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The effect of energy efficiency policies on air pollution in south-central Chile

Alejandra Schueftan o Alejandro Gonzilez

ABSTRACT

We have investigated technical, economical and policy aspects in the use of fuel wood in houscholds of south-central
Chile. Low efficiency in buildings” envelopes was found, which leads to very high consumption of firewood and hence
to high emissions of particulate matter (PM). In addition, user practices that systematically choke the air inlet of fuel
wood stoves were found o further increase PM emissions. Around 95% of houscholds m Valdivia use firewood for
heating and 80% of houscholds were found to spend more than 10% of ther meome in residential energy. Present
policies promote energy efficiency through subsidies for retrofitting and to replace old stoves and their effects on
emissions reductions, comfort standards and energy poverty were studied. Different technigues and materials to retrofit
existing houses and the replacement of old stoves for newer technologies were studied for a sample of 2025 houscholds
in Valdivia. It was found that retrofits have high potential to lower fuel consumption and thus reduce air pollution and
energy costs; while replacing stoves could have a limited effect on lowernng emissions but would not alleviate energy
poverty. In the economic analysis we have caleulated the total cost for private and public sector. From private
houscholds™ point of view, the options with retrofit led to much lower cost as the savings in fuel wood are significant,
and subsidies reduce the cost of retrofits. For the public sector, the savings are in healtheare services and the main
investment 15 in the subsidies, thus the option replacing only stoves has lowest cost for the public sector. However, this
option is not sustainable due to persisting high consumption of firewood and vulnerability to air choking practices.

Keywords: Air pollution, fuel wood, house thermal efficiency.

I. INTRODUCTION [2]. Henee, it can be seen that the temperature conditions
of houscholds are under comfort levels most of the time in
winter days, what 15 probably more entical in the low-
income population. Comfort temperature 15 assumed
between 18°C and 19°C [3].

Major cities in south-central Chile face a serious problem
of air pollution, which has worsened the last ten years.
Particulate matter (PM) m air has been mereasing steadily
in the last decade, and measurements and chemical
analysis found that the main contribution is combustion of
wood fuel mn houschold stoves. For mstance, data was
clear mm attributing major air pollution to wood stove
emissions in the city of Temuco, where 93% of the PM2s

At present, two government programs promote thermal
efficiency to control contamination: 1) subsidies for
replacing old stoves with new models; and 2) subsidies
for thermal refurbishment of dwellings for low-meome
sectors. In 1) a program for replacing old stoves and steel
cook stoves used as heaters intended to mmcorporate new

{raction originated from firewood buming [1].

Firewood is extensively used for heating due w its low

price compared to other fuels and the cold climate m the
region, which extends the need for heating between six to
eight months i the year. When making a comparative
analysis of fuel prices for consumers for the year 2013,
the cost for obtaining 1 Gigaloule relative to firewood
price is, 3.6 for diesel, 32 for gas and 6.6 for clectricity.
According to these price ratios, the only accessible fuel
for medium and low ncome houscholds 15 wood fuel
(INFOR., 2012).

Despite the lower price of firewood, in a study conducted
in the winter of 2007 and summer of 2008 for the
determination of baseline energy consumption for heating
and indoor temperature in houscholds it was found that
the average heating time per day for houscholds varies
between 7 and 14 hours in the cities of south-central
Chile. As for indoor temperature in houscholds, the
average amr temperature was between 14.3°C and 16.5°C

models which improve combustion doue o secondary
bumers. In 2), thermal improvement of houses for the
lowest income sector intends to refurbish dwellings to
achieve a minimum thermal efficiency as stated in the
Chilean Norm from 2007, In previous works, a very large
potential for reducing firewood consumption through
improved dwellings” efficiency was found [4-5].

The aim of the present work 15 to identify major causes of
air pollution and discuss possible reasons explaming the
failure of current policies to reduce hazardous emissions.
Onee identified and their potential for improvement
assessed quantitatively, the cost of the measures to reduce
air pollution will be used to perform a cost-benefit
analysis mmecluding their health consequences. Based on
the observation of houscholds” mechamsms to ensure the
satisfaction of heating demands, and given the current low
thermal efficiency, we argue that the current programs
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have very himited potential for reducing air pollution.
With this information, policy makers can focus on
measures that could have greater impact for reducing
wood fuel consumption and thereby toxic emissions.

II. Methods

Data from a survey of 2025 houscholds in Valdivia were
used for the study. The survey was performed during
2011 by Certificacion ¢ Investigacion de la Vivienda
Austral (CIVA), Universidad Austral de Chile. Dwellings
in the urban area built before the enactment of the 2007
building codes were considered. In a first stage of the
project the most typical typologics were identified [6],
and in the second stage a random selection of one-family
dwellings of the most common typologies located
throughout the city were surveyed [7]. The survey
included 42 questions, of which 12 were considered for
the present work, related to: house value; information on
fuels used for heating and amount yearly consumed; types
of stoves and age; air-mode of operation of combustion
stoves; period in which firewood is acquired; whether
certified or mformal  commercialized  firewood 18
preferred, and amount; house thermal quality; and level of
consumer awareness on topies like wood moisture and
subsidy options. Since mcome levels were not meluded in
the survey, we assumed here that the house value 15 an
indication of income, whenever needed for the analysis.
Due to the house-value range criteria, the sample s
assoctated with low to middle meome sectors.

Income levels were wentified as C2, C3, D and E and
represent  the typical  socio-cconomical  classification
according to income, place of residence and consumer
habits. C2 corresponds to the highest income group and E
to the lowest. There are also higher mcome groups
(ABC1) that were not mcluded in the analysis because
they are not represented in the survey, and account for
only 6% of the population in Valdivia.

Levels of energy poverty for Valdivia were studied,
which 1 this case 15 directly related t© the high
consumption of firewood by houscholds. The definition
of encrgy poverty first appeared in England at the
beginning of the 1990s as the inability of a houschold to
obtain an adequate amount of energy services with 10%
of their income. When energy for heating or cooling is
included, the amount of energy to maintain an indoor
temperature between 18°C and 21°C must be considered,
with heating being available for 9 h on weekdays and 16 h
at weekends. Houscholds in fuel poverty do not meet this
thermal standard and it has been found to be associated
with excess winter mortality and morbidity [8].

Fuel poverty due o high levels of energy consumption
was studied for the 5 income groups. Energy expenditure
was Official data for income levels, gas and electreity
consumption were used, and the consumption of firewood
assess from the survey of 2025 houscholds in Valdivia,
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adjusted to ensure an indoor temperature of 18°C to
provide minimum comfort level.

The costs and  emissions  reduction  of  thermal
improvements  for dwellings were studied for four
different levels of efficiency: (1) the base house as it is
but replacing existing fuel wood stoves by low-emissions
fuel wood new models; (2) house retrofit complying with
the 2007 Nomm (NT2007); (3) the 2007 norm improved
with double-glazed windows, sealing of doors and active
ventilaion  systems (NT2007 1) and (4) an energy
efficient option complying with European standards (EE).
Options 2, 3 and 4 also include the replacement of the
heating devices and cooking stoves for new models. A
retrofit cost per m” was obtained for the different levels of
efficiency and different typologies of walls and roofs.

Technical aspects and costs for different retrofit proposals
where studied and technical solutions where developed
with construction materials regularly found in the market,
and requiring simple labor. All the retrofit proposals
where designed to be performed in inhabited dwellings
and the utility for the construction finms that perform
rerofits  was  caleulated

assuming  a  large-scale

intervention.

We have caleulated the net present value (NPV) for
private (houschold) spending on refurbish  dwellings,
stoves, firewood and healtheare. Different mcome levels
were considered as explained before, and the sample of
houses surveyed in Valdivia analyzed. NPV is defined as
the sum of the net cash flow for each year divided by the
discount factor for the period of years considered
(http:/fwww financeformulas. net/Net_Present Value html
). In the present case the value at time zero 15 negative as
it represents the spending in improvements. The mterest
rmte used was 5.18%, which 1s the past-10-year avermge
for no-risk savings published by the Central Bank of
Chile. The four options of efficiency improvements were
considered as defined in previous sections. Private cash
out-flows include spending in retrofit, and cash in-flows
are savings in healtheare and n purchase of fuel wood.

The modelling of the energy demand for the different
retrofit levels was performed accordng to ASHRAE
methodology with degree-days method for the heating
requirements.  Official climatic data  from  Direceion
Metercologica de Chile [9] averaged over the period
1971-2000 was used. Since the official station is m
Pichoy Airport, 30 km north from Valdivia, we adjusted
average temperatures by using available official data for
Valdivia from 1994 to 2002 [9]. Our calculations where
performed for an imdoor temperature of 18°C, as
mtemationally recommended [3].

To calculate de emssions reduction for the stove
replacement the current stove was considered  with
emissions of 13gPM/kg of firewood bumt and an efficient
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new stove with 6.5 gPM/kg firewood. The values for the
emissions were obtained from experimental studies done
in New Zealand with similar fuel wood stoves [10-11]
and were explaimed na recent article [5].

Operation with air inlet choked 15 a frequently used mode
{68% according to survey Ref 7). Emissions in choking
mode vary according o users” behavior and there 15 no
precise data about the air inlet or testing for this option.
As a reference of the magnitude in variations we have the
study of Jordan and Seen [12] in Australia that compared
very low emissions for a8 modem stove with older
equipment. These authors found that the modern stove
have mdeed low emissions (2.6 gPMikg) when the air
mlet 15 open, but produces 35 gPM/kg with air nlet
closed, which are even larger emissions than older stoves
in the same choking mode (33 gPM&kg), while these older
models with air inlet open showed emissions of 13.5
gPM/kg. This large increase of emissions with air inlet
closed was also measured m Chilean-made stoves tested
m Switzerland [13]. It 15 relevant to note that when
operating with the air mlet choked, modem and older
stoves anse o similar emissions, blurnng the advantages
that new modem equipment could certanly introduce.
This s due to low temperature in the combustion chamber
when  lacking  proper air inlet, and  thus  sccondary
combustion, which s the advantage in the design of
modern stoves, does not work properly. Choking air inlet
is a practice done by the large majority in Chile to let fuel
burnt skowly and last longer; however, the practice
dramatically inereases emissions.

In order to include possible (and very hikely in the present
case study) rebound effect, we have estimated income-
dependent current mdoor temperatures. According  to
previous works, mdoor winter temperatures ino social
housing average 14.5°C [2]. Based on house typologies,
we have assumed 15°C as for present housing in incomes
E and 18°C present mdoor temperatures for incomes C2,
the highest considered here, which 15 reasonable due to
housmg quality and  fuel wood consumed. For
intermediate incomes, D and C3, we have assumed 16°C
and 17°C winter average. The difference in firewood
consumption by rebound effect was thus obtained by
comparing the heating degree-days (from metecorological
data averaged over 30 years) needed with the present
winter temperatures and with a desirable level of 18°C for
all meome groups.

As mentioned, we have considered three levels of
efficiency improvements; however, for each there are also
options of two different stove emissions (the present ones
and the best low emissions possible). Rebound effect was
considered for all cases. To assess the lowerng of
firewood consumed due to better new stoves, we have
used data from the Mmistry of New Zealand that
experimentally  studied  “real-life™  efficiency  of
commercial stoves [14]. The average efficiency for
current stove 15 61.4%, 51% for cooking stoves and

66.7% for new ones. It is important to note that, due W
different proportion of older heating stoves and fuel wood
cooking stoves, the various mcome groups experience
different efficiency improvements when replacing stoves.
The range 15 between 8% and 20% reductions, from C2 w
E. respectively.

To study the inerease in emissions by air chokmg, even
allowed n new  stoves, we  have  analyzed  the
effectiveness in PM-saved emissions for the sample in
Valdivia assuming different scenarios of choking. PM
saved per cost unit and the effectiveness were compared
between retrofitted houses at levels NT2007, NT2007
mmproved and EE provided with new and old stoves, and
for houses without retrofit but new stoves having choking
in their operation achieving one-half and one-quarter the
reduction i emissions when changing stoves.

To assess the relationship between the costs of thermal
mmprovements and stove replacement and the reduction m
PM emssions we have defined effectiveness, as the cost
in Chilean pesos ($el) per kg of PM saved annually.

III. RESULTS AND ANALYSIS

A.  Fuel poverty

In Valdivia, 95% of houscholds use fuel wood for heating
[6-7], so this option was considered m all cases. Income
groups D and E spend in energy were 15% and 31% of
their total houschold meome, respectively; and thus they
are classified as fuel poor. These two groups account for
52% of houscholds. Group C3, accounting for 27% of
houscholds, spent m energy 9.8% of their income, and
then they are at the boundary level of fuel poverty.
Incomes higher than C2 were not at nsk, being only 21%
of houscholds. It i1s to note that relative to house size and
to meome, lower mcome groups have much higher
firewood consumption than higher incomes. This is due to
lower house quality and lack of thermal insulation. Hence,
government programs prioriize lower moomes 1o access
subsidies; however, the number of subsidies per year is
small compared to the need.

B. Cost Analysis

Figure | shows the result of the net present value (NPV)
for houschold spending. The graph reflects a play
between private spending i retrofits (moderated by
subsidies), firewood costs and health msurance. The
option that changes only stoves but does not improve the
house envelope efficiency has negative slope due to the
fact that more firewood than at present 15 needed to
achieve the comfort condition of 18°C [3] (rebound
effect). Emissions of PM cause health problems and costs.
NPV for private spending is very little sensitive to PM
emissions, because most houscholds o the sample rely on
public healtheare. However, NPV for private spending is
very  sensiive  to fuel wood  consumed, and ot
demonstrates that option 1) that changes only stoves 15 not
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sustainable for houscholds, more so in view of the large
fuel poverty percentage discussed in the previous section.

After two years, all retrofit options showed better NPV
than option 1), and after six years, the highest efficiency
option EE showed the best NPV results. Not shown in
Figure 1, the EE option has also the less sensitive
response o air choking practices. This is due to large
reductions in space heating needs when dwellings are
provided with high efficiency thermal envelopes.
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Figure 1. MNet present value (NPV) of private houschold
spending to improve 1937 houses in Valdivia

In Figure 2 we have plotted the effectiveness cost per kg
of PM saved including the total cost private and public, in
which we have included public spending in subsidies for
retrofits and stoves and the cost of health care in public
hospitals for PM-related diseases. (For simplicity option
3, NT20071, is not depicted in Figure 2 because the results
lay between EE and NT2007).
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Figure 2. Total private and public effectiveness cost of
cach kg of PM emissions saved on the sample
of 1937 houses studied in Valdivia.

The intersection of the various graphs in Figure 2 is most
interesting. Due to higher costs needed for retrofits
NT2007 and EE at the starting date, the option for
replacing only stoves has lower initial effectiveness cost;
however, beyond 2 and 3 wyears lower fuel wood
consumption in retrofitted NT2007 and EE houses leads
to lower effectiveness costs, respectively. After 7 years
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we obtained that the option of EE is most effective,
followed by NT 2007.

IV. POLICY DISCUSSION

House retrofitting, in spite of having by far the highest
potential for reducmg firewood consumption, mproving
air quality, improving indoor comfort, and slow forest
degradation, is not yet recognized as a priority. According
to the study conducted here, the two curent main
strategies will have limited potential for improving air
quality: 1) acceptance of certificated firewood is very low;
and i) stove replacement has low impact if wood-heaters
with an option of air-choking are still provided. Further
acknowledgement on houscholds” realities and further
public-private interaction could speed the process needed
to combine successfully the three strategies studied.

Given the air pollution emergency that 15 occurring i all
regions of south-central Chile, and the fact that the
measures so far could neither reduce awr pollution nor
create meentives to massively improve thermal gquality,
we propose here a set of improvements for existing
policies based on the above analysis:

a) Establish an agenda on priority tasks and mvolve
universities to create national and regional laboratories for
rescarch on equipment and techniques, and design a
method to measure the real level of moisture in firewood
currently in the market. It 15 urgent t© have relhable
empirical data on users’ practices regarding firewood,
equipment, houses, and social receptiveness of proposed
changes.

b} Implement continuing education and  assistance
programs in every city. The creation of technical offices
for every city sector could assist and train neighbors, and
coordinate requirements and suggestions. This 15 a way o
encourage social participation m the process of mproving
energy efficiency and communitarian and associative
initiatives in neighborhoods. Social sectors able to afford
improvements could be also encoumged by the continuing
assistance and education inbiative.

¢) The emphasis on policy should shift from firewood
certification  and  wood-stove  quality  to  thermal
refurbishments, which has the largest potential for
lowenng ar pollution by dramatically reducmg heating
needs. In addition, improving sealing by implementing
vapor barners should be acknowledge as an effectve
mean to both reduce consumption of wood fuel and to
avold indoors pollution by imeoming outdoor smoke.

d) It is urgent to investigate the effects of air-choked
equipment on PM emissions and work on 1t together with
mdustry and commerce. This will lower chimney smoke
significantly but, given the low thermal efficiency of
current houscholds, proper air inlet would mcerease wood-
fuel consumption. Besides, heaters are located in one
room of the house, so even with a replacement for a better
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technology, mdoor temperatures and associated health
problems will not improve considerably if the house does
not have proper thermal insulaton. Therefore changes
towards better stoves and house retrofits camot be
separate mitiatives, along with changing in practices on
the use of stoves. A further step would be to ban devices
that allow complete air choking.

e) The premises and poals of the wood certification
program should be critically revisited. Feasible future
goals may merge with a more practical and simple
starting  strategy  focusing in mosture and quality of
firewood.

f) There is no systematic measurement of wood moisture.
It is urgent o help both houscholders and the informal
firrwood market to regulardy monitor moisture  and
achieve proper moisture content. This will also help
houscholds to improve their current practice on firewood
purchase.

#) The current thermal efficiency subsidy for low meomes
should include those that already have been beneficiaries
of non-thermal house improvements; and should be
extended to all social vulnerable sectors disregarding
social housing plans.

h) The limitations on meome levels to be eligible for the
thermal insulation subsidy should be more lenient so as to
include assistance of mid-level income social sectors. It is
more likely for medium-income sectors to invest in
thermal refurbishment, since low-income sectors are not
able w afford it and high-income sectors have less
incentive o do so.

i) Monitoring and wverfication protocols should be
implemented so results can be verified, not only the
number of subsidies have W mercase, but also their
correct execution. Surveys of houscholds after the retrofit
show improvements in condensation, mold reduction, and
lifetime of materals, but other problems as infiltrations
and thermal bridges were not solved with the thermal
refurbishment. The same studies show that sometimes the
subsidy 15 used for other improvements in the dwellings
that are not related with the thermal performance.

j) Priortize the elements of the envelope to be retrofitted:
nowadays it s common to sec investments with the
subsidy financing double glass in dwellings that do not
even have msulation in the roof. Priortization of items in
retrofits could ensure users are receiving an intervention
that will be efficient in  reducing their  energy
consumption.

k) In social housing the bullding extensions made by the
owners are not considered in the subsidy; thus, only the
original social house is retrofitted. If this extension is not
thermally insulated, the overall effectiveness decreases
considerably, in some cases even invalidating the effect of

the retrofit.

1) Houscholders with no income capacity to afford
replacement of old cook stoves should be provided with
altemative cooking and water heating devices.

V. CONCLUSIONS

We have investigated technical and economical aspects of
the characteristics in the use of fuel wood in households
of south-central Chile. High consumption of firewood
was found, correlated with low efficiency in the envelope
of buildings and very high particulate matter (PM)
CITISSIONS.

Different technigques and materials to retrofit existing
houses to comply with current regulations and to achieve
even better standards were studied. It was found that
retrofits have high potential to lower fuel consumption
and thus reduce air pollution.

There are presently government programs subsidizing
retrofits and stove replacement. We have thus studied
different options for stoves and considered emissions as
measured in real-life operation, which differ from ideal
laboratory measurements. In Chile, wood stoves in the
market have the possibility to choke the air inlet. This
mode is much used because wood can bum for longer
time; however this practice creases PM o oemissions
dramatically due to bad combustion.

In the economical analysis we have consider the cost of
retrofits and the savings on firewood in the operation of
retrofitted houses with new stoves. The percentage of
improvements cost that the subsidies cover depends on
income level, as houses in higher incomes are larger and
require more spending in retrofit. Technical solutions and
ecconomical implications are mcome sensitive and care
was taken to consider the differences.

We have calculated the total cost for private and public
secctors, which mclude the mitial mvestment and the
yearly spent in fuel wood and healtheare. From private
houscholds™ point of view, the options with retrofit led to
much lower cost as the savings in fuel wood spent are
larger, and subsidies reduce the cost of retrofits. From the
public sector, the savings are in healtheare services and
the main investment is in the subsidies, thus the option
replacing only stoves appears as having lowest cost for
the public sector. We have caleulated the net present
value (NPV) of the various efficiency options throughout
a 10-year time period. For private houscholds, the option
that mproves efficiency with new stoves but keeps the
house without retrofit led to a decreasing NPV, resulting
in more fuel poverty and thus unsustainable.  All
retrofitting  options  increase NPV, We have also
calculated an effectvencss to save PM emissions (units
$elikgPM-saved). For the sample in Valdivia, and
considering all total private and public cost, between the
second and third year the retrofit options have better
effectiveness than changing only stoves, and after the
sixth year the EE option has the best effectiveness of all,
L.c., the cost 1s smallest for each kg of PM saved.
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