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Abstract
In Eswatini, 62.3% of households still rely on solid fuel for cooking, especially wood (61.8%). Smoke emissions during 
biomass burning remain the primary source of indoor air pollution, comprising pollutants detrimental to health. This study 
provides a quantitative exposure assessment of fuels used in the Shiselweni region with the objectives of monitoring the 
carbon monoxide (CO) and carbon dioxide  (CO2) concentrations during cooking events and evaluating cancer and noncancer 
risks due to exposure to particulate-bound polycyclic aromatic hydrocarbons (PAHs) during cooking events among cooking 
personnel in households that cook indoors by burning biomass. Real-time CO,  CO2, and particulate matter (PM) monitoring 
was performed in seventeen kitchens during cooking events across the Shiselweni region using different cooking methods: 
biomass in open fires and stoves, liquefied petroleum gas (LPG), and electric stoves.  PM2.5,  PM10, and CO exceeded indoor 
exposure guidelines for biomass fuel-related homesteads. Particulate PAH intake concentrations were evaluated, and biomass 
fuel users exhibited high cancer risks and low embryo survival chances due to particulate PAH exposure. The average total 
cost of reducing the incremental lifetime cancer risk (ILCR) and hazard quotient (HQ) to acceptable levels was lower when 
shifting from biomass to LPG stoves than when shifting to electric stoves.
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Introduction

Indoor pollutant concentrations have been reported to be 
higher in developing countries than in developed countries 
due to the advanced technology and cleaner fuels utilized 
in developed countries for cooking and heating, such as 
liquefied petroleum gas (LPG), electricity, and natural gas 
(Abdullahi et al. 2013). In Eswatini, due to economic rea-
sons, more than half of the population relies on biomass 
as a source of energy for cooking. It has been estimated 
that approximately 80% of households in rural Eswatini use 
unprocessed biomass fuels, mainly wood (79.4%), for daily 

cooking purposes (Simelane et al. 2020). In the energy sec-
tor, biomass is an inexpensive primitive fuel but is inefficient 
and more polluting than other highly ranked fuels that are 
less polluting in terms of pollutant mass per energy con-
sumed, such as LPG and electricity (Van DerKroon et al. 
2013). In developing countries, biomass combustion remains 
a significant source of indoor air pollution since most house-
holds using biomass fuels often cook indoors, using open 
fires in poorly ventilated houses (Bruce et al. 2000, Balmes 
2019). In general, incomplete combustion of biomass fuels 
leads to the generation of particulate matter (PM) with aero-
dynamic diameters ≤ 10 µm  (PM10) and 2.5 µm  (PM2.5), 



Assessment of air pollution emitted during cooking using biomass and cleaner fuels in the…

carbon monoxide (CO) and aerosols that may contain carci-
nogenic and mutagenic toxins, such as polycyclic aromatic 
hydrocarbons (PAHs) (e.g., benzo[a]pyrene (BaP)) (Bruce 
et al. 2000, Kim et al. 2012, Du et al. 2020, Yu et al. 2020, 
Siregar et al. 2022).

Exposure to indoor biomass smoke has been associated 
with an increased risk of acute respiratory infection (ARI) 
occurrence among children, chronic obstructive pulmonary 
disease (COPD) among adults, lung cancer (Bruce et al. 
2000, Fullerton et al. 2008, Pathak et al. 2020), cataracts 
(Pokhrel et al. 2005, Khanna 2020), and cardiovascular dis-
eases (Kim et al. 2011, Mocumbi et al. 2019, Young et al. 
2019). The risk due to exposure among women is higher 
than that among men because of their customary cooking 
responsibility (Bruce et al. 2000, Young et al. 2019, Mitra 
et al. 2022); therefore, it is unsurprising that the lung can-
cer risk of nonsmoking patients is higher among females 
(53%) than among males (15%) (Sun et al. 2007). The PAH 
concentration in the indoor environment has been reported 
to be the highest in kitchens where biomass fuels are used 
for cooking (Kim Oanh et al. 2002, Bhargava et al. 2004, 
Tiwari et al. 2015, Wolkoff 2018, Du et al. 2020). However, 
data on the indoor air concentration of PAHs are limited 
for the continent of Africa and nonexistent for Eswatini. 
Moreover, cooking using electric stoves is often excluded 
from research. Here, we report the distribution and health 
risk assessment results for 29 carcinogenic particulate-bound 
PAHs during indoor biomass burning via LPG and electric-
ity stove employment for cooking.

Methodology

Study area

The study was conducted in the Shiselweni region of 
Eswatini, which is officially the Kingdom of Eswatini and 
the country formerly known as Swaziland. The Shiselweni 
region is positioned in the south of Eswatini, with an area 
of 3,786.71  km2, a population of 202,686, and a notably 
high portion of households relying on biomass fuels for 
cooking compared to the other three regions of Eswatini: 
Hhohho, Lubombo, and Manzini (Simelane et al. 2020). 
Approximately 84.1% of the Shiselweni region relies on 
biomass fuels as a source of energy for cooking, mainly 
wood (83.5%), and other fuel sources used for cooking in 
the region include electricity (19.9%) and LPG (10.8%) 
(Simelane et al. 2020).

Onsite sampling

Indoor air sampling was conducted in 17 kitchens using 
biomass fuels in open fires (n=6), biomass stoves (n=5), 
LPG stoves (n=3), and electric stoves (n=3) for cooking 
among three chiefdoms in the Shiselweni region. The chief-
doms selected were Mashobeni, Ekwendeni, and Nsingizini, 
as illustrated in Fig. 1. The selection criteria for the three 
chiefdoms and households were based on the following fac-
tors, including biomass fuel reliance, variation in cooking 

Fig. 1  Location and type of fuel used for cooking at the sampling sites
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methods, geographical location, and household charac-
teristics. (1) Biomass fuel reliance: these chiefdoms were 
chosen due to their significant dependence on biomass 
fuels for cooking, aligning with the primary focus of the 
study on households using these types of fuels; (2) Varia-
tion in cooking methods: The diversity in cooking methods 
observed across these chiefdoms, encompassing biomass 
stoves, open fires, LPG, and electric stoves, allowed for a 
comprehensive analysis of the impact of different cooking 
practices on indoor air quality; (3) Geographic location: 
The selected households were situated in rural areas away 
from major roads and industrial areas, ensuring a more con-
trolled environment for sampling and minimizing external 
pollution sources; (4) Household characteristics: The house-
holds chosen comprised nonsmoking family members and 
predominantly used electricity for lighting, factors aimed 
at eliminating potential interference from other emission 
sources during the sampling process.

Stove characteristics

The biomass stoves used in Eswatini were typically con-
structed from black enamel cast iron and mostly consisted 
of four to six burners for cooking, an oven, and a chimney; 
while LPG, and electric stoves in the analyzed households 
were mainly made of aluminum. During open fire burning, 
biomass or unprocessed wood logs were typically burned 
on a metal sheet (Sites 1, 2, 7, and 12) or clay (Sites 3 and 
16) on the kitchen floor without a chimney. In addition, a 
single three-legged cast iron pot was placed over a metal 
stand above an open fire when cooking. In biomass stoves, 
biomass or unprocessed wood logs were inserted by open-
ing one of the burners so that the fuel could be manually 
ignited. LPG stoves were connected to an LPG cylinder and 
generally consisted of three or four hot burners, as observed 
at Sites 13 and 14, and two burners without an oven were 
observed at Site 17. Electric stoves were configured in the 
same way as LPG stoves; either three or four burners were 
configured with an oven (Sites 5 and 15) or two burners 
(Site 10).

Kitchens sampled

The characteristics of the sampled kitchens are summarized 
in Table 1. A separate house was employed for cooking 
using an open fire; while, electric stoves were used in the 
main house. The kitchen volume varied, ranging from 15.5 
to 43.7  m3 with primarily one or two windows, except Site 
3, where there was no window.

Wood was the main source of biomass fuel. During 
fire ignition among homesteads using biomass fuels, most 
homesteads used plastic material or candle wax to intensify 
the flaming stage, as indicated. Most homesteads cooked 

breakfast and lunch in the morning, and dinner was cooked 
after midday. Similar foods, including maize meal porridge, 
beans, vegetables, and meat, were routinely cooked and 
eaten in most homesteads.

Real‑time monitoring

An indoor air quality (IAQ) monitor (HD21AB, Delta OHM, 
Italy) was used to monitor CO and carbon dioxide  (CO2) 
in intervals of 1 min for at least 8 h starting at least 1 h 
before the onset of cooking. The IAQ monitor was located 
at a height of 1.5 m (the breathing zone of an adult with an 
average height of 1.59 m (Gbadamosi and Tlou 2020)) and 
situated 50–80 cm from the fire or stove.

PM sampling

PM samples were collected only during cooking events to 
focus on air pollution during these periods. Background 
samples were collected one hour before the onset of cook-
ing in the surveyed kitchens. An  SKC® three-stage personal 
modular impactor (PMI) supported with an  SKC® pump at 
a flow rate of 3 L/min was selected to sample PM on glass 
fiber filter papers. The cutoff aerodynamic diameters for 
stages 1–3 of the PMI included <2.5 µm  (PM2.5), 2.5–10 µm 
 (PM2.5–10), and >10 µm  (PM>10). The PMI was positioned 
at a height of 1.5 m and 50–80 cm from the fire or stove.

PM‑bound PAH extraction, clean up, and analysis

The filters containing PM samples were extracted via ultra-
sonic-assisted extraction (ultrasonic unit: Elmasonic P60, 
Elma, Germany) with 20 mL dichloromethane for 30 min. 
The extraction process was repeated twice to reduce PAH 
attenuation and prevent light illumination. The obtained 
PAH extracts were vacuum concentrated to approximately 
2 mL, purified via a column packed with silica gel and anhy-
drous sodium sulfate to remove any interfering substances 
in the samples, and ultrafiltered and concentrated to exactly 
0.25 mL with pure nitrogen gas. The concentrated PAH 
extracts were then analyzed with a gas chromatography/mass 
spectrometry (GC/MS, Agilent 7890B/5977A MSD) instru-
ment with an Agilent HP-5MS column (30 m × 0.25 mm 
i.d., DF=0.25 μm). The injection sample volume was 1 μL. 
The temperature program was as follows: the temperature 
was maintained at 40 °C for 1 min, increased at a rate of 
15 °C/min to 100 °C, increased at a rate of 20 °C/min to 
210° C and maintained for 10 min, and then increased at a 
rate of 5 °C/min to 290 °C and maintained for 10 min. The 
temperatures of the injector, ion trap mass analyzers, and 
transfer line were 300 °C, 250 °C, and 290 °C, respectively. 
The carrier gas was helium (purity: 99.995%), and the flow 
rate was 1.0 mL/min.



Assessment of air pollution emitted during cooking using biomass and cleaner fuels in the…

Table 1  Sampling, kitchen, and cooking characteristics of the homesteads [Air exchange rate (AER) was estimated by the decay of CO concen-
tration according to the following equation: ACR =

1

t
× ln

(

CCO(0)

CCO(t)

)

 , CCO(0) = intialCOconcentration,CCO(t) = COconcentrationattimet]

Site code Date of sampling Kitchen location Kitchen 
volume 
 (m3)

Air 
exchange 
rate  (h-1)

Number 
of win-
dows

Biomass ignition Cooking period Food cooked

Open fires
1 18/07/18 Separate 22.00 2.79 1 Plastic 09:04-12:41 Thin and thick por-

ridge and spinach
16:00-17:36 Water

2 19/07/18 Separate 24.48 1.41 2 Dried maize cob 04:41-10:20 Water, beans, and 
thick porridge

16:07-17:51 Spinach
3 27/07/18 Separate 15.53 2.07 0 Candle wax 06:34-11:05 Water and thin por-

ridge
14:40-16:48 Beans and thick 

porridge
7 31/07/18 Separate 20.70 4.98 1 Plastic, dried 

maize cob and 
grass

07:17-10:29 Water and thick 
porridge

14:40-16:43 Spinach and fried 
boerewors

12 15/08/18 Separate 18.00 2.67 1 Plastic 07:33-14:40 Beans, thin porridge 
and sweet potatoes

16:02-17:45 Thick porridge and 
soup

16 10/08/18 Separate 15.60 3.39 1 Plastic 07:50-12:05 Water, rice, spinach 
and chicken stew

13:55-16:00 Beans
Biomass stoves
4 25/07/18 Separate 31.98 1.05 1 Plastic 05:19-12:05 Water, thin porridge 

and boiled chicken
16:30-18:30 Water

6 30/07/18 Main house 33.28 5.41 2 Candle wax and 
dried maize cob

06:29-12:29 Water, thin porridge, 
thick porridge and 
beans

8 02/08/18 Main house 40.95 2.08 2 Plastic, paper and 
twigs

06:15-11:19 Water and pumpkin
16:10-18:10 Thick porridge

9 13/08/18 Main house 23.30 1.77 2 Plastic 08:45-12:46 Water, spinach, and 
fried chicken livers

14:42-17:30 Beans
11 14/08/18 Separate 22.50 1.65 1 Plastic 07:52-16:30 Water, pumpkin, 

thin porridge, rice 
and chicken stew

LPG stoves
13 06/09/18 Main house 24.03 10.33 1 Not applicable 09:12-10:11 Water

10:42-17:32 Beetroot, beans, 
corn kernels and 
boiled chicken

14 16/08/18 Separate 30.63 6.13 2 Not applicable 08:14-11:25 Sweet potatoes, 
thick porridge, 
boiled chicken and 
spinach

14:46-16:25 Water and chicken
17 23/08/18 Main house 21.84 5.67 1 Not applicable 09:31-09:48 Water and sorghum

12:00-16:17 Rice, chicken stew 
and beans

17:04-18:20 Stewing beans
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A total of 30 PAHs were determined, including the fol-
lowing 16 priority PAHs ranked by the U.S. Environmental 
Protection Agency (EPA): naphthalene (NAP); acenaphthyl-
ene (ACPy); acenaphthene (ACP); fluorene (FLU); anthra-
cene (ANTHR); phenanthrene (PHE); fluoranthene (FLT); 
pyrene (PYR); BaP; benz[a]anthracene (BaA); chrysene 
(CHR); benz[b]fluoranthene (BbF); benz[k]fluoranthene 
(BkF); dibenz[a,h]anthracene (DBA); indeno[1,2,3-cd]
pyrene (IND); benzo[ghi]perylene (BghiP) [23] and 14 
other PAHs: 2-methylnaphthalene (2-MeNAP); 1-meth-
ylnaphthalene (1-MeNAP); 1-methyfluorene (1-MeFLU); 
3-methylphenanthrene (3-MePHE); 2-methylphenan-
threne (2-MePHE); 3,6-dimethylphenanthrene (3,6-DMP); 
benzo[c]phenanthrene (BcPH); benzo(b)napth(2,1-d)
thiophene (BNT); cyclopenta[c,d]pyrene (CPP); benz[e]
pyrene (BeP); perylene (PYL); anthanthrene (ANTHN); 
dibenzo[a,l]pyrene (DBalP); and coronene (COR).

Quality assurance and quality control

The recovery of the employed PAH standards ranged from 
80.9 to 102.3%. The recovery of the surrogate compounds 
in each sample ranged from 75.1 to 110.1%. The method 
detection limits of the analyzed PAHs are listed as follows: 
Nap: 0.062 ng; 2-MeNAP: 0.058 ng; 1-MeNAP: 0.067 ng; 
ACPy: 0.359 ng; ACP: 0.581 ng; FLU: 0.124 ng; 1-MeFLU: 
0.559 ng; PHE: 0.100 ng; ANTHR: 0.159 ng; 3-MePHE: 
0.717 ng; 2-MePHE: 0.198 ng; 3,6-DMP: 0.088 ng; FLT: 
0.117 ng; PYR: 0.075 ng; BcPH: 0.640 ng; BNT: 0.112 ng; 
CPP: 0.305  ng; BaA: 0.178  ng; CHR: 0.182  ng; BbF: 
0.290 ng; BkF: 0.419 ng; BeP: 0.153 ng; BaP: 0.552 ng; 
PYL: 1.938 ng; INDY: 0.237 ng; DBA: 1.056 ng; BghiP: 
0.157 ng; ANTHN: 0.284 ng; DbalP: 0.

Health risk assessment

BaP equivalent concentration

The PAH mixture toxicity risk was expressed by the BaP 
equivalent concentration  (BaPeq).  BaPeq can be estimated as 
the sum of the individual PAH concentrations multiplied by 
the toxic equivalency factor (TEF), where TEF denotes the 
relative potency of a given PAH compound, whereas BaP, a 
widely used marker for PAHs, serves as a reference (Nisbet 
and LaGoy 1992). The equation below was used to calculate 
 BaPeq (Xia et al. 2013).

where Ci is the concentration of PAH congener i and  TEFi 
is the TEF value for PAH congener i.

Cancer risk

The incremental lifetime cancer risk (ILCR) can be calcu-
lated to evaluate the cancer risk resulting from inhaling PM-
bound PAHs among women using different cooking methods 
during cooking events. The following equation was used to 
calculate the ILCR (adapted from (Farland and Tuxen 1997, 
Qu et al. 2015, Yu et al. 2015)):

where C is the  BaPeq derived from Eq. (1), IR is the inhala-
tion rate (1.25   m3/h for females performing light work 

(1)BaPeq =
∑n

i=1
Ci × TEFi

(2)

ILCRPAHs =

C × IR ×

(

BW

70

)

(

1

3

)

× EF × ED × CF

BW × AT
× SFBaP

Table 1  (continued)

Site code Date of sampling Kitchen location Kitchen 
volume 
 (m3)

Air 
exchange 
rate  (h-1)

Number 
of win-
dows

Biomass ignition Cooking period Food cooked

Electric stoves
5 24/07/18 Main house 30.42 3.29 1 Not applicable 07:45-14:45 Thin porridge, thick 

porridge, boiled 
chicken, boiled 
corn and beans

10 09/08/18 Main house 42.34 2.28 1 Not applicable 09:08-09:18 Fried eggs
14:42-17:19 Boerewors stew and 

thick porridge
15 20/08/18 Main house 43.68 3.29 1 Not applicable 07:27-10:31 Thin porridge and 

chicken gizzard 
stew

14:07-15:30 Beetroot, chicken 
stew and thick 
porridge
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[International Commission on Radiological Protection 
(ICRP) model] (Hinds 1999) × the daily exposure to pollu-
tion resulting from cooking (6.61 h/day for open fires, 
7.46 h/day for biomass stoves, 6.16 h/day for LPG stoves and 
4.89 h/day for electric stoves based on our questionnaire 
study), EF is the exposure frequency (days/year) (365 days/
year), ED is the exposure duration (60.3 years: 18–60 years 
(life expectancy in Eswatini)), CF is a conversion factor 
 (10−6 mg/ng), BW is the body weight (kg) (69.4 kg for 

women between the ages of 15 and 69) 
(

BW

70

)

(

1

3

)

 is a correc-
tion factor to modify integrated risk information system 
(IRIS) risk measures (USEPA 1997), AT is the average time 
for carcinogenic risk determination (25,567 days = 70 years, 
including 17 leap years) (USEPA 1997, Yu et al. 2015) and 
 SFBaP is the slope factor (3.1 mg/kg/day−1) (Yu et al. 2015). 
The risk assessment formulas focused on adults because 
children have different exposure rates, behaviors, and physi-
ological responses and cannot fit in the same risk assessment 
formulas. (Singh et al. 2023) Although children are not 
responsible for cooking, they are often present with their 
mothers or other female caregivers during cooking events. 
Therefore, excluding childhood in the risk assessment could 
lead to underestimation, which is a limitation of this study.

Noncancer risk

The hazard quotient (HQ) was calculated to evaluate the 
noncancer risk along the inhalation pathway among women 
exposed to PM-bound PAHs during cooking events. The fol-
lowing equation was used to calculate the HQ (US EPA and 
IRIS 2017):

where HQ is the hazard quotient, EC is the exposure con-
centration (mg/m3) derived from Eq. (4), CA is the  BaPeq 
concentration (ng/m3), ET is the exposure time (6.61 h/day 
for open fires, 7.46 h/day for biomass stoves, 6.16 h/day 
for LPG stoves and 4.89 h/day for electric stoves), EF is 
the exposure frequency (365 days/year), ED is the exposure 
duration (43 years), CF is a conversion factor (ng/mg), AT 
is the average time (lifetime in years (61) × 365 days/year 
× 24 h/day = 534,360 h), and RfC is the reference con-
centration for the BaP developmental toxicity representing 
decreased embryo or fetal survival chances (2×10−6 mg/m3). 
However, there are limited studies to fully understand the 
precise susceptibility and duration of exposure required to 
develop toxicity (US EPA and IRIS 2017).

(3)HQ =
EC

RfC

(4)EC =
CA × ET × EF × ED × CF

AT

Monetary evaluation

The rand currency, which is the legal tender (official) in 
South Africa, Namibia, Lesotho and Eswatini, was employed 
in the economic assessment of this study. The cost of stoves 
widely varies across different brands and retailers. Table S1 
(Supplementary Material) provides the average cost of 
stoves in Eswatini. The total annual cost (TC) is estimated 
as follows:

where  ACcj is the annualized capital cost of stove type j and 
 FCi represents the annual cost of fuel i.  ACcj is calculated 
as follows:

where Ccj denotes the capital cost of stove type j and fi rep-
resents the annuity factor, which is estimated as follows:

where z denotes the discounted rate (assumed at 10%), and 
t denotes the stove lifetime (years). Ten years were selected 
as the stove lifetime of biomass, LPG, and electric stoves 
(Gujba et al. 2015).

The annual fuel consumption is estimated with the fol-
lowing equation:

where  cooktj denotes the average daily cooking time for 
stove j (hrs/day), and  fueltj represents the fuel quantity 
needed per unit cooking time for stove j [stove power (W, 
kJ  hr−1) times the energy density (or calorific value) of the 
consumed fuel (ED, kJ  kg–1)]. The fuel cost for electricity 
and LPG, which were assumed to be readily available, is 
expressed as follows:

where  fueli is derived from Eq. (8), pi is the cost of LPG 
or electricity (E/kg or E/kW-hr, respectively), and X is the 
weighted fraction of stove operation and maintenance.

The switching unit cost of ILCR reduction from open fires 
to LPG stoves was calculated from the sum of the cost of 
LPG and LPG stoves divided by the quotient of  ILCRopen fire 
and  ILCRLPG. The same procedure was followed to calculate 
the cost per unit of ILCR reduction when switching from 
open fires to electric stoves and again when switching from 
biomass stoves to both LPG stoves and electric stoves. The 
acceptable ILCR was  10−6; while, the acceptable HQ was 

(5)TC =
∑

ACcj +
∑

FCi

(

E

year

)

(6)ACcj = Ccj × fi

(7)fi =
z(1 + z)t

[1 + z)t − 1]

(8)fueli = 365 ×
(

cooktj × fueltj
)

(

kg

year
or

kw − hr

year

)

(9)FCi = fueli × X × pi
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1. The cost per unit of HQ reduction when switching from 
open fires to LPG stoves was calculated based on the sum 
of the cost of LPG and LPG stoves divided by the quotient 
of  HQopen fire and  HQLPG. A similar equation was applied to 
compute the cost per unit of HQ reduction when switch-
ing from open fires to electric stoves and when switching 
from biomass stoves to both LPG stoves and electric stoves 
(Gujba et al. 2015).

Results and discussion

PM, CO and  CO2 concentrations

The concentrations of  PM2.5,  PM2.5–10,  PM>10, CO, and  CO2 
throughout cooking events and during noncooking events 
are displayed in Table 2. The pollutants were observed to be 
lower during noncooking events and higher during cooking 
events. Some of the sites exhibited PM concentrations dur-
ing noncooking events, which may be attributed to the short 
sampling time of 60 min. These findings concur with those 
in a study that monitored  PM2.5 and CO in Indian kitchens, 
where it was also reported that  PM2.5 and CO were signifi-
cantly higher during cooking events than during noncook-
ing events (Sidhu et al. 2017). However, in this study, PM 
was not monitored throughout the day; therefore, the dis-
tribution of  PM2.5 and  PM10 between the two periods was 
unknown. Outdoor activities at times might have influenced 
concentrations during noncooking events. For example, 
when sampling at Site 13, one of the family members was 
welding outside the premises, and for this reason,  PM2.5 was 
observed to be higher before the initial cooking period than 
during the cooking event.

Cooking in open fires using biomass fuels was observed 
to yield the highest geographic mean (GM) concentrations 
of  PM2.5,  PM2.5–10,  PM>10,  CO2, and CO at 3554.50 µg/m3, 
287.33 µg/m3, 267.30 µg/m3, 859.41 ppm, and 48.18 ppm, 
respectively. Findings by (Naeher 2000, Sidhu et al. 2017) 
have reported higher CO concentrations among kitchens 
using biomass fuels during cooking events than among 
kitchens using high-ranked fuels such as LPG. Site 11 in 
our study, where biomass fuels in a stove were used for 
cooking, showed the highest concentration levels of  PM2.5 
and CO (8001.10 µg/m3 and 229.03 ppm, respectively). The 
chimney at Site 11 horizontally protruded through the wall 
(Fig. 1), which caused poor ventilation efficiency, whereas 
at the other sites using biomass stoves, the chimney out-
let vertically protruded from the roof of the house, which 
may explain why Site 11 was observed to exhibit higher 
emission concentrations. Site 3 attained the highest con-
centrations of  PM2.5–10,  PM>10, and  CO2 during cooking 
events at 700.25 µg/m3, 408.02 µg/m3, and 1465.40 ppm, 
respectively. Site 3 exhibited the smallest kitchen volume 

and no windows, which could explain the high concentra-
tions detected.

The Kruskal‒Wallis test method was selected to assess 
the significant differences in the emitted pollutants among 
the different cooking methods, as summarized in Table 2. 
There was a significant difference in the concentrations of 
 PM2.5,  PM2.5–10,  PM>10, and CO among the different cooking 
methods during cooking events (p value < 0.05). However, 
there was no significant difference in the concentration of 
 CO2 among the different cooking methods during cook-
ing events.  PM2.5,  PM2.5–10,  PM>10,  CO2, and CO were not 
significantly different among the various cooking methods 
during noncooking events. Hence, this finding indicates 
that emissions from burning cooking fuel contributed to the 
observed concentration of pollutants during cooking events.

The GM  PM2.5 and  PM2.5–10 concentrations indicated 
that the order of air pollution was biomass in open fires 
> biomass stoves > electric stoves > LPG stoves.  PM2.5 
was reported to be primarily higher than  PM2.5–10 among 
the sampled sites. In kitchens using biomass fuels in open 
fires, GM  PM2.5 concentrations were 12-fold higher than 
the  PM2.5–10 concentration but were 2-fold higher among 
sites using either LPG or electric stoves for cooking.  PM2.5 
is chiefly released during combustion, whereas  PM2.5–10 
mainly consists of larger particles, such as minerals and 
biological material (Adams et al. 2015), which may explain 
why cooking using biomass fuels resulted in higher concen-
trations of  PM2.5. Similar studies also reported meaningfully 
higher  PM2.5 (Titcombe and Simcik 2011, Sidhu et al. 2017) 
and  PM10 (Naeher 2000, N. Mbanya and Sridhar 2017) lev-
els among kitchens using biomass fuels for cooking than 
among kitchens using LPG.

The CO emissions monitored on site were expressed as 
an 8 h arithmetic mean concentration.  PM2.5 and  PM10 were 
normalized to 24 h, as shown in Fig. 2, under the assumption 
that  PM2.5 and  PM10 were zero when cooking was absent. 
Even under this assumption, kitchens using biomass fuels 
were observed to exceed the recommended indoor expo-
sure limits for  PM2.5 and  PM10 at 25 µg/m3 and 50 µg/m3 
(24 h arithmetic mean concentration), respectively. Kitchens 
using biomass fuel were also observed to exceed the indoor 
exposure limit of CO recommended by the World Health 
Organization (WHO) (1998) of 10 mg/m3 (9.0 ppm) for 8 h 
(arithmetic mean concentration). However, Sites 6 and 8 
were exceptions, with 8 h CO levels of 0.32 and 3.61 ppm, 
respectively. This agrees with findings reported by (Pilish-
vili et al. 2016); they reported a significant reduction in 
mean CO when using an improved cooking stove compared 
to that during open fire burning. This finding suggests that 
improved biomass stoves could reduce indoor air pollution 
(Sharma and Jain 2019, Pratiti et al. 2020).

CO emissions were observed to be below the resolution 
of 1 ppm in homesteads using an electric stove for cooking; 
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and thus, CO emissions were not detected. For a duration of 
24 h, Site 11 displayed the highest levels of  PM2.5 and  PM10 
(2878.17 µg/m3 and 3025.23 µg/m3, respectively). Site 11 
also displayed the highest levels of CO (242.09 ppm) for 8 h. 
Site 10 showed the lowest concentrations of  PM2.5 and  PM10 
(9.97 µg/m3 and 5.74 µg/m3, respectively), and the level of 
CO was undetectable when using the IAQ monitor selected 
in this study. Similar results for 24 h  PM2.5 and  PM10 levels 
exceeding WHO guidelines for open fires, biomass stoves, 
and LPG have been reported in Guatemala (Naeher 2000).

PM‑bound PAHs

The total concentration of particulate PAHs in the sampled 
kitchens was found to be higher during cooking events than 
during times without cooking activities, as shown in Fig. 3. 
The total background PM-bound PAHs were below the 
detection limit at Sites 16 and 17; however, they reached 
1324.05 ng/m3 at Site 11. At Site 13, the total particulate 
PAHs were higher when cooking activity was absent than 
when cooking occurred. The reason for this difference may 
be the welding activity, which was conducted by a family 
member during PM background sampling.

The total particulate PAHs during cooking events ranged 
from 3.58 to 28573.96 ng/m3. The order of the total PAH 
[GM (global standard deviation (GSD))] emissions among 
the different cooking methods was found to be open fires 

using biomass > biomass stoves > electric stoves > LPG 
stoves at concentrations of 2597.91 (2.15) ng/m3, 1646.48 
(7.83) ng/m3, 76.28 (10.27) ng/m3 and 8.03 (2.01) ng/m3, 
respectively. Notably, Site 10, which used electricity for 
cooking, was reported to exhibit a higher total PM-bound 
PAH level of 685.02 ng/m3 during cooking events compared 
to Site 6, which used biomass stoves and was reported to 
have a total level of 109.58 ng/m3 PM-bound PAHs. The 
relatively high PM emission in Site 10 might been caused 
by emissions from frying eggs (see Table 1) rather than fuel 
combustion (Huang et al. 2023, Wei et al. 2023). However, 
Site 6 exhibited seventeen out of the thirty analyzed PAH 
species; whereas, Site 10 exhibited a total of seven, mainly 
coronene, at 613.14 ng/m3.

On the African continent, (Titcombe and Simcik 2011) 
also reported higher values of ∑PAHs among sites using 
biomass fuel than at a site using LPG for cooking; the sum 
of individual PAHs was calculated from 32 PAHs, includ-
ing 15 priority PAHs regulated by the U.S. EPA. Slightly 
contrary to our study, (Titcombe and Simcik 2011) reported 
wood stoves with chimneys to yield the highest level of 
∑PAHs mean±SD at 7966±760 ng/m3, followed by open 
fires (5113±609 ng/m3), charcoal stoves (763±76 ng/m3), 
fuel-efficient wood stoves (424 ng/m3), and LPG stoves 
(1±1 ng/m3).

In the Asian population, (Bhargava et al. 2004) reported 
7 carcinogenic PAHs of 15.63±2.95 µg/m3 when cooking 

Fig. 2  Comparison of observed 
indoor PM and CO levels at 
the studied locations with their 
WHO cutoff levels
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using wood and 7 carcinogenic PAHs of 4.18±1.06 µg/m3 
when cooking using LPG during winter in India. In the cur-
rent study, samples were also collected during the winter 
season; however, the total particulate PAHs were relatively 
lower than those reported in India. At the noncooking sites in 
India, the total PAHs were relatively high at 3.53±0.89 µg/
m3, whereas the GM total PAH level during the noncook-
ing event in the current study was 88.21 (4.6) ng/m3. In a 
study in Taiwan, the background concentration was rela-
tively low at 2.29 ng/m3 for a total of 16 PAHs; however, 
the total PAH level ranged from 1440 to 56900 ng/m3 during 

cooking events using gas stoves for both particulate PAHs 
and gaseous PAHs (Yu et al. 2015), which was higher than 
the total PAH levels reported in this study when cooking 
using LPG. In Taiwan, the authors collected not only PM-
bound PAHs using a ten-stage impactor supported by a high-
volume pump collecting particulate sizes ranging from 0.056 
to 18 µm in diameter but also PAHs in the gaseous phase, 
which may explain the higher sum of PAHs. The different 
cooking behaviors in these countries may also contribute to 
the difference in the total PAHs. In the current study, most 
families cooked maize meal and beans using water, salt, and 

Fig. 3  a Distribution of the indi-
vidual particulate-bound PAH 
emissions sampled before the 
onset of cooking. b Distribution 
of the individual particulate-
bound PAH emissions sampled 
during cooking event
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vegetables with little to no oil and spices, whereas the cook-
ing style in Taiwan involved high-temperature, deep frying, 
and stir-frying approaches (Zhong et al. 1999). When stir-
frying meat, the BaP concentration has been documented to 
be four times higher than that when meat is boiled (Kurmi 
et al. 2012).

PM-bound PAHs were further categorized into three 
groups: low-molecular-weight PAHs (LM-PAHs, 2-/3-ring 
PAHs), medium-molecular weight PAHs (MM-PAHs, 4-ring 
PAHs) and high-molecular-weight PAHs (HM-PAHs, 5-/6-
/7-ring PAHs) because the concentration and species of par-
ticulate PAHs widely diverged. During noncooking events, 
most of the sites emitted mainly LM-PAHS, except Sites 
11 and 13, as illustrated in Fig. S1. Site 11 mainly emitted 
HM-PAHs at 904.15 ng/m3; whereas, Site 13 largely emit-
ted MM-PAHs at 122.98 ng/m3 during noncooking events. 
HM-PAHs and MM-PAHs mainly dominated when cooking 
using indicating fuels (biomass, LPG, electric), as shown in 
Fig. S2. Kitchens using cleaner fuels did not yield a perfect 
trend of the emitted PAHs when categorized by their molec-
ular weight. Sites 13 and 14 emitted mainly LM-PAHs, Sites 
17 and 5 emitted MM-PAHs only, and Sites 10 and 15 emit-
ted mostly HM-PAHs. These differences among kitchens 
using cleaner fuels for cooking may arise from the cook-
ing ingredients and the cooking process, such as frying, as 
opposed to the consumed fuels (Huang et al. 2023). Sites 10 
and 15, for example, used spices and sunflower cooking oil.

According to (Srogi 2007), LM PAHs predominantly 
occur in the vapor phase, which could explain why the levels 
of LM PAHs were lower than those of HM and LM PAHs 
among most of the sites. He further revealed that MM-PAHs 
occur in both the vapor and particle phases; whereas, HM-
PAHs mainly occur in PAHs bound to particulates. There-
fore, the PAH exposure level in the current study may be 
underestimated due to missed concentrations in the vapor 
phase. MM- and HM-PAHs, which were found to be higher 
among biomass fuel users, have been documented to be the 
most hazardous PAHs to human health since they have been 
reported to cause cancer among experimental animals.

An experimental study conducted by (Tiwari et al. 2015) 
in Mumbai also revealed that biomass fuel burning emitted 
more HM-PAHs; while, LPG burning emitted more LM-
PAHs when PAHs bound in PM were analyzed; they were 
collected with an aerodynamic diameter ranging from 0.10 
to 21.3 µm among different cooking fuels: firewood, coal, 
cow dung, LPG and kerosene.

Spearman’s rho correlation among BaPeq, PM, CO 
and  CO2

Spearman’s rho correlation was applied to assess the carci-
nogenic potency of the PM-bound PAHs and the particulate 
size they bind to and was observed to be significantly and 

positively correlated with  PM2.5 and  PM2.5–10, as shown in 
Table 3. This finding suggests that most of the PAHs were 
bound to particles smaller than 10 µm in diameter. Previ-
ous studies have found that PM is deposited in the smallest 
region of the lungs, intensifying the health risk (Schwarze 
et al. 2006). Yu et al. also reported  BaPeq to be significantly 
and positively correlated with  PM3.2–5.6 and  PM5.6–10 (Yu 
et al. 2015). However, they further reported  BaPeq to be 
significantly and positively correlated with  PM10–18; larger 
particles were not significantly correlated with  BaPeq in the 
current study. Moreover, Yu et al. did not find  BaPeq to be 
significantly correlated with PM smaller than 2.5 µm in 
aerodynamic diameter (Yu et al. 2015). They only included 
kitchens that cook using a gas stove; thus, the PAHs were 
mainly emitted from the food, not the fuel (Yu et al. 2015), 
which may explain this difference. Moreover, Titcombe 
and Simcik’s study included charcoal, open fire, kerosene, 
wood stove, and LPG, and found  PM2.5 to be well corre-
lated with ∑PAHs with an r2 of 0.76 (Titcombe and Simcik 
2011).  BaPeq also correlated with CO, as both are products 
of incomplete combustion.

Carcinogenic potency of particulate PAHs

The  BaPeq GM values indicated the same order as that of 
the total PM-bound PAHs, namely, open fires using bio-
mass stoves > biomass stoves > electric stoves > LPG 
stoves, as indicated in Table 4. The carcinogenic potency 
of PAHs ranged from 130.14 to 937.80 ng/m3 when cook-
ing using biomass fuels in open fires and from 11.37 
to 2995.32 ng/m3 when cooking using biomass stoves, 
whereas it was below 1 ng/m3 for kitchens using either 
LPG or electricity for cooking. Tiwari et al. also reported 
the highest  BaPeq concentrations among biomass fuel 
users (327.15 µg/m3) and the lowest  BaPeq concentrations 
among LPG stove users (69.99 µg/m3) (Tiwari et al. 2015). 
Their results indicated a similar trend for  BaPeq; however, 
the  BaPeq concentrations were higher than those reported 
in the current study. In addition, Titcombe and Simcik 
calculated the carcinogenic potency of 15 US EPA prior-
ity PAHs; they reported  BaPeq concentrations in the fol-
lowing order: wood stoves (833.67 ng/m3) > open fires 
(391.77 ng/m3) > charcoal stoves (92.65 ng/m3) > efficient 

Table 3  Spearman’s rho 
correlation between BaP 
equivalent concentration 
 (BaPeq) and PM, CO and  CO2

**p<0.01

Pollutants BaPeq

PM2.5 0.860**
PM2.5–10 0.819**
PM>10 0.458
CO 0.823**
CO2 0.475
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wood stoves (78.96 ng/m3) > LPG stoves (>0.01 ng/m3) 
(Titcombe and Simcik 2011). Moreover, Yu et al. reported 
 BaPeq concentrations ranging from 40.8 to 233 ng/m3 in 
kitchens using LPG (Yu et al. 2015). The elevated  BaPeq 
levels in the other studies may arise from the different 
PAH collection methods. The findings of (Titcombe and 
Simcik 2011) suggest that an effective stove could reduce 

exposure to PAHs; however, according to WHO guidelines 
for indoor exposure (1998), the unit risk of lung cancer for 
PAH mixtures is estimated at 8.7×10−5 per ng/m3, suggest-
ing that even women using an effective stove or cleaner 
cooking fuel (LPG and electricity) without adequate ven-
tilation are still at risk for lung cancer.

Table 4  PM-bound PAH concentrations in cooking emissions, incremental lifetime cancer risk  (ILCRPAHs), and hazard quotient  (HQPAHs) due to 
exposure to these PM-bound PAHs among the different cooking methods

a (Nisbet and LaGoy 1992); b (Collins et al. 1998); c (Samburova et al. 2017): a TEF of 1.0 is applied to classify the carcinogenic PAHs, and a 
TEF of zero is applied to classify the non-carcinogenic PAHs; ND: not detected; N/A: not available

PAHs TEF Concentration, GM (GSD), ng/m3

Open fires (n=6) Biomass stoves (n=5) LPG stoves (n=3) Electric stoves (n=3) Noncooking event (n=6)

NAP 0.001a ND 4.97 ND ND ND
2-MeNAP 0.001a 3.60 ND ND ND ND
1-MeNAP 0.001c 2.08 ND ND ND ND
ACPy 0.001a 3.14 (1.74) 5.05 ND ND ND
ACP 0.001a ND ND ND ND ND
FLU 0.001a 6.27 (1.69) 7.80 (2.46) 1.83 ND 18.12 (1.01)
1-MeFLU 0.001 5.13 (1.56) 9.09 (4.02) 4.19 ND 18.12 (1.21)
PHE* 0.001a 58.38 (4.66) 46.45 (11.88) ND ND 37.50 (1.28)
ANTHR* 0.01a 24.26 (2.95) 14.43 (9.59) ND ND 16.84
3-MePHE 0.001c 23.30 (2.33) 17.94 (13.62) ND ND 14.15
2-MePHE 0.001c 31.03 (2.28) 21.84 (9.42) 4.13 (2.40) ND 35.28 (2.09)
3,6-DMP 0.001c 6.55 (1.85) 20.69 (15.73) ND ND 45.72
FLT 0.001a 409.08 (2.47) 131.62 (11.46) 1.91 ND 39.89 (1.65)
PYR 0.001a 557.41(2.39) 175.13 (11.48) 3.58 ND 28.45 (2.33)
BcPH 0.001c 41.61 (2.12) 60.89 (5.44) ND ND ND
BNT n/a 2.93 (1.15) 4.26 ND ND ND
CPP 0.001c 324.65 (2.14) 140.51 (8.25) ND ND ND
BaA 0.1b 102.63 (2.34) 98.98 (9.88) ND ND ND
CHR 0.1ab 106.45 (2.34) 116.16 (9.67) 2.02 ND 14.31
BbF 0.1a 78.38 (2.37) 98.58 (7.11) ND ND 14.55
BkF 0.1b 95.03 (2.36) 126.97 (7.53) ND ND ND
BeP 1.0c 76.29 (1.95) 65.15 (7.28) ND ND ND
BaP 1.0b 174.62 (2.19) 130.75 (8.07) ND ND ND
PYL 0.001c 24.79 (1.85) 45.20 (3.17) ND ND ND
IND 0.1ab 99.13 (2.06) 85.26 (6.37) ND ND ND
DBA 1.0a 15.64 (1.87) 19.66 (2.18) ND ND ND
BghiP 0.01a 72.96 (2.02) 42.81 (4.66) ND ND ND
ANTHN 0.001c 67.43 (1.75) 32.97 (3.97) ND ND ND
DBalP 1.0b 13.95 (1.89) 23.28 (3.08) ND ND ND
COR 0.001c 31.02 (2.03) 37.42 (3.09) ND 225.96 (4.10) ND
Total PAHs N/A 2597.91(2.15) 1646.48 (7.83) 8.03(2.01) 76.28 (10.27) 56.17 (2.84)
LM-PAHs N/A 156.26 (3.12) 64.30 (10.92) 9.82(1.37) 15.20 (5.45) 42.99 (2.15)
MM-PAHs N/A 1281.88 (2.26) 572.62 (10.65) 3.75(1.07) 11.25 (1.82) 73.24 (2.08)
HM-PAHs N/A 1111.47 (1.97) 80548 (7.25) 225.96 (4.10) 14.55
BaPeq N/A 341.61 (2.03) 268.70 (8.01) 0.02 (8.11) 0.08 (10.27) 0.13 (5.77)
ILRC N/A 7.72×10-5 (2.03) 6.85×10-5 (8.01) 4.43×10-9 (8.11) 1.27×10-8 (10.27) 3.60×10-9 (5.77)
HQ N/A 33.17 (2.03) 29.42 (8.01) 1.90×10-3 (8.11) 0.01(10.27) 1.91×10-3 (5.77)
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Health risk assessment

The ILCR and HQ values resulting from exposure to PM-
bound PAHs are provided in Table 4. The ILCR was higher 
than the acceptable level of  10−6 suggested by the US EPA 
for carcinogenic chemicals for women using biomass fuels, 
with GM values of 7.72 ×  10−5 and 6.85 ×  10−5 for women 
exposed to emissions originating from open fire burning and 
biomass stoves, respectively. Women exposed to emissions 
originating from LPG and electric stoves attained ILCRs 
of 1.90 ×  10−5 and 0.01, respectively. (Tiwari et al. 2015) 
reported the 50th percentile value of the ILCR among dif-
ferent cooking fuels in the order of dung cake (9.11 ×  10−5) 
> firewood (6.26 ×  10−5) > coal (2.99 ×  10−5) > kerosene 
(1.14 ×  10−5) > LPG (3.34 ×  10−6). The ILCR of PAH expo-
sure reported by Tiwari et al. (Tiwari et al. 2015) was lower 
for firewood and higher for LPG than that based on the find-
ings in the current study. Tiwari et al. found the ILCR of 
exposure to emissions originating from LPG stoves to be one 
order of magnitude smaller than that of firewood, whereas 
in the current study, the ILCR of exposure to emissions 
originating from LPG stoves was four orders of magnitude 
smaller than that of biomass fuels (mainly wood), and the 
ILCR of exposure to emissions originating from electric-
ity stoves was three orders of magnitude smaller than that 
of biomass fuels (Tiwari et al. 2015). In addition, Yu et al. 
reported a higher ILCR of PAH exposure due to LPG stove 
use during cooking events than that reported in the current 
study, with a range of 2.46 ×  10−6 to 1.40 ×  10−5 (Yu et al. 
2015). The background ILCR in their study was 7.68 ×  10−8 
for females, which was still higher than the GM value of the 
ILCR of LPG exposure during cooking events reported in 
the current study (Yu et al. 2015).

The HQ, which is the ratio of the intake concentration to 
the reference concentration, was calculated to determine the 
non-carcinogenic toxicity of PM-bound PAHs representing 
embryo or fetal survival. An HQ higher than 1 indicates a 
significant adverse health effect [33]. Biomass fuel users 
were observed to exhibit HQ > 1; whereas, LPG and elec-
tric stove users were found to attain HQ < 1, as summa-
rized in Table 4, indicating significantly decreased embryo 
and fetal survival chances among women exposed to bio-
mass fuel-related emissions. Therefore, from the findings 
of this study, cooking using either LPG or electric stoves 
may reduce adverse health effects associated with exposure 
to PM-bound PAHs during cooking indoors. Furthermore, 
most of the households cooking using biomass fuels in the 
current study used plastic to initiate the burning process; 
some plastics have been documented to emit dioxins that 
are carcinogenic and mutagenic, cause neurological dam-
age, and disrupt the respiratory and reproductive systems 
(Verma et al. 2016). This finding suggests that women may 
be exposed to more detrimental health pollutants than those 

presented in this study. Our results are supported by a pre-
vious study conducted by Feng et al., which reported that 
excessive use of solid fuels adversely affected inflammatory 
biomarkers in rural housewives (Feng et al. 2021).

Economic assessment

The average fuel consumption in kWh for each stove uti-
lized is presented as follows: LPG 1-burner stoves = 
0.88 kWh; LPG 2-burner stoves = 1.17 kWh; LPG 4-burner 
stoves = 1.76 kWh; electric 1-burner stoves =1 kWh; elec-
tric 2-burner stoves = 1.2 kWh; electric 4-burner stoves 
=1.5 KWh; biomass 1-burner stoves = 8.24 kWh; biomass 
2-burner stoves = 20.04 kWh; and biomass 4-burner stoves 
=51.4 kWh. In regard to the average unit cost of wood 
per kg, people selling wood and their monthly earnings 
resulting from wood sales were considered. This cost was 
approximately 11 Rands (R11) for 100 kg of wood logs; 
while, some people may freely obtain wood by collecting 
their own firewood in forests instead of buying wood. Each 
kg of wood logs used as biomass fuel is known to produce 
approximately 5.14 kWh depending on other factors, such 
as the nature and humidity of the consumed wood. The con-
sumption of wood in open fires requires approximately 7 kg 
per hour. The unit cost of LPG is approximately R18 per 
kg, while electricity costs approximately R180 for 100 kWh. 
The stove and fuel costs were determined as the sum of the 
annual fuel and stove costs. The cooking assessment results 
are shown in Fig. 4. A three-legged pot can be utilized with-
out a cooking stand or stove; hence, it exhibits a stove cost 
of R0.00. The average stove cost shown in Fig. 4a is listed 
in descending order as follows: 4-burner biomass stoves 
(R7,500) > 4-burner electric stoves (R3,500) > 4-burner 
LPG stoves (R3,285) > 2-burner biomass stoves (R2,500) 
> 1-burner biomass stoves (R1,000) > 2-burner LPG stoves 
(R505) > 1-burner LPG stoves (R405) > 2-burner electric 
stoves (R200) > 1-burner electric stoves (R120) > open 
fires. The annual fuel cost was observed in the sequence of 
4-burner LPG stoves (R5,076) > 4-burner electric stoves 
(R4,819) > 2-burner electric stoves (R3,855) > 2-burner 
LPG stoves (R3,384) > 1-burner electric stoves (R3,212) > 
4-burner biomass stoves (R2,995) > 1-burner LPG stoves 
(R2,538) > open fires (R1,843) > 2-burner biomass stoves 
(R1,168) > 1-burner biomass stoves (R480). The average 
total cost of stoves combined with the annual fuel cost was in 
the order of 4-burner biomass stoves (R10,495) > 4-burner 
LPG stoves (R8,361) > 4-burner electric stoves (R8,319) 
> 2-burner electric stoves (R4,055) > 2-burner LPG stoves 
(R3,889) > 2-burner biomass stoves (R3,668) > 1-burner 
electric stoves (R3,333) > 1-burner LPG stoves (R2,943) 
> open fires (R1,843) > 1-burner biomass stoves (R1,480). 
The total average cost of cooking (1-, 2- and 4-burner stoves) 
was low for open wood fires (R5,530) and the highest for 
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electric stoves (R15,707); while, the LPG stove total cost 
was R15,194 and the biomass stove total cost was R15,643.

The annual cost of reducing the ILCR to an acceptable 
level  (10−6) is shown in Fig. 4b. Reducing pollution emit-
ted during cooking when switching from biomass to cleaner 
fuels was the highest for 4-burner stoves, followed by 2- and 
1-burner stoves. Among the 4-burner stoves, the reduction 
cost in descending order is biomass stoves ⇒ LPG stoves 
(R122) > biomass stoves ⇒ electric stoves (R121) > open 
fires ⇒ electric stoves (R108) = open fires ⇒ LPG stoves 
(R108); among the 2-burner stoves, the cost followed the 
order of biomass stoves ⇒ electric stoves (R59) > biomass 
stoves ⇒ LPG stoves (R57) > open fires ⇒ electric stoves 
(R53) > open fires ⇒ LPG (R50); and among the 1-burn-
ers stoves, the reduction cost followed the order of biomass 
stoves ⇒ electric stoves (R49) > open fires ⇒ electric 
stoves (R43) = biomass stoves ⇒ LPG (R43) > open fires 
⇒ LPG stoves (R38). The cost of reducing the ILCR to an 
acceptable level was lower when shifting from open fires 
to cleaner fuels than when switching from cooking using 

biomass stoves. The total cost (1-, 2- and 4-burner stoves) 
of changing from open fires to LPG stoves was the lowest 
(R197), followed by changing from open fires to electric 
stoves (R203). The overall cost of shifting from biomass to 
LPG stoves was the lowest (R222), followed by shifting from 
biomass to electric stoves (R229).

Figure 4c shows the annual cost of reducing the HQ to 
an acceptable level among the different kinds of stoves and 
consumed fuels (1). In this study, 2-burner stoves reduced 
the HQ to an acceptable level at a lower cost than 4-burner 
stoves, and 1-burner stoves showed the lowest HQ reduction 
cost. The reduction cost of the HQ was lower for LPG stoves 
than for electric stoves when switching from both open fires 
and biomass stoves, except for the 4-burner stoves, where the 
cost of HQ reduced when switching from either open fires or 
biomass stoves to electric stoves was R1 lower than that for 
LPG stoves. The cost of reducing the HQ to an acceptable 
level when switching from open fires to LPG stoves was R12 
lower than that when switching to electric stoves among the 
1-burner stoves and R5 lower among the 2-burner stoves. 

Fig. 4  Economic assessment of a the cooking cost for different fuels and stove types, b cost of reducing the ILCR to an acceptable level of  10−6 
and c cost of reducing the HQ to an acceptable level of 1
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Shifting from biomass to LPG stoves for the 1-burner stoves 
was R13 lower than that for the electric stoves and R6 lower 
for the 2-burner stoves than for the electric stoves.

Limitation

Rodes et al. reported that median personal exposure moni-
tors to room-average exposure measurements for residen-
tial exposure settings range from approximately 1.5 to 2.0 
(Rodes et al. 1991). Therefore, underestimating personal 
exposure could be a limitation of our study.

Conclusion and future research

Conclusion

This study investigates the  PM2.5,  PM10, and CO emitted 
during cooking using biomass fuels in the Kingdom of 
Eswatini (Swaziland). The TEF of BaP was found to be 
positively correlated with  PM10; hence, PAHs were likely 
bound in smaller particles with a significant risk of deposi-
tion in the lungs. The ILCR of exposure to indoor air pol-
lution resulting from cooking using biomass fuels exceeded 
the acceptable level of  10−6. Additionally, the HQ due to the 
inhalation of PM-bound PAHs exceeded 1 for biomass fuel 
users, thus suggesting a significant decrease in the embryo 
and fetal survival chances among exposed women. There-
fore, using biomass fuels for cooking exposes the person 
responsible for cooking (mainly women) to high doses of 
pollutants. This study suggested that women using wood 
open fires and biomass fuel stoves should shift to LPG stoves 
to reduce their cancer risk and increase embryo or fetal 
survival chances. The study found that the concentrations 
of  PM2.5 were significantly higher during cooking events, 
especially when using biomass fuels with open fires and 
biomass stoves. These cooking methods resulted in higher 
emissions of  PM2.5 and PM-bound PAHs compared to LPG 
and electric stoves. Therefore, exposure to PAHs bound to 
 PM2.5 showed a higher health risk than exposure to PAHs 
bound to  PM10. The economic assessment indicated that the 
total cost of cooking involving open wood fires, determined 
to be detrimental to human health, was nearly 3 times lower 
than that of cooking involving other cooking techniques in 
the Shiselweni region. The total cost of reducing the ILCR 
to an acceptable level  (10-6) was lower when shifting from 
open fires to cleaner fuels (LPG = R196.82 and electricity 
= R203.46) than when shifting from cooking using biomass 
stoves to cooking using cleaner fuels (LPG = R221.82 and 
electricity = R229.34). Overall, the reduction cost of the HQ 
was lower when shifting to LPG stoves than when shifting 
to electric stoves.

Future research

This study considered various kitchen characteristics, 
including the number of windows, kitchen volume, and 
stove types. However, the analysis did not explicitly evalu-
ate the influence of these specific kitchen characteristics 
on exposure to air pollutants. The focus was primarily on 
assessing the impact of different cooking fuels and stove 
types on indoor air quality. While kitchen characteristics 
could potentially influence air pollution exposure, our 
study needed to thoroughly assess the direct correla-
tion between these factors and pollutant levels. Further 
research that specifically investigates the relationship 
between kitchen features and indoor air quality could 
provide valuable insights into how these variables might 
affect pollutant exposure levels. Besides, investigating 
additional indoor burning practices like candle burning 
or incense use for different purposes would indeed be valu-
able for a more comprehensive understanding of indoor air 
quality across various contexts and regions.
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