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ABSTRACT: Progress toward universal access to safe drinking
water depends on rural water service delivery models that
incorporate water safety management. Water supplies of all types
have high rates of fecal contamination unless water safety risks are
actively managed through water source protection, treatment,
distribution, and storage. Recognizing the role of treatment within
this broader risk-based framework, this study focuses on the
implementation of passive chlorination and ultraviolet (UV)
disinfection technologies in rural settings. These technologies can
reduce the health risk from microbiological contaminants in
drinking water; however, technology-focused treatment interven-
tions have had limited sustainability in rural settings. This study
examines the requirements for sustainable implementation of rural
water treatment through qualitative content analysis of 26 key informant interviews, representing passive chlorination and UV
disinfection projects in rural areas in South America, Africa, and Asia. The analysis is aligned with the RE-AIM framework and
delivers insight into 18 principal enablers and barriers to rural water treatment sustainability. Analysis of the interrelationships among
these factors identifies leverage points and encourages fit-for-purpose intervention design reinforced by collaboration between
facilitating actors through hybrid service delivery models. Further work should prioritize health impact evidence, water quality
reporting guidance, and technological capabilities that optimize trade-offs in fit-for-purpose treatment design.

Innovation in Decentralized
Water Treatment Technology

Reach, Effectiveness, Adoption,
Implementation, Maintenance Factors

Passive Chlorination
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1. INTRODUCTION

Inadequate access to safe drinking water leads to serious health
impacts and deepens social and economic inequalities."”” Access
to safe drinking-water is essential to human health and it is a
basic human right.”* However, in 2020, one in four people
lacked access to safely managed drinking water, and eight out of
ten people who lacked even basic drinking water services were
living in rural areas.’ Rural coverage of safely managed water
services is lower than urban coverage in all of the United Nations
Sustainable Development Goals (SDGs) country grouping
regions.” Microbial contaminants from human or animal feces
are the primary threat to drinking water safety.” Piped water
supplies, boreholes, rainwater collection systems, and protected
wells and springs (“improved” water supply infrastructure as
defined for the Millennium Development Goals) have high rates
of fecal contamination unless water safety risks are actively
managed.6 Human and animal feces can spread pathogenic
bacteria, viruses, protozoa, and helminths; therefore, to ensure
the safety of drinking water, a series of barriers to fecal
contamination should be implemented.” The World Health
Organization (WHO) recommends a risk-based approach that
considers the need for water source protection, appropriate
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selection of water treatment technologies, and sound manage-
ment of water distribution.’

Within the broader risk-based framing of water safety
management, technological innovations may offer promising
avenues to improve water safety. However, across the water,
sanitation and hygiene (WASH) sector, a growing body of
evidence shows that the expected improvements in health
outcomes from technology-focused interventions are often
elusive.””"” This is due to the complexity of the links between
WASH and health and also due to challenges of sustaining
adherence to interventions.'”'” Here we focus specifically on
drinking water treatment interventions. To increase drinking
water safety in rural areas, decentralized water treatment
approaches generally focus on either the household level

Received: December 4, 2023
Revised:  February 9, 2024
Accepted: March 6, 2024

https://doi.org/10.1021/acsestwater.3c00779
ACS EST Water XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Merel+Laauwen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saskia+Nowicki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsestwater.3c00779&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.3c00779?ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.3c00779?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.3c00779?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.3c00779?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.3c00779?fig=tgr1&ref=pdf
pubs.acs.org/estwater?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsestwater.3c00779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/estwater?ref=pdf
https://pubs.acs.org/estwater?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ACS ES&T Water

pubs.acs.org/estwater

[point-of-use, (PoU)] or the water-supply level [prior to the
point-of-collection, (PoC)].

Household-level water treatment, including the use of filters,
solar disinfection, boiling, or chlorination, has been widely
promoted for years.”” While technologically effective, high
adherence to PoU water treatment is required for positive health
impacts to be realized.”** Yet, household-level water treatment
methods have low uptake and sustainability in many
contexts.'”*' Focusing on the household as the locus of
responsibility for ensuring safe drinking water places an
additional burden on individuals, often women, who may be
limited in their ability to take-on this burden by poverty, gender
norms, and the need to balance their effort across multiple
priorities.”** ™

Transformative advancements are needed in the rural water
sector to develop service delivery models that shift the burden of
water treatment away from households.”> Applying systems
thinking to examine the challenges of safe water service delivery
provides insight for the design of such models.”**” In this study,
we use an implementation science framework to explore a
complex adaptive system (CAS) in which supply level rural
water treatment interventions are embedded. We focus
specifically on the implementation of passive chlorination and
ultraviolet-C light-emitting diode (UV—C LED) disinfection.
These two disinfection approaches were chosen due to their
widespread uptake and technological advancements in recent
years.”* "> Both approaches reduce health risk from micro-
biological contaminants in drinking water; both require ongoing
maintenance by a local party; both are installed in-line so that
they act on water flowing through a pipe, tap, or pump, either at
the PoC or upstream;”* > and both may require pretreatment
filtration steps to be implemented if water has high turbidity
(which reduces the disinfection efficiency for both UV and
chlorine®*™**). Beyond these commonalities, the two ap-
proaches have several important differences.

Passive chlorination is a form of water treatment that
continuously and automatically doses chlorine, while operating
without electricity (although electricity is intermittently
required for on-site chlorine generation if adequate chlorine
supply chains are not accessible). There are commercially
available passive chlorination devices (e.g., Aquatabs Flo,
Aquatabs Inline), or basic designs can be constructed from
common materials that are used for building and maintaining
small piped water schemes (e.g, AkvoTur, T-shaped chlor-
inator, pot chlorinator). Passive chlorination technologies vary
widely,” and factors that differentiate chlorine technologies
include the form of chlorine used, cost, maintenance require-
ments, and compatibility with water supply infrastructure
parameters like pipe sizes and flow rates.” "' The mechanisms
and advantages of different types of passive chlorinators were
explored by Déssegger et al.”* Passive chlorinators are operated
at the water supply level, but they can provide ongoing
protection at the household level if dosing is sufficient to have
adequate residual chlorine concentration.”**”** This is an
important advantage of passive chlorination over UV-based
disinfection, which provides no residual protection. Using
chlorine for disinfection also has several disadvantages. Chlorine
has varying levels of effectiveness against different micro-
organisms; it can be ineffective against hardy protozoa like
cryptosporidium** or some viruses.”> Implementation chal-
lenges can arise if water users object to chlorination because of
changes in water taste/odor, for cultural or religious reasons,

or due to concerns about disinfection byproducts (DBPs) that
form when chlorine reacts with organic matter."”

Ultraviolet (UV) irradiation is capable of inactivating a broad
spectrum of microorganisms without the use of chemical
consumables (therefore, without taste/odor or DBP concerns).
With UV, the mechanism of disinfection is agnostic to the taxa of
the microorganism.32 However, microorganisms do have
varying susceptibilities to UV irradiation: for example,
cryptosporidium is easily inactivated but viruses are more
difficult to inactivate.***” With treatment at high UV fluences,
microorganisms are inactivated through the absorption of UV
photons by proteins in the outer cell membranes, leading to
disruption and consequent death of the cell.”” At lower fluences,
microorganisms can no longer cause infection as the ability to
replicate is disrupted.”” UV—C LED technologies are advancing
at an unprecedented speed. Lui et al. found, in 2016, that
commercially available UV—C LEDs were already technically
effective in inactivating Escherichia coli and Enterococcus faecalis,
and offered advantages in terms of speed and energy demand.*
Simons et al. calculated a 39% compound annual growth rate in
commercial single-chip LED output power between 2005 and
2022.°" While conventional mercury-based bulbs require a
warm-up time and thus must be in continual operation, LEDs
may remain in low-power standby mode and only need to be
engaged on-demand.”’ The rapid advancement of LED
efficiencies suggests that UV—C LED disinfection can open-
up opportunities for more affordable, effective water treat-
ment.”' However, the UV—C LED approach also has important
disadvantages to consider. Unlike passive chlorination, UV-
based disinfection relies on energy access, which is not reliable or
affordable in many resource-constrained rural settings. The
advancement of solar power technologies may alleviate this
issue,”*>” but UV—C LED disinfection is still complicated
compared to passive chlorination, particularly with regards to
accessing specialized spare-parts.”® For example, supply chain
issues related to microchip acquisition persist globally due to the
dependence on several countries to coordinate materials and
manufacturing.””

Current research priorities for UV-based water disinfection
center on improving inactivation levels of microbial contami-
>33 and developing technologies that are compatible with
decentralized energy supply.”® However, implementation of
UV—C LEDs in full-scale centralized or decentralized water
treatment systems remains poorly characterized and under-
stood.”® For passive chlorination, a 2022 critical review™’
outlined key components needed for scalability: electricity
access for on-site chlorine generation,s}’57 residual disinfection,
consistent water supply,”® low user burden,’” local manufactur-
ing capacity, and affordable cost of technology and operations
and maintenance (O&M). The review identified four research
priorities including (i) strengthening supply chains, (ii) context-
specific financial sustainability, (iii) remote monitoring and
sensors, and (iv) handpump-compatible passive chlorinators.*’

This study aligns with the research priorities for both UV—C
LED and passive chlorination treatment approaches by using an
implementation science framework. This framework guides our
exploration of the barriers and facilitators for sustainable
implementation of supply level water treatment in rural,
resource-constrained settings. It enables development of a rich
comparison of the implementation environment for passive
chlorination compared to UV—C LED technologies.
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2. METHODS

Implementation science focuses on the gap between efficacy
studies and real-world interventions at scale.””' Research
examining the factors and processes that make WASH or other
environmental health interventions successful is included within
this scope.””%” Intervention implementation studies use varying
and overlapping theoretical, analytical and experimental
methods that also draw on the aligned fields of translational
research and systems science,”*°"**~%° with some key successes
in improved health outcomes.”™ In this study, we use an
implementation science conceptual framework and system
mapping method to guide and analyze key informant interviews.
Our approach is an application of systems thinking, where
“system” refers to the components and dynamic interactions of
local context, management, supply chains, and other factors that
collectively constitute the CAS of rural water supply.”® Thus,
this study aims to understand the complexity of water treatment
interventions beyond technical components. To avoid con-
fusion, physical water supply and treatment “systems” are
referred to as “technologies” or “infrastructure”.

2.1. An Implementation Science Framing. The RE-AIM
framework evaluates public health interventions according to
five key dimensions: Reach, Effectiveness, Adoption, Imple-
mentation, and Maintenance/Sustainability, with long-term
sustainability and health equity concerns having been added
recently®~"* (Figure 1). The Reach dimension directs focus to

Mig - Implementatio™

Figure 1. Updated RE-AIM Framework as presented by Shelton,
Chambers and Glasgow 2020 [CC BY].”*

the intervention target population and factors, such as user/
customer profiles and collaboration between actors. It is most
relevant during the planning stages of an intervention and is
heavily influenced by costs, resources, and capacity consid-
erations. The Effectiveness dimension includes consideration of
factors that impact how well an intervention achieves the desired
outcomes when implemented according to guidelines and
protocols in the real world (as opposed to how efficacious it may
be under controlled circumstances). This is a priority during the
early stages of implementing an intervention. The Adoption
dimension is about communication with the actors that are the
intended adopters of the intervention and working to under-
stand their perception of the intervention. It is heavily influenced
by context and culture and dominates focus in the
midimplementation phase. The Implementation dimension
evaluates the extent to which the intervention is carried forward
as intended, prompting considerations of financing, person-
power, and roles and responsibilities. Within the framework, it is
positioned for primary focus during the late implementation
stage and is influenced by context, culture, and healthy equity
considerations. Finally, the maintenance/sustainability dimen-
sion prompts consideration of long-term monitoring, stability of
implementation models, climate resilience, and supply chains.
This sustainment phase of an intervention is oriented toward
advancing health equity, where all members of a population have
fair opportunity for good health and well-being through a
reduction of health risks that negatively impact marginalized
groups and through provision of protective measures and care
that is accessible to all.”*”* All five dimensions are intended to be
explored within a broader and continuous focus on sustainability
through all stages of an intervention, from planning to
sustainment.

The initial development of the RE-AIM framework sought to
improve public health interventions by promoting more efficient
use of resources and by aligning different stages of develop-
ment.”* More than 20 years later, the framework was adapted to
include the longer-term perspective,”* which reflects a growing
recognition of the dynamic, complex, systemic nature of public
health interventions. Thus, RE-AIM provides a useful framing
for our investigation of rural water treatment by positioning
treatment technologies within the complex systems that they
aim to change.”* RE-AIM is also preferred because it
substantially prioritizes sustainability and health equity, which
receive more limited consideration in many other implementa-
tion science frameworks and theories.”” "7

2.2. Key Informant Interviews. Semistructured interviews
were conducted in June and July 2022 with key informants who
work in academia, NGOs, commercial companies, research
institutes, public health institutes, or a combination (Table 1).
An interview guide was developed based on the components of

Table 1. Summary of Key Informant Characteristics

actor category technology role country of organization country of operations
passive UV-C LED low- or middle- high income low- or middle- high income
chlorination disinfection operational managerial income country country income country country
academia S 6 0 11 0 11 8 2
academia and NGO 2 1 1 2 0 3 4 0
involvement
NGO 1 4 3 3 0
research institute 0 0 3 0 3 S 0
public health institute 2 0 0 2 0 2 1
total 18 8 S 21 3 23 27 3

https://doi.org/10.1021/acsestwater.3c00779
ACS EST Water XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsestwater.3c00779?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.3c00779?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.3c00779?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.3c00779?fig=fig1&ref=pdf
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.3c00779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Article

pubs.acs.org/estwater

ACS ES&T Water

(Te
—€0) 0T

(16
—€0) 6%

(v
—€0) $9

(Lot
-I'T) 8§

aauw.e.

0C

(142
—0'1) ¥'6

(ret
-9'0) TS

(L6
—$0) ¥'€

(£7-60)
ST

98eran00
Burpoo g

L4

St

L1

L4

(44

61

SMITAID)UT

#0 1D) . ue[d vonejuswadur [enjoe

a1 10 sarpmys [eyuduIIadxd uruSisap Jo swLIA) U YOIBISII YY) UO JIOM

03 Ayrunurwod ay) Jupyse 10 sjudwussasse spasu Junonpuod L[pande

a1e nof a1aym spoyjaw yoreasar Aroyedonred Sursn pue payoedunr
Aqremyoe 24 nok Ayrunwiwod oy SurSeSus yym Sunreys Apear oy (99 1,

Y1 1D
senrunyroddo jo sad£y asoyy uo apapmowry aJueydxs meA uMwWﬁw
03 ‘Aem 3saq ayy ‘Aem A[uo a1y s ey ‘sroquidwr Lrunurwod apisSuore
Sunjrom ‘Arunurwods jey ur paysiqesss dpdoad aaey ues nof Jr ‘og
*paau no£ Jeym nof [[9) SW0D IPISINO JWOS SUIALY 0] ISIIAPE AI9A UL ],

A:JUV ’sanssT A1[1319] 03 SPe3] I JeY) IAS[2q 0} UOWWOD
st 31 ‘opdwrexs 10§ ‘epuedn) uf “seare [eanx ur Jua[eadrd £1aA are ULIOYD
jnoqe wﬂu%E puy "ouLIOTYd mof I[STp %mﬂu ISNEI3(q 3dINOS ﬂm“:.—zom
£19A B 0) 03 uEd A3y, '$921N0s YIMS Ued L3} ‘DULIO[Yd 123 0) WAy
Bunioy ‘mowy nof ‘surrofyd a3 Sunind nok yym Addequn are apdoad jy,

(#0 AN) . swaishs AN Sumamod

105 uondo ue se 1omod Ie[os ur sadURAPE OS[e pue uonejuwI[duwr
ur jsarajur dxow paumds s Jeyy yuryy | pue 9saxojur payreds aaey AT,

(L0 1)

S[ESTUW_YD SNOLIEA 0} 2InS0dXd JO 1LY 10J SULIO[YD PIOAE 3 UP[NOYS IM

11} I9MO] YonUI 08 Jsnf ST ‘9SeISIp SNONIJUI Jo Ysu Yy 03 paredwod
se ‘sponpoad£q 3531 JO YSLI ) JBY) UOHUIW 0 Je3[d A[[Ed1 3q P[NOYs I,

(S0 10) . PHOM

a1ud a1 jou st aoeld Jey Ing * * -aoe[d € 2ARY SIOJRULIO[YD dUIU]

+ * “Teron1d A[rear st asop Ayipenb juaysisuod arow aproxd jeyy sponpord

Surpuejszopun yuryy | ‘o 'sponpord juaragip Ap3e[dwod aq pnos
Aoy ‘g se awes ay) 3q 03 Surod st y I0jeuLIo[yd durur Aes J ued NOX,

(S0 D) . 193eM JO SMO[J JUS}SISUOIUT YIIM ISOP IULIOYD JUSISUOD
e unmnsua Jo AJNOYJIp 3 ST ALY am sIdLLreq 353331q a1y Jo auo Nuryy I,

(8T710) .M

SE UIE3[ OM JNq ‘DIBYS 0] JO[ B IABY M ‘UONBULIOJUI JAO[ M ‘MO

NOX ---Pajoauuod 1M ‘OPIS I9YI0 Y UO sn Jo J0[ e Ing ‘yoeoidde

153q 1Y) pue udisap 3saq 1ay) Sunnoy Jnoqe [[e s “UOHBIOe[[0d
Jnoqe jou axe [ Jeyy s332 peq jo aidnod e s 1Yy I [99 T,

(#0 1D) . s1owo3snd jo 33uer 3pIM e Jo pun| 3q 03 Jurod

$ 10U | ‘o *sSUn3as JO 10T B UI YIOM P[NOd J[IsT 931Adp d T, ‘a3earrd

3q P[NOd J] "SISUMOIWOY [ENPIAIPUL 3q P[NOD }] "SUOHNIISUI IIYJO pue

sjooypds Je 13em Surpraoad st jey) JusWIUISA0S [€50] Y} IO SIWI[IOEY
areoyeay yym Suduyred are jeyy SOON 29 P[NOd SIAWOISND Y],

vamuozw

‘SuUONUAAIIUT Judunyean) jo Aiiqeidasoe
pue uSisap a1y aaoxdurr 03 [enuajod pood aaey 0y parsprsuod st pue uowrwodun st Juruuerd L1oyedonred pue
uSIs9pod JNQ ‘UOWWOD dIe UORUIWSSSIP UONRULIOJUI 10§ sSUNW AJIUNWIWOd pue SUOISSNISIP J[QEIPUNOY
*SUONJNSUT [ED0] IIM UOTIeIOqE[[0d Jo dduepodu ay) paziseyduws syueurtojur 43y ‘uondope uonejuswaydur
ur 10300y Jueprodur ue st ss3501d uonejUIWAdUN YY) UT SI0JOE [EI0] IAYIO PUE SIISN ISJEM JO JUSWIAJOAUT YT,

‘pea] Ay} aye) pnoys s1oulred axyeydn 1o sojeroqerjod

Anunod-ur s3unIas YoNs Ul PUE ‘UONEITUNIUIOD JATIIYJS Japury Aewr sidtireq [erymno pue afenueT  “siosn

I3)eM JIM JOBIUOD 1DIIP JABY P[NOYS $I0)0€ USIDIOf I9YJO IO SIAYDIEISAI IaYpaym uo suorurdo paxrur aie

2191 T, *Su125u0d ssa1dxa 10 suorysanb yse 0) way 10§ 9oeds aq Jsnw 213y} pue ‘FULLNDI0 ST UONIJUISIP A() 10

UONBULIO[YD JT) MOUY ISNW SISN I9JEAN “Jueliodur aIe PajesTunurwod st Jeym pue auop st juswadedus moy
Ul $9OUAIDYI(] *SUOTIUIAIIIUT JUIWIJLIT} 13JeM 0] [RIDJAUI] 9q 0} PAAIdIIAd ST SI9SN I9JEM 1M UOTIEdTUNWUIO))

uawaambar 1oqe] pjoyasnoy

OU pUE 3[EJS JO SAIWOUOID JO ISNEII] JUIWIELII) [9A3[-P[OYISNOY 1940 safejueape sey Uond3[[0d jo jurod

03 1oud £]ddns 193em 213 unpm pajuswaldwr Jusuneany :s10308) 9 Os[e aIe 3500 pue InoqeT aduejdadde

yedwr ues> Suruonisod snoidrpx pue ‘suopidsns ‘SyILw pue s3LTEA UONIJUISIP Jnoqe Fpapmouy ‘syoadse

sndajouedio sapisag ‘syurejdwiod 10po/9)se} 10U ALY ABW PUE UONEIIUIIUOD [eNpIsT SULIO[YD 1ySry

[IIM 19)eM AT UOTJRULIO[YD Jo Jurod 3y} 0] I13SO[D It Jer]) SIISN IAJEAA ‘SI0JOE] I9YJ0 PUE UOTJRUTWISSIP
UONBWLIOJUT ‘SWIOU [e30] ‘9oudradxa Io1d ‘uonesnps £q pasuanpjur sI SUOHUIAIIUI JudUIEaI) JO ddue}dasdy

‘saniqedes

Suuoyruow 10§ suonesrdun jueyrodun yym Sundueape osfe st A3ojouyda) 1osuss Ayienb 1a3ep a3e19d0

0} 1atsed pue 9oedwrod arow ‘Bunsel-193uo] ‘Tadeayd ‘nyromod drow GuUIIFA A[EIIIIF[P AIOUWI SUI0Iq

aney yorgm ‘sardojourpay qHT D—AN Jo 1uswdoreasp prder Suaup ‘@pessp ised a3 wr ploj-0Q1 padnpar

sey sqq T D—AQN JO 3503 3y ‘dpdurexs 104 “Aiqe[reae pue ‘Sumay ‘AIIqeI4da1 Se Yons sINSLIaIOLIRYD
[euayew pue uonduwmsuod £4315us 03 a3e[a1 Juswdofaasp A30[0uyda) JUSUIIEIT) IOJEM PIZI[EIJUIIIP JO Seare A3

xa[dwod 210w JuswaSeuew Jg sqew

1o1em Jusunjeanaid ur 1apjewr oruedio Jo uoneUAdUOd A Ul A[IqeLIeA “I9PISU0D 03 s1030e) Ayiqeidanoe

19sn 1ajem pue syuawarmbar £1ojenSar ospe are axayy) Inq ‘Garsnpuodur st syedwr yieay Jg Jo DUIPIAD
Y], "SUONUIAIINUI UOHBULIONYD 10§ Ysix AYiqeidonoe pajenosse pue s yreay [enuajod e jussard sqgd

'sdays wonoajursipaid pue uondajord 33mos spnpUI 0 MOY pue IAYIAYM SUIPIP UIYM pue
‘saypeoxdde asayy urgym suondo uSrsap remonred Sunospes uaym ‘oreordde jusunesn; AN 10 UOHRULIOTYD
e u2aM3aq Sundo[as UM IOPISUOD 0] sJjo-aper) axe A1y, 'sSunyas jo afuer apm e ur asn 1oy papudjur e
asay ], ‘padoaaap uaaq aaey suondo £3ojouyda) Jusunear) 1ajem pasienuaddp mau Luewr ‘opessp jsed ayy uy

*SYSII UONRUTIURIUODAI
pue “Aouaniyns wonddjursip ‘sansst sndsjouedio ‘sa01nosax Jo asn JUIDYYS IduE[Rq 0) PAUFISAP 2q IsnwW
douanyy \wEon "UORIJUISIP 310J3q sadeys Juauneanaxd ou o fewrunw pue MOJJ JUINTULINUI £q PIZLIDBILYD
ud)jo dre YOTYM ‘surd)sAs [ernt ysouwr ur jueprodwir st £yipenb 19jem pue sajer mopy 1ajem ur iqertea oy jdepe
03 fyoedes ay T, -ansst aduewrofrad 2105 e st Jursop /a5Usn(y 1991100 “UOTJRULIONYD PUE WONIJUISIP A() YI0q 10

‘Bupueuy jo Liqeureisns ay) pue
yuswdofaaap £3ojouyay uo spedun sey pue ‘suonuasrdiur £q paypoeas axe jey suonendod jo uoniodoxd pue
OMGOMQ 9} sadUaN[juI UOTIBIOQET[OD ST} JO 2INJEU I} :SMITAIIJUT Auew Ul [enjuass9 I0 uﬁﬂu‘—chmaﬁ Se pawap

Sem SI0)oe maﬁmt__uﬁ 9521} uvamiaq Sumreys UOHEWLIOJUI PUR UOLRIOQE[[0D) ‘uonejuawadwr jusuneany
1ojem e Suneyoey Ut sajox [enuajod 10 [ENJOE SARY SI0JSIAUI PUE ‘STOUOP ‘s103e[n3oI JuUatUIA0T
‘SODN ‘s1opraoad ao1a1as ‘suonyeziuedio yoreasar ‘sarueduros Junmydeynuew Jurpnpour ‘s103oe snotrep
*SMITAISIUI 3Y) JO 39sqns & Ul 19[qeud ue se AppIjdxa pauonuawr sem pue ‘Aymba yareay soueape ues Loty
19y3oym pue Joedurr 10§ 9dods IPY) JO JUBUIWLIAIAP B SE PIYNUIPI SEM SUOnUIAIIUL Aq Aﬁmsumuu Arenuajod
pue) payoeax suonjeyndod jo wonzodoxd pue aqgoid oy, ‘sanIOE) 2IEIYI[EIY IO ‘S[OOYDS ‘SIIUNTIUIOD
J[eWs 2AI3s O} pafeisur are w@«MOAOEJUOH 9533} waﬁﬁu—Mw jsour U ‘SIQUMOLWOY [enpIArpur o3 muﬁmaﬁhw>0m
[ed0] pue ‘saruedwos sjeand ‘sQON woy a3uer sardojouyda) uoneuroyd aarssed pue A JO SIDWIOISND YT,

uondusap

NOILV.LNIWATINIT

(191qeus) Sumu
-uerd £rojedonred ¢y

?m?_mcov SIaSN I9JeM
)M UOHRITUNUIIOD 7Y

?En_m:uv Jusaw
-Jea1) I9JeM JO ddue
-3doooe 1osn 193EM TV

NOILdOaV

Tm_n_w:mV Juaw
-dojaasp £3ojouyday g

(soux

-1eq) Ysu (dgQ) on
-poxd4q uonpdajurstp €

(19
-eud) uSisap £3ojou
-4y09) asodind-105-1y 7q

(131qeus)
Ayiqerar pue uoneiq
-1ed douanyy/Sursop 19

SSHNHALLOHAAT

?m_nmcmv $10})
-oe Suneqoey usamy
-9q UOIEIOqe[[0d T

(391qeuB)
aseq IoWO0)sNd /198N Ty

HOVETY
ordoy

SMIIAIIU] JUeULIOjU] £3)] 97 WOL] PIYNUIP] ‘JUIWIEdL], I3 [ermy Sururejsng o} sidLureg pue jo sidjqeuy [edpurrg jo Arewwng g d[qeL

https://doi.org/10.1021/acsestwater.3c00779

ACS EST Water XXXX, XXX, XXX—XXX


pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.3c00779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Article

pubs.acs.org/estwater

ACS ES&T Water

8+
—€0) €7

(zs8
-1'0) 0°¢

(691
—01) L¥

(9Lt
-9'0) T'6

(18
—'1) L€

(rot
—¥'0) §°S

(6's
—50) 6T

(To1
-60) t'¥
(tee
—60) T8
98eran00
Burpoo g

8T

81

9T

91

L1

61

61

St

SMITAID)UT

(#0 AN) yueytodwr aq [im YuIyy T ‘s1o3em

JO $}108 350U} jsureSe swaisAs AN Jo uu:mEhoﬁwm 3y jo Guuoyuowr

pue 193eM JO 92IN0S JO MEM.HO“;:OE ‘os puy 9[puey o3 —Umﬂwmwv@ jou are

swalshs A P[O 1LY} 12IeMm dY) 0} sjueuTurejuod mau 1o suadoryed mou

PPpe Ued j] ‘WoY) Jed1) 03 I9PIeY I YW ULD Jey} PUy °"SI9jem 92INos
1mo jo Aenb a1y saueyd 31 asnesaq Buayreyd € st aFueyd agewny),

(ST D) ,/SOWAmXd Y3 38 JO PUD SIT 9sneddq pIom
S 1 ‘uedw | .szo‘% 10 JEESG 10§ %Sﬁooc Qrewp YIm mmwcozwau
Pa3e[2I HSYM dI0W pue a1owr 23s euuod a1am YuIy) | ‘mowy] nof ‘og

(0 1D) ut Surwod st Jery

I1ayem 3y Jean-axd 0) 3q pnom syueUTUIE}UOd [e3130]01q 10 [EITWAYD
I9Y30 JO I9JeM PIQIN] I9YSIY SABY NOL JI ISUIS SYEW P[NOM JEYM UIY] |,

(80 1D) . ’s1oTew [e20] Y3 UO d[qe[ree

arom way jo jsow Inq ‘syred 308 03 [edes oy 03 0f 03 pey Loy

sawmawog ‘d[qefreat Aises a3mb are syred ayy ueawr | ‘s103eULIONYD
jmq £eso] ‘AJresor a3 (asooyd 03) sowr 03 paysnd ‘Aes s 397 OM,,

(L0 1D) PudiBAy puey ym

OS[e ‘uonIynuU[EW YIM op 03 30 € sey J] -d[zznd jeyy) jo da1d [[ews

e 9ymb st 193em Jey) SUIMOYS JIE SUONUIAIIIUT SNOLIEA JB OO ey}
sarpnys S1q a3 Jo 3o[ & ‘syoedwr y[eaYy S[qeINSEIW 0} SIUIOD I UIYM

(70 1D) . parmbax
2q 03 Surod st yury 1 ey Surgyawos st syuswruIaA03 [ed0] Wwoy ur nq
s1ouwr yonw se isnl 10 QDN [e20] dwos 1YY ‘spred juswadeldar 108
‘ureyd Addns a1y urejurewr ‘mowy| nof ‘djpy 0y Suoim sa03 Juryrewos

31 3nsuod 03 a1 410ddns [esruyda) Jo 10s swos Juraey isn( s 1
RYIPYM ‘Mo NoL ‘10 $130[0UYD) UOTRULIONYD 3SIY) JO IIUBUDJUTRW
a1y 10§ yroddns uoneziueSio JpisIno Jo 110s WS padu A[[ear nox,

(10 1D) Asuow sadoad 105 £rond jou s 1 j1 10 “A[pediseq
31 progye 3,ued 9[doa ey} Op Nok op MO “d[qeureisns-Jjas Aeroueury
31 oxew 03 Juem nof Jt st ‘Aprear ‘a8uayreyd 35a331q oy s ey yury T,

(+0 1)

Jeoueuajurewr pue uonerado wira)-3uof SIY) YIM pajedOSsE dre Jey)
‘parapuaf U)jo AIe YDIYM UIPING JSO PUE W) pue [edURUY ) JO
yred a8rey e SumouSr aq JySrwr nof ‘umo I1RY) UO WAYSAS Y UTEUTEW
pue diysroumo aye) 0y Surod are s1asn 2y Jey) swnsse nok Jr ‘Lyun

[euonmusur ‘Arunwiwiod ‘proyasnoy jnoqe Junfe) 21,104 IPYIYM,

(60 AN) . s1o1ireq 359331 Sy A[[eat aTe 3507 Yurp
] "SOMSSI SSAUIST PUE SINSST SIWIOUODD ‘UOIEINPS 3] 0} YOBq SIWOD

30 3108 AJ[ear 31 Yuryy | nq ‘Jasfwr Suneadar deay o ajey | ‘weswr |,

vamuozw

“Ayirenb 1a3em Jusuneanaid jo Lxardwos ayy 1dagpe Jery syueurureuod Suidrows Sukuspr
10§ Burrojruowr Ayenb 19)em JO 9701 YY) PISSNISIP OS[E SJUBULIOJUT ‘SMITAIINUT € U] "SSIUIAIII da0xdwur
03 £3ojouyda) Jusunean jo uonerado pue udisap ayy dofaasp o) pue Ysu Jgq dSeuew ‘uany/3ursop
ajeaqres o3 paxmbar st 31 ‘vonejuswa[dur Jusunyean) 1aem o) Arejuswa[duwos st Juuojruowr Ayienb 13
‘Burpooyy pue JySnoip Aprenonred
‘SJUDAD WX WOIJ JINJONISLIUT YA O3 SYSU I9PIM [IIM PIJRIDOSSe Os[e are A1 ], ‘saduafeyd
Ayrenb 1a1em jusunyeanaid jo Liqeydrpaid pue Axardwos ayy ssusnpyur Lyiqerrea ajewnpd pue sJueyd syew )
*Af 10 JULIO[YD YIIM UOTIIJUISIP 310Jq PIJUBLIEM
3q Aew jusuneanaid Tenueisqns are sadudreyd ANSIAYd 19jem pue AJIPIQIN] JIIYM SISED U] PIAIIYIE
3q 0 £19yes 193em JUD[ULIP [[NJ I0J PAIAPISUOD A OS[E ISNW YDTYM UONBUTUILIUOD [EDTUWAYD WO SYSII NPT
JOU S0P UOHIYUISIP ‘DIOWIYN YSU Jg( Surseamdur ‘uuoyd ym Aeonewsqoxd joear ayew sruedio
PIAJOSSIp JO suonenuaduod YIIy ‘s1ajem prqin o) pardde usym 9A1D9JJd SSI] Ie JULIO[YD puE UOHEIPEI A
‘uonafas £3ofouyda) uo uoneyrI
Ao & pue uBisap asodind-105-1yy 10] uonEISPISUOD L3 ® are sansst ureyd A[ddns asay ], ‘sajqewnsuod pue
syuauoduwrod 03 $s32¢ Jo AJI[IqepIofe Pue AOUI)SISUOD 3Y) 10§ SITUI[[EYD $3JLIID SANI[EJO] [EINI JO SSIUIJOUIAT
3} puE S)[IEW JUISTXIUOU I0 Juddseu ‘Suuojruow Ajienb 1ojem se [[om se Quaunear) A pue SULIO[YD 104

'sa130[oupa) Jusuniean jo uonejuawaldwr pue Juawdo[AIp UO 31BIOCE[[0d 0) UOHEAIOW

pue jusurjean) 10y uoneoynsn( ay) ureysns o) jueprodur st spoedurr YIeay Jjo dUSPIAd pue Surpuelsiapu)

‘uonejuswrddur Jusunean jo spedun yeay ayy Suunsesw jo saSUS[EYD Y PISSNISIP SIIMIIATNU]
*SIWO02INO I[eay dA0xdwr pue YSII YI[eay Inpar 0) ST Jusunjear) rjem-unjuup jo asodmd oy ‘Aprewmnn

-aun
Buo] e 10§ A[[e20] YIOM [[IM JEY} SIOIDE IO SAPUS [e0] 3 IAYIIS pnoys asayy ey Suness ‘sroupred JySu oy
ym SuiBedus jo sdueyrodur oy sziseyduws ssamararayu] Sunueuy wisy-Zuof pue ‘sureyd A[ddns ‘saniqedes
[eoTuyd3) M saprunurwod 3roddns 03 3ySnos are syuswaSuerre [euonMINSUT PLIQAY TOAIMOY RO
ur o[o1 & Suraey se payo A[ppim are ‘suonisod preduou y3noxyy sardojouydsy ayy Sunerado 1oy sjqisuodsar
9IE OYM SIIQUISW JUSPISII [e0] JO SUNSISUOD ‘SPIBOQ IO SIIJIIWUIOD ISJEAL “UOTIE[[EISUI I9JJE [eUonouUny
urewar sar30[0UYdd) JUSUNLAT} JeY s 03 ade[d U 3q IsnW $IAIIS (ARRQ) dduruAuUIEW pue uonerddo
‘pIemIoy sem 10§ S[PPOW AISATIP 31AIds daneaouur pue udisap £3ojouysay asodind
-10J-3y 03 Sunjooy are spafoxd pue Surdusyreys st sunyes paurensuod 25IN0sI UT §350> MU JupdNpoOIIU]
*SOIAIT PUe SOJT JO SeaIe [eInI U0 Pasnooj are Jeyy sydaloxd 1oy aBuapreys juaysisuod € are 53505 Jurrojruour
pue ‘Goueusjurewr ‘syred axeds ‘ssjqewmsuos Surpnpur ‘syonpoid £3ojouyda) AN pue UOHEULIONYD JO $IS0D YT,

*SA[IUNWWOD
TUJmMMU\rOQEM ur s[qeusjun xﬁ@—uﬁg 9q 0} punoj ua9q sey jey) amﬁ\:m pue uswom %n— QuIoq u’yo NQo—uh.—.—n—
e sjuasaxdar 1 4r0ddns [euraixs ou aaey Jey) SN0 JusWLTEURW J12jeM AJIUNUIIOD 0} 10 ‘satSojouyda)
juaujea} I9JeM [9AJ[-P[OYasNOY (}IM se \m_uﬁo_.*mwﬁo& 0} panqrusIp ST I0qe[ SIY} 9I3YAA "UOIJEIIPISUOD
A3 ® ST JuauIIEaI) 19)eM ureisns o) paimbar are jeyy s3sod Sunerado raylo pue 10qe[ AY) JO UOHNLISIP YT,
"S}I03F2
uonejuswa[dwr A3oj0uyaay 105 s3uafreyd 4oy e st Junueury jo sadmos JuroSuo pue [enrur Juundaeg JusuIIEaI)
19)eM [eInI Jo ddueudjurewr pue suonerado SuroSuo dqeus oy parmbar st Judueuy wie)-Suop paureisng

uondusap

(121qeuR) Guuroyn
-uow £yenb 1a3em S

(ro111eq)

SYst1 AJIIqerrea ajewrd
pue 33ueypd sgewip HA

(3o111Eq)
Ayrenb 1o3em Juaw
-yeanjaxd xordwos ¢y

(ro1areq) saduaf
ey ureyd Aiddns g

Tm-@w:mv SoW02IN0
eay ur juswaaoxd
W JO 90UIPIAd TIA

ALITIGVNIV.L
-SNS/AONVNELLNIVIN

(391qeuR) L1aaT]
-op 9o1a19s pajroddns 41

(soux
-1eq) suoperado pue
UONE[RISUT JO $IS0D €]

(3o111Eq)
Arunwwod pue spjoy
-3snoy uo uaping ]

(191qeus)
Sunueuy wiay-3uoy 11

ordoy

panunuod ‘g dqer,

https://doi.org/10.1021/acsestwater.3c00779

ACS EST Water XXXX, XXX, XXX—XXX


pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.3c00779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS ES&T Water

pubs.acs.org/estwater

I1 Financing

I
I
12 Community b @ : )
MS Water quality mo
|
I

@ply chain

T enabler

T  barrier -
13 Costs

@ Effectiveness

@ Implementation

@ Maintenance

/EZ\Fif-/f\or-Purpose

.
User base

Collaboration
A2 Communication

ealth improvement evidence

Participatory planning

= AN
El“]\")osing/\ﬂu\ence
=N
VB3 DBP risk

AN
AN
\
\
N

M3 Complex water quality
M4 Climate risks

Figure 2. Network diagram showing relationships between the principal enablers and barriers to sustained rural water treatment. Each node is
described in Table 2. The node size is the natural logarithm of the number of interviews that discussed each topic multiplied by the average coding
coverage for that topic. Links between nodes are shown, where key informants discussed connections between the topics. The diagram layout is
generated by the Fruchterman-Reingold force-directed layout algorithm in the R “igraph” package.

the RE-AIM framework and interviewees were asked about
general facilitators and barriers to implementation, water user
perceptions, communication, management and financing
structures, supply chains, health impacts, long-term resilience,
and key future improvements. Interviews were conducted via
Zoom and lasted between 26 and 105 min.

The main criteria for inclusion as a key informant was
involvement in at least one project to implement passive
chlorination or UV—C LED water disinfection technologies in
rural areas of low- or lower-middle-income countries. Academic
and research institute actors were included because a large
portion of the ongoing work on passive chlorination and UV—C
LED technology implementation is experimental; thus,
researchers are heavily involved. Eighteen key informants were
experts in passive chlorination and 8 in UV-C LED
technologies. They work on treatment implementation projects
that deal with a range of technology maturity levels including
established/mass manufactured devices, “build-your-own”
devices, and novel innovative design development. Three
projects were identified initially through the authors’ existing
networks from previous research on rural drinking water safety
in Kenya, Nepal, Guatemala, Honduras, and Nicaragua. An
additional 13 projects from rural areas in Australia, Bangladesh,
Japan, Philippines, Vietnam, Haiti, United States, Uganda,
Malawi, Tanzania, and Ghana were identified through snowball
sampling.”” In 7 cases, multiple key informants from the same
project were interviewed to comprehensively cover activities
pertaining to all five dimensions of the RE-AIM framework.
Snowballing continued until new thematic content plateaued”®

and referrals for key informants from different projects stalled,
with a total of 26 interviews completed.

The broad geographical scope of this study was suitable for
the exploratory nature of the research, particularly due to the
narrow technological scope. Of the 26 key informants, 17 work
at either an academic institution, have both academic and NGO
roles, or work at a research institute. These key informants
provide a broad perspective of the systems analyzed in this study
because they have consolidated sets of experiences through
multiple case studies over many years. This broad perspective is
valuable for developing systems maps that are more general-
izable across different contexts. However, the use of this broad
perspective has several important limitations. First, the
perspective of implementers with a more direct and highly
context-specific implementation experience is underrepre-
sented. Second, research on passive chlorination and UV—-C
LED technologies has predominantly been led by institutions in
high-income countries, so 88% of the key informants are based
in high-income countries despite 90% of the water treatment
implementation projects that they spoke about being in low- or
middle-income countries. Third, the key informants of this study
are at least one degree removed from water users, limiting a
comprehensive understanding of the entire network of actors
involved in water treatment implementation. In future work, a
more granular geographic focus with better representation of
implementers and potentially water users would allow for more
detailed, context-specific mapping of decentralized water
treatment implementation.
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The University of Oxford Central University Research Ethics
Committee (CUREC) approved the research based on the
study’s CUREC application (SOGE1A2021—-031).

2.3. Content Analysis and Systems Mapping. Audio
recordings of the interviews were transcribed verbatim using
Trint transcription software, followed by manual correction.
The transcripts were then analyzed following the qualitative
content analysis method described by Drisko and Maschi,
2015.”% All transcripts were initially coded to a node framework
structured according to the five dimensions of the RE-AIM
framework: Reach, Effectiveness, Adoption, Implementation,
and Maintenance/Sustainability, which were further separated
into subnodes to classify facilitators and barriers to successful
implementation of passive chlorination and UV—C LED water
treatment technologies. In this way, the five dimensions of the
framework were used as the foundation for the “open coding”
component of the qualitative content analysis.”” To synthesize
the coding results, a conceptual map was produced to represent
the breadth of implementation factors organized into categories
corresponding to the RE-AIM framework (Supporting
Information Figure 1). These factors were summarized into
principal topics that encompass enablers or barriers to
sustainable rural water treatment (Table 2). To give a sense of
the extent to which topics were explored in the interviews, Table
2 reports (i) the number of interviews in which the topic was
discussed and (ii) the percentage of those interviews in which
the topic was discussed, i.e., the coding coverage expressed as
average and range.

To further explore the systemic complexity of rural water
treatment implementation, a network diagram was then
produced by using a modified fuzzy cognitive mapping
(FCM) technique to synthesize the key relationships between
enablers and barriers (Figure 2). FCM is a form of systems
mapping that uses nodes and edges to explore how causal
influences propagate through a dynamic system.** Traditionally,
FCM includes assigning numerical values to both the nodes and
edges in the system map to represent either confidence in or
magnitude of causal effects.”” Given the qualitative nature of the
data in our study and because we did not ask key informants to
rank the importance of different enables and barriers, we did not
make numerical assignments in this way. Instead, we assigned
node sizes by calculating the natural logarithm of the number of
interviews that discussed each topic multiplied by the average
coding coverage for that topic. Links (edges) between topics
(nodes) are shown where any key informant discussed causal
connections between the topics, and we assigned edges as a
binary of having either a strengthening or weakening influence.
Thus, the network diagram in Figure 2 visualizes the collective
response from our key informants, with node size roughly
representing the depth of content for each topic. Figure 2 is
intended to be used as a conceptual tool, to represent the
complexity of rural water treatment implementation, and to
generate discussion. It should be understood as a partial
representation of an evolving CAS.

3. RESULTS AND DISCUSSION

Content analysis of the 26 interviews conducted for this research
produced a set of 110 factors that influence the implementation
of rural water treatment with passive chlorination or UV
technology. Organized by the dimensions of the RE-AIM
framework: reach (12 factors), effectiveness (15), adoption
(19), implementation (31), and maintenance/sustainability
(33), these factors demonstrate the breadth of considerations

for rural water treatment initiatives (Supporting Information
Figure 1). The factors can be grouped into 18 principal enablers
of or barriers to sustaining rural water treatment (Table 2). The
label of enabler or barrier is allocated based on whether the
presence of the factor in question is enabling or inhibiting. Thus,
enablers are beneficial when they are present but can be barriers
or have neutral influence in their absence. Barriers are
problematic when they are present, but their absence can be
neutral or enabling.

The enablers and barriers described in Table 2 are
components of a CAS for rural water supply. Seven of the key
informants spoke about technology implementation with
explicit systems-language. For example, one key informant said:

“There’s a lot of confounding variables, because it is very hard just
to put this technology in and then walk away and let it run. It
definitely has to be a systems approach for the technology to succeed
at all. So then if there is a decrease in disease, it's attributable to both
the technology but also the system that has been created” (Cl_03).

Most informants discussed technology implementation in
more linear terms of siloed causes and effects. However, analysis
of the relationships between the 18 principal enablers and
barriers identified from the interviews provides insight into the
propagation of causal influence within a system (Figure 2),
which is key to understanding the dynamics of a CAS.

The demography and characteristics of a technology user/
customer base determine whether interventions advance health
equity or reinforce inequities. In 5 interviews, we were told that
the potential user/customer base for decentralized water
treatment technologies is vast and diverse (Table 2: R1). This
is supported by a recent study that estimates 1.2 billion people
living in rural areas globally are using microbially contaminated
water sources that are compatible with passive chlorination
treatment technology.®’ Our key informants indicated that the
two most prominent enablers of more extensive technology
reach are collaboration between facilitating actors (R2) and
water user acceptance of water treatment (Al). We examined
how these enablers are reinforced or undermined.

3.1. Evidence of Health Improvements Catalyzes
Collaboration Around a Shared Purpose. The intended
purpose of rural water treatment is to sustain improvements in
health. In keeping with this positioning, a key principal enabler
in the maintenance/sustainability category of our results is
measurable improvement in health outcomes (Table 2: M1).
Evidence and perception of positive health impacts were found
to promote collaboration between facilitating actors (R2),
particularly between funders and implementers. For example, in
July 2022, GiveWell recommended an Open Philanthropy grant
of up to 5.6 million USD to fund an in-line chlorination program
in Malawi.*” Their recommendation relied on an evaluation of
cost-effectiveness in improving health outcomes and empha-
sized the value of high-quality data to improve the precision of
cost-effectiveness estimates. Health impact evidence can thus
support funding partnerships that enable water treatment
interventions to have a more extensive reach (R1), including
reaching people who are vulnerable in marginalized contexts.
Thus, a reinforcing feedback is described where evidence of
health improvements (M1) reinforces collaboration (R2) and
financing (I1), which increases the scale of the user base (R1)
and reinforces health improvements and the potential to provide
evidence of health improvements (M1).

Our key informants pointed to water quality complexity
(M3), climate risks (M4), and DBP risk (E3) as influences that
weaken or contravene the usefulness of health improvement
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evidence (M1). More specifically, it was acknowledged that the
complexity of confounding factors makes it difficult and
expensive to evaluate health outcomes from drinking-water
treatment interventions. Research has shown that the presence
of passive chlorinators in rural communities resulted in
significantly improved water quality,2 but few studies have
linked to health outcomes. Our key informants discussed
perceived health improvements based on anecdotal evidence of
reduced gastrointestinal symptoms among water users, and
there is some systematic evidence of impact—for example, a
randomized controlled trial in Dhaka showed evidence of a
reduction in childhood diarrheal disease due to passive
chlorination interventions.>* Overall, however, this is an area
for further work that could be used to leverage funding for rural
water treatment implementation.

3.2. Communication and Service Delivery Approaches
Drive Acceptability. Acceptance of a water treatment
intervention by water users (Table 2: Al) is an adoption-
related enabler that was discussed in all but one of the interviews
as a major determinant of the user/customer base (R1).
Specifically, acceptability of taste, odor and perceived risk is
important to ensure continued consumption or willingness to
pay for treated water sources, indicating the need for well-
calibrated, reliable dosing (E1) and site-specific acceptability
research.’”*° Collaboration between facilitating actors (R2) has
a role here in facilitating access, resources, and appropriate
messaging for communication with communities (A2).
Interviewees said that the results from water quality monitoring,
another enabler (MS), can be used to communicate the benefits
of water treatment to water users. However, uncertainty in
interpretations of water-related health risk and the relative
sparsity of rural water quality monitoring means that
communicating water quality results can be difficult and there
is limited precedent to draw upon.®® Reporting approaches need
to contextualize water quality results to mitigate the risk of
maladaptive cognitive, behavioral, and institutional response
outcomes.”**?

Beyond communication efforts, in 4 cases, interviewees also
spoke about the value of engaging with communities and local
institutions in participatory planning processes (A3). A key
consideration for planning implementation of water treatment is
the distribution of costs (I3). Costs, including labor, reduce
water users’ acceptance of treatment implementation (A1) when
they are borne by the community (I2). In contexts of poverty, by
definition, people are vulnerable, and meeting basic needs is a
daily struggle. Allocation of water treatment costs exclusively to
community-level is problematic for the same reasons that have
been extensively explicated for the widespread failure of
unsupported community-based management to sustain water
supply functionality.**** In developing beyond the community-
based management model, the rural water sector is experiencing
rapid innovation and proliferation of service delivery models.
Seventeen key informants discussed this topic, highlighting the
need for hybrid institutional arrangements to sustain the
operation and maintenance (O&M) of treatment technologies
(14). Hybrid service delivery approaches were noted as a means
to consolidate operating costs and labor that would otherwise be
borne by households or communities alone (12), facilitate water
quality monitoring (MS), buffer against supply chain volatility
(M2), and leverage multiple funding sources for long-term
financing (I1).

Key informants spoke about challenges with introducing
additional cost to water service delivery in resource constrained

settings (I3). Most of the focus was on operating costs,
recognizing that capital expenditure for small-scale, decentral-
ized water treatment is typically low relative to the overall capital
expenditure for water supply systems. All but one key informant
raised the importance of long-term financing (I1). Specific
funding arrangements and service delivery models vary by the
context. Based on our interviews, external funding has most
commonly been acquired through research grants and develop-
ment project funding from foundations, international develop-
ment organizations, and government development funding.
Several of the professionalized water service delivery organ-
izations that we engaged with in this research are trialing results-
based funding arrangements to encourage further investment in
rural water service provision. Professionalized service delivery
(14) and long-term financing (I1) were discussed as mutually
reinforcing enablers of rural water treatment. Additionally,
commercial entities, such as manufacturers, were found to
collaborate on projects by donating devices or refills in-kind.
Two key informants also spoke about the funding potential from
carbon credit schemes. Since passive chlorination is an
alternative to boiling water, which is done by burning wood,
there is an indirect reduction in carbon emissions; however,
carbon credits are not a predictable or stable source of finance as
regulations change on a yearly basis and the verification process
can take several years.

3.3. Fit-For-Purpose Technology Mitigates Implemen-
tation and Maintenance Barriers. In the previous sections,
collaboration of facilitating actors (R2) is discussed primarily in
relation to financing (I1) and a technology’s user/customer base
(R1). Actor collaboration also has an important influence on
technology development (E4). There remains a division
between research and practice within drinking water treatment.
Research, and the experimentation involved are essential for
technology development (Table 2: E4), but research timelines
and funding are often limited to only a few years. NGOs and
other implementers, on the other hand, seek to roll out programs
that will have benefits for as many people as possible, and thus
may not have the capacity for rigorous data collection and
experimentation, which is very expensive. To bridge this gap, key
informants highlighted a need for more collaboration between
facilitating actors (R2), particularly knowledge exchange across
research, implementation, and commercial spaces.

A key objective of collaborative technology development is to
improve fit-for-purpose design (E2). “Fit-for-purpose” simply
means that something does what it is intended to do. The
challenge is to design treatment technologies that are fit-for-
purpose in different contexts. Interviewees emphasized that the
effectiveness of water treatment technologies in a particular
context is determined by their appropriateness for the water
supply infrastructure and pretreatment water quality. Fit-for-
purpose technology design is strongly linked to two principal
topics: costs of installation, O&M (I3) and dosing/fluence
calibration and reliability (E1), which is further linked to
management of DBP risk (E3). Many design options
exist,”? "% with a multitude of trade-offs to consider.
However, there is still room for product design growth,
particularly regarding trade-offs between precise dosing, device
complexity, and affordability. There are also key trade-offs to
consider when choosing between chlorination and UV
disinfection approaches. Ongoing technology development
(E4)—especially in UV—C LED capabilities—means that
these trade-offs are evolving and fit-for-purpose design is
improving. Two key fixed considerations, however, are that
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UV treatment is more effective against a broader range of
pathogens,”* but provides no residual disinfection capacity,
making it potentially best applied together with chlorination for
a better overall performance.

Irrespective of treatment design, water quality monitoring
provides critical information feedback to understand the
effectiveness of disinfection (MS). Although this topic was
only raised by 6 key informants, they highlighted links between
water quality monitoring and many other nodes in our systems
analysis, thus MS has more links than any other topic (Figure 2).
An increase in water quality monitoring leads to increased costs
(13), which (as a barrier to sustaining treatment and related
activities) could lead to a subsequent roll-back of monitoring.
However, this simple balancing feedback loop is made more
complex because through several causal connections (Figure 2),
monitoring can become a strengthening force for financing
arrangements that offset the costs of doing the monitoring. This
applies to the extent that information from monitoring is useful
to improve the effectiveness, acceptability, and perceived value
of treatment. Excessive monitoring should still be counteracted
by the associated cost. Development in water quality monitoring
capabilities is another area that can reinforce fit-for-purpose
design (E2) to reduce costs (I3) while strengthening water
users” acceptance of water treatment (Al) through improved
dosing (E1) and communication (A2). Research is ongoing in
this space, focusing particularly on regulatory compliance,
indicators for microbial activity, and sensor develop-
ment 23302091

3.4. Leverage Points for Sustainable Rural Water
Treatment. The results of this study demonstrate the systemic
complexity of decentralized water treatment implementation in
resource-constrained settings. Beyond the ability of a technology
to improve the microbial safety of a water supply, the
sustainability of treatment is dependent on a broad set of
socio-economic and environmental factors. By distilling the
principal enablers and barriers discussed in key informant
interviews and by exploring their interrelationships, we identify
multiple forms of leverage through which the sustainability of
water treatment can be reinforced. In CAS, leverage points are
processes or activities wherein a discrete intervention will
influence wider system behavior toward an intended purpose.”
Meadows categorized 12 types of leverage points that scale from
the positional leverage of mindsets/paradigms, which have the
broadest influence but are most difficult to change, to the
physical leverage of system component parameters, which are
easier to change but have more localized influence.”” Our
analysis, as laid out in the previous sections, identifies physical,
feedback, and institutional forms of leverage for water treatment
sustainability.

The results encourage an orientation toward fit-for-purpose
technology design. Rather than looking for a “silver bullet”
technology, the sector can develop a portfolio of treatment
designs and implementation protocols that are suited to
different environmental and institutional settings, even within
a single service area. Technology development grapples with
trade-offs between dosing effectiveness and device simplicity,
with strong implications for health impacts, user acceptance,
ease of O&M, supply chain reliability, and affordability. The
specific form of these trade-offs varies extensively between
contexts, so locally informed design and O&M decisions are
warranted. Hybrid service delivery models are found to support
the feasibility of a fit-for-purpose approach by (a) strengthening
financing and monitoring and (b) mitigating challenges of

distributing monetary and labor costs and buffering supply chain
volatility. With reference to Meadows’ framework,”” this can be
understood as localized leverage (from modification of physical
events and infrastructure) that is reinforced and scaled by
feedback and institutional leverage from eflicient structuring of
information flows, financing, and management.

At a structural level, collaboration between actors is found to
influence the sustainability of rural water treatment through
multiple pathways. Knowledge exchange on the development of
technological capabilities, service delivery, and related financing
models is a key area for cooperation that aligns with a fit-for-
purpose approach. In contrast, seeking “silver-bullets” and
market dominance can create a competitive orientation that
hampers knowledge exchange. Improved communication will
ensure a faster progression of best practices to make
interventions more accessible and locally appropriate. Working
groups, knowledge exchange platforms, and communities of
practice are facilitating the sharing of innovation and best
practice. The International Ultraviolet Association (IUVA),
formed an SDG Task Force that meets regularly to share
research and practitioners’ experiences. With similar intentions
of networking learning, an online Community of Practice on
Decentralized Chlorine Use has formed under the leadership of
PATH and EOS International (see the Community terms of
reference and contact details in Supporting Information Annex
1).

Beyond knowledge exchange between facilitating actors,
engagement with water user communities is highlighted as a
priority in the mapping of our results (Figure 2). The nodes
representing communication with water users (A2) and water
users’ acceptance of water treatment (A1) are among the largest
in the map because they were discussed in more than 90% of the
interviews with average coding coverages of 4.9 and 6.5%,
respectively. In comparison, participatory planning (A3) was
discussed only in 15% of interviews with an average coding
coverage of 1%. Despite its relatively small size, the participatory
planning node is situated as an enabler of communication,
acceptance, and fit-for-purpose design—it may represent an
overlooked area for strengthening that could leverage substantial
improvement in the sustainability of treatment implementation.

4. CONCLUSIONS

In summary, taking a siloed approach to decentralized water
treatment, solely through a technological lens, results in failed
projects and stranded assets. To avoid this, systems-based
analysis reveals the broader socioenvironmental factors and
feedback loops that determine the sustainability of water
treatment implementation. While this study focuses on passive
chlorination and UV—C LED disinfection as its case studies,
many of the identified enablers and barriers are generally
applicable to other WASH interventions as well. Water
treatment at the water-supply level (as opposed to household-
level) is always an addition to an existing water service;
therefore, an enabler or barrier to water services may also be an
enabler or barrier to water treatment. The results of this study
encourage a fit-for-purpose approach to intervention design that
is reinforced and scaled through hybrid water service delivery
models. Key information flows, financing, and management
arrangements can be strengthened by collaboration among
facilitating actors and with water users. Further attention is also
encouraged to invest in and develop new forms of evidence of
the health impacts and wider benefits of water treatment
(Section 3.1), guidance for appropriate water quality reporting
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practices (Section 3.2), and technological capabilities that
mitigate or help to optimally balance trade-offs in fit-for-purpose
treatment design (Section 3.3).
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