each city and sample is presented. 
Third, the relationship between energy demand and energy penalty is discussed. BPS results for the four 
housing types (Table 5) showed a general increase of the cooling demand in the urban context compared to 
the rural ones. However, note that in some cases, the cooling load also decreased in the urban context 
because of the specific combinations of increased shadows, radiant exchange modifications and UHI 
intensity. This was the case of the detached houses and terraced houses in the UTC1 and UTC2 of Lima and 
of the apartment blocks, terraced houses and detached houses in the UTC1 and UTC3 of Antofagasta. These 
UTCs correspond to dense environments, where both the site coverage ratio and the façade-to-site ratio 
values are high, i.e., the buildings are close and rather tall. For such textures, the shadows determined by the 
urban context have a significant impact on the building energy demand, especially on low-rise buildings. The 
reference climate of the four cities also influenced the results. In Guayaquil and Valparaiso, with similar dense 
urban contexts in terms of site coverage ratio and façade-to-site ratio, a reduction of the cooling demand 
was not determined for any building type. Therefore, the results suggest that in desert climates, solar 
radiation can be regarded as a more important parameter with respect to the environmental temperature, 
whereas in tropical (Guayaquil) and Mediterranean (Valparaiso) climates, the environmental temperature 
plays a fundamental role in the final cooling demand, being comparable to the incoming radiation. Figure 9, 



Figure 10, Figure 11 and Figure 12 report the cooling energy demand results for the four cities as a function 
of the TM of the 24 samples, comparing the loads obtained while considering the rural and urban 
environments in the BPS. The difference between the trend lines for rural and urban results is the graphical 
representation of the energy penalty determined by the urban context. The graphs clearly show that the 
energy penalty is not constant across the urban area but varies significantly with the TM of the samples 
(Figure 13). The maximum variability is found in Antofagasta and Valparaiso, where the penalty varies 
between 0 and 300 kWh/ha. Lima and Guayaquil have a more uniform behaviour because of the reduced 
morphological differences among the samples. There are cases in Lima and Antofagasta where the cooling 
penalty per hectare is negative as a result of the shadows’ influence. This negative penalty is found for UTCs 
with high UHI intensity.  
 
Technomass and energy demand 
Different cooling penalties introduced by UHI lead to differences in the total cooling demand of each sample. 
In all cases, the cooling demand increases with TM; however, the slope of the increase varies and is 
important. We used in Figure 14 a double logarithmic scale (base 2) to explore these variations, where if the 
x value is doubled and the y value is doubled as a response (gradient 1 in the line), then the relation is defined 
as linear. Therefore, if the gradient is less than 1, then the relation is sublinear, whereas if the gradient is 
greater than 1, then it is superlinear. This definition is very important to establish because a sublinear 
behaviour indicates an increase in thermal efficiency with TM, whereas a superlinear behaviour indicates a 
decrease in efficiency. The results of BPS showed a clear superlinear relationship between the cooling 
demand and the TM increase in Antofagasta (gradient 1.64) and Valparaiso (1.20), whereas the trends for 
Lima (0.92) and Guayaquil (0.88) were found to be slightly sublinear. The different trends is due to the smaller 
variability of the TM in Lima and Guayaquil (5 to 20 kTon*ha-1) compared to that in Valparaiso and 
Antofagasta (5 to 60 kTon*ha-1); low values of the TM in fact entail a lower average UHI intensity and the 
absence of tall buildings across the urban area (tall buildings correspond to an increase of cooling loads, being 
the housing typology with the highest cooling demand, regardless of the context).  
 

Discussion 
 
The UTC classification is a novel proven approach to classify the urban morphology of a city in a manner 
particularly suited for urban climate analysis (Palme et al 2017, Martilli 2014). The relationships between 
cooling energy demand and the TM of the urban samples suggest the existence of a critical mass that might 
generate a transition in the urban cooling consumptions from linear to superlinear. The transition might be 
caused by the detrimental impact of the UHI effect and the infrared environment in dense urban 
environments. This is in line with previous studies that identified some threshold values of the site coverage 
ratio and the façade-to-site ratio, beyond which the UHI intensity becomes significant in the Mediterranean 
climates (Salvati, 2016). According to the results, it appears that the increase in building density obtained by 
vertical growth could generate the superlinear transition of the cooling energy consumptions (Figure 9 and 
Figure 10 ). The increase of building height determines an increase of the façade-to-site ratio of the urban 
area, which in turn plays an important role in the UHI intensity (Salvati, 2016). Tall buildings have the highest 
cooling loads, regardless of the context, being characterized by a higher ratio of transparent surfaces and less 
exposed surfaces compared to the other typologies. The standard design of high-rise buildings reduces heat 
dissipation during both winter and summer seasons. This is a positive effect in winter and across the entire 
year in cold environments. However, in South American climates, high-rise buildings have a strong negative 
impact on the cooling demand, as shown by the BPS results. There is a critical TM value above, which a 
superlinear transition in the energy consumption occurs. In the analysed cities, the critical mass transition 
threshold was found to be between 25,000 and 30,000 ton*ha-1, achieved with vertical growth, causing an 
unavoidable shift in the cooling demand. This threshold must be further tested in other cities and latitudes 
to explore differences and similarities. The relationship between TM and cooling demand increase can inform 
policymaking, especially for the development of parametric normative rules for urban planning to control 
unregulated urban energy consumption increases. Once the structural layout of the urban morphology is 
established regarding green areas, streets and other public spaces needed per hectare, the maximum volume 



of TM that is possible to build up while avoiding the superlinear transition of energy consumptions can be 
evaluated.  
 

Strengths and limitations of the study 
 
This study provides quantitative evidence to foster climatically sensitive urban planning, considering both 
urban building energy consumption and urban form. However, our method has four limitations. First, it is 
based only on the hottest period of the year, from January to March. This approach was taken because of 
the presence of cooling needs only during this period in three of the four study cases. Only Guayaquil has 
cooling needs during the whole year. A whole year building performance simulation including heating 
demand estimations is required to assess the annual energy balance. The results for the heating season 
would probably affect the global results for the case of Valparaíso, where the winter season is rather cold. 
Conversely, in the other three cities (Guayaquil, Lima and Antofagasta), the heating demand is normally null 
or negligible. Second, the anthropogenic heat generated by traffic, an important variable of the UHI 
generation, has been considered a fixed value in all the simulations of the UHI intensity. In future research, 
information on the particular patterns of traffic across the urban areas will be considered to improve the 
accuracy of the climate and energy estimations. The third limitation of the study is that the BPS assumed the 
ground surface temperature to be the temperature of the entire infrared environment, leading to the 
approximation that the long wave interchange is equal to zero. A more accurate estimation would determine 
the uniform temperature representative of the environment as the weighted (by view factors) average 
temperature of all surfaces of the radiant environment. However, in the absence of uncommon surfaces (e.g., 
solar absorbers, solar reflectors, or low emission materials), this simplification may entail a maximum error 
of 10% in the infrared radiation exchange. In the ground surface temperature calculation, airspeed is also 
assumed to be zero, reducing the convection loss coefficient and consequently increasing the surface 
temperature. This approximation is reliable if the urban canyon aspect ratio (building height to street width) 
is greater than 1, as is the case for most of the analysed UTCs. However, future research should involve the 
analysis of special urban situations in which air circulation can affect both the outdoor microclimate and the 
indoor natural ventilation. The consideration of only residential buildings in the analysis is the fourth 
limitation. Future work will consider other building types with higher levels of internal heat gains and more 
accurate environmental control, e.g., commercial buildings, institutional buildings, schools and hospitals.  
 

Conclusion  
 
The results of this research provide evidence on the double nexus existing between UHI and urban 
morphology. The built environment generates different UHI intensities and other changes in the 
microclimate that can vary according to particular TM thresholds. The specific site conditions generate 
differences in the cooling needs. The simulation results showed that higher levels of UHI are expected in 
regions where higher amounts of TM are concentrated, especially if vertical development is present. The 
increase of cooling needs in fact depends on building density and vertical development. However, the 
combination of different effects in urban environments, such as UHI intensity and direct radiation reduction, 
causes a more dispersed situation in the site-specific results. Vertical development appears to have a greater 
influence than building density on the cooling needs of specific sites because of the change in the building 
type. Vertical growth is achieved by using constructive systems with more transparency on the facades, less 
shadows from the urban context, and less heat losses thorough the building envelope. The relationship 
between cooling demand and TM is linear until a critical value of mass is reached. The threshold is 
approximately 25,000-30,000 Ton*he-1. Once this value is exceeded, the cooling demand shows a superlinear 
behaviour caused by the UHI increase in dense and high sectors of the city and the changes in the building 
type that affect its energetic behaviour. Our research links urban climate analysis to BPS at the urban scale, 
providing empirical evidence of the changing influence of urban form on energy demand. These findings are 
relevant to the development of climate-informed urban planning.  
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Appendix 
 
 
The average shadow range on the building facades was estimated for simplified geometric models 
representative of the different UTCs. The geometric models were built using the morphology 
parameterisation used by the UWG (Bueno et al., 2013) and TEB (Masson, 2000) models, namely, a regular 
layout of square-plan buildings with the same height (Figure A1). The geometric relationships between the 
parameters of the Site coverage ratio and the Façade-to-site ratio of each UTC and the corresponding values 
of the side of the square-plan building (a) and the side of the square delimited by the facades of the 
surrounding buildings (b) were derived by Bueno (Bueno, Norford, Pigeon & Britter, 2011). 
  
The average shadow range was calculated on the central block of the grid, considering the obstruction angles 
α and β on the middle point of the façade. Ten shadow environments were considered because of the 
negligible variations of the obstruction angles among similar UTCs (figure A2 and table A1). In each geometric 
model of the UTC, the vertical obstruction angle β was calculated considering the height used for the energy 
models of each building type, namely, 6 m for the detached and terraced houses, 15 m for the apartment 
blocks and 60 m for the tall buildings. The BPS was conducted considering the same obstruction angles on all 
the façades. 
 
 
The long-wave radiation exchange from the external surfaces to the atmosphere was calculated considering 
the effective sky temperature as a function of the ambient temperature, air humidity, cloudiness factor and 
local air pressure. The calculation was performed using the TRNSYS Type 69 (Solar Energy Laboratory 
University of Wisconsin-Madison et al., 2009).  
 
For the rural context, the sky view factor of the building facades was set to 0.5. For the urban context, the 
sky view factor (SVF) of external walls was calculated based on the same geometric models used for shadow 
computations (Figure A2).   
 
The ground temperatures for rural and urban environments were calculated according to equations 1 and 2, 
respectively (ASHRAE, 2009; O’Callaghan and Probert, 1977): 
 



    𝑇𝑔𝑟𝑜𝑢𝑛𝑑 = 𝑇𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑒𝑚𝑛𝑡 +
𝛼×𝐼𝐻−100×𝜀×(1−𝐶)

9.42+3.68×𝑣
    (1) 

 
 
    𝑇𝑔𝑟𝑜𝑢𝑛𝑑 = 𝑇𝑢𝑟𝑏𝑎𝑛 𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡 + 0.2 × 𝛼 × 𝐼𝐻 × 𝑠𝑣𝑓   (2) 

where: 
v is the wind speed (m/s) 

 is the solar absorption of the ground (0-1) 
IH is the total incoming radiation on the horizontal area (W/m2) 

 is the emissivity of the ground (0-1) 
C is the cloudiness factor (0-1) 
svf is the sky view factor  
 
In TRNSYS, the infrared radiation exchange between walls and the environment is considered to be uniform, 
i.e., all the surfaces that exchange radiation with the walls are assumed to be at the same temperature equal 
to the ground temperature; for this reason, the long wave interchange is assumed to be 0 in the urban case. 
In the rural environment, the long wave interchange is estimated to be 100 W/m2, and the surface loss 
coefficient is approximately 20 W/m2ºC, leading to a difference of 5 ºC between a high emissivity surface and 
the environment during a clear night (the temperature difference is 0 if the sky is cloudy). 
 
In the urban environment, the absence of wind was assumed in the convective loss factor calculation; this is 
an acceptable assumption for urban areas with an average value of the ratio of building height to street width 
above 1 (Oke, 1988; Georgakis, & Santamouris, 2006; Di Bernardino, Monti, Leuzzi, & Querzoli, 2015). The 
average UHI effect was included in the BPS using the weather file generated by UWG for each UTC of each 
city (changes in temperature and humidity).  
 
 
  



 
Figure 1: Diurnal cycle of air temperature and global horizontal radiation during summer months in the four cities. 



 
Figure 2 Cities and samples 



 
Figure 3 Method for generating urban tissue categories (UTCs) and estimation of technomass. 

  



 

 
Figure 4 Reference buildings for mass calculation: (1) semi-detached house and row house typologies; (2) apartment building; and 
(3) tall building. 

  



 

 
Figure 5 Methodological workflow for simulations. 

 
 



 
Figure 6 Technomass and building types for each urban sample for the four cities: T1, detached houses; T2, row-

houses; and T3, block. 

 



 
Figure 7 Identification of the clusters of urban samples on the bi-plot graphs resulting from principal component analysis (PCA). 
Retained components in the bi-plot graph are D1–D3 in the cases of Antofagasta, Lima and Guayaquil, while they are D2–D3 in the 
case of Valparaíso. 

 



 
Figure 8 Temperature evolution in the urban tissue category (UTC) for each city in a reference day 

 
  



 
Figure 9 Cooling demand and technomass for Antofagasta samples. 

  



 

Figure 10 Cooling demand and technomass for Valparaiso samples. 

  



 

 
Figure 11 Cooling demand and technomass for Lima samples 

  



 

 

Figure 12 Cooling demand and technomass for Guayaquil samples. 

  



 

 
Figure 13 Cooling penalty for each city and sample 

  



 

 
Figure 14 Cooling demand for cities in function of technomass (log scale). 

  



Table 1 Main characteristics of the four reference cities. 

 
 

  



Table 2: Model set-up for building performance simulation (BPS). Note: Walls are in concrete blocks (150 mm) and 

mortar (1 mm); roofs are in light concrete (100 mm), polystyrene insulation (50 mm) and asphaltic external mortar 
(1 mm); floors are in concrete (200 mm); and windows are clear single glazed with an aluminium frame and 
internal shadings (curtains). 

 
 
  



Table 3 Morphological features of each urban tissue category (UTC) for urban heat island (UHI) calculation. 

 
  



 
 
Table 4 Average temperature and urban heat island (UHI) intensity during summer season for each city and urban tissue category 
(UTC). 

 
  



Table 5 Cooling demand (kWh/m2). 

 


