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ABSTRACT
Background:	Indoor	air	pollution	resulting	from	household	cooking	fuels	remains	a	major	environmental	health	concern,	particularly	
in	low-	and	middle-income	countries	where	biomass	fuels	are	widely	used.
Aim:	This	study	assessed	the	chemical	characteristics	of	indoor	air	pollutants	and	evaluated	the	associated	respiratory	health	risks	
among	households	using	different	cooking	fuels	in	Rivers	State,	Nigeria.
Materials	and	Methods:	A	comparative	cross-sectional	study	involving	120	households	was	conducted	across	selected	communities	in	
Rivers	 State.	 Indoor	 concentrations	 of	 PM₂.₅,	 PM₁₀,	 carbon	 monoxide,	 nitrogen	 dioxide,	 sulphur	 dioxide,	 total	 volatile	 organic	
compounds,	formaldehyde	and	benzene	were	measured	using	calibrated	real-time	air	quality	monitors	and	portable	gas	analysers.	
Exposure	concentration,	estimated	daily	inhalation	dose,	chronic	daily	intake,	hazard	quotient,	hazard	index	and	incremental	lifetime	
cancer	risk	were	calculated	using	standard	United	States	Environmental	Protection	Agency	health	risk	assessment	models.	Data	were	
analysed	using	descriptive	and	inferential	statistics	at	p	<	0.05.
Results:	Mean	PM₂.₅	concentrations	ranged	from	29.8	±	7.4	µg/m³	among	LPG	users	to	192.6	±	44.8	µg/m³	among	�irewood	users,	while	
PM₁₀	concentrations	ranged	from	56.4	±	12.6	to	326.4	±	68.5	µg/m³.	Firewood	users	recorded	the	highest	concentrations	of	carbon	
monoxide	 (19.4	 ±	 4.8	mg/m³),	 nitrogen	 dioxide	 (98.6	 ±	 20.4	 µg/m³),	 sulphur	 dioxide	 (44.8	 ±	 10.6	 µg/m³),	 total	 volatile	 organic	
compounds	(584.6	±	118.2	µg/m³),	formaldehyde	(82.4	±	18.7	µg/m³)	and	benzene	(13.4	±	3.2	µg/m³).	Hazard	Index	values	ranged	from	
0.62	±	0.14	among	LPG	users	to	4.26	±	0.62	among	children	exposed	to	�irewood	smoke.	Incremental	lifetime	cancer	risk	ranged	from	4.26	
×	10⁻⁷	to	4.18	×	10⁻⁵.	Chronic	cough	(63.3%),	eye	irritation	(73.3%)	and	wheezing	(53.3%)	were	most	prevalent	among	�irewood	users.	
Cooking	fuel	type,	cooking	duration	and	ventilation	signi�icantly	predicted	indoor	pollutant	concentrations	(Adjusted	R²	=	0.748;	p	<	
0.001).
Conclusion:	Biomass	fuels	generated	substantially	higher	indoor	pollutant	concentrations	and	respiratory	health	risks	than	cleaner	
fuels.	Promoting	cleaner	household	energy	sources	and	improving	kitchen	ventilation	could	signi�icantly	reduce	indoor	air	pollution	and	
associated	respiratory	health	effects.

Keywords:	Indoor	air	pollution;	Cooking	fuels;	Particulate	matter;	Respiratory	health	risk;	Rivers	State.

1.0	Introduction
Household air pollution remains an important environmental 
and public health concern, particularly in low- and middle-
income countries where households depend on a mixture of 
modern and traditional cooking fuels. Cooking is a routine 
household activity, but the combustion of fuels such as �irewood, 
charcoal and kerosene can release substantial quantities of 
particulate matter, carbon monoxide, nitrogen oxides, sulphur-
containing compounds and volatile organic compounds into the 
indoor environment. 

Where cooking occurs indoors, for prolonged periods or under 
inadequate ventilation, these pollutants can accumulate and 
increase the inhalation exposure of household members. 
Evidence from Nigeria and other developing settings has 
demonstrated important relationships between cooking-fuel 
choice, household air pollution and respiratory health 
[8,9,14,15,22,23].
Household cooking fuels differ considerably in their 
combustion ef�iciency and emission characteristics. Lique�ied 
petroleum gas (LPG) generally undergoes more complete 
combustion than biomass fuels, whereas �irewood and charcoal 
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can generate substantial smoke, respirable particles and 
gaseous combustion products, particularly when burned in 
inef�icient stoves or poorly ventilated spaces. Kerosene, 
although sometimes perceived as an intermediate household 
fuel, can also contribute to indoor air contamination. Studies 
examining household cooking-fuel use have demonstrated that 
reliance on polluting fuels is associated with increased 
respiratory morbidity and other adverse health outcomes 
[9,14,22]. Recent Nigerian evidence has similarly identi�ied an 
association between household cooking-fuel choices and 
respiratory health [15].
Particulate matter represents one of the major components of 
household combustion emissions. Fine particulate matter with 
an aerodynamic diameter of ≤2.5 µm (PM₂.₅) is particularly 
important because its small size facilitates penetration into the 
deeper regions of the respiratory tract. Coarse particulate 
matter, including PM₁₀, can also contribute to respiratory 
irritation and disease. In addition to particulate matter, 
incomplete fuel combustion can produce carbon monoxide and 
numerous volatile organic compounds. Consequently, 
households using polluting cooking fuels may be exposed to 
complex mixtures rather than a single contaminant. Indoor air-
pollution assessment in Rivers State has previously 
demonstrated the environmental importance of pollutants 
within household environments [8], while studies elsewhere 
have associated solid-fuel cooking with increased respiratory 
disease [22].
Women and children constitute particularly important groups 
in relation to household cooking emissions. In many 
households, women are primarily responsible for food 
preparation and consequently spend considerable periods close 
to combustion sources. Studies among women responsible for 
household cooking have reported associations between 
cooking-fuel type and respiratory-health outcomes [23]. 
Nigerian intervention research has also demonstrated the 
relevance of household air pollution to the respiratory health of 
women and children [16]. Children may experience substantial 
exposure when they remain close to their mothers or caregivers 
during cooking, and evidence has associated air-pollution 
exposure with acute respiratory infection and other adverse 
childhood health outcomes [5,11,18,21].
The health consequences of household air pollution may 
manifest as both acute and chronic effects. Short-term exposure 
may produce eye irritation, coughing, wheezing, breathlessness 
and other respiratory complaints, whereas prolonged exposure 
may contribute to chronic respiratory morbidity. The 
occurrence of chronic obstructive pulmonary disease among 
never-smokers in Nigeria further highlights the need to 
consider environmental exposures, including combustion-
related air pollution, in the aetiology of chronic respiratory 
conditions [13]. Systematic evidence also indicates that 
cooking-fuel exposure may have implications extending beyond 
respiratory symptoms to a wider spectrum of non-
communicable diseases [14].
The magnitude of household air-pollution exposure is 
in�luenced not only by fuel type but also by the characteristics of 
the cooking environment. Ventilation, kitchen location, cooking 
duration, stove characteristics and the number of persons 
within the household can modify pollutant concentrations and 
individual exposure. Poor ventilation can limit the removal of 
combustion products, while prolonged cooking increases the 
duration of pollutant generation. Therefore, households using 
the same fuel may experience different exposure levels 

depending on their cooking practices and physical 
environment. This highlights the need to assess cooking-fuel 
type together with household and kitchen characteristics rather 
than treating fuel use as an isolated exposure variable.
Household choice of cooking fuel is itself in�luenced by 
socioeconomic and behavioural factors. Studies in Nigeria have 
shown that household income, family characteristics, energy 
costs, accessibility and other socioeconomic factors in�luence 
cooking-energy choices [2,10,17,19]. The decision to use LPG 
rather than kerosene has also been associated with household-
level characteristics in Nigeria [20]. More broadly, household 
decision environments in�luence fuel-choice behaviour and the 
transition from traditional fuels to cleaner household energy 
sources [24]. These factors are particularly relevant because 
environmental-health interventions that recommend cleaner 
fuels without addressing affordability and accessibility may 
achieve limited and potentially unsustainable adoption.
Beyond measuring pollutant concentrations, environmental 
health assessment increasingly incorporates exposure and risk 
indices to  determine the potential  implications of 
environmental contaminants for exposed populations. Nigerian 
studies have applied health-risk assessment approaches to 
pollutants originating from atmospheric deposition [1], 
petroleum hydrocarbons and heavy metals in water [6], 
contaminated agricultural soils [7], and contaminants 
accumulated in foods and aquatic organisms [3,4,12,25]. 
Although these studies involved different environmental media 
and exposure pathways, they demonstrate the importance of 
integrating contaminant measurement with exposure 
assessment and potential human-health risk characterization. 
Application of such approaches to household air pollution can 
provide a more comprehensive understanding of the possible 
health implications of cooking-related exposure.
Despite growing evidence concerning household energy use 
and respiratory health, there remains a need for studies that 
simultaneously characterize cooking-fuel practices, kitchen 
conditions, measured concentrations of multiple indoor air 
pollutants, inhalation exposure, toxicological risk and 
respiratory-health outcomes within Nigerian households. This 
is particularly relevant in Rivers State, where households may 
experience indoor cooking emissions alongside other 
environmental pollution sources. Existing Nigerian studies have 
addressed household energy choice [2,10,17,19,20], indoor air 
pollution [8], respiratory health [13,15,16] and environmental 
health-risk assessment [1,3,4,6,7,12,25], but integrating these 
dimensions within the same household investigation can 
provide stronger evidence concerning the pathways through 
which cooking practices in�luence exposure and health. 
Therefore, this study assessed indoor air pollution and 
associated respiratory-health risks among households using 
LPG, kerosene, charcoal and �irewood. 

2.0	Materials	and	Methods
2.1	Study	Area
The study was conducted in selected urban and peri-urban 
communities of Rivers State, Nigeria. Rivers State is located 
within the Niger Delta region between latitudes 4°30′N and 
5°45′N and longitudes 6°20′E and 7°35′E. The area experiences 
a humid tropical climate characterised by annual rainfall 
exceeding 2,000 mm, relative humidity above 75% and mean 
temperatures ranging from 26 to 32°C. Households using 
lique�ied petroleum gas, kerosene, �irewood and charcoal as 
their principal cooking fuels were included in the study.
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2.2	Research	Design
A comparative cross-sectional analytical design was adopted to 
characterise indoor air pollutants and evaluate respiratory 
health risks associated with household cooking fuels. Indoor 
pollutant concentrations were measured during normal 
cooking activities and compared across the four fuel categories.

2.3	Selection	of	Households
A total of 120 households were included in the study. Thirty 
households were selected for each cooking fuel category, 
comprising lique�ied petroleum gas, kerosene, �irewood and 
charcoal. Households were eligible where the selected fuel had 
served as the principal cooking fuel for at least one year before 
the investigation. Households using multiple fuels during the 
monitoring period were excluded.

2.4	Indoor	Air	Monitoring	Procedure
Indoor air monitoring was conducted during normal household 
cooking activities. Monitoring instruments were positioned 
approximately 1.5 m above �loor level and 1.0 m from the 
cooking stove to represent the breathing zone of household 
occupants. Measurements were taken continuously during 
cooking and extended to obtain representative 24-hour 
pollutant concentrations. Kitchen characteristics, ventilation 
status, cooking duration and the presence of household 
members during cooking were recorded by direct observation.

2.5	Determination	of	Particulate	Matter
Fine particulate matter (PM₂.₅) and inhalable particulate matter 
(PM₁₀) were measured using a portable real-time aerosol 
monitor equipped with a laser photometric detector. The 
instrument was operated continuously throughout the 
monitoring period, and concentrations were recorded in 
micrograms per cubic metre. The 24-hour mean concentration 
was calculated as:
Mean concentration = Sum of recorded concentrations / 
Number of readings

2.6	Determination	of	Carbon	Monoxide
Carbon monoxide concentration was measured using a portable 
electrochemical carbon monoxide analyser. The instrument was 
calibrated before �ield measurements and positioned within the 
household breathing zone. Carbon monoxide concentrations 
were expressed in milligrams per cubic metre.

2.7	Determination	of	Nitrogen	Dioxide	and	Sulphur	Dioxide
Nitrogen dioxide and sulphur dioxide were measured using 
portable electrochemical gas analysers. 

The analysers were zeroed and calibrated before each 
monitoring session. Mean concentrations were calculated from 
continuous readings obtained during the monitoring period and 
expressed in micrograms per cubic metre.

2.8	Determination	of	Volatile	Organic	Compounds
Total volatile organic compounds were measured using a 
portable photoionisation detector. Formaldehyde was 
determined using a portable formaldehyde monitor, while 
benzene was quanti�ied using a photoionisation detector �itted 
with the appropriate detection lamp. Concentrations were 
recorded in micrograms per cubic metre.

2.9	Comparison	with	Air	Quality	Guidelines
The measured concentrations of PM₂.₅, PM₁₀, carbon monoxide, 
nitrogen dioxide, sulphur dioxide, formaldehyde and benzene 
were compared with recognised indoor and ambient air quality 
guideline values. The percentage exceedance above the 
applicable guideline was calculated as:
Percentage exceedance = [(Measured concentration − Guideline 
value) / Guideline value] × 100
Values below zero indicated compliance with the applicable 
guideline.

2.10	Exposure	Concentration
The time-weighted exposure concentration for each pollutant 
was calculated as:
EC = (C × ET × EF × ED) / AT
where:
EC = Exposure concentration
C = Measured pollutant concentration
ET = Exposure time in hours per day
EF = Exposure frequency in days per year
ED = Exposure duration in years
AT = Averaging time.

2.11	Estimated	Daily	Inhalation	Dose
The estimated daily inhalation dose was calculated as:
EDI = (C × IR × ET × EF) / (BW × 24 × 365)
where:
EDI = Estimated daily inhalation dose in mg/kg/day
C = Pollutant concentration in mg/m³
IR = Inhalation rate in m³/day
ET = Exposure time in hours/day
EF = Exposure frequency in days/year
BW = Body weight in kg.
Separate calculations were performed for adults and children.

2.12	Chronic	Daily	Intake
The chronic daily intake through inhalation was calculated as:
CDI = (C × IR × ET × EF × ED) / (BW × AT)
where:
CDI = Chronic daily intake in mg/kg/day
C = Pollutant concentration in mg/m³
IR = Inhalation rate in m³/day
ET = Exposure time in hours/day
EF = Exposure frequency in days/year
ED = Exposure duration in years
BW = Body weight in kg
AT = Averaging time in days.
For non-carcinogenic exposure:
AT = ED × 365
For carcinogenic exposure:
AT = 70 × 365

Figure	 1.	Map	 of	 the	 study	area	 showing	 the	 selected	 communities	 in	Rivers	 State,	
Nigeria.
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2.17	Quality	Assurance	and	Quality	Control
All monitoring instruments were calibrated before and after 
�ield measurements. Zero and span checks were conducted daily 
to con�irm instrument stability. Duplicate measurements were 
obtained from 10% of the households. Instruments were 
positioned consistently at the prescribed height and distance 
from the cooking stove. Measurements affected by equipment 
malfunction or interruption of normal cooking activities were 
excluded and repeated. Relative differences between duplicate 
measurements were maintained below 10%.

2.18	Statistical	Analysis
Results were expressed as mean ± standard deviation. One-way 
analysis of variance was used to compare pollutant 
concentrations among households using lique�ied petroleum 
gas, kerosene, �irewood and charcoal. Tukey's post hoc test was 
applied to identify differences between individual fuel groups. 
Pearson correlation analysis was used to determine 
relationships among measured pollutants, cooking duration 
and ventilation characteristics. Multiple linear regression was 
used to identify factors associated with indoor pollutant 
concentrations. Statistical signi�icance was established at p < 
0.05. Data were analysed using IBM SPSS Statistics and 
Microsoft Excel.

3.0	Results
3.1	 Household	 Characteristics	 According	 to	 Primary	
Cooking	Fuel
A total of 120 households participated in the study, comprising 
30 households each using lique�ied petroleum gas (LPG), 
kerosene, �irewood and charcoal as their principal cooking fuel. 
The mean household size ranged from 4.2 ± 1.4 persons among 
LPG users to 6.3 ± 1.8 persons among �irewood users. Firewood 
users recorded the longest daily cooking duration (3.8 ± 0.9 
h/day), whereas LPG users recorded the shortest (2.0 ± 0.5 
h/day). Female household members constituted the principal 
cooks in more than 90% of all households, while children were 
more frequently present during cooking in households using 
biomass fuels as shown in Table 3.1.

2.13	Non-Carcinogenic	Health	Risk
The hazard quotient for each pollutant was calculated as:
HQ = EC / RfC
where:
HQ = Hazard quotient
EC = Exposure concentration
RfC = Reference concentration for inhalation exposure.
An HQ value below 1 indicated negligible non-carcinogenic risk, 
whereas HQ above 1 indicated potential adverse health effects.

2.14	Hazard	Index
The combined non-carcinogenic health risk from simultaneous 
exposure to multiple pollutants was calculated as:
HI = HQ₁ + HQ₂ + HQ₃ + … + HQₙ
where:
HI = Hazard index
HQ = Hazard quotient for each pollutant.
An HI value above 1 indicated potential cumulative respiratory 
health risk.

2.15	Carcinogenic	Risk	Assessment
The incremental lifetime cancer risk associated with benzene 
and formaldehyde exposure was calculated as:
ILCR = EC × IUR
where:
ILCR = Incremental lifetime cancer risk
EC = Lifetime exposure concentration
IUR = Inhalation unit risk.
Cancer risk values below 1 × 10⁻⁶ were regarded as negligible, 
values between 1 × 10⁻⁶ and 1 × 10⁻⁴ were considered 
acceptable, while values above 1 × 10⁻⁴ indicated an elevated 
carcinogenic risk.

2.16	Respiratory	Risk	Classi�ication
Households were classi�ied according to the magnitude of 
pollutant exposure and calculated health risk indices. Low 
respiratory risk was assigned where all HQ and HI values were 
below 1. Moderate risk was assigned where one or more 
pollutant concentrations exceeded guideline values, but HI 
remained below 1. High respiratory risk was assigned where HI 
exceeded 1 or carcinogenic risk exceeded 1 × 10⁻⁴.

Table	3.1	Household	Characteristics	According	to	Primary	Cooking	Fuel

3.2	Kitchen	Characteristics	and	Ventilation	Status
Kitchen characteristics differed considerably among households according to the cooking fuel used. Separate kitchens were most 
common among LPG users (83.3%), whereas indoor cooking areas predominated among �irewood users (63.3%). Functional 
ventilation systems were present in 86.7% of LPG households but only 33.3% of �irewood households. Firewood and charcoal users 
also exhibited the highest proportions of enclosed kitchens without windows or chimneys, suggesting reduced indoor air circulation 
during cooking activities as shown in Table 3.2.
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Table	3.2	Kitchen	Characteristics	and	Ventilation	Status

3.3	Indoor	Concentrations	of	PM₂.₅	and	PM₁₀
Indoor particulate matter concentrations increased progressively from households using LPG to those using biomass fuels. Mean 
PM₂.₅ concentrations ranged from 29.8 ± 7.4 µg/m³ among LPG users to 192.6 ± 44.8 µg/m³ among �irewood users, while PM₁₀ 
concentrations ranged from 56.4 ± 12.6 µg/m³ to 326.4 ± 68.5 µg/m³. Statistically signi�icant differences were observed among the 
four cooking fuel groups (p < 0.001), with �irewood users recording the highest particulate exposure levels, as shown in Table 3.3.

Table	3.3	Indoor	Concentrations	of	PM₂.₅	and	Pm₁₀

3.4	Indoor	Concentrations	of	Carbon	Monoxide,	Nitrogen	Dioxide	and	Sulphur	Dioxide
Indoor concentrations of carbon monoxide, nitrogen dioxide and sulphur dioxide differed signi�icantly according to cooking fuel 
type. Firewood-using households recorded the highest mean carbon monoxide concentration (19.4 ± 4.8 mg/m³), followed by 
charcoal (15.1 ± 3.9 mg/m³), whereas LPG households recorded the lowest concentration (2.6 ± 0.7 mg/m³). Similar trends were 
observed for nitrogen dioxide and sulphur dioxide, with biomass fuels generating signi�icantly higher gaseous pollutant 
concentrations than cleaner fuels (p < 0.001), as shown in Table 3.4.

Table	3.4	Indoor	Concentrations	of	Carbon	Monoxide,	Nitrogen	Dioxide	and	Sulphur	Dioxide

3.5	Indoor	Concentrations	of	Total	Volatile	Organic	Compounds,	Formaldehyde	and	Benzene
Households using biomass fuels recorded signi�icantly higher concentrations of total volatile organic compounds, formaldehyde and 
benzene than households using LPG and kerosene. Firewood users exhibited the highest mean TVOC concentration (584.6 ± 118.2 
µg/m³), followed by charcoal (452.3 ± 96.8 µg/m³), while LPG households recorded the lowest concentration (118.4 ± 28.7 µg/m³). 
Formaldehyde and benzene concentrations followed a similar trend across the different cooking fuel categories (p < 0.001), as 
shown in Table 3.5.

Table	3.5	Indoor	Concentrations	of	Total	Volatile	Organic	Compounds,	Formaldehyde	and	Benzene

3.6	Comparison	of	Indoor	Air	Pollutants	with	WHO	Guideline	Values
Comparison with recommended guideline values showed that PM₂.₅, PM₁₀, benzene and carbon monoxide exceeded recommended 
limits in households using �irewood and charcoal. PM₂.₅ concentrations exceeded the WHO 24-hour guideline in all cooking fuel 
categories, although exceedance was substantially greater among biomass fuel users. Nitrogen dioxide and formaldehyde remained 
below their respective guideline limits in LPG households but approached or exceeded recommended values in households using 
�irewood, as shown in Table 3.6.

Table	3.6	Comparison	of	Indoor	Air	Pollutants	with	WHO	Guideline	Values
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3.7	Exposure	Concentration	(EC)	of	 Indoor	Air	Pollutants	
among	Adults	and	Children
Exposure concentrations varied according to cooking fuel type 
and age category. Children recorded higher exposure 
concentrations than adults across all cooking fuel categories 
because of their lower body weight and longer time spent 
indoors during cooking. Firewood users recorded the highest 
exposure concentrations for all measured pollutants, followed 
by charcoal and kerosene users, whereas LPG households 
consistently recorded the lowest exposure levels, as shown in 
Table 3.7.

Table	3.7	Exposure	Concentration	(EC)	of	Indoor	Air	Pollutants

3.8	 Estimated	 Daily	 Inhalation	 Dose	 (EDI)	 of	 Indoor	 Air	
Pollutants
The estimated daily inhalation dose increased progressively 
from LPG to biomass fuels. Children consistently exhibited 
higher estimated daily doses than adults for all cooking fuels. 
Firewood users recorded the highest daily inhalation dose, 
while LPG users recorded the lowest values, indicating 
substantially lower exposure associated with cleaner 
household energy sources, as shown in Table 3.8.

Table	3.8	Estimated	Daily	Inhalation	Dose	(EDI)

3.9	Chronic	Daily	Intake	(CDI)	of	Indoor	Air	Pollutants
Chronic daily intake followed a similar pattern to the estimated 
daily inhalation dose. Firewood-using households recorded the 
highest chronic exposure values among both adults and 
children, whereas LPG households recorded the lowest values. 
The calculated chronic daily intake among children was 
approximately 1.7 times higher than that of adults across all 
cooking fuel categories, as shown in Table 3.9.

Table	3.9	Chronic	Daily	Intake	(CDI)	of	Indoor	Air	Pollutants

3.10	 Hazard	 Quotient	 (HQ)	 for	 Individual	 Indoor	 Air	
Pollutants
Hazard quotient values varied considerably according to 
pollutant type and cooking fuel. PM₂.₅ produced the highest 
hazard quotient values, followed by carbon monoxide and 
benzene. Firewood users exhibited the highest hazard quotients 
for all assessed pollutants, while LPG users recorded the lowest 
values. Hazard quotient values greater than one were observed 
for PM₂.₅ and PM₁₀ among households using �irewood and 
charcoal, indicating potential non-carcinogenic respiratory 
health risks, as shown in Table 3.10.

Table	3.10	Hazard	Quotient	(HQ)	for	Individual	Indoor	Air	Pollutants

3.11	Hazard	Index	(HI)	According	to	Cooking	Fuel
The cumulative non-carcinogenic health risk differed 
signi�icantly among the various cooking fuel groups. Firewood 
users recorded the highest Hazard Index values for both adults 
(2.84 ± 0.46) and children (4.26 ± 0.62), followed by charcoal 
users. Hazard Index values exceeded the acceptable threshold of 
one among households using �irewood and charcoal, indicating 
potential cumulative respiratory health risks. In contrast, LPG 
households recorded Hazard Index values below one for both 
adults and children, suggesting negligible cumulative non-
carcinogenic risk, as shown in Table 3.11.

Table	3.11	Hazard	Index	(HI)	According	to	Cooking	Fuel

3.12	 Incremental	 Lifetime	Cancer	Risk	 (ILCR)	Associated	
with	Benzene	and	Formaldehyde
The estimated incremental lifetime cancer risk resulting from 
inhalation exposure to benzene and formaldehyde increased 
progressively from LPG to biomass fuels. Firewood users 
recorded the highest carcinogenic risk values, followed by 
charcoal and kerosene users. The estimated lifetime cancer 
risks among LPG users remained below the acceptable 
regulatory threshold, whereas biomass fuel users recorded 
values approaching or exceeding the acceptable risk range, 
particularly among children, as shown in Table 3.12.

Table	3.12	Incremental	Lifetime	Cancer	Risk	(ILCR)

3.13	 Respiratory	 Health	 Symptoms	 Among	 Household	
Members
Respiratory symptoms were considerably more prevalent 
among households using biomass fuels than among households 
using cleaner fuels. Chronic cough (63.3%), wheezing (53.3%), 
breathlessness (46.7%) and eye irritation (73.3%) were most 
frequently reported among �irewood users. LPG households 
consistently recorded the lowest prevalence of respiratory 
symptoms. Statistically signi�icant differences were observed in 
the occurrence of respiratory symptoms among the different 
cooking fuel categories (p < 0.001) as shown in Table 3.13.
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Table	3.13	Respiratory	Health	Symptoms	Among	Household	Members

3.14	Correlation	Between	 Indoor	Air	Pollutants,	 Cooking	
Duration	and	Ventilation	Characteristics
Indoor particulate matter showed strong positive correlations 
with carbon monoxide (r = 0.884), total volatile organic 
compounds (r = 0.821) and cooking duration (r = 0.746). 
Ventilation status demonstrated signi�icant negative 
correlations with PM₂.₅ (r = −0.792) and carbon monoxide (r = 
−0.681), indicating that improved ventilation substantially 
reduced indoor pollutant concentrations, as shown in Table 
3.14.

Table	3.14	Pearson	Correlation	Matrix

3.15	 Multiple	 Linear	 Regression	 Predicting	 Indoor	 Air	
Pollutant	Concentrations
Multiple linear regression analysis identi�ied cooking fuel type, 
ventilation status and cooking duration as signi�icant predictors 
of indoor PM₂.₅ concentrations. Cooking fuel type exhibited the 
strongest positive association (β = 0.628, p < 0.001), whereas 
adequate kitchen ventilation showed a signi�icant negative 
association (β = −0.382, p < 0.001). Together, the predictor 
variables explained 74.8% of the variation in indoor PM₂.₅ 
concentrations (Adjusted R² = 0.748) as shown in Table 3.15.

Table	3.15	Multiple	Linear	Regression	Predicting	PM₂.₅	Concentrations

Model	Statistics:	R²	=	0.756;	Adjusted	R²	=	0.748;	F	=	88.64;	p	<	0.001.

3.16	Respiratory	Health	Risk	Classi�ication	of	Households
Respiratory health risk classi�ication demonstrated that 
households using LPG were predominantly classi�ied as low risk 
(86.7%), whereas households using �irewood recorded the 
highest proportion of high-risk exposure (70.0%). Charcoal 
users also demonstrated a high prevalence of elevated 
respiratory health risk (56.7%), while kerosene users were 
predominantly classi�ied within the moderate-risk category.

These �indings indicate that biomass fuel use was associated 
with substantially greater respiratory health risks than cleaner 
cooking fuels, as shown in Table 3.16.

Table	3.16	Respiratory	Health	Risk	Classi�ication	According	to	Cooking	Fuel

4.0	Discussion
The �indings of this study demonstrate a consistent relationship 
between the type of household cooking fuel, characteristics of 
the cooking environment, indoor concentrations of particulate 
and gaseous pollutants, estimated exposure and health risks, 
and the occurrence of respiratory symptoms. Across most 
measured parameters, LPG households had the most favourable 
indoor air-quality pro�ile, whereas �irewood households 
recorded the greatest pollution burden, followed generally by 
charcoal and kerosene households. The consistency of this 
gradient across environmental measurements and health 
indicators strengthens the evidence that household cooking 
practices constitute an important determinant of indoor air 
quality and respiratory health. Similar associations between 
polluting cooking fuels and adverse respiratory outcomes have 
been reported in Nigeria and other low- and middle-income 
settings [8,9,14,15,22,23].

4.1	Household	Characteristics,	Cooking	Fuel	and	Exposure	
Conditions
The household characteristics showed that exposure to 
cooking-related pollutants occurred within a context in which 
women and children were particularly important population 
groups. Women constituted 95.0% of the primary cooks, while 
children were present during cooking in 53.3% of households. 
The proportion of households in which children were present 
during cooking was particularly high among �irewood users 
(76.7%) and charcoal users (66.7%). Household size was also 
highest among �irewood users, with a mean of 6.3 ± 1.8 persons 
compared with 4.2 ± 1.4 persons among LPG households. 
Furthermore, mean daily cooking duration increased from 2.0 ± 
0.5 hours among LPG users to 3.8 ± 0.9 hours among �irewood 
users.
The predominance of women as primary cooks suggests that 
women may experience greater cumulative exposure because of 
their repeated proximity to combustion sources. This 
observation is consistent with the �indings of Sana et al., who 
reported an association between primary cooking-fuel choice 
and respiratory health outcomes among women responsible for 
household cooking [23]. Similarly, stove-intervention research 
among women and children in rural Nigeria has demonstrated 
the respiratory-health importance of household air-pollution 
exposure [16]. 
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The high proportion of children present during cooking is also 
important because childhood exposure to air pollutants has 
been associated with acute respiratory infections and other 
adverse health outcomes [5,11,18,21].
The observed differences in household size and cooking 
duration across fuel groups may partly re�lect socioeconomic 
variations in household energy choices. Studies in Nigeria have 
demonstrated that household energy consumption and 
cooking-fuel selection are in�luenced by income, household 
characteristics, fuel prices and affordability [2,10,17,19]. 
Evidence from Lagos also indicates that household 
characteristics in�luence the choice between kerosene and LPG 
[20]. More broadly, household decision environments can 
in�luence fuel-choice behaviour and consequently the 
likelihood of transitioning from traditional to cleaner energy 
sources [24]. Therefore, differences in exposure between the 
fuel groups may re�lect both the inherent emission 
characteristics  of  the fuels  and the socioeconomic 
circumstances in�luencing household energy choices.

4.2	Kitchen	Characteristics	and	Ventilation
Kitchen characteristics differed substantially across cooking-
fuel categories. Separate kitchens were observed in 83.3% of 
LPG households compared with 36.7% of �irewood households. 
Indoor cooking was more prevalent among �irewood and 
charcoal households, while functional ventilation was available 
in 86.7% of LPG households but only 33.3% of �irewood 
households. Poor ventilation was correspondingly highest 
among �irewood households at 66.7%, followed by charcoal 
households at 56.7%.
These �indings have important implications because the 
concentration of pollutants within a cooking environment is 
determined not only by the amount generated during 
combustion but also by the rate at which those pollutants are 
dispersed or removed. The combination of solid-fuel 
combustion, indoor cooking and inadequate ventilation can 
promote the accumulation of particulate matter, carbon 
monoxide and volatile organic compounds. The present �indings 
are comparable with observations from Rumuewhera 
Community in Obio-Akpor Local Government Area of Rivers 
State, where indoor air pollution was identi�ied as an 
environmental-health concern [8]. The local relevance of that 
study provides useful contextual support for the present 
�indings. The importance of ventilation was further 
demonstrated by the correlation analysis. Ventilation was 
strongly and negatively correlated with PM₂.₅ (r = −0.792), CO (r 
= −0.681) and TVOCs (r = −0.624). Conversely, cooking duration 
showed positive correlations with PM₂.₅ (r = 0.746), CO (r = 
0.698) and TVOCs (r = 0.642). These relationships indicate that 
fuel type alone does not determine household exposure. 
Duration of combustion and the capacity of the kitchen 
environment to disperse generated pollutants are also 
important determinants of indoor pollutant concentrations.

4.3	Particulate	Matter	Concentrations	According	to	Cooking	
Fuel
A pronounced gradient was observed in particulate matter 
concentrations across cooking-fuel categories. Mean PM₂.₅ 
increased from 29.8 ± 7.4 µg/m³ among LPG households to 82.4 
± 19.6 µg/m³ among kerosene households, 148.7 ± 34.5 µg/m³ 
among charcoal households and 192.6 ± 44.8 µg/m³ among 
�irewood households. PM₁₀ followed a similar pattern, reaching 
326.4 ± 68.5 µg/m³ among �irewood users. 

The differences across fuel categories were statistically 
signi�icant (p < 0.001).
The substantially higher particulate concentrations observed 
among �irewood and charcoal households can be attributed to 
the greater particulate emissions associated with solid-fuel 
combustion, particularly where combustion is incomplete. The 
results are consistent with previous studies associating solid-
fuel cooking with increased household air pollution and adverse 
health outcomes [9,22]. Qiu et al. reported that solid-fuel 
cooking was associated with increased prevalence of 
respiratory disease [22], while evidence among children has 
also demonstrated adverse respiratory outcomes associated 
with polluting cooking-fuel sources [21].
An important �inding was that PM₂.₅ concentrations exceeded 
the 15 µg/m³ guideline value used for comparison in all four fuel 
groups, including LPG households. PM₁₀ concentrations 
similarly exceeded the 45 µg/m³ comparison value. 
Nevertheless, the magnitude of exceedance was considerably 
greater among �irewood and charcoal households. The �inding 
that LPG households also recorded particulate concentrations 
above the comparison values suggests the possible contribution 
of other indoor and outdoor pollution sources. However, the 
large differences across fuel categories indicate that cooking-
fuel combustion remains a major contributor to household 
particulate exposure.

4.4	Gaseous	Pollutants	and	Volatile	Organic	Compounds
The gaseous pollutants demonstrated a pattern similar to that 
observed for particulate matter. Mean carbon monoxide 
concentration was highest among �irewood households at 19.4 
± 4.8 mg/m³, followed by charcoal households at 15.1 ± 3.9 
mg/m³, while LPG households recorded only 2.6 ± 0.7 mg/m³. 
Signi�icant differences were also observed for nitrogen dioxide 
and sulphur dioxide across cooking-fuel categories (p < 0.001).
The higher carbon monoxide concentrations among �irewood 
and charcoal users are consistent with incomplete combustion 
of carbon-containing fuels. The potential health signi�icance is 
increased when such fuels are used indoors for prolonged 
periods and under poorly ventilated conditions. The present 
�indings therefore provide environmental measurements that 
complement epidemiological evidence associating polluting 
cooking fuels with adverse health outcomes [9,14,15,22].
TVOCs also differed substantially according to cooking fuel. 
Firewood households recorded 584.6 ± 118.2 µg/m³ compared 
with 118.4 ± 28.7 µg/m³ among LPG households. Formaldehyde 
and benzene demonstrated comparable fuel-related gradients. 
Benzene concentrations were 13.4 ± 3.2 µg/m³ among �irewood 
users and 11.2 ± 2.8 µg/m³ among charcoal users compared 
with 2.2 ± 0.6 µg/m³ among LPG users.
The strong positive correlations between PM₂.₅ and CO (r = 
0.884), PM₂.₅ and TVOCs (r = 0.821), and CO and TVOCs (r = 
0.774) suggest that these contaminants share important 
combustion-related sources. Consequently, residents are not 
exposed to individual contaminants in isolation but to mixtures 
of particulate matter, combustion gases and organic 
compounds. This cumulative exposure pattern is important 
when interpreting the potential health consequences of 
household cooking emissions.

4.5	Exposure	and	Non-Carcinogenic	Health	Risk
The exposure assessment demonstrated a progressive increase 
in inhalation exposure from LPG through kerosene and charcoal 
to �irewood. 
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Adult exposure concentration increased from 0.024 ± 0.006 
mg/m³ among LPG households to 0.182 ± 0.038 mg/m³ among 
�irewood households. Among children, corresponding values 
increased from 0.038 ± 0.008 to 0.268 ± 0.052 mg/m³. 
Estimated daily inhalation dose and chronic daily intake 
followed the same pattern.
Children consistently recorded higher estimated exposure than 
adults. This �inding is important because children represent a 
potentially vulnerable population, particularly where they 
remain close to cooking areas. Previous studies have 
demonstrated associations between air pollution exposure and 
acute respiratory infection among children in developing 
countries [11]. Nigerian evidence has also demonstrated the 
spatial co-occurrence of childhood acute respiratory infection 
and other adverse health outcomes [18], while cooking-fuel 
exposure has been associated with respiratory-health effects 
among children in other settings [21]. The association between 
solid-fuel use and adverse childhood outcomes reported in 
Nigeria further supports concern about exposure among 
younger household members [5].
The Hazard Index showed a similarly marked fuel-related 
pattern. Adult and child HI values for LPG were 0.62 ± 0.14 and 
0.84 ± 0.18, respectively. In contrast, �irewood households 
recorded values of 2.84 ± 0.46 among adults and 4.26 ± 0.62 
among children. Charcoal households also recorded elevated 
values of 2.08 ± 0.38 and 3.12 ± 0.48 among adults and children, 
respectively. These results suggest a greater potential for 
cumulative non-carcinogenic health effects among households 
using biomass fuels, with children showing the greatest 
estimated risk.
The use of exposure and risk indices in the present study is 
consistent with the broader environmental-health risk-
assessment approach applied in Nigerian studies. Previous 
investigations have translated environmental contaminant 
concentrations into estimates of potential health consequences 
for atmospheric deposition of soot and heavy metals [1], 
petroleum hydrocarbons and heavy metals in surface water [6], 
heavy metals in agricultural soils [7], and bioaccumulated 
contaminants in �ish and other environmental media [12,25]. 
Although these studies examined different environmental 
media and exposure pathways, they demonstrate the 
importance of complementing concentration measurements 
with exposure and toxicological-risk assessment.

4.6	Carcinogenic	Health	Risk
The incremental lifetime cancer risk estimates demonstrated a 
progressive increase according to cooking-fuel type. Adult ILCR 
increased from 4.26 × 10⁻⁷ among LPG users to 2.84 × 10⁻⁵ 
among �irewood users, while child ILCR increased from 7.82 × 
10⁻⁷ to 4.18 × 10⁻⁵ across the same fuel categories. Firewood 
and charcoal were consequently classi�ied as presenting 
elevated carcinogenic risk under the criteria applied in this 
study, whereas LPG was classi�ied as presenting negligible risk.
The pattern is supported by the measured concentrations of 
benzene and formaldehyde, which were considerably higher 
among households using solid fuels. The �inding suggests that 
the implications of household cooking emissions may extend 
beyond acute respiratory symptoms to possible long-term 
toxicological consequences where exposure is sustained.
Previous Nigerian environmental-health studies have similarly 
demonstrated the importance of assessing long-term risks 
associated with exposure to potentially toxic organic 
contaminants. 

Health-risk assessments of PAHs in smoked and dried �ish have 
identi�ied the importance of evaluating contaminant exposure 
beyond simple concentration measurements [3]. Comparative 
assessment of PAHs in processed Nile tilapia has similarly 
employed a toxicological-risk perspective [4], while combined 
assessments of heavy metals and PAHs in estuarine �ish have 
demonstrated the relevance of evaluating cumulative 
environmental exposure [25]. Although these studies assessed 
dietary rather than inhalational exposure, they support the 
broader toxicological principle applied in the present study that 
persistent exposure to potentially hazardous contaminants 
requires long-term health-risk evaluation.

4.7	Respiratory	Symptoms	According	to	Cooking	Fuel
The distribution of respiratory symptoms showed a strong 
relationship with cooking-fuel category. Chronic cough was 
reported in 63.3% of �irewood households and 50.0% of 
charcoal households compared with 10.0% of LPG households. 
Wheezing occurred in 53.3% of �irewood households compared 
with 6.7% of LPG households, while breathlessness occurred in 
46.7% and 6.7%, respectively. Eye irritation was reported in 
73.3% of �irewood households compared with 13.3% of LPG 
households. The differences were statistically signi�icant (p < 
0.001).
Physician-diagnosed asthma was also more prevalent among 
�irewood users (23.3%) than LPG users (3.3%), and the 
difference across fuel categories was statistically signi�icant (p = 
0.018). The consistency between measured environmental 
pollutant concentrations and reported symptoms strengthens 
the interpretation that households with greater exposure also 
experienced a greater respiratory-health burden.
The � indings  agree  with  recent  Nigerian evidence 
demonstrating an association between household cooking-fuel 
choices and respiratory health [15]. They are also consistent 
with systematic-review evidence linking cooking-fuel use with 
non-communicable disease outcomes [14] and with �indings 
that solid-fuel cooking is associated with increased respiratory 
disease prevalence [22]. Among women responsible for 
cooking, the type of primary cooking fuel has similarly been 
associated with respiratory outcomes [23].
The �indings are also supported by intervention evidence from 
Nigeria. Oluwole et al. demonstrated that interventions aimed at 
reducing household stove emissions had implications for 
household air pollution and respiratory health among women 
and children [16]. Furthermore, chronic obstructive pulmonary 
disease has been documented among never-smokers in Nigeria 
[13], suggesting that environmental exposures other than 
cigarette smoking may contribute to chronic respiratory 
morbidity. Taken together, these studies provide a plausible 
epidemiological context for the substantially higher respiratory 
symptom burden observed among �irewood and charcoal users.

4.8	Predictors	of	Indoor	PM₂.₅	Concentrations
Multiple regression analysis identi�ied cooking-fuel type as the 
strongest positive predictor of indoor PM₂.₅ concentration (β = 
0.628, p < 0.001). Cooking duration was also independently 
associated with increased PM₂.₅ (β = 0.248, p < 0.001), whereas 
ventilation demonstrated an independent protective 
association (β = −0.382, p < 0.001). Household size also 
contributed signi�icantly (β = 0.116, p = 0.007). Together, these 
factors explained 75.6% of the variance in indoor PM₂.₅ 
concentrations, with an adjusted R² of 0.748 and a statistically 
signi�icant overall model (F = 88.64, p < 0.001).
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The magnitude of the cooking-fuel coef�icient indicates that fuel 
transition could represent an important strategy for reducing 
household particulate exposure. However, the signi�icant 
independent association with ventilation demonstrates that 
modi�ications to the cooking environment may provide 
additional bene�its. Similarly, the positive association with 
cooking duration suggests that the length of time during which 
combustion occurs contributes meaningfully to household 
pollutant concentrations.
The �indings should also be considered within the context of 
household energy behaviour. Nigerian studies have shown that 
fuel selection depends on household income, energy demand, 
fuel cost and other socioeconomic considerations [2,10,17,19]. 
The choice between LPG and kerosene has likewise been 
associated with household-level characteristics [20], while 
household decision environments can in�luence the transition 
between traditional and cleaner fuels [24]. Consequently, 
interventions seeking to reduce PM₂.₅ exposure should combine 
environmental-health education with policies that improve the 
affordability, accessibility and sustained use of cleaner cooking 
fuels.

4.9	Overall	Respiratory	Health	Risk	Classi�ication
The overall respiratory-health risk classi�ication provided a 
synthesis of the environmental exposure and health �indings. 
Among LPG households, 86.7% were classi�ied as low risk, and 
none was classi�ied as high risk. In contrast, 70.0% of �irewood 
households and 56.7% of charcoal households were classi�ied 
as high risk. Kerosene households occupied an intermediate 
position, with 53.3% classi�ied as moderate risk.
This classi�ication corresponds closely with the pollutant 
measurements, exposure indices and symptom distribution. 
Firewood households simultaneously had longer cooking 
duration, poorer ventilation, greater presence of children 
during cooking, higher concentrations of PM₂.₅, PM₁₀, CO and 
TVOCs, greater non-carcinogenic and carcinogenic risk 
estimates, and a higher prevalence of respiratory symptoms. 
Charcoal households generally ranked second in overall 
exposure and risk, whereas LPG households consistently 
recorded the lowest values.
This overall pattern agrees with studies showing that solid-fuel 
use is associated with adverse respiratory and other health 
outcomes [9,14,15,22,23]. However, household transition 
toward cleaner fuels cannot be considered solely a matter of 
individual preference. Nigerian evidence indicates that cooking-
fuel choices are in�luenced by socioeconomic circumstances, 
energy costs, household characteristics and accessibility 
[2,10,17,19,20]. Household decision-making conditions can 
further determine whether cleaner fuels are adopted and 
continuously used [24]. Therefore, sustainable reductions in 
household air pollution will require interventions that address 
both the environmental hazards of polluting fuels and the 
socioeconomic barriers preventing cleaner-energy adoption.

Conclusion
The present study demonstrated that household cooking fuel 
signi�icantly in�luenced indoor air quality and the magnitude of 
respiratory health risks among residents of selected 
communities in Rivers State, Nigeria. Households using 
�irewood and charcoal consistently recorded the highest 
concentrations of particulate matter, gaseous pollutants and 
volatile organic compounds, whereas households using 
lique�ied petroleum gas exhibited the lowest pollutant levels. 

Exposure assessment further revealed that children 
experienced higher inhalation doses, chronic daily intake and 
cumulative non-carcinogenic risks than adults, highlighting 
their increased vulnerability to indoor air pollution. Biomass 
fuel users also exhibited the highest prevalence of respiratory 
symptoms, including chronic cough, wheezing, breathlessness 
and eye irritation, con�irming the adverse health effects 
associated with prolonged exposure to indoor combustion 
products.
Health risk assessment indicated that the cumulative Hazard 
Index exceeded the acceptable threshold among households 
using �irewood and charcoal, suggesting the potential for 
adverse non-carcinogenic respiratory effects. Incremental 
lifetime cancer risk values associated with benzene and 
formaldehyde exposure were highest among biomass fuel users, 
although values for households using lique�ied petroleum gas 
remained within negligible risk levels. Furthermore, cooking 
fuel type, cooking duration and kitchen ventilation were 
identi�ied as signi�icant predictors of indoor pollutant 
concentrations, emphasising the critical role of household 
energy choices and ventilation practices in determining indoor 
environmental quality.
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