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1  |  INTRODUC TION

1.1  |  Scope and persistence of solid fuel 
combustion for cooking in indoor environments

In order to obtain global indoor air quality equity, it is imperative to 
target efforts in potential high- impact areas, which are often those 
limited in resources needed for improvement; yet the majority of 

indoor air studies are focused on regions with a lower burden of 
disease.1 Human exposure campaigns conducted in locations where 
people are the most vulnerable can compel risk studies linking in-
door air pollution and individual health outcomes.1 Modeling data 
that is collected in real situations can be used to predict wider ex-
posure trends and potential public health advancements that can 
result from achieving worldwide indoor air quality improvements.2 
Such exposure research combined with evidence of successful 
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Abstract
Indoor air pollution associated with biomass combustion for cooking remains a signifi-
cant environmental health challenge in rural regions of sub- Saharan Africa; however, 
routine monitoring of woodsmoke aerosol concentrations continues to remain sparse. 
There is a paucity of field data on concentrations of combustion- generated ultrafine 
particles, which efficiently deposit in the human respiratory system, in such environ-
ments. Field measurements of ultrafine and fine woodsmoke aerosol (diameter range: 
10–	2500 nm)	with	field-	portable	diffusion	chargers	were	conducted	across	nine	wood-	
burning	kitchens	in	Nandi	County,	Kenya.	High	time-	resolution	measurements	(1	Hz)	
revealed	that	indoor	particle	number	(PN)	and	particle	surface	area	(PSA)	concentra-
tions of ultrafine and fine woodsmoke aerosol are strongly temporally variant, reach 
exceedingly	high	levels	(PN > 106/cm3;	PSA > 104 μm2/cm3)	that	are	seldom	observed	in	
non- biomass burning environments, are influenced by kitchen architectural features, 
and are moderately to poorly correlated with carbon monoxide concentrations. In five 
kitchens, PN concentrations remained above 105/cm3 for more than half of the day due 
to frequent cooking episodes. Indoor/outdoor ratios of PN and PSA concentrations 
were greater than 10 in most kitchens and exceeded 100 in several kitchens. Notably, 
the use of metal chimneys significantly reduced indoor PN and PSA concentrations.

K E Y W O R D S
carbon monoxide, combustion, cookstove emissions, indoor air pollution, ultrafine particles, 
ventilation
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intervention strategies can then help inform regional policy changes 
to impact local change.1

With over 4 million attributed annual deaths, exposure to indoor 
air pollution from the combustion of solid fuels is the eighth highest 
risk factor of global mortality.3,4 Due to a lack of access to electricity, 
about	2.5	billion	people	depend	on	solid	fuels	for	their	daily	cooking	
needs,5	 including	over	90%	of	 rural	 regions	of	 sub-	Saharan	Africa	
and several countries in Asia6; this dependence is expected to rise 
in areas where population growth will outpace technology advance-
ment.7 Exposure- response investigations note causal inference be-
tween woodsmoke aerosol concentrations and the development 
of health issues, including acute respiratory lung infection, chronic 
obstructive pulmonary disease, and lung cancer.8 Exposure to wood-
smoke aerosol can decrease quality of life by triggering asthma at-
tacks, contributing to unhealthy pregnancies, and causing cataracts, 
which may require surgeries to prevent blindness.1

Because of these well- established health effects, ongoing re-
search to improve indoor air quality explores biomass combustion 
emission- reducing techniques or decreases the residence time of 
woodsmoke aerosol indoors. A major facet of this research includes 
investigating more efficient combustion techniques, or cookstoves 
improved	relative	to	three	stone	fires	(TSFs).9–	13 In addition to reduc-
ing fugitive stove emissions indoors, increasing natural ventilation by 
modifying kitchen architectural features is a mitigation method that 
can reduce the amount of time woodsmoke aerosol is highly concen-
trated indoors. Some campaigns focus on kitchen parameters (mate-
rials,	orientation,	openings),14 while others combine indoor emission 
reduction with ventilation by enclosing biomass stoves, such as with 
clay or bricks, which allows a routed combustion chamber as well as 
a dedicated woodsmoke outlet that may be fitted with a chimney or 
vented directly outside.15,16 Some campaigns evaluate the effects 
of modifying specific architectural or ventilation features, as well as 
source emissions.10,17–	19

Metrics used to report baseline stove emissions and gauge the 
efficacy of stove and architectural modifications for environmen-
tal health and climate implications commonly include (but are not 
limited	 to)	 mass-	based	 particle	 measurements,9–	11,15,20 black car-
bon,11,12 and/or elemental carbon9; and are often represented in a 
variety of ways: either as directly measured concentrations,21 mod-
ified combustion efficiencies,22,23 particle size characterizations,24 
composition,18 emission rates,9 or emission factors.9 Measurements 
may be made in multiple locations, including, but not limited to, those 
chosen to reflect personal monitoring,25 the breathing zone,11,12,17,21 
or bulk air.25

1.2  |  Indoor woodsmoke aerosol concentration 
metrics and health linkages

Indoor concentrations of woodsmoke aerosol can be measured in 
units of particle number (PN, /cm3),	particle	surface	area	(PSA,	μm2/
cm3),	lung	deposited	surface	area	(LDSA,	μm2/cm3),	particle	volume	
(PV, μm3/cm3),	and	particle	mass	(PM,	μg/m3).	The	suitability	of	each	

concentration metric depends in part on the size range of the par-
ticles of interest. Generally, ultrafine particles (UFP; Dp ≤ 100 nm)	
and	 fine	 particles	 (FP;	 100 nm < Dp ≤ 2500 nm)	 are	 together best 
represented by PN, PSA, and LDSA concentrations given the signifi-
cant	 contribution	of	 ultrafine	 and	 fine	 particles	 (UFP + FP)	 toward	
PN and PSA size distributions.26– 30 Fine and coarse particles (CP; 
Dp > 2500 nm)	are	together best represented by PV and PM concen-
trations as they dominate PV and PM size distributions.28,31,32 The 
PM concentration for Dp ≤ 2500 nm,	referred	to	as	PM2.5, is a widely 
used metric in cookstove research. However, other metrics, such as 
PN	and	PSA,	can	better	account	for	sub-	100 nm	particles	produced	
by biofuel combustion and can provide valuable information regard-
ing exposure to ultrafine woodsmoke aerosol.

The physiochemical properties of woodsmoke aerosol vary 
during different combustion stages. Smoldering and intermediate 
combustion can be characterized as generating fewer, larger ash par-
ticles, primarily in the FP size fraction.33,34 Inhalation of these par-
ticles has been linked to dose- dependent cytotoxic inflammation,35 
and further DNA damage is associated with higher levels of surface- 
adsorbed organics, such as polycyclic aromatic hydrocarbons and 
quinones.33,34 Because of these health outcomes, measurement of 
PSA concentrations is strongly recommended for examining toxic-
ity.36 Efficient and flaming combustion stages have been shown to 
release high PN concentrations of UFPs.33,34 Cleaner flames tend 
to	generate	more	refined,	sub-	100 nm	soot	aggregates.37,38 Inhaled 
combustion- generated UFPs coated in organics and transition 
metals can cause systemic inflammation via combined oxidative 
and bio- transformative effects with different types of epithelial 
cells.33,34,39–	41 Combustion- generated UFPs can reduce the diver-
sity	of	the	gut	microbiome	when	ingested	(via	mucociliary	clearance)	
and induce neurotoxicity when coated with gas- phase organics re-
sulting from incomplete combustion.42–	45

Indoor biomass combustion during use of traditional and im-
proved stoves has been shown to result in PN size distributions that 

Practical Implications

Combustion- generated nano- sized ultrafine particles 
(diameter ≤ 100 nm)	 are	 associated	 with	 adverse	 human	
health outcomes due to their ability to penetrate to the 
deepest regions of the lung. This study provides new 
field data on temporal variations in particle number and 
surface area concentrations of combustion- generated ul-
trafine particles in biomass burning indoor environments 
in Western Kenya, where such data are severely lacking. 
Diffusion chargers were found to enable multi- day, non- 
intrusive monitoring of nano- sized ultrafine particles 
among rural communities in sub- Saharan Africa that are 
disproportionately impacted by indoor air pollution. Such 
field measurements can benefit future modeling and expo-
sure assessment studies.

 16000668, 2022, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ina.13132, W

iley O
nline L

ibrary on [17/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  3 of 18WAGNER et al.

are	dominated	by	sub-	300 nm	particles	(Figure 1).	Modal	diameters	
of stove- emitted PN size distributions range from Dp ~ 15 nm	for	an	
air injection stove to Dp ~ 150 nm	 for	 a	 chulha stove. Importantly, 
there is significant overlap between stove- emitted PN size distribu-
tions and size- resolved total and regional deposition fractions for the 
human respiratory tract. The maximum of the deposition fraction 
curves for the pulmonary region (Dp ~ 20 nm)	and	tracheobronchial	
region (Dp ~ 4	nm)	occurs	in	the	UFP	regime,	while	deposition	in	the	
head airways increases with decreasing particle size for Dp < 300 nm.	
Thus, woodsmoke aerosol measurements should consider concen-
tration	metrics	(e.g.	PN,	PSA)	that	can	better	represent	sub-	300 nm	
UFP + FPs	 that	 can	 efficiently	 deposit	 in	 the	 respiratory	 tract.	
Because mass- based metrics capture larger particles (Dp > 100 nm)	
and overlook the contribution of the more numerous UFPs that tend 
to dominate PN size distributions, traditional proxies for indoor air 
pollution (e.g. PM2.5)	can	misrepresent	health	linkages.

46–	50 Recent 
air quality guidelines from the World Health Organization hint at, 
but do not reflect, the rising evidence of UFP toxicity in inhalation 
exposure standards.50,51 Field studies reporting PN and PSA concen-
trations	of	UFP + FPs	 in	biomass	burning	 indoor	environments	will	
contribute to developing new risk assessments and standards that 
can guide cookstove interventions.

1.3  |  Field measurements of indoor ultrafine and 
fine woodsmoke aerosol with diffusion chargers

There is a paucity of field data on PN and PSA concentrations of 
UFP + FPs	during	 combustion	of	 solid	 fuels	 for	 cooking	 in	 indoor	
environments in rural regions of sub- Saharan Africa, Asia, and 

Central	America.	Real-	time	measurements	of	UFP + FPs	 that	cap-
ture temporal variations in woodsmoke aerosol emissions and ex-
posures are especially lacking. This is due in part to the challenges 
inherent in field deployment of laboratory- grade aerosol instru-
mentation	that	can	detect	sub-	300 nm	particles,	such	as	condensa-
tion	particle	counters	(CPCs)	and	scanning	mobility	particle	sizers	
(SMPSs).	Notably,	sub-	300 nm	particles	escape	detection	by	most	
optical- based aerosol instruments that are widely used in cook-
stove studies.52–	54 The limited existing data suggest indoor PN con-
centrations	of	UFP + FPs	 can	 reach	upwards	of	 106/cm3.24,46,55,56 
High	 time-	resolution	monitoring	of	UFP + FPs	 in	 households	 that	
use solid fuels requires instrumentation that can operate in condi-
tions with little to no electricity in a non- intrusive manner to resi-
dents, can withstand high PN and PSA concentrations, and fit in 
smaller spaces.

Electrical particle charging- based aerosol instrumentation, 
such as diffusion chargers, has emerged as a suitable technique for 
real-	time	 characterization	 of	 indoor	UFP + FPs	 in	 biomass	 burning	
environments. Diffusion chargers utilize a unipolar charger (e.g. 
corona	 needle)	 to	 charge	 particles	 which	 are	 then	 detected	 via	 a	
sensitive electrometer. The current measured by the electrometer 
is translated to PN, PSA, LDSA, or PM concentrations through var-
ious techniques. Diffusion chargers have been used for measuring 
UFP + FPs	 in	 various	 field	 and	 laboratory	 settings,	 as	 discussed	 in	
the Supporting Information section. Most diffusion chargers are 
battery- powered and can measure high PN and PSA concentrations 
without the need for dilution of sample air. Diffusion chargers can 
charge and detect particles from Dp ~ 10	 to	2500 nm,

57–	60 thereby 
capturing the majority of woodsmoke aerosol on a number- basis 
(Figure 1).

F I G U R E  1 (top)	Normalized	stove-	
emitted particle number size distributions 
(dN/dlogDp)	and	(bottom)	size-	resolved	
regional and total particle deposition 
fractions for the human respiratory tract. 
Particle number size distributions were 
taken from measurements of emissions 
of biomass combustion from a variety of 
stove designs: air injection112; Berkeley 
shower47; gasifier 149 and 2117; natural 
draft: low moisture and high moisture88; 
three stone fire 147 and 249; rocket49; top 
lit updraft107; and chulha.118 Regional and 
total particle deposition fractions were 
taken from a semi- empirical model based 
on an adult during nasal breathing while 
sitting.119 The measurement size range 
(Dp ~ 10–	2500 nm)	of	the	diffusion	charger	
used in the field measurements in the 
kitchens in Nandi County, Kenya, is noted.
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1.4  |  Study objective

The	objective	of	this	study	is	to	conduct	real-	time	(1	Hz)	measure-
ments of PN and PSA concentrations of ultrafine and fine woodsmoke 
aerosol in biomass burning kitchens in Western Kenya through use 
of	 field-	portable	 diffusion	 chargers.	 Indoor/outdoor	 (I/O)	 ratios	
of PN and PSA concentrations are evaluated, along with relation-
ships between PN and PSA concentrations with carbon monoxide 
(CO)	concentrations.	To	the	authors'	knowledge,	this	represents	the	
first	field	investigation	into	indoor	UFP + FPs	generated	from	wood-	
burning stoves in East Africa. Such measurements expand knowl-
edge	regarding	in	situ	exposures	to	sub-	300 nm	woodsmoke	aerosol	
in households that utilize solid fuel combustion in a region of the 
world that experiences a high burden of disease due to indoor air 
pollution.

2  |  MATERIAL S AND METHODS

2.1  |  Site description: biomass burning kitchens in 
Nandi County, Kenya

The field measurement campaign was conducted across nine kitch-
ens located in Nandi County, Kenya. Out of an approximate popu-
lation	 of	 890 000	 residents	 in	Nandi	 County,61	 an	 estimated	 89%	
of	 households	 use	 firewood	 for	 cooking	 and	 0.22%	 use	 electric-
ity.62 Kitchens were selected through coordination with AMPATH 
Kenya63–	65 based on willingness- to- participate and accessibility 
from	main	 roads.	 The	 nine	 kitchens	 (K1	 to	 K9)	 represent	 a	 range	
of styles incorporating different vernacular approaches to wood- 
burning stove design and building ventilation, as summarized in 
Table 1.	The	field	campaign	spanned	the	dry	(January)	and	wet	(June	
to	July)	seasons	and	included	47 days	of	sampling.

The Nandi kitchens include some that had been built in the past 
10 years	 and	 some	 that	 had	 been	 recently	modified	with	 additional	
ventilation pathways, such as stove chimneys, extra façade openings 
in the form of windows or gaps between the tops of walls and the roof, 
and roof ridge vents allowing for buoyancy- driven airflow to the out-
doors. Eight kitchens utilized enclosed clay stoves containing a warm-
ing compartment (chepkube),	as	is	common	in	Nandi	County,	and	one	
used a TSF. Nandi homes are built with the kitchen as a stand- alone 
structure, separate from the main living area. Meals often start with 
morning tea and breakfast, sometimes an afternoon lunch, usually an 
afternoon tea, and then supper for children and then adults along with 
evening warming of food. Each Nandi- designed stove includes 2 or 3 
burners, built with three soil types,66 with bricks for structural support.

2.2  |  Measurement of indoor ultrafine and fine 
woodsmoke aerosol and carbon monoxide

Size- integrated PN and PSA concentrations of ultrafine and fine 
woodsmoke	 aerosol	 were	 measured	 in	 real-	time	 (1	 Hz)	 with	 four	

battery- powered diffusion chargers (Pegasor AQ Indoor, Pegasor 
Oy).	 The	diffusion	 chargers	have	 an	operational	 range	of	Dp ~ 10–	
2500 nm	 (Figure 1);	 the	 latter	 is	 established	 with	 a	 cyclone	 pre-	
separator and can measure PN concentrations from <101 to >107/
cm3.60,67 Their design is similar to the Pegasor Particle Sensor- M 
(PPS-	M,	Pegasor	Oy),	which	is	used	for	monitoring	UFP + FPs	in	ve-
hicle exhaust.57,68–	70 The internal operation of the diffusion charger 
contributes to its field robustness: after a protected corona needle 
ionizes a steady stream of filtered air, the sample particles are then 
mixed with this air.67 The charged particles are then detected by an 
electrometer in real- time, where the measured electrical current is 
directly related to the size- integrated PSA concentration, and the PN 
concentration is simultaneously reported based on manufacturer- 
calibrated algorithms.67 The diffusion chargers were housed in 
custom- built enclosures at a central location within the kitchen, ap-
proximately	0.5	m	from	the	stove.	A	copper	tube	was	used	to	extract	
air	1.5	m	above	 the	 floor.	The	diffusion	chargers	were	serviced	 in	
the morning and sampled continuously across their battery life of 
10–	12 h;	 this	 span	 accounted	 for	 nearly	 all	 cooking-	related	 activi-
ties. CO was measured with four battery- powered electrochemical 
sensors	 (EL-	USB-	CO300,	 Lascar	Electronics	 Ltd.).	 The	CO	sensors	
have	a	 time	 resolution	of	15 s	and	an	upper	concentration	 limit	of	
300 ppm,	which	was	exceeded	on	several	occasions.	Each	day,	the	
diffusion chargers and CO sensors sampled outdoor air in locations 
away	from	ventilated	woodsmoke	for	about	30 min	to	calculate	I/O	
ratios for PN, PSA, and CO concentrations. Zero checks for the dif-
fusion chargers were taken daily by attaching a HEPA filter capsule 
to the inlet to ensure PN concentrations remained <101/cm3.

2.3  |  Calibration of diffusion chargers and co- 
location measurements

The four diffusion chargers used during the field campaign were 
calibrated	against	a	water-	based	CPC	(wCPC,	Model	3788,	TSI	Inc.)	
using	 electrical	mobility-	classified	NaCl	 and	 KCl	 particles	 (25,	 50,	
100,	200,	and	300 nm)	produced	by	a	thermal	aerosol	generator.71 
The electrical mobility diameter range of the NaCl and KCl particles 
represents typical modal diameters of woodsmoke aerosol produced 
by biomass burning stoves (Figure 1).	PN	and	PSA	concentrations	of	
the NaCl and KCl particles spanned from 101 to 106/cm3 and 100 to 
105 μm2/cm3, respectively (Figure S1);	 this	 is	 representative	of	 the	
range in PN and PSA concentrations measured during the field cam-
paign. The results of linear regressions of aggregated PN and PSA 
concentrations measured by the four diffusion chargers with the 
wCPC are shown in Figure S1. Each slope (m)	is	used	as	a	calibration	
coefficient for the respective instrument to correct the raw PN and 
PSA concentrations reported by the diffusion chargers (m =	0.58	for	
PN and m =	1.17	for	PSA).	Pearson's	correlation	coefficients	(r)	were	
determined to estimate the dependence of the diffusion charger val-
ues on the wCPC values (r =	0.97	for	PN	and	r =	0.91	for	PSA),	using	
corrcoef	 in	MATLAB	(The	MathWorks	Inc.)	with	a	95%	confidence	
interval.
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    |  5 of 18WAGNER et al.

Both laboratory and field co- location measurements of the four 
diffusion chargers and four CO sensors were routinely completed 
during the field campaign (Figure S2).	The	 laboratory	and	field	co-	
location measurements were aggregated to determine correlation 
coefficients and r- values for each instrument based on a linear re-
gression	of	each	 instrument's	 individual	response	vs.	the	mean	re-
sponse reported by all four instruments (Table S1).	The	correlation	
coefficients were used to adjust the PN (corrected after wCPC 
calibration),	 PSA	 (corrected	 after	wCPC	 calibration),	 and	CO	 (raw,	
derived	from	manufacturer	calibration)	concentrations	reported	by	
each instrument to account for instrument- to- instrument variability.

3  |  RESULTS AND DISCUSSION

3.1  |  Temporal variations in PN and PSA 
concentrations of ultrafine and fine woodsmoke 
aerosol

Real- time measurements with field- portable diffusion chargers 
revealed unique time- dependent variations in indoor PN and PSA 
concentrations of ultrafine and fine woodsmoke aerosol across nine 
biomass burning kitchens in Nandi County, Kenya. Characteristic di-
urnal	profiles	of	indoor	PN	and	PSA	concentrations	of	UFP + FPs	in	
each of the separate Nandi kitchens are illustrated in Figure 2, and 
CO concentration diurnal profiles are shown in Figure S7. Diurnal 
profiles varied in shape and magnitude among the kitchens due to 
variations in source and loss processes of combustion- generated 
UFP + FPs.	The	former	is	dependent	on	kitchen-	specific	cooking	ac-
tivities, stove design, and stove combustion conditions; the latter is 
primarily driven by differences in kitchen design that affect indoor- 
to- outdoor transport of woodsmoke aerosol due to buoyancy-  and 
wind- driven natural ventilation. In general, stove emissions drove 
sudden increases in PN and PSA concentrations that were then 
sustained for extended periods before initiation of gradual decays 
toward background levels. Temporal profiles in PSA concentrations 
tended to follow those of PN concentrations (Figures 2– 4).	Figures 2 

and 3 and Figure S7 were created by combining all relevant PN, PSA, 
or CO concentration measurements from the selected kitchens into 
3- min intervals throughout an entire day, followed by taking the me-
dian	or	mean	(as	shown).

Among the nine Nandi kitchens, indoor PN concentrations spanned 
from 103 to > 106/cm3 and indoor PSA concentrations spanned from 
102 to 105 μm2/cm3 (Figures S3 and S4).	The	highest	median	PN	and	
PSA concentrations were observed in K6, with PN =	 1.1 × 106/cm3 
and PSA =	 3 × 104 μm2/cm3, followed by K8 with PN =	 3.7 × 105/
cm3 and PSA =	 1.3 × 104 μm2/cm3; K7 with PN =	 2.9 × 105/
cm3 and PSA =	 9.9 × 103 μm2/cm3; K4 with PN =	 2.6 × 105/
cm3 and PSA =	 5.5 × 103 μm2/cm3;	 K5	 with	 PN	 =	 1.4 × 105/
cm3 and PSA =	 4.6 × 103 μm2/cm3; K1 with PN =	 7.7 × 104/
cm3 and PSA =	 2.1 × 103 μm2/cm3; K2 with PN =	 1.9 × 104/cm3 
and PSA =	 1.9 × 102 μm2/cm3; K3 with PN =	 1.0 × 104/cm3 and 
PSA =	 1.8 × 102 μm2/cm3;	 and	 K9	 with	 PN	 =	 7.7 × 103/cm3 and 
PSA =	2.9 × 102 μm2/cm3. Each kitchen exhibited wide variability in PN 
and PSA concentrations across the entire field campaign, with inter-
quartile ranges for each varying by one to two orders of magnitude 
(Figure S4).	This	variability	persisted	after	sorting	the	concentrations	
among six periods designated as observed times of common combus-
tion events (Figure 4).	PN	and	PSA	concentrations	were	least	variable	
from	19:00	to	21:00,	 likely	due	to	routine	evening	meal	preparation	
times. Human health implications of the observed PN and PSA con-
centrations are difficult to discern given the lack of exposure stan-
dards based on such metrics. However, the Social and Economic 
Council of the Netherlands recommends an 8 h mean PN concentra-
tion	limit	for	UFPs	of	4 × 104/cm3, which was commonly exceeded in 
the Nandi kitchens.72,73	Only	K9	had	a	mean	PN	(4.25	× 104/cm3)	close	
to this limit.

The diffusion charger measurements demonstrate that indoor 
PN and PSA concentrations remain elevated for a substantial frac-
tion of the day in most kitchens due to frequent and repeated cook-
ing episodes associated with morning, afternoon, and evening meal 
preparation (Figures 2 and 4).	Similar	trends	can	be	seen	in	the	CO	
concentration time series (Figure S7).	 Sustained	 periods	 with	 PN	
concentrations >105/cm3 were observed in K4- K8, with intermittent 

TA B L E  1 Summary	of	kitchen	architectural	features.

Kitchen ID
Ventilation 
type

Volume 
(m3) Stove type

No. of stove 
burners

Stove 
chimney

Roof ridge 
vent

Roof- wall 
gap

No. of 
windows

K1 Enhanced 22.7 Chepkube 3 Yes Yes Yes 1

K2 Enhanced 14.9 Chepkube 3 Yes No Yes 1

K3 Conventional 13.6 Chepkube 3 No No Yes 1

K4 Conventional 16.6 Chepkube 3 No No Yes 1

K5 Conventional 16.9 Three stone fire 1	(open) No No No 1

K6 Conventional 22.8 Chepkube 3 No No Yes 1

K7 Conventional 12.5 Chepkube 3 No No No 1

K8 Conventional 27.7 Chepkube 3 No No No 1

K9 Enhanced 24.3 Chepkube 2 Yes Yes Yes 2

Note: K8 contained a thatch roof, all other kitchens featured an aluminum roof.
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6 of 18  |     WAGNER et al.

F I G U R E  2 Characteristic	diurnal	profiles	of	indoor	PN	(left)	and	PSA	(right)	concentrations	measured	in	each	kitchen	in	Nandi	County,	
Kenya.	The	dashed	blue	lines	indicate	the	mean,	the	solid	black	lines	indicate	the	median,	and	the	green	and	orange	lines	indicate	the	25th	
and	75th	percentiles,	respectively.	Note	that	each	y-	axis	is	scaled	differently	to	improve	visualization	of	temporal	variations	in	PN	and	PSA	
concentrations in each kitchen.
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    |  7 of 18WAGNER et al.

peak PN concentrations often >106/cm3. Table 2 lists the percent-
age of time PN concentrations exceeded three thresholds: 104/
cm3,	5 × 104/cm3, and 105/cm3.	Six	of	 the	kitchens	 (K1,	K4-	K8)	ex-
perienced PN concentrations exceeding 104/cm3, typical of levels 
measured in urban outdoor areas,74,75	for	more	than	75%	of	the	day.	
Furthermore, PN concentrations above 105/cm3, comparable or 
greater than levels measured in traffic- impacted outdoor areas near 
roadways,53,76,77 were measured for more than half the day in five 
kitchens	(K4-	K8).	Field	measurements	of	UFP + FPs	in	non-	biomass	
burning residential indoor environments rarely reveal such tem-
poral trends as sources tend to be more episodic and elevated PN 
concentrations are seldom sustained for multi- hour periods.29,78–	81 
Interestingly,	the	diurnal	profiles	of	UFP + FPs	for	the	Nandi	kitch-
ens	 (K2,	 K6,	 K7)	 are	 qualitatively	 similar	 to	 that	 observed	 during	
the HOMEChem Thanksgiving Day event, during which cooking oc-
curred for much of the day.27

Some kitchens exhibited routine peak PN and PSA concentra-
tions at about the same time each day, suggesting that some of 
the families have regular daily cooking times (Figures 2 and 4).	For	
example, K2 has discernible peaks at approximately 11:30, 13:00, 
15:30,	 18:00,	 and	 19:00,	 and	 K7	 has	 peaks	 at	 around	 13:30	 and	
16:00, followed by high concentration events dispersed throughout 
the evening. K6 has four prominent peaks at around 12:00, 14:00, 
18:00, and 20:00, with noticeable oscillations in PN and PSA con-
centrations around each peak. Among all kitchens, K3 had the most 
distinct morning meal peak at around 10:00. Other kitchens exhibit 
less prominent peaks in their diurnal profiles, such as K1, K8, and 

K9,	 likely	 due	 to	 greater	 variability	 in	 the	 timing	 and	 intensity	 of	
cooking- related emission events. Periods during which the highest 
PN and PSA concentrations were routinely observed varied among 
the kitchens, likely due to differences in stove use profiles. Elevated 
concentrations after 21:00 may be due to the periodic use of the 
wood- burning stoves for indoor space heating.5,82

The wide range in the magnitude of the characteristic diurnal PN 
and PSA profiles is due in part to differences in the architectural fea-
tures of the Nandi kitchens (Table 1).	To	better	visualize	the	impact	
of adding intentional ventilation features to the kitchens, Figure 3 
exhibits diurnal trends in PN and PSA concentrations among chep-
kube	kitchens	with	a	chimney	(K1,	K2,	K9:	aggregated	together)	and	
without	a	chimney	(K3,	K4,	K6,	K7,	K8:	aggregated	together).	Three	
of	 the	 four	 lowest	PN	and	PSA	concentrations	of	UFP + FPs	were	
measured in chepkube	kitchens	with	a	chimney	(K1,	K2,	K9).	K9	had	
the flattest PN and PSA diurnal profiles of all kitchens; only a few 
minor peaks were detected and PN concentrations seldom exceeded 
105/cm3.	Along	with	a	chimney,	K9	incorporated	a	roof	ridge	vent,	a	
roof- wall gap, and two windows –  the most of all kitchens. Notably, 
the two windows were located on the NW and SE walls which facil-
itated wind- driven cross- ventilation due to the predominant wind 
direction	 in	Nandi	County	 (from	NW).	 The	higher	 90th	 percentile	
PN and PSA concentrations in K2 as compared to K1 (Figure S4)	may	
be due to the periodic use of a removable diffusion plate installed in 
the K2 chimney to reduce the amount of heat drawn from the stove.

It is evident that the additional natural ventilation pathways 
aided in reducing indoor levels of ultrafine and fine woodsmoke 

F I G U R E  3 Characteristic	diurnal	
profiles	of	indoor	PN	(top)	and	PSA	
(bottom)	concentrations	among	kitchens	
with chepkube stoves that either include 
a	chimney	(blue:	K1,	K2,	K9)	or	do	not	
include a chimney (orange: K3, K4, K6, K7, 
K8).	Data	are	combined	for	each	category	
in 3- min segments over the course of 
a	day.	The	solid	colors	(blue,	orange)	
indicate the mean and the dashed and 
solid green lines indicate the median.
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8 of 18  |     WAGNER et al.

aerosol as compared to more traditional Nandi kitchen designs. PN 
and	PSA	concentrations	in	K5,	which	utilized	a	TSF,	were	similar	to	
those using chepkubes	without	chimneys	(K4,	K7);	however,	the	eve-
ning peak was greater than that observed in K4 and K7. K6, which 
had the highest PN and PSA concentrations throughout much of the 
day, was oriented in such a way that wind was observed to blow 
parallel to the window and door, reducing the likelihood of wind- 
driven cross- ventilation. For K7, the lack of a roof- wall gap and small 
volume	(12.5	m3)	compared	to	other	kitchens	with	similar	chepkubes 
likely contributed to the high PN and PSA concentrations that were 
observed	 (third	highest	of	 all	 kitchens).	A	Wilcoxon	 rank	 sum	 test	
performed using rank sum in MATLAB comparing a larger kitchen 
(K8: volume = 27.7 m3)	and	a	smaller	kitchen	(K7:	volume	=	12.5	m3)	
resulted in a rejection of the null hypothesis of equivalence, implying 

that	the	medians	are	significantly	different	(PN	and	PSA	for	K8 > K7).	
It is notable that K8 also contains a thatch roof; thus, even though K7 
and K8 have the same number of burners and windows, the differ-
ence in PN and PSA concentrations may be due to comparing a larger 
thatch roof kitchen to a smaller aluminum roof kitchen. Comparing 
K1 (volume = 22.7 m3)	and	K2	(volume	=	14.9	m3)	also	resulted	in	
conclusion of non- equivalence, however, with the larger kitchen 
having lower concentrations. Thus, there cannot be any clear con-
clusions	 drawn	 about	 volume	 size	 and	UFP + FP	 concentrations	 in	
these kitchens without a much larger random sampling of the various 
architectural styles, likely because it is difficult to control for other 
factors. Using the same test, a comparison between chepkube kitch-
ens	with	chimneys	and	enhanced	ventilation	pathways	(K1,	K2,	K9)	
compared to those with no chimneys and conventional ventilation 

F I G U R E  4 Indoor	PN	(top),	PSA	(middle),	and	CO	(bottom)	concentrations	measured	in	each	kitchen	in	Nandi	County,	Kenya.	
Concentrations	are	sorted	into	six	time	periods:	9	AM	to	12 PM,	12 PM	to	3	PM,	3	PM	to	5	PM,	5	PM	to	7	PM,	7	PM	to	9	PM,	and	9	PM	
to	12 AM.	Box	plots	represent	the	interquartile	range,	the	middle	horizontal	lines	represent	the	median,	whiskers	represent	the	10th	and	
90th	percentiles,	and	“+” markers represent the mean. Boxplot colors denote whether a kitchen was built for enhanced ventilation with a 
chepkube	stove	(blue:	K1,	K2,	K9),	conventional	ventilation	with	a	chepkube	stove	(orange:	K3,	K4,	K6,	K7,	K8),	or	conventional	ventilation	
with	a	three	stone	fire	(TSF)	(green:	K5).

TA B L E  2 Percentage	of	time	that	indoor	PN	concentrations	exceeded	different	PN	thresholds.

Kitchen ID K1 K2 K3 K4 K5 K6 K7 K8 K9

%	of	time	exceeding	PN	
threshold

10 000/cm3 78 53 50 82 85 87 90 90 43

50 000/cm3 60 42 41 72 65 79 76 83 16

100 000/cm3 43 34 38 67 55 75 71 76 10
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    |  9 of 18WAGNER et al.

(K3,	K4,	K6,	K7,	K8)	also	resulted	in	a	significant	difference	between	
the two.

3.2  |  Comparisons with PN and PSA 
concentrations of ultrafine and fine particles 
in biomass and non- biomass burning indoor 
environments

Field	measurements	of	PN	and	PSA	concentrations	of	UFP + FPs	in	
biomass burning environments in rural regions of sub- Saharan Africa, 
Asia, and Central America are limited. However, extant data suggest 
similar trends as observed in the Nandi kitchens. Emissions from 
TSFs and rocket stoves in kitchens in Senegal were highly transient 
during	cooking,	with	mean	PN	concentrations	of	2.6	and	1.7 × 106/
cm3, respectively, closely resembling levels in K6.19 Cooking with 
open- fire and justa stoves in kitchens in Honduras was associated 
with	 24 h	mean	PN	 concentrations	 of	 1.3 × 105/cm3	 and	 9.1 × 104/
cm3, respectively, similar to several Nandi kitchens, while enclosed 
justa stoves consistently yielded lower emissions.83 A study in 
Bangladesh	reported	mean	PN	concentrations	of	7.5 ± 3.1 × 104/cm3 
during cooking in kitchens using BCSIR improved stoves, similar to 
levels	in	K1,	K2,	and	K5.84 A metal chimney stove used for heating 
a living room in Bhutan resulted in PN concentrations that varied 
between	2 × 105/cm3	and	2.5 × 106/cm3.56 Coal-  and wood- burning 
stoves	 in	Guizhou,	China	 yielded	PN	concentrations	 from	5 × 106/
cm3	to	3 × 107/cm3, greater than levels in K6.24 Notably, the Nandi- 
based chepkube	with	 chimneys	 (K1,	K2,	K9),	 justa	 (Honduras),	 and	
BCSIR	 (Bangladesh)	 are	 all	 clay	 stoves	 that	 direct	woodsmoke	 to-
ward an attached chimney.83,84 This construction allows people to 
continue to operate their stoves in traditional ways, using the same 
biofuels, while decreasing PN concentrations. Few studies have re-
ported PSA or LDSA concentrations. U- shaped clay cookstoves in 
Udaipur,	 India,	 produced	 LDSA	 concentrations	 of	 5 × 104 μm2/cm3 
(while	LDSA	≠	PSA,	LDSA	value	is	on	the	same	order	of	magnitude	
as	PSA	in	K6),46 while kerosene stoves produced PSA concentrations 
of	1.1 × 103 μm2/cm3	(similar	to	K1).55 It is important to note that the 
diurnal	 profiles	 presented	here	highlight	 the	 intensity	of	UFP + FP	
emissions throughout the day. In a laboratory study comparing par-
ticle emission rates of a TSF to several improved cookstoves, the 
TSF generated particles in the Dp =	5–	100 nm	size	fraction	at	a	mag-
nitude around 1012/s; Dp =	100–	1000 nm	at	1011/s; and Dp = 1000– 
2500 nm	 at	 <108/s.47 Because the larger size fractions would 
account for most of the mass, using total mass concentrations would 
likely not capture the intense number- based emission peaks of the 
sub-	100 nm	UFPs.

Comparatively more field measurements of PN and PSA concen-
trations	of	UFP + FPs	have	been	made	during	cooking	in	non-	biomass	
burning indoor environments, primarily mechanically and naturally 
ventilated residences using gas and electric stoves. Collectively, re-
sults suggest that gas stoves are associated with PN concentrations 
ranging from 104 to 106/cm3, depending on cooking and kitchen ven-
tilation conditions,27,81,85,86 while electric resistance and induction 

stoves tend to produce lower PN concentrations (103– 105/cm3).29 
The range in indoor PN concentrations for gas and electric stoves 
span those observed among the Nandi kitchens using chepkubes 
with and without chimneys; however, the physiochemical proper-
ties of the particles are expected to vary widely among the stove 
types.87,88

An important distinction between cooking in biomass and non- 
biomass	burning	environments	is	the	duration	of	the	UFP + FP	emis-
sion events. Cooking events associated with gas and electric stoves 
in residences in North America, Europe, and Asia tend to be short 
(<1	 h)	 and	 infrequent.27,81,86,89–	91 This is in contrast to the Nandi 
kitchens, where multi- hour periods with elevated PN concentrations 
(>105/cm3)	are	routinely	observed	(Table 2, Figure 2).	Similar	trends	
have been documented in other kitchens using open solid fuel com-
bustion, demonstrating that stoves are actively used for multi- hour 
periods, resulting in persistent emission peaks.19,83,92 The total num-
ber	or	 surface	area	of	 inhaled	UFP + FPs	depends	not	only	on	 the	
magnitude of the PN or PSA concentration, respectively, but the du-
ration of exposure. Extended periods of elevated levels of ultrafine 
and fine woodsmoke aerosol in Nandi kitchens and other biomass 
burning kitchens demonstrate the significant exposure potential of 
such indoor environments. Despite this, real- time indoor exposure 
data	on	sub-	300 nm	UFP + FPs	continue	to	remain	sparse.

3.3  |  Indoor/outdoor (I/O) ratios of PN and PSA 
concentrations

Indoor/outdoor ratios of PN and PSA concentrations were deter-
mined for each of the nine Nandi kitchens. In general, the indoor 
abundance	 of	UFP + FPs	was	 substantially	 higher	 than	 in	 adjacent	
outdoor areas. Outdoor PN and PSA concentrations are summa-
rized in Figure 5, Figures S3 and S5; median concentrations across 
all	kitchens	and	all	days	were	4 × 103/cm3	and	1.2 × 102 μm2/cm3, re-
spectively. The outdoor PN concentrations are similar to those ob-
served in rural and clean background sites in locations around the 
world.93 Outdoor CO concentrations were often close or equal to 0, 
thus, I/O ratios for CO were not estimated. On a few occasions, out-
door	PN	and	CO	concentrations	exceeded	2 × 104/cm3 and 10 ppm, 
respectively, possibly due to entrainment of ventilated woodsmoke 
at the outdoor sampling location. Unmaintained engine exhaust and 
trash	burning	likely	contributed	to	the	observed	levels	of	UFP + FPs	
in Nandi County.93,94 There are few measurements of outdoor PN 
and PSA concentrations in rural regions of Africa, with most studies 
focused on upper atmospheric measurements of biomass burning 
emissions95–	98 and Saharan desert dust aerosol.99 Median outdoor 
PN	 concentrations	 of	 1.04	 and	 5.14 × 104/cm3 were measured in 
Accra, Ghana and Cairo, Egypt, respectively, greater than typical 
levels in Nandi.100

As PN and PSA concentrations in the Nandi kitchens were much 
greater	than	outdoor	levels,	I/O	ratios	of	UFP + FPs	were	often	in	the	
range of 100 to 102 (Figure 5).	K6	and	K7	were	associated	with	the	
highest	I/O	ratios,	with	mean	PN	values	of	9.2	and	2.9 × 102 and mean 
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10 of 18  |     WAGNER et al.

PSA	values	 of	 7.4	 and	 1.8 × 102, respectively (Table S2).	 Indoor	 PN	
concentrations periodically exceeded 106/cm3 in K6, resulting in I/O 
ratios breaching 103.	The	lowest	I/O	ratios	were	observed	in	K9,	with	
mean PN and PSA values of 6.4 and 10, respectively. I/O ratios below 
unity	were	occasionally	observed	in	K1-	K5,	K8,	and	K9	during	periods	
when PN and PSA concentrations decayed to background levels fol-
lowing combustion events. Notably, the I/O ratios for PN concentra-
tions	of	UFP + FPs	in	the	Nandi	kitchens	far	exceed	those	reported	for	
urban residences in North America, Europe, and Asia, which typically 
span from 0.1 to 2.29,86,101,102 The low I/O ratios reported in these 
studies are due in part to high outdoor PN concentrations in urban air, 
less	frequent	activation	of	cooking	and	non-	cooking	UFP + FP	sources,	
and indoor particle removal via active filtration systems. I/O ratios of 
UFP + FPs	provide	a	useful	basis	to	compare	the	relative	magnitude	of	
indoor and outdoor air pollution at a particular site, as well as the rela-
tive importance of indoor and outdoor sources of aerosol exposure. It 
is evident that use of wood- burning stoves in Nandi kitchens creates 
atmospheres that starkly contrast their proximate outdoor spaces. 
Such high I/O ratios suggest real- time indoor monitoring of sub- 
300 nm	UFP + FPs	with	diffusion	chargers	should	be	made	a	greater	
priority than outdoor monitoring in Nandi County and similar regions 
in rural sub- Saharan Africa.

3.4  |  Patterns of correlations between indoor 
PN and PSA concentrations with CO concentrations

In contrast to PN and PSA concentrations of ultrafine and 
fine woodsmoke aerosol, CO concentrations are commonly 

measured during field campaigns in biomass burning environ-
ments .46,56,84,103–	105 Studies have evaluated PM2.5- CO con-
centration correlations in kitchens using wood- burning 
stoves,46,84,103,105–	107 however, little is known regarding PN- CO 
and PSA- CO relationships in such environments nor if CO can be 
used	 to	 predict	 levels	 of	 UFP + FPs.	Figure 6 presents kitchen- 
resolved paired PN and CO concentration measurements, paired 
PSA and CO concentration measurements, and associated 
Pearson correlation coefficients (as r-	values)	 for	 each	 (Table 3).	
PN and PSA concentrations were time- averaged based on the 
time	resolution	of	the	CO	sensors	(15 s).	Additional	comparisons	
are made showing PN- CO and PSA- CO relationships (Table S3, 
Figure S6)	among	kitchens	with	enhanced	ventilation	with	a	chep-
kube	 stove	 (K1,	K2,	K9)	 and	kitchens	with	conventional	 ventila-
tion with a chepkube	stove	(K3,	K4,	K6,	K7,	K8).	Among	these	data,	
there is no notable difference in correlation strength between 
enhanced and conventionally ventilated kitchens (Figure 6 and 
Figure S6).

The results presented in Figure 6 demonstrate that there is 
wide variability in the relationship between PN and PSA concen-
trations	of	UFP + FPs	with	CO	concentrations	 in	the	Nandi	kitch-
ens. The kitchens exhibit a range of positive r- values for the paired 
stationary PN- CO and PSA- CO measurements (r- value range: 
0.20–	0.74).	The	strongest	correlations	were	identified	in	K5	(PN-	
CO r- value: 0.72, PSA- CO r-	value:	 0.74)	 and	 K8	 (PN-	CO	 r- value: 
0.68, PSA- CO r-	value:	 0.65),	 and	 the	 weakest	 correlations	 were	
identified	 in	K9	 (PN-	CO	 r- value: 0.20, PSA- CO r-	value:	0.21)	and	
K6 (PN- CO r- value: 0.36, PSA- CO r-	value:	0.30).	For	each	kitchen,	
the r- values for the PN- CO and PSA- CO relationships are close, 

F I G U R E  5 (left	axis)	Indoor/outdoor	
(I/O)	ratios	for	PN	(top)	and	PSA	(bottom)	
concentrations	and	(right	axis)	median	
outdoor	PN	(top)	and	PSA	(bottom)	
concentrations	(“diamond”	markers)	for	
each kitchen in Nandi County, Kenya. 
The I/O ratio box plots represent the 
interquartile range, the middle horizontal 
lines represent the median, whiskers 
represent	the	10th	and	90th	percentiles,	
and	“+” markers represent the mean. 
Boxplot colors denote whether a kitchen 
was built for enhanced ventilation with 
a chepkube	stove	(blue:	K1,	K2,	K9),	
conventional ventilation with a chepkube 
stove	(orange:	K3,	K4,	K6,	K7,	K8),	or	
conventional ventilation with a three 
stone	fire	(TSF)	(green:	K5).	Note	the	
different y- axis scales for the I/O ratios 
(log)	and	outdoor	concentrations	(linear).
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    |  11 of 18WAGNER et al.

F I G U R E  6 Paired	indoor	PN	and	CO	concentration	measurements	and	paired	indoor	PSA	and	CO	concentration	measurements	in	each	
kitchen in Nandi County, Kenya. The Pearson correlation coefficient (r),	slope	(m),	and	number	of	samples	(n)	for	each	PN-	CO	and	PSA-	CO	
relationship	are	shown.	The	overall	linear	fit	(solid	black	line)	was	determined	without	forcing	the	y- intercept to zero. Each PN- CO and PSA- 
CO concentration pair is categorized by one of the following three regimes (Table 3):	(1)	high	UFP + FPs,	low	CO	(near	y-	axis;	blue	markers),	
(2)	symmetric	UFP + FPs	and	CO	(near	linear	regression	line;	teal	markers),	and	(3)	high	CO,	low	UFP + FPs	(near	x-	axis;	green	markers).	The	
linear	fits	for	each	of	the	three	regimes	are	also	shown	(dashed	gray	lines).
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and there is no discernable trend of CO relating more closely to 
PN or PSA. The strength of the PN- CO and PSA- CO correlations 
was not related to the presence of a stove chimney or additional 
ventilation pathways; however, the strongest correlation for both 
was	found	in	the	kitchen	using	a	TSF	(K5).

The PN- CO and PSA- CO correlation plots were partitioned 
into three regimes to evaluate time- dependent changes in the rel-
ative	production	of	UFP + FPs	and	CO	by	the	wood-	burning	stoves	
(Figure 6, Table 3).	Using	 triangulation,	 the	distance	of	each	data-
point was determined to be more proximal to either the lines x = 0 
(regime	1,	blue	markers),	x = y	(regime	2,	teal	markers),	or	y = 0 (re-
gime	 3,	 green	markers).	 Because	 the	magnitude	 of	 the	 difference	
between the CO and PN or PSA concentrations is so large, the 
concentrations were normalized by the maximum CO, PN, or PSA 
concentration before determining the estimated difference of each 
datapoint from each line. Regime 1 represents periods when greater 
quantities	 of	 UFP + FPs	 are	 emitted	 relative	 to	 CO,	 such	 that	 as-
sociated PN- CO and PSA- CO pairs cluster along the y- axis, where 
PN >> CO	and	PSA >> CO.	Regime	2	represents	periods	when	com-
paratively	 similar	amounts	of	UFP + FPs	and	CO	are	emitted,	 such	
that associated PN- CO and PSA- CO pairs cluster around the linear 
regression	line,	where	PN ~ CO	and	PSA ~ CO.	Regime	3	represents	
periods when comparatively greater quantities of CO are emitted 
relative	to	UFP + FPs,	such	that	associated	PN-	CO	and	PSA-	CO	pairs	
cluster	 along	 the	 x-	axis,	where	CO >> PN	 and	CO >> PSA.	Table 3 
lists the percentage of measured PN- CO and PSA- CO pairs in each 
of the three regimes for each kitchen. The patterns that arise within 
and between kitchens when viewing the PN- CO and PSA- CO rela-
tionships as three regimes highlight the importance of measuring 
both	 analytes	 (UFP + FPs,	CO),	 as	 one	 could	 easily	 be	 lower	while	
the other is higher, depending on the stove operational conditions.

Periods when the wood- burning stoves produced high PN or 
PSA concentrations and relatively low CO concentrations were com-
mon	 in	many	of	 the	Nandi	kitchens.	More	than	50%	of	 the	paired	
PN- CO measurements were located in regime 1 for five kitchens: 
K1,	K2,	K3,	K5,	and	K9;	data	 in	K9	almost	exclusively	fell	 into	this	
regime with CO often close to zero (Figures 4 and 6, Figure S7).	In	
most	kitchens,	PN	concentrations	exceeded	5 × 105/cm3 during peri-
ods	with	sub-	25 ppm	levels	of	CO.	When	considering	the	aggregate	
PN- CO and PSA- CO data presented in Figure 6, it is evident that 
CO	is	a	poor	proxy	for	UFP + FPs	during	regime	1	periods.	Increased	
number-	based	emissions	of	UFP + FPs	along	with	lower	emissions	of	
CO may indicate more efficient and flaming combustion within the 
Nandi stoves due to sufficient oxygen supply and higher combustion 
temperatures.87

By viewing the correlation values within each regime (Table 3),	
it can be seen that regime 1 or 3 generally had the strongest cor-
relations among the three regimes, except for the kitchens with en-
hanced	ventilation	(K1,	K2,	K9).	Regime	3	was	the	least	frequently	
observed regime in most kitchens. Regime 3 may indicate smolder-
ing combustion within the wood- burning stoves. Combustion con-
ditions characterized by low temperatures with less air mixing and 
less available solid fuel surface area tend to generate larger, more 

spherical organic carbon particles with Dp > 100 nm,	 lower	number	
concentrations	of	UFP + FPs,	and	greater	amounts	of	CO.87,108 The 
percentage of PSA- CO pairs in regime 3 was greater than that for 
PN- CO pairs for all nine kitchens; this may suggest a greater abun-
dance of particles larger than Dp ~ 100 nm	which	tend	to	contribute	
strongly to PSA size distributions.

The low- to- moderate PN- CO and PSA- CO correlations suggest 
that CO concentrations are not a valid surrogate for PN or PSA con-
centrations	of	UFP + FPs	 in	biomass	burning	environments.	Similar	
results have been documented for PM2.5- CO relationships. Carter 
et al106 compiled PM2.5- CO correlations from field measurements of 
biomass combustion during cooking across different countries and 
fuel types. The r- value across all studies was low (r-	value:	0.36)	and	
varied between 0.22 and 0.68 for studies conducted in Tanzania, 
Peru, The Gambia, China, India, and Honduras. Similar results were 
reported by Patel et al107 for PSA- CO correlations (r-	value:	 0.65)	
of improved cookstove emissions. This range in r- values is consis-
tent with the PN- CO and PSA- CO correlations seen in the Nandi 
kitchens. The extent of scatter observed in the correlation compar-
isons may be due in part to the heterogenous nature of biomass, 
which can cause multiple combustion stages to occur at the same 
time in different areas of the fire, thereby producing widely variable 
net	quantities	of	UFP + FPs	and	CO.87 Though it is well known that 
combustion- generated gases and particles cannot accurately serve 
as interchangeable indicators of each other in real environments, 
this evaluation method is valuable to characterize emission condi-
tions, especially when exploring understudied indoor environments. 
All measurements were passive and without interference of stove 
use patterns throughout this field campaign; however, it would be in-
teresting to note different stove operational conditions and compare 
them with PN- CO and PSA- CO correlation regimes in future studies.

4  |  CONCLUSIONS

It is important to be able to hold the most polluted environments to 
the same standards as indoor environments with exemplary factors 
of indoor environmental quality, which are more easily compared 
when using the same metrics. Field studies characterizing the con-
tribution of daily activities to indoor air pollution often measure and 
model	UFP + FP	concentrations	in	order	to	encompass	source	and	loss	
processes of smaller aerosols generated from events such as cleaning, 
cooking, electric appliance usage, and outdoor air intake.27,29,109–	111 
Thus, field campaigns such as this which investigate the effects 
of architectural design and stove variations in mitigating indoor 
woodsmoke aerosol concentrations must carefully consider metrics of 
success. Though the common ways of deciding original and improved 
stove tiers based on mass metrics, such as PM1, PM2.5, elemental car-
bon, and brown carbon, are highly systematic and widely effective 
for comparing cooking environments with the same stove types,25 
it is clear that cookstoves with improved combustion such as rocket, 
gasifier, and air injection have the potential to release a greater abun-
dance	of	particles	smaller	than	30 nm	relative	to	TSFs	(exemplified	in	
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Figure 1).49,112 Thus, number-  and surface area- based metrics are im-
perative when comparing effects due to different combustion sources, 
such as improved cookstoves.

This study demonstrates that field- portable diffusion chargers are 
a reliable aerosol measurement technique for capturing emissions and 
exposures of ultrafine and fine woodsmoke aerosol (Dp ~ 10–	2500 nm)	
in wood- burning kitchens. Field deployment of calibrated diffusion 
chargers across nine kitchens in Nandi County, Kenya revealed that 
PN	 and	 PSA	 concentrations	 of	 UFP + FPs	 vary	 considerably	 during	
the day due to frequent cooking activities, are influenced by kitchen 
design and ventilation features, and cannot be accurately predicted 
using CO concentrations. The lowest PN and PSA concentrations were 
observed in a kitchen that included a variety of natural ventilation fea-
tures	 that	 enhanced	 indoor-	to-	outdoor	 transport	 of	UFP + FPs.	The	
range in indoor PN (103 to >106/cm3)	 and	 PSA	 (102– 105 μm2/cm3)	
concentrations can inform the suitability of field sampling strategies 
for monitoring woodsmoke aerosol size distributions via electrical mo-
bility and aerodynamic size classification techniques. PN and PSA size 
distributions can be coupled with deposition fractions for the human 
respiratory tract to estimate inhaled deposited dose rates.113– 116

The field measurements in the Nandi kitchens can guide the de-
velopment and application of low- cost aerosol sensing technologies 
for deployment in biomass burning environments. There has been 
significant research on the design, assessment, and use of low- cost 
optical particle counters, however, such sensors cannot reliably de-
tect	 sub-	300 nm	particles.52–	54 Thus, efforts are needed to develop 
low- cost, battery- powered diffusion chargers and CPCs for long- term 
monitoring	of	sub-	300 nm	woodsmoke	aerosol	in	rural	communities	in	
sub-	Saharan	Africa,	Asia,	and	Central	America,	where	UFP + FP	data	
is limited. This will allow for more accurate estimates of exposure- 
dose-	response	 relationships	 of	 inhaled	 UFP + FPs	 in	 field	 environ-
ments and more effectively tailored mitigation strategies. Concurrent 
monitoring of PN and PSA concentrations and size distributions, CO 
concentrations, and carbon dioxide (CO2)	 concentrations	 can	 also	
improve evaluation of stove combustion conditions in field settings. 
Coupling these measurements in future studies alongside traditional 
mass- based measurements will allow for comparisons across existing 
studies in similar rural environments, while capturing smaller aerosol 
size fractions to present a more comprehensive view of biomass com-
bustion emissions24,46 and contributing to a larger body of knowledge 
of	UFP + FPs	in	lesser	studied	environments.
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