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Abstract: Many fuel poverty support programs have been implemented in the world. Energy-efficient
retrofitting in low-income households is a main aspect of support programs in the context of energy
saving, reduction of greenhouse gas emissions, and improvement of the thermal comfort and health
of residents. This study analyzed the effects of an energy efficiency program for fuel poverty in Korea
on the thermal comfort of residents. A total of 330 households were investigated wherein energy
retrofits had been conducted. Indoor temperatures in the main bedroom and in the living room
were recorded twice. The results showed that the average indoor air temperature in the surveyed
households was 15.1 + 3.7 °C, indicating that 95.2% of main bedrooms and 80.0% of living rooms
did not meet the recommendations of the World Health Organization regarding temperature. These
results indicated that the surveyed households did not use energy for heating their rooms, and an
energy-saving effect due to the retrofits was difficult to expect. Accordingly, retrofit building or
energy policies addressing fuel poverty are shown to be ineffective in the context of energy saving
and thermal comfort in Korea. This article highlights issues that need to be analyzed to evaluate how
effective the welfare program is. The results of this study alert policymaker to the need to improve
the welfare policy; the methods proposed in this article will help them in their decisions.

Keywords: fuel poverty; energy efficiency programs; thermal comfort; field measurements

1. Introduction

Fuel poverty was initially identified as a serious social problem for elderly people in the UK in
the 1970s, when household income levels were low, fuel prices were high because of the oil crisis,
and housing conditions were inadequate for certain population segments [1,2]. Fuel poverty differs
from income poverty in that it is influenced by various factors, such as fuel prices, income levels, and
characteristics of housing [3]. Accordingly, the definition of fuel poverty is important in policy-making
and in determining the scale and nature of the problem [4]. The most widely recognized definition of
fuel poverty has been proposed by Brenda Boardman. Fuel poverty describes a household wherein
fuel expenditure on energy services, particularly warmth, exceeds 10% of the total income [5]. This
designation of 10% was based on the 1988 Family Expenditure Survey for UK households. At that
time, the bottom 30% of low-income households spent a mean of 10% on fuel [6]. Thus, according to
this definition of fuel poverty, a household may have a sufficient energy supply, but not for adequate
warmth. This description of fuel poverty is suitable in developed countries, where energy supply
problems have mostly been solved at the local level and where the climate is cold. More than 124 million
people within the European Union are considered to live in circumstances of fuel poverty [7].
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Nevertheless, access to energy has different meanings in many countries around the world. Thus,
it is important to distinguish between the terms energy poverty and fuel poverty [8]. Studies conducted
in developing countries relate energy poverty to a lack of access to energy [9]. These studies are often
based on rural settlements, which lack infrastructure [10].

Policies to address fuel poverty can be classified as subsidy programs and energy efficiency
programs. Subsidy programs are intended to support heating expenditures. Energy efficiency programs
are intended to strengthen thermal insulation and to improve the performance of heating systems
in low-income households. The long-term solution for fuel poverty is to improve energy efficiency
in low-income households. Income support policies, in contrast, help households get out of income
poverty, but rarely of fuel poverty [11]. Most EU countries have adopted energy efficiency policies as a
strategy to address fuel poverty. Indeed, EU countries have their own definition of fuel poverty and
have implemented energy efficiency programs [12]. England implemented the Warm Front scheme to
mitigate fuel poverty via highly efficient heating equipment and insulation measures [13]. The UK
adopted the 10% threshold of Boardman to define the official parameters of this scheme in 2001 [6].
More recently, the Low-Income/High-Costs (LIHC) fuel poverty indicator was introduced in 2012 to
establish a new definition of fuel poverty. Unlike the previous definition, the new indicator is a relative
measure, with thresholds that change on an annual basis. These dynamic thresholds make it difficult to
identify and monitor the problem consistently at the local level. The LIHC indicator considers not only
the number of fuel poverty cases, but also how severe each case of fuel poverty is [14,15]. The primary
energy efficiency support scheme of the government of Ireland for Irish households in fuel poverty
is the Better Energy Warmer Homes Scheme (BEWH) [16]. In order to measure fuel poverty, three
self-reported indicators are used based on the statements of householders, including that householders
are unable to adequately heat their home, that they are unable to pay scheduled utility bills, and that
they have inadequate heating facilities [2,17]. The Weatherization Assistance Program (WAP) of the
United States Department of Energy (DOE) provides energy efficiency services to reduce energy bills
for low-income households [18]. The DOE has partnerships with state and local government agencies
to implement fuel poverty policies [19]. The DOE provides grants to grantees, such as states, and
subsequently, the grantees provide grants to sub-grantees, such as local weatherization agencies to
conduct business intended to maintain thermal comfort at the local level [20].

Recently, health and comfort were added to energy efficiency as discrete goals of the fuel poverty
program. In a 2017 report on cutting the costs of keeping warm, the UK established the vision of
the fuel poverty program as cutting bills and increasing comfort and wellbeing [21]. In a report on
its strategy to combat energy poverty in 2016, Ireland also set goals to reduce energy bills and to
improve the health and wellbeing of the participants [16]. The US WAP aims to increase the energy
efficiency of dwellings owned or occupied by low-income persons, reduce their total residential energy
expenditures, and improve their health and safety [18,20].

As a result, the goals of the fuel poverty program can be summarized as reducing energy bills,
providing solutions to residents” health problems, and improving indoor thermal comfort. The impacts
of the fuel poverty program on energy efficiency and health problems of residents in low-income
households have been reported in many cases. According to research on more than 30,000 households
eligible for participation in WAP in the state of Michigan, it was estimated that WAP reduced energy
consumption by 10-20% among participating households [22]. Following the Warm Front measures
in the UK, the number of people affected by anxiety or depression declined from 30% to about 15%.
Also, mold exposure in homes was reduced from 12% to 8% following the Warm Front scheme [23].
A report examining the health, mental health, and housing conditions in the UK using the 2007 Adult
Psychiatric Morbidity Survey (APMS) indicated that subjects with a common mental disorder were
more likely to have experienced circumstances of fuel poverty [24]. Liddell et al. reviewed a study
on the health impacts of fuel poverty, which was a large-scale research conducted across 10 years.
Although the physical health effects of fuel poverty on adults was quite small, caregivers recognized
significant impacts on the respiratory health of children due to living in fuel poverty [25]. Policymakers
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are paying increasing attention to indoor living environments as a consequence of a growing body of
evidence linking buildings—especially housing—to human health [26].

Regardless, there are few studies on the effects of fuel poverty programs on thermal comfort [27].
Guidelines established by the American Society of Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE) 55 [28] and the International Organization for Standardization (ISO) 7730 [29]
propose indicators for human thermal comfort and define set-point temperatures in cooling and heating
conditions, but these indicators have not been officially adopted in fuel poverty policies. Many reports
for fuel poverty use World Health Organization (WHO) indicators to analyze the effects before and
after specific projects. The WHO recommends a minimum temperature of 21 °C in the main living
room of a residence and 18 °C in other rooms to avoid negative health impacts during winter [30].
Following the Warm Front initiative, 222 out of 888 households were identified as still being cold,
defined as homes in which the average bedroom temperature fell below 16 °C or the average living
room temperature fell below 18 °C during the measurement period [31]. Findings from a national
household survey in Ireland report that the living room temperatures of 29.4% households in fuel
poverty fell below 18 °C or less, compared with only 10.8% of other households not experiencing
fuel poverty during the measurement period [32]. These results suggest that the goal of providing a
comfortable indoor environment for the health and wellbeing of residents is not achieved with the
existing fuel poverty schemes.

Operating as a case study in Korea, this paper analyzes indoor thermal environments following
energy efficiency measures for fuel poverty in Korea by field measurement. Based on the analysis, this
study aimed to determine whether the fuel poverty policy is effectively reflected in the households and
dwellings and to suggest alternative solutions to the problem. Thus, by revealing the shortcomings
of the fuel poverty programs, this study may contribute to refining the fuel poverty programs.
The remainder of this paper is structured as follows: Section 2 introduces the outline of fuel poverty
programs in Korea and the measurement methodology, Section 3 describes data analysis and results,
Section 4 presents a discussion, and finally Section 5 presents the conclusions of this study.

2. Methods

The method applied in this paper consisted of the following steps (Figure 1): Review of Korea's fuel
poverty statistics and policies; Introduction of the residential energy retrofit program for low-income
households; Field measurement for house conditions after the energy retrofit building program;
Assessment of the thermal environment according to measurement data; Assessment of the effectiveness
of the program and recommendation for improvement of the method.

Fu.el Mo Review of Korea's fuel poverty statistics and policies
in Korea
Support | |+ Enhance insulation performance
i contents + Windows replacement
Building energy
retrofit program e 7
prog Expected | |+ Improve indoor thermal environment
effects to mitigate fuel poverty
Field « Target area
— + Surveyed households characteristics
measurement
« Measurement elements
Results and Measurement of Indoor / outdoor thermal environment
analysis (temperature and relative humidity)
Discussion [— Result analysis and policy recommendation

Figure 1. Flowchart of the applied methodology.
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2.1. Fuel Poverty Programs in Korea

The definition of fuel poverty is not clear in Korea. The rate of fuel poverty in Korea was estimated
at 6.9% in 2010 by using the definition of fuel poverty proposed by Brenda Boardman [5]. The rate was
estimated at 9.7% when fuel costs within a portion of the population experiencing an incrementally
higher level of basic living expenses were used as the baseline of fuel poverty [33]. Also, more than
614,000 households spent more than 20% of their disposal income on fuel in 2013, and the rate has
been increasing year by year (Table 1) [34].

Table 1. Number of households with an excessive energy cost burden.

Energy Spending as % of Disposable Income 2010 2011 2012 2013
10% and more 1,646,353 1,630,908 1,748,064 1,780,824
20% and more 606,763 596,180 556,742 614,249

The 1st income decile in Korea spent on average as much as 21% of their disposable income on
fuel for heating and cooking during 2010-2013 according to the Household Income and Expenditure
Survey of Statistics Korea (Table 2), while the percentage decreased to 8.5% for the 2nd income decile
and to 1.7% for the 10th income decile in the same period. Fuel costs have decreased for high-income
households in percentage of disposable income; however, the costs for the low-income households
have gradually increased.

Table 2. Monthly energy bill and its share in disposable income, by income decile.

Fuel Cost/Disposable Income

2010 2011 2012 2013

1st decile 19.6% 20.6% 21.1% 21.0%

2nd decile 8.1% 8.2% 8.3% 8.5%
10th decile 1.8% 1.8% 1.7% 1.7%

Source: Household Income and Expenditure Survey, Statistics Korea.

The analysis results of the Welfare Needs Survey, conducted by the Korea Institute for Health
and Social Affairs, found that the near-poor and the poor (those living on 120% or less of the national
minimum) were more likely to be unable to keep the indoor temperature at a reasonable level or pay
energy bills as they fell due. As many as 13.3% of households in receipt of National Basic Living
Security benefits found themselves unable to keep their indoor temperature at a reasonable level.
About 9.8% of the 120% or less of the poverty threshold group said they could not keep the home
adequately heated [35].

High oil prices since the early 2000s and greenhouse gas mitigation policies have led to growing
energy costs in Korea. Rising energy costs affect energy consumption conditions in low-income
households, causing insufficiencies in existing energy consumption structures. Recognizing the
problem, the Korean government formalized an Energy and Welfare Statement, and the Energy Act
was legislated in 2006. Also, the Korea Energy Foundation was established to effectively implement
the Energy Welfare program in 2006. In addition, the government has operated many programs aimed
toward fuel poverty reduction, such as subsidies for energy bills, improving energy efficiency in
housing, and energy rate discounts. By the end of 2013, 11 energy welfare programs were in operation
in Korea as follows:

e Provision and energy efficiency program:

- Residential energy efficiency for low-income households
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- Electricity efficiency (high-efficiency lighting)

- New renewable energy facilities for National Rental Housing

- Provision of new renewable energy for welfare facilities

- Safety checks on general-use electrical installations

- Improving the gas system for low-income and near-poor households.

e  Energy bill discount program:

- Utility (electricity, gas, and district heating) bill discount.

e  Energy cost assistant program:

- Heating energy (kerosene) assistance for low-income households
- Coal briquette assistance for low-income households.

The purpose of the residential energy efficiency (retrofit) program for low-income households is to
improve the thermal performance and airtightness of households in fuel poverty, as well as to reduce
heat loss, lower energy bills, and improve the thermal comfort and health of residents [35]. This program
involves the strengthening of insulation in walls and/or the replacement of old windows, doors, and
boilers. A maximum of 1.5 million KRW (1,500 USD) subsidy is assigned to each low-income household.

The achievements of projects for improving energy efficiency for the low-income households
during 2007-2016 in Korea are shown in Table 3. At the beginning of 2007, about 10 billion KRW
(10 million USD) was supported and it increased to about 48.9 billion KRW (48.9 million USD) in 2016.
About 435,000 households, or 363 billion KRW (363 million USD), were supported until 2016.

Table 3. Number of households benefited by the residential energy efficiency program for
low-income households.

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Number of
benefited 16,501 80,130 68,331 43,336 21,428 29,628 63,508 42,158 40,707 29,468
households
Bui‘%ﬁﬁiRW 10,000 28,500 28,500 29,200 19,450 29,580 41,080 67,110 61,270 48,900

(USD million)  (10.00) (28.50) (28.50) (29.20) (19.45) (29.58) (41.08) (67.11) (61.27) (48.90)

Source: Korea Energy Foundation.

As for insulation materials in walls, heat-reflective insulation materials, extrusion heat insulation
materials, and calcium carbonate insulation materials are used. Window replacement is classified
into two types, i.e., double-glazed windows with a heat transmission coefficient of 2.03 W/m?-K and
an airtightness of 0.91 h™! and quadruple-glazed windows with a heat transmission coefficient of
1.262 W/m?2K and an airtightness of 0.83 h~!. In addition, as of 2018, a series of retrofit initiatives
such as roofing work and boiler replacement will be carried out as elements of retrofitting schemes
to reduce fuel poverty in Korea. Fuel poverty retrofit plans are determined within the support costs
and depending on the housing conditions of each household. However, because support costs are
limited to 1.5 million KRW (1500 USD) per household, energy efficiency retrofits are not sufficient to
fully improve the indoor thermal environments of low-income houses in Korea.

2.2. Field Measurements

Field measurements were carried out from January to February (the winter season) in 2016
to analyze indoor thermal environments following subsidized retrofitting due to energy efficiency
programs for households with fuel poverty in Korea. Of the total 40,707 households in which the
energy efficiency program was conducted in 2015, 330 households and 504 rooms were investigated in
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this study. The target area of the survey was divided into four regions including the northern, eastern,
central, and southern regions of the Gyeonggi Province in Korea (Figure 2). Gyeonggi Province is
the most populous province in Korea. Its population is about 13,256 million, and 2% of if was the
recipient of the National Basic Living Security benefits in 2017. Accordingly, there are many low-income
households in Gyeonggi Province. The analyzed areas are located at a longitude of 36.9-38.3° N and a
latitude of 126.3-127.8° E.

126.3° 127° 127.8°

Target area

Eastern
-
I~

36.9°

O 0 25km
—

Figure 2. Surveyed area.

Figure 3 shows the number of surveyed households in the target area presented in Figure 2. Field
measurements were accomplished to investigate thermal environments in households with fuel poverty
following retrofitting for energy efficiency, and the temperature and relative humidity of 504 rooms
in 330 households were measured using a temperature and humidity data logger (Testo 175 H1).
The specifications of the data logger are shown in Table 4. The measurements were repeated three times
for one room at intervals of 20 min by an inspector. The measurement point was 1.1 m from the floor in
the center of the room. Also, the outdoor temperature and humidity were measured simultaneously.
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Figure 3. Number of surveyed households in the target area in Figure 2.
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Table 4. Specifications of temperature and humidity data logger.

Specification
Instrument . .o
Temperature Relative Humidity
Measurement range of —20 to Measurement range of 0 to
Testo 175 H1 + 55 °C, accuracy of + 0.4 °C, 100%RH, accuracy of + 2%RH,
resolution is 0.1 °C. resolution is 0.1%RH.

The analyzed households generally consisted of one or two bedrooms, together with a kitchen
and boiler room. Most of the analyzed houses had combined structures of concrete and masonry
walls, with one or more windows facing the outside. All households were equipped with radiant floor
heating using gas or oil boilers.

To retrofit for energy efficiency, 128 households received both the reinforcement of insulation
in walls and the replacement of windows, wall insulation was strengthened in 154 households, and
windows were replaced in 48 households (Figure 4).

Replacement of windows
(48 households)

Insulation of walls &
replacement of windows
(128 households)

Insulation of walls
(154 households)

Figure 4. Types of retrofitting for energy efficiency.

Figure 5 shows the age distribution of the residents in households with fuel poverty. Most of the
residents in our sample were aged people in their 70s (83 people), with 65 people in their 50s and
59 people in their 60s. The portion of people over the age of 60 years was 61.8%.

90

80
70
60

50
40
30
20
10
lm N

20-29 30-39 4049 50-59 6069 70-79 80-89 0-

Number of residents

Figure 5. Age distribution of residents (years).
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3. Results

3.1. Thermal Environments of Analyzed Households

Figure 6 shows the distribution of outdoor and indoor temperatures during the survey period.
Outdoor temperatures ranged from —15.6 °C to 20.9 °C during the filed measurement periods, and
the average outdoor temperature was 1.9 + 6.4 °C. Indoor temperatures of the analyzed households
ranged from 3.9 °C to 26.4 °C, and the average room temperature was 15.1 + 3.7 °C. In other words,
the indoor average temperature was 13 degrees higher than the outdoor average temperature. Even
though the surveyed households were supported by the retrofitting program for energy efficiency, the
room temperatures did not satisfy the WHO recommendations for an adequate standard of warmth
(i.e., 21 °Cin the main living room and 18 °C in other occupied rooms). About 95.2% of main living
rooms did not meet the WHO standards, and 80.0% of other occupied rooms were under the 18 °C
WHO threshold for adequate warmth (Figures 6 and 7).

During the investigation period, the average outside relative humidity was 33.3 + 14.6%, and
the average indoor relative humidity was 48.9 + 15.9%. That is, the average indoor relative humidity
was 15.6% higher than the average outdoor relative humidity (Figures 7 and 8). Though the residents
did not use humidifiers indoors, the indoor relative humidity was high as a consequence of the low
indoor temperature.
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Figure 6. Distribution of outdoor and indoor temperatures.
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Figure 8. Distribution of outdoor/indoor temperatures and relative humidity.
3.2. Relationship between Outdoor and Indoor Temperatures

There was no significant correlation between outdoor temperatures and humidity and room
temperatures and humidity (Figure 9). On the basis of these findings, it can be said that low-income
households do not adjust indoor temperatures and humidity regardless of external environment
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changes. Room temperatures in about 48% of the households surveyed were lower than 15 °C.
Moreover, room temperatures in 8% of the households surveyed were lower than 10 °C (Figure 9).

30 100
— 9
O 25 S
< > 80
p 2
520 : 2
o o 3 60 o
[
z 15 = ° °
o T 40
5 10 @ 6o
[} -
2 s g 20
= ©
£
0 0
-20 -10 0 10 2 30 0 20 40 60 80 100

outdoor temperature (°C) outdoor relative humidity (%)

Figure 9. Relationship between outdoor or indoor temperatures and relative humidity.

3.3. Thermal Comfort of Residents

The term thermal comfort is defined by the ASHRAE as that “condition of mind that expresses
satisfaction with the thermal environment” [28]. In this study, the ASHRAE comfort zone was used as
an index for evaluating the thermal environment of the surveyed households. Herein, air velocity was
within 0.2 m/s, and activity levels and amount of clothing worn by residents were 1.0-1.3 met and
0.5-1.0 clo, respectively. The mean radiant temperature to calculate the operative temperature was
often replaced by air temperature because of the complexity of the measurement [36,37]. Moreover, the
operative temperature can be substituted with air temperature when air speed is less than 0.2 m/s [28].
The measured results were examined according to ASHRAE standards for thermal comfort, and only
about 5.6% (28 rooms) of people were comfortable in the analyzed rooms. This result suggests that
94.4% of people in the surveyed households lived in circumstances in which they were thermally
uncomfortable, even following energy efficiency retrofitting (Figure 10).

0.024
0.022
0.02

0.018

0.016

21 °C (DB): WHO standard (main living rooms)

0.014
- === 18°C (DB): WHO standard (other rooms)

absolute humidity (kg/kgDA)

00 20 40 60 80 10.0 120 140 16.0 18.0 200 22.0 240 26.0 28.0 300

operative temperature (°C)

Figure 10. Psychometric chart of American Society of Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE) and World Health Organization (WHO) standards for thermal comfort.
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4. Discussion

Residents of low-income households have been shown to live in inadequate thermal environments
in comparison to the general population. During winter, the average indoor temperature is 23.9 + 1.6 °C,
and the indoor relative humidity is 31.6 + 7.7% in a sample of general households in Korea [38].
The indoor temperature of the low-income households surveyed in this study was 15.1 + 3.7 °C, and
the indoor relative humidity was 48.9 + 15.9%. Temperatures in the low-income households surveyed
in this study were about 8.8 °C lower than temperatures in ordinary households in Korea in winter.
These results indicate that the surveyed households did not use energy for heating their room, and an
energy saving effect derived from building retrofit is difficult to expect. This is because the low-income
group tends to prioritize cost savings over thermal comfort. Accordingly, the low-income group is less
willing to pay for indoor thermal comfort than the group of ordinary people [39]. Similarly, a survey
of 38 low-income households in two cities in Cyprus found that 89% of the monitored low-income
households did not meet the WHO recommendations for room temperatures of 18 °C and 21 °C for
warmth in winter. The low-income group in that research, however, reported a good level of satisfaction
despite uncomfortable thermal conditions. The majority of the low-income households were heated
by auxiliary mobile heaters, such as stoves, and the residents reported wearing additional heavy
clothes—methods of thermal adaptation—during periods in which average room temperatures were
below the standard for comfort [40]. This phenomenon was similarly observed in this study. Most of
the residents of low-income households surveyed in this study were either unheated or sub-heated.

As a result of this study, subsidized retrofitting to increase the thermal performance of low-income
households should raise the thermal performance to the level of passive house [41] to maintain
comfortable thermal environments for residents. Districted central heating systems seem to be a
strategy to guarantee thermal comfort for low-income groups in winter. Utility bill for district heating
should be discounted or supported. In China, in places equipped with districted central heating
systems, indoor temperatures are maintained close to 20 °C in winter [42]. In any case, rising costs
are inevitable.

In the case of Korea, cost support for retrofitting for energy efficiency is limited to 1500 USD or
less per household. With only this amount of support, it is impossible to sufficiently improve the
thermal performance at the household level, thereby ensuring the comfort of residents. In addition,
it is necessary to devise ways to properly evaluate the effects of the support programs for low-income
households with fuel poverty considering the actual usage status thereof. The results of this study are
helpful if post-evaluation of the energy welfare program is not carried out properly.

This study emphasizes that the effect of the residential energy efficiency program for fuel poverty
has not been properly analyzed and evaluated. This paper is a reminder that an improved policy,
which is mentioned above, is needed to include post-evaluation factors in welfare programs.

5. Conclusions

In the context of thermal comfort, the effects of retrofitting programs for fuel poverty in Korea
were analyzed. Indoor thermal environments in a total of 330 households (to which energy efficiency
retrofits were applied) were evaluated. The results showed that the average indoor air temperature of
the surveyed households was 15.1 + 3.7 °C. These results mean that 95.2% of the main living rooms
and 80.0% of other occupied rooms of surveyed households did not meet the WHO temperature
recommendations for warmth. Also, 94.4% of the surveyed rooms were at temperatures outside of
the ASHRAE comfort zone. This is because the surveyed households did not use energy for heating
their room, and the energy saving effect due to building retrofit was difficult to achieve. Therefore, the
ongoing building retrofitting or energy policies addressing fuel poverty appears to be less efficient in
the context of thermal comfort, and, thus, no energy savings may occur. An alternative to cost-effective
policies should be developed to improve the thermal comfort of residents through building retrofitting
in situations where budgets are limited.



Sustainability 2019, 11, 2574 12 of 13

Author Contributions: Conceptualization: D.S.; methodology: J.K.; formal analysis: D.S.; investigation: S.P.;
resources and data curation: S.P. and ].K.; writing—original draft preparation: S.P.; writing—review and editing:
J.K. and D.S,; supervision: D.S.; funding acquisition, D.S.

Funding: This research was supported by a grant (19AUDP-B100343-05) from the Architecture &
Urban Development Research Program funded by the Ministry of Land, Infrastructure and Transport of
Korean government.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Healy, J. Fuel Poverty and Policy in Ireland and the European Union: Policy Institute; Trinity College Dublin:
Dublin, Ireland, 2003.

2. SEAL A Review of Fuel Poverty and Low Income Housing; Sustainable Energy Authority of Ireland: Dublin,
Ireland, 2003.

3. Dubois, U. From targeting to implementation: The role of identification of fuel poor households. Energy Policy
2012, 49, 107-115. [CrossRef]

4. Moore, R. Definitions of fuel poverty: Implications for policy. Energy Policy 2012, 49, 19-26. [CrossRef]

5. Boardman, B. Fuel Poverty: From Cold Homes to Affordable Warmth; Belhaven Press: London, UK, 1991.

6. Liddell, C.; Morris, C.; McKenzie, S.; Rae, G. Measuring and monitoring fuel poverty in the UK: National
and regional perspectives. Energy Policy 2012, 49, 27-32. [CrossRef]

7. Atanasiu, B.; Kontonasiou, E.; Mariottini, E. Alleviating Fuel Poverty in the EU. Investing in Home Renovation,
a Sustainable and Inclusive Solution; Buildings Performance Institute Europe (BPIE): Brussels, Belgium, 2014.

8.  Vilches, A.; Padura, A.B.; Huelva, M.M. Retrofitting of homes for people in fuel poverty: Approach based on
household thermal comfort. Energy Policy 2017, 100, 283-291. [CrossRef]

9.  Chaurey, A.; Kandpal, T.C. Assessment and evaluation of PV based decentralized rural electrification:
An overview. Renew. Sustain. Energy Rev. 2010, 14, 2266-2278. [CrossRef]

10. Li, K,; Lloyd, B.; Liang, X.-].; Wei, Y.-M. Energy poor or fuel poor: What are the differences? Energy Policy
2014, 68, 476-481. [CrossRef]

11.  Boardman, B. Fixing Fuel Poverty: Challenges and Solutions; Earthscan: London, UK, 2013.

12.  Scott, S.; Lyons, S.; Keane, C.; McCarthy, D.; Tol, R.S. Fuel Poverty in Ireland: Extent, Affected Groups and Policy
Issues; Economic and Social Research Institute: Dublin, Ireland, 2008.

13.  Watson, C.; Bolton, P. Warm Front Scheme. Available online: http://www.parliament.uk/business/publications/
research/briefingpapers/SN06197/community-energy-savings-programme-cesp (accessed on 22 August 2013).

14. UK. DfB, Energy and Industrial Strategy. In Annual Fuel Poverty Statistics Report; Department for Business,
Energy & Industrial Strategy: London, UK, 2017.

15. Hills, J. Getting the measure of fuel poverty: Final Report of the Fuel Poverty Review; Centre for Analysis of Social
Exclusion, London School of Economics and Political Science: London, UK, 2012.

16. Ireland DCCAE. A Strategy to Combat Energy Poverty; Ireland DCCAE: Dublin, Ireland, 2016.

17.  Healy, ].D.; Clinch, J.P. Clinch: Fuel Poverty in Europe: A Cross Country Analysis Using A New Composite
Measurement. In Environmental Studies Research Series Working Papers; University College Dublin: Dublin,
Ireland, 2002.

18.  US DoE. Weatherization Assistance Program Briefing Book; US DoE: Washington, DC, USA, 2016.

19. US DoE. Weatherization Assistance Program. DOE Weatherization Assistance Program; US DoE: Washington, DC,
USA, 2009.

20. Tonn, B.E.; Carroll, D.; Pigg, S.; Blasnik, M.; Dalhoff, G.; Berger, J.; Rose, E.; Hawkins, B.; Eisenberg, J.;
Ucar, F; et al. Weatherization Works—Summary of Findings from the Retrospective Evaluation of the US DOE’s
Weatherization Assistance Program; Oak Ridge National Lab.(ORNL): Oak Ridge, TN, USA, 2015.

21. UKHMSG. Cutting the Cost of Keeping Warm: A Fuel Poverty Strategy for England; UK HMsG: London, UK, 2017.

22. Fowlie, M.; Greenstone, M.; Wolfram, C. Do Energy Efficiency Investments Deliver? Evidence from the
Weatherization Assistance Program. Q. J. Econ. 2018, 133, 1597-1644. [CrossRef]

23.  Green, G.; Gilbertson, ]. Warm Front, Better Health: Health Impact Evaluation of the Warm Front Scheme; Sheffield
Hallam University: Sheffield, UK, 2008.


http://dx.doi.org/10.1016/j.enpol.2011.11.087
http://dx.doi.org/10.1016/j.enpol.2012.01.057
http://dx.doi.org/10.1016/j.enpol.2012.02.029
http://dx.doi.org/10.1016/j.enpol.2016.10.016
http://dx.doi.org/10.1016/j.rser.2010.04.005
http://dx.doi.org/10.1016/j.enpol.2013.11.012
http://www.parliament.uk/business/publications/research /briefingpapers/SN06197/community-energy-savings-programme-cesp
http://www.parliament.uk/business/publications/research /briefingpapers/SN06197/community-energy-savings-programme-cesp
http://dx.doi.org/10.1093/qje/qjy005

Sustainability 2019, 11, 2574 13 of 13

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.
36.

37.

38.

39.

40.

41.
42.

Harris, J.; Hall, J.; Meltzer, H.; Jenkins, R.; Oreszczyn, T.; McManus, S. Health, Mental Health and Housing
Conditions in England; National Centre for Social Research: London, UK, 2010.

Liddell, C.; Morris, C. Fuel poverty and human health: A review of recent evidence. Energy Policy 2010, 38,
2987-2997. [CrossRef]

Hood, E. Dwelling disparities: How poor housing leads to poor health. Environ. Health Persp. 2005, 113,
A310. [CrossRef] [PubMed]

Hong, S.H.; Gilbertson, J.; Oreszczyn, T.; Green, G.; Ridley, I. A field study of thermal comfort in low-income
dwellings in England before and after energy efficient refurbishment. Build. Environ. 2009, 44, 1228-1236.
[CrossRef]

Standard, A. Standard 55-2013. Thermal Environmental Conditions for Human Occupancy; ASHRAE: Atlanta,
GA, USA, 2013.

ISO E. 7730. Ergonomics of the Thermal Environment—Analytical Determination and Interpretation of Thermal
Comfort Using Calculation of the PMV and PPD Indices and Local Thermal Comfort Criteria; Standards Norway:
Oslo, Norway, 2005.

World Health Organization. Housing, Energy and Thermal Comfort; World Health Organization: Copenhagen,
Denmark, 2007.

Critchley, R.; Gilbertson, J.; Grimsley, M.; Green, G.; Group WFS. Living in cold homes after heating
improvements: Evidence from Warm-Front, England’s Home Energy Efficiency Scheme. Appl. Energy 2007,
84,147-158. [CrossRef]

Healy, ].D.; Clinch, J.P. Fuel poverty, thermal comfort and occupancy: Results of a national household-survey
in Ireland. Appl. Energy 2002, 73, 329-343. [CrossRef]

Shin, J. Estimation of Fuel-Poverty in Korean Households; Korea Energy Economics Institute: Seoul, Korea, 2011.
Kim, H. Fuel Poverty in Korea and Its Policy Implications; Korean Institute for Health and Social Affairs: Seoul,
Korea, 2015.

Lee, T. A Survey Study of Poverty Policy; Korean Institute for Health and Social Affairs: Seoul, Korea, 2011.
Chaudhuri, T.; Soh, Y.C.; Bose, S.; Xie, L.; Li, H. On assuming Mean Radiant Temperature equal to air
temperature during PMV-based thermal comfort study in air-conditioned buildings. In Proceedings of the
Conference on Assuming Mean Radiant Temperature Equal to Air Temperature during PMV-Based Thermal
Comfort Study in Air-Conditioned Buildings, Florence, Italy, 23-26 October 2016; pp. 7065-7070.

Langner, M.; Scherber, K.; Endlicher, W.R. Indoor heat stress: An assessment of human bioclimate using the
UTCI in different buildings in Berlin. ERDE 2014, 144, 260-273.

Bae, C.; Chun, C. Research on seasonal indoor thermal environment and residents’ control behavior of
cooling and heating systems in Korea. Build. Environ. 2009, 44, 2300-2307. [CrossRef]

Anderson, W.; White, V,; Finney, A. Coping with low incomes and cold homes. Energy Policy 2012, 49, 40-52.
[CrossRef]

Pignatta, G.; Chatzinikola, C.; Artopoulos, G.; Papanicolas, C.N.; Serghides, D.K.; Santamouris, M. Analysis
of the indoor thermal quality in low income Cypriot households during winter. Energy Build. 2017, 152,
766-775. [CrossRef]

iPHA. Certified Passive House; International Passive House Association: Darmstadt, Germany, 2013.
Yoshino, H.; Yoshino, Y.; Zhang, Q.; Mochida, A.; Li, N.; Li, Z.; Miyasaka, H. Indoor thermal environment
and energy saving for urban residential buildings in China. Energy Build. 2006, 38, 1308-1319. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.enpol.2010.01.037
http://dx.doi.org/10.1289/ehp.113-a310
http://www.ncbi.nlm.nih.gov/pubmed/15866753
http://dx.doi.org/10.1016/j.buildenv.2008.09.003
http://dx.doi.org/10.1016/j.apenergy.2006.06.001
http://dx.doi.org/10.1016/S0306-2619(02)00115-0
http://dx.doi.org/10.1016/j.buildenv.2009.04.003
http://dx.doi.org/10.1016/j.enpol.2012.01.002
http://dx.doi.org/10.1016/j.enbuild.2016.11.006
http://dx.doi.org/10.1016/j.enbuild.2006.04.006
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Fuel Poverty Programs in Korea 
	Field Measurements 

	Results 
	Thermal Environments of Analyzed Households 
	Relationship between Outdoor and Indoor Temperatures 
	Thermal Comfort of Residents 

	Discussion 
	Conclusions 
	References

