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Abstract: Greenhouse gas emissions depend on natural and anthropic phenomena; however, to
reduce emissions, we can only intervene in terms of anthropic causes. Human activity is very
different in various countries and cities. This is mainly due to differences in the type of urban
environment, climatic conditions, socioeconomic context, government stability, and other aspects.
Urban building energy modeling (UBEM), with a GIS-based approach, allows the evaluation of all
the specific characteristics of buildings, population, and urban context that can describe energy use
and its spatial distribution within a city. In this paper, a UBEM is developed using the characteristics
and consumption of eight typical buildings (archetypes) in the climate zone of Santiago de Chile.
The archetype-based UBEM is then applied to the commune of Renca, a critical suburb of Santiago,
with the use of QGIS to analyze the energy demand for space heating and the potential for energy
saving after four retrofitting interventions. Knowing the costs of the retrofitting interventions and the
energy price, the simple payback time was evaluated with the reduction in GHG emissions. Starting
from the actual building stock, the results show that the most effective retrofitting intervention for
the commune of Renca is the thermal insulation of walls and roofs; due to the type of dwellings,
this particular intervention could be more convenient if associated with the installation of solar
technologies. This methodology can be replicated with the data used by urban planners and public
administrations available for many Chilean cities and in other countries.

Keywords: urban building energy modeling; building archetypes; energy performance; energy
savings; retrofitting interventions; GHG emissions; energy policy; economic incentives; GIS; Chile

1. Introduction

Over the last quarter of a century, global energy consumption has risen by 45%, and
it is expected to further increase in the next quarter due to rapid growth in all regions of
the developing countries in the Global South [1]. As a result of the escalating climate crisis,
energy poverty has become one of the most serious threats to sustainable urban develop-
ment. A decade ago, energy poverty was only seen as an issue in rich countries [2–4]; today,
it is increasingly recognized as a widespread global phenomenon, and increasing atten-
tion is being given to energy transition and equity in developing countries [5–7]. Energy
poverty is broadly defined as a household’s inability to attain modern domestic energy
services [7–9]; the links between energy poverty and urban planning are just beginning
to be explored as emerging narratives in Asia [10], Africa [11], and Latin America [12,13]
unveil a plethora of deep-rooted causes and disciplinary gaps to be bridged [14]. Among
the latter, informal urban development, limited population data, and a lack of sufficient
resources in developing countries pose several challenges in terms of finding ways to tackle
energy poverty at an urban or territorial scale [15,16].
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The case study of the suburbs of big cities in Chile is particularly interesting when it
comes to energy poverty as thermally inefficient housing, low incomes, and a high depen-
dency on fossil fuels, with resulting acute environmental and public health issues [17–20].

Over the last three decades, Chilean statistics have shown that residential energy
consumption is responsible for over a third of primary energy consumption [21], leading
government authorities to enforce residential building thermal regulations in 2000 for
insulated roofs, and in 2007 for walls and floors [22]. Then, in 2023, high levels of airborne
particulate matter in several cities of central and south-central Chile [23–25] led the gov-
ernment to enact an atmospheric decontamination plan (ADP) with more stringent energy
savings and clean energy regulations [26]. This was aimed especially at reducing residential
space heating, which accounts for over half of the country’s residential energy use [21,27].

With the ever-increasing global energy consumption and soaring energy prices, ur-
ban building energy modeling (UBEM) has gained standing in the field of urban energy
planning, and geographic information systems (GISs) have aided urban planners and
policymakers in understanding the spatial dimension of energy uses [28]. However, further
research efforts are needed to make the most of GIS tools and datasets for energy planning,
especially in informal urban settlements in developing countries where limited building
performance and energy consumption data are available.

In this study, archetype-based urban building energy modeling (UBEM) was de-
veloped with a GIS-based approach to evaluate the energy consumption of residential
buildings within the commune of Renca, a poor suburb of Santiago de Chile. The energy
consumption of typical buildings (archetypes) was implemented in the UBEM. This is
a mainstream bottom-up approach when a consumption database for buildings is not
available for city-scale applications [29]. Currently, accessibility of consumption data is
one of the main limitations on energy modeling at an urban scale, and UBEM based on
archetypes is widely used due a very limited amount of consumption data to provide, its
simple approach and reduced modeling efforts [30]. On the other hand, the heterogeneities
in terms of energy use and the possibilities of retrofitting interventions in buildings within
complex urban environments cannot be detected [31,32].

1.1. Literature Review

Archetypes are mainly implemented in urban building energy modeling (UBEM),
utilizing their annual energy-use intensity (EUI) with the aim of evaluating energy con-
sumption, energy savings after retrofitting measures, and climate change’s effects [30].
However, they are also used for life cycle assessment modeling to measure environmental
impact and for indoor environmental quality modeling to evaluate indoor conditions and
their impact on the occupants.

Building archetypes are characterized by the EUI, which describes the annual en-
ergy performance or the energy use normalized by the dimension of a building, per unit
of floor area or per volume. This considers only the mainly characteristics of a build-
ing, envelope, and technological systems, excluding the influence of its size. Usually,
archetypes are selected by the type of use, geometry, materials, systems, and occupants’ be-
havior [33,34]. The use of census and cadastral data has been adopted by many scientists to
study urban energy-use, integrate other energy-related variables, and then improve energy
modeling and strategies to reduce consumptions and greenhouse gas emissions [35,36].
The EUI of archetypes can be modeled in UBEM with process-driven tools (e.g., Design-
Builder [37], EnergyPlus [29,34,38], IDA ICE [37]), or with data-driven analyses using
measured data [38–40] or energy performance certificate (EPC) databases [37,41]. Similarly,
the EUI of archetypes can also be evaluated after energy-saving interventions and applied
on an urban scale.

For urban/territorial analyses, the use of Geographic Information System (GIS) allows
for the collection, evaluation, and management of geo-localized information about the char-
acteristics of buildings, population, urban/territorial context, and local climatic conditions.
Utilizing GIS, UBEM can effectively integrate archetype data, enabling the comprehensive
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modeling and description of the EUI of buildings. This approach facilitates the spatial
representation of all pertinent information about buildings on an urban scale [42].

In the literature, there are many studies that have used the building archetype tech-
nique to describe the energy use of building stock in a city, region, or country. Most of them
have had the objective of describing the built environment (mainly in terms of residential
buildings), evaluating the most effective efficiency measures and savings in energy, costs,
and greenhouse gas (GHG) emissions. One of the best-known projects on archetypes in
Europe was Tabula, which described the significant room for improvement in terms of
energy use in buildings in European countries [43]. In Canada, some studies regarding
archetypes allowing bottom-up modeling with the evaluation of energy demand, and the
potential energy savings are available online [4,44]. In 2024, Osman et al. used Canadian
household archetypes to evaluate energy savings with a demand–response control mea-
sure and obtained a load reduction of up to 69% in urban areas [45]. In two cities in the
metropolitan area of Chicago, archetype-based UBEM was used as a policy support tool
for energy planning on an urban scale [38]. The use of demographic and socioeconomic
features allowed building archetypes to be refined for better application on an urban scale.
Archetypes were also used for rural residential buildings in Kyrgyzstan (Central Asia) to
analyze their status, evaluate potential energy savings, and study retrofitting strategies [34].
In Changsha City, GIS datasets were used to identify 22 archetypes from three periods
of construction for a process-driven UBEM to calculate energy use and emission reduc-
tion [29]; these archetypes can be applied to many other Chinese cities. In Jordan, the
energy performance of residential buildings was evaluated using three main archetypes;
retrofitting interventions and the use of photovoltaic panels resulted in energy savings of
70% [46]. In a district of Kuwait City, the importance of the period of construction and
occupants’ behavior in the identification of archetypes was demonstrated [47].

In Europe, archetype-based UBEM has been widely used. A recent study includes
data-driven and process-driven UBEMs based on archetypes for the city of Stockholm
using a very rich dataset of information [37]; Stockholm aims to become fossil-fuel free by
2040, and the energy savings potential after seven retrofitting interventions and an electric
heating scenario were analyzed. In Dublin, four residential archetypes were identified
using the EPC database and implemented in two data-driven UBEMs to be applied on
an urban scale [40]; the use of the segregation method reached an accuracy of 91%, and
this modeling was used to evaluate retrofitting and climate-change scenarios. In Scotland,
24 archetypes were used to review the “energy efficiency standard for social housing” and
to reach zero emissions from heating by 2045 [32]. In Italy, previous studies with archetype-
and GIS-based UBEM approaches were applied for the cities of Turin [48] and Milan [42].
GIS-based UBEM allows for scaling up characteristics, energy-uses and energy savings of
buildings to the urban scale, considering also urban features such as the socio-economic
conditions of population and the building density of the built environment.

1.2. Research Objectives

In general, Chile has a strong economy and high income, but 30% of the population is
economically vulnerable and income inequality is high. In countries like Chile, there is a
growing awareness among central and local government authorities about the planning of
urban housing because this has a strong impact on household energy intensity, and thus
on the related social, financial, and environmental burdens [49]. As already mentioned,
since 2000, many regulations have been approved to reduce energy consumption and its
impact on the environment, up to the very recent atmospheric decontamination plan in
2023 [22,26].

The aim of this study is to model the energy consumption of buildings in the critical
suburbs of the city of Santiago and to define a decision-support assessment combining the
benefits of an archetype-based UBEM with a GIS-based UBEM. For Chilean buildings, eight
archetypes are identified with their main energy-related variables and EUIs before and after
retrofitting interventions. The GIS is used for collecting and integrating data to create a
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complete geodatabase for energy modeling and to represent the results. The representation
with graphs and maps of energy-related variables and EUI allows for better understanding
of the spatial distribution of energy use. Archetype- and GIS-based UBEM is a user-friendly
and replicable opportunity to involve all stakeholders in fostering sustainable development
in cities; public administrations can evaluate the real specific potential of energy saving,
and private citizens and companies can determine the effect of their actions for themselves
and for the community.

This study was applied to Renca to analyze the energy performance of building stock
as well as to propose and assess retrofitting interventions to reduce space-heating energy
use in the poor outskirts of Santiago de Chile. The retrofitting measures proposed include
the replacement of windows (frames and glasses) and thermal insulation on walls, roofs,
and slabs. The Chilean administration wants to first reduce consumption with passive
interventions and then produce energy through renewable sources; the installation of
solar collectors could be a solution to be considered with the retrofitting of the roofs, at
least to produce domestic hot water. Then, at a later stage, the current boilers could be
replaced with heat pumps supplied by photovoltaic modules or with a district heating
system connected to a cogeneration system.

This study can be used to drive energy retrofitting actions and policy recommenda-
tions, considering the typology of built environment, costs of retrofitting interventions, fuel
price, and energy savings and reduction in GHG emissions.

2. Renca and the District of José Miguel Carrera CD-3

The residential building sector in Chile is responsible for over a third of the primary
energy use and greenhouse gas (GHG) emissions [27,50]. This is partly explained by the
fact that most buildings are residential, with 70% being old buildings [51]. However, the
thermal inefficiency of housing has led to a large dependence on fossil fuels, particularly
for domestic space heating, which accounts for over 50% of residential energy use [52]. The
thermal inefficiency of Chilean housing stock is responsible for acute energy poverty [6],
high levels of urban air pollution [17], high concentration of indoor combustion gases [23],
high exposure to cold air temperatures [53], and an excess of seasonal infections and
mortality due to respiratory and cardiovascular diseases [54].

Santiago, the capital and the largest urban center of Chile, has a critical level of air
pollution because is in a valley surrounded by mountains that limit ventilation. In the
suburban areas of Santiago, low income and high fuel prices, combined with urban sprawl
and low-quality housing, exacerbate household vulnerability together with fuel poverty
and climate-related events. For the national residential climate zoning standard [55],
Santiago (latitude 33◦ S) is in the central interior (CI) region of the country, which is
characterized by a temperate Mediterranean climate with cold winters and mild summers.
However, due to the high dependence on imported fossil fuels and the poorly insulated
housing stock, the recent rise in fuel prices has worsen energy poverty with a serious
concern for the public administration [56].

Renca is a low-income commune located on the northwestern outskirts of Santiago
(Figure 1), which predominantly consists of low-density residential building stock. In
Renca, the built-up areas are mostly residential, accounting for more than 40,000 dwellings
located between the northern flank of the Mapocho River and the southern foothills of
the Renca Hill (at 900 m a.s.l.). In the city, the buildings are mainly built before 2001
(about 84%); this study focuses also on the old residential district of José Miguel Carrera,
called “district three” (CD-3) [57]. Figure 1 shows district CD-3 with an extension of nearly
80 hectares and it has two distinct areas: a zone with low-rise single-family houses built
before 1940 (CZ-1/CZ-3) and a low- to mid-rise residential zone (CZ-2) mostly composed
of condominiums built after the 1970s.
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2.1. Weather Data Characterization

Renca is located within a mountainous valley and has a mild climate with high diurnal
temperature fluctuations that lead to high space-heating loads, especially in residential
buildings. Based on hourly data from the Pudahuel weather station (national code n.
330021) [58], monthly diurnal outdoor air temperatures are over 10 ◦C higher than the
nighttime temperatures. During the typical cold and warm season days, the peak of
outdoor temperatures ranges between 0 and 15 ◦C, and 15 and 30 ◦C, respectively.

Chile is divided into seven climate zones (Zonas Termica ZT) according to the heating
degree days (HDDs), and Renca is in climate zone ZT 3 with 1400 HDDs at 18 ◦C and
80 cooling degree days (CDDs) at 26 ◦C [58]. Thus, over a period of three to four months
during winter, underheating becomes a danger to low-income inhabitants who have to
choose between compromising their thermal comfort, health, and indoor air-quality over
their expenses.

The weather data used in this study are reported in Table 1 and were mainly drawn
from the Chilean Meteorological Office (Dirección Meteorológica de Chile DMC) [58].
The choice of 2017 as the reference year was guided by having consistency with data
on buildings, population, and energy consumption data. In fact, these data were quite
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stable because they were not influenced by the COVID-19 pandemic (2019–2020) and the
subsequent energy crisis (2021–2022) due to the war between Russia and Ukraine.

Table 1. Renca climate data for the year 2017 (data refer to the weather station of Pudahuel; the data
with * refer to PVGIS website*.

Month
Average Air
Temperature

(◦C)

Solar
Irradiation
(kWh/m2) *

Diffuse-to-Global
Irradiation

(%) *

Cloud Cover
(%)

Air Relative
Humidity

(%)

Wind Speed
(m/s)

Daily Hours
of Light (h)

1 21.5 281.86 12 40 49.7 3.6 14.5
2 20.5 212.11 17 39 55.1 3.2 13.8
3 18.8 201.74 16 44 57 2.7 12.8
4 14.6 136.99 22 59 65.8 2.2 11.6
5 10.8 86.85 33 75 73.4 1.7 10.4
6 8.6 71.63 30 73 77.7 1.6 9.9
7 8.4 92.21 24 70 77.4 1.7 9.8
8 9.8 111.56 25 64 75.4 1.9 10.4
9 11.6 146.76 28 64 71.3 2.2 11.4
10 15 204.83 24 49 63 2.7 12.5
11 17.4 234.01 20 32 55.9 3.2 13.6
12 20 277.03 16 41 51.3 3.6 14.4

2.2. The Residential Building Stock in Renca

Renca has mainly low- to mid-rise residential buildings built on brick masonry
(69% [59]) before the enforcement of the Chilean thermal regulations [60]. Over 68.5%
of the housing stock is comprised of single-family houses, 24.4% are two-story houses, 7%
are flats in three-, four-, or five-story apartment blocks, and 0.1% are condominiums with
more than 5 floors (only 21 buildings). Almost all of the housing stock (83.8%) was built
before the enforcement of the thermal regulation, that is, before 2001 (period R0); after 2001,
a minimum of thermal insulation was established for roofs, from 2001 to 2007 (period R1);
then, from 2007, thermal insulation was extended to include external walls and floor slabs
(period R2) [59]. The district of CD-3 in José Miguel Carrera is similar but 95% of residential
buildings were built before 2000 (period R0).

Based on recent statistics for the central interior region of Chile, the dominant energy
sources for space heating in residential buildings are fossil fuels with liquefied petroleum
gas (40%), paraffin (35%), electricity (12%), natural gas (7%), and firewood (4%) [53].
Such an extensive use of fossil fuels makes the reduction of energy consumption even
more urgent.

3. Material and Methods

In this study, the GIS-based approach has been adopted to implement energy modeling
on an urban scale, considering the buildings as territorial units. To geo-localize and collect
all the information and to calculate–evaluate the specific features of each building, the
geographic information system QGIS 3.16.11 was adopted. The decision to employ QGIS
3.16.11 stems from its status as open-source software, coupled with its recent stability
and advanced features. This version proves instrumental in seamlessly utilizing and
managing urban plan data stored in shapefiles, thereby enhancing the spatial geodatabase
for the UBEM.

The methodological workflow was implemented to model and apply the EUI of the
existing building stock in Renca and district CD-3, as shown in Figure 2, in three steps.

Step 1. Data collection. The characteristics of buildings that can influence energy
consumption were determined using:

• the cadaster of housing and population (2017) from the National Service of Internal
Affairs (Servicio de Impuestos Internos, SII);
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• the geometries of the building stock from the Master Plan of the commune of Renca
(AutoCAD file of 2017);

• the energy consumptions in Chile and the characteristics of typical buildings from the
Ministry of Energy in 2018 (Ministerio de Energía in Chile, MINEN);

• the Digital Elevation Model of the territory (DEM) from 2011;
• the weather data of 2017 from the Chilean Meteorological Office (Dirección Meteo-

rológica de Chile, DMC).

The result of this data collection was the creation of a uniform, georeferenced database
with the building as the basic unit. In fact, data retrieval also consists of the creation of a
unique database for all the buildings of Renca, and this work was done through:

- data about the cadaster of housing and population (that is, at census section scale)
were associated at the buildings; an example is the number of families or population
in each building, which indicates the percentage of occupancy;

- AutoCAD file of the Master Plan of Renca was geolocalized to calculate the geome-
tries and associate the characteristics of the buildings, census sections, and districts
in Renca;

- archetype data was gathered and systematically compared with information from the
existing built environment to assess their alignment within the commune of Renca;

- the altitude of the terrain was associated at each building using a digital elevation
model (DEM);

- the weather stations were geo-localized, and the nearest one with similar altitude was
identified to be representative of the local climate conditions.
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Step 1 is a crucial part for the outcomes’ accuracy of UBEMs because it offers a complete
dataset of variables for the buildings. In this work, the year 2017 was selected as a reference
considering the availability of the data; besides, 2017 seems to be a year not influenced by
anomalous data for energy consumption; more recent data would have been influenced
by the pandemic or the next energy crisis. All data, except for the Digital Elevation Model
(DEM) from 2011, are aligned with the 2017 timeframe. The DEM, depicting the terrain’s
elevation, remains relevant as the altitude of the territory does not undergo significant
changes over the six-year period.

Step 2. Preprocessing and energy modeling. The geodatabase of the buildings in Renca
was completed with the calculation of some energy-related variables using the field cal-
culator of QGIS. Next, the geodatabase was corrected by selecting only residential heated
buildings, and the outliers were statistically identified and eliminated. In energy modeling
at urban scale, all variables used in the model must be available for all buildings in the city,
otherwise the model is not applicable. Using all the information about archetypes, available
also at urban scale, a sensitivity analysis was performed to identify the main energy-related
variables. For this analysis, Pearson’s correlation coefficient R was used, evaluating linear
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correlations with the EUIs. Then, an archetype-based UBEM was determined to calculate
the EUI for residential buildings.

Therefore, energy modeling was applied to the entire city and categorized accordingly
the current residential energy rating classes defined by the Ministry of Housing and
Urbanism (Ministerio de Vivienda y Urbanismo MINVU).

Step 3. Identification of energy-saving scenarios by typical retrofitting interventions.
The main retrofitting interventions for the eight archetypes were identified with the result-
ing space-heating energy savings. To calculate the EUI after retrofit interventions, energy
savings percentages were applied to the actual EUI by type of building and period of
construction. The retrofitting interventions on the building envelope were chosen with
the aim of reducing the energy use so that, subsequently, systems that exploit renewable
energy sources can be utilized to achieve clean energy transition in cities.

A more detailed description of Step 1 is given in the next paragraph.

Housing Data Collection (Step 1)

To characterize the energy-related features of the existing housing stock, the latest
cadaster database by SII was used [58]. This database has recently been available to the
public, and it contains relevant georeferenced data of buildings (represented in the QGIS
with polygons) and population of the commune of Renca, including the following: type of
land use (i.e., residential, commercial, or industrial), footprint area, year of construction,
predominant construction type (i.e., brick masonry, timber frame, or concrete), and number
and typology of inhabitants and families. For the analysis performed on Renca and
district CD-3, only residential uses were taken into account. This resulted in a dataset of
25,100 residential buildings (about 90% in total). All of these data, along with the envelope
thermal properties set by MINEN [53], were implemented in the geodatabase using the
shapefile of the buildings retrieved from the Municipality of Renca [60]. To generate a 3D
model for the entire district, the heights of the buildings, not given in the SII database, were
derived by multiplying the number of stories assigned by the municipal cadaster [59,60]
with the typical height of dwellings set by the national building codes (approximately
2.3–2.86 m) [53].

The space-heating energy demand of dwellings was taken from studies and ques-
tionnaires by MINEN [61]. Representative energy use data of archetypes were obtained
from a recent national survey carried out in 2018 on a sample of 3500 households in Chile
from different climatic regions and socioeconomic conditions. This study describes the
statistical analysis of Chilean dwellings with 95% confidence and maximum error ±5%,
considering type of building, envelope and technological system characteristics, standard
of living of the occupants, user behavior, and energy consumption. As part of this study,
eight representative archetypical dwellings were chosen and further in-depth analyses on
space-heating energy use and energy-saving potential were carried out.

Table 2 shows the main physical features of the eight Chilean dwelling archetypes [61].
The dwelling archetypes comprise a range of existing houses and apartments built on brick
masonry, timber framing, or reinforced concrete. The surface-to-volume ratio, S/V, ranges
between 1.00 and 1.32 m2/m3 for detached and terrace houses, and 0.11–0.30 m2/m3 for
intermediate apartments in condominiums with only one external wall. The windows-to-
wall ratio is approximately 20% and the windows-to-net-floor-area is 20% too.

Figure 3 illustrates the space-heating energy demand for the entire sample of dwelling
archetypes categorized by construction periods: R0, R1, and R2 [61]. For dwellings built
before 2001 (period R0), no thermal insulation was used on any envelope element; for
those built between 2001 and 2007 (period R1), roof insulation was used to comply with
the minimum thermal transmittance Uroof of 0.47 W/m2/K; for dwellings built after
2007 (Period R2), additional insulation was used for the external walls to meet a min-
imum of Uwall = 1.9 W/m2/K and for the external floor/slabs to meet a minimum of
Ufloor = 0.7 W/m2/K.
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Table 2. Typical dwelling and building archetypes.

Type 1. One-story detached, brick masonry house Type 2. Two-story detached, brick masonry house
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Table 2. Cont.

Type 5. One story semi-detached, brick masonry house Type 6. Three-story terrace, brick masonry/timber frame
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net heated area 103 m2  net heated area 51.98 m2 

wall area 97 m2  wall area 41.45 m2 

roof area 67.7 m2  roof area 27.94 m2 

ceiling height 2.4 m2  ceiling height 2.4 m2 

windows 

area 
N 10.1 m2  windows 

area 
N 3.3 m2 

 S 5.9 m2   S 2.9 m2 
 W 7.7 m2   W 0 m2 

  E 0 m2    E 0 m2 

  S/V   1.26 m2/m3    S/V   1.16 m2/m3            
   

Type 5. One story semi-detached, brick masonry house  Type 6. Three-story terrace, brick masonry/timber frame  

 

total useful area 67.42 m2  

 

total useful 

area 
52 m2 

net heated area 62.7 m2  net heated area 84.7 m2 

wall area 56.36 m2  wall area 41 m2 

roof area 81.7 m2  roof area 56.5 m2 

ceiling height 2.4 m2  ceiling height 2.3 m2 

 N 3.95 m2  windows 

area 
N 5.8 m2 

 S 1.44 m2    S 4.7 m2 
 W 0 m2    W 1.6 m2 

  E 0 m2    E 0 m2 

  S/V   1.12 m2/m3    S/V   1.00 m2/m3 

                     

Type 7. Single story intermediate apartment, brick masonry.  Type 8. Single story intermediate apartment, reinforced 

Concrete. 
  

 

total useful area 69.25 m2  

 

total useful 

area 
118 m2 

net heated area 64.4 m2  net heated area 109.7 m2 

wall area 5.7 m2  wall area 83.8 m2 

roof area 0 m2  roof area 0 m2 

ceiling height 2.6 m2  ceiling height 2.6 m2 

windows 

area 
N 16.3 m2  windows 

area 
N 12 m2 

 S 0 m2   S 9.8 m2 
 W 0 m2   W 0 m2 

  E 0 m2    E 0 m2 

total useful area 118 m2

net heated area 64.4 m2 net heated area 109.7 m2

wall area 5.7 m2 wall area 83.8 m2

roof area 0 m2 roof area 0 m2

ceiling height 2.6 m2 ceiling height 2.6 m2

windows
area N 16.3 m2 windows

area N 12 m2

S 0 m2 S 9.8 m2

W 0 m2 W 0 m2

E 0 m2 E 0 m2

S/V 0.11 m2/m3 S/V 0.30 m2/m3
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Figure 3. Space-heating energy demand for the eight dwelling archetypes by period of construction
(R0, R1, and R2).

The thermal transmittances (U) of typical buildings in the climate zone ZT 3 of Santiago
are reported in Table 3. For walls, the value of thermal transmittance depends on the
archetype: for archetypes 1, 2, 3, 4, and 6 with brick walls, Uwall is 2.3 W/m2/K; for
archetype 5, with a wooden structure, Uwall is 2.7 W/m2/K; for apartments of archetypes 7
and 8, Uwall is 3.4 W/m2/K.

Table 3. Thermal transmittances of archetypes by period of construction in climate zone ZT 3.

Period of
Construction

Uglass Uwall Uroof Ufloor

W/m2/K

Ro 5.8 2.3–3.4 3.2 1.4

R1 5.8 2.3–3.4 0.47 1.4

R3 5.8 1.9 0.47 0.7

It can be observed that there is a large difference in the annual space-heating energy
performance index EP for:

• different S/V values: the type 7 dwellings (with the lowest S/V ratio) and type
1 dwellings (with the highest S/V ratio) have an energy performance that varies
between 50 and over 300 kWh/m2/year;

• different periods of construction (R0, R1, and R2): old buildings (i.e., R0) have a higher
energy performance index; the EP is reduced by 20–30% from period R0 to R1 and by
3–10% from period R1 to R2;

• for the intermediate-floor apartments (types 7 and 8), energy-use changes only from
period R1 to R2 because the walls represent the only heat-loss surfaces.

4. Results

The use of QGIS allows the use of a geo-package to manage the data collection and
preprocessing phases more easily for building energy modeling on an urban scale with
a place-based approach. The database manager (DB manager) plugin allows application
of the queries to quickly calculate each energy-related variable, even with a standard
personal computer.
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4.1. Energy Modeling from Building Archetypes (Step 2)

After the data collection and preprocessing phases, a complete geo-package was
created to allow the evaluation and application of an archetype-based UBEM for the
commune of Renca.

A sensitivity analysis with Pearson’s coefficient R of the data and EUI regarding
archetypes allowed identification of the main energy-related variables: the period of
construction and the surface-to-volume ratio S/V with R = −0.93 and 0.96, respectively.
This result was expected [62] because, thanks to energy-saving laws, the construction
period indicates the characteristics of the envelope components of the buildings. The
S/V also influences energy consumption because it indicates the non-compactness of a
building and therefore the quantity of surfaces that disperse heat towards the external or
unheated environments.

To estimate the space-heating energy demand of dwellings at the urban level, the EUI
of each archetype was calculated, taking into account the respective S/V ratio by period of
construction and the heated volume (in Figure 4). As depicted in the graph on Figure 4,
linear regression equations were generated for the sample of archetypes in each regulatory
period, attaining good coefficients of determination: 0.93 (period R0) and 0.92 (periods R1
and R2).
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These equations were applied to the building stock considering the characteristics
of each building in Renca to evaluate the spatial distribution of energy performance for
space heating.

In turn, the 3D model of the built environment compiled with QGIS was used to map
the distribution of the characteristics of residential buildings (i.e., period of construction,
S/V, and percentage of occupied dwellings) across the entire city. The resulting map plotted
in Figure 5 is consistent with the three main residential areas of the district, which can be
clearly recognized as follows:

• a low-rise residential area of one-story single-family houses with S/V ratio higher
than 1.09 m2/m3 (39.7%),

• terrace houses with two floors with an S/V = 0.9 − 1.09 m2/m3 (30.0%),
• little condominiums of 3–4 floors with an S/V of 0.6–0.9 m2/m3 (21.5%).
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Large condominiums with more than four floors account only for the 8.8% of the
buildings with an S/V lower than 0.6 m2/m3.

As can be observed, district CD-3 is a more homogeneous district, with a low-rise resi-
dential area with detached (57.3%) and terrace (34.9%) houses, and only few condominiums
in the newer area of CZ-2.

By implementing the equations in Figure 4 given for each regulatory period of R0,
R1, and R2 on the buildings’ geo-package, the energy performance and energy class of the
entire housing stock was modelled (in Figure 6).
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The results, plotted in Figure 6, are categorized according to the Chilean energy
classes (in Table 4) that were calculated knowing the energy performance index EPnd,H
kWh/m2/year resulting from the archetype and GIS-based UBEM. In Renca, the most fre-
quent energy class is E at 83.6% because almost all buildings are old, detached houses with
a S/V from 1.09 and 1.2 m2/m3. It can be observed that some areas are in class G; these are
mainly new buildings, where EPnd,H ≥ 149 kWh/m2/y (instead of EPnd,H ≥ 362 kWh/m2/y
for old buildings). Also, in district CD-3, some new buildings are in class G, while classes
D, C, B, and A are more compact, old buildings with a low S/V ratio (in Figure 5).

Table 4. Building energy performance classification EPnd,H (kWh/m2/year for space-heating de-
mand) by period of construction in Chilean climate zone ZT 3.

Energy Classes Period of Construction

Reference Building 268 kWh/m2/y 159 kWh/m2/y 111 kWh/m2/y

(energy saving %
compared with

reference building)

R0
<2001

R1
2001–2007

R2
>2007

A (>60%) EPnd,H < 107 EPnd,H < 64 EPnd,H < 44

B (50/60%) 107 ≤ EPnd,H < 134 64 ≤ EPnd,H < 80 44 ≤ EPnd,H < 56

C (35/50%) 134 ≤ EPnd,H < 174 80 ≤ EPnd,H < 103 56 ≤ EPnd,H < 72

D (15/35%) 174 ≤ EPnd,H < 228 103 ≤ EPnd,H < 135 72 ≤ EPnd,H < 94

E (−10/15%) 228 ≤ EPnd,H < 295 135 ≤ EPnd,H < 175 94 ≤ EPnd,H < 122

F (−35/−10%) 295 ≤ EPnd,H < 362 175 ≤ EPnd,H < 215 122 ≤ EPnd,H < 149

G (<−35%) EPnd,H ≥ 362 EPnd,H ≥ 215 EPnd,H ≥ 149

4.2. Retrofitting Interventions (Step 3)

In order to study retrofitting interventions, the conditions of the original buildings
were analyzed. Almost all residential buildings were built before 2001, in period R0,
meaning that these buildings were built without energy-savings regulations (83% in Table 5);
therefore, they have no thermal insulation nor other energy-efficiency measures. Only a few
buildings belong to the R2 period of construction, and these buildings have insulated roofs
(from 2001 onward), walls and floors (from 2007 onward); this means they have lower heat
dispersion and good energy efficiency levels. Table 5 shows the percentage of buildings in
Renca and in the old district of CD-3 according to different periods of construction. As can
be observed, old buildings that are not insulated represent the majority (in the R0 period
of construction) and this indicates that an improvement in terms of energy saving can
be promising.

Table 5. Percentage of buildings by period of construction.

Building Location R0 < 2001 R1 2001–2007 R2 > 2007

Renca 83.0% 6.4% 10.6%

CD-3 district 94.8% 0% 5.2%

In Chile, there are four main retrofitting interventions for residential buildings [61]:

• window replacement: existing windows are replaced with PVC casements and double-
glazed windows (U = 1.1 W/m2/K);

• wall insulation: additional thermal insulation is installed on the outside of existing
walls with a thickness of 20 cm;

• roof insulation: additional thermal insulation is installed on the inside of roofs with a
thickness of 15 cm;
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• floor insulation: additional thermal insulation is installed on the inferior slab/floor
with a thickness of 1 cm.

The EUI after these four retrofitting measures were simulated applying energy savings
percentages to the UBEM by type of building and period of construction, considering
the feasibility of the measures. Table 6 shows the percentage energy savings by period
of construction for the main four retrofitting measures [61]. Then, with the QGIS, the
percentage energy savings were implemented for each building to evaluate the energy
savings after the four retrofitting interventions (in Table 7). Analyzing the percentages
of energy savings, it becomes evident that substituting roofs, walls, and windows yields
more substantial benefits compared to slab insulation, which exhibits minimal impact.
Roof insulation has low values of energy savings in newer buildings because Chilean laws
already partially require this insulation measure.

Table 6. Energy savings following the main retrofitting interventions by the period of construction
of buildings.

Retrofitting Interventions Energy Savings

Period of Construction: R0 < 2001 R1 2001–2007 R2 > 2007

1. Window substitution (U = 1.1 W/m2/K) 14.5% 18.5% 22%

2. Wall thermal insulation, 20 cm 36.5% 50% 46%

3. Roof thermal insulation, 15 cm 32% 5.5% 4.5%

4. Slab thermal insulation, 1 cm 2% 3% 4%

Table 7. Energy savings after the retrofitting measures.

MWh/Year 1. Windows 2. Walls 3. Roofs 4. Slabs

Saved energy demand 173,079 428,922 324,048 24,778

Figure 7 shows the energy performance after retrofitting interventions for the district of
CD-3. Before retrofitting, the main energy class was class E. After windows were substituted
this became class D (Figure 7a); however, new buildings (with a period of construction
of R2) that were in class G before retrofitting, became class E and F after intervention (in
orange and red). The energy classes were also improved after roof insulation (in Figure 7b),
with only a little progress for new buildings that remained in classes F and G because the
roofs were already insulated.
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In assessing economic advantages, the payback time serves as a valuable metric, taking
into account both the retrofitting intervention costs and the annual economic savings.

The cost of the retrofitting measures was evaluated considering materials and labor
costs in Chile; data for 2019 were considered, as they were not influenced by the COVID-19
pandemic, the Ukrainian war, or the subsequent the energy crisis (in Table 8).

Table 8. Four retrofitting interventions: costs, renovation areas, and consumption savings.

Retrofitting
Intervention 1. Windows 2. Walls 3. Roofs 4. Floors

Intervention costs ($/m2) 216 120 105 80

Retrofitted surfaces (m2) 713,841.7 4,199,068.8 4,597,772.1 4,597,772.1

Cost of interventions (k$) 154,189,807 503,888,256 482,766,071 367,821,768

Consumption savings
(MWh/year) 262,241,078 649,882,103 490,982,481 53,701,209

The calculation of the annual economic savings for each building and for each retrofit
intervention, requires knowledge of energy demand, average heating system efficiency,
and price of energy:

- the actual energy demand was calculated multiplying the EUI (from the equations in
Figure 4) by the net heated area and the percentage of occupancy;

- the actual energy consumption was calculated dividing the energy demand by the
average efficiency of the space-heating systems, that is 66% (in Table 9);

- the energy savings was calculated multiplying the energy consumption by the per-
centage energy savings reported in Table 6 evaluated by archetype;

- the cost of retrofit interventions was evaluated multiplying the cost per unit of area
(in Table 8) by the area to be retrofitted;

- the economic savings were evaluated multiplying the energy savings by the average
price of fuels for residential buildings, that is 0.106 USD/kWh (from Table 9).

Table 9. Energy source, prices, and GHG emissions by fuel for households in Chile.

Fuel Households
(%)

System
Efficiency

(%)

Price of
Energy

(USD/kWh)

GHG
Emissions

(kgCO2eq/kWh)

Liquefied petroleum gas 40.3 65 0.110 0.254

Kerosene 35.6 60 0.104 0.270

Firewood 12.2 55 0.054 0.395

Electricity 11.4 100 0.154 0.480

Natural Gas 0.3 70 0.086 0.252

Others 0.2 70 0.102 0.330

Utilizing the information from Tables 8 and 9, calculations were performed for en-
ergy prices and economic savings across the entire commune of Renca. Additionally, the
average reduction in greenhouse gas (GHG) emissions was determined, considering the
GHG emissions categorized by fuel type as presented in Table 9 (i.e., MINEN [53] and
MINVU [63]).

This result was compared with simple payback time to define an effective energy
policy in Renca, considering not only economic benefits but also environmental impact
with the reduction in GHG emissions, which is a priority in Santiago area.

The economic savings after the four interventions were compared with payback time
and GHG emissions (in Table 10 and Figure 8). Considerable outcomes in economic savings
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and greenhouse gas emission reduction are achieved through wall and roof insulation.
Window substitution, characterized by smaller surfaces, is cost-effective with a competitive
payback time. In contrast, thermal insulation for the inferior slab or floor yields relatively
modest energy savings compared to other retrofitting interventions, resulting in a longer
payback time.

Table 10. Economic benefits of retrofitting interventions on buildings in Renca.

1. Windows 2. Walls 3. Roofs 4. Floors/Slabs

Economic savings
(k$/year) 27,787,065 68,861,508 52,024,504 5,690,180

Simple payback time
(year) 5.55 7.32 9.28 64.64

GHG reduction
(kgCO2,eq) 79,408,696 196,789,450 148,673,423 16,261,156
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5. Discussion

The results of the urban modeling analysis undertaken for Renca so far show that with
minor low-cost interventions to the existing fabric of housing stock, significant economies
of scale can be achieved in terms of reducing space-heating energy demands and running
energy costs.

The bar chart in Figure 8 shows the payback time is an economic analysis that com-
pares the cost of an intervention with its benefits, the ratio of costs to the annual economic
savings. Window substitution and the thermal insulation of walls and roofs are economi-
cally sustainable, while floor insulation has a payback time of 60 years. The latter does not
appear to be in line with the action plan for the sustainable development of buildings in
Chile, but it can be an additional measure to further reduce energy consumption in cities,
facilitating effective use of RES and improving thermo-hygrometric comfort inside homes.

The amount of GHG emissions was used to measure the environmental impact of
energy use and the air quality load for space-heating. In Figure 8, the GHG emissions
saved through different interventions are represented and, because of the high use of fossil
fuels, the bar chart shows that they depend directly on energy savings. A large reduction
in GHG emissions results from interventions on walls and roofs, representing a reduction
of three and two times that of the window intervention, respectively; floor interventions
were associated with less of a reduction in GHG emissions.
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To conclude, if it is necessary to reduce energy consumption in the Santiago area
for energy production from renewable sources to be effective; the priority renovation
interventions are the insulation of walls and roofs. However, replacing windows and
insulating floors are also important to further reduce energy consumption, given that the
availability of renewable resources is reduced in cities.

5.1. Policy Suggestions

According to the World Energy Council, the level of sustainability of an energy system
can be measured thought three indicators [64]: energy security, environmental sustainability,
and energy equity (accessibility and affordability). Chile has the highest indicators in Latin
America before Argentina and Brazil. Energy security is increasing due a good mix of
energy sources and a higher use of coal to produce electricity; for the same reason and in
terms of the increase of energy use in the transport sector, environmental sustainability is
decreasing. Energy equity is quite stable and, only recently, has been decreasing due to the
higher prices of energy amid the global energy crisis.

In 2022, a new government began to work in Chile and the National Energy Policy,
Energy Efficiency Law, and National Energy plans were promulgated to reach the carbon-
neutral target and be resilient to climate change in 2050. In the short–medium term, the
aim is to reduce energy intensity by 10%, to increase the use of wind and solar sources, and
to reduce the price of energy. The 10% of EUI reduction for residential buildings could be
obtained with window substitution, which is the easier retrofit measure.

In Figure 9, the primary energy consumption of Chile, Argentina, and Brazil are
compared [65]. Chile has half the consumption of Argentina and 13% of that of Brazil;
however, the consumption per person (in orange) is higher, especially comparing Chile
with Brazil, representing +146%. Chile is more similar to countries such as Portugal and
Hungary in terms of consumption per person. The energy consumption per person can be
reduced with environmental and economic improvements.
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According to this revision, the main measures that can be implemented in the building
sector, to be carbon neutral in 2050, are energy efficiency measures and more clean energy
sources, especially solar technologies and heat pumps. Furthermore, the use of smart
networks and grids in cities could improve the storage and share of energy to better boost
renewable resources.

5.1.1. Saving Energy with Energy Efficiency Measures

The cleanest energy is the one that is not consumed, so priority should be given to
energy conservation. For many decades, there have been available technologies that could
be used to reduce energy consumption in buildings, comprising thermal insulation for
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exposed walls, roofs, and floors, or the replacement of windows. These passive building
retrofitting measures are a priority for reducing consumption. Then, systems with lower
power will be installed and perhaps associated with renewables.

Indeed, retrofitting interventions on technological systems can reduce energy con-
sumption, too, including those requiring only a small amount of retrofit labors; for example,
the use of condensing boilers, low-temperature emission systems, climate probes, and the
installation of control systems in each thermal zone of the building. These measures are
easy to install, have low costs, and economic incentives can accelerate the promotion of
these interventions.

At the district/urban level, the use of systems/plants with a high energy conversion
rate can reduce the economic pressure of energy bills and the amount of GHG emissions.
The use of a combined heat and power plants is a good example of a high-efficiency system:
it produces electricity and uses a quota of the heat lost to distribute hot water with district
heating networks. As Chile is a narrow country along the west coast of South America,
energy transportation (electricity and heat) is a problem; so, energy should be produced
with efficient systems where it is used.

5.1.2. Use of RES and Solar Technologies

Chile is a rich country for renewable energy sources, especially solar and wind. One
of the key actions for energy transition is the increase in penetration of renewable energy
sources to improve the mix of different energy types towards more electrification of systems
and more storage.

The metropolitan area of Santiago de Chile is located between the coast and the
mountains, and the wind can only be exploited along the coast. Therefore, in Santiago, the
main renewable source available is the sun, owing to the strong solar irradiation. With
mainly detached buildings with one or two families and a high roof area per family, active
roofs with photovoltaic panels and solar thermal collectors are the best solution to reach
high percentages of self-consumption and self-sufficiency for domestic hot water and
electricity consumption; solar technologies with a thermal storage system and batteries are
the optimal solution for this area of Chile.

5.1.3. People’s Awareness and Smart Technologies

The awareness of the use of energy is fundamental, especially with a renewable mix
of energy sources that follow seasonal and daily behaviors. The low energy demand of
efficient buildings can be supplied by the available renewable sources only if the use of
energy is managed and controlled with smart technologies. This limit in the use of energy
is overcome by the advantages associated with the reduction in energy costs and the lower
environmental impact of energy use.

The use of energy can also join users, producers, and prosumers to create a community
of citizens or a renewable energy community with the aim of producing, distributing, and
sharing energy with benefits for all. The overproduction of energy of a prosumer can be
stored or shared with other members and vice versa when there is an uncovered demand.
Smart grids and networks can manage and optimize the energy fluxes to save money and
reduce GHG emissions. This behavior increases the instantaneous self-consumption and
self-sufficiency of the community, reducing energy dependence and the risk of blackout.

The emphasis on creating a low-carbon community extends beyond civil energy to
encompass various sectors, including transportation. Sustainable alternatives such as
bicycles, electric scooters, and electric vehicles play a crucial role in fostering a clean-energy
approach within communities.

5.1.4. Energy and Climate Policies

The level of energy efficiency in buildings can be regulated by laws, standards, and
building codes. The energy efficiency of buildings in a city considers the type of building
stock, the socioeconomic state of population, costs and payback time of technologies, price
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of energy, climatic conditions, availability of renewable energy sources, actual energy
systems, and climate targets set by local, national, and international agreements.

Incentives to push the realization of energy efficiency measures include the following:

• economic incentives that are provided to reduce the costs of the technologies to
be installed;

• tax deductions for the expenditure of energy efficiency interventions or renewable
technologies;

• economic incentives on clean energy production, mainly used for electrical energy
produced by grid-connected photovoltaic systems;

• economic incentives on sharing energy between members of a community, mainly
used for electrical energy;

• discounts on urbanization costs for new projects that have higher energy efficiency
level compared with the energy requirements of standards;

• volumetric bonuses in derogation of urban plans for measures that have higher energy
efficiency compared with the energy requirements of standards.

The selection of the type of incentive can accelerate energy transition by trying to
implement all of the interventions aimed at reducing the consumption of energy produced
from fossils fuels.

6. Conclusions

The methods and tools applied in this study have allowed a path to be recognized
to move towards modeling building energy performance on an urban scale with limited
available spatial and energy consumption data. This is particularly relevant for urban
planners and decision-makers in low-income municipalities where the relationship between
the performance of the urban fabric and household energy consumption is still not well
understood. The proposed archetype- and GIS-based UBEM provides criteria and strategic
interventions requiring a small amount of investment and with payback being achieved
over a short period of time, to contribute to a reduction in energy demands. For further
studies to be performed, an overview of the methods applied in this study is given below.

Urban building energy modeling was performed considering the EUI of eight archetypes,
representing the most common types of building in Chile. The UBEM was developed
considering linear regression of the main energy-related variables, namely, gross volume,
surface-to-volume ratio, the period of construction, and occupancy level. The utilization of a
GIS-based assessment facilitated the incorporation of real features specific to each building,
enabling the application of EUI through archetype-based UBEM. The geo-database of
building stock reveals a predominant presence of detached houses housing one or two
families, constructed before 2001, characterized by the absence of insulation and low-
efficiency technological systems in residential buildings. In this context, it is necessary to
intervene with energy efficiency measures, and the margins for improvement are promising.
The application of the archetype based UBEM with GIS on the buildings of Renca also
describes the spatial distribution of energy consumption and energy classes.

Then, the percentage of energy savings and the costs of four main retrofitting measures
on the envelope of the buildings were applied to the residential buildings to evaluate the
new consumption, resulting energy savings, payback times of the interventions, and
reduction in GHG emissions. In Chile, the more convenient retrofitting intervention is
wall insulation, followed by roof insulation, window substitution, and then floor/slab
insulation. The aim of this study was to evaluate the possible energy and climate targets
considering the real characteristics of the building stock.

The annual energy savings from the insulation of walls is 650 GWh/year with a
payback time of only 7 years, and a reduction in GHG emissions is 200,000 tCO2/year.
This investment in energy saving, together with the other interventions, will generate
benefits not only for 7 years, but for the entire life of the buildings, and provide relative
environmental and economic benefits. Moreover, the installation of solar thermal collectors
and photovoltaic modules could be implemented along with the roof insulation. These
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results depend on the type of urban environment in Renca with low-rise single-family
buildings and how the energy is utilized. This analysis was carried out using Renca, in the
central area of Chile, as the research area. However, the same archetype- and GIS-based
methodology can be easily replicated for other Chilean cities or in other countries. In
addition, the resulting spatial distribution of data will be used to verify the implementation
of sustainable energy systems, for example, with renewable solar technologies, heat pumps,
and district heating networks with a CHP plant to supply electricity and heat with higher
efficiencies, lower costs, and GHG emissions, and subsequently, increasing energy security,
environmental sustainability, and energy equity.

Finally, the strength and opportunity of this type of modeling is based on the possibility
of using data available from urban studies and plans and, depending on these data, the
type of UBEM can be chosen. In this case, an archetype- and GIS-based UBEM was selected
due to the lack of consumption data, the availability of eight archetypes, and thanks to
the possibility of creating a geodatabase with information on the actual buildings and
population. This type of model is very easy to use, is flexible, and requires short simulation
times. The weaknesses and threats are related to the availability of data, their accuracy, and
the ability to manage large quantities of data, a geodatabase or geopackage, and the QGIS
tools. Usually, the data collection and preprocessing are the main time-consuming phases.
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