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ABSTRACT

Curbing water scarcity problems in semi-arid regions is a top priority for economic and social devel-
opment. Alternative strategies for sustainable domestic water supply are therefore required to augment
water supply with affordable cost and technology. Scant research findings in sub-Saharan Africa have,
however, reported inefficiency in adapting to water scarcity problems in the region. Therefore, an
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investigation of domestic rainwater harvesting (RWH) reliability is important to identify factors affecting

the system. We found that rainwater harvesting with the existing traditional RWH systems in Mekelle
city was unreliable. Unreliability was attributed to inefficient design (the systems were installed without
considering deterministically the stochastic nature of rainfall), family size, water demand, rooftop area

and storage tank size.

1 Introduction

Having physical access to a sufficient, safe and affordable water
supply is a basic human right (UN 1977, Pajankar and Rode
2012, Basnet 2013). Although the number of people with access
to improved water supply sources in the world is estimated to
have increased based on proxy indicators (WHO/UNICEF
2014), there are more than 748 million people with unimproved
access to water supply. Forty three percent (321.64 million
people) of them live in sub-Saharan Africa (percent of popula-
tion with unimproved access to water supply: Ethiopia 48%,
Chad 49%, Madagascar 50%, Mozambique 51% and Congo
Democratic Republic 53%) (WHO/UNICEF 2014). In fact,
there is rising concern about access to water supply in semi-
arid regions of sub-Saharan Africa which has the largest share of
low water access. Five of the bottom listed countries in the Joint
Monitoring Programme (JMP) report are found in the semi-arid
region of the African continent, except Papua New Guinea in
Southeast Asia where 60% of people live without access to
improved water sources. The increased demand for water is
mainly associated with population growth and economic devel-
opment, while environmental needs, climate change, water pol-
lution and over abstraction of groundwater will worsen water
shortages (Durham et al. 2003, Ngigi 2009).

In sub-Saharan Africa, water demand surpasses available
resources in a number of countries. Many of them face either
water stress (<1700 m® per capita per annum) or water

ASSOCIATE EDITOR
S. Kanae

KEYWORDS

rainwater harvesting;
reliability; semi-arid city;
water scarcity; water supply;
Ethiopia

scarcity (less than 1000 m® per capita per annum), as reported
by Ngigi (2009). Moreover, water stress is predicted to affect
about 50-250 million Africans by 2020 (Parry et al. 2007).
Similarly, a water indicator, used to evaluate availability per
capita per year threshold by Falkenmark et al. (1989), defined
Ethiopia as a water-stressed country. The list of water-scarce
countries by the year 2025 is expected to include Comoros,
Egypt, Haiti, Iran, Libya, Morocco, Oman, South Africa and
Syria, according to UN population projections (Rijsberman
and Frank 2006). Hence, all possible ways must be explored
to mitigate the physical and economic scarcity of access to
safe drinking water in sub-Saharan Africa. In this regard,
rainwater harvesting (RWH) is gaining considerable momen-
tum as part of the global effort to secure water for the future
(Sazakli et al. 2007). RWH has been demonstrated to be a
practical and effective supplement to potable water supply in
areas where groundwater and/or surface water sources are
limited (Liaw et al. 1997).

In Ethiopia, self-motivated, non-governmental organiza-
tions have recently introduced RWH technologies as a source
of supplementary drinking water. Their interest suggests the
importance of rainwater harvesting as one remedy for water
scarcity. RWH systems will expand further as an adaptation
strategy in the semi-arid regions of the country in the near
future. The traditional experience in the area, however,
requires a scientific base to use as a mitigation strategy.
Therefore, the objectives of this research were (1) to analyse
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the long-term rainfall distribution, (2) to investigate the cur-
rent RWH system and (3) to assess the reliability of existing
RWH systems using Mekelle city as a case study. The results
may serve as a stepping-stone in evaluating the success and
failure of pre- and post-RWH projects. It could be also useful
for the development of a low-cost RWH system and for its
implementation in water-scarce regions nationwide.

2 Study area and method
2.1 Study area

The study was conducted in Mekelle city, the capital and
commercial centre of the Tigray Regional State in northern
Ethiopia (Fig. 1). The city is located at latitude 13°32’ N and
longitude 39°33' E and is situated in the extension of the
central highlands of Ethiopia with an altitude range of
1965-2220 m a.s.]. It is bounded by mountain ranges to the
east and north (EMA 1981). The area’s moisture index (P/ET)
is 0.25-0.5, which makes it a moderately dry area, with
annual rainfall of 600-700 mm (Gebremedhin 2002). The
mean annual temperature ranges from 16°C to 20°C. The
geological formation of the area is dominated by limestone
and dolomite, a landscape characterized by sinkholes, caves
and underground drainage systems (Frot et al. 2008). Based
on a projection of the 2006 national census, the total popula-
tion in 2014 was 298.736 x 10°, with an annual growth rate
of 4.7%.

Mekelle, one of the fastest growing urban centres in the
country, is facing severe constraints on services, among which
water supply is the most critical. The city’s water supply is
dependent on a highly mineralized and intermittent ground-
water source and on water distribution using vacuum trucks.
Use of surface water is not an option in the area due to the
limestone and dolomite dominated geological formation.
Very recently, RWH was introduced as an alternative water
supply system in the city suburbs by a nongovernmental
organization, Helvetas Swiss International Ethiopia, in colla-
boration with the regional government.

2.2 Method

2.2.1 Data collection

We conducted a primary assessment to identify households in
the study area with complete RWH systems. Among the 67
households, we identified 35 systems that were not functional
during the time of data collection (some were new and the
households had not yet started using them, and others were
out of use because they were malfunctioning). We included
the remaining 32 households in the study and used them for
the analysis. We collected data from these households related
to daily water consumption, family size, tank size and roof
area. We used a tape measure to measure roof area and tank
size. We also obtained historical rainfall data for the period
1998-2012 from the Mekelle Branch Office of the Ethiopian
Meteorological Agency.
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Figure 1. Location map of Mekelle city in the Tigray region, northern Ethiopia.
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2.2.2 Reliability analysis

The reliability of a RWH system has been defined as the
measure of its ability to produce the water needed by its
users. It is also defined as the percentage of days in a year
when the rainwater tank is able to supply the intended partial
demand for a particular condition (Imteaz et al. 2013). So far,
several different models have been used to assess the relia-
bility of rainwater harvesting (Lall et al. 1996, Gould and
Nissen-Petersen 1999, Vaes and Berlamont 2001, Fewkes
2004, Kim and Han 2006, Roebuck and Ashley 2006, Ghisi
et al. 2007, Cowden et al. 2008). For this study, we adapted a
mass balance equation that is already tested and used by
researchers (Ward et al. 2008) to investigate the reliability of
the existing RWH systems in the semi-arid city of Mekelle,
using the equations (1), (2) and (3).

0<V;=(Vie1 + Q; — D)<V, (1)

where V, is the volume of water in the tank at present, V,_; is
the volume of water in the tank remaining from the previous
time step, Q, is the rainwater captured at present, D, is the
total consumption per month and V; is the volume of the
tank.

Q=C(I;—E)A (2)

where Qq is the rainwater captured at present, C is the roof
runoff coefficient, which was assumed to be 0.8 for a corru-
gated iron sheet with a range of 0.75-0.85 (the literature
indicated insignificant differences among the end results of
the values (Yusuf 1999)), I; is the average monthly rainfall in
mm/month, E; is evaporation from the storage tank in mm/
month (this was considered as zero because the rainwater
reservoirs were closed) and A is the roof area in m>.

> failure months

0

Reliability = | 1 — x 100%  (3)

n
>~ months
1

where r is the sum of all failure months (when the reservoir
runs dry) and 7 is the total number of months in the simula-
tion period.

The RWH systems were analysed using the mass balance
approach. The model was executed in a spreadsheet environ-
ment using equations (1), (2) and (3) with consideration of roof
area, monthly water consumption and storage. The model devel-
opment included introduction of the input data and assump-
tions used in the equations using IF and COUNT IF functions
in a spreadsheet environment, and reliability results were
recorded for each household. In addition, water balance was
calculated to account for deficit and surplus water in each
month by modifying the equation used by different scientists
(Ward et al. 2008).

3 Results
3.1 Rainfall distribution

Mekelle city has a unimodal rainfall distribution (Fig. 2) with
an average annual rainfall of 544.43 mm. Much of the rain
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Figure 2. Monthly average rainfall distribution from 1998 to 2012 in Mekelle
city.

occurs during the wet season of July and August, followed by
April, May, June and September, while the remaining months
are drier. According to the historical data we gathered from
the Ethiopian Meteorological Agency, the highest annual
rainfall in the study area between 1998 and 2012 was
755.8 mm, recorded in 2010, and the lowest was 296.7 mm
in 2005. The minimum monthly average rainfall for the 15-
year period was 0 mm, while the maximum was 300.7 mm.

3.2 Rainwater harvesting system and reliability

The RWH project was implemented with 12281 residents
which accounts for only 4.11% of the total city population.
Mekelle city, which is located in a semi-arid region of north-
ern Ethiopia, is experiencing a serious water scarcity pro-
blem that forces inhabitants, working with the government
and nongovernmental organizations, to use rainwater as an
alternative water supply. In this study, we assessed for the
first time the contribution of rainwater to the water supply
and the reliability of existing RWH systems in the area.
From the total of 67 RWH systems that were installed in
the city, only 32 were functional during the data collection
period (Table 1). We gathered social and physical data about
all the functional systems and modelled them with 15 years’
worth of historical rainfall data using the mass balance
equations. We found about 90.6% of the RWH systems in
the study area unreliable, with reliability indexes of less
than 70%.

Table 1. Descriptive statistics of households with complete rainwater harvesting
in Mekelle city, 2014.

Parameters N Min. Max. Mean SD

Family size 32 2.0 12.0 6.8 23
Total area (m?) 32 20.0 77.0 423 162
Area under the gutter (m?) 32 20.0 77.0 34.7 15.7
Reservoir (m%) 32 25 7.2 53 24
Monthly demand (m?) 32 12 7.8 3.1 15
Potential reliability (%) 32 5.0 90.6 42,6 25.1
Reliability (%) 32 0.0 82.2 323 220

Note: N: number of households; Min.: Minimum; Max: Maximum; SD: Standard
deviation.
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Figure 3. Comparative analysis of potential and existing reliability of roof
rainwater harvesting systems in Mekelle city, 2014.

The results revealed that the reliability of the rainwater
harvesting systems was affected by family size and monthly
water consumption, while storage tank size in the study area
was only important in the main rainy season. The main
determining factor for RWH reliability was rooftop area.
The systems of households with a larger roof area were
more reliable than those of households with a smaller roof
area. Most households did not use all their available roof area
due to the limited size of the gutters provided by project
implementers. We found the RWH systems of only three
households to have reliability of 70% or above. The difference
in reliability between using the existing and potential roof
areas is presented in Fig. 3.

Irrespective of the storage sizes, we found the systems of
households with larger roof areas and small average monthly
water consumption more reliable than those of households
with smaller roof areas and large monthly consumption. For
instance, household numbers 4, 10 and 30 as shown in Fig. 3
have higher reliability and larger roof areas than the others.

Except during the wet months of July and August and, to
some extent, September, almost all analysed households with
smaller roof areas had very little or no water in their storage
tanks. For instance, the system of household number 1 in
Fig. 3 could supply only 25% of its water demand (for only
three months), which means it needed to supply 75% of its
demand from other sources each year.

Households with larger roof areas were better able to
supply their demands, despite the low rainfall distribution
in the area. For instance, household number 4, with a roof
area of 77 m’ could supply sufficient water for its family
members for about seven months a year, covering 64.44% of
the household demand. Almost all the households need larger
tanks to store surplus water from the wet season to cover
their demand for the dry months (January-June) without any
supplement from other sources (Fig. 4).

4 Discussion

Ethiopia’s safe water access problem claims millions of lives
and may continue to claim more in the future. Paradoxically,

% Waler balance

Jul Auz Sep Oct Nov Dec
Nonth

Jan Fab Mar Apr May Jon

Figure 4. Water deficit and surplus of households with complete rainwater
harvesting using long-term rainfall data of 1998 to 2012.

its water potential is among the highest in sub-Saharan Africa
as it has many major river basins with a total annual estimated
flow of 122 billion m*> (MoWR 1999). According to the
Ministry of Water Resources, 80% of the water resources are
concentrated in the western region of the country where only
33% of the total population lives. Sixty percent of the popula-
tion in the eastern part of the country has only 11% share of the
total water resources in the country. In agreement with Pratt
(1999), the results of this study revealed that the unavailability
of water resources is in areas of high demand. In such cases,
new water source developments as a supply side is the only
solution to meet the water demand. There is growing interest
in Asia and Africa of using rainwater as part of an integrated
water supply where rural and urban water supply is unreliable
and good quality freshwater is lacking. For instance, East
African mothers are travelling more than 1.5 km to fetch as
little as 10 L of water per capita per day (Thomas 1998). In the
UK, the average water usage per person per day is reported to
be about 150 L (Diaper et al. 2001).

Rainwater harvesting is expected to have a significant role in
reducing domestic water consumption in the future because of
the increasing demand related to demographic and other factors
(Diaper et al. 2001). In 2012, there were about 7500 RWH
systems in sub-Saharan Africa intended to reduce the consump-
tion of domestic water demand (Ward et al. 2012). Nevertheless,
this was considered low compared to the 50 000 RWH systems
installed each year in Germany (Nolde 2007). A similar situation
exists in New Zealand where it is estimated more than 10% of
the population uses RWH for their drinking water (Abbott et al.
2007). Rainwater harvesting systems are not yet optimally uti-
lized in Mekelle city. All community members in the city appar-
ently use rainwater as a supplement to the highly mineralized
and intermittent groundwater during the wet season just using
their roof or natural system. Yet only 67 households had com-
plete RWH systems of traditional design and 47.8% (n = 32) of
them were in use at the time of data collection; the rest were
either new, not yet in operation or nonfunctional.

Of the residential units with RWH in use in Mekelle city,
we found only 3.1% had high reliability, 28.1% medium
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reliability and 68.7% low reliability, based on the classifica-
tions used by Ndomba and Wambura (2010). The household
with the highest reliability had a large roof area relative to the
size of the family dwelling, whereas the households with the
lowest reliability had small roof areas under the gutters for
rainwater delivery and relatively high monthly water demand
associated with larger family size. A reliability analysis carried
out in Sydney peri-urban region has suggested that RWH
systems should be designed to achieve high reliability in
peri-urban regions to satisfy the required demand by users.
Besides, the study stressed design criteria should fit to differ-
ent locations and household characteristics (Hajani and
Rahman 2014). However, RWH systems in Mekelle city
were designed traditionally, assuming a daily water demand
of 20 L/household/day, a family size of five people per house-
hold and a storage capacity of 2.5-7.2 m’, while the average
family size of the study area is 6.8 and the average daily water
consumption is 103.89 L/household/day which is far from the
design criteria used by the project implementers.

This finding highlights the great uncertainties over how an
adaptation option will work (Adger et al. 2005). Hence, pro-
jects being implemented must be assessed and noted as the
effectiveness will likely depend on an unidentified set of
factors (Adger et al. 2005). In this instance, roof area was
found to be a major factor affecting the reliability of the RWH
systems in the study area, with 40.6% of the households
having extra roof area not covered under the gutter. This
leads to inefficient rainwater harvesting. In agreement with
our findings, a water balance analysis in sub-Saharan Africa
identified the under-utilization of RWH schemes (Gwenzi
and Nyamadzawo 2014). This gives rise to a call for water
policies in sub-Saharan Africa to be like those in developed
countries, so that people will recognize the role of RWH and
use it effectively. In Iran, Mehrabadi et al. (2013) assessed the
performance of RWH for non-potable water and they esti-
mated the potential of supplying up to 75% of the demand in
households having larger roof areas. Hence, if households use
the available roof area under the gutter, the percentage of
RWH systems with high reliability would increase from 3% to
9.3% and those with medium reliability to 37.5% without
considering the other factors.

Although increased storage size was strongly recommended
by researchers (Ndomba and Wambura 2010, Hajani and
Rahman 2014) for greater reliability of rainwater harvesting
systems, in this study it was a major factor only during wet or
rainy periods. This could be due to the low rainfall distribution
in the study area, with 544.43-755.8 mm average annual rain-
fall occurring unimodally during the wet season. We found
storage to be important only during the wet season. Based on
the water balance calculation, surplus water was recorded for
the months of July-September in most households.

In general, to increase the reliability of rainwater harvest-
ing systems, either the roof area should be increased to
harvest enough water during the dry season, or the tank
size should be increased to store the surplus rainwater from
the wet season for the coming dry season. A case study which
was conducted on RWH systems also showed that increasing
surface area resulted in better reliability (Aladenola and
Adeboye 2010). Arguably, the role of RWH remains

ambiguous in the semi-arid areas of sub-Saharan Africa,
such as Ethiopia, where research outputs and means of com-
munication facilities are in their infancy.

5 Conclusion

In developed countries, rainwater harvesting (RWH) is
mostly used to save water and as a main water supply for
households in the water-scarce region. Rainwater harvesting
systems are not yet well developed in sub-Saharan Africa,
but are mainly used as a main water supply source because
of the poor infrastructure and the physical inaccessibility of
the existing water sources. For effective and efficient use of
RWH, we investigated the reliability of complete roof rain-
water harvesting systems used by households in the semi-
arid city of Mekelle using a mass balance approach. We
used 15 years’ historical monthly average rainfall as inputs.
The analysis revealed that the design of the roof RWH
systems in the city failed to take into account family size,
water demand, rooftop area, and volume of storage tank,
and the current traditional RWH system could not meet the
average water demand of households. Percent potential
reliability analysis of roof RWH systems showed achievable
reliability of 82.2% using the existing system in a given
household. The reliability could be increased to a maximum
of 90.56% if households used all their roof area under the
gutter without changing the volume of the tank. To make
RWH system projects reliable and sustainable, the rainfall,
physical and social factors of the area should be considered
and investigated in detail at pilot study scale before large-
scale implementation. Some of the households can increase
the reliability of their existing systems if they include gut-
ters for the entire roof. The cost would be about US$ 12.40
for 6 m of PVC gutter. As an alternative, increasing the
storage tank size would enable the surplus water to be
stored during the wet season so that the existing systems
can supply enough water in the dry seasons.
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