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Abstract: Water scarcity problems are becoming increasingly common due to higher water demand,
urbanization, economic development and climatic variability. Policies and measures based on
Integrated Water Resources Management (IWRM) are often advocated to tackle the problems of
competing demands and conflicts among stakeholders. Demand management measures as part
of the IWRM package are expected to offset the increased demands on water resources caused
by economic growth. However, even if IWRM-based policies are in place, the potential impacts
of demand management are seldom quantified while formulating water policies or development
plans. To address this, we conducted scenario analysis using Water Evaluation and Planning System
(WEAP21) in a case study from the Awash Basin in Ethiopia. We show that ambitious irrigation
expansion plans to combat food insecurity will lead to overexploitation of water resources with
increasing inequity between smallholders and commercial farmers. Demand management measures
proposed by water users are insufficient to offset these consequences. Potential demand measures that
are embedded in the IWRM-based policies alone are also insufficient. While water policies emphasize
IWRM principles but do not indicate how to properly implement them, economic development
plans are often launched without adequately considering equity and environment, two of the three
pillars of IWRM. This scenario analysis shows the importance of quantitative information in IWRM
formulation and monitoring.

Keywords: IWRM; WEAP21; scenarios

1. Introduction

Global freshwater use has increased about six-fold in the past century alone [1–3]. Rapid
population growth, changing living standards and consumption patterns, and rapid expansion of
irrigated agriculture are among the major driving forces for the increased demand for water [4–6].
The continued pressure on water resources leads to undesirable consequences such as imbalances
between demand and availability, water quality degradation, competition between sectors, and even
regional and international conflicts [7,8]. Several major rivers in many regions of the world, including
the Indus and Yellow in Asia, Rio Grande and Colorado in the United States and Northern Mexico,
and Murray-Darling in Australia no longer reach the sea year-round as an increasing share of their
water are claimed for multiple uses [9–11]. Similarly, the Nile River, a vital lifeline for the people of
east Africa, is also expected to eventually become nearly barren before it reaches the Mediterranean
Sea as the population relying on the river for survival is increasing at an alarming rate [12,13].
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Water sectors across many regions have consequently reacted to the increasing water crises
through adoption of new paradigms for water resources planning and management. Theoretical
developments have indicated an increasing global interest in an Integrated Water Resources
Management (IWRM) approach for a comprehensive perspective on the management of water
resources and services over the past decades [14,15]. The expansion of the approach has been evident
globally when many regions in the world are facing challenges of escalating water demands for various
uses, with examples substantiated in many developing countries [14–18].

Ethiopia, in general, and the Awash Basin, in particular, are typical regions with water
management issues, such as difficulty meeting rising water demands, increasing competition among
various uses and users within national and transnational basins, as well as institutional barriers [19].
IWRM approach is being advocated as a sustainable means for water management to incorporate the
multiple competing uses of water resources with the aim of overcoming looming water shortages and
conflicts. However, the emphasis on economic development in Ethiopia, one of the fastest growing
economies in the world [20], is putting much pressure on water resources. Consequently, the IWRM
implementation process has faced critical challenges over the past decade in terms of the enabling
environment and institutional framework elements [21].

Apart from major policy and institutional provisions, water resources planning requires
management instruments to better understand the water resources system and provide comprehensive,
precise and timely information on water availability at different temporal and spatial scales [22].
These instruments allow decision makers to make rational and informed choices suited to the specific
circumstances, and tailor their actions accordingly. However, in the Awash Basin, no such instruments
are currently available, or they are still in early stages of development [21]. A recent assessment under
FAO’s global program, Coping with Water Scarcity, conducted in partnership with the National Water
Ministry [23], represents a first step towards a basin-wide inventory of water resources and sectoral
withdrawals. Using the WEAP model, the project provides estimates of existing demands and supply
over the entire basin, and predicts that a significant increase in unmet demand in future years is
imminent with the current irrigation development trend. Most importantly, it provides a database and
calibrated WEAP model covering the entire basin, which can serve as the basis for further evaluations
of impacts, permitting strategies to be formulated at different spatial and temporal scales.

Current water allocation in Ethiopia is targeted at meeting the increasing water demand from
economic, and to some extent social sectors, but does not properly consider possible consequences on
water availability and potential competition among uses and users [21]. The goal of the Ethiopian water
sector strategy is to expand irrigation to the greatest degree possible, as a major way of achieving the
ambitious national food security targets; however, there are no clear strategies to maintain sustainable
resource availability and ecological integrity [24]. This has led to ambitious expansion plans by
both large commercial and small subsistence farmers in the Awash Basin. No reliable estimates of
resource availability and demand are available, nor of the possible impacts of the current and planned
water allocations. While increasing attention is being paid to policy actions related to water demand
management, impacts on expected savings at basin scale are poorly understood. Though some progress
has been made in operationalizing IWRM principles, there is currently no definite water resource plan
for the basin as a whole to guide further development [21].

Efforts need to be made to bridge the gap between IWRM policies and practice globally, in
Ethiopia and the Awash Basin in particular [16,25]. Varying contexts of challenges have been reported
thus far in the implementation of IWRM which are primarily in setting up the necessary laws and
regulations to enforce the IWRM policy; institutions to facilitate coordination between sectors; and
practical management instruments as a set of practical instruments for water resources planning
and management [26]. Examples from developing countries facing the challenges include: Tanzania,
dealing with generally weak community participation in water management and planning at the face
of mounting competition and conflicts over water use as human population increases [27]. Ghana,
experiencing challenges in having a uniform understanding of the concept by water managers
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and actors of the water sector given the existing different definitions by different authors and
practitioners [25]; South Africa, having insufficient alignment and cooperation between sector policies
impacting water resources as well as lack of a reasonable acceptance by water managers in practice [16];
Vietnam, confronting recurrent institutional reforms that has led to weak regulatory frameworks,
overlapping mandates and lack of buy-in from government officials [17]; and Mexico, encountering
challenges in terms of having strong river basin and aquifer management organizations with the
legitimate authority and autonomy as well as mixed political interest over water governance at various
levels [18]. Continued research and development on key elements of the IWRM process (management
instruments, enabling environment, institutional framework) are, therefore, essential to reach the
desired balance between socio-economic development and ecological integrity, and to move up the so
called “Spiral of IWRM” [28], and ultimately contribute towards the global Sustainable Development
Goals (SDGs). In the case of the Awash Basin, further research is needed to improve management
instruments under the IWRM policy framework, for example by undertaking detailed water resource
assessment and quantitative impact evaluation, to provide a sound scientific basis for sustainable
development and equitable allocation of scarce water resources [21].

The main objective of this paper is to quantitatively evaluate impacts of planned irrigation
expansion and demand management strategies on the ability to satisfy current and future needs, and
how these will influence the hydrology of the Upper Awash Basin, as well as downstream flows.
The WEAP model is used as to evaluate various “what if” scenarios stemming from policies, strategies
and current development plans, thereby helping to bridge the gap between IWRM policy and actual
practice. The following key questions are explored in this paper:

1. How would full scale irrigation expansion in the Upper Awash Basin affect water availability
within the sub-basin and downstream flows?

2. To what extent could the water demand management options as embedded in the national IWRM
policy and the corresponding principles offset the impacts of irrigation expansion?

3. How would irrigation expansion along with demand management measures in the Upper Awash
affect downstream flows?

2. Study Area

The Awash River Basin is one of 12 major river basins of Ethiopia, shared among five
administrative regions (Amhara, Oromia, Somali, Afar and the Southern Region). It covers a total
area of about 110 × 109 m2, of which a significant portion falls within the Great East African Rift
Valley. The Awash River originates in the Central Highlands and flows down northeast for a length of
1200 km until it terminates by joining Lake Abe, bordering Ethiopia and Djibouti. The elevation of
the basin ranges from 210 m to 4195 m. Annual rainfall varies from about 1600 mm near the origin to
160 mm close to the northern boundary of the basin with a mean of 850 mm. The seasonal distribution
of rainfall is presented in Figure 1, which is based on long-term average monthly rainfall (1970–2008).
The mean annual total evaporation ranges from 1810 mm in the Upper Valley to 2348 mm in the lower,
so irrigation is required to support crop growth. The total mean annual surface water resource of the
basin is estimated to be 4900 × 106 m3 [29], of which about 44% is diverted for irrigation.

The Awash River originates from the Upper Awash Basin (23400 × 106 m2) where a significant
portion of runoff is generated. This part of the basin is the most intensively and diversely utilized,
and thus, the most affected by water quantity and quality problems. Rapid population growth has
led to intensified socioeconomic activities and escalating water demand. The basin hosts major cities
including the capital, Addis Ababa, extensive irrigation development and widespread industrial
activities, which are the main driving forces behind a wide range of problems in the basin. The map
of the Awash River Basin in indicated in Figure 2. According to a water resources assessment done
based on the 2012 cropping pattern in the basin, total agricultural water demand was estimated to be
2.52 × 109 m3 [19]. Irrigation efficiency within the basin is generally low in the order of 30–40% [19].
Surface irrigation by flooding and furrows being the common practice, this efficiency value is as low as
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approximately 50% of the theoretically suggested values for surface irrigation [30]. The total domestic
water requirement of the basin is estimated to be 0.326 × 109 m3/year taking into account a minimum
per capita water availability of 145 L/day for urban population and 45 L/day for rural population [19].
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3. WEAP21 Model for the Upper Awash Basin

There exist a variety of simulation models to study water resources planning and management
issues in river basins in such a way that enables active involvement of stakeholders in the planning
and decision-making process. Typical of these models include MODSIM, MIKE, RIBASIM, WBalMo,
WARGI-SIM and WEAP [31,32]. All such models are generally intended to facilitate storage, retrieval,
and analysis of biophysical and socioeconomic data related to specific river basins or regions [31,32].
The input data of these models could include and represent policies that define how water resources
should be developed and managed over a certain temporal and spatial scale, while the results of
the modeling analyses reveal the possible impacts of those alternative water resources policies [31].
Of such models, Water Evaluation and Planning System (WEAP21) is used for this study, as it is a
comprehensive and integrated modelling framework to simulating water systems, and by its policy
orientation. It is well designed as a comparative analysis and evaluation tool for scenario exploration.
Thus, it is referred to as a laboratory for examining and evaluating a wide range of water development
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and management options [33]. Moreover, WEAP integrates a range of physical hydrologic processes
with the management of demands and development infrastructure in a seamless and coherent manner.
Hence, it can suitably serve as a decision support system for IWRM and policy analysis through
simulations of catchment runoff, water demand and supply, ecosystem services, groundwater and
surface storage, reservoir operations, and flow requirements by means of scenarios of changing climate,
policy, land use and socio-economic development [6,34,35].

3.1. Hydrology

In the WEAP model, the hydrologic system of the Upper Awash Basin is represented as a
network of nodes and links (Figure 3). The main river is shown as a series of nodes representing
points of inflow from each catchment, and river confluences connected to each other by river reaches.
Other nodes are located sequentially on the reaches, and represent physical components such as
demand site withdrawals and return-flows, reservoir and groundwater aquifers. The input data on
stream-flow, climate, land use and water demand were obtained from various secondary sources
including records of the Awash Basin Authority (AwBA), National Meteorological Agency (NMA),
Water Audit, and survey results from the Ministry of Water, Irrigation and Energy (MoWIE), as well as
regional technical and background papers.

WEAP includes five alternative methods to simulate catchment processes. The Soil Moisture
Method was chosen for a more detailed representation of the catchment processes. This method
represents the catchment with two soil layers and allows for the characterization of land use impacts
to the simulation processes [33,36] The upper layer simulates evaporation and transpiration processes,
considering rainfall and irrigation, runoff, shallow interflow, and changes in soil moisture, whereas the
lower layer simulates deep percolation and base-flow routing to the river [34]. Groundwater-surface
water interactions are modelled using deep soil layer of catchments by the soil moisture method.
The river and groundwater are connected both within the groundwater nodes and the respective river
reaches. The catchment nodes are connected with infiltration links to the ground water node such
that the deep percolation is routed to the groundwater node. Monthly time step was used for the
hydrological simulations.
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The Upper Awash Basin is further divided into seven sub-catchments, which permits the hydrology
and water management scenarios to be simulated in a semi-distributed set-up (Figure 3). As a basis
for scenarios analysis, future stream-flow was simulated using 39 years historical hydrologic data.
Trend analysis was done to determine the natural flow variability and changes (if any) based on
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historical data at a representative point on the main river (See Supplementary Material-III). The results
indicated that the trend is not significant at annual scale. Similarly, no significant trend was observed at
monthly time step, except in case of June, which is still believed to have less overall impact as water
demand is relatively low at the start of rainy season (See Supplementary Material-III). Overall, it is
assumed that there will be no major changes in the future stream-flows according to the observed trends.

3.2. Scenario Description and Demand Representation in WEAP

3.2.1. Scenario A: Reference

This ‘business-as-usual’ scenario depicts impacts of continued water usage at current rates of
development, assuming recent trends in water use continue. Water use in the Upper Awash Basin is
categorized into agriculture, domestic, hydropower and industries, the dominant user being irrigated
agriculture. Surface irrigation is the common practice throughout the basin. The second biggest user is
the domestic sector which include livestock consumption. Major towns in the Upper Basin, including
part of metropolitan Addis Ababa, get their supply directly from the river. A significant share of rural
population also relies on the river for household consumption. The Koka Reservoir, with a capacity of
1071 × 106 m3 for hydropower and irrigation, is also located in the sub basin. During the dry season,
almost the total river flow is abstracted for various uses at different points, mainly in the Middle Basin.

To represent demand in WEAP, a survey conducted by the MoWIE under a project of Food and
Agriculture Organization (FAO) [23] provided information regarding human and livestock populations
that rely on the river. Domestic consumption rates were based on national targets of Growth and
Transformation Plans (GTP-II) and Universal Access Plan (UAP) programs adopted in the National
Hygiene and Sanitation Strategic Action Plan [37]. Industrial water use is apparently insignificant,
and limited information is available about the existing use; this was, consequently, not considered in
the baseline scenario.

Each of the large commercial farms was represented as a discrete demand site, and community
based small-scale farms were taken as aggregates per catchment. Estimating the demand of small-scale
farms was done based on water requirements for the major crops grown [38], for which data on types of
crops and area coverage was obtained from Agricultural Water Use Survey results [23]. For large-scale
irrigation schemes (>3000 ha) [39], actual water demand data was obtained from the Awash Basin
Authority (AwBA) and Water Audit Report [23]. Allocation priority was given for domestic water uses
over agricultural uses. Equal priority was assigned to all of the individual demand sites within each
sector. At present, the basin does not have environmental requirement targets regarding any water
resources development. Natural demand progression for agriculture is assumed to be 1–3% per year.
For domestic consumption, population growth rate of 2.6% is assumed (based on 2007 Population and
Housing Census of Ethiopia), and 5% per capita water use increase is assumed to represent natural
growth of demand over time.

3.2.2. Scenario B: Irrigation Expansion

This scenario simulates government strategies and plans to expand irrigation to the maximum
potential [24]. The overarching policy response to the challenges facing the country’s food security
and agricultural productivity has been to increase irrigation to the maximum potential based on
available land and water resources. As there is no exact estimate of the total irrigation potential of the
Upper Basin, the figures taken for this study represent the actual expansion plans of individual farms
based on a recent survey [23]. Accordingly, irrigated area was estimated to expand nearly 70% in the
Upper Basin (Table 1). The estimated areas were aggregated per catchment for small-scale farms (each
< 200 ha) [39], while individual expansion plans were taken into account for the large-scale ones.

The irrigation expansion scenario is incorporated in WEAP by making gradual changes in the
annual activity level of irrigation demand sites over the years. The changes assume the plans will be
fully implemented in 2025, with three levels of expansion starting in 2016.
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Table 1. Existing vs. planned irrigation areas within the Upper Awash Basin.

Irrigation Scheme Existing (ha) Planned (ha) Expansion %

Small_scale schemes
(Upstream to downstream)

Kunture 4949 1614 33
USKoka 6581 290 4
Akaki 3559 1178 33
Mojo 6361 191 3

Keleta 4913 561 11
Arba 2915 2629 90

Awash 8525 1245 15
Kobo 0 5600

Large_scale schemes
(Upstream to downstream)

Wonji 8728 12,000 137
Tibila 923 6077 658

Fentale 5880 12,120 206
NuraEra 3672 0 0
Methara 10,224 3000 29

Total 67,230 46,506 69

3.2.3. Scenarios C & D: Water Management Scenarios

Two levels of demand management alternatives based on IWRM principles, accounting for
stakeholders’ views and exploring comprehensive set of management alternatives, were evaluated
to appreciate the possibility of achieving the target irrigation expansion plans without a significant
impact on future water availability and downstream uses.

Scenario C: Water users’ preferences Scenario: This scenario simulates how different users’
priorities contribute towards overall demand side savings. The scenario is based on interviews
with 32 people representing large and small-scale farmers, private irrigators, irrigation unions, and the
Koka hydropower scheme [21]. Primary stakeholders, particularly the majority small-scale irrigators,
indicated that controlling unlicensed diversion should be the priority to alleviate water shortages
faced by small-scale schemes, and to promote the overall efficiency of water use. Illegal water users are
generally very inefficient, as they neither pay water fees nor share in abstraction and conveyance costs.
The majority of the legitimate users emphasized that a gradual increase of water price is important to
encourage demand-side water savings, as the current low water price may contribute to the high waste
of irrigation water. At present, one flat rate is applied for both large-scale commercial and small-scale
subsistence users, and many water users suggested a tiered pricing system as a regulatory framework.
However, other efficiency improvement measures such as water saving techniques (drip and sprinkler)
are not affordable for most small-scale users.

Scenario D: Comprehensive Demand Management Scenario: This scenario represents the Ethiopian
IWRM policy framework, primarily highlighting demand side management options as a potential set of
quick actions that can be taken to balance demand and availability over time. The scenario investigates
to what extent a realistic set of comprehensive demand management options could contribute
towards fulfilling the existing ambition to expand irrigation. A combination of relevant demand
management options was explored based on the concept of “comprehensive water management
scenario analysis” [40–42], as well as considering stakeholders’ preferences, basin development
strategies and literature.

Aggregated and disaggregated approaches were followed to incorporate demand side savings in
WEAP for scenarios C & D. The aggregated approach is applied when the portion of total demand
that could be saved by demand management for a particular user is estimated and directly entered in
WEAP. The disaggregated approach is applied when changes are made either on the activity level (area,
population, etc.) or water use rate of individual demand sites [34]. The disaggregated approach
was used to incorporate improved irrigation methods—from surface irrigation to water-saving
techniques—as part of Scenario D. Accordingly, a 100% change in irrigation method is considered for
all the large-scale schemes, with 70% assumed to be covered by sprinklers, and 30% by drip systems.
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The aggregated approach was followed for other changes demand management estimating the
proportion of the total demand that could be saved by demand side management. To estimate demand
reduction at each site, a list of individual strategies was considered, resulting in a comprehensive
set of management options. These included (i) Improved efficiency, such as reducing conveyance
loss by lining canals, and unifying supply networks, in addition to changing irrigation method;
(ii) Economic instruments, including increase in water price and a tiered pricing system; (iii) Regulatory
measures that would reduce unlicensed abstraction. Accordingly, demand-side savings of 6–10% were
considered under the users’ Preference scenario, and 9–15% under the Comprehensive demand
management scenario whereby the lower and higher values represent small-scale and large-scale
schemes, respectively; (for details, see Supplementary Material). The demand-side savings of
upgrading irrigation methods to sprinkler and drip techniques is assumed to be 15%, making the
overall reduction for the large-scale farms 30%.

4. Results

4.1. Calibration and Validation

WEAP was calibrated and validated by comparing observed monthly stream-flow against the
simulated flows at five control points over a period of 15 years from 1972–1986 and 1987–2001,
respectively. Agreement between simulated and observed values was evaluated using coefficient of
determination (R2) and Nash-Sutcliffe efficiency (NSE) criterion and ratio of the root mean square
error to the standard deviation of measured data (RSR), an error index that standardizes the root mean
square error using the observations’ standard deviation [43–45]. The results at two critical points
on the main river (the most upstream and most downstream catchments) are illustrated in Figure 4,
indicating a good agreement between simulated and observed flows, and thus a reasonable capacity of
the model to reproduce the observed flows. Exceptional over and underestimation of the flows during
simulation might be attributed to uncertainties in river discharge observations.
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Figure 4. Observed and simulated stream-flow (106 m3) at selected stations in the Upper Awash Basin:
(a) Calibration, and (b) validation.
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Once the WEAP model was set up, a water balance for the Upper Awash Basin and resultant
runoff prediction was estimated based on analysis of observed climate data for the years 1970–2008,
the time period for which a complete data set was available for most of the stations. The base year
was considered from January to December 2008, which represents a ‘normal’ hydrologic year. Table 2
presents annual average water balances for each WEAP catchment in the Upper Basin.

Table 2. Average annual water balance per catchment (109 m3) for the period 1970–2008.

Catchment Drainage Area (106 m2) P E Q GW
Water Balance

P-E-GW-Q = ∆S

Kunture 45,634.6 5.31 1.96 0.93 2.40 0.03
Akaki 1634.0 1.71 0.71 0.32 0.67 0.01
Mojo 2075.6 1.80 0.67 0.20 0.90 0.03

Keleta 1794.0 1.84 0.71 0.24 0.86 0.02
US Koka 3194.0 1.97 1.37 0.14 0.46 0.00

Arba 3155.3 1.85 0.97 0.19 0.67 0.02
Awash 8467.4 6.55 3.33 1.78 1.48 -0.05

P = Precipitation, E = Evaporation, Q = Stream-flow, GW = Ground Water, ∆S = Change in storage.

4.2. Reference Scenario

4.2.1. Water Demand

The WEAP simulation of the reference scenario shows a steady rise of the total water demand
from 1200 × 106 m3 during the base year to about 1600 × 106 m3 (27% increase) by the last year of
the simulation (2040). Looking also at the growth by sector, domestic and irrigation demands will
grow by 361% and 12%, respectively, compared to that in the base year 2016 (Table 3). Domestic
water demand is expected to swiftly increase as the country’s economy continues to grow and living
standards improve over time. Although the irrigation sector’s water demand will only increase 12%,
in terms of volume of water this represents a far greater demand than the domestic sector, as irrigation
currently accounts for about 95% of the total water demand.

Table 3. Projected annual water demand by sector for the reference scenario.

Water Demand (106 m3) 2016 2020 2025 2030 2035 2040 % Growth (2016–2040)

Domestic (including
human and livestock

consumption)
54 68 92 127 177 249 361

Irrigation 1166 1187 1214 1243 1273 1304 12
Total Demand 1220 1255 1306 1370 1450 1553 27

Share of irrigation (%) 95.0 94.6 92.9 90.7 87.8 84.0 -

4.2.2. Unmet Water Demand

The results indicate that even under the business-as-usual scenario, seasonal unmet demand
occurs in all years, except for one wet year when it approaches zero. The shortfall ranges from
27 × 106 m3 to 97 × 106 m3 annually in the years 2016 and 2040, respectively, corresponding to 2.5%
to 8% of the current water demand (Figure 5). Seasonal simulations in Figure 6 indicate that the
maximum unmet demand is experienced in January and gradually drops, with practically no shortage
from June to September, with the shortage picking up again till December. This implies that except for
the peak rainy season, water requirements are not fully met. The shortage is most notable in five of the
small-scale groups out of the thirteen irrigation sites.
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4.3. Future Scenarios

4.3.1. Scenario B: Irrigation Expansion Scenario

Irrigation Area and Water Demand

With the implementation of the expansion plans and assumed annual growth rate, total irrigated
area will increase by 20% under the reference scenario and double under the expansion scenario.
Figure 7 contrasts simulated irrigated area for the reference and expansion scenarios. Water demand
will increase from about 1200 × 106 m3 currently to approximately 1550 × 106 m3 (27% increase) in
2040 under the reference scenario, and 2590 × 106 m3 (115% increase) under the expansion scenario.
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Unmet Water Demand under the Expansion Scenario

The difference in unmet demand for the reference and expansion scenarios per demand site over
the simulation years is shown in Figure 8 (only users facing shortage are listed). Remarkably, all those
with unmet demand are the small-scale irrigators, while the large-scale commercialized ones meet
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their demands fully even under the expansion scenario. Looking at overall demand-supply analysis
also, implementing the irrigation expansion plans will lead to about 150% increase in unmet demand
on average (Figure 9b) compared with the reference if no further actions are taken to manage either
water demand or supply.
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4.3.2. Scenarios C and D: Expansion Plans in Conjunction with Water Demand Management

Table 4 presents a summary of the simulation results on demand and supply for the first and last
year of scenarios. By the last year of the simulation, 2040, the total water demand under irrigation
expansion has increased by about 67% from the reference (1531 × 106 m3 to 2560 × 106 m3). With the
implementation of the comprehensive water management scenario, the total supply requirement for
the expansion scenario is lowered by 37% due to the demand-side savings.

Table 4. Summary of results by main indicators per scenario for 2016 and 2040, first and last year of
the simulation.

Indicators
2016 2040

Reference Reference Expansion Users’ Preference Comprehensive
Management

Irrigation area (ha) 67,230 80,676 141,183 141,183 141,183
Water demand (106 m3) 1221 1531 2560 2560 2211

Supply Requirement (106 m3) 1221 1531 2560 2368 1975
Supply delivered (106 m3) 1194 1434 2354 2190 1810
Unmet demand (106 m3) 27 97 206 178 165

In Table 5, the results are further summarized in terms of demand coverage during the driest
month of the year (January) for the first and last year of the simulation; in addition, the overall
reliability of supply for each demand site is presented. Demand coverage and reliability of supply to
each demand site follow a similar trend. About 30% of users have demand coverage of under 50% in
the dry season under the expansion scenario; and these users experience a reliable supply only 75% of
the time. Moreover, neither of the two management alternatives could maintain the reference demand
coverage and supply reliability.

Unmet Demand: All Scenarios

Unmet demand increases in all four scenarios throughout the simulation period, with
business-as-usual and expansion scenarios being extreme cases (Figure 9a). As presented in Table 4,
unmet demand increases considerably under the expansion scenario, reaching 206 × 106 m3 by 2040.
The gap between the reference unmet demand and that of the expansion scenario expands more and
more each year as indicated in Figure 9b, with an average deviation of about 150% for the last five years
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of simulation. Under the two levels of water management scenarios, the gap can be seen to narrow down
by 30% and 42% for users’ preference and comprehensive management scenarios, respectively, by 2040.

Table 5. Demand-site coverage and supply reliability per demand site.

Demand Sites (Irrigation)

Demand-Site Coverage (%) 1
Reliability (%) 2

Year 2016 Year 2040

All Scenarios Ref Exp SH Pref CompM Ref Exp SHs’ pref CompM

Small-scale schemes (from
upstream to downstream)

Kunture 62 58 40 42 44 74 64 65 66
USKoka 62 58 40 42 44 74 64 65 66
Akaki 62 58 40 42 44 74 64 65 66
Mojo 58 58 39 42 43 55 53 57 57

Keleta 100 86 60 64 66 93 78 82 84
Arba 100 100 99 100 100 98 93 97 98

Awash 100 100 100 100 100 100 100 100 100
Kobo 100 100 100 100 100 100 100 100 100

Large-scale schemes (from
upstream to downstream)

Wonji 100 100 100 100 100 100 100 100 100
Tibila 100 100 100 100 100 100 100 100 100

Fentale 100 100 100 100 100 100 100 100 100
NuraEra 100 100 100 100 100 100 100 100 100
Methara 100 100 100 100 100 100 100 100 100

1 The percent of each demand site’s requirement that is met-For the driest month of the Year (January) 2 Percent of
the time-steps in which demand was fully satisfied.
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Figure 9. Annual total unmet demand for all scenarios (a) trend and distribution over future years,
whiskers indicate standard deviation; (b) unmet demand relative to reference expressed as percentage
deviation in unmet demand of intervention scenarios from that of the reference.

The seasonal distribution of unmet demand (Figure 10) corresponds with rainfall patterns, and
the impact varies according to the alternative scenarios. During the rainy season of June to September,
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demand is fully satisfied, whereas in January, the driest month of the year, the largest unmet demand
is observed in all scenarios. The comprehensive management scenario is able to reduce unmet demand
to the level of the reference in the months of April and May.Water 2018, 10, × FOR PEER REVIEW  13 of 20 
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Figure 10. Monthly average unmet Water demand for all scenarios.

Considering individual demand sites within the upper Awash Basin (Figure 11), five of them
(all small scale irrigators) has shown a significant increase in unmet water demand under the
expansion scenario. The unmet demand has shown reduction under two water management
scenarios successively.
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Figure 11. Annual total unmet demand per demand site (irrigation).

Effects on Stream Flow of All Scenarios

When the expansion scenario is introduced, stream flow at the outlet of the Upper Awash Basin
reduces up to 23% during the last year of scenarios compared to the business-as-usual scenario. With
the users’ preference and Comprehensive management scenarios, successive increase in stream-flow
was noticed, whereby the percentage of reduction from that of the reference has been lowered to 20
and 10%, respectively. Similarly, the scenarios also impacted the seasonal flow regime as shown in
Figure 12b. A narrower gap from the reference was obtained under Scenario D of comprehensive
demand management (Figure 12a). The effects are seen to be more significant in the dry seasons,
than in the wet months from July to October.
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Figure 12. Stream-flow at basin outlet (a) annual total stream flow (b) monthly average stream-flow;
the whiskers indicate standard deviation over the years.

5. Discussion

Based on the overall analysis for all demand sites, unmet demand will reach 206 × 106 m3 under
the irrigation expansion scenario by 2040, the last year of the simulation period. In appreciation of the
extent, this is equivalent to 18% of the current total water demand, which is approximately equal to
one fifth of the design storage volume of the Koka Reservoir. Water shortages are mainly experienced
in the dry season, from January to March. In all of the scenarios, unmet demand is experienced solely
by small-scale irrigation users, mainly those located in the upper and middle parts of the sub-basin.
The lower part, where most of the large-scale irrigation schemes are located, has enough available water
to meet demand. These large-scale estate and privately owned commercialized farms were strategically
designed and located in areas with sufficient water in all seasons throughout the production years.
Some of these projects were among the first modern irrigation schemes in Ethiopia [46,47]. However,
this essentially conflicts with the current government strategy that prioritizes small-scale irrigation
expansion and accordingly proposes expansion plans in most of the catchments in line with the
country’s food security targets as well as the sector’s IWRM policy realization. Nevertheless, it is
important to understand that domestic water demand is fully satisfied under all of the scenarios,
since domestic demand was given first priority for water allocation, with all other demand sites only
receiving their supply afterwards.

5.1. To What Extent Can Demand Management Based on Users’ Preferences Reduce Unmet Demand?

Scenario C, which simulates users’ preferences, reduces unmet demand significantly compared
to Scenario A, simulating irrigation expansion over the years, reaching as high as 30% by 2040
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(see Figure 9). However, unmet demand still increases compared to the baseline scenario as a result
of irrigation expansion, which could not be compensated for with this scenario. Irrigation expansion
would aggravate water shortages and the resulting reduced performance of the demand sites in terms
of production outputs despite water savings amounting 6% and 10% from small-scale and large-scale
farms, respectively. IWRM promotes users participation as a major factor for a successful water
management process, and hence, management decisions must take stakeholders’ preferences into
account, to ultimately contribute to the achievement of the equity target [41]. However, in practical
terms, user preferences regarding water management options are often based on comparative
affordability. Users generally prefer simple low-cost surface irrigation systems over more advanced
water-saving techniques, unless there is a compelling argument for upgrading the system at an
increased cost. A typical example can be the Wonji Sugar estate, where a center pivot system is used for
some parts of the scheme, primarily due to topographic irregularities rather than water conservation
objectives. Hence, farmers should be encouraged and supported through awareness raising, education,
material capacity building, and credit and extension services, with the ultimate goal of increasing the
efficiency of water use, as well as productivity, at the farm level.

5.2. Can Comprehensive Demand Management Based on Policy and the IWRM Concept Fully Meet
the Requirements?

As shown in Figure 9, with the comprehensive demand management option, the current state
of water availability can be maintained until approximately 2028, and during certain periods of wet
years afterwards. This means that even with up to 30% reduced demand, the overall water needed
for the planned irrigation expansion can only be kept at reference for a limited number of years.
For the rest of the period, the gap in unmet demand between the expansion and reference scenarios is
lowered up to 42% in the last year of the scenarios using the comprehensive demand management
option. However, the trend in unmet demand increased over time except in rainy seasons, regardless
of the comprehensive management efforts that are applied. It can thus be inferred that demand
management alone as implied in the IWRM policy and strategies will not be sufficient to meet the
planned irrigation expansion.

Realistic comprehensive demand management options as a quick and practical measure for
efficient water management play a crucial role but are in themselves not sufficient to ensure
environmental sustainability, social equity, and the economic efficiency targets of IWRM. IWRM
policies in developing countries prioritize a wide range of demand management strategies, given the
physical, technological and cost limitations of augmenting supply [48,49]. However, in the long term
these policies may not be sufficient to meet the growing demand, and complementary options such as
the use of groundwater, water harvesting and storage systems need to be explored.

5.3. Implications for Stream Flow

Compared to the business-as-usual scenario, implementing irrigation expansion plans will
substantially reduce stream flow. Although the two water management scenarios help to restore
stream-flow, they still are not able to maintain the reference flow. The gap increases over the years.
Reduced stream flow at the outlet of the Upper Awash Basin would likely impose high pressure
on water resources and intensify the impact on committed flows downstream for use by humans
and the environment. This will most likely affect the immediate downstream users in the middle
basin. The middle basin is mainly categorized as arid and semi-arid, where rain-fed agriculture is not
possible, and irrigation relies totally on the surface water from the river. Irrigated farms, mainly in the
upper part of the middle Awash Basin, are already suffering from water shortages, even in the current
situation [23,50]. Reduced stream flow may eventually lead to added complications such as conflicts
between upstream and downstream users, as well as regional users, as the water resource is shared
among five different administrative regions of Ethiopia [46].
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It is worth noting that so far no effort has been made to set targets for environmental flow
requirements, let alone meet them. Pressure on water resources in the Awash Basin will presumably
intensify even more if recommended environmental flow requirements (i.e., as percentage of the mean
annual runoff) are established.

5.4. Uncertainties Associated with Climate Change

In relation to future water resources planning and development, it is also vital to recognize the
potential effects of climate change on water availability and overall demand satisfaction for various
water uses with in the Upper Awash Basin. On top of the rising population and the subsequent
escalation of water demand in the region, climate change is expected to further exacerbate the future
stress and scarcity of water resources in the region [51].

Particular to the Awash Basin, up to the authors’ knowledge, the impact of climate change has
not been as such thoroughly assessed in a way to provide explicit and reliable information on the
hydrological alterations affecting water supply for multiple uses with in the basin. In the present
study also, although there is no a significant trend observed in stream flow based on historical data,
the importance of looking at future changes in climate affecting river flows is realistically recognizable.
However, due to the generally perceived high uncertainty and inconsistency associated with predicted
climatic variables depending on the General Circulation Models (GCMs) and statistical downscaling
approaches applied, it has become impractical to normalize these processes and integrate it with
the quantitative analysis employed within the scope of this study. None the less, looking at some of
the eminent studies conducted in similar regions of the country, a wide range of inconsistency and
variability was observed in the results of the predictions using various GCMs and downscaling tools.
Some of them predicted an increase in mean annual precipitation for the 2020s (2011–2040) [52,53] while
some reported an overall declining trend in the annual mean precipitation for the same period [54–57].
However a reasonably consistent increasing changes in maximum and minimum temperature was
predicted for up to mid-century [53–57]. The runoff is also expected to change corresponding to
the projected temperature and precipitation variables. Hence, considering the pessimistic condition,
a decrease in average annual flow of 3.5–5.6% and mean monthly flow volume of up to 46% might
be encountered in the coming decades [54,56]. Such preliminary results, although with high degree
of uncertainty, may provide a general insight on the possibility of aggravated pressure on the water
resources due to the unprecedented impacts of climate change. However, appropriate water resources
planning and management as well as adaptation strategies need to be well informed with the most
probable future uncertainties. It is, therefore, suggested for further studies to undertake a full-scale
analysis to adequately capture the variability at the required temporal and spatial scale with in the
Awash Basin.

6. Conclusions and Recommendations

The Awash River Basin is the most utilized basin of Ethiopia, with nearly all of its surface water
resources abstracted for multiple uses at some points over the river course. Expanding irrigation in the
Upper Awash Basin by 70% is expected to result in about 206 × 106 m3/year of unmet demand by 2040.
This represents about 18% of the current water demand in the sub-basin. Under the water management
scenarios based on water user’s preferences and comprehensive policy, the difference in unmet demand
between the two extreme scenarios could be offset by 30% and 42%, respectively. Therefore, if the
planned irrigation expansion is implemented, the overall water availability cannot be kept at reference,
even under the evaluated demand management options based on the concept of IWRM and user’s
preferences. The large scale commercial farms will not experience water shortages, due to their
strategic location in the basin, which allows them to secure continued river flows. Looking exclusively
at the Upper Basin, water shortages will only affect small scale farms, which are mostly located in the
upper catchments. Moreover, under the expansion scenario, stream flow will be reduced by 23% at
the outlet of the sub-basin. Though the amount of downstream flows could be enhanced under the
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water management scenarios, flow is inevitably reduced by about 10% under all scenarios. This could
have a substantial impact on the water availability of the middle basin, which is already experiencing
shortages. Given unavoidable factors such as population growth and socioeconomic development,
competition among users will likely further intensify, increasing the risk of future conflicts.

Water management in the Awash Basin will get more complex as more water is abstracted; this
could even lead to irreversible damage to the ecosystem, given that environmental requirements are
currently not considered at all. This study emphasizes the fact that socioeconomic processes and
the environment are strongly interconnected whenever resources are utilized, and this relationship
becomes more complex as demand for limited water resources grows [41,58]. Thus, if the prevailing
IWRM policy is to be a useful tool, a more organized and comprehensive strategies need to be in place
when implementing water development planning of any kind, and at all levels. IWRM principles foster
more efficient and equitable use of water resources in order to achieve sustainable development goals.
However, the objectives of water resource management vary, and the choice of practical management
options will depend on the specific context; for instance, developing countries face a multitude of
challenges, not least in terms of investment needs for a more efficient water management. Hence,
IWRM policies cannot by themselves achieve the targets of sustainable water resources development;
practical actions must also be taken towards a well-organized, multi-objective and multi-sectoral
planning, development and management.

In this particular study of the Awash River Basin, a potential way to boost water availability
for small-scale schemes in the upper basin lies in a more equitable allocation of water resources,
and diverse options to improve water availability. These might include soil and water conservation
in the upper catchments, aiming at reducing runoff and evaporation losses, exploring the potential
of groundwater to supplement the current supply, which is totally based on surface water from the
river. In view of the high seasonal variability of the stream flow, it is also essential to build storage
structures at pre-designated locations for rainwater and flood harvesting. A complete study for future
water management strategies based on the IWRM policy framework should also take into account the
parallel impacts of industrialization and climate change. Apart, from policy evaluation and measuring
success of implementation in terms of practical strategic actions, further studies should also build on
the results to include economic analysis on the effectiveness of the different management strategies so
as to inform decisions related to the choice of viable interventions and programs.

This study also showed that WEAP-based assessments are potentially useful for evaluating
alternative IWRM policy actions, allowing a comprehensive evaluation of water development and
management decisions at river basin level, as well as at different spatial scales in order to pinpoint
where particular problems are likely to occur. Future analysis with WEAP in the Awash Basin may also
account for environmental flow requirements, which often depend on a negotiated tradeoff between
all the sectors.
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