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Abstract

In the context of global warming, biomass energy is gaining popularity due to its perceived carbon neutrality.
However, the pollutants emitted during biomass combustion and the associated human health concerns are often
overlooked. The increased frequency of heatwaves and wildfires contributes significantly to carbon dioxide and
particulate matter (PM) emissions, posing substantial risks to public health. Furthermore, the greening of high-
latitude regions as a result of global warming has increased the availability of biomass for local use. However,
incomplete combustion of this biomass can lead to indoor air pollution and heightened health risks. Additionally,
more frequent cold waves increase the demand for space heating, leading to increased household biomass burning,
which raises exposure risks, especially in low- and middle-income countries. It is, therefore, essential to focus on
human exposure risks associated with biomass burning, particularly from pathways not typically emphasized in the
context of global warming.
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Biomass energy, often considered a carbon-neutral alternative to fossil fuels, is becoming increasingly
widespread. It is used extensively for thermal energy, electricity generation, and transportation fuels,
accounting for approximately 10% of the total primary energy supply worldwide"". However, during both
intentional and accidental biomass combustion, numerous by-products [e.g., carbon monoxide (CO),
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nitrogen oxides (NO,), volatile organic compounds (VOCs), particulate matter (PM)] are released alongside
carbon dioxide (CO,), with significant environmental and health impact [Table 1]*"*. Certain combustion
by-products, such as water vapor, methane, and black carbon, exhibit strong light-absorbing properties and
contribute to the greenhouse effect"*"*. Conversely, components like sulfates reflect solar radiation and can
potentially have a cooling effect”. Despite the known toxic effects of certain combustion products [e.g.,
polycyclic aromatic hydrocarbons (PAHs)], their impact on human health has not been sufficiently
acknowledged. More than 2.3 billion people worldwide still rely on biomass for cooking or heating, leading
to over 3.7 million premature deaths annually”. In addition to these direct impacts, pollutants from
biomass burning contribute to exposure risks in less obvious ways.

The increased intensity and frequency of summer heatwaves, exacerbated by global warming, have made
wildfires a major source of human health threats”. Over the past two decades, more frequent and intense
wildfires have generated far more air pollutants than controlled biomass combustion, posing severe threats
to human health and the environment. In North America, particularly the western U.S., the frequency of
wildfires has increased dramatically, impacting air quality and resulting in significant health consequences,
including respiratory issues and hospital admissions”. Similarly, Australia, which faced a devastating fire
season during the “Black Summer” of 2019-2020, has also seen an increase in wildfire intensity, leading to
severe health impacts due to smoke exposure™!. The characteristics of local vegetation, including the
presence of grasslands and forests, significantly heighten the risk of wildfires. Furthermore, social factors,
particularly in sparsely populated areas, affect disaster management and response capabilities. Inadequate
infrastructure development in many regions, especially regarding investments in fire prevention facilities
and emergency response systems, further weakens their ability to effectively respond to wildfires. Economic
pressures may compel local governments to reduce budgets for disaster prevention and mitigation,
exacerbating the frequency and impact of wildfires. In conclusion, economic factors intertwine with natural
and social factors, collectively driving the intensification of the global wildfire phenomenon. These regions
also suffer from severe air pollution caused by wildfires, which not only degrades outdoor air quality but
may also result in elevated concentrations of pollutants infiltrating indoor environments. This phenomenon
poses long-term health issues for both urban and rural populations. Between 2001 and 2022, global forest
fires resulted in approximately 33.9 billion tons of CO, emissions”". The smoke from wildfires offset around
25% of the improvement in fine particulate matter (PM,,) air quality achieved in the United States from
2000 to 2016 . Studies have shown that PM,, generated by wildfires exacerbates respiratory and
cardiovascular diseases, with potentially greater toxicity than equivalent doses of ambient PM, . For every
10 pg/m’ increase in the daily average PM, , concentration from wildfires, all-cause mortality increased by
3.1%, cardiovascular mortality by 2.6%, and respiratory mortality by 7.7%".

Biomass burning in the residential sector has also increased. On the one hand, global warming has
accelerated vegetation growth in high-latitude regions, resulting in increased biomass availability for local
use”. In these regions, biomass is often used in open fires or rudimentary stoves, leading to incomplete
combustion and the release of substantial pollutants”*". CO, one of the pollutants emitted, poses significant
health risks. Exposure to CO impairs the oxygen-carrying capacity of red blood cells, leading to symptoms
such as dizziness and, in higher concentrations, severe cardiovascular and respiratory consequences”"*”.

On the other hand, global warming’s extreme weather phenomena also manifest as winter cold waves.
During such events, low-income populations often rely on biomass burning for heating””. Crude heating
methods, such as three-stone stoves in Africa or Kang beds in rural China, result in low combustion
efficiency and high emissions of pollutants, including CO, CO,, PM, VOCs, and PAHs"**. These pollutants
not only degrade ambient air quality but also significantly impact indoor air quality, increasing health risks
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Table 1. Health hazards of gaseous pollutants generated from biomass combustion
Pollutants Exposure dose Exposure duration Toxic effects Country Ref.
PM, ¢ PM, s >20.4 pg/m3 On the day of death, the day priorto  All ages and age-stratified sub-groups. All-cause mortality increased by 1.0% the United [3,4]
death, and the 4 days prior to death,  greater on wildfire smoke days compared to non-wildfire smoke days. States
to wildfire smoke exposure on Respiratory mortality increased by 9.0%; COPD mortality increased by 14.0%
referent (non-event, or control) days
for the same decedent
Biomass burning PM, ; from monitoring sites and The percentage difference in Asthma risk was 6.9% on smoke days, and the increased risk was similar on the United [5]
atmospheric chemistry model. BB affected day when cardiopulmonary hospitalizations for smoke and non-smoke days. During smoke days, the older population is more States
BB-PM, ¢ >5 ng/m’ a10 pg/m” increase in PM, ; was likely to experience strong, acute respiratory responses such as asthma,
examined at single-day lags ranging  bronchitis, and wheezing, compared with non-smoke days
from the day of exposure [lag day O
(lag 0)] up through 6 days
postexposure
The overall mean PM, . = 8.8 ug/m’, cold season The exposure periods of interest in Each 5 ug/m’ increase in 3-day mean PM, 5 was associated with an increased  British, [6]
(November-April) PM, ;= 9.8 pg/mg, warm season this study included the same day as  risk of Ml among elderly subjects (= 65 years) Columbia
(May-October) PM, ;=72 pg/m3 hospital admission for myocardial and
infarction (lag 0) and the 3-day mean Canada
exposure preceding hospital
admissions (including the day of
admission)
CO 70-120 ppm, 200 ppm Low concentration for 4 h Exposure to between 70 and 120 ppm CO results in COHb levels between 10%  the United [7,8]
and 20% and is usually asymptomatic. Such an exposure is generally regarded ~ States
as subclinical. On the other hand, inhaling more than 200 ppm CO results in
COHb levels of approximately 30% and causes headaches, dizziness, and
impaired judgment
35-12,800 ppm Low concentration for 8 h, high 35 ppm, headache and dizziness within 6 to 8 h of constant exposure 100 ppm,  North [9]
concentration for less than 3 min slight headache in 2 to 3 h 200 ppm, slight headache within 2 to 3 h; loss of America
judgment 400 ppm, frontal headache within 1to 2 h 800 ppm, dizziness,
nausea, and convulsions within 45 min; insensible within 2 h 1,600 ppm,
headache, tachycardia, dizziness, and nausea within 20 min; death in less than
2 h 3,200 ppm, 50% headache, dizziness, and nausea in 5 to 10 min; death
within 30 min 6,400 ppm, 60% headache and dizziness in 1to 2 min;
convulsions, respiratory arrest, and death in less than 20 min 12,800 ppm,
death in less than 3 min
0.62 ppm to Parkinson's disease, 2.61 ppm to preterm - CO was significantly associated with Parkinson’s disease, with a pooled RR of China [10]
birth, 1.54 mg/m3 to cardiovascular disease 1.574, and also with CVD, with an RR of 1.024
NO, NO,, the national average concentration was 31 ug/m3 in The present-day average lags from NO, was associated with mortality from all considered cardiorespiratory China [11,12]
272 cities lag O to lag 6, and average lags from  diseases, including hypertension, coronary heart disease, stroke, and COPD. The
lag O to lag 0-13 magnitude of the association of NO, with total mortality was similar to that with
cardiovascular mortality and lower than that with respiratory mortality
NO, maximum average concentration is 13.71- - The reported significant health effects included CVD, childhood asthma, COPD, China [10]

68.44 ug/m’

diabetes mellitus, lung cancer, Parkinson’s disease, and preterm birth. In detail,
each 10 ug/m” increase in NO, was associated with the highest increase in risk
for childhood asthma RR (1.134, 95%Cl: 1.084-1.186), followed by preterm birth
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(RR1.079, 95%CI: 1.007-1.157), lung cancer (RR 1.055, 95%CI:1.010-1.101),
Parkinson's disease (RR 1.030, 95%CI:1.007-1.053), diabetes mellitus (RR 1.019,
95%CI:1.009-1.029), and COPD (RR 1.016, 95%Cl: 1.012-1.120)

O, O, 40.6 ppb to Parkinson's disease; from 51.7 to - When the concentration increased by 10 ug/m3, O, was significantly associated China [10]
94 Hg/m3 with Parkinson's disease, with an RR of 1.067 (95%Cl: 1.018-1.118). O, was

further significantly associated with preterm birth, with an RR of 1.039 (95%Cl:
1.004-1.075)

VOCs Urinary metabolites of acrolein (CEMA and 3HPMA), - Exposure to VOCs acrolein, 1,3-butadiene, and crotonaldehyde is associated the United [13]
1,3-butadiene (DHBMA and MHBMA3), and with vascular dysfunction. Stratified analysis revealed an increased association  States
crotonaldehyde (HPMMA), VOC metabolite: 88.3 with systolic BP in Black participants despite lower levels of urinary 3HPMA.
ng/mg of creatinine for CEMA, 148.9 ng/mg for 3HPMA, Bayesian kernel machine regression (BKMR) analysis confirmed that 3 HPMA
195.0 ng/mg for DHBMA, 4.7 ng/mg for MHBMA3, and was the major metabolite associated with higher BP in the presence of other
107.2 ng/mg for HPMMA diastolic BPs and RHI had a metabolites. We also found that 3HPMA and DHBMA were associated with
log-normal distribution. The levels of catecholamines decreased endothelial function
and metabolites were gamma distributed

PAHs Above the average of 597 ng/g - Investigated placental PAH levels in 80 fetuses or newborns with neural tube the United [13]

defects in China. The results of their study showed that the risk of a defect was ~ States

4 to 5 times greater
Pyrene and BaP, the average BaP concentration was Long-term exposure Short-term health effects: eye irritation, nausea, vomiting, diarrhea; long-term Republic of [14]
about 30 mg/m3 health effects: an increased risk of skin, lung, bladder, and gastrointestinal Korea

cancers
Benzo(a) pyrene, the median values of B[a]Peq daily (B[a]Peq) daily exposure Implied significant cancer risk, the median values of ILCR were estimated tobe ~ China [15]

exposure doses for children, adolescents, adults, and
seniors of male were estimated to be 392.42, 511.01,
571.56, and 532.56 ng/d, respectively

119x10°,7.91x 10, 4.04 x 10, and 8.03 x 10°® for children, adolescents,
adults, and seniors of male, respectively; the median values of ILCRs for all
population groups fell within the range of 10107, being higher than the
acceptable risk level (107®)

COPD: Chronic obstructive pulmonary disease; BB: biomass burning; COHb: carboxyhemoglobin; RR: relative risk; CVD: cardiovascular diseases; VOCs: volatile organic compounds; BPs: blood pressures; RHI:
reactive hyperemia index; PAHs: polycyclic aromatic hydrocarbons; B[a]Peq: B[a]P equivalent; ILCR: incremental lifetime cancer risk.

for residents™. Approximately 56% of soot emissions in Europe can be attributed to residential heating, primarily from wood burning®”. Studies have shown
that cooking with biomass fuel three times a day can raise the 24-hour average indoor PM, concentration by as much as 342 pg/m**". In India, household
biomass burning was one of the most significant individual contributors to the disease burden in 2016 Indoor air pollution has varying health impacts
among age and gender groups. For children, the most severe health risk is biomass smoke-induced pneumonia, while for adults, cardiovascular diseases
represent the main health burden. Women are disproportionately affected by chronic obstructive pulmonary disease and lung cancer due to prolonged

40,41]

exposure during cooking"**".

In summary, amid the current context of global warming, biomass energy is receiving unprecedented attention. However, the negative health effects of
exposure to pollutants from biomass combustion are increasing through pathways that are generally overlooked. For instance, the formation of secondary
pollutants, like ozone, occurs due to reactions between NO, and VOCs, spreading long-range health effects. Harmful gaseous pollutants, such as PAHs, can
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transform into solid particulates that, when inhaled, may trigger respiratory and cardiovascular diseases.
Additionally, long-term exposure to low doses of various pollutants can lead to cumulative health effects,
impacting the immune, respiratory, and cardiovascular systems. Moreover, climate change can indirectly
affect ecosystems through altered vegetation patterns, which change pollutant concentrations and
distributions, ultimately influencing human and ecological health. Given the disparities in global economic
development and changes in vegetation patterns due to global warming, it is crucial to focus on reducing
the adverse health impacts of biomass burning. Changes in forests and grasslands may lead to an increase in
combustible biomass, subsequently affecting the frequency and scale of biomass burning. Furthermore,
climate change can elevate the incidence of forest fires, exacerbating pollutant emissions. While biomass can
reduce energy costs, neglecting its associated health and environmental costs may result in hidden
economic costs. Additionally, biomass burning in agricultural and forestry regions may influence soil
quality and agricultural productivity, ultimately affecting economic sustainability. Regarding the control of
the hazards posed by biomass burning to human health, we advocate that in regions with slightly higher
economic levels, this can be achieved by promoting cleaner energy sources, such as electricity and solar
power, which would reduce reliance on biomass combustion. In contrast, in lower-income regions where
communities must depend on biomass fuels for their daily needs, it is essential to enhance public awareness
and education concerning the health risks associated with biomass burning. Furthermore, promoting safer
practices within these communities can substantially mitigate the use of harmful burning methods. To
address gender exposure inequality, it is crucial to specifically target women who are disproportionately
affected by the health risks of biomass burning due to their role in cooking. Public health education
campaigns should focus on increasing women’s awareness of these risks. Additionally, providing women
with access to cleaner cooking technologies and alternative energy sources, such as improved cookstoves or
solar cookers, can reduce their exposure. Efforts should also be made to ensure that women are included in
decision-making processes regarding energy choices and health interventions, empowering them to adopt
safer practices in their households. This is particularly important as biomass utilization continues to expand
in response to global warming. Efforts should be directed toward mitigating both direct and indirect health
effects from pollutants released during combustion and those transformed in the atmosphere.
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