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Abstract: Energy poverty (EP) is a problem that affects a large part of the world population, leaving
those most vulnerable to suffer from unhealthy indoor conditions in their homes, being cold in
winter months, struggling with their monetary situation, and even reducing social activities with
relatives. In this context, it is important to assess EP situations and identify those factors that most
affect each one. This paper, through the evaluation and adaptation of the Three-dimensional and
Territorial Indicator of Energy Poverty (EPITT in Spanish), developed by the Energy Poverty Network
in Chile (RedPE Chile), assesses the different EP situations in a social-housing case study located in
south-central Chile. The results show different EP situations depending on the dimensions studied,
e.g., 35% of households had food and hygiene issues, 27% had issues with lighting and electrical
devices, 72% with climate control in the home, and 68% experienced equality in energy expenditure
issues. It is possible to say that energy expenditure is the dimension that most influences the EP
situation. Furthermore, the values in the different dimensions are below the national average, mainly
because of the poor quality of housing, limitations in access to energy, and low income. In conclusion,
the adaptation of EPTTI provides a better understanding of EP vulnerability at the local scale.

Keywords: energy poverty; energy affordability; energy inequality; three-dimensional energy poverty
indicator; social housing

1. Introduction

The history of “human progress” and development has often been linked to the
availability and consumption of energy in ever more intensive ways [1]. The policies,
programs, and campaigns place energy consumption as an essential need or right that must
be covered, indicating that energy and wellbeing are interconnected [2]. Currently, there
is a significant divide between approaches to conceptualize and monitor the relationship
between energy and wellbeing, particularly between more and less developed regions [3].
However, all these are linked to the concept of Energy Poverty (EP). EP, also known as
“fuel poverty” (FP) and “energy vulnerability”, occurs when homes are not capable of
maintaining minimum thermal comfort temperatures, having available energy services, or
doing so at an affordable cost [4-7].

Measuring EP is a complex challenge due to its social and environmental variability,
and temporal and dynamic nature [5]. It is a relative concept where variables acquire
greater or lesser relevance depending on the territory [8]. For this reason, EP indicators are
an important part of the research and political overview [9]. Nowadays, there are several
definitions and indicators developed by countries such as the United Kingdom, Ireland,
France, Spain, and Slovakia [10].

Different frameworks, approaches, and indicators have been proposed internationally.
Many authors have associated EP with a low-income situation (monetary poverty), while
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others have suggested that energy expenditure influence the possibility of satisfying other
basic needs [11].

In 2014, the Chilean Energy Ministry presented the Energy Agenda, where one of the
main tasks was designing and implementing a long-term Energy Policy that had a social,
political, and technical validation [12]. This policy, called “Energy 2050”, was published
at the end of 2015, and is based on four pillars: (1) supply quality and security; (2) energy
as the driver of development; (3) environmental compatibility; and (4) energy education
and efficiency. Within the second pillar, one of the criteria was defining the concept and
measurement of EP, with the goal of reducing EP ratios in 50% by 2035, and completely by
2050 [2].

In Chile, the figures indicate that only higher income population can reach thermal
comfort in their homes [13], essentially due to multidimensional poverty (14%), among
others, manifested in differences in heating systems, construction materials, or monthly
income, thus causing an energy gap [14-16].There is also a serious contamination problem
associated to high levels of firewood burnt for heating, which increases Particulate Matter
(PM) levels in the atmosphere [17,18].As a result, the Chilean Government signed an
agreement in 2017 with the United Nations Development Program to prepare a conceptual
and methodological framework to address EP [19]. However, a methodological framework
has not yet been determined, hence the Chilean Energy Poverty Network (RedPE) proposed,
in 2019, a Three-dimensional and Territorialized Indicator (EPTTI, in Spanish) [16]. The
EPTTI is based on gaps found in international and domestic indicators to reflect local
energy needs caused by a high level of economic inequality, low incomes, climate, and
energy diversity [16], resulting in a multidimensional indicator, composed of economic,
social, environmental, and technological dimensions, with specific thresholds for Chile.
The first step was generating the “Equitable Access to Quality Energy Standard” (EAQES),
made up of four dimensions, which are subdivided into 18 indicators that allow evaluating
the equitable access of homes to energy services to satisfy their needs (see Appendix A).
Then, based on the EAQES, a simpler and more practical instrument was proposed, using
nine out of the initial eighteen indicators that allow quantifying EP in Chile (EPTTI) [16]
(See Table 1).

The purpose of this research is to apply the EPTTI in a real case study, to empirically
assess its capability to identify homes in EP and, consequently, to improve its sensitivity
and soundness.

The paper is organized in five sections. The first presents the background of the Chilean
energy poverty policy. The second shows the methodological aspects of the research related
to the case study description, data collection, and evaluation and adaptation of the EPTTL
The third, presents, describes and summarizes results associated to each dimension of the
EPTTI, including a comparison of results. The fourth section describes how the results have
been compared and interpreted according to the case study. Finally, the main conclusions
are outlined along with the implications of the results obtained in Section 5.
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Table 1. EP Three-dimensional and Territorialized Indicator (EPTTI), created by RedPE [16].

Dimension Indicator EP Overcoming EP
Energy source and kitchen appliance (D1-11) Kerosene, coal, wet firewood or waste with Gas, electricity, logs, pellets, solar energy and
Food and Hygiene (D1) 8y bp open combustion. closed combustion.

DHW (D1-13)

No DHW

Has DHW

Lighting and electrical devices (D2)

Access to electricity (D2-11)

Not connected to grid, illegal connection or
uses own generator where fuel is bought more
than an hour away.

Connected to grid or has autonomous systems
that ensure supply

SAIDI (D2-12)

>1h

<lh

Climate control of dwelling (D3)

Thermal Comfort

Home states being cold during winter months,

Home does not state being cold during winter

Energy expense equality
(D4)

(D3-12) or hot during summer months months, or cold during summer months
Thermal efficiency standard equivalent to ER F or lower E or higher
(D3-13)
Heating devices and energy source Kerosene, coal, wet firewood or waste for Gas, electricity, firewood, pellets, logs and/or
(D3-14) heating and open combustion solar energy and, combustion is closed
Excessive expense in energy, based on Minimum  Available income of home — (Housing costs +  Available income of home — (Housing costs +
Income Standard (MIS) Energy expense of home) < Equivalent Energy expense of home) > Equivalent
(D4-11) poverty line poverty line
Under-expense in energy, based on Hidden Energy expense of.home < 0.5 of median Energy expense of home > 0.5 of median
Energy Poverty (HEP) expenses of dwellings of same type and expense of dwellings of same e
(D4-12) makeup (within first 8 deciles) P & ype:
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2. Methodology

The methodological framework of this research included, first of all, the selection of an
intentional sample of social housing, and secondly, collected relevant information for the
EPTTT’s indicators. Thirdly, the applicability of EPTTI was assessed, proposing adaptations
associated to the results. Finally, its sensitivity and soundness to identify EP situations
was assessed in comparison to the results with the EPL established by MDS, considering
that the indicators must be able to identify as EP to all those households who are income
poverty at a country level.

2.1. Equitable Access to Quality Energy Standard

The first step was generating the “Equitable Access to Quality Energy Standard”
(EAQES), made up of four dimensions, which are subdivided into 18 indicators that
allow evaluating the equitable access of homes to energy services to satisfy their needs (see
Appendix A). The four dimensions in the EAQES are: (1) Food and hygiene; (2) Lighting and
electrical devices; (3) Climate control of the Dwelling; and (4) Energy expenditure equality
(based on energy expenditure), where each dimension comprises different indicators [2,16].

Dimension 1 (D1—Food and Hygiene) comprises the indicators, ‘Energy source and
kitchen appliances’ (D1-11), ‘Type of refrigerator associated to its Energy Efficiency (EE)’
(D1-12), and “Domestic Hot Water System’ (DHW) (D1-I3). The EP thresholds defined
for each indicator are the use of kerosene, coal, wet firewood, or waste from an open fuel
source permanently inside the dwelling for the indicator D1-I1; having a refrigerator with
an EE indicator of B or less for D1-12; and not having DHW for D1-I3.

As for dimension 2 (D2—Lighting and electrical appliances), the indicators are: Access
to electricity (D2-I1); System Average Interruption Duration Index (SAIDI) (D2-12); System
Average Interruption Frequency Index (SAIFI) (D2-13); Supply Capacity (D2-14); Electrical
Installation (D2-15); Voltage oscillations (D2-16); and Lighting (D2-17). Regarding the EP
thresholds established for these indicators, we find that for D2-I1, it is established that
a home is in EP if it is not connected to the grid, does not have an illegal connection,
or uses its own generator, whose fuel is acquired at more than one hour’s trip from the
device. For SAIDI, indicator D2-12, a limit of one hour has been set; and for SAIFI, D2-13,
more than six interruptions a year. The inability to simultaneously turn on lights, low and
high consumption devices, is established as the EP threshold for D2-14. If the electrical
installation does not meet that established in the Chilean NCh04 /2003 standard, this home
will be in EP as per D2-15. Likewise, for D2-16, the supply voltage must be regulated more
than 95% of the time between £ 10%. Finally, for D2-17, the existence of a single light source
of at least 1000 lumens, with a use of under 4 h, is set as the threshold [20].

Dimension 3 (D3—Climate control of the dwelling) has six indicators which are: In-
door temperature (D3-11); Thermal Comfort (D3-12); Thermal efficiency standard equivalent
to the Housing Energy Rating (D3-13); Energy source and heating devices (D3-14); Intra-
household contamination (D3-15); and indoor humidity (D3-16). To define the different
thresholds, the requirements of Sustainable Dwelling Construction Standards (ECSV, in
Spanish), have been used for D3-11 and D3-16 [21]. In detail, according to D3-11, a home will
be in ED, if the percentage of time that the indoor temperature is outside the comfort range is
lower than the one defined for the thermal zone where the dwelling is located (the comfort
limit temperature may oscillate between 19 °C and 26 °C, and the minimum percentage of
time between 30% and 70% respectively). Regarding D3-16, the relative humidity levels
inside the dwelling must be between 30% and 70% for a percentage of time associated to
the thermal zone where the dwelling is located. Note that when there is no information
about indoor temperature, it is possible to use D3-12 instead, where the household is asked
whether they feel cold inside during winter months or hot during the summer. With regard
to D3-13, an EP situation is established for those homes with an Energy Rating (ER) below
F, which considers all dwellings built before 2001. D3-I4 considers the same threshold as
D1-I1. The limit for D3-15 has been determined from the recommendations of the World
Health Organization (WHO) to setting limit values for PM, CO, and NO; [16].
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Dimension 4 (D4—Energy expense equality) has been formed by two indicators: the
first, D4-11, is based on the MIS, which uses the Equivalent Poverty Line (EPL) defined
by the Social Development Ministry [22] to determine the minimum cost of living of the
home, establishing that the income minus the housing and energy costs of the household
must be above the EPL. The second indicator, D4-12, is based on the HEP indicator, which
defines the EP threshold as half the average energy expenditure of those households with
the same typology.

Itis important to say that there is a lack of information in Chile to identify EP situations.
For this reason, a set of minimal indicators was chosen to establish the EPTTI based on
the EAQES explained above (See Table 1). Ultimately, the methodology used by RedPE
to define the overall threshold is similar to that used by the Chilean Social Development
Ministry (MDS, Spanish) to measure Multidimensional Poverty [22], establishing that a
dwelling will be in EP when it does not exceed the deprivation threshold in four out of
the nine indicators, regardless of the dimension this applies to, or if there is a complete
dimension in deprivation. The only application of the EPTTI, due to the limited data
availability, used different sources of information, hindering a national estimation of the
number of homes that are in multidimensional EP. Furthermore, it did not allow measuring
its sensitivity and soundness [16], rather a general analysis of the EP prevalence.

2.2. Case Study Description and Data Collection

The area’s climate is Mediterranean, with an annual average temperature of 12.7 °C,
and a minimum of 1 °C in winter. The relative humidity average is 84.2%, with a maximum
of 95.1% (April) and minimum of 55.3% (January). The choice of the case study was made in-
tentionally, with the goal of including in the sample, dwellings that would foreseeably have
EP-associated issues. For this reason, the dwellings included in the “Study: improvement
of the urban and living conditions of the Michaihue Housing Complex, San Pedro de la
Paz” were chosen. The Chilean Ministry of Housing and Urbanism (MINVIU) identified, in
this complex, problems associated to excessive density, insufficient size, construction flaws,
and social problems, along with a high concentration of poverty [23]. Consequently, the
case study focuses on two Housing Complexes, Michaihue 716, built in 1999, comprising
45, 4-floor blocks (716 dwellings), and the La Estrella Complex, that comprises 274 houses
built in the same period (See Figure 1).
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Figure 1. Aerial Photo of the Case Study.
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The construction projects were collated to identify their construction features, while
staff with competences in the architecture and construction area carried out data collection.
Onsite data collection was done door-to-door in January 2020, in the context of MINVU's
energy Retrofitting Plan. From the information collected, the questions considered relevant
for the EPTTI’s application and assessment were chosen, obtaining 641 valid questionnaires
(64.75% of the case study), 473 apartments (66.06% representativity for Michaihue 716)
and 168 houses (61.31% representativity for La Estrella). The questions associated to the
dimension and the indicator can be seen in Table 2.

Table 2. Data collection, questions, answers, variables and data range (Authors’ own elaboration).

Dimension Key Type of question Range Indicator
Q1 Presence of gas cylinder Bathroom/Kitchen Eif
D1 v D1-13
Q2 Presence of Boiler Bathroom/Kitchen 1\?2
. Yes
Q3 Indoor electrical panel No
D2-T1
Q4 Home-made modification of electrical panel ;{Teos
D2 Q5 Number of electrical circuits inside it Number D2-14
. . . . Yes
Q6 Presence of electrical conditions conducive to fires No
Loose and visible D2-15
Q7 State of cabling inside the dwelling Closed and visible
Embedded
North
. . . . South
Q8 Main orientation of the dwelling East
West D3-11
. . Morning-Night
Q9 Usage time of dwelling All day long
Wood
Electricity
Liquid Gas
Q10 What fuel do you use for heating? Natural Gas D3-14
Kerosene
Coal
D3 Does not use
Moisture in Yes
Q11 Problems of the dwelling bedrooms No
Yes
Water leaks No
. . . Yes
Flooding due to rain on first and top floor D3-16
No
Yo
Walls No
Q12 Presence of humidity
Yes
Roof No
. . Yes
Q13 Rainwater leaks through windows
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Table 2. Cont.

Dimension

Key

Type of question Range Indicator

D4

Ql4

What is your monthly income? Amount

Q15

How many people live in the dwelling? Amount

Q16

Own paid

Own, paying

Rented with contract
Rented without contract
Transferred

Usufruct
Irregular

Loan for use

What is the situation of the dwelling?

Q17

<282
282-423
How much do you approximately pay for the 424-564
mortgage of this dwelling? (US$) 565-705
706-847

>848

Q18

<141
142-282 D41
283-423
424-564

>565

How much do you approximately pay in rent for
this dwelling? (US$)

Q19

<7

8-14

15-21

22-28

29-35

3642

43-49
>50

Does not pay administration

fees

How much do you pay monthly for
administration fees? (US$)

Q20

<14
15-21
22-28
29-35
>36
Does not pay for service

On average, how much do you spend monthly in
the summer on... ? (US$)
(Electricity, Drinking Water, Gas, and cable and/or
internet service)

(@)

(a) This question was answered for each one of the items for winter and summer, resulting in a total of
eight questions.

2.3. Evaluation and Adaptation of Three-Dimensional and Territorial Indicator

The evaluation and adaptation of the indicator was made based on the results of
fieldwork and other information sources associated to each indicator (See Appendix A). In
addition, the indicators were evaluated depending on their effectiveness and applicability
to the case study, identifying those gaps that could generate bias in their application, and
assessing that the EPTTI provides substantial differences within the entire complex.

To analyze dimension D1, the data collected from question Q1 were used for D1-11,
Exempt Resolution 74 of 2015 [24] for DI-12, Q3 and legislative sources for D1-I3.

For D2, questions Q3 and Q4, associated to the existence of legal electrical installations
and their safety, were used for D2-I1, while D2-12, D2-13, and D2-16 were evaluated using
data collected from the national monitoring system and from TSSQDS [25,26], The supply
capacity, D2-14, was analyzed using data collected from Q5; questions Q6 and Q7, and NCh
04/2003 [27], for D2-15; and finally, D2-17 was evaluated based on the criteria set in the
Multitier Framework for Energy Access [20].
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As for D3, D3-11 was evaluated using the indoor temperatures of dwellings depend-
ing on their typology and orientation (Q8). The adaptative thermal-comfort standard
of ASHRAE 55-2017 was used to establish comfort and discomfort probability distribu-
tions [28] (see Appendix B). D3-I12 was evaluated using the results obtained from the
Fondecyt 3160806 project [28,29]. D3-I3 was analyzed considering the construction pe-
riod (prior to the first energy-efficiency standard that came into force in Chile), and D3-14
according to question Q10. D3-I5 and D3-16 required contamination and humidity informa-
tion collected through NAQIS [30] to consider the environmental and climatic context the
dwellings are in. In addition, D3-I5 was also analyzed based on the results of the Fondecyt
11150262 and 1190412 projects [31].

The evaluation of D4 required collecting information associated to incomes (Q14),
the rental or mortgage payments expenditure (Q16, Q17 and Q18), administration fees
(Q19), and electricity, water, gas, and internet expenditure (Q20), which were collected for
winter and summer. The average amount obtained from Q17, Q18, Q19, and Q20 represents
households” expenditure, and Q14 and Q15 the EPL of each household, which according to
the MDS methodology is associated to the number of users (See Table 3).

Table 3. Equivalent poverty line (EPL) for homes in Chile, established by MDS [32] (USD).

Number of People in Home
1 2 3 4 5 6 7 8 9 10
EPL 239 388 516 631 737 838 933 1025 1113 1198

To analyze the importance of D4-I1 and D4-12 in the EPTTI, cumulative distributions
by using results from Q14, Q16, Q17, Q18, Q19 and Q20 were used depending on winter and
summer periods. On the other hand, the MIS was used to evaluate whether the households
were below the EPL (due to excessive energy expenditure) and the median households’
expenditure for the under-energy expenditure threshold.

To measure the soundness of the indicators, their capability to classify the households
under the EPL as energy poor was evaluated through a comparative analysis between EP
and poverty.

In those cases where it was seen that the indicators or thresholds established did
not have sufficient sensitivity to detect EP situations, new thresholds or indicators were
proposed based on data availability, adapting them to the environmental, climatic, con-
structive, and socioeconomic conditions of the case study, as well as their ability to identify
EP situations in the application context (See Table 4).

Table 4. Sources of information for the revision and application of indicators.

Dimension Indicator Source of Information
: Energy source and kitchen appliance (D1-I1) Survey
Food anglhyglene Refrigerator EE (DI-12) Exempt Resolution 74, 2015 [24]
(b1) ACS (DI-I3) Survey and Law [27]
Access to electricity (D2-11) Surve
SAIDI (D2-12) Open Energy, Service Quality Technical Standard for Distribution Systems [25,26]
Lighting and SAIFI (D2-13) Open Energy, Service Quality Technical Standard for Distribution Systems [25,26]
electrical devices Supply Capacity (D2-14) Survey
(D2) Electrical installation (D2-I5) Survey and NCh 04/2003 [27]

Voltage oscillations (D2-16)
Lighting (D2-17)

Service Quality Technical Standard for Distribution Systems (TSSQDS) [26]
Multitier framework for Energy Access [20]

Climate control of
dwelling
(D3)

Indoor temperature (D3-11)
Thermal Comfort (D3-12)
Thermal efficiency standard equivalent to
Housing Energy Rating (D3-13)
Energy source and heating devices (D3-14)

Intrahousehold contamination (D3-15)

Thermal assessment of case study (Appendix A)
Research results of project Fondecyt 3160806 [28,29]

Information on construction projects

Survey
Research results of project Fondecyt 11150262, Fondecyt 1190412 and National Air
Quality Information System (NAQIS) [30,31]

Indoor humidity (D3-16) NAQIS [30]
Energy expense Excessive expense in energy (D4-11) Survey
equality (D4) Under-expense in energy (D4-12) Survey
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Finally, the results obtained from the Original EPTTI and the Adapted EPTTI were
compared to discuss the main differences in their application, as well as the possibilities of
their use in other contexts.

3. Results
3.1. Dimension 1: Food and Hygiene

Dimension D1 of EAQES comprises three indicators (see Appendix A). However,
the original EPTTI only uses two (D1-I1 and D1-I3). The indicators have been evaluated
considering the pertinence of their application to identify EP situations. In this sense,
D1-I1 is found to be relevant, as cooking food is one of the essential needs that is most
acknowledged at an international level [16,33] and, on the other hand, it has already
been shown that, at a domestic level, the use of certain types of fuels causes important
environmental contamination episodes that affect people’s health [34]. With regard to D1-12,
it is necessary to bear in mind that since 2015, the sale of appliances with a certification of B
or lower is illegal in Chile [24].To avoid the exclusion of those households who had to renew
the appliance due to its deterioration or span-life end, this indicator is not included, just
as in the original EPTTI. As for D1-I3, it is proposed to modify the deprivation threshold,
assessing whether households have an electrical system that is not authorized by the
Superintendence of Electricity and Fuels (SEC) [27] (17.32% of households in the case study)
(see Table 5). Table 5 below presents a comparison between the adapted and original
version of EPTTI for D1. As can be seen, modifying the D1-I3 deprivation threshold allows
identifying 111 cases whose climate systems do not meet safety standards [27] (they cannot
afford to install a new one), improving its sensitivity to identify further EP situations.

Table 5. Comparison of D1’s indicators for original and adapted EPTTI.

Indicator Adapted Threshold Original EPTTI  Adapted EPTTI
Energy source to cook . . R 7.18% 7.18%
(D1-11) Original threshold is maintained (n = 46) (n = 46)
Refrigerator EE o .
(D1-12) Sub-indicator not included - -
DHW Has no ACS or has an electrical 0.0% 17.32%
(D1-13) system not authorized by SEC (n=0) (n=111)

3.2. Dimension 2: Electrical Devices and Lighting

This dimension of the EAQES comprises seven indicators (see Appendix A). However,
the original EPTTI only uses two of them (D2-I1 and D2-12). The revision process reveals
that it can be complex to identify whether there is an illegal connection in the dwelling
(D2-11’s threshold; access to electricity) and hence it appears suitable to include the term
“Home-made modified panel” as a complement to the indicator, understanding that the
hand-made modification of electrical panels limits equitable access to a quality electrical
connection. With regard to D2-12 (SAIDI), the Service Quality Technical Standard for
Distribution Systems establishes as a limit, from 2020 onwards, a value of 5 h for communes
with a high grid density, and the value obtained for the case study was 7.01 h in 2020, which
is above the standard’s limit value since July (see Figure 2).

As the threshold is set at the commune level, it does not affectively assess the real
situation at the neighborhood level, leading the overall indicator to lose sensitivity. For
this reason, its use is discarded. D2-I3 (SAIFI) and D2-16 (voltage oscillation) have similar
connotations to SAIDI (lack of reliable data to identify the situation of the household), which
is why, just as in the original EPTTI, these are not incorporated. D2-14 (capacity of supply) is
complex to measure in dwellings where there are few high consumption electronic devices
(e.g., HVAC equipment, electric oven, etc.). For this reason, using the survey results, where
25.5% of dwellings had one circuit, 51.3%, two, 14.9%, three, and 7.4%, four or more, it is
proposed to establish the deprivation level according to the number of circuits the dwelling
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has, establishing that below three could impede connecting two or more pieces of high
consumption equipment simultaneously. As for D2-I5 (electrical installation), associated
to the compliance or not of NCh 04/2003 [27], 100% of the dwellings surveyed did not
comply with this standard, on being built before this came into force. Thus, adjusting
the deprivation threshold, evaluating the ‘existence of irregular or home-made electrical
installations within the dwelling’” is proposed. Overall, 40.52% of dwellings had these
conditions, overlooked in the original EPTTI. This shows the potential of this new threshold
to improve the indicator’s sensitivity, on more effectively identifying conditions that can
jeopardize people’s health.

limit for localities with high electricity grid density

N W A OO N

-

SAIDI accumulated year 2020 (Hours)

| I I | T I I I |
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 2. Monthly SAIDI accumulated during 2020 for the study location (author’s own preparation
from [25]).

Regarding D2-17 (lighting), this has components that are complex to measure, since
they are associated to aspects related to the intensity of use, lighting requirements, number
of occupants, delay between times of sunlight and official times, subjective aspects of users,
among others [35]. This means that the deprivation threshold set at 1000 Imhr during 4 h is
difficult to apply, as this value varies depending on the number of inhabitants, but only
applicable in homes with five people [20]. Because of this, it has not been included in the
adapted indicator. Table 6 below presents a comparison of the results obtained by the D2’s
indicators between the original and adapted EPTTI versions.

Table 6. Comparison of D2’s indicators between original and adapted EPTTI.

Indicator Adapted Threshold Original EPTTI  Adapted EPTTI
Not connected to grid, illegal connection, home-made
. - ) 3.90 20.28%
Access to electricity (D2-11) modified panel or uses own generator whose fuel is
(n=25) (n =130)
bought more than an hour away.
. . 100.00%
SAIDI (D2-12) Indicator not included (n = 641) -
SAIFI (D2-13) Indicator not included - -
. . - 76.73%
Supply Capacity (D2-14) Has 2 electrical circuits or less - a
(n=492)
I . Do L . 100.00% 28.86%
Electrical installation (D2-15)  Irregular or home-made electrical installations in dwelling (n = 641) (n = 185)

Voltage oscillations (D2-16)

Indicator not included - -

Lighting (D2-17)

Indicator not included - -

It can be seen that the modification of the thresholds of D2-I1 and D2-I5 improve
sensitivity when it comes to identifying situations that endanger people’s health and life,
identifying situations that were previously overlooked, but that represent an important
percentage of the case study (20.28% and 28.86%, respectively), just like the elimination of
D2-12 (SAIDI) and D2-I3 (SAIFI). On the other hand, the incorporation of supply capacity
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(D2-14), associated to the number of circuits, allows the establishment of an objective
criterion for its application, identifying 492 homes whose electrical system had difficulties
to simultaneously support the connection of high consumption electronic devices.

3.3. Dimension 3: Climate Control of the Dwelling

EAQES D3, on climate control of the dwelling, comprises six indicators, while EPTTI
only uses three (D3-12, D3-13 and D3-14). D3-I1 (Indoor temperature) and D3-16 (Indoor
Humidity) establish the deprivation threshold associated to the number of hours (percent-
age) the home is within the limits defined in the ECSV, which depends on the thermal
zone the dwelling is located in. Indoor temperature limits can range between 30% and 70%
of the occupation time (for the study area, it is 40%), with a comfort temperature range
between 19 °C and 26 °C for the threshold of D3-I1, and between 30% and 70% of relative
humidity for the threshold of D3-16, being able to use heating systems. When there is no
information on the dwelling’s indoor temperature, it is possible to use D3-12 instead, a
subjective indicator where the home states being cold or hot during winter or summer
months. Data collection onsite and energy simulations have allowed showing that, despite
low construction quality, indoor temperatures are often within thermal comfort ranges
more than 40% of annual hours (Appendix B), with an 87% probability of these being in
a discomfort situation (see Figure 3). However, it must also be highlighted that in cold
periods, there is a relevant percentage of hours (48% on average) whose probability of
being below thermal comfort limits for more than 40% of annual hours is 95%. However,
other research projects made in this type of social housing and climate have shown that
people are comfortable at much lower indoor temperatures, even 14 °C [28,36].

100%

Between the upper and lower limits 80% Ashrae 55

90% 0=0.046 07=0.0021 Cv=0.0045

= === Under the limits 80% Ashrae 55
0=0.045 0%=0.0025 Cv=0.0052

80%-
70% -
60%
50%—

40%+

Probability (%)

30%+
20%+

10%-|

0% T T
35% 40% 45% 50% 55% 60%
Percentage of time

Figure 3. Accumulated probability distribution so that indoor temperatures of dwellings are between
upper and lower comfort limit for a thermal acceptability of 80% of the ASHRAE 55:2017 adaptative
thermal comfort model, and below the lower limit.

Based on the ambiguity commented above, it was decided to modify the deprivation
threshold for D3-11, establishing as a threshold the median time percentage that the housing
complex is under the lower adaptative thermal comfort model limit of ASHRAE 55:2017,
which establishes a thermal acceptability of 80%. With this, the new threshold defined for
D3-11 is 46.8% of the time.

Regarding D3-16 (Indoor Humidity), the results obtained show that outdoor relative
humidity is above the limits, 65.9% of the year (see Figure 4) which, added to the low
heating intensity in this type of dwelling [29] and other activities (drying clothing, cooking,
electric kettles and occupation), generate high indoor humidity rates during winter. Because
of this, and bearing in mind that 58.3% of homes have stated having mold in bedrooms
and other rooms, 51.3% water leaks, 30.1% leaks in windows, 20.3% problems due to
flooding, 40.7% presence of mold on north-facing walls, and 31.4% on south-facing walls,
it is considered to not include this indicator and instead the adapted D3-16, which can
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improve the sensitivity and soundness of the overall indicator, associating this indicator to
moisture resulting from leaks and condensation, that favor the presence of mold.
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Figure 4. Outdoor relative humidity in study location during 2020.

D3-13 (thermal efficiency standard for Housing Energy Rating—CEYV, in Spanish),
considers a G or F energy rating as the EP threshold, which is difficult to apply in the case
study because none of the homes have one, and if this were applied, they would obtain
a G or F rating. Because of this, its inclusion within the analysis would not improve the
sensitivity of the original indicator. On the other hand, a rating of E or higher would not
be directly associated with a low energy consumption or a high thermal comfort [28,37],
given that vulnerable households cannot afford equip their dwellings [38]. Furthermore,
the energy rating is associated to indoor temperature (D3-11), and to excessive energy
expenditure (even in D4-11), which is why including it within the analysis could imply a
simultaneous penalization in three indicators. Therefore, its application as an EP indicator
is discarded.

With regard to intra-household contamination, evaluated using D3-15, it has been seen
that during 2020, outdoor contamination values were obtained for a period longer than 24 h
for the limits established in D3-I4 (see Appendix A), during 49 days for PM; 5, and 13 days
for PMj (see Figure 5), while the maximum CO and NO, values were never exceeded.

Figure 5. Particulate matter concentrations, PM; 5 and PMjg in 24-h periods measured during 2020
(author’s own preparation from [30]).

As a result, it can be foreseen that intrahousehold contamination in the case study
exceeds the established PM levels, as the dwelling’s leak levels do not allow that this
external contamination significantly differs from the indoor one, just as has been shown
in other research projects [31]. In this sense, it is considered that D3-I5 does not provide a
real evaluation of the EP situation but more about the environmental contamination of the
area the dwelling is located in; this is an aggravating circumstance of the EP situation, not
a cause thereof. On the other hand, the thresholds of DI-I1 and D3-I4 are maintained, as
they consider as an EP situation the energy sources that give off emissions within the home.
In this respect, including D3-I5 would imply a double or triple penalization depending on
the case study, it was therefore decided not to include this indicator in the adapted version.
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In Table 7, it can be seen that modifying the threshold of D3-I1 improves its sensitivity
when it comes to identifying situations associated to low temperatures in critical periods,
that are also linked to the generation of indoor contamination caused by using systems and
fuels that emit contaminants within the dwelling. On the other hand, the modification of
the threshold associated to indoor humidity (D3-16) improves the identification of those
households that, due to low maintenance, the low quality of their construction materials, or
indoor uses that favor the generation of humidity and the possible presence of mold. Finally,
the elimination of D3-I1 allows increasing the sensitivity of EPTTI in neighborhoods built
in the same period or before the standards associated to energy efficiency came into force.

Table 7. Comparison of D3’s indicators between original and adapted EPTTI.

Indicator Adapted Threshold Original EPTTI = Adapted EPTTI
Home is not kept under lower limit of ASHRAE 55:2017 50.08%
Indoor temperature (D3-I1)  adaptative thermal comfort model for more than 46.8% of - S
(n=2321)
the year
Thermal Comfort s . 12.00% (a)
(D3-12) Sub-indicator not included (n = 41) -
Thermal EE equivalent to s . 100.00%
ER (D3-13) Sub-indicator not included (n = 641) -
Energy source and heating . . 46.65% 46.65%
devices (D3-14) Original threshold is kept. (n=299) (n=299)
Intrahousehold . .
contamination (D3-15) Sub-indicator not included - -
1 There are floods, leaks or humidity present within 82.37%
Indoor humidity (D3-16) dwelling, that favor presence of mold. ) (n =528)

(a) This indicator has been obtained from the results of the Fondecyt 3160806 project, which 121 people took part
in, where just 12% of users stated feeling cold, finding that for 90% of users, the acceptable thermal environment
had temperatures ranging between 10 °C and 26 °C.

3.4. Dimension 4: Equality in Energy Expenditures

EAQES D4 on energy expenditure equality comprises two indicators (see Appendix A),
and the EPTTI uses both (D4-11 and D4-12) (see Table 8).

Table 8. Comparison of Dimension 4 indicators between original and adapted EPTTL

Indicator

Adapted Threshold Original EPTTI Adapted EPTTI

Excessive expense on energy,
based on MIS
(D4-11)

Original threshold is maintained 63.18% (n = 405) 63.18% (n = 405)

Under-expense in energy,
based on HEP
(D4-12)

Sub-indicator not included 11.70% (n = 75) 11.70% (n = 75)

Income below EPL
(D4-13)

The home’s income is below EPL - 10.90% (n = 70)

Regarding this indicator, the high probability (50%) has to be considered of finding
an income below US$640 within the sample and a 30% probability of having a monthly
income between US$640 and $1199, resulting in the US$640 average income (see Figure 6).
Furthermore, it is necessary to highlight that there is a 73% chance within the group for the
EPL (set by the Social Development Ministry) to be US$631. This shows that there is a high
number of households that are considered poor due to their income level and the number
of people (46.3%), demonstrating the vulnerability of social housing.
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Figure 6. Accumulated distribution of household income (a) and equivalent household poverty line (b).

As for expenditure, bearing in mind rental or mortgage payments, administration fees,
and consumption in electricity, gas, water, and Internet or telephone, it can be seen that
both in winter and summer, there is a 50% probability that families spend over US$120
in summer and US$127 in winter (see Figure 7). Regarding consumption in electricity
and gas, the consumption levels do not show great differences, with the probability of
consuming more than US$38.8 in summer being 75%, and 80% in winter. It is important
to highlight that, although consumption levels are not high, their relationship compared
to the household income represents an important percentage, over 10% in 57.5% of the
households in winter. Meanwhile, it is necessary to indicate that not all households increase
their expenditure on electricity and gas in winter, 30% either maintain or reduce them,
which indicates that perhaps other expenditures associated to other energies (i.e., firewood),
which have not been collected due to their difficult quantification, are generated.
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Figure 7. Accumulated distribution of household expenses (a), energy cost; (b), difference in energy
cost between winter and summer; (c) and percentage of energy cost in winter versus income (d).

Based on this, it is considered that using the Minimum Income Standard (MIS) in D4-11,
established by RedPE based on EPL [22,39], and the income and expenditures declared
by the household, is relevant to identify households in EP [15,16]. On the other hand, the
under-expenditure in energy (D4-12) has been determined from the median of the group of
households in the sample, which belongs to the first eight income deciles. The indicator
has identified 75 households whose energy expenditure was below half the median of
energy poor household expenditures. It has been seen that D4-12 is complex to apply and,
in combination with the other indicators, it is unable to identify as energy poor those homes
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that are below the equivalent poverty line (see Table 9). For this reason, the inclusion of
a new indicator, D4-13, is proposed (see Table 8), related to said situation so that those
homes, despite not being in EP according to other indicators, are classified as energy poor
on being below the EPL, and therefore, not including D4-12 as this does not increase the
overall sensitivity of the indicator.

Table 9. Results of Original and Adapted EPTTI indicators, considering Chile’s Equivalent Poverty Line.

. e Above Equivalent Below Equivalent
Indicator Classification Poverty Line Poverty Line General Total
Original EP Exceedance 120 18.7% 0 0.0% 120 18.7%
EPTTI EP 224 34.9% 297 46.3% 521 81.3%
Exceedance of EP 1 21 3.3% 0 0.0% 21 3.3%
Exceedance of EP 2 54 8.4% 0 0.0% 54 8.4%
Exceedance of EP 3 107 16.7% 0 0.0% 107 16.7%
EP Exceedance (Total) 182 28.4% 0 0.0% 182 28.4%
Adapted
EPTTI D1_EP 2 0.3% 0 0.0% 2 0.3%
D3_EP 5 0.8% 0 0.0% 5 0.8%
EP (D1, D2, D3 & D4) 155 24.2% 222 34.6% 377 58.8%
EP by income 0 0.0% 75 11.7% 75 11.7%
Total EP 162 25.3% 297 46.3% 459 71.6%
General Total 344 53.7% 297 46.3% 641 100.0%

3.5. Comparison of Results

Finally, based on the previous evaluation, the adapted EPTTI comprises nine indicators,
categorized into four access dimensions: Food and Hygiene (D1); Lighting and Electrical
Devices (D2); Climate control of dwelling (D3), and Equality in Expense (D4) (see Table 9
and Appendix C).

It is necessary to indicate that the incorporation of D4-I3 is important when it comes to
identifying homes that are under the EPL (70%) and that are not detected by the rest of the
indicators jointly (they only identify 10.9%). Therefore, it is considered that the valid results
are those obtained by the Adapted EPTTI when it includes D4-13 (Adapted EPTII+D4-
I3). However, the original indicator does not have any criterion for the identification
of households under EPL as an energy poor household, due to the overestimation the
indicator currently has associated to D2-12, D2-15 and D3-13, simultaneously penalizing
100% of the sample. In addition, it has been possible to see that the adapted indicators
have a greater sensitivity to detect the dimension that can produce a future EP situation,
something that is not possible with the original one. Specifically, 107 homes (16.7%) have
been identified that have three indicators under the exceedance threshold, 54 (8.4%) with
two, and 21 (3.3%) with one. On the other hand, it has been seen that the adaptation of the
deprivation threshold has improved the sensitivity to more accurately identify complete
dimensions that generate EP situations (D1, improves by 0.3%, and D3, improves by 0.8%).

4. Discussion

The results obtained from the original EPTTI in the case study show important differ-
ences regarding the application that researchers made with national and regional databases
for Central-Southern Chile [16]. On comparing EP values between the adapted three-
dimensional indicator with those obtained from the proposed original, and its measure-
ments at a national level, it is seen that all indicators increase the percentage of families
in EP. However, the indicators that show a greater difference compared to the national
and regional values are D2-12 and D3-I3, with an increase of 81.90% and 33.79% versus
the national value, reaching in both cases, 100%. This shows that although indicators
such as SAIDI or the Energy Rating can be interesting at a country level, they lose their
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efficacy when applied locally or at a neighborhood level, where dwellings have generally
similar values in both indicators. Meanwhile, an increase of close to 40% is seen in D3-14
and D4-I1, rising from 3.98% nationally to 46.65% in the case study for D3-I4, of 22.66%
to 63.18% for D4-11. D3-12 compared to D3-I1 also sees an increase of 29.09%, and D1-I1
and D2-12, around 4%. These differences are essentially due to the social level of the case
study households for the energy sources and expenditure indicators, and the climate and
construction standard of dwellings for the thermal comfort case.

Income poverty at a national level is 8.6% and extreme poverty 2.3%. These values are
much lower than those obtained in the case study, where poverty levels are 64.75% and
39.34% of the population is below the extreme poverty line by equivalent person, showing
that the socioeconomic situation of the housing complex’s inhabitants is vulnerable. Hence,
it is inferred that energy needs are less relevant, when having to choose in winter between
paying for food for the home or heating it.

The results obtained regarding the percentage of energy expenditure compared to
income, show that in this social class, the 10% value is relevant [37], as most households
have other aspects which lead to them being considered energy poor. This shows that the
Boardman indicator should be studied regarding multidimensional indicators, to expand
upon their simplification as has already been done in the FPPRI [6,7]. This could also be
analyzed regarding the 2M indicator but bearing in mind a local or regional median [40],
because as has been observed, there is a great difference compared to the national results.
On the other hand, it is important to highlight that the use of the MIS [39], adjusted with the
EPL of the MDS, and complemented with other indicators, generates a broad perspective
of EP in the case study. This fact shows the need to further study other indicators such as
the LIHC, AFCP or HEP, since as it has been seen in the LIHC, its use may leave groups
considered more vulnerable (elderly, chronically ill, disabled, small children) outside of an
EP situation [41], just as occurs with MIS in the case study. Regarding the use of surveys
such as the European one [42], the results show that identifying deficiencies of the dwelling,
associated to both construction and energy systems, is relevant.

The results associated to D3-I3 have shown that, although energy ratings can be
interesting at national or regional scales, in the specific case study they lose sensitivity on
finding a homogeneous sample for construction quality. Meanwhile, EP indicators based
on thermal comfort must be complemented with other indicators, as they underestimate
other aspects related to access or equality in expenditures [6,7,43].

As for identifying hidden EP situations, i.e., situations which are not identified by
current indicators, it is seen that the Adapted EPTTI, unlike other current indicators
(see Table 1), through ID4-11 and ID4-13 allows, on one hand, avoiding the oversizing of
households in EP (the households with higher income have a higher energy expenditure),
and on the other, identifying homes that are not reaching a minimum energy consumption
due to their low incomes. However, unlike the IVH [44], developed in Spain and applied
in Europe, the Adapted EPTTI does not provide an evaluation of the health status that
households in EP may be in. This is a point to be addressed in future research, once the
potential of the Adapted EPTTI to make an EP situation evaluated at a local level has been
demonstrated. Another limitation found is the availability of data, as the lack of reliable
data in Chile complicates its applicability. A final limitation, and one to improve in future
research, is the impossibility of analyzing the different EP situations found in terms of
gender [45].

However, it can be said that the Adapted EPTTI is an important contribution to
the Original EPTTI, allowing making a more accurate and detailed evaluation of the EP
situation, as well as highlighting the need of case specific indicators to assess EP at the
local level.
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5. Conclusions

There are multiple indicators around the world to measure EP, however, most of them
either have been created in countries where there is less social inequality than in Chile or
are adaptations of previous versions. In this sense, the discussion about their pertinence to
countries with similar social characteristics to those of Chile gains relevance.

The goal of this research has been the evaluation and adaptation of the EP indicator
elaborated by RedPE (national network leading EP studies in Chile), the EPTTI, applying it
in social housing, so that its sensitivity and soundness can be improved. It is worth indi-
cating that the EPTTI has only been applied nationally, without taking into consideration
the particular aspects of each region. The results have shown that the original indicator
is applicable to social housing complexes, as long as the information needed to measure
EP is available. However, the deprivation indicators and thresholds established can be
adjusted to improve its sensitivity and soundness. In this sense, indicators such as SAIDI
(D2-12), SAIFI (D2-13) or the thermal EE equivalent to CEV (D3-I3), that may be of interest
at a country scale, lead the indicator to lose sensitivity when it is applied to a reduced set of
dwellings built in the same period of time. On the other hand, it can be concluded that there
are other indicators whose thresholds must be adjusted to improve their capacity to identify
EP situations associated to health risks of people in social housing, namely the ACS System
(D1-13), Access to electricity (D2-11), Capacity of Supply (D2-14) or Electrical installation
(D2-15). Meanwhile, there are indicators that must be included and adapted to climatic and
environmental conditions to avoid that EP-related situations are under or overestimated.
Among these indicators are Indoor Temperature (D3-11), Intrahousehold Contamination
(D3-15), and Indoor Humidity (D3-16). It has to be underscored that Lighting (D2-17) and
Thermal Comfort (D3-12), related to environmental comfort, are of high interest. However,
their use requires going further into social and cultural aspects that users have about their
environments. This research opens up the debate on using deprivation thresholds in low
income households, as the evaluation is going to be negative in most cases, leading public
funding not to be effectively deployed and optimal solution inefficiently implemented.

The main contribution of this research is the application of an indicator to a specific real
case study in order to identify more accurate methods to measure EP in central-southern
Chile. By using results obtained in the Adapted EPTT], it is possible to prepare questions
for future censuses, and obtain relevant information to prepare public policies focused on
the reduction and eradication of EP in the most vulnerable sectors. In addition, the results
of this study also allow establishing action priorities when it comes to generating public
policies, establishing which are the most relevant dimensions.

The main limitations of this study are associated to the case study, and its represen-
tativity within a broader social and climatic context. However, the methods to obtain the
data used in this work have allowed reducing subjectivity, both of the interviewer and in-
terviewee, focusing on observations and measurable data. Thus, it is considered relevant to
prepare new applications of the indicator in other climatic and social contexts, as well study-
ing the inclusion of other indicators associated to access to technology and information,
such as the Internet, entertainment, telephone, work, educational, and health factors.

In conclusion, it can be said that the Adapted EPTTI proposed by this work provides
a greater understanding of the EP situation at a local level, identifying the dimensions
that require greater attention, and, consequently, helping policymakers develop effective
measures to mitigate EP in Chile.
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Appendix A. Dimensions and Thresholds of the Equitable Access to Quality Energy

Standard

Table A1l. Dimensions and thresholds of the Equitable Access to Quality Energy Standard, created

by RedPE.
Dimension Indicator EP EP Exceedance
Energy source and kitchen Kerosene, coal, wet firewood or waste with Gas, electricity, firewood, pellet, solar energy
Food and Hygiene appliances (D1-11) open combustion and closed combustion
(D1) Refrigerator EE (D1-12) <B A, A+ o0 A++
ACS System (D1-13) Does not have ACS. Has ACS.
Access to electricity Not connected to grid, illegal connection or Connected to the grid or has autonomous
uses own generator whose fuel is bought
(D2-11) systems that ensure supply
more than an hour away.
System Average Interruption
Duration Index (SAIDI) (D2-12) >1h <lh
o System Average Interruption 6 int " <6 int "
Lighting and Frequency Index (SAIFI) (D2-13) interruptions tnterruptions
electrical devices - - - - - - -
(D2) Supply Capacity Non-simultaneous connection of high Simultaneous connection of high

(D2-14) consumption electronic devices consumption electronic devices

EleCtric(%g‘%t;‘“aﬁ"“ Does not comply with NCh 04/2003 Complies with NCh 04/2003

Voltag(eDostlél)latlons Grid voltage regt;lé?ete:g i%soz than 95% of the Grid voltage regulated 95% of the time + 10%

Lighting One light source below 1000 Imhr Multiple light sources of required Imhr

(D2-17) <4 h of lighting at nighttime >4 h of lighting at nighttime

Indoor Temperature
(D3-11)

Is kept above the comfort temperature less
than the % of time of use according to ECSV
Thermal Zone

Is kept above the comfort temperature for the
same or most of the % of time of use
according to ECSV Thermal Zone

Thermal Comfort
(D3-12)

Home states being cold during winter
months or hot during summer months.

Home states not being cold during winter
months or hot during summer months.

Thermal efficiency standard
equivalent to the Dwelling
Energy Rating (D3-13)

Rating of F or lower

Rating of E or higher

Climate control of
the dwelling (D3)

Energy source and heating
(D3-14)

Kerosene, coal, wet firewood or waste for
heating and with open combustion

Gas, electricity, firewood, pellets, logs and/or
solar energy, and combustion is closed

Intrahousehold contamination

Intrahousehold contamination exceeds:
CO: 7 mg/m? in a 24-h period
PM,5: 25 pug/m? in a 24-h period

Intrahousehold contamination does not

(D3-15) PMyo: 50 g /m® ina 24-h period exceed the established levels
NO,: 200 pg/m? in a 1-h period
Humidity and condensation levels that favor =~ Humidity and condensation levels that avoid
Indoor humidity presence of mold indoors the presence of mold indoors
(D3-16) Relative humidity levels between 30% and Relative humidity levels between 30% and

70% lower than established time of use

70% during the established time of use
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Table Al. Cont.

Dimension Indicator EP EP Exceedance

Excezsive expense in energy, Available income of home — (costs of Available income of home — (costs of

ase gi‘ l\/clilmémll;[rislncome dwelling + energy expense of home) dwelling + energy expense of home)

Energy expense an(Da i—Il() ) < equivalent poverty line > equivalent poverty line
equality
. : Energy expense of the home < 0.5 of the
(D4) Unc}lell‘{ ?ggeﬁsg Illnrenell;g}‘l; },;i\sed median expenses of dwellings of the same Energ}_f expense of thfe;onillg > O.5f0fh the

° € D 4_?2?/ overty type and composition (within the first median eXpeI;Zii:ty Pvge ings of the

8 deciles)

Appendix B. Evaluation of the Thermal Comfort of Dwellings

The evaluation of the thermal behavior of the envelope has been based on two analyses:
a first analysis based on the calculation of the thermal transmittance values (U Value),
determined for each construction element of the dwellings and blocks as per NCh853;
and a second analysis, focused on evaluating the thermal behavior of the envelope for the
operation of the dwelling under free oscillation. The thermal performance analyses have
been made using an energy simulation according to that stated in the following sections.

Appendix B.1. Geometric Definition of the Blocks

The geometric definition of buildings has been made based on the available material
and onsite visits. In the case of the apartments, this has been simulated considering that
most of these have 2 bedrooms, with an approximate surface area of 38.4 m? per apartment,
and an occupation of 4 people per apartment (See Figures A1 and A2).

Figure Al. Geometric definition of block in DesignBuilder and terrain pictures (authors” own

preparation).

[[] 00 (Depto Bloque) & de Corstrucaisn Sust

Figure A2. Floorplan Blocks (authors” own preparation).

The blocks have been classified by orientation, to be able to analyze them and assign
the results to the database considering the typologies. Block A3 (EAST), Block A7 (SOUTH),
Block A8 (NORTH), and Block E2 (WEST) were chosen as characteristic blocks by orienta-
tion. In Figure A3, the distribution of the blocks by orientation can be seen, with 10 blocks
facing north, 10 to the south, 12 to the east, and 13 to the west.
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NORTH: 10

SOUTH: 10

EAST: 12
W WEST: 13
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Figure A3. Blocks urban distribution (authors” own preparation).

Appendix B.2. Geometric Definition of the Dwellings

The dwellings modeled in DesignBuilder represent 5 different typologies, which vary
in surface area and the number of available bedrooms. As it can be seen in Table A2 and
in Figure A4, the five dwelling typologies are classified with a representative code for
the number of bedrooms that the dwelling has (1D, 2D, 2N, 3D, and 4D). The number
of inhabitants was assigned according to that defined in the Sustainable Construction
Standards for Chilean Dwellings, i.e., the number of inhabitants of each dwelling consists
in the number of bedrooms plus two additional people (See Table A2).

Table A2. Typologies of housing, surface, number of bedrooms, and inhabitants.

Dwelling Surface Area (m?) Bedrooms Inhabitants
1D 24.78 1 3
2D 35.42 2 4
2N 35.98 2 4
3D 45.65 3 5
4D 52.83 4 6

Source: own preparation.

D

QL

Figure A4. Classification of interior areas in housing models (authors” own preparation).
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1D DWELLING

2D DWELLING

2N DWELLING

3D DWELLING

4D DWELLING

Figure A6. Geometry and pictures of the 2N, 3D, and 4D dwellings (authors” own preparation).
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e TV 54 TV: Variable Tipology of dwelling
— h 2N: 0 2N: Gabled house, with an extruded in volume near the entrance.
S m1D: 2 1D: 1 bedroom houses with expandability to 4 bedrooms.
= W 2D: 22 2D: 2 bedroom houses with expandability to 4 bedrooms.
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Figure A7. Dwellings urban distribution by typology—part 1 (authors” own preparation).

V:2 V: Empty Lot
o TV: 50* TV: Variable Tipology of dwelling
" 2N: 46 2N: Gabled house, with an extruded in volume near the entrance.
®m1D:5 1D: 1 bedroom houses with expandability to 4 bedrooms.
W 2D: 10 2D: 2 bedroom houses with expandability to 4 bedrooms.
W 3D: 15 3D: 3 bedroom houses with expandability to 4 bedrooms.

W 4D: 10 4D: 4 bedroom houses.

s

Figure A8. Dwellings urbandistribution by typology—part 2 (authors’ own preparation).

Appendix B.3. Simulation Parameters

In Table A3, the data used in the simulation for the loads of devices, lighting, occu-
pation, ventilation, and heating setpoints can be seen. The values have been obtained
and configured using the Sustainable Construction Standards for Dwellings (Estdndares de
Construccion Sustentable Para Viviendas En Chile, 2016). Therefore, the devices have not been
considered as an internal load.
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Table A3. Loads for devices, lighting, occupation, ventilation, and slogans for simulations.

Item Unity  Blocks 1D 2D 2N 3D 4D
Device load W/m? 0 0 0 0 0 0

Ventilation L/s 18 14 18 18 21 31

Lighting load W/m?2 5.0 1.5 1.5 1.5 1.5 1.5

Occupation load m2/ person 8.94 8.26 8.85 8.99 9.13 8.81

Heating setpoint °C 18 18 18 18 18 18

Source: own preparation based on ECSV (Estandares de Construccion Sustentable Para Viviendas En Chile, 2016).

The occupation, ventilation, lighting, and heating loads have been considered active
throughout all the months of the year, and all the days of the week, with the schedules
described in Table A4.

Table A4. Monthly, daily, and hourly load profiles.

Occupation Ventilation Lighting Heating
Schedule Nov.—Feb. Mar.—Apr. May-Aug. Sept.—Oct.
00:00-01:00 80% 100% 0% 0% 0% 0% 100%
01:00-02:00 80% 100% 0% 0% 0% 0% 100%
02:00-03:00 80% 100% 0% 0% 0% 0% 100%
03:00-04:00 80% 100% 0% 0% 0% 0% 100%
04:00-05:00 80% 100% 0% 0% 0% 0% 100%
05:00-06:00 80% 100% 0% 0% 0% 0% 100%
06:00-07:00 80% 100% 0% 0% 0% 0% 100%
07:00-08:00 80% 100% 0% 100% 100% 100% 100%
08:00-09:00 90% 100% 0% 0% 0% 0% 100%
09:00-10:00 40% 100% 0% 0% 0% 0% 100%
10:00-11:00 30% 100% 0% 0% 0% 0% 100%
11:00-12:00 30% 100% 0% 0% 0% 0% 100%
12:00-13:00 30% 100% 0% 0% 0% 0% 100%
13:00-14:00 30% 100% 0% 0% 0% 0% 100%
14:00-15:00 30% 100% 0% 0% 0% 0% 100%
15:00-16:00 30% 100% 0% 0% 0% 0% 100%
16:00-17:00 30% 100% 0% 0% 0% 0% 100%
17:00-18:00 50% 100% 0% 0% 0% 0% 100%
18:00-19:00 90% 100% 0% 0% 100% 0% 100%
19:00-20:00 90% 100% 0% 0% 100% 0% 100%
20:00-21:00 90% 100% 0% 100% 100% 100% 100%
21:00-22:00 90% 100% 100% 100% 100% 100% 100%
22:00-23:00 80% 100% 0% 0% 0% 0% 100%
23:00-00:00 80% 100% 0% 0% 0% 0% 100%

Note: Leaks will be considered as 24 h constants throughout the year. Source: own preparation based on ECSV
(Estandares de Construccion Sustentable Para Viviendas En Chile, 2016).

The airtightness values have been established based on the predominant material of
each building, bearing in mind the values established by the Building Airtightness Manual
(Trebilcock, 2014).

For the dwellings analyzed, the value established for light wooden framework for
the inhabited areas, 24.4 air renewals per hour at 50 pascals, while for uninhabited areas
(attics), a value of 45 air renewals per hour at 50 pascals has been used.

In the blocks, it was considered that floors 1 to 3 present a leak of 9 air renewals per
hour at 50 pascals, associated to the masonry; and on the 4th floor, a leak of 11 air renewals
per hour at 50 pascals. The difference occurs because the top floor is a light structure roof,
which increases the leaks in the joints between the walls and the cracks.
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Appendix B.4. Evaluation of the Thermal Comfort and Heating Energy Demand

The evaluation of the thermal comfort has been determined using the simulation re-
sults from the EnergyPlus® dynamic thermal analysis software, using indicators associated
to the ASHRAE 55-2017 adaptative thermal comfort model (American Society of Heating,
2017). The comfort indicators have been obtained by simulating the typical apartments
and dwellings of both housing complexes under free oscillation. With the results of the
hourly operational temperatures, the number of annual hours that are within the adapta-
tive thermal comfort (ATC) limits of the model defined in ASHRAE 55-2017 (American
Society of Heating, 2017) have been quantified. For this evaluation, the limits defined for
a thermal acceptance of 80% and 90% of the ASHRAE 55-2017 standard have been used.
The determination of the thermal comfort ranges for the ASHRAE adaptative model, is
a result of obtaining the neutral temperature (T_n), with the mean outdoor temperature
T_(pma(out)), applying the following equation and establishing the ranges of & 3.5 °C for
a thermal acceptance of 80% and 4= 2.5 °C for a thermal acceptance of 90%.

Tn =0.31-T_(pma(out)) + 17.8 (A1)

where T_(pma(out)) is the average outdoor operational temperature calculated from the
mean outdoor temperature of the previous 7 days, just as is described in the following equa-
tion, where T_e(d — 1) is the average outdoor temperature of the previous day, T_e(d — 2)
is the average outdoor temperature of two days before, and so on and so forth; and « is a
constant that depends on the climate, assuming «=0.8 (American Society of Heating, 2017).

T_(pma(out)) = (1 — «)-[T_e(d — 1) +a-T_e(d — 2) +&2-T_e(d — 3) +«3-T_e(d —4) +---] (A2)

The standard establishes that, in order to apply the adaptative comfort limits de-
termined with the previous equations, the average outdoor operational temperature
(T_pma(out)) must be between 10.0 °C and 33.5 °C. When outside these values, the comfort
limits will assume the constant conditions, taking the values determined by the previous
equations for 10.0 °C and 33.5 °C.

The hourly temperatures were classified based on the terms: comfort, slightly warm,
slightly cold, warm, and cold, considering their situation facing the limits of the comfort
model (see Figure A9). The percentages of time in comfort, slightly warm, or slightly cold
terms were grouped as “Total comfort”, for their analysis.

92 SOF _ SOF  eSF  TIF__ 8F ____ 9F

30

28 ¢ | 824F

26 | Te8F

24 | 152F

22 1 | | T18F
Total

20 | Confort | ssoF

indoor operative temperature ( “c)

| S4AF

16 | 608F

5 10 15 20 26 30 35
prevailing mean outdoor air temperature (*C)

Figure A9. Adaptative Thermal Comfort limits ASHRAE 55-2017 (own preparation based on the
ASHRAE 55-2017 model).



Buildings 2022, 12, 1125

25 of 28

Appendix B.5. Results
Appendix B.5.1. Thermal Transmittances

The thermal transmittance values (U value) are shown in the following tables, deter-
mined for each construction element of the dwellings and blocks, following the calculation
procedure defined in NCh853 (See Table A5).

Table A5. Transmittance values in walls, roofs and floors.

Element Construction Elements (I&X;l;;(e)
Outside Walls (Blocks) Brickwork Mq Hv (140 mm) and Plasterwork (25 mm) 1.75
Division Walls (Blocks) Brickwork Mq Hv (140 mm) 2.07
Dwelling walls (1D, 2D, 2N, 3D & 4D) OSB Smart panel (11 mm) + Struct. Pine 2/ x 3" + Indoor drywall 2.69
Roof (Blocks) Pine structure (1 x 4’) + Mineral Wool (40 mm) 0.744
Roof (Dwellings) Zinc lining + Struct. Pine (1”7 x 4’) + Mineral Wool (40 mm) 0.849
Floors (Blocks) Reinforced concrete (80 mm) 3.71
Floors, concrete (Dwellings) 3.315

Source: own preparation.

The windows have a thermal transmittance of 3.8 (W/m?K), and a solar factor of 0.70.

Appendix B.5.2. Thermal Comfort Analysis

The thermal comfort of the dwellings has been evaluated starting from the dynamic
thermal simulation results, aiming at analyzing the behavior of the rooms of the dwellings
in the different layouts (orientations, position in the building, and others) possible, hour
by hour, to assign to the study sample, comfort values considering their similarity to the
simulated models. Finally, the percentages of time in the year when each one of the dwelling
typologies falls within each one of the previously defined zones, has been determined.

The blocks have been grouped for their evaluation depending on the orientation. For
each one of the four predominant orientations in the complex, one block (A3, A8, A2, and
A7) has been chosen, and within the block, two apartments have been chosen to analyze
the thermal behavior of their rooms on presenting the most unfavorable conditions: one on
floor 1 (Apt. 01), and another on floor 4 (Apt. 12). The results of these apartments have
been extrapolated to the rest of the apartments of the block, establishing as the average of
the results for the apartments on floors 2 and 3.

As can be seen in Table A6, the analysis indicates that the spaces would have very low
temperatures (without using heating systems), with the percentage of hours in discomfort
due to cold being between 39.33% and 57.73% of the time.

Table A6. Percentage of time in different thermal situations of the spaces by apartment, floor, and block.

Orientation Apartment Cold Slightly Cold Comfort Slightly Warm Warm Total Comfort
East (A3) 01-04 46.40% 7.50% 38.20% 3.80% 4.13% 49.50%
East (A3) 05-12 52.07% 6.87% 32.20% 3.50% 5.35% 42.57%
East (A3) 13-16 57.73% 6.23% 26.20% 3.20% 6.57% 35.63%

North (A8) 01-04 47.33% 7.03% 44.50% 1.07% 0.07% 52.60%

North (A8) 05-12 51.00% 7.12% 38.17% 2.43% 1.27% 47.72%

North (A8) 13-16 54.67% 7.20% 31.83% 3.80% 2.47% 42.83%
West (E2) 01-04 43.33% 5.30% 35.90% 8.00% 7.50% 49.20%
West (E2) 05-12 46.78% 5.43% 33.88% 6.23% 7.67% 45.55%
West (E2) 13-16 50.23% 5.57% 31.87% 4.47% 7.83% 41.90%

South (A7) 01-04 39.33% 6.80% 46.60% 4.97% 2.30% 58.37%
South (A7) 05-12 45.40% 7.12% 40.42% 4.60% 2.47% 52.13%
South (A7) 13-16 51.47% 7.43% 34.23% 4.23% 2.63% 45.90%

Source: own preparation.
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The dwellings have been grouped for their evaluation based on their typology (see
Figures A5-A8). Each typology has been evaluated in the four predominant orientations in
the complex, and results associated to each one of the spaces have been obtained, obtaining
the percentage of the dwelling as an average of the spaces. For the variable typology (VT)
dwellings, the average value has been determined by orientation of the set of typologies
identified, to establish their representative values.

As can be seen in Table A7, the analysis indicates that the spaces would have very low
temperatures (without using heating systems), with the percentage of hours in discomfort
due to cold being between 33.60% and 52.65% of the time.

Table A7. Percentage of time in different thermal situations for the spaces in each type of home.

. . Slightl Slightl Total
Orientation Typology Cold C%)l d y Comfort Wgarmy Warm Comfort
East 1 Bedroom (1D) 51.10% 20.65% 26.05% 1.85% 0.40% 48.55%
North 1 Bedroom (1D) 52.65% 18.95% 26.35% 1.50% 0.55% 46.80%
West 1 Bedroom (1D) 50.95% 19.95% 26.85% 1.70% 0.50% 48.50%
South 1 Bedroom (1D) 52.75% 18.40% 26.90% 1.55% 0.40% 46.85%
East 2 Bedrooms (2D) 52.87% 11.43% 28.67% 2.77% 4.20% 42.87%
North 2 Bedrooms (2D) 53.87% 11.13% 29.77% 2.83% 2.40% 43.73%
West 2 Bedrooms (2D) 52.57% 11.43% 29.23% 3.30% 3.50% 43.97%
South 2 Bedrooms (2D) 52.17% 11.13% 30.00% 2.80% 3.90% 43.93%
East 2 Bedrooms (2N) 54.05% 12.30% 28.23% 2.50% 3.00% 43.03%
North 2 Bedrooms (2N) 54.00% 12.33% 28.28% 2.50% 3.00% 43.10%
West 2 Bedrooms (2N) 52.58% 12.55% 31.98% 2.60% 0.30% 47.13%
South 2 Bedrooms (2N) 52.65% 12.53% 31.90% 2.60% 0.30% 47.03%
East 3 Bedrooms (3D) 37.80% 13.50% 37.25% 3.93% 7.48% 54.68%
North 3 Bedrooms (3D) 37.58% 13.45% 37.70% 4.00% 7.30% 55.15%
West 3 Bedrooms (3D) 37.13% 13.33% 37.20% 4.08% 8.25% 54.60%
South 3 Bedrooms (3D) 37.53% 13.30% 37.38% 4.03% 7.75% 54.70%
East 4 Bedrooms (4D) 33.60% 13.08% 43.74% 4.00% 5.58% 60.82%
North 4 Bedrooms (4D) 36.04% 12.68% 42.36% 3.58% 5.28% 58.62%
West 4 Bedrooms (4D) 33.70% 12.64% 43.42% 4.32% 5.94% 60.38%
South 4 Bedrooms (4D) 34.98% 12.46% 42.38% 4.30% 5.88% 59.14%
East Variable Typology (VT) 45.88% 14.19% 32.79% 3.01% 4.13% 49.99%
North Variable Typology (VT) 46.83% 13.71% 32.89% 2.88% 3.71% 49.48%
West Variable Typology (VT) 45.38% 13.98% 33.74% 3.20% 3.70% 50.91%
South Variable Typology (VT) 46.01% 13.56% 33.71% 3.06% 3.65% 50.33%

Source: author’s own preparation.

Appendix C. Adapted Deprivation Thresholds and Indicators

Table A8. Summary of dimensions and thresholds adapted for EPTT.

Dimension Indicator EP EP Exceedance
Energy s:urizralrcf kitchen Kerosene, coal, wet firewood or waste Gas, electricity, firewood, pellet, solar
Food and Hygiene 1(311; 1-11) with open combustion energy, and closed combustion
(D1)
ACS System Does not have ACS or has an electrical Has ACS
(D1-13) system not authorized by the SEC )
Not connected to grid, illegal
Access to electricity connection or uses own generator Connected to grid with an
(D2-11) whose fuel is bought more than an unaltered panel
Lighting and hour away.
electrical devices Supply Capacit
(D2) up p(]%Z—I 41; aty Has 2 or fewer electrical circuits Has 3 or more electrical circuits
Electrical installation Irregular or home-made There are no irregular or home-made

(D2-15) electrical installations electrical installations
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Table A8. Cont.

Dimension

Indicator

EP

EP Exceedance

Climate control of
the dwelling
(D3)

Indoor Temperature
(D3-11)

The home is not kept under the lower
limit of ASHRAE 55:2017 adaptative
thermal comfort model, more than

The home is kept under the lower limit
of ASHRAE 55:2017 adaptative thermal
comfort model, less than 46.8% of

46.8% of the year the year
Energy so(lilrcg and heating Kerosene, coal, firewood or waste Gas, electricity, dry firewood, pellet,
(]:e)‘éiﬁ)s for heating logs and/or solar energy
Indoor humidit There are floods, leaks or presence of There are no floods, leaks or presence
(D3-15) y humidity inside the dwelling, that of humidity inside the dwelling, that

favor the presence of mold.

favor the presence of mold.

Excessive expense in
energy, based on Minimum

Available income of home — (costs of
dwelling + energy expense of home) <

Available income of home — (costs of
dwelling + energy expense of home) >

Energy expense Income Standard (MIS) equivalent poverty line equivalent poverty line
equality (D4-11)
(D) Eqéﬁfgﬁg}ﬁ ?’%\?gt;hiine Income of home is below equivalent The rest of the indicators must be
(D4-13) poverty line assessed together
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