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Black Carbon from Residential Source in Valdivia

HIGHLIGHTS

e Scenario analysis shows up to 24% reduction in Black Carbon emissions

from residential sources.

e Current implementation achieves only 6—14% reduction, revealing a gap

with mitigation potential.

¢ Residential heater replacement is effective but insufficient alone to meet

national targets.

GRAPHICAL ABSTRACT

Valdivia, Chile Methodology Results
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Data collaction on Implementation Baseline emissions (2024): 175.5 tons/year

of heater replacement

Review of technical and scientific
literature, and recent residential
emission inventories
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speciation factors

Emissions estimation model
for each scenario

Residential Biomass Combustion

@Emissions ¢ —
E Scenario Analysis = ‘ The Optimistic and Zero Emissions scenarios
{

o Atmospheric Decontamination stand out: reduction of approximately
Plan of Valdivia (PDA) m 40 tons of BC over the 2017-2024 period.

Residential heater replacement measures contribute to reducing Black Carbon (BC) emissions, but
additional efforts are required to meet national reduction targets.

ABSTRACT

Publicly available information was compiled on activity levels and the degree of
implementation of the heating-system replacement measure under the Atmospheric
Decontamination Plan for Valdivia (PDA). Based on the level of implementation of
this measure, four black carbon (BC) emission assessment scenarios were defined:

Current Scenario, Optimistic Scenario, Conservative Scenario, and a Challenging or
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Zero-Emission Scenario. A review of technical and scientific literature was
conducted to define the emission estimation model, along with methodological
aspects from recent atmospheric emission inventories of the residential sector in the
municipality. Additionally, BC speciation factors were reviewed to determine which
factors to use in the emission estimation model for each scenario.

The main results indicate that all scenarios reduce BC emissions compared to the
baseline. The Optimistic and Zero-Emission scenarios stand out, showing reductions
of approximately 40 tons of BC over the period 2017-2024. By 2024, emissions are
estimated at 138 and 134 tons/year, respectively, corresponding to reductions of
23% and 26% compared to the baseline of 175.5 tons/year. It is concluded that
residential measures under the PDA significantly reduce BC emissions and

represent an important step toward meeting national climate change commitments.

Keywords: Black Carbon; Residential Emissions; Scenario Analysis; Atmospheric

Decontamination Plan

1. Introduction

Black Carbon (BC), also known as soot, is a component of particulate matter
generated during the combustion of carbon-based fuels, particularly under
incomplete combustion conditions of fossil fuels, biomass, and other sources (Bond
et al., 2013; Pino-Cortés et al., 2020a). BC has gained significant attention due to its
climatic relevance, as it strongly absorbs solar radiation and contributes to global
warming. It is considered a short-lived climate forcer at the global scale, influencing
cloud formation, accelerating glacier melt, and reducing snow albedo (Gallardo et
al., 2020). Its radiative forcing is estimated to range between approximately 0.1 and
1 W m™2 (Wang, 2015; Gustafsson and Ramanathan, 2016; Gallardo et al., 2020),

with upper-bound values comparable in magnitude to those of carbon dioxide (CO,).

In addition, as a constituent of particulate matter (PM), BC directly affects air
quality and has significant local health impacts. Exposure has been associated with
respiratory diseases, impaired lung function, and increased mortality rates (Lim et
al., 2012; Chen et al., 2020; Pino-Cortés et al., 2020b). These effects are not only
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related to particle size but also to its toxicity, which is largely driven by its chemical
composition, particularly the presence of polycyclic aromatic hydrocarbons (PAHSs)

in its organic fraction (Bravo et al., 2016; Bravo et al., 2017; Mudge et al., 2017).

The main sources of BC emissions to the atmosphere include wildfires, volcanic
eruptions, fossil fuel and biomass combustion for energy, and industrial activities. It
is estimated that nearly two-thirds of global BC emissions originate from
anthropogenic sources, with diesel vehicle transport, residential heating, and
cooking with biomass identified as the dominant contributors (Wang, 2015). Some
studies indicate that biomass burning is the largest global source of BC emissions,
encompassing both residential biomass use (heating and cooking) and open
burning, including wildfires, grassland burning, and agricultural waste combustion
(Wang et al., 2015; Garland et al., 2017). BC is primarily composed of elemental
carbon (Chow et al., 2018) and is predominantly found in fine particulate matter

fractions equal to or smaller than PM,.5 (Gatari and Boman, 2003; Diaz, 2016).

In Chile, air pollution is recognized as a major environmental challenge and one
of the leading public health concerns (MMA, 2014). According to the Ministry of the
Environment, approximately ten million people are exposed to annual average PM,.5
concentrations exceeding the annual national standard of 20 ug m™3, resulting in
around 4,000 premature deaths each year (MMA, 2016). This issue is particularly
critical in the south-central region of the country, where residential biomass
combustion (firewood use) is the primary source of air pollution and a major
contributor to BC emissions (Chow et al., 2010; Wang et al., 2015).

The city of Valdivia, located in southern Chile, is also affected by this problem.
Since 2017, it has implemented an Atmospheric Decontamination Plan (PDA),
established under Supreme Decree No. 25 of 2016 issued by the Ministry of the
Environment (DS No. 25/2016, MMA). This plan primarily focuses on improving
residential heating conditions through the promotion of heating system replacement,
enhancement of housing thermal efficiency, and regulation of emissions from
residential and industrial sources. It also includes public education and community

engagement measures, with a planned implementation period of ten years.
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In 2020, Chile updated its Nationally Determined Contributions (NDCs) under the
Paris Agreement, committing to reducing total BC emissions by at least 25% by 2030
relative to 2016 levels (NDC, 2020). Atmospheric Decontamination Plans are
recognized as key instruments for mitigating PM,.; and BC emissions. Therefore, it
is essential to accurately quantify emission reduction potentials using standardized
and replicable methodologies, particularly considering emissions from residential

biomass combustion due to their significant contribution to these pollutants.

In this context, the objective of this study is to evaluate annual BC emission levels
through scenario analysis associated with the implementation of residential
measures under the Atmospheric Decontamination Plan of Valdivia, with a particular
focus on the heating system replacement program implemented by environmental

authorities.

2. Materials and methods

2.1 Description of the study area

The geographical area considered in this study corresponds to the commune of
Valdivia (Fig. 1), with a primary focus on its urban area. This spatial definition is since
the main measures of the Atmospheric Decontamination Plan evaluated in this study

are concentrated within this zone.
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Fig. 1. Location map of the study area, Valdivia commune

The commune has a population of 166,080 inhabitants, of which 93.2% reside in
urban areas, and a total of 61,192 households (INE Census, 2017). More than 90%
of these households rely on firewood-based biomass for heating during the autumn
and winter months (SICAM, 2015; SISTAM, 2019). This widespread use of biomass

significantly impacts local air quality, leading to frequent exceedances of the national

standard for PM,.5 (50 ug m~3, 24-hour average), as shown in Fig. 2.
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Fig. 2. Time series of daily PM, s concentrations, 2009-2022, Valdivia air quality

monitoring station (data obtained from the National Air Quality Information System,
SINCA)

2.2 Mission estimation model

For the estimation of BC emissions, the calculation model was defined based on
a review of reports and scientific literature (Chow et al., 2010; USEPA, 2012;
Mingjiang et al., 2014), as well as technical manuals and Black carbon emission
inventories (CEC, 2015; EEA, 2019; Minister of Environment and Climate Change
of Canada, 2021).

The selected model establishes a relationship between atmospheric PM,. 5

emissions and the Black Carbon speciation factor (SF).
£BC = (NA x EF PM25) x SF BC/PM> 5 Equation 1

where E BC corresponds to Black Carbon emissions, EF PM, ;s represents PM, 5
emission factor, and SF (BC/PM. ;) corresponds to the Black Carbon speciation
factor in PM_.s.

The selected model establishes a relationship between atmospheric PM.. 5

emissions and the Black Carbon speciation factor (SF):

£ BC =E PM2>s5x SF BC/PM2.5 Equation 2
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where E PM..; represents PM,.5 emissions, and SF BC/PM..5, corresponds to the
Black Carbon speciation factor in PM_ 5.

2.3 Baseline and Black Carbon (BC) Emission Estimation
2.3.1 Definition of the PM.. s Emission Baseline

The definition of PM,.; emissions from residential sources for the BC emission
baseline was carried out through the analysis of three atmospheric emission
inventories developed for the commune of Valdivia (Table 1). The inventory
developed by Servicios Integrales de Calidad Ambiental (SICAM Ingenieria), with a
2017 base year, was selected, as it applies a bottom-up methodology for estimating
activity levels and incorporates emission factors representative of national
conditions. This approach allows for a higher level of detail and lower uncertainty in
the quantified emission values, as recommended in the literature (Greenlab, 2016;
Carmona et al., 2016; MMA, 2019).

Table 1. Atmospheric PM, s emission inventories for the commune of Valdivia

Base Year Residential Source PM, 5 Reference
Emissions (tons/year)

2013 3,145 SICAM Ingenieria, 2015’
2013 7,171 AGIES - MMA, 20152
2017 4,699 SISTAM Ingenieria, 20193

(1) Servicios Integrales de Calidad Ambiental (SICAM Ingenieria)
(2) Ministry of the Environment — General Analysis of Economic and Social Impacts (AGIES)
(3) Sistemas Ambientales e Ingenieria (SISTAM Ingenieria)

2.3.2 Speciation factor (SF)

According to major global BC emission inventories, two key methodological
assumptions must be considered when estimating BC emissions. First, BC is
predominantly emitted within the PM,_5 fraction, and second, only PM, .5 emissions
resulting from combustion processes contain significant amounts of BC (Minister of

Environment and Climate Change Canada, 2022).

Based on the previously defined inputs, including the BC emission estimation

model and residential PM,.; emission levels, a BC speciation factor in PM,.s (SF
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(BC/PM,.5)) was determined. To this end, a comprehensive literature review was
conducted, including scientific articles, technical manuals, and emission inventories
in which BC emissions are quantified. The use of a speciation factor was preferred
over an emission factor, as it represents a fraction of PM,.; emissions and better
reflects local conditions, including appliance types, activity levels, and usage

patterns. Table 2 presents the range of speciation factors identified in the literature.

Table 2. Speciation Factors, SF (BC/PM, 5)

BC/PM,.5; Speciation Source | SF(BC/PM,.5) Reference
Residential Wood Combustion 0.096 Chow et al, 2010
Pellet Heater 0.15 EMEP/EEA, 2013
MMA, 2019
Wood Stove 0.1 EMEP/EEA, 2013
MMA, 2019
Wood Stove 0.056 US EPA, 2023
Residential Wood Combustion 0.250 Pino-Cortes et al, 2020a
Pellet Heater — Conventional 0.056 US EPA, 2023
and Certified Wood Stove Environment and Climate Change

Canada (ECCC), 2021- 2022

To standardize a methodology consistent with BC emission estimation
approaches used in international inventories that consider residential combustion
sources, a speciation factor of SF (BC/PM,.5) = 0.056 was selected. This value has
been applied in emission inventories developed by the Ministry of Environment and
Climate Change Canada and is also recommended by the United States
Environmental Protection Agency (US EPA) for pellet heaters and wood-burning

stoves.
2.4 Black carbon emission scenarios

Scenario definition was based on information obtained through a formal request
submitted via the Transparency Portal to the Ministry of the Environment (MMA)
(Folio AWO002T0006199; Annex 1). The dataset describes the level of
implementation of residential heater replacement measures under the Valdivia
Atmospheric Decontamination Plan (PDA) (Table 3). These data were used to

project scenarios based on annual implementation rates and the remaining units
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required to meet the target of 26,000 replacements over an eight-year period,
relative to a baseline stock of 44,125 heating devices reported for 2016 in the
commune of Valdivia (Supreme Decree No. 25/2016, MMA).

Table 3. Annual Implementation Level of the Heating Replacement Program

Year Number of annual
replacements

2017 265

2018 476

2019 424

2020 744

2021 689
Average rate 520

The scenarios defined for evaluation are presented in Table 4. These scenarios
assume constant equipment replacement rates from 2022 onwards, based on the

calculated and projected rates corresponding to each scenario.

Scenario 1 projects the current annual implementation rate of the measure,
assuming an average of 520 replacements per year.

Scenario 2 projects the required annual replacement rate to achieve full
implementation of the measure, assuming 7,801 replacements per year.

Scenario 3 represents the average annual rate between Scenarios 1 and 2,
corresponding to 4,161 replacements per year.

Scenario 4 projects the required annual replacement rate to achieve full
implementation of the measure exclusively through air conditioning (A/C) systems,

also assuming 7,801 replacements per year.

Table 4. Defined Scenarios for Evaluating BC emissions

Scenario 1 Scenario 2 Scenario 3 Scenario 4
Year Replacements
2017 265 265 265 265
2018 476 476 476 476
2019 424 424 424 424
2020 744 744 744 744

10
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2021 689 689 689 689

2022 520 7801 4161 7801
2023 520 7801 4161 7801
2024 520 7801 4161 7801
2025 0 0 0 0
2026 0 0 0 0
2027 0 0 0 0

2.5 Black carbon emission estimation

To estimate emissions under the proposed scenarios, the model presented in

Equation 2 was applied. This model, developed for this study, is based on the

following assumptions:

1.

The heating replacement program considers only the replacement of systems
using pellet as fuel. This assumption reflects the dominance of this technology

within the program, accounting for nearly 80% of installed systems.

Activity levels (fuel consumption) are assumed to remain constant, as the
analysis considers the potential reduction in fuel consumption associated with
thermal improvement measures. This is supported by the program’s eligibility
criteria, which require either thermal subsidies or housing built after 2007,
when thermal standards were incorporated into the Chilean General Urban
and Construction Ordinance (OGUC).

Emission reductions from replaced systems assume the removal of
conventional double-chamber wood stoves (with damper), with an activity
level of 10.1 m?® year™" and a wood density of 555 kg m™ (SICAM, 2015). This
technology was selected as it represents the most common heating system
in households, according to the emission inventory for Valdivia (base year
2013).

Scenario 4 also assumes the exclusive removal of double-chamber wood
stoves (with damper), based on their prevalence in the residential sector, as

indicated in the same emission inventory (SICAM, 2015).

11
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5. To ensure the use of representative pellet consumption data and considering
the bottom-up methodology applied as well as anomalies in consumption
during the 2020 sanitary contingency, a constant average annual pellet
consumption of 1,707 kg year™ (based on 2019 data) was adopted. This
value was obtained from information provided by the Ministry of the
Environment (request ID AW002T0006199).

To evaluate annual reductions in BC emissions, Equation 3 was applied, which
quantifies the net emission change relative to the previous year, using 2017 as the

baseline:

E BC = E BC (baseline) — E BC (wood) + E BC (pellet) Equation 3
Where:
E BC (baseline) corresponds to black carbon emissions from the year preceding the

evaluated year in each projection.

E BC (wood) represents to black carbon emissions corresponding to the number of

wood-burning appliances removed.

E BC (pellet) represents to black carbon emissions corresponding to the number of

pellet-based appliances installed.
2.6 Uncertainties

The uncertainties associated with BC emission estimates assess the
robustness of the proposed scenarios and identify the variability of main sources in
the emission model. BC emissions were estimated as a function of PM,.5 emissions
and a BC/PM,.5 speciation factor, so uncertainty propagation was applied to the
variables included in Equation 2. The total uncertainty of BC emissions was
estimated using error propagation associated with PM2.5 emissions and speciation
factors (Lumbreras et al, 2015; EEA/EMEP, 2023).

(UEBC)2 _ (UPMZ.S)Z n (&)2
Epc Epmas SF

Where:

12
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oesc: uncertainty in BC emissions
opm2.5 : uncertainty in PM2.5 emissions
osF: uncertainty associated with the BC/PM2.5 speciation factor

The uncertainty ranges were assigned to the model parameters based on

literature variability and inventory assumptions were the following:
PMz2.s residential emissions: +20—-30%

BC/PMz2.s speciation factor: +30-50%

Fuel consumption/activity data: +15-25%

Heating replacement implementation rates: £+10-20%

3. Results and discussion

The results of the scenario analysis provide a comprehensive assessment of the
potential reduction in BC emissions associated with the implementation of residential
measures under the Atmospheric Decontamination Plan in Valdivia. The evaluation
considers different implementation pathways, reflecting both current progress and
more ambitious mitigation efforts. Fig. 3 illustrates the temporal evolution of BC
emission reductions for each scenario, highlighting differences in mitigation
performance depending on the rate and extent of heating system replacement.
These results allow for a comparative analysis of the effectiveness of each scenario,
as well as the identification of gaps between current implementation levels and the

reductions required to meet national mitigation targets.

13



311

312
313

314
315
316
317
318
319

320
321
322
323
324
325
326
327
328
329

180.0

170.0

1] I

160.0

=

TENENIEITEE ﬂﬂlﬂ

100.0

= S
— =k
150.0 2 - =
. ; 2B
£ 1400 | = 13 =1
2 1300 = ZE = g ; =
=EE = : g

E=E = e —| =
120.0 ; E ; ; =
110.0 2 % 7% = % i
== =E
HEH = BEE

Scenario 2 Scenario 3

92

w2017 2018 w2019 ®=2020 m=m2021 m2022 2023 2024

Figure 3. Black carbon emission levels across the evaluated scenarios

Overall, all evaluated scenarios show a consistent reduction in BC emissions
associated with the progressive implementation of the heating replacement program.
The most significant decreases are observed in Scenarios 2, 3, and 4, with
reductions ranging between approximately 20 and 40 tons of BC over the period
2017-2024. Beyond this period, emission levels stabilize, reflecting the absence of

additional replacements.

Scenarios 2 and 4 achieve the largest reductions, with decreases of
approximately 40 tons of BC between 2017 and 2024, reaching emission levels of
138 and 134 tons/year, respectively, by 2024. These results highlight the strong
mitigation potential of accelerated implementation pathways. In relative terms,
Scenario 4 achieves a 26.2% reduction in BC emissions from the residential sector
(Table 5), exceeding the national target of 25% established in Chile’s Nationally
Determined Contributions (NDCs) for 2030. However, the results also indicate that,
even under ambitious implementation conditions, meeting the heater replacement
rate defined in the PDA—as represented by Scenario 2—may still be insufficient for

residential measures alone to fully achieve national mitigation targets. This

14
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underscores the need for complementary strategies targeting additional emission

sources, as well as for strengthening policy implementation.

Table V. Percentage reductions across the evaluated scenarios

Year 2017 2018 2019 2020 2021 2022 2023 2024
Scenario 1 0.2 0.6 1.0 1.6 2.2 26 3.0 3.5
Scenario 2 0.2 0.6 1.4 1.6 2.2 8.7 15.8 23.3
Sscenario 3 0.2 0.6 1.4 1.6 2.2 5.7 9.3 13.1
Sscenario 4 0.2 0.6 1.4 1.6 2.2 9.5 17.2 26.2

It is worth noting that in the study “Black Carbon Mitigation in the Update of
Chile’s Nationally Determined Contribution” (Gallardo et al., 2020), BC emissions
from the residential sector were estimated using BC emission factors (EF), primarily
to maintain consistency with the methodological framework reported by the Ministry
of the Environment (MMA, 2018), adopting the same EF proposed by Akagi et al.
(2011). However, Gallardo et al. (2020) also state that BC emissions are generally
derived from PM,.; emissions, if a fraction of PM,.; corresponds to BC. This
approach supports the use of a speciation factor (SF) instead of a BC emission
factor, particularly considering that PM,.5; emissions are estimated using emission
factors representative of national conditions. Therefore, the use of SFBC/PM,.s,

provides sufficient methodological consistency for this study.

4. Conclusions

Among the evaluated scenarios, only the scenario based on the replacement of
heating systems with air conditioning (AC) technologies (Scenario 4) achieves a
reduction equal to or exceeding the 25% target committed at the national level under
Chile’s Nationally Determined Contributions (NDCs) for BC mitigation. This finding
underscores the need to strengthen and accelerate the implementation of measures
under the Atmospheric Decontamination Plan (PDA) in the commune of Valdivia, as

well as across other communes nationwide. In contrast, scenarios reflecting current

15
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implementation rates (1 and 3) show significantly lower reductions (3.5% and
13.1%), revealing a clear gap between technical mitigation potential and real-world

execution of Atmospheric Decontamination Plan in Valdivia.

The replacement of residential heating systems, particularly with pellet-based
technologies, represents an effective mitigation measure and contributes to national
climate commitments. However, this strategy alone is insufficient to meet
international targets and should be complemented by additional actions, including
stronger economic incentives, enhanced enforcement, broader adoption of cleaner

technologies, and improvements in the thermal efficiency of housing.

Further methodological refinement is recommended, particularly regarding the
use of static speciation factors and the incorporation of uncertainties related to fuel
consumption and technological variability. Strengthening the linkage between air
quality policies and health outcomes would also help highlight important co-benefits,
such as reductions in respiratory diseases and premature mortality. Overall, while
residential measures under the PDA have contributed to BC emission reductions
during the 2017-2027 period, achieving sustained and substantial improvements will
require enhanced implementation, expanded policy scope, and continuous

evaluation of their effectiveness.
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