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Abstract: There is escalating salinity levels on small islands due to uncontrolled groundwater ex-
traction. Conventionally, this challenge is addressed by adopting optimal groundwater pumping
strategies. Currently, on Unguja Island (Zanzibar), urban freshwater is supplied by desalination,
which is expensive and energy-intensive. Hence, desalinization cannot be afforded by rural commu-
nities. This study demonstrates that the innovative Kilimanjaro Concept (KC), based on rainwater
harvesting (RWH) can remediate seawater intrusion in Unguja, while enabling a universal safe drink-
ing water supply. The reasoning is rooted in the water balance of the whole island. It is shown that if
rainwater is systematically harvested, quantitatively stored, and partly infiltrated, seawater intrusion
will be reversed, and a universal safe drinking water supply will be secured. Water treatment with
affordable technologies (e.g., filtration and adsorption) is suggested. The universality of KC and its
suitability for small islands is demonstrated. Future research should focus on pilot testing of this
concept on Unguja Island and other island nations.

Keywords: Kilimanjaro concept; rainwater harvesting; seawater intrusion; sustainable development;
zero-valent iron; water quality

1. Introduction

There is a growing interest in establishing sustainable water management systems
to secure safe drinking water supply, sustainable agriculture, and ecotourism on small
islands worldwide [1–8]. In essence, a regional approach considering the whole island
as a region should be regarded as a key approach for the implementation of affordable,
ecologically sound, and sustainable practices for integrated water management [9–12].
However, assessing the sustainability of water management approaches is a challenging
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task since it involves a dynamic and simultaneous balance among cultural, economic,
environmental, and social aspects. In most cases, these aspects are interlinked and often
perceived as conflicting with each other [2,9,12]. For example, should the focus be water
for tourists on an island when water for subsistence farming to secure livelihoods and food
security is lacking?

A number of scientific publications, dissertations, and technical documents have
emerged to critically evaluate the sustainability of water management on small
islands [1–3,5,8,13–17]. However, the application of existing and well-established sus-
tainability assessment largely requires a complex set of tools. This makes data collection,
processing, and analysis expensive, time-consuming, and requires external expertise. This
situation makes water management on small islands of developing countries a daunting
task. Governments in developing countries often rely on foreign expertise and technol-
ogy transfer [18–21]. For example, three medium-sized German companies have recently
formed an alliance to improve safe drinking water provision in Unguja Island, Tanza-
nia [22]. The operation enabled around 2000 residents in the regions of Michamvi and
Kijito Upele to have access to “clean and affordable” drinking water [22,23]. The cost of
this operation is not discussed herein, but it suffices to state that the system was installed to
monitor water quality throughout the entire island. Having been equipped for instrumental
water analysis, Unguja can start a new era for routine water quality monitoring [24,25]. It
is certain that water desalination is an expensive technology [26–28]. Moreover, meeting
the water needs of just 2000 people is insignificant, given a total population of more than
800,000 inhabitants on the island. Therefore, more affordable and applicable systems are
still needed on Unguja Island.

Small islands and coastal regions are currently suffering from increased sea level rise
and seawater intrusion [29,30]. Related impacts include: (i) limited freshwater availability
for domestic, industrial, municipal, and recreational uses, and (ii) shifts in seawater-
sensitive habitats. Population growth and increased industrialization are further exac-
erbating the situation. On certain islands, such as Unguja, the growth of the tourism
sector has worsened the problem [2–6]. These related challenges have been investigated
from many perspectives using various methodologies [4–6,29,30]. Mixed findings have
been reported on some aspects, but there is a consensus that there is a need for more
research for the development of sustainable water resources [29–31]. Although rainfall
has been acknowledged to be the root water source for Unguja, and its good quality
is generally recognized [9,11,29,32,33], RWH as a source of water supply has only re-
ceived cursory attention. For example, RWH has been considered only as a technology
for low-income communities or as a source of non-potable water in urban and peri-urban
communities [18,21,23].

In the year 2018, a novel concept called the Kilimanjaro Concept (KC) for regional
integrated water management was introduced based on RWH [10,11,34]. KC is rooted
in harvesting, storing, and partly infiltrating rainwater to control runoff and improve
groundwater recharge. KC clearly advocates for large-capacity storage and long-distance
transportation (if applicable) of harvested (and treated) rainwater [11]. Thus, adopting KC
implies that safe drinking water is provided from rainwater, which is relatively less polluted
than surface water, and easier to treat using affordable technologies than seawater [11,29,34].
RWH reduces surface runoff, causing soil erosion and flash floods by promoting artificial
local infiltration, while groundwater recharge is increased at the same time. In particular,
KC can complement or even completely replace water desalination by harvesting and
storing enough rainwater or capturing reasonable amounts of water from permanent and
seasonal streams [11]. In addition, using water blending, calculated amounts of seawater
(or saline cave water) can be mixed with rainwater to have water meeting both potable
and irrigation water quality guidelines [11,34]. Blending seawater and rainwater as a
supplementary source of drinking water is particularly important during periods when
RWH alone cannot meet water demand. Additionally, compared to rainwater, the blended
water is enriched in minerals (e.g., Ca2+, Mg2+).
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The present study posits that the KC provides a novel framework for mitigating
seawater intrusion and securing water supply for small islands through the integration of
RWH systems. The present study aims to: (i) develop a framework for the implementation
of KC on Unguja Island, and (ii) propose the most suitable approach to consider new
stakeholders (e.g., industries, farmers) and their water demand. To achieve this, the
proposed approach aims to consider all stakeholders, including farmers, industrialists, and
households, to achieve sustainable water management in isolated islands worldwide. In
addition, integrating indigenous knowledge in such an integrated water management will
render it efficient and sustainable.

2. Materials and Methods
2.1. Description of Zanzibar Island

Zanzibar is an archipelago located in the Indian Ocean about 37 km off the east coast
of mainland Tanzania [14,35]. Zanzibar belongs to the United Republic of Tanzania. The
archipelago of Zanzibar consists of two major islands: Unguja and Pemba, both in a tropical
climate [36]. Compared to Pemba, Unguja is the larger island, hence is often referred to as
Zanzibar. Thus, in this paper, the term “Zanzibar” is used to mean Unguja Island (Figure 1).
Zanzibar is 86 km long and 39 km wide, with an area of 1660 km2 and a population density
of 460 persons km–2 [4,14]. This study considers Unguja as a model island to demonstrate
the applicability of KC for efficient water management.
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Urban West region (b) where the original sampling took place. Used with permission from Ali and
Rwiza [31].

According to the 2012 national census, Zanzibar had a population of 896,761, with
an annual growth rate of 2.8% [14]. Zanzibar is bestowed with magnificent coastal areas
offering diverse opportunities for tourism development [2–6]. Coastal areas of Unguja
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have been the cornerstone of tourism-based activities in Zanzibar for some decades [2,3].
This has contributed to an uncontrolled abstraction of groundwater, which has now caused
seawater intrusion [4,14].

Zanzibar experiences a predominantly hot, tropical climate with two rainy seasons
and an average temperature of 32 ◦C. The first rainy season occurs between March and
May, and the second one occurs from October to December. Zanzibar receives an average
annual rainfall of about 1350 mm, which heavily depends on the season and the change of
monsoon [1,31,36].

Originally, Zanzibar was covered with dense rainforest, but during the 19th century,
the island was progressively cleared for plantations and human settlement. Only a small
part of the original vegetation is currently protected as part of a nature reserve. In the north
of the island, there are large plantations of sugarcane and rice. The unfertile east of the
Unguja is covered with dry bushlands [13]. Note that the removal of natural forests due to
deforestation promotes the rapid generation of a large volume of runoff [37–39]. In turn,
this reduces infiltration and groundwater recharge, and subsequently, baseflow. Therefore,
RWH, and subsequent artificial infiltration seeks to reverse these hydrological impacts by
increasing infiltration and groundwater recharge, and hence, base flow. This base flow
then forms a freshwater lens that floats above the dense seawater. A detailed discussion of
how RWH systems affect the surface and groundwater hydrology is presented in earlier
reviews [39]. Given that the island is only 86 km long, it is possible to install storage tanks
in the east and transport rainwater harvested elsewhere for storage and convey it back for
subsequent use. In addition, excess water can be infiltrated on-site to reduce erosion and
increase local groundwater recharge.

2.2. Water Resources in Zanzibar

Freshwater is always a limited resource on oceanic islands. A study of pockets of land
at the coast of Kenya and Tanzania, including the Comoros, pointed out rainfall scarcity as
one of the reasons for salinity in groundwater [40]. The low rainfall patterns and decreased
rainfall events in these areas were attributed to variability in the Indian and Pacific oceans
and to the El Niño-Southern Oscillation [40]. A different study indicated rainfall events in
the magnitude of 1500–2000 mm/year on a small island of Mayotte in the Indian Ocean [41].
Compared to Zanzibar, the Comoros, and Mayotte, other African islands, such as Cape
Verde, receive far less average annual rainfall in the range of 200 to 600 mm/y [42]. Another
study on Hawai’i Island projected an increased groundwater recharge of 48,600 m3 per
hectare over 50 years through conservation of a natural forest to avoid high rates of actual
evapotranspiration [43]. Recently, for Samoa Islands (average annual rainfall of 1750–
5000 mm/y), it has been projected that 57% of the annual rainfall goes to groundwater
recharge, 8% (evaporation), 15% (evapotranspiration), and 20% as surface runoff [44].
However, thanks to the high amount of annual rainfall on Zanzibar Island (1350 mm), there
is enough water on the island to enable the successful implementation of KC. There are two
types of water resources in Zanzibar: surface and groundwater. This section summarizes
the water balance for Zanzibar as reported in 2010 in an earlier work entitled Water Balance
Assessment in Unguja, Zanzibar [4].

2.2.1. Surface Water

There are few rivers on Zanzibar Island, consisting of coastal and inland rivers.
Coastal rivers reach the ocean while inland rivers do not. Coastal rivers are mostly located
at the northwest of the island, and these are smaller rivers that do not currently represent
significant water resources. Inland rivers are mainly situated in the central part of the
island, and these include Pangeni, Mwera, and Kinyasini rivers. Inland rivers disappear
into the sinkholes occurring in the limestone or karst geological system. Inland rivers
certainly contribute to the groundwater recharge through surface water–groundwater
interactions.



Water 2021, 13, 2085 5 of 19

2.2.2. Groundwater

Groundwater is currently considered the primary source of water in Zanzibar. Being
an oceanic island, groundwater resources in Zanzibar occur in the form of freshwater
lens, which floats above the deeper saline aquifer. It is thus very crucial to maintain the
balance of fresh and saline water to prevent seawater intrusion into the inland groundwater
system. Zanzibar also has a considerable number of springs. Zanzibar Town had its first
supply from two springs: Bububu and Mtoni. Two other important springs are Kiwani
Bay in the northwest and Kombeni in the south of the island. A previous study examined
the hydrological processes and estimated the groundwater recharge of Zanzibar to be
564.73 mm3 y−1, equivalent to 680.4 mm/year while assuming an average runoff coefficient
of 50% [4]. This groundwater recharge is about 24% of the total annual rainfall. In this
previous study [4], groundwater recharge was estimated using a Soil and Water Assessment
Tool (SWAT) model. The model applied ASTER GDEM datasets in which digital elevation,
soil maps, land cover map, and weather data were used as inputs. The model was able
to predict, with a fairly good fit, surface runoff, evapotranspiration, and groundwater
recharge. However, in the model, ET is estimated as a lumped component, rather than
partitioning it into evaporation (E) and transpiration (T). Thus, the individual contributions
of E and T to the regional water balance remain unknown.

2.2.3. Water Balance

For a given system with well-defined spatial and temporal boundaries, the water
balance essentially relates the inflow, outflow, and storage of water in a system. The
water balance is derived by calculating the input, output, and storage changes of water.
The major water input is from precipitation, while the major uncontrolled output is from
evapotranspiration, including transpiration through vegetation. In the case of Zanzibar
Island, the regional water balance is given as:

Input = Rainwater = 100% (1)

Output = ET(40%) + GWrecharge(24%) + Wateruse(1.3%) + Runo f f (36%) (2)

where GW stands for groundwater and ET stands for evapotranspiration.
The absolute value of the total output is 101.3%, which is within the range of accept-

able uncertainty. The most important feature of this balance is the high proportion of
unproductive water flowing free into the sea as runoff (36%). The model presented by [4]
predicted that 44.1% of the rainfall evaporates to the atmosphere as evapotranspiration,
while 31.8% is lost as surface runoff and 24% infiltrate and make the total groundwater
recharge. Thus, KC seeks to convert the bulk of the runoff into water for drinking purposes
and other livelihood activities. The 36% runoff in the case of Zanzibar can be effectively
harvested through rainfall harvesting systems [31,35,45], which seeks to convert (at least a
fraction of) the surface runoff (>30%) into productive uses.

2.3. Current Water Management in Zanzibar

This section is based on the final report of an international collaborative work on the
potential of RWH in Zanzibar presented fourteen years ago [18]. According to the same
report, the starting point was the fact that Zanzibar’s main water source is groundwater. In
this case, RWH technologies were to be introduced to improve water availability. The report
concluded that the project needed an estimated budget of USD 6,420,000 to start, and about
eight years to be implemented. However, previous sections demonstrated that little has
been achieved to date besides providing water to a mere 2000 people. Note that this report
was prepared as part of the government of Zanzibar’s quest for strategies to facilitate an
environment conducive to developing an integrated water resource management (IWRM)
plan. Groundwater, rainwater, and surface water have been considered, but not in the same
perspective like in KC. The most common point between the IWRM and KC is the centrality
of RWH and the involvement of all key stakeholders, including farmers, local communities,
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government, non-governmental organizations (NGOs), and the private sector. External
partners, including donors, are also considered [18].

2.3.1. Surface Water, Cave Water, and Groundwater

Zanzibar has both perennial and ephemeral springs and streams. The discharge from
perennial streams is reduced drastically during the dry season. During the rainy season, all
these rivers rapidly discharge substantial amounts of water into the Indian Ocean. Internal
streams discharge into the coral limestone sinkholes. Many caves filled with water are
available, of which some have turned saline, particularly in the coastal region [46].

Since 1997, river discharge data have been available for Zanzibar. These data have
enabled a purposeful damming of rivers and the diversion of water to cropped land for
irrigation. According to [18], the rivers Mwera and Kipange had enough water to irrigate
585 ha of crops during most of the dry and rainy seasons. In the context of KC, the volume
of water which can be stored for non-agricultural uses should be considered as well.

Springs of excellent drinking quality are available in Zanzibar. For example, the main
source of domestic water supply to Zanzibar Stone Town is a spring that was developed
and protected in 1923 [18]. Groundwater abstraction is widespread in Zanzibar, to the
extent that almost every household would want to own a well. Abstraction methods
commonly used include boreholes and open shallow wells (15–20 m). Since the 2000s,
the government has been overwhelmed with its role of monitoring both the quantity and
quality of groundwater. Artificial groundwater recharge is not really practiced.

2.3.2. Rainwater Harvesting in Zanzibar

Data presented in [18] revealed that, on a regional scale, Zanzibar receives a colossal
volume of rainwater amounting to 2.4 km3 per year. The island currently utilizes only
1.3% of the total rainwater for domestic water supply and irrigation, while 24%, equivalent
to 0.576 km3 per year, runs off to the Indian Ocean. Groundwater recharge and total
evapotranspiration account for 24% and 40%, respectively. Researchers [18] used GIS
mapping based on five-year satellite data and annual average rainfall recorded between
1950 and 1993 at 14 weather stations to estimate the amount of rainfall received on the island
of Zanzibar. Historical and near real-time hydrological data derived from remote sensing
and GIS data were used in estimating rainwater partitioning. This water balance relates
closely to the one presented in Section 2 above and corresponds to what was reported
previously in the literature [4]. Noticeably, there is evidence of increased runoff over a
3-year period attributed to land-use changes, including urban development. The increased
urban development and the corresponding increase in impervious surfaces hinder rainfall
infiltration while promoting runoff may account for this trend in runoff data. According to
the report, agricultural production is almost exclusively rainfed, but appropriate rainwater
harvesting and storage techniques for reducing runoff and erosion are currently lacking.

There are many technological options of RWH currently applied in Zanzibar. Some of
them have been known to the local population for many centuries [33]. Systems based on
indigenous knowledge offer sustainable solutions but were often misconstrued as primitive
during the colonial period, and with modernization, these systems are gradually being lost.
Short- and long-term storage systems are used for crop production, domestic activities,
and livestock production. Available RWH systems are subdivided into in-situ and ex-situ
runoff water harvesting techniques [18].

2.3.3. In-Situ RWH Systems

In-situ techniques are knowledge-based and do not require capital investment (no
money expense). In-situ techniques need local manpower and technical know-how for their
implementation and maintenance. In-situ RWH Systems use a large array of technologies
to produce “green water” (stored in soil) for agroforestry, crop, and pasture production, and
upgrading of rain-fed farming systems. Common technologies include ditches, drainage
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level, bunds, pits, terraces, tillage, and trenches, which are often combined with improved
agronomic practices, such as soil fertility management [18].

2.3.4. Ex-Situ Runoff Catchment Systems

Ex-situ runoff harvesting systems require the construction of conveyance and storage
structures, such as check dams, tanks, ditches, and terraces. In-situ RWH techniques are
directly used for agriculture, while ex-situ runoff techniques are flexible, hence can be
used for several purposes, even at very distant locations [11]. Large-scale roof catchment
water harvesting systems require the construction of either above or below ground storage
tanks and belong to the ex-situ runoff harvesting systems. Ex-situ systems conventionally
store water in storage structures, such as ferro-cement tanks, masonry tanks, recharge
wells, spherical tanks, and underground tanks. In this case, the harvested water is termed
“blue water” and is mostly used as drinking water or domestic water, and for livestock
production. It is obvious that upon appropriate treatment, blue water can be turned into
“green water”. Moreover, a dual design can be adopted such that only a fraction of blue
water to be used for potable purposes is treated to attain acceptable water quality standards.
Conventional groundwater recharge systems also require the construction of storage and
recharge structures, such as a network of boreholes, infiltration pits, dams, ponds, and
wells, which will facilitate recharge of aquifers.

KC is about making both blue water and green water the first option for integrated
water resources management. Accordingly, all available technologies for RWH, including
check dams, infiltration ditches, irrigation canals, lined and unlined ponds, sand and
subsurface dams, underground tanks, and weirs, shall be used to harvest as much rainwater
as possible. Harvested rainwater shall then be rationally used to cover all needs.

Beyond domestic water supply, the KC can be extended to the provision of water to
support activities to enhance livelihoods and food security [11,34]. To achieve this, KC will
harness existing knowledge on RWH techniques in agriculture. These techniques include
both in- and ex-situ RWH systems with storage. In-situ and ex-situ water harvesting
systems have been the focus of several studies in Tanzania and elsewhere [45,47,48].

3. A Framework for Implementing the Kilimanjaro Concept in Zanzibar
3.1. Analysis of Rainwater Water Supply-Demand Relationships

In the current work, a theoretical approach has been applied to analyze the relationship
between the extent of runoff harvesting and meeting water needs on Zanzibar Island. Much
of the impetus for this work originates from two recent works: (i) Ali and Rwiza (2020),
wherein the state-of-the-art knowledge on water supply in Zanzibar is discussed [31],
and (ii) Qi et al. (2019), wherein the universality of KC is presented [11]. Moreover, the
need for RWH for socio-economic activities is emphasized in the current water policy
for Zanzibar [49]. Statistics indicate a high potential for rooftop runoff harvesting in the
country, with roofs with metal sheets considered as by far the most common roof types
in both rural and urban areas (i.e., 74.8 and 93.5%, respectively) [45,50]. Henceforth, the
RWH potential for Zanzibar was analyzed using a simple daily water balance model with
overall cumulative water storage (Equation (3)). The analysis incorporated the perfor-
mance parameters for the dry season, including the number of days without water (NWD)
(Equation (4)), and rainwater usage ratio (RUR) (Equation (5)). This analytical approach
has been used in several earlier studies on RWH systems [11,34,51–54]. In addition, the reli-
ability of the harvestable rainwater system was determined (Equation (6)), which indicates
the percentage of time when the demand is fully met.

Vt = Vt−1 + Qt − Yt − Ot (3)

NWD =
T − ∑T

t=1 WD
T

× 100 (4)
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RUR =
∑T

t=1 Yt

∑T
t=1 Qt

× 100 (5)

Reliability =
Days fully served in a year

Total days in a year
× 100 =

∑T
t=1 WDt

T
× 100 (6)

where, Qt is the rainwater harvested on the tth day; Vt−1 is the volume of rainwater stored
in the tank at the beginning of the tth day; Yt is the rainwater available for consumption
or use during the tth day; WD is the day on which the demand is fully met; T is the total
number of days in the year or years considered; Vt is the cumulative volume of water
stored in the rainwater tank after the end of the tth day, and Ot is the overflow volume on
the tth day. All volumes are expressed in liters.

In the current study, all 365 days of the year were considered, and a runoff coefficient
of 80% for the metal roofs and daily rainfall data were used in the analysis (Figure 2).
Fixed demand conditions were considered, keeping in mind the fact that the minimal
recommended daily water consumption per person is 20 liters [19] and that the average
household size is 5.6 members. Two case studies were considered for illustration purposes:
(1) individual households and (2) a hotel business as a representative enterprise in the
tourism industry.
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Figure 2. Average daily rainfall data for Zanzibar for the period 2011–2018 (Source: Tanzania
Meteorological Agency, Zanzibar office).

3.1.1. Individual Households

For the individual household case study, various demand sizes were investigated
between 120 to 840 L per day (Figure 3), and the household size approximated to 6 people.
Roof catchment sizes were maintained at 100 m2 for lower demand (Figure 4) in the range
of 120 to 420 L per day, while a value of 200 m2 was used for demand above 420 L per day.
For the hotel industry, these were treated as medium-intensive industries for which the
policy [55] estimated a daily demand of 20 m3 per hectare, and this value was adopted
in this study. The corresponding catchment size was varied between 2000 and 16,000 m2

(Figure 5). In all cases, a storage size was estimated, corresponding to optimal reliability. A
target reliability of at least 70% was used as recommended by Ndomba and Wambura [47].
Note that the water captured by springs and streams is not considered in this model, while
artificial infiltration can be regarded as part of the runoff harvested.
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Figure 4. Daily requirements supplied through RWH (blue bars) and the corresponding required
supplementary supply (red bars) to meet a demand of 360 L d−1 for a given family for a catchment
area of 100 m2. Note that for any given day, the demand that is not met through RWH, is met through
supplementary sources to meet the total demand (i.e., 360 L d−1).
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Figure 5. Daily requirements supplied through RWH (blue bars) and the corresponding required
supplementary supply (red bars) to meet a demand of 720 L d−1 for a given family for a catchment
area of 200 m2. Note that for any given day, the demand that is not met through RWH, is met through
supplementary sources to meet the total demand (i.e., 720 L d−1).

From the analysis, the focus was on maintaining a reasonable RUR and high reliability.
For the individual household case study, an optimal storage (m3) of 39 and 77 is recom-
mended for catchment sizes (m2) of 100 and 200, respectively (Figure 3). Using storages of
39 m3 and 77 m3, Figures 4 and 5 show that 87.4% of the household demand will be met
through RWH, and a corresponding RUR of 92.2% and 308 days of full demand supply will
be achieved. Hence, alternative complementary water sources (e.g., groundwater, springs)
will need to meet the remaining demand of only 12.6%. The complementary sources can
be easily covered by capturing water from springs and streams. In the absence of such
alternatives, seawater can be blended with harvested rainwater to meet drinking water
quality standards.

3.1.2. Hotel Industry

For the hotel industry case study, a reliability of above 70% was achieved at a catch-
ment of at least 10,000 m2. A RUR of 46.5% was achievable at a catchment of 10,000 m2,
while with an increased catchment to 15,000 m2, RUR was lowered to 35%. This implies that
there is more loss as overflow when the total inflow volume exceeds the storage capacity at
higher catchment area than lower ones under similar conditions of demand and rainfall
data. For a higher reliability of 84.7%, an optimal storage of 700 m3 is recommended at a
catchment size of 15,000 m2 (Figure 6). With that storage of 700 m3, it is shown that 89.8% of
the hotel demand will be met through RWH (Figure 7). Hence, alternative complementary
water sources will need to meet the remaining demand of only 10.2% to ensure a full
demand supply in 56 days, which is not fully met by locally harvested rainwater.
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Figure 6. Effects of catchment area variations on harvested rainwater storage and reliability in hotel
industry.

Water 2021, 13, x FOR PEER REVIEW 11 of 20 
 

 

3.1.2. Hotel Industry 
For the hotel industry case study, a reliability of above 70% was achieved at a catch-

ment of at least 10,000 m2. A RUR of 46.5% was achievable at a catchment of 10,000 m2, 
while with an increased catchment to 15,000 m2, RUR was lowered to 35%. This implies 
that there is more loss as overflow when the total inflow volume exceeds the storage ca-
pacity at higher catchment area than lower ones under similar conditions of demand and 
rainfall data. For a higher reliability of 84.7%, an optimal storage of 700 m3 is recom-
mended at a catchment size of 15,000 m2 (Figure 6). With that storage of 700 m3, it is shown 
that 89.8% of the hotel demand will be met through RWH (Figure 7). Hence, alternative 
complementary water sources will need to meet the remaining demand of only 10.2% to 
ensure a full demand supply in 56 days, which is not fully met by locally harvested rain-
water. 

 
Figure 6. Effects of catchment area variations on harvested rainwater storage and reliability in 
hotel industry. 

 
Figure 7. Daily requirements supplied through RWH (blue bars) and the corresponding required 
supplementary supply (red bars) to meet a demand of 20,000 L d−1 for a given hotel industry for a 

1 21 41 61 81 10
1

12
1

14
1

16
1

18
1

20
1

22
1

24
1

26
1

28
1

30
1

32
1

34
1

36
1

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

Rainwater consumpt ion (L/d) Alternat ive supplement (L/d)

Days in a year

Q
ua

nt
ity

 (L
/d

)

Figure 7. Daily requirements supplied through RWH (blue bars) and the corresponding required
supplementary supply (red bars) to meet a demand of 20,000 L d−1 for a given hotel industry for a
catchment area of 15,000 m2. Note that for any given day, the demand that is not met through RWH,
is met through supplementary sources to meet the total demand (i.e., 20,000 L d−1).

3.2. Meeting Water Demands under KC

Overall, the analysis displayed a good potential for KC to be adopted in Zanzibar to
meet household as well as hotel industry water requirements. A dual supply approach is
required for full demand supply, where local RWH meets the bulk of the water supply, while
other sources meet the remaining demand. In this regard, complementary sources include
groundwater, springs, and blending of seawater and rainwater, but these are necessary only
when the demand exceeds the total amount of rainwater (local and foreign). As highlighted
earlier, besides water supply, KC concept also improves the quality of groundwater through
controlled local infiltration and artificial recharge of harvested rainwater.
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It is obvious that rainfall varies daily (Figure 2), while consumers’ daily demands are
supposedly fixed. As a result, daily harvestable rainwater fluctuations are inevitable, as
displayed in Figures 5 and 7, which impact the water available to meet the daily demand.
As displayed in Figures 5 and 7, with respect to the storage facility for such days, the
harvestable amount was insufficient. Thus, RWH must be extended and/or water supply
from alternative sources, such as springs and streams, should complement rainwater so
that consumption remains limited to the demand size. In addition to RWH, Zanzibar
should consider pumping water from permanent streams [11], and such a decision should
be based on the yield of the source, the demand to be served, and ecosystem maintenance.
For areas with limited alternative water sources, [46,48] introduced RWH operational
strategies under which the impact of varying daily consumption for prolonging the stored
harvestable amounts to last longer periods was demonstrated. The authors also introduced
a water level monitoring system so that users know when to adjust their consumption from
the storage system to avoid exhausting the water. However, this may not be necessary for
Zanzibar, considering the abundance of water resources.

Alternatively, for Zanzibar, a dual water supply system integrating KC and other
water sources may work better [49]. Figures 5 and 7 show that under given conditions,
there were some days when the daily demand will be fully, partially, or not met at all. For
proactiveness, water levels may be monitored with gauges on the storage system, guiding
all users upfront to know when to seek or refill the storage system with an alternative
supply. In the case of filling the same storage with water from different sources, the quality
has to be monitored so that water from one source does not contaminate the other sources.
For example, groundwater resources are prone to geogenic contamination, with salinity
and fluoride contamination being the common ones [10,11]. The analysis of raw and
treated rainwater to assess whether it conforms to drinking water guidelines is critical in
safeguarding human health. At least once after a rainy season, rainwater quality should be
checked through laboratory analysis [24,25]. Therefore, the analytical laboratories currently
available on the island are critical for the implementation of KC.

3.3. Overcoming Seawater Intrusion via KC: The Processes and Preconditions

KC entails harvesting as much runoff and rainwater from various catchments, includ-
ing roofs, impervious natural surfaces, such as rocks, mountains, and ground surfaces.
Subsequently, depending on the physicochemical and microbiological quality of the har-
vested water [34], several scenarios exist for using the harvested rainwater. In cases where
the water is confirmed to meet drinking water guidelines, the rainwater can be used for
household drinking water supply without treatment. Note that the proposed RWH system
comprises pre-treatment systems, such as a first flush tank and coarse filter. Still, if the
water quality violates drinking water guidelines, appropriate low-cost water treatments,
including the use of iron-based filters, can be used for water treatment before supplying
drinking water to communities. In this regard, RWH systems are used to either substitute
or complement drinking water supplies based on groundwater abstraction. In turn, this
will reduce excessive groundwater abstraction and the associated drop in groundwater
levels.

In some cases, rainwater and runoff from certain land uses, such as crop fields and
grazing areas, may have high loads of sediments and other contaminants. Due to exces-
sive contamination, such water may not be ideal for direct use as drinking water with or
without low-cost water treatment. One option to overcome this is to first inject runoff or
rainwater into the groundwater system through well-planned and designed local infiltra-
tion points. As the water infiltrates, significant removal of contaminants occurs via natural
soil filtration and adsorption to the soil and aquifer matrix. The mechanisms responsible
for the removal of contaminants are similar to those reported in soil aquifer treatment
systems [56,57], which have been widely used for the treatment of runoff and wastewaters
for irrigation. The injection of runoff into the groundwater system constitutes artificial
groundwater recharge. Such well-fields should preferably be located in zones with geologi-
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cal materials with relatively high hydraulic conductivity to enable fast recharge and prevent
well-clogging. This artificial groundwater recharge via runoff injection will complement
natural groundwater recharge processes occurring during and after rainfall events. The
increased groundwater recharge will result in a corresponding rise in groundwater levels
and total hydraulic heads. Given that freshwater, including rainwater and runoff, have a
lower density than saline/seawater, it is envisaged that the artificial recharge process will
culminate into the formation of a freshwater lens above the seawater layer. Thus, scope
exists that, as groundwater levels rise due to artificial recharge, any subsequent abstraction
for drinking water purposes could be limited to the freshwater lens.

The increase in the total hydraulic heads in the groundwater system on the island, rel-
ative to the surrounding systems, will, in turn, reduce seawater intrusion into groundwater
systems. Moreover, the increase in total hydraulic heads may even reverse the groundwater
flow directions. Specifically, according to Darcy’s principle, the high total groundwater
heads on Zanzibar Island will imply that groundwater may even end up flowing from
the island into the seawater system. This will be contrary to the current system, where
seawater flows into groundwater systems driven by a drop in groundwater levels and total
groundwater heads on the island caused by excessive groundwater abstractions.

Taken together, the application and adoption of KC have three practical implications:
(i) a significant reduction in groundwater abstraction due to a shift from groundwater to
RWH systems, (ii) a rise in groundwater levels and total heads on the Zanzibar Island
relative to the surrounding area due to increased artificial recharge of groundwater systems
via runoff injection, and (iii) reduced or even reversal of groundwater flow directions in
the long-term. Futhermore, reducing seawater intrusion and providing clean drinking
water, the KC concept also has other associated benefits which have been discussed in
earlier papers [10,11,34]. Key among them is the potential to couple rainwater systems
for drinking water supply and prevention of seawater intrusion on livelihoods and food
security by using excessive harvested rainwater for food production, including crops,
livestock, and aquaculture.

However, a number of preconditions exist for the successful implementation of KC to
address seawater intrusion and associated challenges. These preconditions include:

(1) Detailed analysis and understanding of the potential for RWH in terms of (i) catch-
ment area and types, (ii) harvestable rainwater and its seasonal and annual variability,
and (iii) the physicochemical and microbiological quality of rainwater/runoff;

(2) Detailed design, costing, and pilot testing of KC, including evaluation of various
scenarios as part of the pre-feasibility and feasibility phase;

(3) Large-scale application and adoption of KC on the island to ensure that the rise in
groundwater levels occurs at a scale large enough to achieve the perceived benefits
on the whole island;

(4) A supportive regulatory policy and institutional framework that promotes KC. This
may include raising public awareness and the use of legal, economic, and financial
instruments, such as incentives/disincentives, to promote RWH systems.

(5) A need to draw lessons from other similar islands elsewhere (e.g., [15]), to identify
relevant concepts that can complement KC. Such lessons may include: (i) the deter-
mination of optimal groundwater abstraction to prevent seawater intrusion, and (ii)
the use of GIS spatial tools for identifying the optimal location of runoff infiltration
points and RWH systems.

3.4. Appropriate Low-Cost Water Treatment: Fe0 Filters for Zanzibar

The technology of producing safe drinking water using metallic iron is presented here
as one appropriate option for Zanzibar. Its suitability for decentralized communities is
historically documented [58–60]. Fe0 filters have secured the safe drinking water provision
of the city of Antwerp (Belgium) between 1883 and 1885 [58,60]. Similarly, coupled with
other affordable materials, Fe0-based systems were proven very efficient to treat water
contaminated by radionuclides [59]. More recently, Indian researchers presented a very
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robust Fe0-based technology for arsenic-free waters [61]. The systems by Naseri et al. [57]
are scalable and applicable to communities of various sizes. The Nelson Mandela African
Institution for Science and Technology (NM-AIST) in Arusha (Tanzania) has been working
on the implementation of Fe0-based water treatment technologies since 2015 [24,62–64].
Current works are done in the context of making Fe0 a key technology in achieving safe
drinking water for all [65–68].

Using Fe0 for water treatment is rooted in the evidence that aqueous iron corrosion
produces solid iron corrosion products (iron hydroxides and oxides), which are excellent
contaminant scavengers [67,69,70]. Globally, there is more than 170 technological expertise
on the topic [71–73], and Tanzania, through the NM-AIST, is already leading in contempo-
rary water research [24,34,60,63,64,70]. This makes the implementation of KC in Zanzibar
a truly self-reliant issue for the United Republic of Tanzania. The particular suitability of
Fe0 filters for the treatment of rainwater arises from the evidence that rainwater is mostly
contaminated by pathogens and traces of toxic metals (from roof materials) and organic
matter (from birds) [11]. In this regard, KC is unique in that it provides a total solution by
providing water through RWH, while guaranteeing its quality for various uses through the
use of low-cost Fe0 filters.

3.5. The Economics of KC in Zanzibar

This section does not provide any cost estimation for the implementation of KC in
Zanzibar but just outlines some economic aspects. First, the technology is developed in
Tanzania, and the experts are present in Arusha, Dar es Salaam, and Zanzibar. This means
that, for consultations, there will be no need to pay flight tickets for foreign experts (whose
expertise is more expensive as a rule). Second, the materials needed for the construction
of RWH facilities and supply networks are readily available in the local market and do
not need any extra effort to purchase. As well, RWH technology promotion in the past
has included initiatives, such as the demonstration of system construction and training
of local artisans [47]. This makes the implementation even at the individual level feasible
and affordable. Cheaper options for storage tanks were investigated, including the use
of low-cost materials, such as ferro-cement [4,52]. Third, local civil engineers will have
the opportunity to demonstrate their design capacity and ingenuity. Fourth, there are
opportunities for local employment creation for several groups of professionals, including
those mining sand for water filters and those producing and conditioning low-cost filter
materials, such as biochars or metallic iron, for water treatment. Fifth, ecotourism can be
boosted on exceedingly small islands, such as Misali, and expanded into Zanzibar and
Pemba. Sixth, KC encourages sustainable resource use and offers farmers an alternative
income source through the expansion of irrigation. Seventh, Zanzibar and mainland
Tanzania will have technical expertise to export to other similar islands by designing,
constructing, and running regional RWH systems for water management. Above all, after
more than seven decades of international efforts, Zanzibar will achieve integrated water
management with domestic expertise. Therefore, KC provides a tool for easily achieving
Goal 6 of the UN SDGs: “Ensure the availability and sustainable management of water
and sanitation for all”. In addition, Goal 14 (“Conserve and sustainably use the oceans,
seas, and marine resources for sustainable development”) is also largely addressed. It is
envisaged that the proposed KC will provide relatively cheaper water than the current
desalination plants, which are known to be overly expensive and costly to operate [26–28].
However, a detailed comparative economic and financial analysis of KC relative to other
technologies, including desalination, will be needed as part of the feasibility study.

3.6. KC as a Helping Hand for Self-Reliance

KC is a call for Tanzanians and even other Africans to rediscover and reclaim their role
in promoting self-reliance in water supply. Researchers [46] have sketched the historical
role of rural Tanzanians in their own water supply as follows:
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(1) Pre-colonial period (before 1884): Water was sought from natural surface water
sources (e.g., rainwater, streams, and wells). Additionally, men provided labor for the
construction of water wells under the supervision of traditional rulers (e.g., chiefs).

(2) Colonial period (1884–1960): African rulers were dethroned and could no longer
conceive and implement public water management infrastructures. Water was sought
from existing natural surface water sources and still functioning wells.

(3) 1961–1991: Rural populations contributed to free labor during the construction of
water projects and were then passive beneficiaries, getting water free from public
standpipes.

(4) 1991–2000: Cost-sharing was introduced; the population had to pay fees for the same
water.

(5) 2001 to date: Rural population contributes part of the cost for new water projects (free
labor or cash). The full responsibility for the planning, construction, operation and
management of water projects is transferred to the rural population. Water supply is
ideally community-owned, and fees are paid by villagers.

The most recent Water Supply and Sanitation Act [21,74] has accounted for rural water
supply schemes’ operational challenges by introducing community-based water supply
organizations to replace community-owned water supply organizations. This is in tune
with the goal of KC, which promotes reliance on locally available skills and expertise
(engineers and technicians included) in operating and maintaining water schemes. The
urban population is not addressed as urban water supply can be regarded as modern.
It is just noted that the corresponding supply systems (especially large-scale projects)
are not conceived and built by Tanzanian engineers, although they have been mostly
trained abroad. However, recent initiatives exist to boost the capacity of locally owned
companies, with conditions directing foreign companies to enter into joint ventures with
local companies as among the main qualifying criteria in tendering. Researchers advocate
for complete self-reliance in water supply even where “modern” technologies are to be
used [75]. It makes more sense to employ skilled personnel who will train their Tanzanian
colleagues than to continue considering that the local academic system is inferior to any
other. Science, including applied science or technology, is universal, and Tanzania is not an
exception. It is time to start trying and become experts in one or two decades.

A careful look at this historical sketch shows that with the occupation by the Germans
(in 1884), African engineers abandoned their art to become workers in colonial “devel-
opmental projects” [75,76]. During this German rule and the time under British rule, the
colonial administration designed some water supply systems, but not primarily for Tanza-
nians. The situation was similar to the one described in India by [77]. This is the origin
of the African tragedy, not only in water supply. In essence, from 1884 to 2000 (some 116
years), Africans ceased to be designers of their own water supply systems and even other
technologies. They were and are still mostly, and at best, associated with the maintenance
of installed systems, which come to Africa as part of “Technology transfer” [75]. That is the
main reason why all efforts since the 1960s have literally failed. In Tanzania, in particular,
even the United Nations Millennium Development Goals (MDGs) were not met [46]. There
is no realistic chance that the United Nations Sustainable Development Goals of achieving
universal safe drinking water supply by 2030 will be achieved unless something special
happens now. KC is regarded as one of these special helping hands for Zanzibar. It is
capable of counteracting the coverage limitations of centralized drinking water systems
and realizing the possibilities of resuscitating traditional RWHs as part of the solution mix
for addressing water-related challenges in not only Zanzibar but also in other developing
countries.

The following features qualify KC for water supply in the context of Zanzibar [62]:

(1) The piping and storage network can be designed and constructed by Tanzanian engi-
neers. In other words, no foreign funds and experts are required. Water desalination
is not needed at all. In some cases, seawater can be blended with rainwater to meet
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drinking and/or irrigation water standards to lower the size of the engineered storage
capacity, and

(2) After installation, the system is really low-cost as water is transported by gravity
and treated by low-cost technologies [68,78–81]. It is important to insist that water
harvesting can be designed on a village-by-village basis. In this case, the municipality
coordinates the collection and transport of excess water to larger communities. During
periods with low rainfall, water from permanent streams can be captured and used to
refill some storage stations;

(3) The whole system, including water treatment, is based on local resources and skills.
This means that, in one or two decades, this water management could be regarded as
a “modern” indigenous knowledge of Unguja. The population of Unguja would have
to relearn self-reliance on water supply, including adaptation to external changes;

(4) Safe drinking water is accessible to all communities on the island, including women’s
groups and village elders.

4. Concluding Remarks

The generic ideas of KC are adapted to the particularities of a site for the first time:
Zanzibar Island. Here, water management encompasses groundwater recharge, thus
stopping and reversing seawater intrusion. A more detailed, tailored, purposeful survey
and design is needed for the successful implementation of KC in Zanzibar. These efforts
include the selection of the most affordable, efficient, and sustainable technological options
for water capture, storage, transportation, and treatment. The most innovative aspect of
KC is that groundwater recharge is part of the concept, and this is achieved by the simplest
means (local infiltration). There is thus no extra effort required to develop awareness for
the concept of recharging groundwater. The first strength of KC is that it introduces a clear
and coordinated approach to harvesting and managing rainwater on a community-by-
community basis. The other strength is that no foreign experts are needed, and the system
is designed to be sustainable on a self-reliant basis.

KC for integrated water resources management is demonstrated to be an important
tool for water supply in Zanzibar. Upon successful application to this island, its application
can be first extended to Pemba, the second major island of Zanzibar. Other small islands
could follow; in particular, Misali Island can be rehabilitated. Misali covers an area of only
one (1) km2 and is located 10 km off the coast of Pemba, in the channel between Zanzibar
and mainland Tanzania [14]. The island is uninhabited because of a lack of freshwater. It
has historically served as an important spiritual site for both African and Islamic beliefs.
Pre-Islamic beliefs maintain that the island’s coral caves are inhabited by spirits who will
ensure good health and wealth. KC offers a simple tool to make Misali more attractive
also for touristic activities. Fresh water can be brought by bottling permanent streams
from Pemba (or Zanzibar) or harvesting rainwater in Misali. For the implementation of
KC, site-specific research is needed to develop a methodology for the design of storage
and transportation networks for the understanding of geotechnical aspects before the
construction. Pilot-scale installations are needed just to optimize the practicality of the
water treatment technologies being considered (Fe0-based filters). It is envisaged that once
KC is implemented and is fully operational, the desalinization plant will eventually be
decommissioned due to its high operational costs.
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