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Abstract

The Ethiopian water policy strictly follows water allocation as a principle in
setting out water consumption problems and demand projection. Hydroelec-
tric power plants supply the larger share (88%) of the electricity in Ethiopia.
86% of Ethiopia’s plan to 2020 energy supply is expected to be from hydro-
power. This paper defines water consumption in hydropower production as
the quantity of water that leaves the analyzed projects (reservoir regulated
hydropower projects) through evaporation. Water consumed by hydropower
development has never been studied at a country scale. Thus, in attempting to
understand water consumption by the hydropower development, this study
will be the first to acknowledge the water consumption by all storage regu-
lated hydropower plants developed in Ethiopia. While studying and designing
reservoir regulated hydropower production, the overall effect of water con-
sumption by the projects is assumed to be minimal; thus ignoring water allo-
cation to hydropower projects is a common procedure in Ethiopia. In this
study, for multipurpose projects, to identify the water consumption by hy-
dropower against the other purpose (irrigation) consumption, water con-
sumption factors based on economic benefits were used. The study has shown
that the 14 existing and under construction reservoir regulated hydropower
projects will consume 1.881 billion m’ of water annually. This will make hy-
dropower the second most water consuming water resource development
next to Irrigation in the country. Together with the 22 upcoming projects the
water consumption will be 3.756 billion m’/year. The results also show that
hydropower consumption in the country will take an average of 2.41% of the
total water stored in a reservoir. This value is in the range of nearly zero for
power projects that use natural lakes as their reservoir (Tana Beles, Tis Abay I
& II) and GERD to 10.64%. The total reservoir volume that will be created in
the country after completion of the 22 planned projects is larger than 233
BCM, which is greater than the surface water volume the country possesses.
This indicates that the future water consumption by hydropower plants shall
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be revised in accordance with changes made in the final design of each
planned projects. Nonetheless, this research provides scientific support for
the argument that the production of hydroelectricity by reservoir regulated
hydropower schemes, in countries like Ethiopia, is a water consumer. Thus,
water allocation shall not ignore its demand.

Keywords

Ethiopia, Reservoir Regulated Hydropower Projects, Water allocation,
Water Consumption

1. Introduction

The Government of Ethiopia has put forward, 25-year national energy master
plan, in 2005. In masterplan, hydropower is identified as the backbone in Ethi-
opia’s national energy development strategy. Besides, a five-year plan called the
Universal Rural Electrification Access Program (UREAP) has been included in
this 25-year master plan. The UREAP’s goal is to increase access to electricity to
50% of the population.

Currently, Ethiopian Electric Power (EEP) administers 18 power plants, the-
reby generating a total of 4244-megawatt (MW) electricity nationwide. Most of
the electric power in the nation is supplied from the inter-connected system
(ICS). The ICS is fed predominantly by 14 major hydroelectric plants with a total
installed capacity of 3814MW electricity: Aba Samuel (6.6 MW), Amerti Neshi
(97 MW), Awash II (32 MW), Awash III (32 MW), Beles (460 MW), Fincha (134
MW), Gilgel Gibe I (184 MW), Gilgel Gibe II (420 MW), Gilgel Gibe III (1870
MW), Koka (43.2 MW), Melka Wakena (153 MW), Tekeze (300 MW), Tis Abay
I (14.4 MW), and Tis Abay II (73 MW). Hydropower accounts for nearly 90% of
the total public installed capacity, the remaining 10% being made up of several
wind, geothermal and diesel projects [1].

86% of Ethiopia’s plan to 2020 energy supply is expected to be from hydro-
power [2]. The lack of diversity in Ethiopia’s energy portfolio leaves the sector
vulnerable to the water sector policy the country currently follows unless proper
allocation of water is given to the sector. While studying and designing reservoir
regulated hydropower production, the overall effect of water consumption by
the projects is assumed to be minimal; thus ignoring water allocation to hydro-
power projects is a common procedure in Ethiopia. Currently, up to this re-
search knowledge, no studies had been conducted to review Ethiopia’s alloca-
tion-based policy which could negatively affect hydropower production. Besides,
the water consumed by the existing hydropower developments has never been
studied at a national scale.

Despite having higher water dependent than other power generation ways,

hydropower water consumption receives relatively little attention in Ethiopia.
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The reason for this lack of attention may be the perception of reservoirs as sup-
pliers of water rather than consumers. However, in country where water alloca-
tion is the core issue in its policy, construction of reservoirs may decrease re-
gional water availability. Given the large number of planned projects in the
country and the corresponding large quantities of water involved, a detailed in-
vestigation of the impact of allocation-based policy on hydropower generation is
warranted. In attempting to understand the effect of water resources manage-
ment policy on hydropower development, this study aims at evaluating the water
consumption by all existing, under construction and planned storage regulated
hydropower plants in Ethiopia and describe the impact on its production. Thus,
this research will estimate the water consumed by storage regulated hydropower
developments on the basis of the available data and information. The outputs
from such analysis are then basically the annual water consumption by built,
under construction and planned storage regulated hydropower projects. It is
evident that the results’ accuracy will vary depending on preceding levels of
knowledge about the reservoir operation of the hydropower project.

Hydropower schemes generally classified as conventional type (runoff the riv-
er type, diversion and canal developments and storage regulated developments)
and pumped storage type (Pure pumped storage type and Pumped and natural
flow storage type). Among these developments the runoff the river develop-
ments can’t have water loss as these developments use the “live” energy of the
flowing river which won’t create an anthropogenic water consumption. The di-
version and canal developments will create water consumption. By comparing
the natural water loss (if the water was in its natural course) against the new
canal system that carries the river water away from its natural course, the water
consumption by such projects can be computed. The storage regulated develop-
ments create water loss due to the fact that evaporation occur over a larger sur-
face area (created by the impoundment) than the natural river course. Storage of
water behind large hydropower dams leads to consumptive water use through
evaporation from the open water surface of the artificial lake. That is why a
number of studies ([3]-[11]) suggest the water consumption by reservoir regu-
lated hydropower projects is larger and shall not be overlooked.

Evaporation estimation for specific reservoirs that generate hydropower was
the main approach. Few efforts of quantifying evaporation loss from hydropow-
er projects at regional scale were seen in literature ([3] [6]). For reservoirs used
to produce hydroelectric power in the USA, reference [6] used aggregation of
individual average yearly pan evaporation data to come up with a nationwide
evaporation. Anthropogenic reasons to increase the evaporation were not in-
corporated in this gross reservoir evaporation approach. Hence the result does
not represent the real evaporation as it does not account for the background
evapotranspiration from the land surface prior to dam construction.

Reference [11] identified issues that include lack of water loss attributed to

different uses for multipurpose reservoirs, inconsistent system boundaries and
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integration of water consumption in natural water bodies for the crudeness of
the gross evaporation approach. Reference [11] suggested subtracting the back-
ground evapotranspiration rate from the gross reservoir evaporation rate to ap-
propriately account for the anthropogenic influence of the hydropower project.

Ethiopia is fast becoming a center of industry and new infrastructure, with the
aspiration to achieve middle income status by 2025. Since 2011, Ethiopia has
implemented the Climate-Resilient Green Economy (CRGE) strategy, which
substitutes conventional development by means of harnessing clean energy
sources like hydropower, wind, geothermal, solar and biomass, and implement-
ing energy-efficient technologies in the transport and industrial sectors [12].

Ethiopia is cited as having the second highest potential for hydro capacity in
Africa (45,000 MW) and over 300 sites have reportedly been identified for possi-
ble future development [13]. The government of Ethiopia is embarking on a
program of new electricity-sector developments. The current energy plan is li-
mited almost entirely to developing large hydropower dams, including a power
surplus for export [14].

The country has already planned and achieved the construction of several hy-
dro-power facilities (Table 1). Plants constructed in the last ten years include
Tekeze (completed in 2009), Tana Beles (completed in 2010), Gilgel Gibe II
(completed in 2010), Gilgel Gibe III (completed 2017). Three major dams are
currently under construction: Genale Dawa-3, Koysha Dam and Grand Ethio-
pian Renaissance Dam (GERD) (6400 MW, to start full production in 2022).
With all these developments the water consumption by hydropower is expected

to become larger and larger in upcoming years.

2. Methodology
2.1. Water Consumption Analysis

In the World Congress organized by the International Hydropower Association,
14-17 June 2011 in Brazil, a special session was devoted to the question: does
hydropower consume water? The session explored different interpretations of
water “consumption” in an attempt to recognize the energy impacts on water
[16]. According to the Water Footprint Manual [17], “consumption” refers to
loss of water from the available ground- and surface water body in a catchment
area. Losses occur when water evaporates from the surface of water bodies and
leaves the analyzed domain. This paper defines water consumption, in hydro-
power production, as the quantity of water that leaves reservoir regulated single
purpose or multipurpose hydropower projects through evaporation. Thus, in
this study first, the average yearly evaporation across the country will be esti-
mated. Next, the water consumption of hydropower based on the annual evapo-
ration rate at its location and the surface area of the reservoir will be calculated.
The water consumption analysis due to evaporation from reservoirs created
for hydroelectric dams (functional, under construction and planned) in Ethiopia

is summarized in Figure 1.
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Table 1. Storage regulated hydropower development status in Ethiopia (source [1] [15]).

Installed Installed
No. Name River Basin Capacity No. Name River Basin Capacity
(MW) (MW)
a. Operational
1 Aba Samuel Awash 6.6 7 Melkawakena Wabe Shebele 153
2 Amerti Neshe Abay 97 8 Tana Beles Abay 460
3 Fincha Abay 134 9 Tekeze-1 Tekaze 300
4 Gibe-IIT Omo Gibe 1870 10 Tis-Abay-1I Abay 12
5 Gilgel Gibe I Omo Gibe 183.9 11 Tis-Abay-II Abay 73
6 Koka Awash 43.2 Total Functional 3332.7
b. Under Construction
1 Genale Dawa-3 Genale Dawa 254 3 Koysha Omo Gibe 2160
2 GERD Abay 6450 Total Under Construction 8864
c. Feasibility
1 TAMS Baro Akobo 2000 7 Genale Dawa-6 Genale Dawa 246
2 Baro-1 Baro Akobo 180 8 Gojeb Omo Gibe 153
3 Baro-2 Baro Akobo 500 9 Hallele Werabesa I Omo Gibe 96
4 Chemoga-Yada Abay 162 10 Hallele Werabesa II Omo Gibe 326
5 Geba I Baro Akobo 180
6 Geba II Baro Akobo 157 Total Feasibility 3700
d. Other Planned (pre-feasibility, reconnaissance or identification stage)
1 Beko-Abo Abay 935 8 Upper Dabus Abay 326.28
2 Karadobi Abay 1600 9 Lower Dedessa Abay 550
3 Wabeshebele-18 Wabe Shebele 87.5 10 Lower Dabus Abay 250
4 Beshilo Abay 700 11 Birbir A Baro Akobo 97.4
5 Tekeze-2 Tekeze 450 12 Birbir-R Baro Akobo 467
6 Gibe-4 Omo Gibe 1472
7 Gibe 5 Omo Gibe 660 Total Other Planned 7709.15
Other Purpose Water
_w Consumption (not
Multipurpose _— excluded)

Hydropower (

4 Reservoir dedicated
solely to Hydropower

Multipurpose Reservoir
Water Consumption

|
v

Total Water Consumption

Figure 1. Hydropower water consumption calculation approach.
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Two different sets of equations are commonly used for water consumption by
reservoirs viz. gross water consumption and net water consumption. It should be
noted that the given water consumption estimates (as in Equations (1) and (2))
are specific water consumption rates, expressed per unit of energy production,
and not absolute water consumption. The specific water consumption estimates
must be multiplied by the energy production in order to indicate how much wa-
ter is “lost” to the atmosphere due to evaporation.

Resevoir Evaporation
Annual Energy Production

Gross Water Consumption = (1)

Net Water Consumption
_ Resevoir Evaporation — Evaporation Before Inundation 2)
Annual Energy Production

In Ethiopia the published estimates of water consumption from hydropower
plants use the gross water consumption equation (vzz [18] [19] [20] and [21]).
This approach does not take into account the evaporation losses prior to con-
struction of the hydropower project. The reservoir could originally be a natural
lake or terrestrial area inundated due to the establishment of the reservoir, which
need some consideration in the gross water consumption. The “net” calculation
method (Equation (2)) however, subtracts evaporation rates from the reservoir
surface by the evaporation rates prior to the hydropower development. The

“net” method, somehow needs estimation of these prior water consumptions.

2.2. Evaporation Estimation

A number of methods for the estimation of evaporation exist in literature. These
methods can be grouped into several categories (Singh and Xu, 1997): (i) empir-
ical, (ii) water budget, (iii) energy budget, (iv) mass transfer and (v) a combina-
tion of these methods. Empirical methods relate pan evaporation, actual lake
evaporation or lysimeter measurements to meteorological factors using regres-
sion analyses. Empirical methods have limited range of applicability. The water
budget methods are simple and can potentially provide a more reliable estimate
of evaporation, as long as each water budget component is accurately measured.
However, owing to difficulties in measuring some of the variables such as the
seepage rate in a water system the water budget methods rarely produce reliable
results in practice ([22] [23]). In the energy budget method, the evaporation
from a water body is estimated as the difference between energy inputs and
outputs measured at a site. Energy budget methods are considered to be the
most reliable in theory ([22] [23]), but require costly instrumentation and a large
commitment of personnel for field work and data processing [24]. The
mass-transfer (aerodynamic) based methods utilize the concept of eddy motion
transfer of water vapor from an evaporating surface to the atmosphere. The
mass-transfer methods normally use easily measurable variables and give satis-
factory results in many cases. However, measurement of wind speed and air

temperature at inconsistent heights, have resulted in a large number of equations
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with similar or identical structure [23]. The combination methods combine the
mass transfer and energy budget principles in a single equation. Two of the most
commonly known combination methods are the Penman equation and the
Penman-Monteith equation. The Penman-Monteith equation is an empirical
approach which can be applied for different water bodies wherein heat storage
within the water bodies is considered. Therefore, evaporation estimation for the
selected storage regulated hydropower projects was analyzed using the Pen-
man-Monteith equation.

The evaporation from the water surface (Ed, mm/year) can be estimated using
the Penman-Monteith equation with an inclusion of water body heat storage.
The evaporation of each reservoir was calculated by using the following equation
[25]:

ETc=KcxETo

where: E7c = Crop evapotranspiration in depth (mm/year), Kc = Crop coeffi-
cient (—), ETo = Reference evapotranspiration (mm/year)

Regarding the use of £70 and Kc to estimate evaporation, has been derived
from [25], where the Kcvalues for open water less than 2 m depth or in sub hu-
mid climates or tropics (where Ethiopia resides) expected to have K¢, of 1.05.
For open water K¢ = 1.00 is used, for which the evaporation would be underes-
timated by 5% for the shallow portion of reservoirs [26]. The above equation is
then simplified to:

ETc=ETo

Considering that there is no transpiration element to this analysis, the above

equation becomes:
Ed =ETo

where:
Ed = Reservoir evaporation (mm/year)
ETo = Reference evapotranspiration (mm/year)

In volumetric units: Ev=ETox Ax10°°
where:

Ev = Reservoir evaporation in billions of m*/year (BMC/Year)
ETo = Reference evapotranspiration in depth (specific to each dam) (mm/year)
A = Reservoir surface area (specific to each dam) in square kilometers (Km?)

On the basis of 931 met stations found in Ethiopia Penman-Monteith method
as described in [25] was used for E7o computation. In light of this £70 map
shown in Figure 2 was obtained. The use of the above equation in this study,
where Kc= 1.0, would introduce an error of 5%. The evaporation in volume was
calculated for each dam by multiplying the surface area of each dam’s reservoir
by the Edfor its geographic area.

Data Important for Evaporation Estimation
Data pertinent to water consumption by hydropower as discussed above can be

classified as meteorology and reservoir related data. The meteorological data
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Figure 2. Hydropower reservoir location and the annual £70 across Ethiopia.

include, annual rainfall (RF) and Annual Evaporation and/or reference evapo-
transpiration (£70). The reservoir related data include Highest Reservoir Level
(HRL), Lowest Reservoir Level (LRL), Total Storage (75), Live Storage (LS), Re-
servoir surface area at HRL (RSA), Reservoir extension upstream of the dam axis
(RExt), real time reservoir rule curves and area capacity curves. However, these
data were not obtained in full detail, especially the real time reservoir operation
curves of the reservoir regulated hydropower (see Table 2).

As shown in Table 2, 31 of the 37 hydropower reservoirs have data on capac-
ity; of those, 22 dams have data on full reservoir level surface areas. Considering
the omissions on area capacity curve and reservoir rule curves, the surface area
information relevant for evaporation estimation had to be filled. The missing
reservoir surface areas were much more complicated to fill, given the vast variety
of dam shapes and sizes. The following methodology, developed by GRanD
(Global Reservoirs and Dams database) was attempted to fill the missing reser-
voir surface area estimation [26]:

3)
V =30.684(A)"*" 4)

V =0.678(AH

)0.9229

where:
V = Reservoir volume (10° m’), A = Reservoir area (Km?) and A = Dam height
(m)

These equations were developed by GRanD to estimate missing reservoir vo-

lumes, if both area and dam height were available, or if only the reservoir area
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Table 2. Data collected on reservoir characters related to water consumption.
No. Name RF, (mm/yr) £To, HRL, LRL, TS, (10° m?) LSS’ N RS/i’ RExt
(mm/yr) (m amsl) (m amsl) (10°m?) (km?) (km)
1 Aba Samuel - - 2050.0 2028.0 65.0 - - 8
2 Amerti Neshe - - 2234.0 2232.0 105.9 40.1 22.8 -
3 Fincha - - 2219.0 2214.0 1120.5 1050.5 345.0 -
4 Gibe-III 1426.0 - 892.0 649.0 14700.0 11750.0 200.0 155
5 Gilgel Gibe I - - 1671.0 1658.3 840.0 513.1 51.1 -
6 Koka - - 1590.7 1580.7 1186.2 1186.2 177.0 -
7 Melkawakena - - 2520.7 2508.0 693.2 560.3 81.5 -
8 Tana Beles 1450.0 - 1786.0 1784.0 32273.0 9126.0 3120.0 -
9 Tekeze-1 850.0 - 1140.0 1096.0 9293.0 5293.0 156.9 -
10 Tis-Abay-1 1450.0 - 1787.0 1784.0 32273.0 9126.0 - -
11 Tis-Abay-II 1450.0 - 1787.0 1784.0 32273.0 9126.0 - -
12 Genale Dawa-3 765.0 1685.0 1120.0 1080.0 2570.0 2310.0 98.0 20
13 GERD - 1615.0 640.0 590.0 74000.0 59200.0 1561.0 -
14 Koysha - - 179.0 - 6000.0 - - -
15 TAMS - - 756.0 625.0 8471.0 7410.0 - -
16 Baro-1 1839.0 1546.0 1505.0 1485.0 800.0 480.0 - -
17 Baro-2 1839.0 1546.0 1320.0 1318.0 60.0 20.0 - -
18 Geba I - - 2180.0 2160.0 1470.0 1392.0 115.0 -
19 Geba II - - 1700.0 1698.0 38.0 8.0 1.8 -
20 Genale Dawa-6 440.0 2040.0 585.0 580.0 181.0 39.3 8.0 12
21 Hallele Werabesa I - - 1565.0 1525.0 3228.0 - 210.0 70
22 Hallele Werabesa II - - 1485.0 1470.0 1018.0 - 40.0 25
23 Gojeb 1755.0 1585.0 1150.0 1105.0 2476.0 1602.0 48.6 -
24 Chemoga Yeda - - - - - - - -
25 Beko-Abo - - 1062.0 1010.0 31700.0 17475.0 403.0 150
26 Karadobi - - 1146.0 1100.0 40200.0 17.0 445.0 150
27 Wabeshebele-18 - 2362.0 580.0 555.0 4000.0 2000.0 83.0 -
28 Beshilo - - 1390.0 190.0 12700.0 - - -
29 Tekeze-2 - - - - - - - -
30 Gibe-4 - - - - 10000.0 - - -
31 Gibe 5 - - - - - - - -
32 Upper Dabus - - 1378.0 1358.0 2660.0 2639.0 - -
33 Lower Dedessa - - 1040.0 900.0 - 3500.0 64.0 -
34 Lower Dabus - - - - - - - -
35 Birbir A - - 1434.0 1402.0 1615.7 1546.0 - -
36 Birbir-R - - 1140.0 1059.0 1940.0 1740.0 - -
Number of Data 10 7 31 30 31 26 22 8
Data Availability 27% 19% 84% 81% 84% 70% 59% 22%
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was available. They arrived at the coefficients by statistical regression analysis of
the GRanD database. Equation (3) was more accurate with R> = 0.92 vs R> = 0.80
for Equation (4). In this research these equations were reversed to calculate the

reservoir area wherever possible.

2.3. Water Consumption by Multipurpose Reservoirs

This study includes reservoir where irrigation is the most dominating water use
(e.g. Koka, Amerti Neshe, Fincha, Gilgel Gibe I, Gibe III, Melkawakena, and
Tana Beles), and also a large natural lake where hydropower is just a minor
add-on (e.g. Tis Abay I and II). For such reservoirs, high water consumption es-
timates will be obtained, as all the evaporation losses are ascribed to the hydro-
power production. Compared to reservoirs solely built for hydropower produc-
tion, multipurpose reservoirs are expected to be more water intensive, which is
not surprising given that the hydropower is not the primary design focus in such
cases. It is vital to see the effect of multipurpose reservoir in defining what pro-
portion of the water consumed by the reservoir is allocated for hydropower. This
is because a distinct volume of water used for hydropower can also be used for
other purposes (e.g., a given volume of discharged water can be used for hydro-
power generation and irrigation). The explicit prioritizing of services is chal-
lenging since priorities can change over time and are unique to each dam in the
country. Thus, an allocation method that treats all multipurpose dams on a con-
sistent basis is required.

In this research, as adopted by [27], allocation factors based on economic
benefits were used, as it facilitated evaluating the relative benefits of employed
purposes in terms of monetized values. The study acknowledges that the eco-
nomic benefits for each purpose can vary over time; however, using economic
benefit for allocation of water consumption provides a consistent basis for all
large number of hydropower dams in Ethiopia.

The contribution of irrigation to agricultural GDP and total national GDP is
estimated as 5.7% and 2.5% during the 2005/06 cropping season [28]. This
shows that the contribution of irrigation to national income is very small com-
pared to the 28% contribution of crop production. Reference [28] has also pre-
dicted this contribution under conservative estimates as 9% and 3.7% to agri-
cultural GDP and overall GDP, respectively.

In 2004, the share of the manufacturing sector in the GDP was 4.2%. Even at
the end of 2009 the share of the manufacturing sector for the GDP stood at a
mere 4%. Value added in the manufacturing sector grew during the first phase of
(growth and transformation plan) GTP I at a rate of 14.6% pushing its share in
the GDP to 4.8%. The GTP II plan has a target of an average growth rate of 20%
per annum of an industrial output over the five-year plan period and increase
the static share of the industrial sector in the GDP from 15.1% in 2015 to 22.3%
in 2020. In particular, the manufacturing sector is expected to grow annually at a

rate of 21.9% over the five-year period [29]. Reference [29] has shown the share
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of the large and medium manufacturing industry in GDP growth to be between
2% in 2005 and 8% in 1998. The average over 20 years (between 1996 and 2015)
is about 3.7%. It is wise to note here that, this 3.7% is only for large and medium
scale manufacturing industries. Such industries are assumed in this research to
directly use the energy supply by Ethiopian Electric Power. From the total ener-
gy consumed in Ethiopia 3% is by industry [30], besides, the contribution of in-
dustry to the national economy is 21.6%. Though hydropower contributes to
90% of the power production, its contribution to total energy production is es-
timated to be 88%, which makes the hydropower contribution to the GDP to be
about 3.26%.

The ratio of Hydropower to Irrigation contribution to the national economic
growth (here measured using their impact on GDP) would be 3.7:3.26. Thus, the
water consumption share of hydropower for a multipurpose reservoir would
roughly be 3.26/(3.7 + 3.26) = 46.8%.

3. Result and Discussion

Reservoirs have been perceived as suppliers of water rather than consumers. Be-
sides, Ethiopia’s water management policy takes water allocation as the core is-
sue for demand management. Given the large number of planned hydropower
projects in the country and the corresponding large quantities of water involved,
the effect of such allocation driven demand management policy shall be scruti-
nized. In attempting to understand the effect of water resources management
policy on hydropower development, this study aims at evaluating the water
consumption by all existing, under construction and planned storage regulated
hydropower plants in Ethiopia and describe the impact on its production. Thus,
this research will estimate the water consumed by storage regulated hydropower
developments on the basis of the available data and information. The outputs
from such analysis are then basically the annual water consumption by built,
under construction and planned storage regulated hydropower projects. It is
evident that the results’ accuracy will vary depending on preceding levels of

knowledge about the reservoir operation of the hydropower project.

3.1. Evaporation Loss

From the methodology discussed above, what is required to calculate the evapo-
ration from each dam are the coordinates (for the £70) and the surface area. As
shown in Figure 2 the annual E70 value computed ranges between 2350
mm/year nearby Dallol Depression and 661 mm/year around the high lands of
the country. This map conspicuously displays the annual reservoir evaporation,

if a reservoir is built at a location.

3.2. Water Consumption by Hydropower Projects

In this study empirical equations suggested by Reference [26] were reversed to
calculate the reservoir area wherever Equation (3) is adopted. The results of
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these computations can be seen from Table 3.

As shown in Table 3 still there are projects (Lower Dabus, Gibe 5, Tekeze 2
and Chemoga Yeda), which haven’t yet been estimated due to lack of informa-
tion needed to estimate the surface area. Nonetheless, the maximum annual wa-
ter consumed by the existing projects in Ethiopia is in the tune of 1.766 BMC
from which, 0.980BCM is attributed to hydropower production. However, this
assumes that all dams are filled to capacity, which is clearly not the case. The
maximum evaporation assumes that all dams operate at the design capacity, and
therefore, the surface area of the water body within each reservoir is assumed to
be filled to the design capacity. This assumption may not be valid, because dams
often operate at a capacity less than the design capacity. Unfortunately, statistics
regarding actual capacity and yearly capacity reduction due to sedimentation are
not available for all dams. Therefore, a reliable methodology for determining the
overestimated evapotranspiration was not possible for each reservoir. Due to
lack of data on real time operation of the reservoir (rule curves) the analysis, in
this study case, was made on the basis of annual evaporation. Most studies con-
ducted earlier assume that all dams are half-full. Since the surface area of a dam
correlate with its capacities, this study reduced this full capacity number by 50%
as recommended by [26]. It is assumed in this study that the entire surface area
of the reservoirs (except those plants that use Lake Tana as their reservoir) is
anthropogenic, but that is not true. Rivers do have a surface area, and in some
cases the surface area is not insubstantial. An additional 10% reduction [26] was
administered in order to account for the fact that rivers had also some evapora-

tive loss before the dam was constructed. Therefore,

Expected Evaporation = 0.4 x Maximum Evaporation

Accordingly, the expected annual water consumption by the indicated reser-
voirs in Ethiopia would be in the range of 0.706 and 1.766 BCM, from which the
hydropower production stake is between 0.392 and 0.980 BMC.

The water consumption share by hydropower generation for the “un-
der-construction” schemes will be between 1.489 and 3.722 BMC per year. From
these projects GERD is solely constructed for hydropower development while
the other two (Genale Dawa 3 and Koysha) include irrigation as their other
purpose use.

All other upcoming planned projects, hydropower production water con-
sumption share will be between 1.876 to 4.686 BMC/year. Among these projects
only those in Abay Basin (Karadobi, Beshilo, Lower Dabus, Upper Dabus, Lower
Didessa and Chemoga-Yeda) are expected to heavily involve in power produc-
tion than other multipurpose projects. In future, the total planned and existing
projects hydropower production will take a maximum water consumption of
9.389 BMC/year with expected value of 3.756 BMC/year. It can be argued that
hydropower is a by-product of reservoir construction and deserves no allocation
or alternatively that the hydropower generation should receive the entire water

consumption burden. However, this result shows allocation of water to other
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Table 3. Estimated annual rainfall, evaporation and surface area.

Evaporation Area Evaporation (10° m?) HP contribution Evaporation (10° m?)
No. Name
mm/yr Km? Maximum Expected Maximum Expected
Operational

1 Aba Samuel 1564.72 6.176" 0.01 0.004 0.005 0.002
2 Amerti Neshe 1493.971 22.8 0.034 0.014 0.016 0.007
3 Fincha 1497.209 345 0.517 0.207 0.242 0.097
4 Gibe-III 2015.988 200 0.403 0.161 0.189 0.075
5 Gilgel Gibe I 1685.076 51.06 0.086 0.034 0.040 0.016
6 Koka 1740.216 177 0.308 0.123 0.144 0.058
7 Melkawakena 1459.513 81.5 0.119 0.048 0.056 0.022

8 Tana Beles 1683.879 3120 5.254* 2.101% 0 0
9 Tekeze-1 1840.604 156.88 0.289 0.115 0.289 0.115

10 Tis-Abay-I 1683.879 3120 5.254* 2.101* 0 0

11 Tis-Abay-II 1683.879 3120 5.254* 2.101* 0 0
Total Operational 1.766* 0.706* 0.980* 0.392*

Under Construction
1 Genale Dawa-3 1817.498 98 0.178 0.071 0.083 0.033
2 GERD 2151.941 1561 3.359 1.344 3.359 1.344
3 Koysha 2082.768 286.882 0.598 0.239 0.280 0.112
Total Under Construction 4.134 1.654 3.722 1.489
Feasibility

1 TAMS 2164.46 203.04! 0.439 0.176 0.205 0.082
2 Baro-1 1752.508 103.12! 0.181 0.072 0.085 0.034
3 Baro-2 1841.879 6.23! 0.011 0.005 0.005 0.002
4 Geba I 1685.962 115 0.194 0.078 0.091 0.037
5 Geba II 1821.454 1.8 0.003 0.001 0.001 0.000
6 Genale Dawa-6 2092.875 8 0.017 0.007 0.008 0.003
7 Hallele Werabesa I 1765.207 210 0.371 0.148 0.174 0.069
8 Hallele Werabesa 1T 1783.507 40 0.071 0.029 0.033 0.014
9 Gojeb 1874.398 48.578 0.091 0.036 0.043 0.017

10 Chemoga-Yada 1391.495 - - - - -
Total Feasibility 1.379 0.551 0.645 0.258
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Continued
Other Planned (Pre-Feasibility, Reconnaissance, Identification)

1 Beko-Abo 2105.173 403 0.848 0.339 0.397 0.159
2 Karadobi 1918.796 445 0.854 0.342 0.854 0.342
3 Wabishebele-18 2135.442 83 0.177 0.071 0.083 0.033
4 Beshilo 1882.471 627.63* 1.181 0.473 1.181 0.473
5 Tekeze-2 2002.924 - - - - -
6 Gibe-4 2106.143 489.02° 1.03 0.412 0.482 0.193
7 Gibe 5 2169.374 - - - - -
8 Upper Dabus 1867.205 379.09° 0.708 0.283 0.708 0.283
9 Lower Dedessa 1982.835 64 0.127 0.051 0.127 0.051
10 Lower Dabus 1867.205 - - - - -
11 Birbir A 1954.78 138.04! 0.27 0.108 0.126 0.051
12 Birbir-R 2013.038 88.2572 0.178 0.071 0.083 0.033

Total Other Planned (Pre-Feasibility, 5.373 2.149 4041 L617

Reconnaissance, Identification)

'Estimated on the basis of Equation (3); Estimated on the basis of Equation (4); *The evaporation from the natural reservoirs like Lake Tana were NOT

considered to be part of hydropower consumption (Tana Beles, Tis Abay I and Tis Abay II).

purposes is subjective and highly influences interpretations of water consump-
tion.

The total water consumption of the hydropower in Ethiopia as percentage of
the stored water is between nearly 0.0% (in case of Tana Beles, Tis Abay I & II,
and GERD) and 10.64% (in case of Upper Dabus). The average water consump-
tion as percentage of the total storage is 2.49% (Table 4). It is wise to note from
Table 4 that the total artificial reservoir volume that will be created after com-
pletion of the projects is 233.131 BCM, which is by far greater than the surface
water volume the country possesses. And the surface area of the whole artificial
reservoirs will cover 6439.095 Km”. It is highly likely that the design stage of the
planned projects either decrease the size of the reservoir and/or extend the re-
servoir filling time which ultimately alters the estimated evaporations. This again
indicates that the future water consumption by the hydropower plants shall be
revised in accordance with changes made in the final design of each planned

projects.

3.3. Water Allocation for Hydropower

The Ethiopian water resources management policy (WRMP) was prepared on
the basis of Proclamation No0.197/2000 [31], which is the basic legal instrument
governing the management, planning, utilization and protection of water re-

sources in Ethiopia. This policy is prepared by the federal Ministry of water,
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Table 4. Water consumption as a fraction of the total reservoir capacity.

No. Name Consumption Capacity Consumption o Name Consumption Capacity Consumption

(BCM) (BCM) (%) (BCM) (BCM) (%)
1 Aba Samuel 0.002 0.065 2.88 17 Baro-2 0.002 0.06 3.90
2 Amerti Neshe 0.007 0.106 6.18 18 Geba I 0.037 1.47 2.48
3 Fincha 0.097 1.121 8.64 19 Geba II 0.000 0.038 1.23
4 Gibe-III 0.075 14.7 0.51 20 Genale D.-6 0.003 0.181 1.81
5 Gilgel Gibe I 0.016 0.84 1.89 21 Hallele W. I 0.069 3.228 2.15
6 Koka 0.058 1.186 4.85 22 Hallele W. 1T 0.014 1.018 1.33
7 Melkawakena 0.022 0.693 3.24 23 Gojeb 0.017 2.476 0.68
8 Tana Beles 0.000 32.273 0.00 24 Beko-Abo 0.159 31.7 0.50
9 Tekeze-1 0.115 9.293 1.24 25 Karadobi 0.342 40.2 0.85
10 Tis-Abay-I 0.000 32.273 0.00 26 Wabeshebele -18 0.033 4 0.83
11 Tis-Abay-II 0.000 32.273 0.00 27 Beshilo 0.473 12.7 3.72
12 Genale D.-3 0.033 2.57 1.29 28 Gibe-4 0.193 10 1.93
13 GERD 1.344 74000 0.00 29 Upper Dabus 0.283 2.66 10.64
14 Koysha 0.112 6 1.86 30 Birbir A 0.051 1.616 3.13
15 TAMS 0.082 8.471 0.97 31 Birbir-R 0.033 1.94 1.71
16 Baro-1 0.034 0.8 4.21 Average 2.41

irrigation and Energy and ratified by the policy making organs. The main objec-
tive of water management policy is to maximize the utilization of the available
water, minimize water losses, conserve water resources and promote effective
water use efficiency. The issue of water consumption and demand is indirectly
addressed in the objective of WRMP of the country which states ¢

3

...allocation
and appointment of water based on comprehensive and integrated plans and op-
timum allocation principles that incorporate efficiency of use, equity of access
and sustainability of resource’. Accordingly, demands can’t be addressed with-
out prior allocation of water and consumption shall strictly follow “efficient
means of use”.

The existing WRMP policy addresses the management of water demands in
sectors, including municipal, livestock, industry, irrigation, hydropower, tour-
ism, inland water transport, aquatic resources and environmental flows. Ac-
cording to the priorities stated in the National Water Strategy, water for munic-
ipal purposes is a top priority among all sectors, followed by any of the sector
having larger national economic importance. Moreover, the policy emphasized
adherence to the principles of Integrated Water Resources Management
(IWRM), which is a holistic approach to water resources development and
management. The proclamation covers most of the issues that need to be ad-
dressed in IWRM.

Agriculture is by far the main water-withdrawing sector in Ethiopia. Based on
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the total irrigated area, cropping pattern and calendar, annual agricultural water
withdrawal in 2016 was estimated at around 9 billion m’ while the livestock,
Municipalities and industries have withdrawn 0.687, 0.81 and 0.051 billion m’,
respectively [32]. This study has confirmed that hydropower has been consum-
ing water as small as 0.392 billion m’ per year and this consumption will become
1.881 billion m*> when the under-construction schemes are completed, upon
which hydropower becomes the second most water consuming. Which need at-
tention while allocating water for every water resource development project.

The unallocated water for hydropower consumption will finally reveal itself
either as environmental, social or monetary costs. The water that used to flow
downstream to adequately support the ecosystem will not get secured by which
degraded environmental performance may exist. Unbalanced water use and de-
mand satisfaction will prevail, if the intended allocation doesn’t work out, for
which banning some types of uses places the risk disproportionally on certain
groups of users. Besides, such water loss from the reservoir also will manifest it-
self on the overall power production of the project. In countries like Ethiopia,
wherein larger reservoir regulated hydropower projects are planned and/or op-
erated, and the water resources management policy strictly bases itself on water
allocation, hydropower development shall be due candidate and deserves water

allocation.

4. Conclusions

This paper raises a poignant reminder of Ethiopia’s water resources manage-
ment, under the existing Water Resources Management Policy (WRMP) proc-
lamation no.197/200, which underscores allocation-based management of water
resources. Presently, a total of 1.881 billion m® of water is consumed by single
(hydropower) and multi (hydropower+) purpose reservoir regulated projects.
But given that the planned energy generation target is to rely on 86% hydro-
power by 2020, a situation that will extend further the 88% dependency on the
sector for power needs, there is an urgent need to look keenly on water resource
allocation for sustainability. Using different auditing methods including evapo-
ration estimation, this research has underscored the importance of the enforce-
ment of the present WRMP in Ethiopia to realize the integrated water resource
management goals.

Even though the definition of water consumption does not exclude other loss
terms from being part of the water loss, it appears from the reviewed publica-
tions that the dominating term for water losses is evaporation losses from the
reservoir surface.

The future total reservoir regulated hydropower development water con-
sumption is 3.756 billion m’ per year. This value is nearly 3% of the total annual
surface water flow the country possesses. The results also show that hydropower
consumption in the country will take an average of 2.41% of the total water

stored in a reservoir. This figure is in the range of nearly zero to 10.64%. Most of
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these reservoir-regulated hydropower projects are studied and designed as a
multi-purpose project in which irrigation is the only other purpose besides the
hydropower projects considered in this study. Other purpose water consump-
tions (fishery, flood control, recreation, etc.) were not considered. The ratio of
the water consumption is estimated on the basis of the national gross domestic
product contribution of two of the multipurpose viz irrigation and large and
medium scale manufacturing industries. Thus, the above results shall be inter-
preted cautiously.

The total reservoir volume that will be created in the country after completion
of the 22 (10 Feasibility and 12 Pre-feasibility, reconnaissance and identification
stage) planned projects is larger than 233 BCM, which is by far greater than the
surface water volume the country possesses. This again indicates that the future
water consumption by hydropower plants shall be revised in accordance with
changes made in the final design of each planned project. Besides, future de-
mand and consumption analysis and interpretations shall also focus on the other
multipurpose sector of the water resource development.

All the estimations made in this research are on the basis of average year
analysis. Dry and wet years will bring about different results; thus, the results
shall be revised for such wetting pattern of the country. Besides, the methodolo-
gy adopted in estimating the reservoir characters that determine water con-
sumption lacks detail information on reservoir rule curves and real time opera-
tion curves. This data/information was obtained using empirical equations
which warrants such data should be collected in future and revises the result ob-
tained in this research.

Agriculture is by far the main water-withdrawing sector in Ethiopia. Based on
the total irrigated area, cropping pattern and calendar, annual agricultural water
withdrawal in 2016 was estimated at around 9 Billion m® while the livestock,
Municipalities and industries have withdrawn 0.687, 0.81 and 0.051 Billion m?,
respectively. This study has confirmed that hydropower has been consuming
water as small as 0.392 Billion m’ and this consumption will become 1.881 Bil-
lion m’> when the under-construction schemes are completed, upon which hy-
dropower becomes the second most water consuming. The situation will get
worse for the very reason of climate change effects. With all its assumptions and
empirical equations adopted in this research, the study provides scientific sup-
port for the argument that the production of hydroelectricity, in most of our re-
servoir regulated hydropower schemes cases, is a water consumer. The unallo-
cated water for hydropower consumption will finally reveal itself either as envi-
ronmental, social or monetary costs. Besides, such water loss from the reservoir
also will manifest itself on the overall power production of the project. In coun-
tries like Ethiopia, wherein larger reservoir regulated hydropower projects are
planned and/or operated, and the water resources management policy strictly
bases itself on water allocation, hydropower development shall be due candidate

and deserves water allocation.
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