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ABSTRACT: Boiling is the most common method of disinfecting water in the
home and the benchmark against which other point-of-use water treatment is
measured. In a six-week study in peri-urban Zambia, we assessed the microbiological eﬀectiveness and potential cost of boiling among 49 households
without a water connection who reported “always” or “almost always” boiling
their water before drinking it. Source and household drinking water samples
were compared weekly for thermotolerant coliforms (TTC), an indicator of
fecal contamination. Demographics, costs, and other information were collected
through surveys and structured observations. Drinking water samples taken at
the household (geometric mean 7.2 TTC/100 mL, 95% CI, 5.4!9.7) were
actually worse in microbiological quality than source water (geometric mean
4.0 TTC/100 mL, 95% CI, 3.1!5.1) (p < 0.001), although both are relatively
low levels of contamination. Only 60% of drinking water samples were reported
to have actually been boiled at the time of collection from the home, suggesting over-reporting and inconsistent compliance.
However, these samples were of no higher microbiological quality. Evidence suggests that water quality deteriorated after boiling
due to lack of residual protection and unsafe storage and handling. The potential cost of fuel or electricity for boiling was estimated at
5% and 7% of income, respectively. In this setting where microbiological water quality was relatively good at the source, safe-storage
practices that minimize recontamination may be more eﬀective in managing the risk of disease from drinking water at a fraction of
the cost of boiling.

when conventional water treatment fails or water supplies are
interrupted due to disasters or emergencies.11,12
Boiling presents some advantages over other means of HWT
in that it is capable of killing or inactivating all classes of waterborne pathogens, including bacterial spores, protozoan cysts that
have shown resistance to chemical disinfection, and viruses that
are too small to be mechanically removed by microﬁltration. Additionally, while chemical disinfectants and ﬁlters are challenged
by turbidity and certain dissolved constituents, boiling can be used
eﬀectively across a wide range of waters.13 Perhaps most importantly, most householders already possess the tools they need
to boil their water—fuel and a vessel—and thus do not rely on an
uncertain supply chain and money for access to chlorine, ﬁlters,
and alternative point-of-use water treatment options.
On the other hand, boiling presents certain challenges that
may limit its further promotion.13 For the vast population (which
may be over 50% of the world)14 that relies on solid fuels as their

’ INTRODUCTION
Unsafe drinking water is a leading cause of preventable diarrheal disease, particularly among children in developing countries. Waterborne pathogens contribute to an estimated 4 billion
cases and 2.5 million deaths from diarrheal disease each year.1 It
is estimated that almost 900 million people lack access to improved drinking water worldwide; over 5 million of those live in
Zambia.2
In both urban and rural settings, household-based water
treatment (HWT), such as chlorination, solar disinfection, and
ﬁltration, has been shown to be eﬀective in improving water quality and reducing diarrheal disease.3!5 Studies report a protective
eﬀect from some HWT interventions even after discounting the
eﬀect estimates by the likelihood of bias and challenge of sustained use.6,7
Perhaps the oldest means of disinfecting water at the household level is boiling or heating with fuel.8 It is also the most
widespread, with more than 800 million reporting that they boil
their water before drinking it.9 The practice has been promoted
by governments, non-governmental organizations (NGOs), and
others both in developing countries where water is routinely of
uncertain microbiological quality10 and in developed countries
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water in the home.13,20,21 To the best of our knowledge, it is the
ﬁrst such investigation of the use of boiling in Africa, even though
the practice is the most common means of treating water on the
continent.9

Table 1. Demographic Characteristics of Participating
Households
N
number of households

49

total population
number of children under 5 years of age

319
64

household Size (mean, 95% CI)

6.5 (5.7!7.3)

median household income/month (USD)

100 (95% CI,

%

’ METHODS
20

Study Setting. This study was conducted over a period of six
weeks (July!August 2010) in N’gombe, an urban community
of 80,000!100,000 people within Lusaka, Zambia. The Lusaka
Water and Sewerage Company (LWSC) provides virtually no reticulated system water into the community; neither are there government systems for sewerage, drainage, or solid waste collection. Access to water supplies is through NGO-built (and Lusaka
City Council supported) standpipes delivering borehole water at
two intervals each day and through some shallow hand-dug wells.
Sample Size Calculation and Enrollment of Participating
Households. The primary outcome of the study was fecal
contamination of drinking water measured by themotolerant
coliforms (TTC), a WHO-prescribed indicator of fecal contamination.12 On the basis of previous boiling studies, it was estimated
that there would be a difference of at least 10 TTC between the
drinking water and the source water samples.13,20,21 Assuming a
study with 80% power to demonstrate this difference at the 95%
confidence-level gives a sample of 32 households, which we adjusted to approximately 50 to account for loss-to-follow-up. Prior
to the commencement of fieldwork, the field investigator with the
assistance of community health workers identified a convenience
sample of potential study participants. Households were eligible
for participation if (i) their water source was not piped into the
home, (ii) the female head of household reported “always” or
“almost always” boiling their water before drinking it, and (iii) they
resided within the community of N’gombe.
Study details and information about conﬁdentiality was explained to all participants in local languages and informed written
consent was obtained before data collection. This study was approved by the London School of Hygiene and Tropical Medicine
Ethics Committee and the Research Ethics Committee at the
University of Zambia.
Participant Demographics and Reported Boiling Practices. A questionnaire was used to obtain information from the
female head of each household about family demographics, household income, water source, water handling and treatment practices, hygiene practices, and sanitation facilities. The field investigator also observed and recorded details about water source,
collection, transport, storage, access, and patterns of use. We used
regression analysis to explore associations between these covariates and drinking water quality. In order to estimate the full economic cost of boiling, the questionnaire solicited information on
how the persons responsible for boiling would otherwise spend
their time on other activities.
Boiling Demonstrations. Ten households (20%) representing the range of employment status, income, and fuel type were
selected to demonstrate how they actually boil drinking water.
Participants were asked to boil their water as they normally
would, including the typical volume, vessel, and fuel type.
Water Sample Collection and Analysis. To evaluate the
effectiveness of boiling to disinfect source water, two water samples (drinking and source) were taken from each participating
household at each of five unannounced weekly visits. The
households to be sampled on any given day were determined randomly using the household identification number. The “drinking

96.86!120.00)
households living under US$1 per

39

80

none
primary (grades 1!7)

8
24

17
50

secondary (grades 8!12)

15

31

person per day
mother’s education

father’s occupation
no male head of household

4

8

unemployed

5

10

unskilled labor

22

45

skilled labor

12

25

administrative level
professional

3
3

6
6

49

100

house construction is cement
sanitation
no sanitation facility

2

4

open pit latrine

7

14

closed (with a slab) pit latrine

32

65

VIP latrine

3

6

4

8

ﬂush latrine with septic tank
main water source
shallow well (unimproved)

11

23

standpipe

35

71

outdoor tap
drinking vessel with narrow spout

2

4

24

49

24

49

25
38

51
78

method of accessing drinking water
open pour from vessel into cup
dip cup into vessel
received hygiene promotion in last 6 months
reported handwashing
after defecation

48

98

before preparing food

49

100

after child stool disposal

47

96

after eating

48

98

41

84

soap is present in household

chief source of fuel, the procurement of fuels for boiling represents a substantial commitment of cost and time, primarily for
women and girls.15 Depending on the fuel used, boiling may be
environmentally unsustainable and excessive fuel burning will
increase greenhouse gas emissions.16 Boiling could exacerbate
indoor air pollution, which contributes to respiratory disease.17
Even for those that do boil their drinking water, there is a risk of
recontamination in hygiene-challenged settings because it contains no residual disinfectant and is often stored in open containers without a tap.19
This is one of a series of studies designed to assess the microbiological eﬀectiveness and cost of boiling as a means of treating
B
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water” sample consisted of water that the householder reported
to be used for drinking at the time of the visit; immediately
thereafter, a paired “source water” sample was collected from the
source (standpipe, well, etc.) from which the householder reported drawing the drinking water. At the time of collecting the
drinking water sample in the home, householders were asked
whether that specific water had been boiled. A 125 mL sample
was aseptically drawn directly from the household vessel or
source identified by the householder into a sterile Whirl-pak bag
containing sodium thiosulfate to neutralize any chlorine and was
then put on ice for subsequent assessment. We assayed 100 mL
samples for TTC using the membrane filtration method using a
Del Agua and report the number of TTC for each sample in
accordance with Standard Methods.22
Cost of Boiling. Because apparatus for boiling were also used
in the preparation of food, their values can be considered sunkcosts. We determined the direct cost of boiling by the cost of the
amount of charcoal or electricity required to heat the volume of
water boiled. Indirect costs refer to the time spent boiling and will
vary depending on income. Cost estimates are explained in the
Supporting Information. Costs are reported using an exchange
rate of 1USD = 5000 ZKW as per 16 August 2010.
Data Analysis. Statistical analyses on microbiological data
were performed in Excel and Stata 11. As bacterial loads followed
a skewed distribution, TTC counts were transformed to their
log10 values to achieve a normal distribution. For this purpose
only, TTC counts of 0 were assigned a value of 1. Differences in
mean TTC counts of drinking and source water were assessed for
statistical significance using paired Student’s t test. Analyses of all
samples were adjusted for clustering over the five weeks. Linear
regression models and ANOVA were used to explore possible
associations between demographic and water handling variables
and TTC levels of drinking water.

Table 2. Summary of boiling practices
Na

%

nobody told me

7

14

community health worker

33

67

mother or other relative

6

12

church preacher

2

4

49

100

steam rises from the surface
tiny bubbles rise from base to surface

19
4

38.8
8.2

until surface boil starts

26

53.1

recommendation/motivation of boiling

purpose of boiling is to kill germs
deﬁnition of “boiling”

fuel data
fuel type
charcoal

19

39

electricity

30

61

12
7

63
34

person collecting charcoal
female head of household
son or daughter
boiling practice
person in charge of boiling
female head of household

42

86

son or daughter

7

14

one

24

49

two
three or more

19
6

39
12

boiling episodes per day

mean, 95% CI

1.7 (1.5!2.0)

use a lid while boiling
volume of water boiled daily in L (median, 95% CI)
time required to reach boil per L in min

’ RESULTS

48

98

6 (5- 9.7)
5.7 (3.6!7.8)

(mean, 95% CI)
charcoal users

Participant Demographics and Characteristics. Fifty-two

households were enrolled in the study, and complete data were
collected from 49 (5.7% loss-to-follow-up) (Table 1). The study
population consisted of 319 individuals (mean 6.5 occupants per
household), of whom 20% were children under 5 years. About
two-thirds of participating female heads of household had fewer
than 7 years of education. The mean monthly household income
was 685,625 ZMK ($137 USD), mainly from wages of the male
household head. Most households (71%) accessed water from
NGO-constructed standpipes connected to gravity-pressured
storage tanks of borehole water, while others obtained water
from shallow wells (23%), outdoor taps from LWSC (4%), or
boreholes (2%). Just under half of the study population stored
water in containers with a narrow spout (49%) that they used to
procure their water for drinking; the balance procured their
drinking water by dipping a cup into an open bucket (51%).
Boiling Practices. All households reported that they “always”
or “almost always” boil their water before drinking it, as this was a
condition of eligibility for the study. Significantly, however, only
60% of drinking water samples were reported as boiled (Table 2).
All participating households responded to an open-ended question without prompting that the purpose of boiling was to kill
germs. Definitions of boiling varied from water emitting steam
(39%), bubbles on base of vessel (8%), or full surface boil (53%).
Fuel for boiling consisted of either electricity (61%) or charcoal
(39%) purchased from the local market, usually by the female

5.6 (3.7!7.5)

electricity users
taken oﬀ heat after boiling is reached

5.9 (2.7!9.2)
49

100

49

100

bucket

19

39

jerry can or pitcher

29

59

dip a vessel/lade for this purpose only
dip a drinking vessel (cup)

2
20

4
41

tilt container (open containers)

21

43

from the spout (narrow-mouthed containers)

6

12

postboiling
transfer water once boiled
vessel water is transferred to

method of transfer

mix boiled water with nonboiled water

2

4

ﬁlter water as well as boil it

4

8

use other methods to treat if boiling not available

36

74

30
6

83
17

other methods used
chlorine/clorin
solar disinfection (SODIS)
a

Number of respondents, unless otherwise indicated.

head of household (63%). Responsibilty for boiling was normally
borne by the female head of household (86%), who boiled 1!2
times daily, producing a mean volume 9.6 L/day. All participants
C
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Table 3. Geometric Mean TTC Counts per 100 mL in Samples of Drinking and Source Water from Study Households
drinking

Drink:Source geometric mean ratioa

source

N

mean

95% CI

mean

95% CI

ratio

95% CI

p-value

all

52

4.1

(2.4!7.0)

9.1

(5.0!16.7)

0.5

(0.3!0.8)

<0.01

boiled on day

33

2.8

(1.6!4.8)

14.5

(6.83!30.6)

0.2

(0.1!0.4)

0.0001

all

50

7.2

(3.5!14.6)

5.3

(2.8!10.0)

1.4

(0.73!2.5)

0.33

boiled on day

33

4.3

(1.9!9.8)

4.4

(2.01!9.43)

1.0

(0.4!2.4)

0.98

49
30

10.7
12.0

(5.1!22.3)
(4.3!33.6)

2.4
2.4

(1.6!3.7)
(1.4!4.3)

4.3
4.6

(1.9!9.6)
(1.4!14.9)

<0.001
0.01

week 1

week 2

week 3
all
boiled on day
week 4
all

49

10.2

(5.1!20.3)

3.4

(1.9!5.9)

3.0

(1.3!6.8)

<0.01

boiled on day

28

10.9

(4.2!28.5)

2.6

(1.4!5.0)

4.1

(1.5!11.6)

<0.01

week 5
all

49

6.4

(3.2!12.9)

2.4

(1.5!4.0)

2.7

(1.5!4.8)

0.001

boiled on day

25

5.0

(2.0!12.6)

1.7

(1.1!2.9)

2.9

(1.1!7.6)

0.04

allb
all
boiled on day

249

7.2

(5.4!9.7)

4.0

(3.1!5.1)

1.8

(1.3!2.5)

<0.001

149

5.9

(4.0!8.6)

4.0

(3.1!5.1)

1.5

(1.0!2.3)

0.08

a

Drink:Source geometric mean ratio indicates the diﬀerence between contamination levels observed in drinking vs source water. A contamination level
>1 indicates that drinking water was more contaminated than source water. b Reporting the ratios of all water samples were adjusted for clustering.

reported transferring water once boiled, a potential source of
recontamination.24 Only two households reported that they
mixed boiled water with nonboiled water.
Boiling Demonstrations. The boiling demonstrations showed
that the amount of time spent preparing for boiling was about
2 min (range 1!4 min), regardless of fuel type. Women spent
about 13 min/L boiling water, during which an estimated 40% of
their time could not be spent on any other activity, while the
balance was engaged in other activities such as washing, cooking,
or caring for their children. Women reported that the minimum
amount of time they could conceive spending only on boiling was
about half of what they had during the observation, roughly 20%.
One woman made crafts for market, while another sold juice to
neighbors. These observations helped clarify the indirect cost of
boiling, in terms of the time required per L of water boiled.
Microbiological Effectiveness of Boiling. Table 3 and Figure 1
illustrate the levels of fecal contamination that were found in
drinking and source water throughout the study. Levels of contamination from the 498 water samples are organized according to
log10 categories: <1, 1!10, 11!100, 101!1000, and 1000+. Only
38% of the drinking water samples were found to be compliant
with WHO recommendations of <1 TTC/100 mL.12 About 60%
of drinking water samples fell in the “low-risk” category of 10 or
fewer TTC/100 mL, while 18% were in medium-risk category
(11!100) and over 20% of drinking water samples were classified
as “high” or “very-high” risk. By comparison, more source water
samples (55%) were compliant with WHO guidelines. Seventeen
percent of source water samples fell into the “low-risk” category.
Contamination levels in paired water samples were positively
correlated R2 = 0.0774, p < 0.001).
In this setting, the water that reported boilers were drinking
(geometric mean 7.2 TTC/100 mL, 95% CI, 5.4!9.7) was
actually worse in microbiological quality than their source water
(geometric mean 4.0 TTC/100 mL, 95% CI, 3.1!5.1) (p < 0.001)

(Table 3). Among the 60% of samples from households that
reportedly boiled the water they were drinking that day, drinking
water (geometric mean 5.9, 95% CI, 4.0!8.6) was still of worse
quality than source water (geometric mean 4.0, 95% CI, 2.9!
5.4), although the diﬀerence was not statistically signiﬁcant
(p = 0.08). Thus, even among those samples claimed to be
boiled that day, the stored drinking water quality was not
improved over that of the source. There was no evidence of a
diﬀerence between boilers and nonboilers water quality, p = 0.17.
We found a positive association between the number of individuals in a household and the overall geometric mean TTC in
their drinking water, R2 = 0.105, p = 0.023. Drawing drinking
water by dipping a cup into it (as opposed to pouring or using a
tap) was strongly associated with an increase in drinking water contamination (p = 0.01), with a mean increase of 116.5 (95% CI,
26.0!207) TTC/100 mL. We also found that those who responded that they would use alternative HWT had less contamination in their drinking water samples than those who would not
use alternative HWT, R2 = 0.215, p = 0.01. No other covariates
analyzed were associated with TTC levels in stored drinking
water in the home.
Direct Cost of Boiling. The median direct cost of the 94.6 g
of charcoal required to bring 1 L water to boil from 20 !C was
145 ZKW (0.029 USD). This was substantially less than the
median direct cost of using electric stoves to bring 1 L water to
boil from 20 !C, which was 222 ZKW (0.044 USD) (p < 0.0001).
On the other hand, charcoal households had a median income of
500,000 ZKW (100 USD), less than electricity households’ median 600,000 ZKW (120 USD). As a result, charcoal and electricity users spend similar proportions of their income on boiling
drinking water, 5% and 7%, respectively (Table 4).
Indirect Cost of Boiling. The cost of time was calculated using
two values: a lower estimate using the lowest reported income
of boilers in the study, and a higher estimate using the mean
D
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reported monthly income of boilers in the study. Both of these
hourly wages are based on evidence that unskilled female laborers
in Zambia work 31 h per week on average.25 The lowest reported
wage of a boiler in the study was 927 ZKW/h (0.185 USD/h),
while the median reported wage of a boiler in the study was
3112 ZKW/h (0.445 USD/h). More information on estimating
the indirect costs of time is in the Supporting Information.
Indirect costs are sensitive to the value of a woman’s time and
proportion of time exclusively spent boiling (Table 4).

involved in boiling water. In these locations boiling was associated
with a large reduction (86%!99%) in geometric mean TTCs over
source water, suggesting that boiling was eﬀective in reducing contamination. On the other hand, studies in Peru26 and Indonesia27
found that reportedly boiled water was no more likely to be free
of fecal contamination than source water.
In this present case, reported boiling was not eﬀective in
improving the microbiological quality of drinking water among
self-reported boilers. This was true even though the study population is estimated to be spending up to 7% of their income following this ineﬀective practice.
This is probably not because of noncompliance, a common
problem found in studies attempting to introduce new HWT
methods.28,29 Participants acknowledged that they sometimes
did not boil their drinking water due to other obligations or could
not boil due to frequent power outages. However, even among
the 60% of the drinking water samples from householders that
claimed to have been actually boiled, the level of fecal contamination was statistically equivalent to nonboilers.
Neither was the ineﬀectiveness of boiling likely due to
improper boiling. From the boiling demonstrations in this study,
only half the participants heated their water to the WHO recommended “surface boil”; the balance removed the heat source
when they observed steam from the pot or bubbles forming at the
bottom. However, evidence suggests that these visual signals
occur at 70 !C, 20 and that like pasteurization, this temperature is
suﬃcient to kill or inactivtate most waterborne microbes.30
Our results suggest that among this study population, boiling
—even if practiced consistently and correctly—may not be an
optimal method of ensuring water quality in the home. This is for
three reasons.
First, with only a geometric mean of 4 TTC/100 mL, the water
quality at the point of deliverly was comparatively high, limiting
the potential contribution of boiling to reduce the risk of waterborne disease. Among source water samples, 55.4% were free of
fecal indicator bacteria, and another 16.9% were of low risk. Only
10.4% of samples were of high or very high risk. Previous studies

’ DISCUSSION
The purpose of this study was to evaluate the microbiological
eﬀectiveness and potential cost of reported boiling as a household water treatment method as it is actually practiced in a lowresource community. Similar studies have been undertaken to
investigate microbiological eﬀectiveness13,20,21 and costs13,20

Figure 1. Percentage of drinking and source water samples (N = 498)
by WHO risk category.

Table 4. Cost (USD) of Disinfecting 1L of Water by Boiling for Participants in the Zambian Boiling Study; median (95% CI)
item

charcoal users, N = 19

electricity users, N = 30

median cost of fuel/L boiled

0.029 (0.01!0.037)

0.044 (0.043!0.045)

8 (3.7!15.0)

6 (5.0!10.9)

median cost/month (USD)

2.95 (1.98!6.03)

8.10 (6.75!14.67)

median % income spent
adjusted for 60% boiling

4.8 (1.7!9.1)
2.9 (1.03!5.44)

6.8 (5.2!12.4)
4.06 (3.11!7.44)

direct costs
median volume boiled/day
(L): reported

time valued at US$0.185/ha

time valued at US$0.445/hb

time valued at US$0.185/ha

time valued at US$0.445/hb

procuring fuel

0.00037 (0.00017!0.00055)

0.00089 (0.00040!0.00130)

preparing to boil

0.00154 (0.00072!0.00206)

0.00371 (0.00174!0.00494)

!

!

low boiling time: 20%

0.00308 (0.00223!0.00398)

0.0741 (0.00537!0.00968)

0.00208 (0.00154!0.00304)

0.00501 (0.00371!0.00732)

high boiling time: 40%

0.00617 (0.00447!0.00797)

0.01483 (0.01074!0.01916)

0.00416 (0.00308!0.00609)

0.01001 (0.00742!0.01464)

total low indirect costc

0.00499 (0.00312!0.00659)

0.00787 (0.00751!0.01592)

0.00331 (0.00277!0.00470)

0.00798 (0.00668!0.01132)

total high indirect costd
total maximum coste

0.00808 (0.00536!0.01058)
0.0338 (0.0238!0.0429)

0.01943 (0.01288!0.02540)
0.0547 (0.0375!0.0710)

0.00539 (0.00431!0.00775)
0.0529 (0.0474!0.0584)

0.01298 (0.01039!0.01864)
0.0740 (0.0583!0.0901)

indirect costs

0.00123 (0.00123!0.00166)

0.00297 (0.00297!0.00400)

a
$0.185/h is the lowest prevailing hourly wage reported by women in the study community. b $0.445/h is the median hourly wage reported by women in
the study community. c Total low indirect cost is the cost of procuring fuel + preparing to boil + low proportion of time during boiling water spent
exclusively on boiling (20%). d Total high indirect cost is the cost of procuring fuel + preparing to boil + high proportion of time during boiling water
spent exclusively on boiling (40%). e Total maximum cost to disinfect 1 L water by boiling is the direct cost of fuel + total high indirect cost.
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of boiling have not shown the practice to yield better overall
water quality than that delivered at the point of collection.13,20,21
It must be noted, however, that this ﬁve-week study may not have
identiﬁed occasional degredation in source water quality that
only boiling or some other means of HWT could address.
Second, the main contributor to poor drinking water quality
among study households is probably recontamination, a risk that
boiling alone cannot eﬀectively mitigate. In settings where water
must be stored at home due to distant and unreliable sources,
there is compelling evidence that the level of fecal contamination
increases in the absence of residual disinfection or safe storage.19
Because it contains no residual protection such as chlorine,
boiled water is susceptible to recontamination, particularly from
unclean ﬁngers or fomites, transferring it to an unclean container
after boiling, or adding other contaminated water to boiled water
to accelerate cooling. The fact that water quality among the 60%
of our samples drawn from households that claimed to have
boiled their water was no better than that from nonboilers
suggests that boiling did not consistently reduce the risk of
recontamination.
Our results also suggest some possible mechanisms for posttreatment contamination of drinking water in the home. Only
49% of study households stored their drinking water in a vessel
with a narrow neck (to prevent entry of hands), and 51% reported dipping into the vessel as their nomal way to draw water
for drinking. All householders transferred their water to a
diﬀerent container after boiling, and some ﬁltered it through a
sieve or added other water to it. In the multivariate analysis, the
number of persons in the household was positiviely associated
with geometric mean TTC counts. In larger households, more individuals may dip cups and hands into drinking water buckets,
increasing the chance of contamination. We found that using a
drinking cup to transfer freshly boiled water into the storage
container was strongly associated with drinking water quality.
Third, although boiling water may have the lowest barriers to
entry, continuing the practice among this population renders it
more expensive than the alternatives that oﬀer treatment plus
protection against recontamination. Assuming demand for boiling and costs of fuels remain constant throughout the year, using
charcoal will cost households US$4.30/year and electricity will
cost US$16.20/year. This cost exceeds socially marketed sodium
hypochlorite (US$1.65/year), or solar disinfection with safe
storage bottles (US$1.92/year) for the same volume of water.31
Additionally the 3!5 year cost of boiling is more expensive than
the cost of ﬁltration options including ceramic ﬁlters that include
safe storage, which cost US$15-US$25 and have a lifespan of at
least 3 years.31 The main beneﬁt from ﬁlters in comparison may
be in time, eﬀort, and air quality savings, which are less straightforward to ﬁnancially quantify. Because water was of comparatively high quality at the source, safe storage alone may provide
much of the needed protection from waterborne disease in this
population for the cost of a jerry can (15,000!40,000 ZMK or
3!8 USD) or other narrow mouth vessel with a tap.
In this study population, the mean direct (fuel) cost of disinfecting 1 L of water by boiling was US$0.029 for charcoal users
and US$0.044 for electricity users. Even excluding the economic
but potentially nonmonetizable indirect (time) costs, boiling by
charcoal and electricity ended up costing households 5!7% of
their monthly income for those who follow the practice consistently which is necessary for it to be fully protective; the actual
outlay would be 40% lower if there is only 60% compliance as was
actually reported here. These ﬁgures are comparble to urban

Peru, where investigators estimated the cost of boiling to be US
$0.06/L and the overall cost to be 7% of household income,26
lower than 1985 estimates of 10!22% in Bangladesh.10 In India,
fuel costs were comparable with householders spending an estimated 6% of their income on fuel for boiling.20 In rural Vietnam,
by contrast, a community relying primarily on collected wood
used the economic equivalent of only 0.5!1.5% of the average
monthly income for boiling.13
There are important limitations inherent in this study that
limit the validity of the results. First, this study was conducted
among a relatively small sample of households over a short period
of time, during the dry season when levels of contamination are
often lower.32 Second, study participants were not randomly
selected, but were recruited by community health workers who
found individuals that “always” or “almost always” boiled their water.
Third, the methods used in this study did not allow the ﬁeld investigator to conﬁrm whether or not the reported boilers were
actually boiling their water. The fact that only 60% of those
reported “boilers” actually acknowledge having boiled the sample
of drinking water that we procured from the home suggests a
high level of noncompliance. While there was no evidence that
such noncompliance impacted microbiological water quality in
this setting, it would mitigate the protective eﬀect in settings
where the source water is more highly contaminated. Noncompliance will also reduce the potential cost of boiling that we report here. Fourth, cost estimates are based on assumptions derived from boiling demonstrations and responses to participant
surveys. We also note that much of our study population used
electricity for boiling, a fuel source not likely to be available to
rural and othe low-income populaltions. Fifth, our constructed
cost of boiling only estimates the theoretical potential cost of the
practice, not the actual cost to the householders or the savings
that would inure if they discontinued the practice.
Subject to these limitations, these results raise important
questions about the household management of drinking water
among this population in Zambia. If these results are duplicated
on a wider scale, boiling would not be an appropropriate solution
in this study population for improving drinking water quality.
Alternative means of HWT—provided they protect against recontamination—may be a more eﬀective, suitable, and aﬀordable
means of protecting the microbiological integrity of drinking
water in this population. In fact, given that contaminated drinking
water was strongly associated with using drinking cups to transfer
freshly boiled water, safe storage alone may be an eﬀective intervention among this population. While dozens of studies have assessed the health impact of household water treatment, only
Roberts and colleagues have conducted an intervention trial
assessing the health impact of an improved storage vessel alone,
and its results were not deﬁnitive.33 This setting would seem
appropriate for such a trial.
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