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INTRODUCTION

ABSTRACT

Background: South Africa’s overburdened healthcare systems have led to
criticism of its unsustainable tuberculosis management interventions. In
2011, the National Department of Health implemented an outpatient, decen-
tralised care model, but this increased costs and jeopardised the long-term
viability of prevention measures. Home confinement is now recognised as a
viable intervention option, when combined with safety precautions such as
ventilation and medical support. However, little is known about the risk of
infection in this context.

Objectives: To assess the effectiveness of wind-driven roof turbines in en-
hancing ventilation and their potential to lower the risk of Mycobacterium
tuberculosis infection in a residential setting.

Methods: Eight houses were selected and divided equally into intervention
(wind turbines installed) and control groups, using a pairwise comparison
method. The CO, decay method was used as a proxy to determine ventilation
in the houses. The wind-driven roof turbines’ potential to lower the risk of
Mycobacterium tuberculosis infection was stochastically evaluated using the
Wells-Riley mathematical model.

Results: During two seasons, installation of a roof turbine resulted in twofold
ventilation rates compared to the control houses. Consequently, the Wells-
Riley model predicted a twofold reduction in the probability of infection in
the intervention compared to the control households.

Conclusion: Low-cost, low-maintenance wind-driven roof turbines are ef-
fective in increasing ventilation in houses, and should be considered as an
additional layer of protection against Mycobacterium tuberculosis and other
infections in residential settings.

are not options in TB management,”'® but those who run TB

A cost-analysis study showed that tuberculosis (TB) manage-
ment interventions are an efficient investment for South Africa.’
While previous national TB guidelines stipulated mandatory
hospitalisation, which made treatment easier by enabling the
close monitoring of adherence and side effects, and preventing
population transmission,? opponents argue that this type of care
is unsustainable in an already overburdened healthcare system.
This includes a shortage of hospital beds to accommodate all mul-
tiple drug-resistant (MDR), rifampicin-resistant (RR), and extreme
drug-resistant (XDR) TB patients’ obligatory hospitalisation; high
costs of extended hospitalisation; 4 and long waiting lists at large
specialised hospitals” - all of which lead to abscondment®® and
early release into the community.? Fears have been raised that
drug-resistant strains of tuberculosis may spread.

To increase access and reduce costs, the National Department
of Health implemented an outpatient, decentralised model of
care in 2011.” While this strategy increased case finding for drug-
resistant TB (DR-TB),® treating this type of TB is expensive. It puts
strain on and jeopardises the long-term viability of TB prevention
programmes in South Africa and other countries with comparable
budgetary constraints. Treatment rationing and early treatment
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programmes are forced to decide which patients should receive,
for example, drug susceptibility testing,'! despite the World
Health Organization’s End TB Strategy call for universal testing.'®
Tuberculosis infection prevention and control (IPC) targets are,
thus, unlikely to be met unless new technologies that are acces-
sible, cost effective, and easy to implement are considered."?
Home confinement of DR-TB patients to safeguard the health of
others is recognised as an alternative and more acceptable option
than hospitalisation,'> and is a viable option when combined with
appropriate safety precautions such as ventilation and medical
support.’>'3 Research on ventilation system installation (as an
additional safety measure) has established its effectiveness in
reducing transmission when TB case identification and follow up
have proved challenging.”*'” Natural or mechanical ventilation
in a room has been determined to be essential for reducing and
eliminating hazardous aerosols such as Mycobacterium tubercu-
losis.'® While natural ventilation is less expensive than mechani-
cal ventilation, it is highly variable as it is dependent on wind
speed, wind direction, etc., which affects the ability to measure
the air exchange rate (AER) - an indication of the effectiveness

of ventilation.'”'®
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Recommendations have been made to investigate the feasibility
of low-cost, simple-to-implement natural ventilation enhancers, as an
alternative to mechanical ventilation in poor-resource settings.' 92

The objective of this study was to assess the effectiveness of wind-
driven roof turbines in improving ventilation in houses, and their
potential to lower the risk of Mycobacterium tuberculosis infection in
households in Diepsloot, a resource-constrained community in South

Africa.

METHODS

The study was conducted over four months (July to October 2019)
in the South African winter and spring. The Diepsloot township was
chosen as a resource-constrained setting because most residents have
limited access to medication, equipment, supplies, and technologies;
and inadequate infrastructure. Itis a densely populated urban township,
covering an area of approximately 12 km?in the north of Johannesburg,
and is home to approximately 450 000 people.?! Approximately 76%
of residents live in backyard shacks made of scrap metal, wood,
plastic, and/or cardboard.?? There are also formal housing units such
as Reconstruction and Development Programme (RDP) houses, self-
built houses on serviced sites, and a small number of bank-financed
houses. 2223

A theoretical relationship between ventilation and the risk of infec-
tion was used to estimate the impact of wind-driven roof turbines on
transmission of Mycobacterium tuberculosis. The study design required a
comparison household (control) group with baseline (pre-intervention)
characteristics similar to the intervention group where wind turbines
were installed. Information was collected on the determinants of indoor
air quality (IAQ), i.e.building type, type of roof and flooring, house
features (e.g. the number of doors and windows), leakage, occupant
number, and indoor and outdoor activities.

The eight selected houses (four intervention and four control
houses) were all single-room RDP houses with a floor space of
29.28 m2. All the houses had pyramid-shaped tops on cube-shaped
foundations. At the highest point, the ceiling was 3 m from the floor;
the room volume was 70.86 m>. The mean age of the houses was
15.5 + 2 years; the median number of inhabitants per house was four.

Before the intervention, all eight houses were visited to assess the
aforementioned IAQ determinants and to measure some IAQ para-
meters, i.e. temperature, relative humidity, and CO2 levels. A pairwise
comparison was used to ensure similarity between pairs of intervention
and control houses and households. In addition, some other house
and household characteristics were analysed to test if they differed
significantly between the two groups: distance of the house from main
roads, indoor activities (i.e. cooking and smoking), occupancy, number
of shacks in the yard, age of the house, quality of the house structure,
and total number of hours that occupants slept in the house.

The intervention entailed installing an aluminium wind-driven tur-
bine on the roof of each of the four houses. The turbines had a 240 mm
diameter curved vane and spherical shape, and were ducted directly
into the rooms. Trained technicians installed the turbines in accordance
with a unique methodology tailored to the structure of the houses.

Each house was visited four times after the wind turbines had been
installed; each visit started with hour-long morning and evening mea-
surements of the IAQ parameters of temperature, humidity, and CO2
concentrations, using a TSI-integrated VelociCalc® Model 9545 Airflow
Meter, and then averaged within the two groups.

The natural ventilation in the houses was assessed using the CO,
decay method. At every visit - after the windows and doors were
closed and the residents had left - CO, gas was slowly released from
a cylinder and pumped into the house until it reached a level of
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4500 ppm. After allowing the €O, to mix with the room air for an hour,
the CO, concentration was measured using an infrared gas analyser
(TSI IAQ-CalcTM Meter, Model 7525) at five-minute intervals over an
hour.

The Human Research Ethics Committee (Medical) at the University
of the Witwatersrand approved the study (clearance certificate number
M190426).

Data analysis

Stata version 15 was used for data analysis. The ventilation in the houses
was determined using the CO, decay levels pooled per season and time
for both the intervention and control houses.

The CO, concencentrations were log-transformed and the log values
were plotted on a graph, with time (t) as the predictor variable and CO2
concentration levels as the outcome variable. The air exchange rate in air
changes per hour (ACH) was determined as the slope of line of best fit.

The ventilation rate in the houses was calculated from the air
exchange rate, using Equation 1:

Q =ACH V.ef (Equation 1)

where Q = ventilation rate (L/s), ACH = air change rate (h",
V =room volume (m3), and ¢f= correction factor (1000 (I/m?)/3600 (s/hr)).
The ratio VR/average number of house occupants provides an estimate
of the ventilation rate per person.

The value of Q was further converted into an average natural infiltra-
tion rate, based on the South African Residential Ventilation Building
Code (SARVBC), which recommends an average natural infiltration rate
of 0.35 m3/h/mZ2. #This is equivalent to 6.9 L/s per person. In this paper,
the term ‘infiltration’ refers to the flow of air into and out of buildings
caused by unintentional leakage in the exterior building envelope -
through windows, doors, and other openings - attributed to pressure
differences caused by wind, indoor-outdoor temperature differences,?
and the operation of the wind-driven roof turbine.

The Wells-Riley mathematical model®® was used to estimate the
probability that a person in the household could be infected when a
single infectious person is present:

Pi= % =I-exp (- k””)

0 (Equation 2)

where Pi is the probability of infection, C is the number of infection
cases, S is the number of susceptible people in the indoor space, I is
the number of people potentially transmitting the infectious aerosol,
pis the pulmonary ventilation rate of a person, g is the quanta genera-
tion rate, t is the exposure time interval, and Q is the room ventilation
rate with clean air.

Pi, expressed as a percentage, was calculated using the median
number of occupants in each home; p was calculated using a value of
0.6 m3/h based on findings in a household environment;?® and t was
calculated using the average time spent in the dwellings. A quanta
generation rate of 13 quanta per hour, representing active tuberculosis
patients not on treatment, was used.?” Q was calculated as the product
of Aand V, where A is the AER by ventilation per hour (h") and Vis the
volume of the ventilated space (m?).2

The infection risk (P) reduction, i.e. the comparison of the infection
risk of the intervention houses with the control houses, was calculated
as:

Peontrol

7. Leonrol 10094

5 (Equation 3)

intervention
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RESULTS

Table 1 shows the results of the matching of the participating
households regarding some key attributes. Prior to the installa-
tion of the wind turbines, there were no statistically significant
differences in CO, level and temperature (p > 0.05), and a marginal
difference in relative humidity levels (p = 0.057).

Once the wind turbines were installed, the mean indoor tem-
perature, relative humidity, and CO, concentration were lower in
houses with wind turbines than in those without (Table 2).

Table 3 shows the comparison of air exchange and ventilation
rates in houses with and without the wind turbine. The AERs were
> 1 for the houses with wind turbines, and < 1 for those without,
for both times of day and both seasons, and differed approximately
by a factor of two.

The estimated ventilation rate in houses with and without
wind turbines was lowest in winter during the day, at 5.0 and
2.1 L/s/person, respectively. The acceptable ventilation rate of
6.9 L/s per occupant, as per the SARVBC requirements, could only
be achieved during spring evenings in the intervention houses.

Table 4 shows the the risk of infection in the houses with and
without wind turbines, by time of day and season. In all instances,
the risk of infection was greater in the houses without than in
those with wind turbines.

Because the ventilation rate (Q) in the houses with wind
turbines was roughly twice that in the control houses (Table 3),
the risk of infection in the houses without wind turbines would
have been roughly twice that of the infection risk in houses with
wind turbines.

DISCUSSION

In this study, we demonstrated that installing wind-driven tur-
bines effectively increases house ventilation, and reduces the risk
of infections such as Mycobacterium tuberculosis for occupants.
Studies on ventilation and Mycobacterium tuberculosis transmission
have identified and detailed that a comparable cluster of physical
architectural aspects such as tightness of the building envelope,
local topography, and wind shielding; and socio-demographic
characteristics such as occupancy and activities, is required to draw

Table 1. Matching participating households

such conclusions.'®?>?729 The characteristics of the houses and
households in our study demonstrated that a sufficient match was
achieved between control and intervention houses and households.

In addition to the improved ventilation, IAQ parameters, indicat-
ing comfort levels, were also improved in the intervention houses.>®
This can be explained by differential temperatures, with indoor air
being heated by the sun, which raises the thermal temperature
at night.> Consequently, thermal currents form, inducing turbine
rotation and expelling warm air from the structure. The wind-driven
technology is described as‘passive ventilation’ because of the resul-
tant reductions in temperature.?' Our findings that wind turbine
houses may generate comfortable interior environments are, thus,
satisfying, because the most likely time for internal air pollution is
at night, when all necessary ventilation components are closed for
safety reasons, and all the residents are inside.'3°

The CO, decay is a surrogate measure for ventilation effectiveness.
Itis used as a proxy for infection risk, because the C02 concentration
can be considered as the surrogate for a contaminant in a space.
Therefore, determining the ACH can help estimate how many times
the contaminant is completely removed and replaced with clean air.
The intervention houses, i.e. those equipped with wind turbines,
demonstrated the highest ACH compared to the control group
of houses, highlighting their potential role in reducing airborne
contaminants. Moreover, wind-driven roof turbines offer a distinct
advantage over conventional open doors and windows by obviat-
ing draughts. The benefits of roof turbines extend beyond reducing
draughts, as their operation is not solely dependent on human behav-
iour from a public health and occupational hygiene perspective.
Moreover, the efficacy of wind-driven turbines remains unaffected
by electricity dependency, rendering them suitable for deployment
in areas without access to electricity or during instances of power
outages.

A previous study,'® emphasising individuals’ difficulties in
closing roof turbines, underscores the roof turbine’s capability
of functioning with less reliance on humans, engendering the
potential of sustained ventilation. There are minimal practical ways
for human activity to restrict the turbine’s performance except for
an occupant to block the turbine. However, cultural beliefs are a

Pair 1 Pair 2 Pair 3 Pair 4
Parameter
T1 c1 T2 c2 T3 c3 T4 c4
Number of occupants 5 6 4 3 5 5 4 7
Age of house 15 14 13 13 17 17 15 15
Indoor activities cooking cooking cooking cooking cooking cooking cooking cooking
smoking smoking smoking
Total hours sleeping 7 11 8 9 9 9 8 10
No. of shacks in yard 6 7 4 3 6 5 4 4
T: household with turbine, C: control household (4 pairs)
Table 2. Differences in I1AQ parameters between houses with and without wind turbines during the
study period
Wind turbine installed
IAQ parameter Yes No p value
mean (SD) mean (SD)
Relative humidity (%) 23.2 (5.4) 28.7 (7.1) < 0.001
A Indoor-outdoor temperature (°C) 1.3 (2.8) 0.4 (2.8) < 0.001
435.3 (106.3) 599.1 (138.4) < 0.001

CO, concentration (ppm)

SD: standard deviation, ppm: parts per million
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crucial social determinant within diverse communities, shaping
the acceptance of innovative technologies like wind-driven roof
turbines.

Since many South Africans have developed tuberculosis
immunity from earlier exposure to the bacterium, the projected
risk reduction figures in this study are relatively high. As a result,
this infection probability should be regarded as an estimate
rather than an actual probability. Furthermore, initiating effective
TB treatment reduces a person’s infectiousness when treatment
guidelines are followed. However, there is substantial evidence
to refute doctrinal claims that patients are no longer infectious
after two weeks of TB treatment. The Wells-Riley model, which is
used for generic quantitative infection risk assessment of respira-
tory infectious diseases in indoor settings, lacks specificity for TB
infection since the quanta generation rate and the effective dose
are lacking. However, in our study the same assumptions for these
parameters were assumed for all scenarios, enabling a risk com-
parison. Although there is evidence that ventilation reduces the

27.2830the maximum ventilation rate

risk of tuberculosis infection,
at which theriskis nolonger reduced, in practice, is unknown, and
the risk of infection of household members during tuberculosis

patients’home care remains unclear.

Limitations

This study had some limitations. First, we included a relatively small
number of intervention and control houses, prompting questions
regarding the extent to which houses were perfectly matched.
Second, time constraints resulted in shorter-term follow-up
assessments post-intervention implementation. Third, equivalent
host susceptibility, uniform droplet sizes, constant ventilation,
homogenous mixing of air, and a minimum clearance of infective par-
ticles by means other than ventilation were assumed. Last, the research
area did not have electric power during the investigation. As a result,
when CO, gas was introduced into the house, homo-geneous mixing
of air, aided by a fan, was not attained.

Recommendations

Since we demonstrated the beneficial effects of installing wind-driven
turbines, it is recommended to apply the intervention on a systemic
level; some social science research on acceptance will be required to
bring such an approach closer to systematic application. Understanding
the perspectives of community members is critical, because the success-
fulimplementation of an intervention is dependent on the population’s
attitudes, social conventions, and behavioural aspects.

Table 3. Comparison of air exchange and ventilation rates in houses
with and without wind turbines

Wind Winter* Spring
it:::::::d Day Evening Day Evening
Air exchange rate per hour (m3/h/m?)
Yes 1.1 1.2 1.3 1.6
No 0.6 0.7 0.8 0.8
House ventilation rate Q (L/s)

Yes 22.4 24.0 25.6 31.9

No 11.0 12.8 16.5 15.5
Ventilation rate per occupant (L/s/person)**

Yes 5.0 53 57 7.1

No 2.1 2.5 3.1 34

CONCLUSION

Wind turbines were effective in improving ventilation in houses. The
effectiveness of the ventilation intervention can be regarded as a
step towards reducing the risk of tuberculosis infection in residen-
tial settings. Low-cost, low-maintenance wind-driven ventilation
systems should be considered for an additional layer of protection
against transmission of Mycobacterium tuberculosis and other infec-
tions in residential settings, particularly when linking inpatient
health facilities with home-based/community care.

KEY MESSAGES

1. Wind-driven roof turbines enhance IAQ and comfort
by promoting air exchange, reducing temperature and
humidity, and preventing draughts without human
intervention.

2. Improved ventilation achieved by installing wind-driven
roof turbines can significantly reduce airborne TB infec-
tion risk.
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