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E1. EXECUTIVE SUMMARY 

E1.1 PROJECT AREA 

The Border project site is located on the Abbay river (Blue Nile) some 30 km 
downstream of its confluence with the Beles river and 20 km upstream of the Ethiopia 
– Sudan border.  (Figure E.1).  The catchment area for the Border project comprises 
some 176,918 km2 of the Abbay river basin. 

The headwaters of the Abbay river are in the mountains surrounding Lake Tana, the 
largest tributary of which is the Gilgel Abay.  Lake Tana, at an elevation of 
approximately EL. 1785 m provides significant regulation of the natural river flow in 
the upper reaches of the Abbay.  The Didessa, Dabus and Beles rivers are the main 
tributaries which join the Abbay in the reach between between Lake Tana and the 
Border dam site. 

Figure E.1 : Abbay River Basin 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Much of the upper part of the basin comprises the highland plateau with elevation 
generally exceeding 2000 m.  The plateau exhibits extensive level areas with 
intensive agriculture divided by incised valleys.  Mountain peaks rise to over 4000 m 

Border 
Dam Site 
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 from an elevation of 
El.1030 m at Kessie bridge to El. 485 m at the Sudan Border. 

E1.2 DEVELOPMENT OPTIONS FOR BLUE NILE (ABBAY) RIVER 

in stream 
of the Blue Nile as follows (in order moving upstream from Sudan Border): 

ya 

 project presented in Table E.1 has 
been derived from the Pre-feasibility study report. 

Table E.1 : Features of Potential Hydro rojec e N
Site 

Height (m)
F  
Level (m) 

(
C  

E t 
(GWh/year) 

in the North.  The Abbay flows generally within a deeply incised gorge which has a 
relatively gentle gradient falling some 645 m over 600 km

The United States Bureau of Reclamation, carried out a major study of the land and 
water resources of the Blue Nile (Abbay) river basin in Ethiopia over the period 1960-
1964.  The study identified major hydropower development sites on the ma

• Border 

• Manda

• Mabil 

• Karadobi 

Table E.1 summarises the key features of the Border, Mandaya and Mabil projects 
as defined by USBR.  Information for the Karadobi

power P
Gross 

Storage 

ts on Blu
Installed 

apacity

ile (USBR) 
nergy OutpuDam ull Supply

m3 x 106) (MW) 
Border 84.5 575 11,074 1400 6200 

Mandaya 164 741 15,930 1620 7800 

Mabil 171 906 13,600 1200 5314 

Karadobi 250 1146 40,200 1600 9708 
 

An initial review of the Border project concluded that the site was suitable for 
development of a dam up to 90 m in height, with a full supply level of up to El. 580 m.  
A reconnaissance overflight revealed that a number of villages were located within 
the potential reservoir area.  Almost no roads or tracks were observed in the 
reservoir area except in the immediate vicinity of the dam site.  In general, the 
reservoir area was found to be covered with partially disturbed open savannah 
vegetation. 

order reservoir of El. 580 m has been adopted, 
as summarised in Table E.2, below: 
For this study a full supply level of B
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Table E.2 : Characteristics of Proposed Hydropower Projects on Abay 
Site Dam 

Height (m)
Full Supply 
Level (m) 

Gross 
Storage 

(m3 x 106) 

Installed 
Capacity 

(MW) 

Energy Output 
(GWh/year) 

Border 90 580 14,470 1200 6011 

Mandaya 200 800 49,200 2000 12,119 

Beko Abo 110 906 na 800 - 1000 na 

Karadobi 250 1146 40,200 1600 9708 

E1.3 HYDROLOGY 

The principal flow records for hydrological analysis for the Border project comprise 
those for: 

• Abbay River at Kessie (Station No. 2001) 

• Abbay River at Border (Station No. 6002) 

• Blue Nile at Deim, Sudan. 

Mean annual flow at Border over the 50-year period 1954-2003 has been estimated 
as 1547 m3/s.  Mean annual flows at various key locations on the Abbay river are 
shown in Table E.3. 

Table E.3 : Summary of Adopted Flow Series for Project Sites 

Site Catchment Area 
(km2) 

Mean Annual Flow 
(Natural) 

(m3/s) 

Mean Annual Flow 
(with Beles 

Diversion) (m3/s) 

Kessie 65,784 517 440 
Karadobi 82,300 649 572 
Mandaya 128,729 1091 1014 
Border 176,918 1547 1547 
El Deim  1547 1547 

 

E1.4 FLOOD STUDIES 

Analysis of flood discharges has been carried out for the Abbay river at Kessie, 
Border and Deim.  Based on this analysis, preliminary estimates of flood discharge 
have been determined for the Border site for purposes of spillway design as shown in 
Table E.4 below.  A flood magnitude of 30,000 m3/s has been adopted for spillway 
design. 



Module M5 : Pre-feasibility Studies of Hydropower Projects 

Pre-feasibility Study of the Border Hydropower Project 
 
 
 

 
 

Table E.4 : Maximum Daily Discharge Estimates for Border Site 

Estimates for Border based on analysis of: 
Return Period 

(years) Kessie (m3/s) Border (m3/s) El Deim (m3/s) 

10,000 39,267 18,824 10,240 
1,000 31,235 16,138 9,655 
100 21,425 13,323 8,782 
50 19,491 12,434 8,441 
20 16,796 11,213 7,916 
10 14,580 10,238  

 

E1.5 SEDIMENT 

Measurements of sediment concentration in the Abbay / Blue Nile river have been 
carried out at Kessie and Border hydrometric stations in Ethiopia and at Deim in 
Sudan.  Relatively few measurements have been made with some 27 measurements 
at Kessie over the period 1960 – 2004.  Figure E.2 below illustrates the sediment 
rating relationships for the periods 1960-61, 1985-95  and 2004. 

Current sediment discharge at Kessie has been estimated based on measurements 
carried out in 2004 as shown in Table E.5 and this has been used to derive an 
estimate for the Border site (Table E.6). 

Figure E.2 : Sediment Ratings for Abbay River at Kessie 
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Table E.5 : Estimated Sediment Discharges at Kessie 

1960 – 1961 Data 2004 Data 

Item 
Specific 

Sediment 
Discharge 
(t/km2/yr) 

Average 
Sediment 

Load 
(million 

tonnes / yr)

Specific 
Sediment 
Discharge 
(t/km2/yr) 

Average 
Sediment 

Load 
(million 

tonnes / yr) 

Suspended sediment 901 59.3 2,791 183 

Bedload (20%)  11.9  37 

Total sediment 
discharge  71.2  220 

 

Table E.6 : Estimated Sediment Discharges at Border 

Location Catchment 
Area (km2)

Specific Suspended 
Sediment Discharge 

(t/km2/yr) 

Average Sediment 
Load* 

(million tonnes / yr)

Kessie* 68,074 2,791 220 

Incremental catchment area 
Kessie to Border 108,844 900 98 

Border 176,918  318 

*based on data for Year 2004 including bedload  
 

E1.6 RESERVOIR AND POWER SIMULATION 

Energy outputs of the Border project and other development options on the Abbay / 
Blue Nile have been determined using RAPSO, a river flow and energy model which 
simulates the entire Nile river system.  Energy output for the recommended Border 
project development with full supply level of El. 580m is presented in Table E.7, 
below: 
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Table E.7 : Energy Output of Border Project 

 Energy Output (GWh/year) 
 Option Base With Mandaya 

  

Installed 
Capacity 

(MW) Firm Average Firm Average
Karadobi 1,600 8,276 8,802     

Mandaya FSL 800 2,000 11,194 12,119     

Border 1,200 3,966 6,011 7,429 8,114 

Low Dal 340   1,944   2,187 

Uplift at Existing Power Stations 0       2,211 

Uplift at Existing Power Stations 135*       2,657 

* Additional plant at Roseires      
 

A typical period 5-year of operation of the Border project as simulated by RAPSO is 
illustrated in Figure E.3, below. 
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Figure E.3 : Typical 5-year period operation of Border 

RAPSO Ver 2.55 on  3/ 1/2007;  Scott Wilson for ENTRO 
Border with 580m FSL and 1200 MW 
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E1.7 EFFECTS OF BORDER ON ENERGY GENERATION IN SUDAN 

The effects of the Border project on generation at existing hydropower projects in 
Sudan have been estimated by comparing the regulated downstream flows of the 
Mandaya and Border projects of approximately 840 m3/s and 630 m3/s respectively.  
It is estimated that the uplift due to Border project would be some 75% of the uplift 
associated with the Mandaya project, as indicated in Table E.8. 

Table E.8 : Uplift in Generation at Sudan Hydropower Projects due to Border 

Average Energy Output GWh/year 
Option 

Roseires Sennar 
+ Ext. Merowe Total Uplift 

Base Case, Existing with Roseires flushing 
operation 1436 302 5903 7640 0 

With Border, with Roseires flushing operation 1966 443 6173 8582 942 

With Border, without Roseires flushing 
operation 2087 466 6745 9298 1658 

Roseires MOL raised to El. 471 and 3 x 45 
MW extension 2421 466 6745 9632 1992 
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E1.8 EFFECTS OF BORDER ON HIGH ASWAN IN EGYPT 

The filling of the Border reservoir will result in only a slight reduction of water level in 
Lake Nasser / Nubia of some 2 metres.  This will have a marginal effect on the 
generating head at High Aswan power station. 

E1.9 GEOLOGY OF BORDER SITE 

At the Border dam site the Abbay river traverses an area of mountainous terrain with 
peaks rising from river level at 490m up to elevation 1850m.  These mountains are 
the topographic expression of a complex intrusion of granite, granitic gneiss, and 
granodiorite gneiss.  Typically the mountains are dome shaped with concave slopes 
extending down to the river.  The mountain summits and upper slopes are often 
formed by large exfoliated domes of granite or gneiss.  Where the Abbay river 
crosses these granitic rocks the valley becomes quite narrow and incised with a 
rocky river bed and frequent rapids, indicative of relatively fast flow and only shallow 
accumulation of alluvium.  Immediately upstream of the dam centre line the river 
valley opens up dramatically into a wide open plain. 

This contrast in morphology between the two differing rock formations ensures a 
relatively narrow valley for the dam on granitic foundation, with a wide-open valley 
upstream of the dam, ensuring high storage potential.  This combination of 
morphological factors determines the favourable characteristics of Border dam site. 

Geological mapping at the site confirmed the existence of the two broad geological 
formations divisions; namely the Granite /Granite Gneiss Formation and the Biotite 
Schist / Marble Formations.  The latter formation presents a significantly weaker rock 
mass than the former, and needs to be avoided as a foundation rock for the dam. 

The Border project area appears to be located in a relatively low seismic hazard 
zone.  Mapping of seismic activity in Ethiopia and the neighbouring regions from 
1906 until 2003 indicates that Border dam site is 300km away from the nearest 
epicentre. 

E1.10 PROPOSED DESIGN OF BORDER DAM AND POWER STATION 

Having regard to the site topography and geology at the Border site, together with the 
substantial flows which must be accommodated both during construction and in the 
spillway facilities it is considered that an RCC dam is the most appropriate choice of 
dam type. 

The Border dam with full supply level of El. 580 m will have an RCC volume of some 
3 million cubic metres.  Table E.9, below lists the planned and completed RCC dams 
that have had an average rate of placement in excess of 100,000 m3/month.  It 
should be noted that peak placing rates achieved at Longtan in China exceeded 
400,000 m3/month and therefore the proposed placing rate at Border of 
150,000 m3/month appears to be easily achievable. 
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Table E.9 : Average Placing Rates of Major RCC Dams 

Dam Height 
(m) 

Volume of 
RCC 

(M m3) 

Placement 
period 

(months) 

Average rate
(m3/month) 

Basha Diamer (design stage) 285 10.50 32.3 325,000 
Longtan 217 4.95 33.0 150,000 
Upper Stillwater 91 1.13 9.0 125,325 
Tha Dan 95 4.90 40.0 122,500 
Olivenhain 97 1.07 8.8 121,895 
Beni Haroun 118 1.69 16.4 102,860 

The spillway will comprise 12 radial gates each 16 m wide by 18 m high, with a total 
discharge capacity of approximately 30,000 m3/s with the reservoir at full supply 
level.  The spillway gates have been sized to be capable of discharging the 1 in 
10,000 year flood.  It is recognised that incoming flood peaks will be significantly 
attenuated as the flood passes through the reservoir, particularly as the reservoir will 
normally be drawn down by 20 metres at the start of the flood season.  In practise 
therefore, the selected discharge capacity of 30,000 m3/s may be reduced during 
detailed feasibility level studies. 

The power waterway system will comprise a reinforced concrete intake structure 
located on the main dam incorporating unitised intake gates and associated control 
equipment for each of the eight turbine-generator units.  The intake structure will also 
be equipped with trash screens and trash raking mechanism, and slots to allow 
bulkhead gates to be deployed for gate, waterway and unit maintenance.  
Downstream of the intake eight surface-mounted steel penstocks descend the face of 
the dam and connect directly to individual turbine units. 

The powerhouse will be a surface type structure of reinforced concrete and structural 
steel, construction, completely detached from the dam structure and located on the 
right bank.  The powerhouse accommodates a loading/service bay, one bay for each 
of the 8 Francis turbine units, control block and offices. 

The tailrace arrangement comprises an open channel that joins with the existing river 
approximately 350 m downstream of the powerhouse, and an RCC separation wall to 
limit the interferences between the tailrace channel and the spillway plunge pool.  

The switchyard will be located on the left bank, downstream of the dam site, at a 
distance of approximately 500 m from the powerhouse. 

E1.11 MECHANICAL AND ELECTRICAL EQUIPMENT 

The turbines will be vertical shaft Francis type with steel spiral casing. Each turbine 
will be directly connected to a vertical shaft synchronous generator.  The water for 
each turbine will be supplied through a separate intake structure and penstock.  
Intake gates will be provided for emergency shutdown of the units.  At the outlet, draft 
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d of 
78.4 m.  The synchronous speed of the unit has been selected at 136.4 rpm.  Each 

tors will be of conventional air-cooled, self-ventilating type, with a rated 
capacity of approximately 176.5 MVA.  Voltage will be in the range11–18 kV. The 

s will be connected to single-phase transformers by metal-enclosed, 
isolated phase bus ducts. A coupling circuit breaker SF6 type (rated voltage 24 kV) 

 the generator to the grid through the generator 
transformers. 

E1.12 

the Border power station 
to both the Ethiopian and regional electricity network. 

d would comprise either: 

 km), or 

m Border to Bahir Dar (Length 

• 500 kV double circuit transmission line from Border to Hasaheisa following a 
the Roseires reservoir (Length approximately 

440 km), 

E1.13 

ccess road will be required from the existing Kosso Ber to Mankush (Guba) 
road to the Border site.  Improvement of the existing road from Kosso Ber to Chagni 

Downstream of the Border project a major multi-span bridge structure will be required 
rmit construction access to the South bank and future 

connection to the existing road system South of the project location and Abbay river.  

tube gates will be provided to permit dewatering of the turbine for inspection and 
maintenance purposes. 

The rated output of each turbine will be 150 MW assuming a design net hea

turbine will be equipped with an electronic digital type governor.  The runner will have 
an approximate external diameter of 4.6 m and a height of approximately 1.9 m. 

The genera

speed of each generator will be 136.4 rpm which corresponds to a 22 pole pairs 
generator. 

The generator

would be provided to connect

TRANSMISSION SYSTEM 

It is envisaged that the transmission system would connect 

The connection to the Ethiopian gri

• 400 kV double circuit transmission line from Border to Debre Markos (Length 
approximately 380

• 400 kV double circuit transmission line fro
approx. 340 km), 

The connection to the Sudan grid would comprise: 

route to the East side of 

ACCESS ROADS AND BRIDGES 

A new a

and Mankush (Guba) will be required to accommodate construction traffic and heavy 
loads.   

across the Nile to pe
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E1.14 OST ESTIMATE 

The cost of the Border project has been estimated as USD 1481 million inclusive of 
environmental mitigatio sures.  A breakdown of the en in 

C

n mea project cost is giv
Table E.10. 
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Table E.10 : Border Project Cost Estimate 
 

Item Cost (Million USD) 
Environmental Mitigation 125.4 

Access Roads and Infrastructure 107.7 

Reservoir Clearance 25.8 

Civil Works  

Diversion works 23.2 

RCC Dam and spillway 458.2 

Powerhouse and tailrace 122.6 

Switchyard and Buildings 5.8 

Civil contingencies 91.5 

Mechanical and Electrical Plant 322.5 

Sub-total 1039.8 

Engineering and Construction Management 129.9 

Owners Administration 51.9 

O 1480.6 VERAL TOTAL 
 

E1.15 C NSTRUCTION PROGRAMME 

The Border project will t to commence nt of generation of the first 
units.  Final installa sioning of all 8 turbine-generator is anticipated to 
r  f nt of con

A suming that fea ied r the period 2008 – 2009, it is 
considered that the

E1.16 E VIRONMENTA

The Border projec  s  km2 consisting mainly of open 
savannah and woodland.  The reservoir area has relatively low population density 
and the displaced population has been estima

E1.17 CO2 EMISSION SA

T r projec  carbon emiss f some 210 million tonnes 
o pared ivalent thermal gener gas-fired CCGT 
/ coal fired thermal generation mix. 
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E1.18 G  PL NNING AND ECONOMIC AISAL 

The Border hydropower project has been elected as part of the least cost 
development plan within the generation planning analysis for commissioning 
f  Mandaya a  Karadobi projects

T e regional powe velopment, inclu e interconnector linking Ethiopia 
t gyp een found to be ec ally attractive based on fuel cost 
s dan oose pool arrangement with net benefits (10% 

E.11, below. 

 

 

 
E1.19 KEY PROJECT C STICS  

ower and Energ  

ENERATION A  APPR

 s

ollowing the nd . 

h r trade
t, has b

 de ding th
nomico Sudan and E

vings in Su
o

a and Egypt in a l
discount rate) of up to USD 2,590 million as s Table 

Table E.11 : Net Benefits of Generation Ssavings (Million USD) 

 

hown in 

HARACTERI

P y 
 Installed Capacity 1200 MW 
 Annual energy generation F 3,966 GWh/yr irm  
  A 6,011 GWh/yr verage 
 Plant factor 57% 
Hydrological data   
 Catchment area 1 m  76,918 k 2

 Mean annual flow 1547 m3/s 
Reservoir data  
 Full supply level 580 m 
 Minimum operating level 560 m 
 Operating range 20 m 
 Gross storage 14.5 x 109 m3 
 Live storage 8.5 x 109 m3 
 Surface area at FSL 574 km2 
 Length of reservoir at FSL 150 km 
Dam   
 Type Roller compacted concrete (RCC) gravity 
 Maximum height 90 m 
 Crest elevation 583 m 
 Crest length 1500 m 
 Dam volume 3,000,000 m3 
Spillway   
 Type Gated overfall with chute 
 Design capacity 30,000 m3/s 
 Elevation of spillway crest 562 m 
 No.of gate bays 12 
 Size of gates (W x H) 16 m x 18 m 
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Power Intake   
 Sill elevation 544 m 
 No. of intakes 8 
 Gate size (W x H) 3 m x 5.4 m, 2 per unit 
Penstocks   
 Number 8 
 Diameter 6.0 m 
 Length 120 m 
Powerhouse   
 Type Surface 
 Overall length 245 m 
 Overall width 25 m 
 Generator floor level 501.5 m 
 Access / loading bay level 520 m 
Turbines   
 Type Francis, vertical axis 
 No. 8 
 Speed 136.4 rpm 
 Design net head 78.4 m 
 Setting 490.13 m 
Generator   
 Type Vertical synchronous 
 Size 173 MVA 
Transmission within Ethiopia  
 Route Border to Debre Markos 
 Length 380 km 
 Voltage 400 kV ac 
 Type Double circuit 
Transmission to Sudan  
 Route Border to Hasaheisa 
 Length 440 km 
 Voltage 500 kV ac 
 Type Double circuit 
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1. INTRODUCTION 

1.1 BACKGROUND OF THE NILE BASIN INITIATIVE 

The Nile Basin encompasses ten countries: Burundi, Democratic Republic of Congo, 
Egypt, Eritrea, Ethiopia, Kenya, Rwanda, Sudan, Tanzania, and Uganda. In 1997, 
the Nile riparian countries initiated dialogue on a long term Cooperative Framework 
and in 1999 the Council of Ministers of Water Affairs of the Nile Basin States (Nile-
COM) formally launched the Nile Basin Initiative (NBI)-an interim financing 
mechanism for development of regional projects. The NBI is represented by its 
executive arm, the Nile Secretariat (Nile-SEC) based in Entebbe, Uganda. 

Nile-COM has approved a basin-wide integrated program to jointly pursue 
sustainable development and management of the Nile waters for promoting 
economic growth, eradicating poverty, and reversing environmental degradation. The 
program is called the Shared Vision Program (SVP) and includes seven projects, 
namely (1)Trans-boundary Environmental Action (2) Regional Power Trade 
(3)Efficient Water Use for Agriculture Production (4) Water Resource Planning and 
Management (5)Confidence Building and Stakeholder Participation (6)Applied 
Training and (7)Socio-Economic Development and Benefit Sharing.  

In parallel, Nile-COM also approved action-oriented sub-basin programs, namely the 
Nile Equatorial Lakes Subsidiary Action Program (NELSAP) and the Eastern Nile 
Subsidiary Action Program (ENSAP). NELSAP includes Burundi, Democratic 
Republic of Congo, Kenya, Rwanda, Egypt, Sudan, Tanzania, and Uganda while 
ENSAP includes Ethiopia, Egypt, and Sudan (Annex 1). Eritrea is participating in 
ENSAP as an observer.  NELSAP and ENSAP are meant to shift focus from planning 
to action on the ground through investment in actual development projects. Such 
projects cover irrigation and drainage development, hydropower development and 
power transfer networks & trade, watershed management, sustainable development 
of lakes & wetland systems, river regulation, flood & drought management, etc.  

Nile-COM then formed the Nile Equatorial Lakes Council of Ministers (NELCOM) and 
the Eastern Nile Council of Ministers (ENCOM) to oversee the activities of NELSAP 
and ENSAP, respectively. NELCOM and ENCOM are assisted in their activities by 
teams of technical specialists from the respective member countries. 

1.2 ORIGIN OF THE STUDY 

Following the establishment of ENCOM, Ethiopia, Egypt, and Sudan have jointly 
adopted a strategy to develop, utilize, and manage water resources of the Eastern 
Nile basin in an integrated, equitable, and sustainable manner. 

In defining the cooperative development paradigm, the countries identified sixty-four 
potential regional projects.  Out of these seven priority projects, known as the 
Integrated Development of the Eastern Nile (IDEN) were selected. These are: 

• Ethiopia-Sudan Interconnection Project, 

• Eastern Nile Power Trade Investment Program Study 
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• Eastern Nile Multi-sector Planning Model, 

• Baro-Akobo Multipurpose Hydro Power Project, 

• Flood Preparedness and Early Warning, 

• Irrigation & Drainage Development, and 

• Watershed Management.  

In order to prepare, monitor, and supervise the implementation of the IDEN, ENCOM 
established the Eastern Nile Technical Regional Office (ENTRO) in Addis Ababa. 

In January 2002 on behalf of ENCOM, the Minister of Water Resources of the 
Government of Ethiopia (ENCOM Chairman) requested the African Development 
Bank to fund the Eastern Nile Power Trade Program Study.  The African 
Development Bank included the funding of the Study in the Lending Program for the 
year 2003.  The Terms of Reference (TOR) have been prepared by the Bank 
Mission, which visited Ethiopia, Egypt, and Sudan in July 2003. The TOR has been 
based on deliberations of the consultation workshop attended by donors and the EN 
country representatives held in Addis Ababa in July 2003 and documents collected 
from the field.  

The Study area encompasses the Eastern Nile region, which includes Egypt, 
Ethiopia, and Sudan. The countries, along with other riparian states, share the waters 
of River Nile. 

1.3 THE CONSULTANTS 

Following an international competitive bidding procedure Electricité de France (EDF), 
in association with Scott Wilson of United Kingdom (SW) were appointed by ENTRO 
to carry out the Eastern Nile Power Trade Program Study. 

EDF and Scott Wilson are supported and assisted by sub-Consultants in Ethiopia, 
Egypt and Sudan as follows: 

• Tropics Consulting Engineers plc, Ethiopia, 

• Electric Power Systems Eng. Co. (EPS), Egypt, 

• YAM Consultancy and Development Co. Ltd, Sudan. 

The Contract for the Eastern Nile Power Trade Study was signed on 26th June 2006 
and the assignment commenced on 20th October 2006. 

1.4 SCOPE OF THE SERVICES 

The study will be carried out in two parts: 

Phase 1: Co-operative Regional Assessment of Power Trade Opportunities 
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Phase 2: Feasibility Study of the Power Interconnection involving Ethiopia, Egypt and 
Sudan. 

Phase 1 of the study includes the following key activities: 

• Development of a Strategy for Power Trade 

• Inception and Market Assessment 

• Supply and Delivery Option Analysis 

• Pre-feasibility Studies of Hydropower Projects 

• Investment Planning and Modelling 

• Regional Investment Programme 

1.5 PRE-FEASIBILITY STUDIES OF HYDROPOWER PROJECTS 

In order to widen the list of supply options that will be used in investment planning, 
the Terms of Reference require that the co-operative regional assessment of power 
trade opportunities shall include three pre-feasibility studies for hydropower sites that 
have been studied at reconnaissance level and agreed upon by the three EN 
countries.  The sites are: 

• Mandaya, Ethiopia 

• Border, Ethiopia (close to the border with Sudan) and 

• Dal-1 in Sudan (close to border with Egypt). 

The location of each of the three sites is shown on Figure 1.1. 

The pre-feasibility studies are required to be completed within 9 months of the 
commencement of the project, by 20th July 2007. 

In the pre-feasibility Studies, multiple uses of the Nile waters (hydropower, irrigation, 
and flood control) and the associated regional benefits and costs will be considered.  
In particular, the benefits of potential irrigation, reduction in silt, and flood control in 
the hydropower sites, agreeable to the EN countries, will be clearly identified.  These 
benefits will serve as useful comparative indicators for the countries in making 
decisions related to these projects.  The Environmental and Social Impact 
assessment will be carried out in accordance with the Bank guidelines. Further, in 
accordance with the Bank Group’s Involuntary Resettlement Policy (January 2003), 
resettlement and compensation plan will be prepared for affected population. 

This report presents the Pre-feasibility Study of the Border Hydropower Project in 
Ethiopia.  The environmental and social impact assessment of the Border 
hydropower project is presented in a separate report. 
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Figure 1.1 : Location of Hydropower Project Sites 
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2. BACKGROUND TO THE BORDER PROJECT 

2.1 PROJECT AREA 

The Border project site is located on the Blue Nile some 30 km downstream of its 
confluence with the Beles river and 20 km upstream of the Ethiopia – Sudan border.  
The catchment area for the Border project comprises some 176,918 km2 of the Blue 
Nile (Abbay) river basin. 

The headwaters of the Blue Nile are in the mountains surrounding Lake Tana, the 
largest tributary of which is the Gilgel Abay.  Lake Tana, at an elevation of 
approximately EL. 1785 m provides significant regulation of the natural river flow in 
the upper reaches of the Blue Nile.  The Didessa river is one of the largest tributaries 
of the Blue Nile and drains an area to the west of Addis Ababa. 

Much of the upper part of the basin comprises the highland plateau with elevation 
generally exceeding 2000 m.  The plateau exhibits extensive level areas with 
intensive agriculture divided by incised valleys.  Mountain peaks rise to over 4000 m 
in the North.  The Blue Nile flows generally within a deeply incised gorge which has a 
relatively gentle gradient falling some 630 m over 600 km from an elevation of 
El.1030 m at Kessie bridge to El. 500 m at the Sudan Border. 

The course of the Blue Nile describes a broad arc exiting Lake Tana to flow in a 
south-easterly direction before exhibiting a wide turn to flow generally westwards as 
far as the Didessa confluence and thereafter northwards in the direction of the Sudan 
border.  Thereafter the river flows generally northwards towards the confluence with 
the White Nile at Khartoum. 

2.2 PREVIOUS STUDIES 

2.2.1 Land and Water Resources of the Blue Nile River Basin (1964) 

The United States Bureau of Reclamation, Department of the Interior, carried out a 
major study of the land and water resources of the Blue Nile river basin in Ethiopia 
over the period 1962-1964.  The study identified major development sites on the 
main stream of the Blue Nile as well as on each of the tributary valleys.  The study 
included an extensive programme of survey and mapping including establishing a 
primary network of trigonometric stations throughout the Nile basin.  Levelling was 
also carried out to establish height control in Ethiopia related to the downstream 
countries of sudan and Egypt. 

Specific sites identified with significance to the present study included the following 
potential dam and hydropwer sites on the main Nile (in order moving upstream from 
Sudan Border): 

• Border 

• Mandaya 

• Mabil 

• Karadobi 
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Mapping and geological appraisal was carried out for each of the above sites. 
Hydrological studies were also undertaken leading to an assessment of the potential 
energy output for each site.  Outline designs and cost estimates were prepared for 
each site.  Table 2.1 summarises the key features of the Border, Mandaya and Mabil 
projects as defined by USBR.  Information for the Karadobi project presented in 
Table 2.1 has been derived from the Pre-feasibility study report. 

Table 2.1 : Principal Characteristics of Hydropower Projects on Blue Nile 

Site Dam 
Height (m)

Full Supply 
Level (m) 

Gross 
Storage 

(m3 x 106) 

Installed 
Capacity 

(MW) 

Energy Output 
(GWh/year) 

Border 84.5 575 11,074 1400 6200 

Mandaya 164 741 15,930 1620 7800 

Mabil 171 906 13,600 1200 5314 

Karadobi 250 1146 40,200 1600 9708 
 

2.2.2 Abbay River Basin Integrated Development Master Plan Project (1996/99) 

The Abbay River Basin Integrated Development Master Plan was carried out over the 
period 1996 to 1999.  The study included extensive sectoral studies of natural 
resources, water resources, land resources development, environment, socio-
economy and infrastructure.  The results of the study are presented in a Main Report 
and a series of Sectoral Study volumes.  The report includes a series of maps 
presenting basin-wide information in a GIS format including rainfall, runoff, soils, 
geology, land use, population amongst others. 

Within the study updated concept designs and cost estimates were prepared for the 
various dams and hydropower projects previously identified by USBR although no 
additional fieldwork was undertaken at the dam sites. 

2.2.3 Karadobi Multipurpose Project Pre-Feasibility Study (May 2006) 

The Karadobi Multipurpose Prefeasibility study was carried out over the period 2005-
2006 by Norplan, Norconsult and Lahmeyer International.  The study included 
extensive technical and environmental studies.  Hydrological studies of the Blue Nile 
carried out as part of the Karadobi project are of particular relevance to the ENTRO 
Power Trade Program Study since these included detailed review and analysis of the 
flow records the two key river gauging stations on the Blue Nile at Kessie and Border. 

The study presented detailed cost estimates of the proposed Karadobi project 
including unit rates for construction activities.  The cost estimates provide a valuable 
point of comparison for similar activities at the Mandaya site. 
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2.2.4 Beles Multi-purpose Project 

The Beles project was studied at feasibility level by the LEK Consortium (Lahmeyer, 
Electrowatt, Knight Piesold Ltd (now Scott Wilson)) over the period 1999 – 2000.  
When completed the project will divert some 77 m3/s of water from Lake Tana in the 
upper reaches of the Abbay river to the Beles catchment for purposes of hydropower 
generation and irrigation.  This will reduce flows in the middle reaches of the Abbay 
river including at the Karadobi and Mandaya sites.  Flows at Border site will be 
unchanged except to the extent that the diverted flow is used consumptively for 
irrigation since the Beles river joins the Abbay some 50 km upstream of the Beles 
site. 

2.3 INITIAL REVIEW OF PROJECT 

At the outset of the study an initial review of the Border project was undertaken 
based on information from available mapping at 1:50,000 scale, aerial survey by light 
aircraft and field reconnaissance.  The primary objective of the review was to assess 
the previous studies and to identify constraints to development of the Border site. 

The review concluded that the site was suitable for development of a dam up to 80 – 
90 m in height with a full supply level of up to El. 580 - 590 m.  The reconnaissance 
overflight revealed that the potential reservoir area contained significant population 
located in a number of villages on both the west and east banks of the river.  Few 
roads or tracks were observed in the reservoir area.  In general, much of the 
reservoir area was found to be covered with partially disturbed open savannah with 
signs of shifting cultivation patterns. 

The principal constraints to the development of the Border site comprise low 
topography on the west bank of the river which would necessitate construction of a 
number of saddle dams along the reservoir perimeter and the tailwater level of the 
proposed Mandaya project upstream. 

2.4 ALTERNATIVE DEVELOPMENTS OF ABBAY RIVER UPSTREAM 

Having ascertained that there was an opportunity to develop a higher reservoir at 
Mandaya than previously considered in the USBR studies in 1964, two options were 
considered for the long-term development of this reach of the Abbay river: 

• Development of Mandaya to the maximum feasible elevation with full supply 
level of up to 880m in conjunction with the Karadobi development, effectively 
developing the hydroelectric power potential of this reach of the river with two 
very large dams and reservoirs, or 

• Development of Mandaya dam and reservoir to a lower elevation in 
conjunction with the Karadobi project and a third dam at an intermediate site. 

The reach of the Abbay river between the Mandaya and Karadobi sites was 
examined on the available 1:50,000 scale maps.  This examination lead to 
identification of a third site, which has been tentatively named Beko Abo, which could 
be developed in conjunction with a Mandaya reservoir full supply level elevation of El. 
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te road.  The Beko Abo site has various 
advantages compared to the Mabil site: 

olume for effective regulation of inflows 
from the Abbay and Didessa rivers, 

 road bridge which would otherwise 
occur with the Mabil dam development, 

able cost savings in road infrastructure compared to the 
Mabil development. 

am at Mandaya and the Beko Abo development is summarised in 
Table 2.2, below: 

Table 2.2 : Principal Characteristics of Proposed Hydropower Projects on Abay 

Site 
Height (m)

F  
Level (m) 

(
C  

E t 
(GWh/year) 

800 m.  The Beko Abo site lies some 2.5 km upstream of the existing bridge across 
the Abbay river on the Bure – Nekem

• Allows development of Mandaya to a higher elevation thus ensuring that the 
Mandaya reservoir has sufficient v

• Avoids flooding of the Bure – Nekemte

• Benefits from the existence of the Bure – Nekemte road and bridge which 
provides access to the site and across the river from the existing roads 
resulting in consider

The revised proposal for the development of the Abbay river, including the Border 
project, a higher d

Dam ull Supply Gross 
Storage 
m3 x 106) 

Installed 
apacity
(MW) 

nergy Outpu

Border 90 580 14,470 1200 6011 

Mandaya 200 800 49  12,119 ,200 2000 

Beko Abo 110 906 na 800 - 1000 na 

Karadobi 250 1146 40,200 1600 9708 

Na: not ascertained 

2.5 MANDAYA AND BORDER CATCHMENTS 

catchment areas to the 
Mandaya and Border dam sites are also shown in the Table. 

 

The Abbay river basin within Ethiopia may be divided into sixteen sub-catchments 
with areas as listed in Table 2.3 below.  The approximate 
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Table 2.3 : Abbay River Basin – Sub-catchment Areas 

Sub-catchment Area (km2)
Lake Tana 15,320 
North Gojam 14,389 
Beshilo 13,242 
Welaka 6,415 
Jemma 15,782 
South Gojam 16,762 
Muger 8,188 
Guder 7,011 
Finchaa 4,089 
Didessa 19,630 
Angar 7,901 
Wonbera 12,957 
Dabus 21,032 
Beles 14,200 
Dinder 14,891 
Rahad 8,269 
Total at Mandaya 128,729 
Total at Border 176,918 

 

2.6 BORDER RESERVOIR CHARACTERISTICS 

The reservoir characteristics of the Border reservoir have been determined by 
measurement from existing and newly commissioned mapping and are presented in 
Table 2.4 and Figures. 2.1 and 2.2. 

Table 2.4 : Border Reservoir Elevation – Area – Volume Characteristics 

Elevation 
(m) 

Area 
(km2) 

Volume 
(m3 x 106) 

500 0 0 
510 8 40 
520 24 200 
530 68 660 
540 116 1,580 
550 192 3,120 
560 288 6,000 
570 416 9,250 
580 574 14,470 
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Figure 2.1 : Border Reservoir Elevation Area Relationship 
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Figure 2.2 : Border Reservoir Elevation - Volume Relationship 
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3. TOPOGRAPHY AND MAPPING 

3.1 EXISTING MAPPING 

3.1.1 Topographic Mapping 

Mapping in Ethiopia is published by the Ethiopian Mapping Authority (EMA).  
Available mapping is listed within the Map Catalogue which is published from time to 
time, the latest edition at the time of writing being that for 2002.  EMA is also 
responsible for aerial photography and remote sensing information. 

The national geodetic network was initially established between 1957 and 1961 
covering some 30% of the country and straddling the Abay (Blue Nile) watershed.  
Primary position and height control was established by triangulation and levelling 
along the Nile valley in collaboration with the United States in conjunction with the 
Blue Nile River Basin studies.  The datum for Ethiopian mapping is Adindan (30th 
Arc).   

Mapping in Ethiopia is on the Transverse Mercator Projection with UTM Zone 37 grid 
and based on the Clarke 1880 (Modified) spheroid. Specific parameters used for 
mapping as supplied by EMA are as follows: 

 

 

 

 

 

 

Available mapping comprises sheets covering the majority of Ethiopia at scales as 
follows: 

• 1:1,000,000 

• 1:250,000 

• 1:50,000 with 20 m contour interval. 

Large-scale maps are also published at scales of 1:10,000, 1:5,000 and 1:2,500 but 
these are generally only available for the main urban centres. 

The 1:250,000 scale maps cover the entire country with 73 map sheets and are 
valuable especially for planning purposes. 
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der project.  Over 1570 individual sheets are required to cover the 
whole of Ethiopia.  Up to 2002 some 65% of the country has been mapped at 

ese maps with 20m contour interval have 
been prepared from air photography, much of which has been carried out by 

od 1980-1982. 

3.1.2 

000,000 are published by EMA, 
based on data collected from other agencies such as the Ministry of Agriculture and 

d Minerals.  These include: 

The 1:50,000 scale maps are the principal mapping of interest for the pre-feasibility 
study of the Bor

1:50,000 scale. 

The 1:50,000 scale maps cover over 90% of the catchment area of the Abay river 
upstream of the Border project site.  Th

Swedsurvey over the peri

Thematic Mapping 

Thematic maps at scales of 1:1,000,000 and 1:2,

the Ministry of Mines an

Ministry of Agriculture 

• Geomorphology and Soils 

ces Inventory 

and Perennial 

limatic 

 

se Potential 

• Land Resources 

• Agro-climatology Resour

• Land Use / Land Cover 

• Land Resources Short 

• Mean Annual Rainfall 

• Regional Rainfall Pattern 

• Generalised Agro-c

• Climax Vegetation

• Natural Regions 

• Land U

• Soils 

• Land Suitability 

Ministry of Mines and Minerals 

• Geology of Ethiopia 

• Geology of Local Areas (various sheets) 

s 

Ethiopia 

3.1.3 

 EMA.  Two sheets, 1035 A1 and 

• Hydro-geology of various area

• Metalogenic Map of 

Mapping of Border Project Area 

The area of the Border dam site and for some 80 km upstream is not yet covered by 
the 1:50,000 scale map sheets available from
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ages.  One 
sheet (1035 A3) is not available in any format. 

rthophoto) 

thophoto) 

 

 Sirba Abay 

3.2 MAPPING CARRIED OUT AS PART OF THE STUDY 

3.2.1 

1:10,000 with 10 metre contour interval of the Border site and 
reservoir area up to an elevation of El. 600 m has been commissioned as part of the 

ing has been carried out using SPOT satellite imagery scenes for over 
90 % of the area, supplemented by Landsat and SRTM data (Shuttle Radar Terrain 

en carried out to 1:10,000 scale topographical content and 
standards together with Digital Terrain Data comprising 10 metre contouring and spot 

Hard copy plots from the digital mapping have been supplied, to an agreed sheet 
layout and presentation, at 1:50,000 scale.  Copies of SPOT images have also been 
supplied. 

1135 C3 are available as “orthophoto” maps prepared from satellite im

The Border reservoir area is covered by some 6 map sheets as follows: 

• 1135-C3 Un-named (o

• 1035-A1 Un-named (or

• 1035 A3 Not mapped 

• 1035 C1 Oda Gedere

• 1035 C2 Wabo Abay 

• 1035 C4

Digital Mapping 

Mapping at a scale of 

study.  The mapping has been carried out by BKS Ltd of Coleraine, Northern Ireland 
under a sub-Contract. 

The mapp

Model).  Control for the survey was obtained from the existing topographical 
mapping. 

Digital mapping has be

levels.  These data have been supplied suitable for use with either AutoCAD or 
Microstation software.  
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4. HYDROLOGY 

4.1 INTRODUCTION 

The land around the Border dam site is mountainous, having elevations ranging from 
490 metres above sea level (masl) in the river bed at the dam site to a local peak of 
1,255 masl in hills on the right bank and 1,241 masl in hills on the left bank. 
Upstream of the Border dam site, the valley opens into a basin with low relief, 
typically surrounding land lying between 500 and 600 masl with a number of areas of 
high ground greater than 1,000 masl.  

The Abbay has confluences with two principal and perennial tributaries in this 
potential reservoir area, Beles on the right bank and Dabus on the left bank. Beles 
river joins Abbay 30 km upstream of the dam site. Other tributaries are shorter in 
length and are seasonal.  The relief and principal drainage network of the Abbay’s 
upstream catchment area to the Border dam site are presented in Figure 4.1. 

There are a series of rapids at the dam site, similar to cataracts on the Main Nile in 
Sudan, but no natural waterfall. The dam itself creates the head of the project for 
power generation.  

4.2 CLIMATE 

Climate in the Ethiopian highlands is strongly influenced by the effects of elevation, 
which gives rise to distinct zones and characteristics.  Traditional classifications 
based on altitude and temperature indicate presence of five zones, of which three are 
predominant in the Abbay river basin.  

Kola -tropical hot and arid type, below 1500 m altitude with mean temperature in the 
range 20-28ºC.  

Woin Dega – sub-tropical warm, between 1500-2500 m altitude with mean 
temperature in the range 16-20ºC.  

Dega – temperate highland climate above 2500 m altitude with mean temperature in 
the range 6-16ºC.  

Contemporary classifications according to Köppen, as adapted by NMSA/Lemma for 
Ethiopia defines 5 types within the Abbay river basin comprising:  

Cwc – Cool highland (at highest elevations)  

Cfb – Warm temperate II (Didesa sub basin in the south)  

Cwb – Warm temperate I (across the plateau)  

Am/Aw – Tropical III/II (in the main river valley and at lower elevations)  

There are three principal rainfall-inducing regional climatic mechanisms:  

• Summer monsoon (Inter-tropical convergence zone - ITCZ)  
• Tropical upper easterlies  
• Local convergence in the Red Sea coastal region  
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Figure 4.1 : Ethiopia – Abbay Sub-basin: Relief and Drainage 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source: Ethiopia Country Paper, Hydrosult et al, 2006. 
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The ITCZ exerts its influence through its northerly migration commencing in March.  
Around June the ITCZ moves further north and produces the main wet season in 
most of the central and northern areas.  The wet season here generally last until 
October, until the influence of the ITCZ diminishes as it moves southwards towards 
the equator.  Thereafter, between November and March, generally dry conditions 
prevail throughout much of the country.  

There are no climatological stations in or close to Border dam site and reservoir 
location.  Descriptions of climate are therefore based on regionally mapped data by 
the former Ethiopian Meteorological Service provided in the National Atlas of 
Ethiopia. Border lies in the Tropical Climate II type of the nine types of the Koppen 
classification system occurring in Ethiopia. Areas with Tropical Climate II are mostly 
found in the west of Ethiopia and are characterized by dry winter months, the mean 
temperature of the coldest month being greater than 18°C and mean annual rainfall 
between 680 and 2000 mm. 

4.3 RAINFALL 

In regard to rainfall regimes and seasons, a standard nomenclature for Ethiopia has 
been compiled by NMSA. In different parts of the country rainfall regimes are 
described as Mono-modal, Bi-model and Diffuse.  In much of the Abbay river basin 
the mono-modal pattern predominates, as defined by just two distinct season: wet 
and dry. 

According to mapping of the former Ethiopian Meteorological Service (National Atlas 
of Ethiopia, 1988) and more recent mapping, mean annual rainfall at the Border 
reservoir site is expected to be between 1000mm and 1250mm (Figure 4.2).  The 
rainfall pattern is almost uni-modal.  The “Belg”, or short rainy season, which occurs 
from mid-February to mid-May in the east of the Abbay basin and elsewhere is not 
distinct in the Border area. Rainfall quantities in the Belg season are low and variable 
and frequently have no significant impact on tributary rivers of Abbay in the Border 
area which may remain dry or continue to recede.  The “Kiremt” or main rainy season 
lasts from June to September and may extend in the Asosa and Border area into 
October, as experienced during our surveys October 2006. Normally, there is very 
little rainfall between October and January.  

The nearest representative station with climatological records in this region is at 
Asosa town, located some 140 km SSW of Border dam site.  Climatological statistics 
for Asosa are published on the National Meteorological Agency’s website. Monthly 
mean rainfall is shown in Table 4.1. 

Table 4.1  :  Monthly mean rainfall at Asosa  

Rainfall Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 

mm <1 4 23 60 134 194 234 237 194 132 21 2 1,235 

Season Dry Dry Dry Wet2 Wet2 Wet2 Wet2 Wet2 Wet2 Dry Dry Dry  

Note: Wet 2 is main rainy season (Wet1 is small rainy season and is not designated at Asosa) Source: 
National Meteorological Agency’s website. 
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Figure 4.2 :  Mean Annual Rainfall of Abbay basin 
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Source: Ethiopia Country Paper, Hydrosult et al, 2006. 
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4.4 TEMPERATURE 

According to mapping of the former Ethiopian Meteorological Service (National Atlas 
of Ethiopia, 1988), mean annual temperature in the Border project area is between 
25 and 30°C.  Quarterly temperature ranges are indicated as follows:  

• January and April, between 25 and 30°C  

• July and October, between 20 and 25°C 

Recent mapping indicates that Border dam site is located in the hottest part of the 
Abbay basin, with a mean annual temperature between 25 and 28°C. 

In the days around the spring equinox in March 2007, when field surveys were 
conducted near Boka, some 30 km upstream of the Border reservoir, daytime 
temperatures were observed at Boka mission and along the Abbay river.  They 
typically ranged between 30 and 40°C in the shade, sometimes greatly exceeding 
40°C.  This is noteworthy with regard to future field surveys and civil engineering 
works in the area.  Temperature records for Asosa town (Table 4.2), at an elevation 
of 1,540 masl show that March and April are the hottest months in the region, 
supporting the high temperatures experienced at Boka in March 2007. 

Table 4.2 : Temperatures at Asosa  

Temperature Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 
Mean 
maximum °C 30.5 31.8 32.5 31.7 28.5 25.4 24.6 24.6 25.5 26.4 28.1 29.1 28.2 

Mean minimum 
°C 14.2 15.5 16.5 16.3 15.8 15.3 14.7 14.6 14.7 14.8 14.9 14.3 15.1 

Mean °C 22.3 23.6 24.5 24.0 22.1 20.3 19.6 19.6 20.1 20.6 21.5 21.7 21.6 
Extreme 
maximum °C 37.2 36.6 36.8 38.5 38.0 32.5 30.5 29.4 29.5 35.5 35.6 33.0 38.5 

Extreme 
Minimum °C 8.1 8.2 9.0 5.0 6.0 10.0 9.0 8.0 7.0 7.5 9.0 6.7 5.0 

Source: National Meteorological Agency’s website. 
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Figure 4.3 : Mean Annual Temperature in Abbay Basin 

  

Border Dam 
Site 

Source: Ethiopia Country Paper, Hydrosult et al, 2006. 

Eastern Nile Power Trade Program Study Page 4-6 
 
Funded by Africa Development Bank - Client:  ENTRO (Eastern Nile Technical Regional Office) November 2007 
 
J:\Country\Ethiopia\D107897 ENTRO Eastern Nile Power Trade\Pre-feasibility REPORTS\FINAL REPORTS NOVEMBER\BORDER\Prefeasibilty Report FINAL\Section 4 
Hydrology.doc 



Module M5 : Pre-feasibility Studies of Hydropower Projects 

Pre-feasibility Study of the Border Hydropower Project 
 
 
 

 
 

4.5 HYDROLOGICAL DATABASE 

Hydrological data were obtained for this analysis from three sources: 

• Ministry of Water Resources (MoWR) of Ethiopia, 

• Eastern Nile Technical Regional Office (ENTRO), 

• Pre-feasibility Report of the Karadobi Multi-purpose Project. 

The MoWR dataset contained data for 23 hydrological stations distributed over the 
Abbay (Blue Nile) river basin and its tributaries supplied as spreadsheet (Excel) files 
in addition to file listing all available stations. 

Each station file contained station identification data (ID, Name, River Name) and the 
sub-catchment area upstream the station.  Tabulated Data comprised monthly total 
runoff and maximum and minimum mean daily discharges.  Annual total runoff was 
supplied for years with complete data.  When available, momentary peak discharge 
was also included with the date of recording and also the maximum mean daily 
discharge for the whole year.  Units were consistent across all files, discharges in 
m3/s and runoff in Mm3 [MCM].  For station 1001 (Bahir Dar on Lake Tana), levels 
were given instead of runoff/discharge.  Table 4.3 summarizes the attributes of the 
MoWR stations collected from station files and the list file.  Data for station 6005 
included more than 77 estimated values (method is not given) and station 3027 has 3 
estimated values (i.e. months).  

Data for a smaller number of stations were obtained from ENTRO (12 stations) and 
included only total monthly runoff data and annual totals (for complete years).  7 of 
these stations were already included in the MoWR set and a quick comparison 
showed no conflicts between both sets.  There were only minor differences for station 
2002.  The remaining 5 stations have either too short a record to be useful, too 
intermittent record, or cover very small catchment areas.  Therefore it was decided to 
focus the analysis on the MoWR set of stations. 

As a first step in analysing the data, the record completeness is calculated as follows 
for each observed variable (e.g. total runoff, minimum level): 

Completeness    =    
No. of Months with data %

No. of Months in the Record
100×  

Then the records were studied further for gaps and the resulting chronographs are 
shown in Table 4.4 for total runoff (all stations except 1001) and mean water level for 
station 1001. 
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Table 4.3 : Inventory of MoWR Supplied Hydrological Stations 
Completeness Station 

No. River / Lake Site Lat. 
(North) 

Long. 
(East) 

Installation 
Date 

Area 
km2 

Avg. 
Elev. Record1 

TR/Mean Max3 Min3 

1001 Lake Tana @ Bahir Dar2 11º36' 37º23' 9-3-1959 15319   1959-2003 91% 97% 97% 
1002 Gelgel A. Nr. Marawi 11º22' 37º02' 27-3-1959 1664   1959-2004 97% 97% 97% 
1003 Koga @ Merawi 11º22' 37º03' 27-3-1959 244   1959-2003 92% 92% 92% 
1005 Ribb Nr. Addis Zemen 12º00' 37º43' 19-5-1959 1592   1959-2002 91% 90% 90% 
1006 Gumara Nr. Bahir Dar 11º50' 37º38' 1-6-1959 1394   1959-2004 91% 88% 87% 
1007 Megech Nr. Azezo 12º29' 37º27' 7-10-1959 462   1959-2003 79% 79% 80% 
2001 Abay Nr. Kessie 11º04' 38º11' 2-3-1956 65784   1953-2004 92% 92% 88% 
2002 Mugher Nr. Chancho 9º18' 38º44' 21-11-1958 489   1970-2004 100% 100% 100% 
2003 Abay @ Bahir Dar 11º36' 37º24' 9-3-1959 15321   1959-2003 95% 96% 96% 
2007 Beressa Nr. Debre Berhan 9º40' 39º31' 7-12-1960 211   1961-2003 98% 98% 97% 
2017 Muga Nr. Dejen 10º10' 38º09' 26-2-1980 375 2800 1980-2002 90% 90% 90% 
3005 Guder @ Guder 8º57' 37º45' 15-2-1959 524 2518 1959-2004 98% 97% 97% 
3008 Chemoga Nr. Debremarkos 10º18' 37º44' 27-11-1959 364 2760 1960-2002 95% 95% 95% 
3023 Dura Nr. Metekel 10º59' 36º29' 12-1-1961 539   1962-2002 88% 88% 88% 
3026 Neshi Nr. Shambo 9º45' 37º15' 4-3-1963 322   1963-2000 100% 100% 100% 
3027 Amerti Nr.  Shambo 9º44' 37º17' 4-3-1963 252   1963-1983 100% 99% 99% 
3028 Dondor Nr. Metekel 10º56' 36º31' 9-5-1975 184   1992-2003 92% 92% 92% 
4001 Didessa Nr. Arjo 8º41' 36º25' 1-4-1959 9981   1960-2004 67% 66% 66% 
4005 Dabana Nr. Abasina 9º02' 36º03' 10-4-1961 28814   1961-1984 89% 89% 89% 
5002 Dabus Nr. Asosa 9º52' 34º54' 10-6-1963 10139   1963-1979 64% 64% 64% 
6002 Abay @ Sudan Border 11º14' 34º59' 24-5-1959 172254   1961-2004 43% 43% 43% 
6004 Gilgel Beles Nr. Mandura 11º10' 36º22' 4-2-1980 675   1982-2003 94% 91% 91% 
6005 Main Beles @ Bridge 11º15' 36º27' 16-3-1983 3431   1962-2004 90% 73% 73% 
1 All data are Monthly 2 Lake Tana outflow station, level measurements are given 3 Maximum and Minimum discharges [cumecs] except for station 111001 where 
maximum and minimum levels [m] are given 4 Area in the station file conflicts with that in the station list 
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Table 4.4 : Hydrological Data Chronograms 
Station River / Site

No. Lake 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5

2 3 1 1 3

6 7 2

3 4 2 4 2 4

6 6 2 5 3 1 6 3 2 3 2 2 4 1 1

5 4 1 2 1 3

10 4 6 6 9 3 2 2 3 1 1 1 3

7 3 4 6 2 2 3 3 2 7 1

1

4 3 1 3 1 3 1 2 5 3

2 4 1 3

2 2 1 1 1 5 6 5 5

2 1 4 2 1 1 3

6 4 2 1 1 1 1 5 6

4 1 5 6 5 2 2 1 11 2 5 3 4 3 2 1 2

2

2 1

2 2 3 4

6 3 2 4 4 7 6 2 5 9 9 9 4 3 6 2 2 3 4 2 5 10 3 6 9 11 4 1

4 2 1 1 2 2 1 2 2 1 5 2 1 4

7 11 3 1 1 1 2 1 5 2 10 9 8 7 6

9 5 7 2 5 9 8 6 5 2 4 6 1 2 11 6 7

1 1 4 1 1 2 5 1

3 2 5 5 6 6 5 7 12 7 12 2 7 3 3 5 1 4 4 3 1

Complete Year

x Completed Year via estimation, x = number of months estimated

x Completed Year via estimation, x = number of months estimated (but not stated in the data file as estimated)

x Incomplete Year, x = No. of missing months

No Data for Whole Year

@ BRIDGEMAIN BELES116005

@ SUDAN BORDERABBAY116002

Nr. MANDURAGILGEL BE.116004

Nr. ABASINADABANA114005

Nr. ASOSADABUS115002

MUGA112017

Nr. ARJODIDESSA114001

Nr. DEBREMARKOSCHEMOGA113008

Nr. METEKELDURA

@ BAHIR DARABBAY112003

@ GUDERGUDER113005

Nr. DEBRE BERHANBERESSA112007

Nr. DEJEN

112001 ABBAY Nr. KESSIE

Nr. CHANCHOMUGHER112002

1980 1990

MEGECH111007

@ MERAWIKOGA

20001950

Nr. MARAWIGELGEL A.

@ BAHIR DARLAKE TANA

1960 1970

Nr. AZEZO

111001

Nr. BAHIR DARGUMARA111006

111002

111003

111005 RIBB Nr. ADDIS ZEMEN

113023

Nr. SHAMBONESHI113026

Nr. METEKELDONDOR113028

113027 Amerti Nr. Shambo
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4.5.1 Quality Control 

The data were subjected to a few quality control checks.  First visual screening 
showed a few mistyped numbers with two decimal points or misplaced decimal point.  
These were corrected and flagged in the data files.  Then the data were converted 
from the tabulated format where each line contains 12 monthly values to a time 
series format.  Sometimes, when data for complete years were missing, the whole 
year was omitted which needed further attention when converting the data format.  
For each of the 22 flow stations (apart from station 111001, for which level 
measurements were available), three time series were created, total runoff [TR, 
MCM], maximum daily discharge [Qmax, m3/s] and minimum daily discharge [Qmin, 
m3/s].  A fourth time series of mean monthly discharges [Qm, m3/s] was then 
calculated from the total runoff series considering the number of days in the month. 
This fourth series was used for quality control checks against the maximum and 
minimum daily discharges.  Whenever Qm > Qmax or Qm < Qmin the record for that 
month was flagged and further investigated.  Sometimes, errors resulted from 
mistyping one number or misplacing the decimal point and were fixed accordingly.  At 
other times, Qmin and Qmax were exchanged by mistake.  Sometimes, it appeared that 
Qmax and Qmin were not recorded so they were assigned the value of Qm.  Most of the 
errors in Qm were fixed and TR was calculated accordingly.  The spreadsheets now 
contain an additional worksheet (TS) with time series data. 

4.5.2 Analysis and Gap Filling 

After quality control checks were done as above, corrected time series data for total 
runoff were tabulated by year.  Hydrographs for each year (for each station) were 
plotted.  In general, hydrographs for all stations peak in August with high percentage 
of flow (70-95%) occurring during the flood season (July – October).  The hydrograph 
for the Abbay at the outlet of Lake Tana (station 112003) has its peak in September 
due to the effect of the lake.  Some peaks are sharp (August flow is large compared 
to July and September) while others are flatter (September flow is nearly as high as 
August).  For most stations and years, the position of the peak did not change from a 
year to the other.  However, for some stations, a few hydrographs looked unusual.  
These years were flagged for further attention.  Figure 4.4 and 4.5 show the mean 
monthly hydrographs for a Abbay at Bahir Dar and Abbay at Kessie.   

For each station, the mean annual hydrograph after filling was compared to that 
before filling and the effect of filling was minor in most cases.  Deviations increased 
when the number of filled months was relatively large compared to the total record. 
Annual hydrographs were also compared as well as the time series to see whether 
the filling produced compatible data. 

For each station, in addition to the mean monthly hydrograph, the standard deviation, 
coefficient of variation, maximum and minimum monthly runoff were also calculated 
based on the available records. The mean hydrograph was converted to monthly 
distribution factors (hi, i=1, 2… 12) by dividing the ordinates by the total of the 
monthly means (Note that the number of data years vary for each month). Monthly 
gaps were filled using those distribution factors using the nearest available data 
value. If TR(i) is required, TR(i+1) is available, then TR(i) = TR(i+1) * h(i)/h(i+1), if the 
gap length is one month, values on both sides are used (i.e. TR(i) = (TR(i+1) * 
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s that hydrograph shape remains the same (no shifts) and scales up 
and down only. 

ared as well as the time series to see whether 
the filling produced compatible data. 

 River nr Bahir Dar (1959 – 2003) 

 

 

h(i)/h(i+1) + TR(i-1) * h(i)/h(i-1))/2). Moving sequentially, one could build the whole 
record but the reliability of the estimate is reduced as one moves away from the 
nearest observation. Using this method to estimate the peak can be misleading. The 
records of all stations except 3027, 3028 (time limitation) were completed in this way. 
Missing full years were not filled because the results would be too unreliable. This 
method assume

For each station, the mean annual hydrograph after filling was compared to that 
before filling and the effect of filling was minor in most cases.  Deviations increased 
when the number of filled months was relatively large compared to the total record. 
Annual hydrographs were also comp

Figure 4.4 :  Seasonal Runoff Pattern of Abbay
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Figure 4.5 :  Seasonal Runoff Pattern of Abbay River at Kessie (1981 – 1990) 
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Figure 4.6 :  Seasonal Runoff Pattern of Abbay River at Bahir Dar (112003) 
before and after (1997 – 2003) regulation by Chara Chara Weir 

 

 

 

 

 

 

 

 

 

 

 

 

It can be seen from the hydrographs illustrated in Figures 4.4 and 4.5 that the peak 
flow at Kessie hydrometric site typically occurs in August while that for the Abbay 
River at Bahir Dar occurs one month later in September.  This is due to the 
attenuation effect of flow from the upper part of the Abbay catchment passing 
through Lake Tana.  The attenuation effect is more marked since the construction of 
the Chara Chara weir and the associated use of Lake Tana for regulation as can be 
seen from Figure 4.6.  As a result of this the upper catchment above Bahir Dar does 
not contribute very significantly to flood discharges in the Abbay downstream at 
Kessie and Border hydrometric sites. 
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4.6 KEY HYDROMETRIC STATIONS 

Three key hydrometric stations in Ethiopia have been selected for the present studies 
of the Border hydropower project as follows: 

• 2001 Abbay River (Blue Nile) at Kessie Bridge 

• 6001 Abbay River (Blue Nile) at Shogole 

• 6002 Abbay River (Blue Nile) at Sudan Border. 

In addition, the El Deim gauging station on the Blue Nile in Sudan was also selected 
as a key station for the hydrological analysis. 
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Hydrometric stations are also located on the Didessa (Anger), Dabus and Beles 
rivers which flow into the Blue Nile upstream of the Border site within Ethiopia.  
However, because of the length of the data series (complete years) and the small 
catchment areas of the gauging station sites, these stations were not selected for 
detailed analysis. 

4.6.1 Abay at Kessie Bridge 

The recorded data series for the Abbay at Kessie was examined with particular care 
owing to its importance as having the longest period of recorded data for the Abbay 
River in Ethiopia.  The gauging station was inspected during the course of the site 
visit to the Border dam site in October 2006.  The gauging station is located at the 
bridge where the main road from Addis Ababa to Debre Markos crosses the Abbay 
River. 

Staff gauge sections are mounted on the concrete abutment on the left (South) bank.  
An automatic recorder was installed at one time but it is understood that this was 
abandoned due to problems of siltation.  At the time of the visit the staff gauge was 
only partially visible due to extensive sediment deposits and a channel had been dug 
between the river and the gauge plates.   

Gauging using a current meter is carried out by means of a cableway some 150 
metres upstream of the bridge.  A new bridge is at present under construction to 
replace the existing structure.  The new bridge is located very close to the cableway 
and the temporary works (cofferdams etc) are likely to affect the gauging section and 
may also influence flow patterns and sediment deposition at the site.  However, the 
historic data series adopted for the study covers the period 1954 – 2003 predates the 
bridge construction works and the validity of the data used in the present study is 
therefore unaffected. 

The Pre-feasibility Study report for the Karadobi project drew attention to significant 
disparities between flow measurements and the stage-discharge relationship at the 
Kessie Bridge gauging station.  In particular, the stage-discharge curve parameters 
for the period since 1984 exhibited an unusually high exponent (2.46) compared to 
former relationships which typically had an exponent in the range 1.949 to 2.084.  
This anomaly resulted in the flows for the period since January 1984 apparently 
having significantly higher flood peaks than appeared to be justified.  Detailed 
analysis of flow measurements since 1984, including new gaugings as part of the 
Karadobi study led to development of revised stage-discharge relationships as 
shown in Table 4.5.  These relationships have been reviewed and adopted for the 
present study. 
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Table 4.5 : Stage-Discharge Rating Curves, Abbay River at Kessie 

Curve Stage Period of Validity Curve Parameters 
{Q = a(H-H0)b} 

Range of 
Validity 

ID Variant From To H0 a b (Stage H) 
Original Curves (MoWR)      

1 1 -0.07 68.32 1.986 H < 1.6 
1 2 -0.07 67.15 1.997 1.6 < H < 4.72 
1 3 

01 Jan 60 31 Dec 67

-0.07 61.48 2.055 All 
2 1 01 Jan 68 31 Dec 70 -0.14 58.80 2.084 H < 4.5 
3 1 0.11 71.04 2.061 H > 4.5 
3 2 

01 Jan 71 31 Dec 72
0.11 84.37 1.949 All 

4 1 01 Jan 73 31 Dec 83 0.03 69.80 2.030 All 
5 1 01 Jan 84 Present -0.22 31.80 2.460 All 

Revised Curves (Karadobi Study)      
5 1 01 Jan 84 31 Aug 98 0.14 62.18 2.098 All 
6 1 01 Sept 98 Present 0.21 44.12 2.183 All 

 
4.6.2 Abay at Shogole (6001) 

Hydrometric measurements commenced in 1959 and continued to 1979.  However, 
within this period only 2 years of data are complete.  Accordingly, the data series was 
considered too unreliable to be of value in the present study. 

4.6.3 Abay at Border (6002) 

Hydrometric measurements at the Border station began in 1961 and continue to the 
present.  The gauging station is equipped with a cableway that has been used in the 
past to carry out flow measurements using a cable-suspended current meter.  No 
current meter measurements are being made at present due to concern amongst 
users of the strength of the cable across the river which is now over 40 years old. 

Although long-term estimates of flow magnitude at the Border site compare 
reasonably well with data for the El Deim site in Sudan, inspection of the record 
reveals very substantial differences when monthly values are compared.  
Accordingly, because of the longer period of data availability and the greater 
frequency of flow measurements, the data for El Deim has been adopted rather than 
that recorded at Border (6002). 

4.6.4 Blue Nile at El Deim 

The gaugings at El Deim started in 1962 and many measurements have been carried 
out in some years.  The site was reported to be “stable and the rating is reliable and 
precise”. (Sutcliffe and Parks, 1999).  However, it is understood from 
communications with individuals in Sudan that the cableway is now in poor condition 
and as a result current meter measurements have not been carried out for some 
20 years. 
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4.7 TIME SERIES FOR FLOWS AT BORDER DAM SITE 

As described above, for Border, there is a record available for 6002 Abbay at Border 
that contains many gaps.  Some or these were filled using the above-mentioned 
procedure but for the full missing years and for extending the record backwards or 
forwards, data from other stations are needed.  The nearest gauge to 6002 Abbay at 
Border is Roseires/Deim in Sudan for which measurements have been made since 
1912.  The monthly record for Deim was obtained from the Nile Forecast Centre, 
Ministry of Water Resources and Irrigation, Egypt.  This has been used to derive a 
flow time series for the Border dam site. 

4.7.1 Adopted Flow Series 

The mean annual flows for the adopted flow series are summarised in Table 4.6 
below.  Monthly time series data for the Abbay at Kessie, incremental flows from 
intervening catchments and adopted flow series for Karadobi, Mandaya and Border 
sites are presented in Annex A. 

Table 4.6 : Summary of Adopted Flow Series for Project Sites 

Site Catchment Area 
(km2) 

Mean Annual Flow 
(Natural) 

(m3/s) 

Mean Annual Flow 
(with Beles 

Diversion) (m3/s) 

Kessie 65,784 517 440 

Karadobi 82,300 649 572 

Mandaya 128,729 1091 1014 

Border 176,918 1547 1547 

El Deim  1547 1547 

 

4.8 FLOOD STUDY 

Flood estimates are required for three main purposes: 

• Design of the Border spillway to ensure safe passage of flood flows 

• Design of river diversion works for Border dam construction period 

• Evaluation of impacts downstream. 

4.8.1 Data Available 

For all stations listed in Table 4.3 except for 1001 (which has level records at the 
outlet of Lake Tana), monthly maximum mean daily discharges are available for most 
years that have mean flow records as shown in Table 4.9.  For a subset of 6 stations, 
maximum instantaneous peak discharges are also available for a smaller number of 
years.  In order to derive flood estimates, the following methodology was applied: 
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• Perform flood frequency analyses for stations on the Abbay (Kessie, Border, 
and Deim) by fitting extreme value distributions to available data from these 
stations to estimate the design flood discharges at different return periods 

• Develop a regional flood relationship based on catchment area, this required 
statistical analysis of maximum annual flood data (maximum mean daily) from 
all available stations 

• Using the regional relationship, estimate the 1 in 10,000 year flood at Border 
site from the key stations: Kessie, Border, and Deim.  

• Analyse momentary peak discharges to relate them to monthly peak 
discharges and calculate a multiplication factor to convert maximum mean 
daily to instantaneous peak.  Apply these to estimate the design flood 
discharges at both sites. 

4.9 FLOOD FREQUENCY ANALYSIS 

4.9.1 Flood Frequency Analysis at Key Stations 

For the main stations along the Abbay (Kessie, Border, and Deim), flood frequency 
analyses were done to estimate the annual maximum mean daily flows at different 
return periods. Generalized Extreme Value (GEV), Gumbel, Pearson III (P3), Log 
Pearson III (LP3), and Log Normal II and III (LN2, LN3) distributions were fitted to the 
annual series of each of the 4 stations using the HYFRAN software.  The best fit was 
achieved by a different distribution in each case although hypothesis testing did not 
reject any of the other distributions in all cases.  A set of criteria including Chi-
Squared test, proximity of distribution statistics to those of the data, and visual 
inspection were applied to select the best distribution in each case.  Figures 4.7 to 
4.9 show these fits for Kessie, Border and Deim stations.  
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Figure 4.7 : Frequency Analyses of Maximum Daily Discharge for Abbay at 
Kessie 
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Table 4.7 : Estimated Maximum Daily Discharges (m3/s) for Abbay at Kessie 

Method 
Return Period   (Years) GEV Gumbel 

10000 15415 18593 

1000 12942 14790 

500 12137 13644 

100 10145 10980 

50 9229 9827 

20 7953 8288 

10 6924 7099 

5 5808 5860 
 

 

Figure 4.8 : Frequency Analysis of Maximum Daily Discharges for Abbay  
at Border 
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Figure 4.9 : Frequency Analysis of Maximum Daily Discharge for Blue Nile  
at Deim 

 

 
 

 

Using the best fitted, the annual maximum mean daily discharge was estimated for 
different return periods as shown in Table 4.8. 

Table 4.8 : Estimated Maximum Mean Daily Discharge (m3/s) for Main Abbay 
Hydrometric Stations using the Best Fitted Distribution 

Kessie Border Deim  
Return  
Period (years) Gumbel P3 GEV 

10,000 18,593 18,824 13,137 

1,000 14,790 16,138 12,387 

100 10,980 13,323 11,266 

50 9,827 12,434 10,829 

20 8,288 11,213 10,156 

10 7,099 10,238 9,558 

 
It can be seen that the estimated flood discharges at Border are only marginally 
greater than at Kessie despite the catchment area at Border being some 2.7 times 
greater than at Kessie.  Flood estimates derived using the flow record for Deim are 
significantly lower than at Border, which is located only a short distance upstream, or 
at Kessie.  One of the causes of this is likely to be the relatively short period of data 
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lysis but other factors are also likely to affect the 

• Differing periods of record 

 downstream sub-catchments. 

ommended that a detailed analysis is undertaken during feasibility studies 
including deriving flood estimates for differing frequencies for each sub-catchment 

b-catchment flows in a suitable 
model. 

4.9.2 

eim are less than those at Border because many of the missing 
years at Border are in the dry period of the 1980s.  As expected, the relative 

efficient of variation: CV) is higher for stations with 
smaller catchments. 

4.9.3 

In order to be able to obtain flood discharges at Border site and to make use of the 

mean daily variability and provides a good way to transfer flood information from 

available (25-47 years) for such ana
analysis including: 

• Accuracy of measurements 

• Effects of in-bank storage attenuating flood peaks downstream 
• Non-coincidence of flood peaks in

The implication of these findings is that estimating maximum mean daily flood flow for 
Border will depend on the station used.   

It is rec

where possible and integrating the individual su

Analysis of Regional Maximum Discharge Data 

For each of the 23 river gauges listed in Table 4.9, the annual maximum mean daily 
discharge (maximum mean daily) time series was determined.  As determined from 
the mean time series, the months of July, August, September, and October 
correspond to more than 75% of the annual flows on average with October flows 
constituting a smaller percentage than the rest of the flood season month for most 
stations and years.  Therefore, and in order to increase annual maximum mean daily 
data availability, the annual maximum mean daily was determined for all years with 
maximum mean daily records for at least two months of the three flood months (July, 
August, September). The year was discarded if only one month of these was 
available unless the momentary peak was recorded in that month.  The quality 
control checks done for the mean flow analysis helped spotting and correcting some 
errors in maximum discharge records.  For most years and stations, the annual 
maximum mean daily occurred within these three months with a few occurring in 
October and fewer occurring in June.  The highest maximum mean daily value in 
each year was thus extracted forming annual series for each station and Table 4.8 
shows the statistics of these series.  It is worth noting that the average and maximum 
mean daily flows at D

variability (expressed as the co

Regional Flood Relationship 

longer Kessie and Deim records, a regional flood relationship was developed 
between the mean annual maximum mean daily and the catchment area. 

A similar relationship was also developed for momentary peak flow but with only 6 
data points, the credibility of such relationship may be debatable.  The Maximum 
Mean Daily Flow-Area exponential relationship developed using the records of the 22 
stations listed in Table 4.9 explains about 90% of the observed annual maximum 
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stations with relatively long records (e.g. Deim and Kessie) to those with short 
records such as Border. j is given as:  The transposition factor between stations i and 

x

i i

j jMDD A
= = ⎜ ⎟⎜ ⎟

⎝ ⎠
    where x = 0.7558 from the regression analysis. 

⎝ ⎠
    where x = 0.7558 from the regression analysis. 

MDD ATF
⎛ ⎞

charge 
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Figure 4.10 : Regional Analysis of Mean Annual Maximum Daily DisFigure 4.10 : Regional Analysis of Mean Annual Maximum Daily Dis
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Table 4.9 : Statistics of Annual Maximum Flood Discharge Series 

Complete Years Annual Max. Mean Daily Discharge (maximum mean daily) 
Station 

No. River Site  Potential Available % 
Average 
[m3/sec] 

St.Dev 
[m3/sec] 

CV 
[%] 

Max 
[m3/sec] 

Min 
[m3/sec] 

1002* Gelgel Abay Nr. Marawi 46 45 98% 348.0 121.6 35% 964.0 223.7 
1003 Koga @ Merawi 45 38 84% 47.0 35.7 76% 216.7 11.9 
1005* Ribb Nr. Addis Zemen 44 39 89% 127.5 39.5 31% 235.0 57.8 
1006* Gumara Nr. Bahir Dar 46 42 91% 267.1 62.3 23% 402.0 170.4 
1007* Megech Nr. Azezo 45 35 78% 138.9 104.1 75% 540.0 31.4 
2001* Abay Nr. Kessie 52 47 90% 5398.3 3021.8 56% 13681.3 1414.7 
2002 Mugher Nr. Chancho 35 35 100% 115.8 56.4 49% 250.0 31.4 
2003* Abay @ Bahir Dar 45 45 100% 406.7 177.3 44% 779.1 82.9 
2007 Beressa Nr. Debre Berhan 43 42 98% 99.3 55.0 55% 300.0 17.9 
2017 Muga Nr. Dejen 23 21 91% 111.8 88.1 79% 448.0 49.2 
3005 Guder @ Guder 46 46 100% 79.4 22.5 28% 161.6 49.1 
3008 Chemoga Nr. Debremarkos 43 40 93% 71.6 41.9 58% 283.0 29.0 
3023 Dura Nr. Metekel 41 40 98% 158.6 82.9 52% 431.3 33.0 
3026 Neshi Nr. Shambo 38 38 100% 33.0 11.7 35% 64.8 17.4 
3027 Amerti Nr. Shambo 21 21 100% 25.8 9.1 35% 42.5 13.1 
3028 Dondor Nr. Metekel 12 12 100% 50.7 13.5 27% 75.7 35.8 
4001 Didessa Nr. Arjo 45 26 58% 712.5 211.8 30% 1145.0 311.7 
4005 Dabana Nr. Abasina 24 21 88% 292.1 97.3 33% 611.6 196.0 
5002 Dabus Nr. Asosa 17 12 71% 557.1 82.6 15% 764.2 421.6 
6002 Abay @ Sudan Border 44 25 57% 7895.0 1773.4 22% 12684.4 5316.0 
6004 Gilgel Beles Nr. Mandura 22 20 91% 283.0 122.2 43% 531.5 99.9 
6005 Main Beles @ Bridge 43 34 79% 696.7 373.8 54% 2060.6 218.7 
 Abay @ Deim 38 38 100% 7506.0 1890.8 25% 10551.2 5362.7 

Yellow Highlighted stations are further analysed for flood frequency * These stations have MP records  
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4.9.4 Maximum Daily Discharge Estimates at Border 

The estimated maximum daily discharges for Border differ considerably depending 
on whether the analysis is carried out based on recorded flow series for Kessie, 
Border or Deim.   

Table 4.10 : Maximum Mean Daily Discharge Estimates for Border Site 

Estimates for Border based on analysis of: Return Period 
(years) Kessie (m3/s) Border (m3/s) El Deim (m3/s) 

10,000 39,267 18,824 10,240 
1,000 31,235 16,138 9,655 
100 21,425 13,323 8,782 
50 19,491 12,434 8,441 
20 16,796 11,213 7,916 
10 14,580 10,238  

For Border, estimating the maximum daily discharge based on Kessie using the 
regionalized relationship based on catchment area, results in transposition factor of 
2.11 and maximum mean daily discharge estimates as shown in Table 4.10.  
Estimating the maximum daily discharge at Border from Deim using the regionalized 
relationship based on catchment area, results in a transposition factor of 0.96, giving 
maximum daily discharge rates less than those estimated directly from Border. 

The difference in the estimates by differing means gives cause for concern regarding 
the reliability of the estimates and will need to be investigated in detail at feasibility 
stage.  It would normally be expected that data recorded directly at the dam site 
would be the most reliable but recorded data from Border has more gaps than at 
Kessie and recorded monthly flows at Border show significant differences from the 
recorded flows a short distance downstream at Deim.  For present purposes the flood 
estimate based on analysis of Kessie has been adopted. 

4.9.5 Flood Hydrograph and Flood Routing for Border Site 

In order to determine a typical hydrograph applicable to the Border site a review was 
carried out of recorded flows for major flood events for the Abbay at Kessie for which 
detailed data was available.  The flood event selected was that of 18th to 23rd July 
1964 for which a clearly defined hydrograph can be obtained for analysis.  The peak 
flow was adjusted based on the catchment area : flood magnitude relationship to 
obtain equivalent flow at the Border site and further adjusted to take account of the 
instantaneous peak flow.  A smooth reservoir inflow hydrograph with flows at 2-hour 
intervals was defined as shown in Table 4.11. 

The inflow hydrograph was used for flood routing calculations of the passage of the 
flood through the Border reservoir.  For this purpose a rule curve was adopted for 
operation of the spillway gates.  An initial starting condition of the reservoir at full 
supply level (El. 580m) was adopted.  The resulting outflow hydrograph is also shown 
in Table 4.11. 
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Table 4.11 : Border Design Flood Hydrographs 
Time (Hours) Inflow (m3/s) Outflow (m3/s) 

0 1,000 1000 
2 7,640 1000 
4 7,640 2000 
6 8,061 2000 
8 8,373 4000 

10 8,818 6000 
12 9,291 6000 
14 9,785 8000 
16 10,822 8000 
18 11,636 8000 
20 12,588 12000 
22 15,294 12000 
24 19,759 12000 
26 23,198 16000 
28 27,657 20000 
30 33,318 24000 
32 38,399 28000 
34 42,213 30000 
36 44,075 30000 
38 42,478 30000 
40 40,290 30000 
42 36,939 30000 
44 33,644 30000 
46 29,698 30000 
48 25,854 30000 
50 21,661 30000 
52 18,535 30000 
54 16,150 30000 
56 14,216 30000 
58 12,530 30000 
60 11,802 28000 
62 11,036 20000 
64 10,192 16000 
66 9,585 12000 
68 8,910 12000 
70 8,373 8000 
72 8,224 8000 
74 8,102 8000 
76 7,964 8000 
78 7,836 8000 
80 7,751 8000 
82 7,735 8000 
84 7,640 8000 
86 7,640 8000 
88 7,640 8000 
90 7,640 8000 
92 7,640 8000 
94 7,640 8000 
96 7,640 8000 
98 7,640 8000 

100 7,640 8000 
102 7,640 8000 
104 7,640 8000 
106 7,640 8000 
108 7,640 8000 
110 7,640 8000 
112 7,640 8000 
114 7,640 8000 
116 7,640 8000 
118 7,640 8000 
120 7,640 8000 



Module M5 : Pre-feasibility Studies of Hydropower Projects 

Pre-feasibility Study of the Border Hydropower Project 
 
 
 

 
 

It can be seen from Figure 4.12 that the maximum outflow rises to 30,000 m3/s in 
accordance with the operating rule curve for the spillway.  The maximum level 
reached during the flood was El. 581.89 m, a rise of some 1.89 metres above the 
starting level, within the freeboard allowance of 3 metres. 

Figure 4.12 : Border Spillway Flood Routing 
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It should be noted that because of the storage within the Border reservoir, the critical 
floods for design of the spillway is likely to result from the seasonal flood with the 
greatest volume, rather than the highest peak discharge.  This should be examined 
at feasibility stage. 

In order to be suitably conservative at the present level of study, and taking account 
of the need to determine reliable cost estimates, a spillway design flow of 
30,000 m3/s has been adopted for the engineering studies and cost estimate for the 
Border site.  This is similar to the proposed spillway capacity of the Mandaya project 
upstream but is significantly greater than the existing spillway capacity at Roseires of 
18,750 m3/s. 

4.9.6 Flood Discharges for Design of Diversion Works 

As stated earlier, a subset of 6 stations have momentary peak flow records for a 
number of years (10-19 years).  Ratios of momentary peaks to mean daily maxima 
were calculated for each concurrent pair of data and the mean ratio can thus be used 
to convert maximum daily mean to momentary peak rates as an approximate way.  
The mean values of these ratios ranged between 1.18 and 1.29 except for one 
station (111007) where the mean ratio was 2.5 (only 8 data points).  The momentary 
peak/maximum mean daily ratio is inversely proportional to the catchment area.  Two 
of the studied stations (Bahir Dar and Kessie) are on the main Abbay and they have 
ratios of 1.29 and 1.2 respectively.  Bearing in mind that the catchment areas at 
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e peak discharges for Border for various return 
periods are given in Table 4.12.  

 attenuate daily peaks after reservoir impounding and 
during the operation period. 

Table 4.12 : Design Flood Discharges for Diversion Works at Border Site 

Return d (yrs) Fl ) 

Border is substantially larger than at Kessie a reduced variability during the course of 
the day would be expected.  Therefore, a ratio of 1.20 seems to be reasonable to 
convert maximum daily mean to momentary peak rates at the proposed dam site at 
Border.  Applying this factor, th

These momentary peak discharges are expected to occur for only few hours during 
floods and are of significance only for determining the design capacity of river 
diversion works during dam construction since routing of floods in the Border 
reservoir will be sufficient to

 Perio ow (m3/s
1,000 19,365 
100 15,987 
50 14,920 
20 13,455 
10 12,285 

 

4.10 SEDIMENT ANALYSIS 

4.10.1 Background 

rain removal and soil 
erosion have led to low levels of crop and pasture productivity. 

ervation structures of poor 
drainage and of structure breaches and severe erosion. 

ce human and livestock diseases, provides the 
potential for agricultural expansion. 

Various studies have described the overall picture of soil erosion and sediment 
transport within the Abbay river basin in Ethiopia.  In the CRA Country Paper for 
Ethiopia, a comprehensive synopsis of the watershed management problems in the 
Abbay basin is given. It is noted that the highland plateaus have been deeply 
dissected by the Abbay and tributaries providing severe constraints to road 
communications and access to markets. Agriculture expansion on to steep slopes 
and the consequent loss of vegetation have accelerated geological rates of soil 
erosion. Steep slopes and lack of vegetative cover result in relatively high rates of 
sediment delivery to the main rivers.  Millennia of cultivation coupled with breaches in 
soil nutrient cycling caused by residue and dung use as fuel, g

Detrimental government policies in the past have left a legacy of tenure insecurity 
and poverty with severe constraints on farmers' willingness and ability to invest in 
sustainable land management. Past large-scale programmes of soil conservation and 
afforestation were top-down and alienated the rural population. High rainfall in the 
highlands can cause problems with physical soil cons

The western Lowlands (within which the Border project is located) for long sparsely 
populated because of the prevalen
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The CRA Country Paper assesses the extent of soil degradation in terms of sheet 
and rill erosion (Figure 4.13), gully erosion and mass movements. 

With this background to sedimentation, the Country Paper goes on to state 
“Infrequent, unsystematic and incomplete suspended sediment data for the El Deim 
gauging station just across the border in Sudan is available. This has been analysed 
by Group 1 of the NBCBN/River Morphology Research Cluster. They estimated that 
the long-term mean suspended sediment at El Deim to be 123M tons. They 
estimated bed load to be 15% giving a total mean annual sediment inflow of 140M 
tons”. These figures give a mean annual suspended sediment yield for the Abbay 
basin of approximately 700t/km2/yr, and approximately 800t/km2/yr for total load 
(including bed load).   

The original NBCBN/River Morphology Research Cluster report (2005) on 
“Assessment of the current state of the Nile basin reservoir sedimentation problems” 
describes the sampling data and procedures on which these estimates are based. 
They are very instructive. The suspended sediment was “measured by bottle 
sampling taken once a day from the channel bank” at El Deim gauging station. 
Approximately 125 samples were taken in the months of July, August, September 
and October in 10 individual years spanning from July 1970 to August 1994. The 
plotted data reveal hysteresis looping with July and early August data normally giving 
distinctly greater sediment loads than the same flows on flood recession. Separate 
ratings were developed for rising and falling flood stages. Flow duration curves for 
30-years record at El Deim gauging station (1966 – 1995) were developed for each 
10-day period of the flood months (July to September) and sediment ratings applied 
to these.  The resulting sediment loads are summarised in Table 4.13, below. 

Table 4.13 : Mean Suspended Sediment Load at El Deim 

Month July August September All 
Period I II III I II III I II III  

Million tonnes 7 10 19 22 26 27 5 4 3 123 
Source: NBCBN/River Morphology Research Cluster Report (2005) 
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Figure 4.13 : Abbay Basin - Moderate to Severe Erosion Hazard by Woreda 
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Source: Final Country Report, Ethiopia, Hydrosult, 2006 
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This work is the basis for the estimate of 140M tons total mean annual sediment 
inflow at Roseires. The following cautionary points may be noted: 

• Sediment samples at El Deim were taken at five points in five verticals across 
the river from a cable car during the station’s early history (1960s). The 
samples giving rise to the estimate of 140M tons (July 1970 to August 1994) 
are stated to be taken by hand at the water’s edge. The relationship between 
sediment concentrations based on comprehensive sampling (as in the 1960s) 
and hand samples taken at the riverbank is unknown.  

• El Deim sediment ratings include data from as early as 1970, and are 
therefore weighted in part to conditions more than 35 years ago; similarly, the 
most recent samples used to establish ratings (in 1994), some 13 years ago, 
may be unrepresentative of current land use conditions.  

• The Abbay Master Plan report estimated sediment transport annual yield of 
168M tons at Border dam site, using a rating curve for Border gauging station 
based on sediment sampling in 1961 only – more than 45 years ago (See 
below). 

All of the above points suggest that the estimate of 140M tons total mean annual 
sediment load at El Deim is likely to seriously underestimate current sediment 
transport at Border dam site.  

The Ethiopian Country Paper goes on to state that “the Tekezi Medium Hydro Study 
(1998) quoted a much higher figure of 273M tons per annum as the mean annual 
suspended sediment load for Roseires”.   

The Country Paper presents summary data for 15 selected stations in the Abbay 
basin (Table 4.14), giving the source as Abbay Basin Master Plan Study. From our 
understanding of there being no comprehensive sediment monitoring at Border 
during at least the last 27 years, we are not aware of any sediment rating curve for 
Border which represents current land use conditions.  We have therefore to conclude 
that the sediment load quoted (140M tons/year) is based on a flow record period from 
1980 to 1991 and not on a sediment rating curve developed from comprehensive 
sampling during these years. 
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Table 4.14 : Suspended Sediment Loads in Abbay basin 

 
Station Length of 

record 
Catchment 

area  
(km2) 

Sediment 
load  
('000 

tons/yr) 

Soil loss 
(t/km2/yr) 

Mean 
Annual 

discharge 
(m3/s) 

Gilgel Abay, near Merawi 1980-992 1,664 2,821 1,695 58.17 
Gumara, near Bahir Dar 1980-1992 1,394 1,937 1,390 27.18 

Megech at Azezo 1980-1992 462 263 569 7.5 

Abay at Kessie 1982-1992 65,784 49,404 751 450.5 

Muger, near Chancho 1980-1992 489 38 78 9.26 

Abay at Bahir Dar 1980-1992 15,321 2,191 143 111.32 

Guder at Guder 1980-1992 524 47 90 12.63 

Birr, near Jiga 1980-1992 975 2,075 2,129 17.86 

Dura, near Metekel 1980-1992 539 386 717  

Angar, near Nekemte 1980-1985 4,674 702 150 62.79 

Dabana, near Abasina 1980-1984 2,881 453 157 57.35 

Angar, near Gutin 1982-1983 
1986-1992 1,975 176 89  

Beles, near Metekel 1983-1992 3,431 1,563 456 51.38 

Abay at Sudan border 1980-1991 172,254 140,000 700 1555.73 
Source: After Final Country Report, Ethiopia, Hydrosult, 2006 (from Abbay Basin Master Plan Study) 

 
In the Abbay Master Plan report itself, we note that sediment transport is presented 
for potential dam sites including Border.  For Border dam site, sediment transport 
annual yield is given as 168M tons. (Phase 2, Data Collection – Site Investigation 
Survey and Analysis. Section III, Volume 2: Dam Project Profiles).  This estimate 
appears to be based on sediment samples at Border gauging station obtained in only 
a seven month period in one year (between March and September 1961), now more 
than 45 years ago (Phase 2, Data Collection – Site Investigation Survey and 
Analysis. Section II Sectoral Studies, Volume III – Water Resources, Appendix 6). 

4.10.2 Available Sediment Data for this Study 

Sediment data for this study were obtained from three sources: 

• MoWR of Ethiopia, 

• ENTRO office. 

• Karadobi Pre-feasibility Report 

The MoWR dataset (one Excel file) contains water level, discharge, and sediment 
concentration measurements for 12 stations across the Abbay basin covering the 
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ed.  The average 
concentration and flow were extracted for the Sediment analysis.   

aily sediment discharge calculated from the discharge and 
concentration data. 

can be placed in the results until 
further more detailed studies have been performed. 

Table 4.15 : Summary of Suspended Sediment Station Records, Ethiopia 

Code River Station (km2 Period 
Nu er 

Samples 

period 1990-present.  These raw data included the date, sample measurements (2 or 
3 samples at each location/date) taken at different depths.  For each sample, the 
cross section depth and width and the sampling time were includ

The ENTRO dataset contains processed data from 46 stations (each is a separate 
Excel file) taken prior to 1996.  The start of the record and the number of 
observations vary from one station to the other.  For each observation, the date, 
head, discharge and mean concentrations are given in addition to the daily flow 
volume and total d

Overall, very few suspended sediment measurements have been carried out at 
hydrometric sites within the Abbay river basin in Ethiopia as shown in Table 4.15.  
The shortage of data means that limited confidence 

Area 
) 

mb
of 

1002 Gilgel Abbay   nr. Merawe 1,664 1968-1996  17  
2001 Abay  at Kessie  65,784 1960-2004  27  
2002 Muger  nr. Chancho  489 1975-2004  44  
2003 Abay  at Bahir Dar  15,321 1961-1996  27  
2017 Muga  nr. Bichena  375 1983-1995  51  
2027 Aleltu  nr. Mukature  447 1985-1996  46  
3005 Guder  at Guder  524 1968-1996  29  
3008 Chemoga  kos  at Debre Mar 364 1960-1995  65  
4005 Dabana  nr. Abasina  3,281 1961-1984  10  
6002 Abbay  at Sudan Border  172,254 1961  5  
6005 Beles  nr. Metekel  3,431 1962-2003  32  

 

nted in Table 4.16, although data from other 
locations has also been considered. 

Suspended sediment data of particular interest to the present study comprise the 
records for Abbay at Kessie Bridge (2001) and Abbay at Sudan Border (6002).  
Twenty seven measurements have been carried out at Kessie over a period of some 
44 years whilst only five samples are recorded at Sudan Border.  Because of the 
paucity of data at Border site and the very small size of the other catchments 
compared to the Border site, the analysis has concentrated on records for the Abbay 
at Kessie gauging station as prese
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Table 4.16 : Suspended Sediment Measure  Abb er a e 

Source* Year 
Gauge 
Height 

(m) (m3/s) 
Conc tion 

ments, ay Riv t Kessie Bridg

Date Flow entra
(ppm) 

1 1960 17-Jun  33.0 997 
1 1960 13-Jul  276 5,837 
1 1960 2-Aug  1587 3,830 
1 1960 30-Aug  2013 3,197 
1 1960 30-Sep  767 369 
1 1961 4-Apr  112.0 4,423 
1 1961 11-Jul  1100 16,709 
2 1985 09-Jun 0.54 48.9 2,232 
2 1989 23-Jun 1.13 47.3 5,549 
2 1989 10-Aug 4.40 1099 4,358 
2 1989 11-Aug 3.58 826.5 3,468 
2 1989 25-Sep 3.07 579.1 675 
2 1990 03-Mar 1.10 59.0 302 
2 1990 08-May 0.74 23.0 724 
2 1990 20-Oct 2.32 330.7 784 
2 1992 26-Sep 3.20 290.0 1,287 
2 1995 25-Feb 0.91 35.6 161 
2 1995 18-Jul 3.50 712.7 3,153 
2 1995 25-Aug 5.07 1926 4,899 
2 1995 21-Sep 3.15 627.3 5,606 
3 2004 01-Aug 4.91 1392 10,954 
3 2004 13-Aug 6.57 1637 17,930 
3 2004 28-Aug 4.49 980.2 4,996 
3 2004 18-Sep 2.94 398.2 2,022 
3 2004 01-Oct 2.40 243.4 2,516 
3 2004 07-Oct 2.70 335.0 3391 
3 2004 22-Oct 2.08 165.5 372 

* 

by the Ministry of 

1 = US Geological Survey, 2 = Ministry of Water Resources, 3 = Karadobi Pre-feasibility Study 

Measurements of sediment concentrations in the Abbay River at Kessie were first 
carried out in the period 1960-1961 by USBR in connection with the study of the 
Land and Water Resources of the Blue Nile River Basin (1964).  Further 
measurements over the period 1985 to 1995 have been carried out 
Water Resources.  Most recently, in 2004, seven measurements were carried out as 
part of the pre-feasibility study of the Karadobi hydropower project. 

It should be noted that the number of measurements that have taken of sediment 
concentration in the Abbay River at Kessie is not adequate to define sediment 
discharge with any degree of confidence.  Sediment concentration typically varies 
substantially depending on the exact time during the wet season when 
measurements are made, the vegetation cover at the time and whether 
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s can be seen in Figure 4.11 
below.  Ideally, because of the inevitable scatter of data when measuring sediment 

ents for any analysis should be not less than 
50 and preferably more than 100 for any time period. 

4.10.3 

nd 
displays considerable scatter (especially in the case of the data for the earlier periods 
19  
se

o  

measurements are made on the rising or falling limb of the hydrograph.  A “hysteresis 
loop” is normally found when plotting sediment data with relatively higher sediment 
concentrations on the rising limb of the hydrograph and lower concentrations 
associated with similar discharges on the falling limb of the hydrograph.  These 
variables lead to considerable scatter in data plots a

concentration, the number of measurem

Analysis of Sediment Data at Kessie 

The suspended sediment data recorded for the Abbay at Kessie Bridge is presented 
in Table 4.17.  It can be seen that the data can be divided into three periods of 
records namely: 1960 - 1961, 1985 - 1995 and the year 2004 each separated by an 
intervening period of some 10 to 20 years.  Although the amount of data is small a

60 – 1961 and 1985 – 1995), this nevertheless provides an opportunity to derive
diment rating curves applicable to each period as shown in Figure 4.14.   

Table 4.17 : Sediment C ncentration and Discharge - Abbay River at Kessie 

1960-1961 1985-1995 2004

F  
(  

Sediment 
C
(ppm) 

Sediment 
D  

(ton )
F  
(m )

Sediment 
Conc. 
(ppm) 

Sediment 
Dis

(ton )
F
(  

Sediment 

(ppm) 

Sediment 
D  

(ton )
low

m3/s) onc. ischarge
nes/day

low
3/s charge 

nes/day
low 

m3/s) Conc. ischarge
nes/day

33 997 2,843 23 724 1,439 166 372 5,319 
112 4423 42,800 36 161 495 243 2516 52,911 
276 5837 139,191 47 5549 22,677 335 3391 98,149 
767 369 24,453 49 2232 9,430 398 2022 69,566 
1100 16709 1,588,023 59 302 1,539 980 4996 423,108 
1587 3830 525,157 290 13 2 10954 1,317,424 1287 32,247 9
2013 3197 556,032 331 16 7 17930 2,535,962 784 22,401 3

   579 675 33,773    
   627 5606 303,838    
   713 3153 194153    
   827 3468 247648    
   1099 4358 413808    
   1926 4899 815225    

 

Relationships between sediment concentration and flow for the three periods 1960 – 
1961, 1985 – 1995 and 2004 have been derived as listed below: 
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1960 – 1961  Sediment concentration (ppm) = 154.53 x Flow (m3/s) 0.428 

1985 – 1995  Sediment concentration (ppm) = 858.73 x Flow (m3/s) 0.2038 

2004   Sediment concentration (ppm) = 1.1149 x Flow (m3/s) 0.8341 

It should be noted that the correlation coefficient for the two data series 1960-61 and 
1985-95 are very low (R2 = 0.06 and 0.3) due to the extremely scattered data points 
and hence only very limited confidence can be placed in the sediment rating for these 
series.   

The 2004 data series exhibits less scatter and the correlation coefficient (R2) of 0.83 
enables a higher degree of confidence in the results.  It is noteworthy that the 
maximum recorded suspended sediment concentration amounts to almost 
18,000 ppm and that two of the 7 samples had concentration above 10,000 ppm.  
The concentration measured on 13th August is likely to be close to the annual peak 
flow whilst at least five of the seven measurements are on the falling limb of the 
hydrograph. 

Figure 4.14 : Sediment Concentrations – Abbay River at Kessie Bridge 
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Sediment discharge relationships have also been derived from the above data as 
illustrated in Figure 4.15, below. 
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Figure 4.15  : Sediment Discharge - Abbay River at Kessie 
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The sediment discharge relationships for the three data series show significantly 
higher correlation coefficients than the sediment concentrations, as is to be expected 
(R2 = 0.699 to 0.94). 

Average annual suspended sediment loads for the Abbay River at Kessie have been 
computed by applying the above equations to the monthly flow data for the period 
1954 – 2003.  In the case of the 2004 data the suspended sediment concentration in 
the analysis has been capped at 18,000 ppm approximately equal to the highest 
recorded sediment concentration (although it should be noted that higher values 
were recorded at Bure bridge downstream during the same programme of 
measurements).  The results indicate a dramatic three-fold increase in suspended 
sediment discharge over the period from some 900 tonnes/km2/year in 1960 to 
2,791 tonnes/km2/year in 2004, equivalent to an average increase of some 2.6% per 
year. 

It is noted that the estimates derived above for the suspended sediment discharge of 
the Abbay River at Kessie using the 2004 data are some 2.4 times greater than the 
“High” estimate presented in the Karadobi Pre-feasibility report. 

An analysis has been carried out to examine the sensitivity of use of monthly flow 
data used in this report compared to daily data (as was used in the Pre-feasibility 
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study of the Karadobi Multipurpose Project) in order to exclude the use on monthly 
flow data as the cause of the substantially higher sediment discharges calculated.  
For this purpose the “High” sediment rating curve derived in the Karadobi report has 
been applied to the monthly flow series and compared with the results calculated by 
means of the same sediment rating equation using daily data.  The results of this 
analysis are presented in Table 4.18 below.  It can be seen that the difference in 
sediment loads calculated using monthly and daily data is only some 3.4% with the 
daily data giving slightly higher figures as is to be expected.  It was concluded that 
the use of monthly data did not introduce significant error and that the time period of 
the sediment concentration measurements as described above was much more 
consequential in calculation of sediment discharge. 

Table 4.18 : Comparison of Suspended Sediment Discharge for Abbay River at 
Kessie using Monthly and Daily Data 

Data Type 
Sediment 
Discharge 
(tons/year) 

Specific Sediment 
Discharge 

(tonnes/km2/year) 

Daily* 75,698 1,151 

Monthly 73,202 1,113 

Difference  3.4% 

 

In calculating total sediment discharge for the Abbay at Kessie an allowance for 
bedload of 20% of the suspended sediment load has been added to obtain the 
overall estimates of sediment discharge as shown in Table 4.19 below. 

Table 4.19 : Estimated Sediment Discharges at Kessie 

1960 – 1961 Data 2004 Data 

Item 
Specific 

Sediment 
Discharge 
(t/km2/yr) 

Average 
Sediment 

Load 
(million 

tonnes / yr)

Specific 
Sediment 
Discharge 
(t/km2/yr) 

Average 
Sediment 

Load 
(million 

tonnes / yr) 

Suspended sediment 901 59.3 2,791 183 

Bedload (20%)  11.9  37 

Total sediment 
discharge  71.2  220 

 
The above-mentioned trend of increasing sediment loads over the period since 1960 
is considered likely to be associated with the increasing pressure of population and 



Module M5 : Pre-feasibility Studies of Hydropower Projects 

Pre-feasibility Study of the Border Hydropower Project 
 
 
 

 
 
Eastern Nile Power Trade Program Study Page 4-37 
 
Funded by Africa Development Bank - Client:  ENTRO (Eastern Nile Technical Regional Office) November 2007 
 
J:\Country\Ethiopia\D107897 ENTRO Eastern Nile Power Trade\Pre-feasibility REPORTS\FINAL REPORTS NOVEMBER\BORDER\Prefeasibilty Report FINAL\Section 4 
Hydrology.doc 

discharge at Kessie could be expected 
to reach 700 million tonnes per year by 2050. 

4.10.4 Analysis of Sediment Data at Bure Bridge 

s was reasonably consistent with 
most samples differing only slightly from the mean. 

Table 4.20 : Suspended Sediment Measurements, Abbay River at Bure Bridge 

Year Date H t (m3
Con ion 

agriculture within the catchment area since 1960.  It is expected that this trend will 
continue unless a major programme of watershed management and re-afforestation 
is implemented.  If the identified trend of increasing sediment discharge at a rate of 
2.6% per year were to continue the sediment 

Following the Workshop presented in Khartoum on 3 – 4th June 2007 details of 
sediment samples which were taken at the Bure bridge over the Abbay during the 
course of the Pre-feasibility study of the Karadobi Multi-purpose project in 2004 were 
provided to the consultants as shown in Table 4.20, below.  Whilst flows and levels 
were not recorded simultaneously it is notable that observed suspended sediment 
concentrations were as follows (based on the mean of 3 samples at quarter points 
across the river).  Each of the sets of three sample

Gauge 
eigh
(m) 

Flow 
/s) 

centrat
(ppm) 

2004 28-Jul n.a. n.a. 22319 
2004 9-Aug n.a. n.a. 10588 
2004 29-Aug n.a. n.a. 4759 
2004 1  9-Sep n.a. n.a. 4729 
2004 2-Oct n.a. n.a. 1351 
2004 8-Oct n.a. n.a. 5173 
2004 23-Oct n.a. n.a. 306 

 

00 ppm and that two of the 7 samples had concentration above 
10,000 ppm. 

peak flow whilst the other measurements are all on the falling limb of the hydrograph. 

4.10.5 Analysis of Sediment Data for Didessa River 

Toba) and Arjo within the Didessa catchment as summarised in Table 4.21 
below. 

In the absence of recorded gauge heights and discharges it is not possible to derive 
a relationship between suspended sediment concentration and flow.  However, it is 
noteworthy that the maximum recorded suspended sediment concentration amounts 
to over 22,0

The concentration measured on 28th July results is likely to be close to the annual 

Suspended sediment measurements have been carried out at two locations near 
Dembi (
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Table 4.21 : Suspended Sediment Records for Didessa River 

Site River Catchment Area 
(km2) 

Period of 
Records No. of Samples 

Nr Toba Didessa 1806 1990-1993 7 

Nr. Arjo Didessa 9981 2004 3 
 

The suspended sediment data for the two sites is summarised in Table 4.22 below: 

Table 4.22 : Suspended Sediment Data for Didessa River 

Site Year Date 
Gauge 
Height 

(m) 
Flow 
(m3/s) 

Concentration 
(ppm) 

Toba 1990 15-Mar 0.43 4.2 45 
Toba 1990 21-Mar 0.50 5.4 108 
Toba 1990 2-Jul 1.81 9.1 180 
Toba 1990 18-Sep 2.46 98.5 151 
Toba 1990 22-Dec 0.40 4.4 84 
Toba 1993 12-Apr 0.64 8.0 65 
Toba 1993 16-May 0.46 2.9 65 
Arjo 2004 10-Aug 2.45 143.1 1633 
Arjo 2004 11-Aug 2.56 196.1 1670 
Arjo 2004 1-Sep 3.61 611.2 1376 

 

No analysis has been carried out on the above data as the catchment area at Toba 
represents some 1 % of the catchment area to Border while the number of 
measurements (3) is inadequate at Arjo. 

4.10.6 Estimate of Sediment Discharge at Border 

Our aerial survey flight and overland surveys in October 2006 confirmed the stark 
contrast between the densely cultivated eastern part of the Abbay river basin, with 
deeply incised tributaries and gullies, and the generally tree-covered west.  During 
the aerial survey, it was noted that the Abbay river was reddy brown in colour 
throughout its length from near Kessie Bridge to Border. The only clear water seen 
was in a few small tributaries downstream of the Abbay/Didessa confluence.  

The intermediate area between Kessie and Border site is expected to have a lower 
specific sediment yield than the upstream catchment as a result of the less disturbed 
natural vegetation cover although there is no sediment data for these lower reaches 
of the Abbay River to confirm this hypothesis.  For purposes of this study the specific 
sediment yield of the intermediate area between Kessie and Border site in 2004 has 
been estimated as equal to the specific sediment of the catchment to Kessie as 
measured in 1960/61 or some 900 t/km2/year.  The estimated sediment discharge at 
Border is shown in Table 4.23, below. 
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It is recommended that a major programme of suspended sediment measurements is 
carried out at Kessie and Border during the course of future feasibility level studies in 
order to confirm current sediment concentrations and discharges. 

Table 4.23 : Estimated Sediment Discharges at Border 

Location Catchment 
Area (km2)

Specific Suspended 
Sediment Discharge 

(t/km2/yr) 

Average Sediment 
Load* 

(million tonnes / yr)

Kessie* 68,074 2,791 220 

Incremental catchment area 
Kessie to Border 108,844 900 98 

Border 176,918  318 

*based on data for Year 2004 including bedload  
 

4.10.7 Reservoir Sedimentation 

The gross storage of Border reservoir is estimated as 14,470 x 106 m3 amounting to 
some 30% of the mean annual runoff.  As such the reservoir can be expected to 
have a trap efficiency of 95% initially, based on the method of Brune (refer to Figure 
4.16, below), progressively reducing to 88% as sediment deposition reduces the 
available storage to 10% of mean annual runoff.  The configuration of Border 
reservoir is such that sediment flushing may not be particularly effective and it would 
in any event significantly reduce the potential energy output. 

Figure 4. 16 : Trap Efficiency of Reservoirs (after Brune, 1953) 
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Long term reservoir sedimentation in Border reservoir over a 50-year period has 
been estimated based on the above analysis of sediment discharge based on four 
scenarios: 

• Sedimentation of Border based on 2004 sediment estimates, 95% trap 
efficiency, 

• Sedimentation of Border based on 2004 sediment estimates with Karadobi 
project upstream (assuming 100% trap efficiency in Karadobi), 

• Sedimentation of Border based on sediment discharge continuing to rise at 
2.6% annually, 95% trap efficiency, 

• Sedimentation of Border with Karadobi project upstream (assuming 100% 
trap efficiency in Karadobi) with sediment discharge rising by 2.6% annually. 

The results of the analysis assuming a density of sediment deposits of 1.5 tonnes/m3 
are presented in Table 4.24 below. 

Table 4.24 : Long-term Sedimentation Estimates for Border Reservoir 

50-year Sediment 
Deposition 

Item 

Million 
m3 

% Loss of Gross 
Storage 

Border alone based on Year 2004 sediment rates 10,070 70 

Border with Karadobi (Year 2004 sediment rates) 2,698 18.6 

Border alone with 2.6% annual increase in sediment 20,744 100 

Border with Karadobi with 2.6% annual increase 5,558 38 
 

It can be seen that Border reservoir could lose all of its gross storage through 
sediment deposition within 50 years if the sediment discharges calculated above are 
correct and the trend for increasing sediment discharge is not reduced by watershed 
management initiatives.  Implementation of sediment flushing measures would 
extend the reservoir life and would become more effective as sediment is deposited 
closer to the dam and at higher elevations such that the spillway gates could be used 
for flushing. 

In the event that the Karadobi or Mandaya dams are constructed upstream the 
majority of the sediment would be deposited in Karadobi and/or Mandaya reservoirs 
and Border reservoir would be affected to a much lesser extent. 

We wish to stress however that because of the very limited data available the above 
analysis cannot be considered authoritative.  However, the point is made that a major 
programme of sediment measurement will be required during future feasibility studies 
of the Border, Mandaya and Karadobi projects to provide up to date estimates of 
sediment discharge which can be used with confidence in project planning. 



Module M5 : Pre-feasibility Studies of Hydropower Projects 

Pre-feasibility Study of the Border Hydropower Project 
 
 
 

 
 
Eastern Nile Power Trade Program Study Page 4-41 
 
Funded by Africa Development Bank - Client:  ENTRO (Eastern Nile Technical Regional Office) November 2007 
 
J:\Country\Ethiopia\D107897 ENTRO Eastern Nile Power Trade\Pre-feasibility REPORTS\FINAL REPORTS NOVEMBER\BORDER\Prefeasibilty Report FINAL\Section 4 
Hydrology.doc 

4.11 EVAPORATION 

Evaporation data was obtained for four sites as shown in Table 4.25.  As can be 
seen the data series for Debre Markos is significantly longer than the recorded data 
the other three sites, Ambo, Chagni and Fiche. 

Table 4.25 : Mean Annual Evaporation for Sites in Ethiopia 

Name Elevation 
(m a.s.l.) 

Mean 
Evaporation 

(mm/a) 
Period Complete 

years 

Ambo Agri College  2130 1854 1984-1988 1 

Chagni  1620 1706 1998-2003 4 

Debre Markos  2515 1821 1966-2003 24 

Fiche  2750 1437 1988-2003 8 

 
Equivalent pan evaporation was derived based on a relationship between Piché 
evaporimeter and pan data.  Lake evaporation for the Border reservoir has been 
determined based on a pan factor of 0.8 and the difference in elevation between the 
various evaporation measurement sites and the Border reservoir as shown in 
Table 4.26. 

Table 4.26 : Monthly Evaporation (mm) for Border Reservoir 

Month 
Debra 

Markos 
pan 

Debra 
Markos 

Reservoir

Border 
Reservoir 
FSL 580 

January 206 165 200 
February 200 160 194 
March 202 162 196 
April 199 159 193 
May 165 132 160 
June 79 63 77 
July 42 34 41 
August 41 33 40 
September 72 58 70 
October 138 110 134 
November 155 124 150 
December 188 150 182 
Annual 1687 1350 1636 
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Abay at Kessie
Units: m3/s

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Yearly 
Mean

1954 111.5 69.3 59.6 34.3 13.7 48.4 1512 3441 2091 871.2 424.1 237 748.9
1955 157.3 110.3 78.8 90 80.1 76.7 1145 2675 1518 759.1 396.5 221.9 613.8
1956 116.5 78.7 52.5 86.8 32.5 34.6 950.1 1953 916.4 869 380.9 230.7 479.4
1957 147.4 94.2 238.4 202.5 65 81.6 571.5 2043 792.6 314.1 190.8 130 409.2
1958 84.8 65.4 39.6 34.1 14.5 55.4 1197 2900 1200 714.7 391.4 239 583.6
1959 158.3 109.8 76.5 47.5 28.6 23.5 997.6 2801 1739 725.8 414.6 264.6 620
1960 175 125.2 99.9 65.7 51.7 36 1206 2433 1288 500.1 278.6 171.9 540.3
1961 127.2 90.8 72.1 117.5 65.7 44.5 1472 2302 1437 798.8 449.7 271.1 608.9
1962 164.4 104.8 83.6 50.5 42.5 49.7 516.8 2201 1385 727.4 333.2 201 491.6
1963 132.1 99.7 77.1 58.5 116 70.3 747.9 2412 1138 408.7 296.6 242.5 487.2
1964 150.5 104.3 58 65.2 34.8 91.7 1941 3206 1650 880.5 460.4 302 752.1
1965 191.4 125.1 81.5 80.4 36.4 26.4 315.3 1351 591.2 394.2 269.2 191.6 306.5
1966 119.5 101.9 62.2 45.6 24.3 36.9 363.2 1471 835.3 320.6 223.1 147.4 314.5
1967 97.2 61.8 62.6 81.4 106.6 38.1 1031 2244 1101 640.3 370.8 233.7 510.2
1968 134 97.1 63.6 64.4 43.8 136.2 1362 1736 780.9 480.3 258.7 176.9 448.6
1969 127.8 115.1 193.5 69.5 73.1 83.6 1064 3146 1602 400.1 258.8 165.2 613.1
1970 117.1 88.6 82.2 56.6 24 28.1 817.2 2742 1308 613 276.2 177.3 532
1971 105.7 66.2 45.7 37.9 39 103.3 858.6 2744 942.3 403 274.7 173 487.5
1972 107.5 68.3 46.6 59.8 35.3 57.4 551.7 979.9 415.4 181.1 122.1 75.7 226.9
1973 53.4 33.8 19.6 12.1 30.7 47.8 720.7 2545 883.3 413.7 236.9 141.7 432.7
1974 95.3 55.2 44.6 32.9 65.6 80.2 1477 2456 995.7 526.9 293.7 185.5 531.2
1975 119.3 95 60.2 39.5 26.4 120.8 1061 3023 2575 773.2 421.2 271.7 719.4
1976 180.9 114.2 90.7 75.2 74 61 685.8 2610 1185 452.3 370.2 202.9 512.4
1977 127.7 93.5 76 38.1 26.6 45.9 1048 2355 1476 628.4 517.1 243 560.2
1978 153.6 104.3 66.4 45.2 35.9 49.3 1039 1972 1020 564.2 270.9 178.4 462.2
1979 125.5 82.2 48 29.6 46.8 62.6 650.3 1680 713.9 338.5 211.6 135.1 346.6
1980 85.9 58.5 43.9 45.6 21.1 44.3 572.7 2028 1691 582.3 315.7 189 475.7
1981 115.7 100 80 70 62.1 30.1 1427 1952 1108 409.4 258.1 168 503.1
1982 120.9 77.6 64.8 56.2 52.4 41.2 261.5 1568 729.6 525.6 220.3 135 323.6
1983 82.9 57.1 50.7 63.5 97.3 86.5 275 1936 851 422.7 219.1 124.2 358.3
1984 75.9 44.2 24.6 16.1 40.8 136.1 601.9 759.2 461.4 152.9 89.8 64.1 207.1
1985 42.5 27.3 19.7 59.4 60.9 55.4 583.6 1942 1381 479.1 266.2 169.1 426.7
1986 108.9 79.4 68.3 90.9 129.2 53.2 1221 1894 1151 492.3 263.7 156.9 479.7
1987 96.1 64.2 100.4 88.7 108.5 148.5 221.4 1124 490.5 307.8 223.3 118.7 259.3
1988 70.4 56.4 32 26.4 14 33.1 1451 3645 1909 929.5 469.6 281.1 749.8
1989 152.1 91.9 83.2 103.5 45 52.4 590.1 1553 941.5 434.5 243.4 184.5 375.5
1990 92.4 64.7 45.9 43.7 22.7 17.4 513.4 1455 951.5 395.3 187.6 106.9 326.9
1991 63.5 49.6 38.3 56.1 55.4 59.5 1333 2593 1350 572.5 304 180.7 559.7
1992 103.9 73.3 52 34.5 38.4 27.8 414.6 2171 1170 707.2 406.9 225.5 455.4
1993 123.8 73.3 43.9 179.4 156.1 156.5 1313 1600 1704 751.5 388.9 210.2 561.5
1994 116.4 64.8 46.7 23.9 62.9 122 1842 3847 1982 685.1 392.9 147.4 784.7
1995 55.5 37.2 44.3 87.4 68.6 76.2 1077 2478 1123 294.1 185.1 107.7 473.9
1996 65.8 42.1 79.3 107.3 185.6 413.3 1992 3476 1416 641.2 369.5 250.3 760.5
1997 179.7 117.7 185.3 162.1 192.3 341.1 1414 1857 557.2 613.6 494.7 238.6 534.1
1998 180.8 65.1 46.2 33.6 100.4 114.8 1830 4238 1562 922.3 385.1 212.5 816.3
1999 155.6 126.3 72.5 62.2 27.7 75.8 1986 3286 1266 923.1 432.5 244.3 728.9
2000 158.3 112.4 35.5 112.5 54.4 52.7 1158 3053 1133 799.3 487.6 232.6 621.4
2001 88.9 88.4 208.5 214.2 178 282 2402 3293 1057 434.2 265.9 202.6 734
2002 237.7 210.5 189.5 196.4 151.8 216.4 846.7 2057 752.7 232.3 164.1 149.4 453.5
2003 129.9 122.7 142 137.3 98 143.4 1457 2553 969.7 275.8 162.4 154.9 533.8

Mean 121.7 85.2 75.5 73.8 65.1 87.4 1041.7 2355.6 1185.8 553.7 311.8 189.3 516.8
Max 237.7 210.5 238.4 214.2 192.3 413.3 2402 4238 2575 929.5 517.1 302 816.3
Min 42.5 27.3 19.6 12.1 13.7 17.4 221.4 759.2 415.4 152.9 89.8 64.1 207.1
Natural flow, does not take account of Beles Diversion
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ay : Incremental Flow Kessie to Karadobi
Units: m3/s

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Yearly 
Mean

1954 22.9 14.2 7.8 8.2 12.9 75.6 227.2 434.7 484.1 303.5 97.9 48.3 145.6
1955 33.3 18.0 8.3 11.4 22.2 65.2 216.6 469.4 569.3 326.8 102.0 51.0 158.6
1956 29.2 16.5 11.8 12.2 17.1 112.5 224.8 477.9 481.8 572.8 167.2 64.6 183.7
1957 33.9 20.8 22.7 38.8 25.9 78.9 201.0 569.6 424.1 140.1 61.6 31.9 138.3
1958 17.7 12.9 7.3 11.6 16.7 86.6 223.5 548.6 536.6 377.1 120.4 51.5 168.6
1959 30.7 20.4 12.3 8.1 25.9 52.2 132.7 424.3 581.5 357.0 139.6 61.8 154.5
1960 35.1 20.9 13.2 11.8 19.9 61.0 186.3 477.8 517.2 274.5 86.8 45.7 146.7
1961 22.2 15.6 8.5 10.0 9.0 65.1 246.5 544.2 655.9 434.1 120.0 73.1 184.8
1962 34.5 18.8 13.0 8.0 21.6 78.9 193.4 447.5 534.3 340.0 85.3 45.1 152.5
1963 25.7 13.1 9.5 13.3 45.5 66.9 218.8 536.5 504.0 182.9 93.3 80.1 150.0
1964 26.4 15.9 9.0 11.5 17.0 71.8 179.8 407.4 517.8 400.5 127.2 55.9 154.2
1965 31.1 19.7 11.2 13.9 8.8 56.9 190.5 476.3 394.9 298.7 118.9 59.8 141.0
1966 27.3 17.1 14.7 13.0 23.3 91.2 257.9 446.8 468.9 156.0 84.6 48.4 138.1
1967 20.7 12.6 8.8 5.6 10.2 64.2 187.7 429.0 504.7 384.5 102.1 67.3 150.7
1968 25.4 17.0 8.1 4.1 8.6 63.0 254.2 554.1 420.9 225.3 67.0 37.8 141.5
1969 16.5 10.4 11.0 9.7 24.3 77.3 212.5 537.2 319.8 142.3 54.0 25.3 121.0
1970 13.1 5.5 5.1 4.6 9.5 47.9 177.4 482.5 432.5 249.3 87.2 31.5 129.7
1971 19.1 10.8 5.5 3.1 14.8 70.9 210.1 442.1 451.7 218.9 100.6 39.2 133.0
1972 22.0 12.4 7.6 6.8 19.1 54.9 169.2 340.7 289.8 131.2 67.2 33.8 96.9
1973 18.1 10.2 6.0 6.9 29.8 81.0 167.3 515.2 485.6 259.1 93.1 42.0 143.7
1974 25.3 16.3 12.5 7.7 29.4 94.1 233.5 493.4 473.1 210.9 72.9 39.2 143.2
1975 16.2 13.3 7.6 5.2 11.5 54.2 223.5 443.8 558.2 247.6 80.2 36.3 142.1
1976 20.8 11.6 9.2 4.3 20.2 65.8 180.2 398.1 311.9 130.8 76.8 34.6 106.1
1977 17.6 11.3 6.7 7.7 19.2 81.1 345.4 455.8 401.4 226.9 122.6 40.9 145.7
1978 18.4 10.4 8.6 7.6 19.7 71.2 225.6 353.6 409.0 300.4 87.0 40.6 130.2
1979 23.9 16.4 9.4 8.4 30.9 75.2 185.8 375.7 328.3 166.4 64.5 30.8 110.3
1980 17.0 10.8 7.3 10.2 19.3 59.2 295.3 465.2 232.9 149.5 48.8 24.0 112.8
1981 12.4 3.9 2.6 3.5 15.6 49.5 115.7 418.1 437.3 200.9 58.8 25.3 112.6
1982 14.1 8.3 7.2 3.6 8.7 46.2 177.5 327.7 289.6 187.1 62.0 28.0 97.4
1983 13.6 9.2 5.1 4.2 7.9 43.4 157.2 458.6 397.5 221.2 76.5 33.0 119.7
1984 17.0 10.2 6.1 4.1 8.9 73.9 225.3 321.5 301.7 99.2 36.3 19.1 94.2
1985 9.9 7.0 4.7 3.8 27.6 62.8 217.3 491.5 462.7 158.4 51.9 25.3 127.7
1986 12.0 6.5 5.3 3.0 53.3 64.1 164.3 246.6 284.3 118.8 35.0 15.3 84.5
1987 7.7 5.1 4.1 3.9 25.1 103.6 198.6 343.1 274.7 163.0 67.1 29.8 102.8
1988 15.6 11.6 14.9 7.6 11.4 100.7 417.9 487.1 495.5 366.3 97.7 36.1 173.2
1989 17.6 11.0 7.1 7.7 15.3 50.8 228.7 385.0 412.6 176.4 52.1 29.8 116.9
1990 28.8 15.8 11.0 7.9 11.0 37.6 160.2 426.7 363.3 194.0 58.2 28.0 112.6
1991 16.4 8.9 7.7 9.3 23.4 69.8 234.8 369.4 380.6 153.6 64.0 34.7 115.1
1992 19.4 13.4 8.9 8.1 25.6 67.9 150.2 292.3 361.0 287.7 109.9 50.5 116.9
1993 28.5 17.9 11.7 11.7 34.2 126.6 238.3 527.3 415.3 277.8 116.2 48.8 155.5
1994 28.2 17.5 11.0 10.7 26.9 80.6 163.0 365.6 410.1 127.1 58.0 34.6 111.6
1995 17.6 11.3 7.3 6.1 17.1 60.9 111.6 309.9 293.1 146.1 56.9 29.2 89.4
1996 18.6 10.9 6.7 10.4 42.3 148.4 247.3 371.1 382.4 197.9 66.7 33.0 128.7
1997 18.0 7.4 5.2 5.9 17.8 92.1 218.2 345.6 279.3 158.5 140.0 53.4 112.4
1998 21.2 23.0 18.9 27.0 27.1 68.9 175.2 365.6 579.8 434.7 148.5 67.3 163.8
1999 36.0 21.5 12.6 7.4 38.1 102.3 159.9 393.6 443.3 445.1 142.4 61.6 156.2
2000 32.3 28.1 8.9 15.1 33.3 109.3 227.2 484.8 396.8 342.0 135.1 59.3 157.1
2001 31.9 13.2 9.6 12.4 22.6 99.3 155.5 470.4 477.9 205.3 94.3 42.8 136.9
2002 22.7 11.8 7.8 6.2 3.7 71.5 207.4 332.8 311.2 148.3 65.2 33.3 102.4
2003 17.1 10.7 10.7 8.0 7.9 79.1 233.4 366.5 400.8 203.4 64.6 29.2 120.0

Mean 22.0 13.5 9.2 9.0 20.7 74.6 207.0 429.0 422.8 244.4 87.7 41.8 132.6
Max 36.0 28.1 22.7 38.8 53.3 148.4 417.9 569.6 655.9 572.8 167.2 80.1
Min 7.7 3.9 2.6 3.0 3.7 37.6 111.6 246.6 232.9 99.2 35.0 15.3
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Abay: Flow at Karadobi (including effect of Beles Diversion)
Units: m3/s

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Yearly 
Mean

1954 84.1 69.3 66.2 47.1 33.4 75.8 1786 3673 2100 758.9 275.9 161.5 767.6
1955 113.9 85.6 64 93.9 89.1 101.4 1366 3003 1676 604 255.8 147.3 638.6
1956 86 70.2 44.6 94.3 36.9 43.2 1146 2567 1077 638.7 261 141.9 522.2
1957 109.6 83.4 292.5 201.2 49.1 87.5 717.3 2541 911.7 261 155.8 81.4 461.7
1958 74.8 69.6 49.1 52.1 35.7 85.7 1434 3182 1332 585.7 272.6 154 616.6
1959 113.9 79.8 51.8 47.3 42.6 45.9 1212 3169 1937 683.9 308 188.2 661.7
1960 132.6 81.6 62.8 37.2 60.7 50.7 1513 3021 1430 438.2 181.5 93.6 597.6
1961 97.3 75.7 70.8 110.8 68.3 70.3 1651 2735 1620 792.8 361.7 255.1 664.8
1962 119.5 73.6 50.8 31.1 54.1 73.6 672.4 2472 1394 541.3 193.3 123.2 487
1963 98.8 83.7 81.4 74.9 156 98.6 946.4 2981 1230 377.5 259.4 179.5 552.2
1964 108 77.3 21.9 56.7 41.6 117.4 2352 3579 1891 725.2 338.4 232.8 802.6
1965 142.5 80.9 62 99.9 45.1 44.3 456.5 2149 679.2 388.1 222.4 131 378.5
1966 91.6 85.2 56.9 52.1 39.4 62.9 536.6 2158 1177 253.2 168.7 100.7 401.2
1967 83.7 59.7 73.7 106.2 144.3 59.8 1298 2842 1390 713.8 317.9 172.8 610.8
1968 100.9 73.2 55.6 78.6 62.2 177.7 1507 2155 881 435.4 178.4 104.2 488.9
1969 95.4 93.7 234.5 65.2 85.8 108.9 1271 3353 1779 379.5 175.5 111.5 651.5
1970 92.5 94.6 97.9 75.4 42.6 52.4 1019 3068 1541 500.4 167.4 103.2 576
1971 81.5 71 55.1 56.9 59.7 144.7 1063 3098 1099 412.6 184.3 99.5 540.7
1972 81.9 70.9 52.3 82.6 54.5 87.4 741.2 1800 474.9 207.7 131.1 77 325.1
1973 60 34.2 31.3 33.8 54.8 80.3 929.6 3003 1091 380 161.2 90.1 500.9
1974 72.3 52 48 49.7 85 109.5 1736 2663 1092 376.9 183.7 110.8 554.1
1975 79.7 79.6 54.7 49.7 43.1 159.4 1286 3331 2437 700.8 301.6 211.1 732.6
1976 150 89.7 87.5 84.1 87.6 83.5 862 2827 1361 245.6 229.2 132.7 524.1
1977 88 86.2 79.9 51.2 43.2 68.1 1250 2581 1691 474.5 430 140.6 585.9
1978 101.5 72.4 49.8 44.8 40.7 69.2 1251 2427 1234 541.4 193.6 116.3 516.5
1979 95.6 81.2 45.8 41.8 61.1 91.9 838.4 2274 842.5 293.3 145.1 84.2 411.8
1980 63.7 55.6 48.8 63.2 43.3 76.1 759.7 2527 1908 556 248.9 137.8 544
1981 94.9 136.2 271.8 117.1 80.7 53.9 1643 2504 1356 371.9 180.9 109.9 581.6
1982 99.2 80.4 67.9 71 68.5 66.9 421.6 2268 890.2 407.9 163.2 92.1 394.8
1983 72.3 59.7 59.5 82 127.3 120 432.7 2512 1067 376.8 179.5 98.4 435.8
1984 70.4 50.8 39.6 38.6 61 186.4 824.3 1705 593.9 210.4 134 84.8 336.4
1985 56.1 27.6 31.7 80.6 81.7 83.7 777.9 2519 1641 417.9 191.1 112.5 505.3
1986 86.8 78.8 74.3 110.7 170.4 79.7 1465 2441 1385 424.3 184.9 104.4 555.2
1987 75.6 62.7 116.1 108.7 135.6 191 354.9 1945 541.9 250.5 163.7 89.7 339.3
1988 58.5 56.2 35.7 42.1 31.7 53.4 1685 3974 1945 855.3 408.2 299.9 794.5
1989 132.6 93 89.2 123.3 57.2 73.1 762.1 2140 1073 327.8 156 119.5 432.2
1990 74.9 68.3 54.5 61.4 40.5 36.6 701.1 2149 1151 325.1 139.8 83.4 410.3
1991 58.3 54.4 51.7 77.9 76.4 90.8 1571 2869 1449 434.4 186.5 111.3 591.4
1992 75.7 73.6 56.4 48.4 53.5 48.8 595.6 2614 1378 564.9 304.1 167.3 502.1
1993 96 76 44.6 224.2 200.9 200.2 1499 2194 1739 623.3 269.8 145 613.4
1994 86.3 64.7 48 34.6 73.9 155.8 2152 4306 2107 639.9 276.3 81.6 843.4
1995 73.7 55 63.3 114.5 92.7 111.6 1299 2894 1431 331.7 151.3 107.1 565.4
1996 82.5 47.4 98 128.8 255.8 508 2401 3847 1573 556.7 260.5 192.6 837.5
1997 154.7 83.3 156.6 119 192.9 356.6 1601 2398 659 471.6 421.7 192.2 572.8
1998 140.3 91.3 62.5 37.3 89.2 153.5 2112 4956 1700 864.3 254.4 130.2 892.3
1999 97.2 56.7 47.9 36.5 33.9 72.6 2323 3597 1493 856.1 309.6 177.3 766.8
2000 103.3 72.2 32.8 76.2 66.5 82.5 1326 3354 1309 653.6 413.5 176.4 644.9
2001 81.6 54.9 156.4 146.5 145.2 264.3 2821 3579 1311 422.9 177.6 116.2 781.7
2002 255.8 52.7 150.4 147.7 114.2 190.9 984.9 2539 955.3 254.4 123.8 72.8 491.5
2003 76.7 67.4 107.2 103.3 67.5 136.5 1679 2961 1296 352.3 141.4 81.3 594.9

Mean 96.5 71.9 78.1 80.2 79.5 112.9 1260.7 2828.9 1346.4 485.2 229.9 132.6 572.0
Max 255.8 136.2 292.5 224.2 255.8 508.0 2821.0 4956.0 2437.0 864.3 430.0 299.9
Min 56.1 27.6 21.9 31.1 31.7 36.6 354.9 1705 474.9 207.7 123.8 72.8
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Abay: Incremental Flow Karadobi to Mandaya
Units: m3/s

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Yearly 
Mean

1954 76.2 47.2 26.0 27.3 43.1 251.6 755.7 1445.9 1610.5 1009.7 325.8 160.5 484.4
1955 110.6 59.8 27.7 38.0 73.8 217.0 720.4 1561.4 1893.9 1087.0 339.2 169.8 527.6
1956 97.2 54.8 39.3 40.7 57.0 374.3 747.9 1589.9 1602.9 1905.4 556.2 215.1 611.0
1957 112.9 69.1 75.4 129.0 86.1 262.4 668.7 1894.8 1410.9 466.2 205.0 106.2 459.9
1958 59.0 43.0 24.4 38.7 55.4 287.9 743.5 1824.9 1784.9 1254.5 400.4 171.3 560.8
1959 102.1 67.8 40.9 26.8 86.2 173.6 441.5 1411.6 1934.4 1187.7 464.3 205.4 514.0
1960 116.8 69.5 43.8 39.4 66.1 203.1 619.8 1589.4 1720.6 913.3 288.8 152.1 488.0
1961 73.7 52.0 28.1 33.4 30.1 216.6 820.0 1810.3 2181.9 1444.2 399.3 243.0 614.6
1962 114.6 62.5 43.2 26.6 72.0 262.5 643.3 1488.5 1777.5 1131.0 283.8 150.1 507.4
1963 85.6 43.5 31.7 44.1 151.4 222.6 728.0 1784.9 1676.5 608.5 310.4 266.6 499.1
1964 87.8 52.8 30.0 38.1 56.6 238.8 598.0 1355.2 1722.5 1332.3 423.1 185.8 512.9
1965 103.4 65.4 37.3 46.3 29.1 189.2 633.6 1584.5 1313.7 993.7 395.7 199.0 469.0
1966 90.8 56.9 48.8 43.3 77.5 303.3 857.9 1486.3 1559.9 518.8 281.6 161.0 459.5
1967 68.7 41.9 29.2 18.5 33.9 213.5 624.4 1427.1 1678.9 1279.2 339.7 223.9 501.3
1968 84.3 56.7 27.0 13.7 28.6 209.7 845.7 1843.3 1400.0 749.4 222.8 125.8 470.8
1969 54.8 34.7 36.6 32.1 80.9 257.3 707.0 1787.2 1063.7 473.3 179.7 84.3 402.5
1970 43.5 18.2 17.1 15.4 31.6 159.4 590.0 1605.0 1438.6 829.3 290.2 104.8 431.4
1971 63.4 35.8 18.2 10.4 49.4 236.0 699.0 1470.7 1502.6 728.3 334.7 130.5 442.3
1972 73.3 41.2 25.1 22.8 63.5 182.7 562.7 1133.3 964.0 436.6 223.6 112.4 322.2
1973 60.3 33.9 20.0 23.0 99.1 269.4 556.5 1713.9 1615.3 862.0 309.7 139.6 478.0
1974 84.3 54.2 41.5 25.7 97.8 313.2 776.9 1641.4 1573.8 701.7 242.6 130.4 476.4
1975 53.8 44.2 25.3 17.3 38.4 180.3 743.4 1476.3 1857.0 823.5 266.7 120.8 472.9
1976 69.3 38.7 30.5 14.4 67.1 218.7 599.6 1324.3 1037.5 435.3 255.6 115.2 352.8
1977 58.4 37.5 22.2 25.6 63.9 269.9 1149.1 1516.2 1335.4 754.7 407.9 136.0 484.7
1978 61.1 34.7 28.7 25.4 65.5 237.0 750.4 1176.2 1360.5 999.5 289.4 134.9 433.0
1979 79.6 54.4 31.2 27.9 102.6 250.2 617.9 1249.7 1092.1 553.6 214.7 102.5 366.9
1980 56.6 35.9 24.4 34.0 64.2 197.0 982.4 1547.6 774.9 497.4 162.5 79.8 375.1
1981 41.3 12.8 8.6 11.6 51.8 164.7 384.9 1390.9 1454.8 668.4 195.7 84.3 374.5
1982 47.0 27.6 23.9 11.9 29.1 153.8 590.4 1090.0 963.3 622.5 206.2 93.1 323.9
1983 45.1 30.6 16.9 13.9 26.4 144.3 522.8 1525.5 1322.2 735.7 254.4 109.7 398.2
1984 56.7 34.0 20.2 13.7 29.6 245.7 749.4 1069.5 1003.8 330.0 120.8 63.5 313.4
1985 33.0 23.1 15.6 12.5 91.7 208.9 722.9 1635.0 1539.4 526.9 172.6 84.1 424.8
1986 39.9 21.7 17.6 10.1 177.2 213.2 546.5 820.2 945.6 395.2 116.4 51.0 281.2
1987 25.7 17.0 13.6 13.0 83.4 344.5 660.7 1141.5 913.8 542.2 223.3 99.2 342.1
1988 51.8 38.4 49.6 25.2 37.8 335.1 1390.1 1620.3 1648.5 1218.4 325.0 120.2 576.1
1989 58.6 36.5 23.5 25.5 51.0 169.0 760.7 1280.7 1372.6 587.0 173.4 99.1 388.8
1990 95.7 52.4 36.7 26.4 36.6 125.2 532.8 1419.6 1208.5 645.2 193.8 93.2 374.6
1991 54.6 29.5 25.5 30.9 78.0 232.0 781.0 1228.9 1266.2 510.9 212.8 115.3 382.8
1992 64.6 44.5 29.5 26.9 85.2 226.0 499.6 972.4 1200.7 957.1 365.6 168.1 388.9
1993 94.7 59.5 38.8 38.9 113.7 421.0 792.7 1754.1 1381.5 924.2 386.7 162.4 517.3
1994 93.8 58.2 36.4 35.5 89.6 268.0 542.2 1216.3 1364.3 422.9 192.8 115.1 371.1
1995 58.7 37.5 24.2 20.4 57.0 202.7 371.3 1030.8 975.2 486.0 189.2 97.0 297.4
1996 61.9 36.3 22.3 34.6 140.6 493.6 822.6 1234.3 1272.2 658.3 221.8 109.7 428.1
1997 59.9 24.5 17.3 19.6 59.2 306.4 725.7 1149.8 929.1 527.3 465.8 177.6 374.1
1998 70.5 76.6 62.8 90.0 90.1 229.0 583.0 1216.1 1928.6 1446.2 493.9 224.0 544.8
1999 119.7 71.5 42.1 24.5 126.6 340.2 532.1 1309.5 1474.8 1480.5 473.9 204.8 519.7
2000 107.5 93.5 29.8 50.2 110.7 363.7 756.0 1612.9 1319.9 1137.8 449.5 197.4 522.5
2001 106.2 43.9 31.8 41.3 75.2 330.2 517.4 1564.7 1589.8 683.0 313.8 142.4 455.4
2002 75.4 39.2 25.9 20.6 12.4 237.9 689.9 1107.2 1035.1 493.3 216.7 110.8 340.7
2003 56.8 35.8 35.7 26.6 26.4 263.2 776.5 1219.3 1333.3 676.7 214.8 97.1 399.1

Mean 73.2 45.0 30.4 30.0 69.0 248.3 688.7 1427.0 1406.5 813.0 291.8 138.9 441.2
Max 119.7 93.5 75.4 129.0 177.2 493.6 1390.1 1894.8 2181.9 1905.4 556.2 266.6
Min 25.7 12.8 8.6 10.1 12.4 125.2 371.3 820.2 774.9 330.0 116.4 51.0
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Module M5 : Pre-feasibility Studies of Hydropower Projects 

Pre-feasibility Study of the Border Hydropower Project 
 
 
 

 
 

Abay : Flow at Mandaya
Units: m3/s

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Yearly 
Mean

1954 160.3 116.5 92.2 74.4 76.5 327.4 2541.7 5118.9 3710.5 1768.6 601.7 322.0 1252.5
1955 224.5 145.4 91.7 131.9 162.9 318.4 2086.4 4564.4 3569.9 1691.0 595.0 317.1 1166.6
1956 183.2 125.0 83.9 135.0 93.9 417.5 1893.9 4156.9 2679.9 2544.1 817.2 357.0 1133.4
1957 222.5 152.5 367.9 330.2 135.2 349.9 1386.0 4435.8 2322.6 727.2 360.8 187.6 921.9
1958 133.8 112.6 73.5 90.8 91.1 373.6 2177.5 5006.9 3116.9 1840.2 673.0 325.3 1177.8
1959 216.0 147.6 92.7 74.1 128.8 219.5 1653.5 4580.6 3871.4 1871.6 772.3 393.6 1176.2
1960 249.4 151.1 106.6 76.6 126.8 253.8 2132.8 4610.4 3150.6 1351.5 470.3 245.7 1085.7
1961 171.0 127.7 98.9 144.2 98.4 286.9 2471.0 4545.3 3801.9 2237.0 761.0 498.1 1279.7
1962 234.1 136.1 94.0 57.7 126.1 336.1 1315.7 3960.5 3171.5 1672.3 477.1 273.3 994.6
1963 184.4 127.2 113.1 119.0 307.4 321.2 1674.4 4765.9 2906.5 986.0 569.8 446.1 1051.6
1964 195.8 130.1 51.9 94.8 98.2 356.2 2950.0 4934.2 3613.5 2057.5 761.5 418.6 1315.9
1965 245.9 146.3 99.3 146.2 74.2 233.5 1090.1 3733.5 1992.9 1381.8 618.1 330.0 847.7
1966 182.4 142.1 105.7 95.4 116.9 366.2 1394.5 3644.3 2736.9 772.0 450.3 261.7 860.9
1967 152.4 101.6 102.9 124.7 178.2 273.3 1922.4 4269.1 3068.9 1993.0 657.6 396.7 1112.4
1968 185.2 129.9 82.6 92.3 90.8 387.4 2352.7 3998.3 2281.0 1184.8 401.2 230.0 959.9
1969 150.2 128.4 271.1 97.3 166.7 366.2 1978.0 5140.2 2842.7 852.8 355.2 195.8 1054.3
1970 136.0 112.8 115.0 90.8 74.2 211.8 1609.0 4673.0 2979.6 1329.7 457.6 208.0 1007.8
1971 144.9 106.8 73.3 67.3 109.1 380.7 1762.0 4568.7 2601.6 1140.9 519.0 230.0 983.4
1972 155.2 112.1 77.4 105.4 118.0 270.1 1303.9 2933.3 1438.9 644.3 354.7 189.4 647.3
1973 120.3 68.1 51.3 56.8 153.9 349.7 1486.1 4716.9 2706.3 1242.0 470.9 229.7 979.2
1974 156.6 106.2 89.5 75.4 182.8 422.7 2512.9 4304.4 2665.8 1078.6 426.3 241.2 1030.8
1975 133.5 123.8 80.0 67.0 81.5 339.7 2029.4 4807.3 4294.0 1524.3 568.3 331.9 1205.9
1976 219.3 128.4 118.0 98.5 154.7 302.2 1461.6 4151.3 2398.5 680.9 484.8 247.9 877.1
1977 146.4 123.7 102.1 76.8 107.1 338.0 2399.1 4097.2 3026.4 1229.2 837.9 276.6 1071.0
1978 162.6 107.1 78.5 70.2 106.2 306.2 2001.4 3603.2 2594.5 1540.9 483.0 251.2 949.8
1979 175.2 135.6 77.0 69.7 163.7 342.1 1456.3 3523.7 1934.6 846.9 359.8 186.7 778.9
1980 120.3 91.5 73.2 97.2 107.5 273.1 1742.1 4074.6 2682.9 1053.4 411.4 217.6 919.3
1981 136.2 149.0 280.4 128.7 132.5 218.6 2027.9 3894.9 2810.8 1040.3 376.6 194.2 956.5
1982 146.2 108.0 91.8 82.9 97.6 220.7 1012.0 3358.0 1853.5 1030.4 369.4 185.2 718.8
1983 117.4 90.3 76.4 95.9 153.7 264.3 955.5 4037.5 2389.2 1112.5 433.9 208.1 834.3
1984 127.1 84.8 59.8 52.3 90.6 432.1 1573.7 2774.5 1597.7 540.4 254.8 148.3 649.9
1985 89.1 50.7 47.3 93.1 173.4 292.6 1500.8 4154.0 3180.4 944.8 363.7 196.6 930.4
1986 126.7 100.5 91.9 120.8 347.6 292.9 2011.5 3261.2 2330.6 819.5 301.3 155.4 836.7
1987 101.3 79.7 129.7 121.7 219.0 535.5 1015.6 3086.5 1455.7 792.7 387.0 188.9 681.6
1988 110.3 94.6 85.3 67.3 69.5 388.5 3075.1 5594.3 3593.5 2073.7 733.2 420.1 1371.0
1989 191.2 129.5 112.7 148.8 108.2 242.1 1522.8 3420.7 2445.6 914.8 329.4 218.6 821.3
1990 170.6 120.7 91.2 87.8 77.1 161.8 1233.9 3568.6 2359.5 970.3 333.6 176.6 785.2
1991 112.9 83.9 77.2 108.8 154.4 322.8 2352.0 4097.9 2715.2 945.3 399.3 226.6 974.5
1992 140.3 118.1 85.9 75.3 138.7 274.8 1095.2 3586.4 2578.7 1522.0 669.7 335.4 891.2
1993 190.7 135.5 83.4 263.1 314.6 621.2 2291.7 3948.1 3120.5 1547.5 656.5 307.4 1131.0
1994 180.1 122.9 84.4 70.1 163.5 423.8 2694.2 5522.3 3471.3 1062.8 469.1 196.7 1215.1
1995 132.4 92.5 87.5 134.9 149.7 314.3 1670.3 3924.8 2406.2 817.7 340.5 204.1 863.2
1996 144.4 83.7 120.3 163.4 396.4 1001.6 3223.6 5081.3 2845.2 1215.0 482.3 302.3 1266.0
1997 214.6 107.8 173.9 138.6 252.1 663.0 2326.7 3547.8 1588.1 998.9 887.5 369.8 947.2
1998 210.8 167.9 125.3 127.3 179.3 382.5 2695.0 6172.1 3628.6 2310.5 748.3 354.2 1437.7
1999 216.9 128.2 90.0 61.0 160.5 412.8 2855.1 4906.5 2967.8 2336.6 783.5 382.1 1286.9
2000 210.8 165.7 62.6 126.4 177.2 446.2 2082.0 4966.9 2628.9 1791.4 863.0 373.8 1167.6
2001 187.8 98.8 188.2 187.8 220.4 594.5 3338.4 5143.7 2900.8 1105.9 491.4 258.6 1237.6
2002 331.2 91.9 176.3 168.3 126.6 428.8 1674.8 3646.2 1990.4 747.7 340.5 183.6 832.6
2003 133.5 103.2 142.9 129.9 93.9 399.7 2455.5 4180.3 2629.3 1029.0 356.2 178.4 994.4

Mean 169.7 116.9 108.6 110.3 148.5 361.2 1949.4 4255.9 2753.0 1298.2 521.7 271.5 1013.5
Max 331.2 167.9 367.9 330.2 396.4 1001.6 3338.4 6172.1 4294.0 2544.1 887.5 498.1
Min 89.1 50.7 47.3 52.3 69.5 161.8 955.5 2774.5 1438.9 540.4 254.8 148.3
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Module M5 : Pre-feasibility Studies of Hydropower Projects 

Pre-feasibility Study of the Border Hydropower Project 
 
 
 

 
 

Abay: Incremental Flow Mandaya to Border
Units: m3/s

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Yearly 
Mean

1954 129.4 63.2 28.2 23.8 37.9 309.4 737.4 1703.3 2146.6 1463.8 584.2 290.4 629.6
1955 191.5 104.8 51.8 47.0 89.7 265.8 743.2 1761.9 2376.9 1610.0 594.7 301.8 681.4
1956 160.5 81.9 60.5 47.0 71.9 492.4 805.2 1514.0 1984.8 2780.6 864.3 376.6 775.0
1957 188.9 103.3 46.8 174.0 131.2 345.3 749.3 2038.0 1769.3 677.1 309.4 190.8 563.1
1958 89.0 53.4 23.2 33.9 53.0 355.1 758.1 2160.5 2257.0 1808.1 654.7 314.3 717.6
1959 181.1 120.7 79.4 36.1 101.4 209.9 376.6 1521.3 2391.1 1631.6 728.0 351.4 646.2
1960 198.8 136.6 95.7 81.2 79.5 257.1 522.6 1539.4 2161.0 1284.3 483.7 281.9 595.9
1961 128.6 84.7 39.0 51.4 37.6 264.1 918.6 1990.0 2737.3 1939.0 622.4 341.3 766.7
1962 198.3 114.8 90.6 55.0 84.8 327.5 705.4 1721.3 2370.1 1699.9 519.8 278.7 683.6
1963 147.8 74.2 38.2 42.7 162.6 269.6 775.8 1819.9 2151.8 845.6 452.7 419.8 603.0
1964 160.0 97.6 76.2 59.5 68.9 293.9 389.4 1440.8 2064.4 1938.5 688.2 317.9 636.1
1965 187.3 131.7 69.5 42.4 30.3 235.3 706.9 1322.7 1670.3 1336.1 576.4 327.0 555.6
1966 149.5 92.8 70.6 51.5 88.6 379.9 974.8 1302.3 1746.1 761.8 431.3 262.1 528.1
1967 105.5 58.2 28.0 -0.1 7.7 264.1 568.7 1312.2 1958.1 1638.6 507.5 360.6 570.4
1968 146.0 99.7 44.2 4.1 19.8 239.2 986.9 2048.2 1773.8 1047.9 378.5 241.0 589.9
1969 105.7 67.9 8.0 47.3 95.5 319.0 739.3 2185.1 1246.8 654.1 323.8 166.5 500.2
1970 82.8 18.3 7.2 1.8 23.7 189.0 587.9 1822.2 1692.5 1222.6 497.2 214.4 533.5
1971 109.1 43.1 15.0 -5.1 45.4 274.4 731.2 1614.5 1854.4 965.2 538.4 248.1 538.8
1972 123.7 52.6 28.0 7.7 65.8 214.5 563.6 696.8 1230.8 557.7 290.3 149.2 333.0
1973 74.2 45.0 15.0 9.1 108.6 328.1 536.0 1835.9 1954.2 1187.4 490.2 238.5 571.4
1974 135.8 75.8 52.2 17.6 111.5 389.8 780.9 1990.0 2010.1 1089.1 434.8 249.2 614.7
1975 111.5 74.5 39.4 12.9 34.7 202.7 770.0 1667.9 2623.5 1174.7 476.5 222.2 619.7
1976 123.6 76.3 44.1 10.3 76.2 270.3 626.3 1555.5 1212.6 789.3 483.1 224.4 460.6
1977 117.9 57.6 25.8 21.2 68.9 339.1 1336.0 1803.4 1572.4 1164.0 633.1 284.4 623.0
1978 133.9 78.3 55.0 34.4 82.9 297.2 792.4 1119.3 1606.9 1360.5 464.6 242.7 525.1
1979 136.4 73.9 44.0 25.2 123.1 305.6 638.9 1078.7 1333.1 786.2 353.9 188.1 425.9
1980 97.9 50.9 27.8 27.8 63.7 231.9 1127.9 1572.4 820.2 692.0 284.2 158.0 433.8
1981 76.1 -19.0 -180.3 -31.5 50.7 196.6 299.2 1309.7 1699.2 932.1 339.1 170.9 405.4
1982 84.6 34.1 28.9 1.2 22.8 180.2 630.1 759.0 1128.7 950.9 333.1 167.5 362.2
1983 70.9 38.3 13.9 0.1 5.4 159.7 542.0 1465.8 1553.7 1030.6 380.1 172.7 455.4
1984 81.4 38.9 12.0 -4.1 19.4 278.6 780.7 485.7 1211.0 384.2 117.5 64.3 290.1
1985 30.6 30.7 8.9 -4.4 101.9 251.3 773.3 1611.4 1800.4 766.4 306.1 169.1 489.8
1986 75.5 29.7 17.5 -6.2 196.0 258.8 487.4 550.8 1031.7 597.0 234.6 120.8 300.8
1987 54.9 24.2 2.5 -2.5 84.5 418.6 750.8 706.8 1171.6 783.0 358.4 161.7 377.9
1988 81.2 51.7 62.7 18.0 32.9 428.2 1626.6 1839.6 2170.4 1705.0 496.4 142.1 726.3
1989 98.0 47.8 25.5 14.4 56.0 205.5 846.1 1127.2 1705.6 892.3 319.5 197.6 463.6
1990 145.5 66.6 40.5 17.6 31.2 148.3 525.4 1206.1 1418.1 933.8 307.1 148.2 417.9
1991 78.2 34.7 20.8 19.6 83.3 279.3 807.3 1368.8 1595.8 821.9 402.3 223.8 480.6
1992 114.6 59.2 35.1 22.1 98.9 281.5 487.7 858.5 1399.1 1423.3 592.1 283.2 473.7
1993 154.5 76.9 51.3 7.3 107.4 519.8 875.0 1753.7 1814.0 1365.2 636.7 282.6 640.5
1994 155.6 78.0 47.5 36.8 108.9 324.9 415.7 1168.9 1701.0 611.3 374.7 219.8 438.0
1995 60.4 32.4 13.4 0.2 52.2 235.9 275.0 963.7 997.2 612.9 287.1 130.4 306.5
1996 66.1 43.3 11.2 24.8 118.1 566.0 692.1 1281.1 1545.7 965.6 405.9 204.5 496.0
1997 105.2 67.2 51.9 69.3 78.6 394.5 784.3 997.9 1141.8 847.8 696.5 284.2 461.9
1998 134.8 76.4 67.7 116.7 131.8 267.9 498.3 909.7 2443.3 1993.7 791.8 382.2 653.1
1999 218.6 165.3 80.9 58.5 163.3 458.5 375.1 1441.7 1746.9 2048.6 757.1 341.1 657.6
2000 198.9 165.3 42.5 103.4 136.1 457.1 843.8 1857.8 1590.7 1668.6 675.7 320.4 675.9
2001 149.5 92.3 94.6 123.0 133.5 459.7 273.4 1808.3 1873.8 925.4 508.3 277.0 561.8
2002 82.9 210.3 73.8 76.3 54.2 343.9 785.2 999.9 1182.8 638.2 330.4 224.9 417.9
2003 129.3 103.2 82.6 69.6 65.9 359.2 817.3 1224.0 1458.3 829.2 308.5 203.6 473.1

Mean 123.2 73.6 38.2 33.8 78.0 306.9 702.8 1436.7 1721.9 1156.7 472.5 242.7 535.0
Max 218.6 210.3 95.7 174.0 196.0 566.0 1626.6 2185.1 2737.3 2780.6 864.3 419.8
Min 30.6 -19.0 -180.3 -31.5 5.4 148.3 273.4 485.7 820.2 384.2 117.5 64.3
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Module M5 : Pre-feasibility Studies of Hydropower Projects 

Pre-feasibility Study of the Border Hydropower Project 
 
 
 

 
 

 

Nile at El Deim
Units: m3/s

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Yearly 
Mean

1954 290 180 120 98 114 637 3279 6822 5857 3232 1186 612 1882
1955 416 250 143 179 253 584 2830 6326 5947 3301 1190 619 1848
1956 344 207 144 182 166 910 2699 5671 4665 5325 1682 734 1904
1957 411 256 415 504 266 695 2135 6474 4092 1404 670 378 1485
1958 223 166 97 125 144 729 2936 7167 5374 3648 1328 640 1895
1959 397 268 172 110 230 429 2030 6102 6262 3503 1500 745 1822
1960 448 288 202 158 206 511 2655 6150 5312 2636 954 528 1677
1961 300 212 138 196 136 551 3390 6535 6539 4176 1383 839 2046
1962 432 251 185 113 211 664 2021 5682 5542 3372 997 552 1678
1963 332 201 151 162 470 591 2450 6586 5058 1832 1023 866 1655
1964 356 228 128 154 167 650 3339 6375 5678 3996 1450 737 1947
1965 433 278 169 189 105 469 1797 5056 3663 2718 1194 657 1403
1966 332 235 176 147 206 746 2369 4947 4483 1534 882 524 1389
1967 258 160 131 125 186 537 2491 5581 5027 3632 1165 757 1683
1968 331 230 127 96 111 627 3340 6047 4055 2233 780 471 1546
1969 256 196 279 145 262 685 2717 7325 4090 1507 679 362 1555
1970 219 131 122 93 98 401 2197 6495 4672 2552 955 422 1541
1971 254 150 88 62 154 655 2493 6183 4456 2106 1057 478 1522
1972 279 165 105 113 184 485 1868 3630 2670 1202 645 339 978
1973 195 113 66 66 263 678 2022 6553 4660 2429 961 468 1551
1974 292 182 142 93 294 813 3294 6294 4676 2168 861 490 1645
1975 245 198 119 80 116 542 2799 6475 6917 2699 1045 554 1826
1976 343 205 162 109 231 573 2088 5707 3611 1470 968 472 1334
1977 264 181 128 98 176 677 3735 5901 4599 2393 1471 561 1694
1978 297 185 133 105 189 603 2794 4723 4201 2901 948 494 1475
1979 312 209 121 95 287 648 2095 4602 3268 1633 714 375 1205
1980 218 142 101 125 171 505 2870 5647 3503 1745 696 376 1350
1981 212 130 100 97 183 415 2327 5205 4510 1972 716 365 1362
1982 231 142 121 84 120 401 1642 4117 2982 1981 703 353 1081
1983 188 129 90 96 159 424 1498 5503 3943 2143 814 381 1290
1984 208 124 72 48 110 711 2354 3260 2809 925 372 213 938
1985 120 81 56 89 275 544 2274 5765 4981 1711 670 366 1420
1986 202 130 109 115 544 552 2499 3812 3362 1417 536 276 1138
1987 156 104 132 119 303 954 1766 3793 2627 1576 745 351 1059
1988 191 146 148 85 102 817 4702 7434 5764 3779 1230 562 2092
1989 289 177 138 163 164 448 2369 4548 4151 1807 649 416 1285
1990 316 187 132 105 108 310 1759 4775 3778 1904 641 325 1203
1991 191 119 98 128 238 602 3159 5467 4311 1767 802 450 1455
1992 255 177 121 97 238 556 1583 4445 3978 2945 1262 619 1361
1993 345 212 135 270 422 1141 3167 5702 4934 2913 1293 590 1771
1994 336 201 132 107 272 749 3110 6691 5172 1674 844 417 1653
1995 193 125 101 135 202 550 1945 4889 3403 1431 628 335 1170
1996 210 127 132 188 514 1568 3916 6362 4391 2181 888 507 1757
1997 320 175 226 208 331 1057 3111 4546 2730 1847 1584 654 1409
1998 346 244 193 244 311 650 3193 7082 6072 4304 1540 736 2091
1999 436 293 171 119 324 871 3230 6348 4715 4385 1541 723 1944
2000 410 331 105 230 313 903 2926 6825 4220 3460 1539 694 1839
2001 337 191 283 311 354 1054 3612 6952 4775 2031 1000 536 1799
2002 414 302 250 245 181 773 2460 4646 3173 1386 671 408 1250
2003 263 206 226 199 160 759 3273 5404 4088 1858 665 382 1467

Mean 293 190 147 144 227 668 2652 5693 4475 2455 994 514 1547
Max 448 331 415 504 544 1568 4702 7434 6917 5325 1682 866
Min 120 81 56 48 98 310 1498 3260 2627 925 372 213
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5. RESERVOIR MODELLING 

5.1 INTRODUCTION 

The objective of the reservoir modelling studies that have been carried out comprise 
definition of the reservoir operation, energy outputs, downstream flows and impacts 
of the Border project.  Computer simulations have been carried out as necessary to 
estimate on a comparable basis the energy characteristics of the potential alternative 
scheme configurations. 

The simulations have been performed employing a program named RAPSO that has 
been developed over a long period of years to represent seasonal and annual 
operation of any combination of hydroelectric schemes in some detail, and of which 
an application was set up and calibrated for the recent National Electricity 
Corporation (NEC) long-term power system planning study to represent all existing 
and potential schemes in the Sudanese Nile system.  That application was supplied 
to NEC under licence and subsequently employed also for a feasibility study of 
possible irrigation as might be associated with the Merowe hydroelectric scheme now 
under construction on the Main Nile.  For the current pre-feasibility studies the 
program application has been extended to include potential Ethiopian schemes and 
also High Aswan in Egypt. 

The configuration of the main irrigation and hydroelectric system now modelled for 
the application is shown diagrammatically in Figure 5.1.  As can be seen in that 
figure, the existing and potential future systems are represented as a series of 
interconnected nodes, each representing either a reservoir and power station, or a 
reservoir, or a water inflow or water extraction or flow calibration point.  As defined by 
the user, any particular case study may utilise only a selection of the nodes shown in 
the figure, while for simulation of any one scheme the reservoir inflows reflect the 
upstream flows as measured at the perimeter of the system and automatically within 
each program run make due allowance for: 

• water abstractions at the various irrigation supply points, 

• optimisation of the operation of all upstream reservoirs and power plants in 
the system simulated, and 

• losses from reservoirs and the various river reaches. 

The modelling for this study is based on conventional methodology whereby system 
operation is simulated continuously over a period of hydrological record defined in 
terms of data time series, and supply reliabilities are measured over the hydrological 
period in terms of incidences of failure to supply demands in full.  As appropriate, the 
various reservoir operating policies are represented by applying water demands, rule 
curves and time-of-filling rules and then using the program automatically to: 

(a) maximise firm energies with the desired reliability and without irrigation supply 
reliabilities being adversely affected, and then 

(b) optimise other rule curves so as to maximise secondary energies without 
adverse effect on the firm supply reliabilities. 
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Consistent with previous studies and published data supplements for The Nile Basin, 
this program application employs three simulation time steps per month (these being 
of lengths 10 days, 10 days and balance-of-calendar-month days). 
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5.2 DESCRIPTION OF THE RAPSO PROGRAM 

RAPSO (Reservoir And Power Station Operation) provides a detailed computer 
model of operation of any system of reservoirs, hydroelectric power stations and 
water supply for other than or in conjunction with hydroelectric purposes.  Each 
“node” of the system is represented by selection of the appropriate combination of 
the facilities illustrated in Figure 5.2.  Extensive facilities enable a model to be 
calibrated against hydrological records, and the program also provides automatic 
derivation of: 

• firm and average energy characteristics or operating policy defined in terms of 
various rule curves and demand levels with or without thermal plant available 
in a supporting role;  optimisation can be either to meet water and electricity 
demands with defined levels of reliability or to maximise the value of energy 
output against a price forecast or to meet some combination of requirements, 
for example to supply domestic demands on a firm basis and otherwise 
maximise the monetary value of exports;  and 

• statistical results of applying a fixed operating policy from known starting 
conditions. 

All program inputs are arranged as a series of options, with only the selected options 
having any influence on subsequent calculations.  The program is thus entirely data 
driven and requires no coding modifications when changing from one system to 
another. 

Simulation detail is itself optional, for example the program time step is variable from 
half an hour to a month and the same program can be used for all stages of scheme 
development, from initial calculations through to detailed operational analysis for the 
completed scheme. 

Similarly, the program can be used to investigate effects of including greater detail 
and hence determine the extent appropriate for the circumstances.  Thus, for 
example, representation of water flow and storage can allow for variations such as in 
i) tunnel and penstock friction losses with water flow, ii) turbine efficiency with both 
hydraulic net head and flow, iii) generator efficiency with output, and iv) tail-water 
level with flow.  It is thus readily possible to assess errors arising from common 
simplifying assumptions, such as: 

• a constant value of efficiency instead of the real variations with net head and 
flow 

• average rates of flow and reservoir and tailwater levels for each month 

Calculations in RAPSO are controlled according to water or energy demands or both 
and also by various reservoir seasonal control levels: in all cases an iterative 
technique with rapid convergence is employed (as outlined in Figure 5.3), ensuring 
that a compatible solution is obtained for each time step in turn.  Cascade effects can 
be fully evaluated with any applicable water flow limits, times of water travel and 
losses between successive nodes being explicitly accommodated.  Auxiliary software 
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provides automatic data or results time series manipulation and presentation in 
tabular form, and also graphically using Microsoft Excel. 

RAPSO has facilities for automatic determination of “hydro conditions” as commonly 
required for input to computer programs for power system expansion planning. 

The program is written in FORTRAN 77 and is now applied via a data-management, 
operation and graphical / tabular results-display system implemented in 
Microsoft Excel.  RAPSO does, however, remain fully backwards compatible with 
earlier DOS-based versions.  
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Figure 5.2 : Reservoir / Power Station Module and Water Flows 
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Notes : 
1. Compensation or direct abstraction (not available for 

power generation and excluded from downstream 
flow) is as input for the calendar month and given 
priority over all other demands 

2. Evaporation is obtained from the applicable input or 
derived net evaporation rate and the calculated 
reservoir surface area. 

3. Irrigation flow is as input for the particular time step, 
and is given priority over turbine discharge. 

4. Seepage is the input value. 

5. Spillway flow is calculated from a spillway 
characteristic if present, or else is the surplus with 
the reservoir at full supply level. 

6. Sluice-gate flow is the surplus leaving the reservoir 
at flood protection level interpolated within the 
calendar month or, if this level is above spillway 
crest level, the surplus over spillway capacity. 

7. Incremental inflow is as input for the particular time 
step. 

8. Turbine discharge for each time step is limited by 
water availability or discharge capacity, or : 
- that satisfying the greater of the energy or 

downstream flow demand, or 
- limited by generator capacity or turbine 

capacity under the available net head and 
otherwise the flow leaving the reservoir level 
as close as possible to secondary control 
level. 

9. By-pass flow is either zero or, if the turbine 
discharge is limited as in 8. above, that leaving 
the reservoir level as close as possible to 
secondary control level, but subject to by-pass 
capacity. 

10. Tail water flow, whether including or excluding 
spill flow as adjusted for time-of- travel, is used 
with the tail water characteristic, if present, to 
calculate tail water level. 

11. Downstream flow, adjusted for time-of-travel, is 
the inflow to a downstream scheme, if present, in 
addition to any further incremental inflow. 
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Figure 5.3 : Hydroelectric Time-Step Calculation Outline 
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5.2.1 Data input 

Data entry to the program is via a variety of comma-separated-value files created 
and edited within the Windows environment as illustrated in Figure 5.3.  This process 
is facilitated by: 

• detailed instructions for use of all files given in the program user manual, 

• extensive provision made for the user to include within the files his own 
annotations and comments, perhaps in his own language, and 

• comprehensive data checking facilities, complemented by run-time error 
messages. 

• Items of input data, most being optional and in almost any combination, 
include: 

• system hydraulic configuration 

• electricity price forecast 

• selection of optimisation methods together with supply reliability requirements 

• transmission constraints and loss factors 

• length of simulation period 

• starting conditions 

• length of time step 

• values of acceleration due to gravity 

• inflows and incremental inflows in defined sequences 

• rainfall records and evapo-transpiration rates 

• reservoir level / area / volume characteristics with allowance for future 
siltation 

• evaporation or seepage rates 

• by-pass or bottom-outlet capacities and flows 

• compensation flows and minimum releases 

• water demands 

• maximum retention levels (with sluice-gate operation assumed) 

• spillway configurations and level / flow characteristics 

• retention levels above which supplies are greater than demands 

• restriction levels below which supplies are less than demands by defined 
amounts 

• minimum drawdown levels 

• dead-storage levels (which may be lower than the minima above) 

• downstream abstractions unavailable for power generation 
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• channel capacities and losses 

• head-pond levels 

• numbers and configurations of tunnels and penstocks 

• flow / friction loss characteristics 

• numbers of different sizes or types of hydroelectric machines (i.e. impulse or 
reaction) 

• generator capacities and allowances for transmission constraints and losses 

• turbine rated outputs and heads 

• turbine discharge limits on account of channel capacities or cavitation 
constraints 

• maintenance programmes 

• maximum running-plant capacity factors 

• whether or not numbers of running machines are to be matched to total plant 
outputs 

• peaking periods and minimum spinning-reserve contributions 

• turbine efficiencies either as constants or as variations with net head and flow 

• generator efficiencies varying with output 

• flow / tailwater level characteristics 

• energy demands and whether or not greater supplies are required when 
available 

• output formats and variables 

• times of upstream and downstream water travel 

5.2.2 Results Output 

For confirmation purposes much of the input data is automatically repeated in the 
RAPSO. output.  The calculated results outputs, for each time step, include any 
combination of: 

• electricity and water supply reliabilities 

• monetary values of electricity outputs 

• downstream flows 

• excesses or shortfalls of downstream flows compared with required minimum 
values 

• turbine discharges 

• bypass or direct abstraction flows 

• evaporation losses 



Module M5 : Pre-feasibility Studies of Hydropower Projects 

Pre-feasibility Study of the Border Hydropower Project 
 
 
 

 
 
Eastern Nile Power Trade Program Study Page 5-9 
 
Funded by Africa Development Bank - Client:  ENTRO (Eastern Nile Technical Regional Office) November 2007 
 
J:\Country\Ethiopia\D107897 ENTRO Eastern Nile Power Trade\Pre-feasibility REPORTS\FINAL REPORTS NOVEMBER\BORDER\Prefeasibilty Report FINAL\Section 5 
Reservoir Modelling.doc 

• reservoir levels 

• tailwater levels 

• gross heads 

• net heads 

• efficiencies 

• energy outputs 

• excesses of energy outputs over required minimum values 

• shortfalls of energy outputs below required values 

• total energy output from all schemes simulated 

• maximum power outputs available 

• spillway flows 

• sluice-gate flows 

• totals of spillway and sluice-gate flows 

• numbers of machines in operation 

The flow values above can be presented either as total flows or as average rates of 
flow. 

Various statistical analyses of input values and calculated results may also be 
obtained in the output, and the Windows software automates graphical display of 
selected results. 

5.3 APPLICATION OF RAPSO MODEL TO NILE RIVER SYSTEM 

In order to model the water balance of the Nile system using RAPSO (the Model) for 
the purpose of estimating hydroelectric generation under a range of possible 
scenarios, a limited number of gauging stations were selected to represent the flow 
balance of the Nile system in Ethiopia and Sudan.  The components of the water 
balance model are as shown in Figure 5.1.  Recent flow records for these sites were 
obtained from the MoI in Sudan and MoWR in Ethiopia.  Estimates of abstraction for 
irrigation and estimates of seasonal net evaporation have been assembled for both 
countries. 

On the Blue Nile the gauges at El Deim, and on the Dinder and Rahad rivers have 
been assumed to be upstream from any significant irrigation demand on those rivers.  
Inflow regime changes have been observed in Sudan and reported at Roseires and 
are attributed to hydroelectric development on the Blue Nile and its tributaries in 
Ethiopia.  Flow data from Ethiopia has been included for the Blue Nile (Abay) at 
Kessie. 

Existing reservoir and hydroelectric power station characteristics have been collected 
to enable the operation of reservoirs to be modelled under a range of future 
development scenarios. 
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The core data for the White and Blue Nile flows in Sudan contained within the 
RAPSO model was provided by Ministry of Irrigation in Sudan for the Merz & 
McLellan 1997 Report (M&M1997).  These data include inflows to the White Nile at 
Malakal and to the Blue Nile at El Deim, Rahad and Dinder for the period 1912-94, 
with some of the series extending to April 1996.  These were subsequently updated 
to 2003 using data provided by the Ministry of Irrigation.  These various time series 
incorporated all data improvements made for different studies up to that time and 
therefore formed a robust platform for time-series extension using more recent data. 
Comments on the various data records are provided in the following sections. 

5.3.1 Blue Nile  

El Deim  

Data at this site are taken from M&M1997 and then extended using river level data 
provided by the MoI for the period 1992-2001.  The river level hydrographs for 2000 
and 2001 were back-calculated from Roseires inflow data and are consistent with the 
observed pattern at Khartoum.    

Roseires & Sennar Reservoir and Tailwater Levels and Discharges  

Time series of these data were provided by the MoI for the period 1992-2001 and 
were used for model calibration purposes.  Initial modelling of flows at Sennar 
revealed a discrepancy in the water balance.  To assist in resolving this, the tailwater 
level rating for Sennar Dam was checked and found to be inconsistent with the 
modelled flows.  The tailwater level rating was therefore revised using measured 
water levels (H) and modelled discharges, and a best-fit curve was obtained for the 
1992-2001 data. This curve is described by the equation:-  

Flow (Mm3/day) = 6.9335 x (H-400)2 - 33.44 x (H-400)+ 42.363      r2=0.96  

Dinder and Rahad Rivers  

Data defining the outflows from these rivers were taken from M&M1997 Report and 
extended using 1992-2001 river level data and rating curves provided by the MoI.  
This record is consistent with MoI’s computerised (1965-2001) data.    

Blue Nile at Khartoum  

Water level and flow data for this site from 1992-2001 were obtained from the MoI 
during our visit to Khartoum in March 2002.  The flows were checked for consistency 
with the El Deim site upstream and these flow records have been improved in 
consultation with MoI.    

5.3.2 Main Nile  

Tamaniat, Hassanab and Dongola  

Data for these sites from 1992-2001 were obtained from the MoI during our visit to 
Khartoum in March 2002. Subsequent revisions of flow ratings by MoI have resulted 
in more consistent Main Nile flow records.    
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5.3.3 Atbara River  

Atbara River at Kubur & Setit River at Elhilew  

10-daily flow records for both these sites were obtained from the MoI for the period 
1966-2001.  The records were extended back to 1912 assuming Kubur and Elhilew 
flows are 35% and 65% of el Girba Dam inflows.  

Khashm El Girba  

Inflows to Kashm el Girba reservoir were obtained from MoI for the period 1992-
2001.  A composite inflow record from 1912-2001 was compiled based on gauge 
records at the old El Girba gauge, a gauge a Showak and the combined flows of 
Kubur and Elhilew gauges.  A detailed description of the derivation of these flows is 
included in Appendix A.    

5.3.4 Reservoir characteristics  

The existing multi-purpose reservoirs on the Nile River system in Sudan, shown in 
Table 5.1, are used primarily to store water for irrigation purposes.  Roseires, Sennar 
and Khashm el Girba have existing hydroelectric plant and the fourth, Jebel Aulia, is 
currently being retro-fitted with low head generating plant which is expected to be 
commissioned by 2005.  Work to raise the Roseires Dam, though started, has not 
progressed as had been planned.    

Table 5.1 : Characteristics of Existing Reservoirs   

Reservoir  River  Dam 
Completed 

Live 
Storage 
109 m3  

Full 
Supply 
Level 
(masl)  

Minimum 
Operating 
Level 
(masl)  

Installed 
capacity 
(MW)  

Jebel Aulia  White 
Nile  

1937  3.89  377.4  372.5  28.8*  

Roseires  Blue Nile  1966  2.12  481  467.6  280  
Sennar  Blue Nile  1925  0.48  421.7  417.2  15  
Khashm el 
Girba  

Atbara  1964  0.617  474  463.5  12  

 
5.3.5 Reservoir storage  

The storage volume of reservoirs has been reduced owing to accumulation of 
sediment since impounding and this process is continuing at varying rates in each 
individual reservoir.  The volume in the reservoirs has been reduced by between 25% 
at Roseires and 40% at Sennar and Khashm el Girba. 

The relationships for Roseires and Sennar adopted for this study were supplied by 
MoI.  The method employed for calculating varying reservoir area and volume for 
Jebel Aulia is also as reported in M&M1997. Meanwhile the Khashm el Girba 
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reservoir characteristics are taken from the previous Long Term Power System 
Planning Study (Acres 1993).  

In the light of the information currently available on likely sedimentation effects, future 
trends in reservoir capacity will be assumed for this study as:   

1. At Jebel Aulia, the reservoir storage capacity will not be significantly reduced 
over the next 20 years. 

2. At Roseires, reservoir sedimentation will continue at an average rate of 10 
Mm3/year over the next 10 years and 8 Mm3/year for the 10 years after 2012. 

3. At Sennar, sedimentation will not reduce the capacity of the reservoir 
significantly over the next 20 years (M&M1997). 

4. At Khashm el Girba, roughly the existing storage capacity will be maintained 
by the current sediment flushing practices. 

5. For proposed and yet to be completed reservoirs (such as Merowe) details of 
future reservoir characteristics are as presented in available detailed project 
reports.  

5.3.6 Operating rules  

Hydroelectric performance is determined not only by scheme design but also by the 
operating rules in force and, in the context of long-term planning, operation is 
conveniently defined in accordance with a variety of seasonal demand and reservoir 
rule curves.  

The Roseires, Sennar and Jebel Aulia reservoirs provide seasonal regulation of river 
flows to meet the needs of flood control together with irrigation and electricity supply.  
Another constraint on reservoir operation is the need to preserve storage capacity by 
controlling reservoir siltation.    

At Roseires this has dictated that the reservoir be held at minimum level each year 
until the bulk of the flood and entrained silt load has passed downstream, and then 
be filled at the very end of the flood season.  Rules determining this operation have 
previously been reviewed in the context of the heightening of Roseires dam, and 
simulations for this study have now confirmed that they remain appropriate.  

The reservoirs are currently operated between minimum and full supply levels as set 
out in Table 5.1.  The filling rules adopted for the White and Blue Nile reservoirs are 
those reported in M&M1997 as modified in accordance with recent information from 
the MoI, and are outlined below.    

Jebel Aulia:  

The first filling of the dam starts on 1 July each year from MOL of 372.50 m, and 
continues for one month reaching a level of 376.50 m by the end of July.  This level is 
held for one month until the peak flood of the Blue Nile has passed.  Filling then 
continues, reaching a maximum level of 377.40 m by early October where it is held 
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until the beginning of 'draw-down' during the last period in March.  Drawdown 
continues until the end of June when the reservoir returns to MOL of 372.50 m.  

Roseires and Sennar:  

During the flood period July-August, Roseires is assumed to be held at the MOL of 
467.60 m with Sennar held at 417.20 m. Filling of Roseires commences during the 
last week of August as the earliest date in accordance with the following:  

a) At the last week of August if the flow from El Deim is below 350 Mm3/day or 
has risen above 350 Mm3/day and fell below that before the end of August.    

b) After the end of August if the flow at El Deim reached 350 Mm3/day and 
continued for three days.    

c) On 26 September as the latest date if the river flows continued above 
350 Mm3/day.  

Khashm El Girba  

Initially a filling rule for Khashm el Girba reservoir was developed based on filling 
behaviour demonstrated in the reservoir level and inflow records for the period 1992 
to 2001 which had been obtained from the MoI.  Following the provision of further 
information by the MoI and then completion of the reservoir inflow record as 
described above, operating rules for use in this study have now been finalised, these 
being in outline as below.  

Depending on whether the inflow has or has not increased to a defined value, 
reservoir filling commences towards the end of August or early September and is 
completed by the end of September.    

From completion of filling until June, releases are made to satisfy irrigation demand 
and then, until the end of June, to suit energy demand while still meeting reduced 
irrigation requirements.  These releases are made so that the reservoirs are empty at 
the end of June in anticipation of the arrival of increasing inflows.    

The justification of additional hydroelectric plant may be greatly affected by 
considerations of reservoir operation. At existing sites much of the additional 
hydroelectric output will be generated in the flood season since most of the water 
available in the dry season can be fully utilised by the existing plant.  It follows that 
any new plant at these sites will be operated predominantly at minimum reservoir 
level, and both plant design and future operation will be particularly sensitive to any 
changes to minimum levels as may be decided.    

The Roseires and Sennar reservoir operating rules have accordingly being reviewed, 
as discussed with the NEC and MoI, to ensure that operation of the base system is 
reasonably optimal before considering future additions.  In order for all comparisons 
to be made on a comparable basis, a set of guide-lines and procedures for reservoir 
operation have then been defined which in principle will remain unchanged for the 
duration of the study. 
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5.3.7 Irrigation Demand 

Detailed below are the key assumptions made in estimating the existing seasonal 
irrigation demands and their forecast future growth.  Average seasonal irrigation 
demand patterns have been adopted or modified from previous studies.  All irrigation 
demand patterns represent gross abstractions, with no estimate of return flows from 
irrigation projects into the rivers having been made.  This is a conservative approach 
to estimating these important components of the water balances, but is considered 
appropriate given the uncertainties in the irrigation demand data.    

It is unclear which of the proposed irrigation projects, whether in new areas or as 
expansions of existing schemes, are directly dependent on the completion of specific 
water conservation projects.  It is also unclear when the various conservation 
projects are likely to be completed.  It has therefore been necessary to make broad-
brush assumptions on these aspects, consistent with the Long-Term Strategy Report.  

Expansion in demand and changes in the demand profiles on the Blue Nile are 
dependent on the completion of the heightening of the Roseires Dam or development 
of reservoir projects in Ethiopia.  Later seasonal releases of flows from additional 
storage in Roseires or upstream will also impact in a similar way on water available 
to the Main Nile pump schemes where access to water is currently limited when river 
levels are low.  Changes in Blue and Main Nile irrigation profiles are therefore also 
dependent on the heightening of Roseires, and these changes are assumed to 
develop over the next 25 years.    

5.3.8 Existing and future irrigation schemes on the Blue Nile and Main Nile 

Blue Nile 

Blue Nile irrigation consists of the Gezira/Managil project that is gravity fed from 
Sennar reservoir and is otherwise divided into demand upstream between Roseires 
and Sennar and downstream between Sennar and Khartoum.  Existing irrigation 
schemes upstream from Sennar comprise the pump-fed Rahad, El Suki, Abou 
Naama Sugar and North West Sugar projects as well as the public and private pump 
projects.  Downstream from Sennar, pump schemes include Al Gnaid and Al Slait 
and Waha.    

The M&M1997 Report developed 10-day water demands for many of the schemes 
with the assistance of the MoI in 1996.  For the Al Gnaid and North West Sugar 
projects we have used demand profiles developed by Acres (1993).  All these 
demand profiles are assumed not to have changed significantly in the intervening 
years. 

Two demand patterns are used for Gezira-Managil.  One pattern represents a normal 
year (4 in 5 year condition) with a wheat area of 400,000 feddans while the second 
pattern represents a dry year (1 in 5 year condition) with reduced wheat area of 
70,000 feddans.  The flood-flow condition characterised by the sum of July, August 
and September (JAS) flows is then used each year over the period of hydrological 
record to determine whether in that year demand will follow the normal or dry year 
pattern. The normal year pattern is assumed if the JAS flow is greater than the JAS 
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, so as to retain the important distinction 
between normal and dry-year demand.    

 there will be no additional 
intensification of demand in the Gezira/Managil Project. 

Main Nile  

reas and that 
expansion of demand will be tied to the heightening of Roseires Dam. 

5.3.9 Irrigation demand modelling  

 in Figure 5.1.  Thus 
the following demands are used in the water balance analysis:  

nstream of Melut,  

value exceeded 80% of the time (the 80% exceedance probability).  For the present 
study the demand patterns thus derived have been scaled to match the demands 
given in the Long-Term Strategy Report

Future expansion of irrigation demand on the Blue Nile will be based on development 
of the Rahad II, Kenana and South Dinder schemes in association with increased 
storage provided by raising the Roseires Dam or by upstream reservoir 
developments in Ethiopia.  Estimates of additional Rahad and Kenana irrigation 
demand are based on those agreed with MoI and reported in M&M1997, but scaled 
down slightly to match the values given in the Long-Term Strategy Report.  In the 
absence of detailed information on the South Dinder project, or indeed as to which 
crops are expected to be grown there, a generic seasonal crop-dominated monthly 
demand pattern (after Acres 1993) has been assumed.  During years following the 
completion of Roseires heightening, it has been assumed that the peak period of 
pump scheme demand will lengthen ultimately through to April so as to exploit the 
additional water available.  It has been assumed that

The existing irrigation demand includes both public and private pump schemes. No 
detailed information on the locations of pump projects is currently available, and so 
we have estimated a spacial distribution of demand based on a map of irrigation 
areas provided by MoI (Topo Map S H 35). This map indicates that the demand is 
concentrated in two areas, one downstream of Shendi and the other between 
Merowe and Dongola.  Based on relative land areas shown on the map we have 
assigned 40% of Main Nile demand upstream from Hassanab and the remainder to 
downstream of Merowe township.  Upstream from Hassanab we have assumed that 
61% of the demand occurs upstream from Saboloka.  These estimates are based on 
the lengths of the various river reaches, assuming an orderly distribution of riverbank 
pumps.  In the absence of information on crop types and detailed irrigation demand 
information we have assumed a representative dominant seasonal crop-demand 
profile (after Acres 1993).  For this study we have assumed that future increases in 
irrigation demand from the Main Nile will take place in the existing a

For modelling purposes the Nile system has been divided into convenient river 
reaches as shown in the current RAPSO arrangement illustrated

• Bahr el Jebel irrigation demand,  
• White Nile irrigation demand upstream of Melut,  
• White Nile irrigation demand dow
• Blue Nile upstream of Sennar,  
• Gezira/Managil irrigation demand,  
• Blue Nile irrigation demand (Sennar to Khartoum),  
• Main Nile irrigation demand (Khartoum – Sabaloka),  
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(Sabaloka – Hassanab)  

• Main Nile irrigation demand (Hassanab – Dongola).  

5.3.10 Total irrigation water requirements  

.  The average irrigation 
demand is projected to increase to 23.57 MD m3 by 2012. 

2002 - 2012 is set out in 
Table 5.2, and a breakdown by area is given in Table 5.3. 

Table 5.2 : Projected Water Requirements – Summary  

Cultiv rea (10 dans) equirement 

• Main Nile irrigation demand 
• Rumela irrigation demand,  
• Khashm el Girba irrigation demand, and  

In total the existing irrigation demand adopted for this study is an average of 
14.45 MD m3 per annum.  This is similar to 1997-99 total irrigation estimates provided 
by the MoI and slightly lower than the often quoted irrigation demand of around 
18.5 MD m3 in The Water Resources of Sudan (1977)

Short- and medium-term plans could see the area of irrigated land increase and 
irrigation demand grow by 1.47 MD m3 from the Atbara river, 4.9 MD m3 from the 
Blue Nile, 5.2 MD m3 from the White Nile and 1.7 MD m3 from the Main Nile.  A 
summary of projected water requirements for the Sudan 

ated A 00 Fed Water R (Mm3)  Nile Tributary  
2002 2012  2002  2012  

The Blue Nile#  2112  3186  9050  11481  
The White Nile  480  1067  2050  4968  
Atbara River##  282  572  1270  2123  
Main Nile  311  571  1300  1903  
Reservoir Evap.    880  3170  
Total  3185  5396  14 23450  645  
     

Other usage    1080  2500  
Total    15530  26145*  

Source: Long-Term Agricultural Strategy (2002-2027)   
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Table 5.3 : Projected Water Requirement by Area  

Nile  
 Cultivated Area (1000 

Feddans) 
Water Requirement 

(Mm3) 
Tributary  Project  2002 2012 2002 2012 

Gazira & Managel 1,500 1,800 6,100  6,100 
Rahad  220 280 1,100    1,100 
El Souky  62      78    300       300 
Public Pumps  175 270 780  1,200 
Private Pumps  40 150 140  490 
Al gnaid Sugar  40      43    280       301 
Sugar NW Sennar  35      45    250       315 
Abu Naama  20 30 70  105 
Al slait and Waha  20 40 30  70 
Kenana II & III   300  1,000 
Rahad II     150       500 

The Blue 
Nile 
Available 
Area is 
6,271.5 
million 
feddan  

South Dinder     
Sub-Total   2,112 3,186 9,050  11,481 

Public Pumps  280 350 1,000    1,250 
Private Pumps  60 160 210  538 
Kenana Sugar  90 90 580  613 
(Crops)  -14 -40   
Hagar Asalaya Sugar  36 42 260  303 
White Nile Sugar   100  1,322 
Melut Sugar   75  663 
Mongalla Sugar   40  50 
Malakal Rice   20  80 
Pengco - Jonglei   50  90 

The White 
Nile 
Available 
Area is 
1,791 
million 
feddan  

Others - South   100  180 
Sub-Total   452 987 2,050  5,089 

New Halfa  240 290 950  1,072 
New Halfa Sugar  42 42 320  320 
Upper Atbara   180  732 

Atbara 
Available 
Area is 
1,361 
million  (Sugar)   -60   
Sub-Total   282 452 1,270   2,124 

Public Projects  103 151 470  503 The Main 
Nile  Private Projects  208 420 730  1,400 
Sub-Total   311 571 1,200    1,903 
Source: Long-Term Agricultural Strategy (2002-2027)  

5.3.11 Evaporation and Losses  

It is important to note that, in accordance with the 1959 Nile Treaty, quantities of 
water lost to evaporation from reservoirs are deducted from Sudan's share of the Nile 
waters.  Hence evaporation has to be particularly carefully considered in water-use 
planning.    
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Table 5.4 sets out the anticipated water losses to evaporation from the Blue Nile 
reservoirs (post Roseires heightening) and from existing and planned reservoirs on 
the Atbara river and Main Nile (Merowe reservoir).    

Table 5.4 : Annual Evaporation from Reservoirs  

Water Lost by Evaporation M m3  Nile Tributary  Project  
2002 2012 2027 

Roseires Reservoir  410  750 post 
heightening  750  The Blue 

Nile  
Sennar Reservoir 300  300  300  
Girba Reservoir  170  170  170  

Atbara River  Upper Atbara 
Reservoir  

 400  400  

The main 
Nile  Al Hamdab Reservoir   1550  1550  

Total  880  3,170  3,170  
Source: Long-Term Agricultural Strategy (2002-2027)  

Profiles of the estimated monthly evaporation at each reservoir have been taken from 
previous studies where the detailed information is available.  Where only annual net 
evaporation information is reported the amounts in each month have been estimated 
from published Climatic Normals (194070). Representative net evaporation profiles 
were estimated from climatic data collected by the Sudan Meteorological Department 
at Karima (northern Sudan), Wadi Medani (central Sudan) and Juba (southern 
Sudan) and these estimates have been applied to annual evaporation estimates at 
each project according to geographical location.    

5.4 DATA FOR RAPSO MODELLING OF BORDER 

Considerable amounts of data are required for the modelling and various data items 
of particular relevance to Border that have been employed are summarised below. 

5.4.1 Period of hydrological record 

For the Sudanese applications the period of record has been progressively extended 
and now runs for the 92-year period July 1912 to June 2005.  As has been explained 
in the hydrology section, however, data for the Abbay are currently available only for 
the 50-year period January 1953 to December 2003 and so, for the sake of 
consistency of approach, this shorter period has been adopted for all simulations 
performed for these studies.  It is, however, noted that the driest and wettest years 
found in the 92-year period both occur prior to 1953. 

5.4.2 Water inflows 

The derivation of monthly flow series at various locations down the Abbay has been 
described in the hydrology section.  All of these monthly series have been converted 
to a 3-period-per-month basis by for each time step applying a factor derived from 
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the gauging records at El Deim just downstream of the Ethiopian/Sudanese border.  
The inflows to the Border reservoir are then taken as the sum of: 

• the flows at the Karadobi site (as have been derived on the assumptions that 
throughout the 50-year period both a constant 77 m3/s had been diverted from 
Lake Tana to supply the Beles scheme - now under construction - and also 
Lake Tana had been operated to provide the maximum possible firm outflow), 

• incremental flows between Karadobi and Mandaya 

• incremental flows between Mandaya and Border 

• diverted flows from Lake Tana to Beles. 

5.4.3 Electricity supply reliability 

The standard (NEC) criterion for Sudanese planning is 95 per cent.  For Ethiopia, 
however, the (EEPCO) planning criterion is 98 per cent and for the sake of 
consistency of approach this higher value is applied for all these pre-feasibility 
analyses.  With 50 x12 x 3 = 1,800 time steps this allows a maximum of 36 failures to 
supply demand in full. 

5.4.4 Reservoir characteristics and minimum operating levels 

The level/area/volume characteristics employed and minimum operating levels 
assumed for the three Mandaya reservoir alternatives are as have been presented in 
the hydrology section. 

5.4.5 Evaporation losses 

For each time step the evaporation loss is calculated by applying the relevant 
average calendar monthly net loss, as described in the hydrology section, to the 
simulated reservoir surface area. 

5.4.6 Spillway characteristics 

Until such time as spillways have been designed in detail it is assumed for the 
purposes of the simulations that all spill takes place from the relevant full-supply 
level. 

5.4.7 Generating sets installed and allowances for plant maintenance 

The plant installations and rated heads assumed for the two Border reservoir full-
supply level alternatives are: 

• 577.5 m :  14 x 100 MW, 75 m 

• 580 m :  8 x 150 MW, 80 m 
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For all simulations it is assumed that every installed generating set in turn is taken 
out of service for maintenance for a period of 2 weeks each year, the weeks chosen 
being as far as possible during the dry season. 

5.4.8 Penstocks and friction losses 

For all Border alternatives it has been assumed that each installed generating set 
would be supplied through a separate waterway (i.e. penstock), and for each 
simulation time step in turn the friction losses are derived as proportional to the 
square of the penstock flow, in each case the constant of proportionality having 
previously been derived on the assumption that a 5 m head loss would be 
experienced under rated conditions. 

5.4.9 Turbine and generator characteristics 

For all alternatives it has been assumed that the peak turbine efficiency is 92.5 per 
cent and the total electrical efficiency is a constant 97 per cent.  For consistency of 
approach with the Karadobi pre-feasibility study, standard Francis turbine efficiency 
matrix and operating limits have been employed over ranges of 70 to 115 per cent of 
design net head and 30 to 110 per cent of design discharge. 

5.4.10 Electricity demands 

Also for the sake of consistency of approach with the Karadobi study, the electricity 
demands applied are seasonally invariant.  In each RAPSO run therefore all 
electricity demands are raised and lowered by the same amounts until the desired 
reliability of supply is just achieved.  Thus, although it is recognised that the value of 
power output is likely to be considerably higher in the summer than the winter, at this 
stage of study no attempt has been made to investigate the possible extent to which 
seasonal variation of output would be feasible.  Similarly the effects and 
consequences of dry-season peaking operation have yet to be investigated.  It is, 
however, clear that there would be considerable flexibility in the operating regimes 
that could be adopted. 

5.4.11 Generation monthly rule levels 

These reservoir control levels are optimised also within each program run, this being 
on the basis that supply is limited to meeting the demand as above whenever 
reservoir level is below the applicable control and otherwise, to the extent there is 
additional generating capacity available, supply is increased such as to bring the 
reservoir level down to the control. 

5.4.12 Numbers of generating sets operated 

In each time step the number of generating units operated is optimised such that the 
total electricity output as defined in the previous two subsections is provided with 
minimum total release. 
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5.4.13 Environmental releases 

For all alternatives the same calendar-monthly minimum (environmental) releases 
have been simulated as have been described in the hydrology section.  Because no 
releases for power generation are provided when the reservoir is below its minimum 
operating level and also the reservoir is never entirely emptied, all the simulations 
ensure that these environmental releases are maintained on a 100 per cent firm 
basis. 

5.4.14 Tailwater characteristic 

The tailwater level ahs been assumed to vary between El. 494.15 at flow of 150 m3/s 
to El. 495 m at a flow of 1200 m3/s. 

5.5 RESULTS 

As described below, for both alternatives various results are presented in tabular and 
graphical forms at the end of this section. 

5.5.1 Border alone 

The firm and average energies together with some other key indicators that have 
been calculated for the two alternatives are presented in Table 5.5.  It is notable that 
whereas the average energies are similar the larger storage provides over 50 per 
cent more firm energy. Operation of the 580 m FSL reservoir alternative over the 
3 hydrological years 2001-03 is illustrated graphically in Figure 5.4. 

5.5.2 Border with Karadobi 

Karadobi commands and to a considerable extent could regulate some 37 per cent of 
the natural flow at Border.  For calculation with Karadobi and Border in cascade it 
was of course necessary first to simulate Karadobi.  This has been done on the 
bases of data that as far as could be determined are identical to those that were 
employed for the Karadobi pre-feasibility study.  The firm and average energies 
together with other key indicators that resulted are compared with those previously 
reported for Karadobi in Table 5.6.  Three RAPSO results are presented, the first is 
without rule-curve optimisation and would be the same as that previously reported 
except that three time steps per month are employed.  Measured on this basis, the 
supply reliability is less than 98 per cent although the results are otherwise very 
close.  For the second simulation the reliability is corrected but, naturally, only with a 
slight loss of firm energy being incurred.  The only change for the third RAPSO 
simulation is for the rule-curve optimisation to be introduced so as to maximise 
secondary energy without affecting firm energy, and it can be seen that an increase 
in average (i.e. firm + secondary) energy of 2 per cent is obtained. Results of this 
third simulation are illustrated graphically for the 3 hydrological years 2001-03 in 
Figure 5.5. 

For Border in cascade below Karadobi, the firm and average energies together with 
the other key indicators for the two alternatives are presented in Table 5.7, and 
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 be seen, as is to be expected, that 
while providing the same reliability of supply as before the increased upstream 

 so increases the energy output at Border by 
more than 20 per cent. 

5.5.3 

eases the Border firm energy output by 20 per cent.  These effects 
can be seen also by comparing Figure 5.4 with Figure 5.7, which latter figure shows 
operation of the 5 e 3 hydrological 
years 2001-03. 

Table 5.5 : Summary Results for Border alone 

operation of the 580 m FSL reservoir alternative over the 3 hydrological years 2001-
03 is illustrated graphically in Figure 5.6. 

By comparing Table 5.7 with Table 5.5 it can

regulation greatly reduces the spill and

Border with Karadobi and Mandaya 

The incremental flow between the Karadobi and Mandaya sites represents some 
28.5 per cent of the natural flow at Border, and a reservoir at Mandaya could provide 
a high degree of regulation of this flow.  In order to investigate the effects, for the 
larger Border alternative a simulation has been carried for a cascade including both 
Karadobi and the largest Mandaya alternative, and results with and without Mandaya 
are compared in Table 5.8.  As can be seen from that table this additional increase in 
upstream regulation not only further reduces the spill, hence increasing the energy 
output from Border, but it also allows Border to be operated at slightly higher 
reservoir levels and so further increases the energy output.  In particular, the addition 
of Mandaya incr

80 m FSL reservoir alternative in cascade over th

 Case Averag Energ Firm No. Firm
Reservoi Net SpillEvapo Energ differenc energ period powe

level head ation of 
(m) (m3/s (GWh/a (%) (GWh/a in 50 (MW

577.5m,  574.4 76.3 506.2 16.0 5,969 - 2,593 36 296
580m,      453572.7 74.3 475.2 16.4 6,010 0.7 3,966 36  

 

Table 5.6 : Summary Results Comparisons for Karadobi   
(FSL 1,146m, 1,600MW) 

Case Average Energy Firm No. Firm
Reservoir Net Spill Evapo- Energy difference energy periods power

level head ation of failure
(m) (m3/s) (GWh/a) (%) (GWh/a) in 50 years (MW)

 Pre-feasibility Table 8-2, Sec 2, Variant 2 1,132 215 45.3 8.7 8,634 - 8,293 n/a 946
 As above but RAPSO 3 period/month 1,129.7 215.5 2 7 8.6 8,683 + 0.6 8,293 45 946
 As above but demand for 98% reliability 1,130.9 216.7 24.6 8.7 8,626 - 0.1 8,276 36 944
 As above but with monthly rule curve 1,130.2 216.0 20.9 8.7 8,802 + 1.9 8,276 36 944

8.
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Table 5.7 : Summary Results for Border with Karadobi 

Case Average Energy Firm No. Firm
Reservoir Net Spill Evapo- Energy difference energy periods power

level head ation of failure
(m) (m3/s) (GWh/a) (%) (GWh/a) in 50 years (MW)

577.5m,  14x100MW 574.1 75.6 242.2 16.1 7,384 - 4,984 36 569
580m,      6x200MW 572.4 73.9 232.7 16.8 7,278 -1.4 6,192 36 706  

 
 

Table 5.8 : Summary Results as Table 5.7 but with and without  
Mandaya 860m FSL 

Case Average Energy Firm No. Firm
Reservoir Net Spill Evapo- Energy difference energy periods power

Border 580m FSL, 6x200MW level head ation of failure
with (m) (m3/s) (GWh/a) (%) (GWh/a) in 50 years (MW)

Karadobi 1,160m FSL, 8x200MW 572.4 73.9 232.7 16.8 7,278 - 6,192 36 706
plus Mandaya 860m FSL, 8x300MW 574.0 75.1 81.7 17.1 8,114 11.5 7,429 36 848  
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Figure 5.4 : Operation of Border with 580 m FSL and 6x200 MW 

RAPSO Ver 2.55 on  3/ 1/2007;  Scott Wilson for ENTRO 
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Figure 5.5 : Operation of Karadobi with 1,146 m FSL and 8x200 MW 

RAPSO Ver 2.55 on 28/12/2006;  Scott Wilson for ENTRO 
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Figure 5.6 : Operation of 580 m FSL & 6x200 MW Border with Karadobi 

RAPSO Ver 2.55 on  3/ 1/2007;  Scott Wilson for ENTRO 
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Figure 5.7 : Operation of 580 m FSL & 6x200 MW Border with Karadobi  
plus Mandaya 

RAPSO Ver 2.55 on  3/ 1/2007;  Scott Wilson for ENTRO 
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5.6 DOWNSTREAM EFFECTS IN SUDAN 

Construction of new large storage reservoirs on the Abbay will have substantial 
downstream effects.  Benefits would be in the forms of: 

• less frequent and reduced flooding, particularly in Khartoum but also down 
the Main Nile, 

• increased irrigation supply reliabilities, most importantly in Gezira/Managil, 
and the possibilities of some irrigation expansion and greater double cropping 
elsewhere on the Blue Nile and on the Main Nile, 

• reduced heads for irrigation pumping from the rivers downstream, 

• reduced siltation, particularly of Roseires but also to some extent of Merowe, 

• increased power and energy outputs from Roseires and Sennar on the 
Blue Nile, Jebel Aulia on the White Nile (because of tailwater effects) and 
Merowe on the Main Nile, these all being enhanced because power increases 
will coincide with seasonal peaks of the Sudanese electricity demand,  and 

• enhanced feasibility of a number of presently only marginally economic 
hydroelectric projects on the Sudanese Main Nile. 

Although there would also be disbenefits, particularly with regard to impacts on 
traditional flood-recession agriculture and possibly also on plant and fish life, it is 
suggested that these could be reduced if the Border reservoir were to be operated 
each year in such as way as to provide a controlled, albeit much smaller than at 
present, downstream flood. 

5.7 DOWNSTREAM IMPACTS IN EGYPT 

The Border reservoir is relatively smaller than either Mandaya or Karadobi with gross 
storage less than one third of the capacity of either of the two upstream projects.  
Accordingly, the impact of filling and long-term operation of the Border project is not 
expected to have major impacts in Egypt and has not been specifically studied at this 
stage. 

5.8 REFERENCES 

1. National Electricity Corporation, Building of Electricity Sector Database and 
Long-term Power System Planning Study, Interim Report No. 3, Volume 1 – 
Hydrology and Hydroelectric Power Plant. 

2. Long-Term Agricultural Strategy (2002-2027). Report by the Water Resources 
Working Group, prepared by Dr Seif Eldin Hamad Abdalla, Ministry of 
Irrigation and Water Resources, Khartoum. 
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6. GEOLOGY 

6.1 SITE LOCATION  

Border dam site is located on the Blue Nile (Abbay) River, just upstream of the 
Sudan Ethiopia border (See Drawing B2 Locality Map). The site is approximately 
445km North West of Addis Ababa.  To reach the site by road it is necessary to 
follow the main Bahir Dar road which heads out of Addis Ababa towards the north, 
north west. The route crosses the Blue Nile at Kessie Bridge (160km from Addis 
Ababa), and passes through Debre Markos (240km).  From Debre Markos the main 
road to Bahir Dar is followed as far as Kosso Ber (340km from Addis Ababa) where 
an un-surfaced local road is followed westwards to Chagni. The distance from Kosso 
Ber to Chagni is about 55km, and takes 2 hours to negotiate. Chagni is the usual 
overnight stop. It takes approximately 11 hours to reach Chagni from Addis Ababa, 
by car.  

From Chagni it is necessary to continue west on the main gravel road leading to the 
small town of Mankush, which is marked as Guba on Ethiopian road maps. Mankush 
is 160km from Chagni but the trip takes 5 or six hours. The road from Chagni soon 
drops down a steep escarpment, before reaching the small administrative village 
called Gilgel Beles, but marked as Mambuk on road maps.  Between Mambuk and 
Mankush there are no significant human settlements.  

To reach Border Dam Site from Mankush take the following route: Drive from 
Mankush 9.4 km on the road back towards Chagni.  Turn right to follow sign to 
“Yarenga Refugee Camp”, follow road to a fork-bifurcation at distance of 34.1km from 
the turn off, keep to the right along a dirt road heading west towards the border 
village of Bumbadi.  Follow this road for distance of 27.7km to reach the centre line of 
Border dam on right side of the Blue Nile. This 27.7km stretch of road crosses 
3 Bailey Bridges, and about 5 submersible stream crossings. 

The coordinates of the road / dam centre-line crossing point on the GPS are as 
follows: Easting 36 P 0728567m, Northing UTM 1240799m, elevation 531m 
approximately. This is based on GPS positional format of UTM/UPS, and map datum 
Adindan.  This is the same system used on the Ethiopian 1 to 50 000 scale 
topographic maps.  

6.2 HISTORICAL BACKGROUND AND PREVIOUS WORK 

The hydroelectric power potential of the Abbay river basin was first studied by the 
USA Bureau of Reclamation as part of an aid scheme funded by the US Department 
of State. The study started in 1958 and was completed in 1964, with the presentation 
of the main report1.  The “Border Project” at locality BN-28A is described on page 
209 to 211 of the above-referenced report. The geology and geotechnics are briefly 
described and 2 photographs and one map are attached to the report. The report 
concludes that the dam is feasible. Appendix I of the same report stipulates an 84.5m 
high dam of concrete gravity type. The dam was estimated to have storage of 
2 195 000 cu m, and an output capacity of 1400 MWatt. 

 
1 Land and water resources of the Blue Nile Basin, Appendix II Geology,  221 pages, dated 1964. 
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The Border site was visited again in 1997 as part of  the Abbay river Basin Integrated 
Development Master Plan Project undertaken by the Consultant BCEOM. Their 
report to the Ministry of Water Resources includes a brief description of the dam site 
geology but offers no real new information from that provided by the USBR study of 
1964. 

A preliminary dam design was drawn by BCEOM in their Abbay river Basin Master 
Plan2. In this document Dwg.32  indicates an 80m high RCC dam with foundation 
level at 480m, and FSL 575m, and crest width 1120m. The dam has gated spillway 
on the left side of the river section, and a power station at the downstream toe of the 
dam in the central river section. The presumed excavation depth to bedrock is shown 
as 10m throughout. 

6.3 PRELIMINARY DESIGN AND POWER OUTPUT OF THE DAM  

The Border site is the most downstream of the Nile river hydropower sites presently 
under consideration within Ethiopia. The following extract from the Inception Report3 
is pertinent:-  

The topography at the site is well suited to development of a dam of moderate height 
of some 80 m.  The USBR (1964) study recommended a dam some 80 metres in 
height (FSL 575 m) with a reservoir extending upstream close to the Mandaya site. 
This development appears near-optimal for the site since higher levels would appear 
to require extensive saddle dams to contain the reservoir.  

A preliminary dam design has been produced by Scott Wilson in February 2007, 
(Drawing B3). This most-recent design concept is very similar to the BCEOM 
concept, except the full supply level has been increased to 580m. The maximum 
height of the dam is 90m, based on a river bedrock level of 490m. The crest length of 
the dam is approximately 1.4km. 

The Consultant EDF/Scott Wilson, with TROPICS visited the Border site in 
November 2006 as part of the Preliminary Assessment of the “Study”, and 
observations were included in the Inception Report, to ENTRO, dated 7th December 
2006.  The following extracts from page 16 and 17 of the Inception Report are 
pertinent to this study: 

The massive rock outcrops in the river channel which are reported in the Land and 
Water Resources of the Blue Nile River report (USBR, 1964) could be clearly seen 
from the air as well as the extensive outcrops at higher levels on the abutments. 

The river channel of the Nile at the dam site comprises massive exposures of granite 
with quartz intrusions with several deep and sharply defined narrow channels through 
which the river passes at low flows.  The river level at the time of the visit was some 
10 – 15 m below the maximum level reached during the recent wet season.  Large 
exposures of granite bedrock were observed on the abutments.  Various 
photographs were taken to record the observed conditions and in particular the 
extent of rock outcrops visible in the river channel.   

 
2 Abbay River Basin Master Plan, Ministry of Water Resources, BCEOM, dated  Sept. 1998 
3 th Eastern Nile Power Trade Program Study: Inception Report, 7  December 2006 
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As a result of the observations of the site during the visit, and in particular of the 
extensive outcrops of rock, both in the river bed and on the abutments, it was 
concluded that drilling of two investigation drill holes at the site would provide very 
little additional information.  Accordingly, it is proposed that the investigations at the 
Border site are confined to seismic refraction profiling to establish the depth of the 
interface between the surface soils and the underlying rock in those areas which 
have soil cover.   

Following the completion of the inception report, the second phase of pre-feasibility 
investigations commenced on 15th January 2007.  During technical discussions 
between Scott Wilson and ENTRO, it was agreed that effective seismic refraction 
profiling of the Border site was not practical in the time frame allotted, and in any 
case the geology of the site was rather well exposed suggesting only limited depth of 
alluvium and colluvium.  For this reason it was decided to carry out the remainder of 
the pre-feasibility investigation by relying only on regional geological mapping, 
previous investigations, surface mapping of the site, and interpretation of air 
photographs.  This report presents the findings of these secondary investigations. 

6.4 TOPOGRAPHIC MAPS AND AERIAL PHOTOGRAPHS. 

1 to 250 000 scale maps, sheets NC 36-4, and NC 36-8, of series EMA 3, 1st edition, 
cover the dam site/upper basin, and lower basin respectively, and are available at the 
local Government Trig. Survey Department. 

1 to 50 000 scale, ortho.-map, sheet 1135, C3, is also available, this map covers the 
dam site and a large part of the storage basin. 

These topographic maps are based on positional format of UTM Zone 36 P and map 
datum Adindan.   

The 1 to 50 000 scale, air photos which cover the dam area and nearby basin are as 
follows: 

Flown for USBR in 1957 and 1958, job V BNRB 

• Strip M64, 24 Dec. 1957, nos. 9455 to 9461, and nos. 9486 to 9492. 

• Strip M 72, 2 Jan.1958, nos. 10619 to 10624. 

The stereographic pair of photos which cover the dam sites are nos. 9459 ad 9460 of 
strip M64. 

6.5 REGIONAL GEOLOGY/ GEOMORPHOLOGY 

6.5.1 Regional Geological History  

The geologic history of Ethiopia is well-known; the entire country is part of the ancient 
African craton formed of pre-Cambrian basement crystalline rocks.  These have been 
folded and faulted and later eroded and peneplained (planed-off over a huge area) in 
the Palaeozoic era. 
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Continental subsidence caused marine transgressions and regressions during the 
Mesozoic and Early Tertiary eras, with the incursion of the sea and marine 
sedimentation, followed later by regression of the sea and uplift creating a new 
peneplain, that developed from the South - East to the North–West.  Miocene marine 
sedimentary deposits occur in the lower part of the upper reaches of the Abbay 
gorge, where they form a 2400m thick, sub horizontal, sedimentary pile, lying 
unconformably above the basement rocks.  

In the main part of the Tertiary period there occurred enormous uplift of the North 
African continent associated with rifting and trans-current faulting leading to a vast 
outpouring of basaltic rock to form the familiar plateau basalts of the Ethiopian 
highlands. The flood basalts lie with conformity above the Miocene sedimentary pile.  
After the formation of flood basalts later stage volcanic activity from distinct 
epicentres, resulted in late- stage out pouring of intermediate lava such as rhyolite , 
andesite, trachyte etc. 

Up-doming was followed by rifting in the late tertiary leading to the formation of the 
main Ethiopian Rift and the Afar Depression.  Recent tectonic activity and volcanism 
are associated with the rift valley and in some transverse faults. 

6.5.2 Regional Geological Map and Related Studies  

The geology of Ethiopia has been mapped by the Ethiopian Geological survey on a 
scale of 1 to 50 000, with geological maps published on a scale of 1 to 250 000.  This 
mapping is the basis of the geological history outlined previously.  The published 
geological map that covers the Border dam site area is covered by sheet NC 36-4; 
“Abu Ramla”.  An explanation of this map is provided by the published Memoir No. 
174. 

A fragment of the Abu Ramla regional geological map, covering the Border dam site 
area is shown as Drawing B4.  The dam is shown just upstream of an important 
geological boundary. The dam site is situated within unit “Pgdt”, which on the map 
legend corresponds to the intrusive rock: “Metagranodiorite; Medium grained, weakly 
foliated, containing xenolithic gabbro and amphibole gneiss.” The term xenolithic 
means small to huge blocks of older country rock that became included in the 
intruded granodiorite magma.  The metagranodiorite is described as “grey, medium 
to coarse grained, foliated or massive, with foliation defined by alignment of biotite, 
feldspar and quartz grains”.  The composition is given as 35 to 50% plagioclase 
feldspar, 23 to 35% quartz, 10 to 25% microcline and oligoclase feldspar, and up to 
10% accessory minerals, mainly biotite, with some magnetite, epidote, sphene etc.  
In engineering terms such a rock would have the simple more appropriate name of: 
Granite / Granite Gneiss Formation. 

Just upstream of the dam site there is mapped a second rock formation with the 
legend notation “Pmvsa”, which corresponds to: “Meta volcanics and meta 
sediments”.  Memoir 17 describes this unit as comprising repeated intercalations of 
“plagioclase-quartz-biotite schist, graphite-sericite-quartz schist, and marble.  In 

 
4 Memoir 17 of the Geological survey of Ethiopia, Geology of the Abu Ramla Area, compiled by Getahum Seyid, 
2002 Addis Ababa, 133 pages. 
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engineering terms these rocks can be termed simply the Biotite-Schist / Marble 
Formation. 

For both units the Memoir describes the foliation as being sub-vertical and striking 
approximately north-south, and this is the dominant structural trend throughout the 
region.  On Drawing B4 no faults or shear zones are marked within an 8km radius 
from the dam site, and importantly no fault is shown along the river bed.  A regional 
fault system is indicated with four parallel major sub vertical faults striking north, 
north-west, / south, south east.  In addition an important regional shear zone is 
indicated some 8km upstream of the site, having a strike of north, north east, / south, 
south east.  

6.5.3 Regional Geomorphology  

By cause and affect, the early-Tertiary uplift, mentioned in the geological history, 
resulted in the formation of huge drainage basins due to high relief and high rainfall, 
and very large river systems were formed within the Tertiary period, even before the 
uplift had finished.  One such river system is the Blue Nile or Abbay River that rises 
in Lake Tana and follows a tortuous path through Ethiopia before entering Sudan and 
eventually meeting the White Nile in Khartoum. From the Abbay / Didessa 
confluence, upstream to Lake Tana, the Abbay river flows within a spectacular 
dissected gorge akin to the Grand Canyon in Colorado, here the whole geological 
sequence is preserved with basement overlain by Miocene sediment, overlain in turn 
by Tertiary flood basalt.  In this section the river is relatively fast flowing with 
numerous rapids and waterfalls. 

Downstream of the Abbay / Didessa confluence the younger rock formations have 
been eroded away and the Abbay river has created a broad rolling pedeplain 
(shallow, residual slope linking mountain foothills to the main drainage system) 
eroded into the pre-Cambrian basement rocks.  This plain extends all the way 
through Sudan with ever-decreasing river grade in the downstream direction 

The subsidiary drainage pattern tends to trellised, suggesting structural control. 

6.6 LOCAL GEOLOGY AND GEOMORPHOLOGY 

6.6.1 Local Geomorphology 

Border dam site is situated some 30km downstream of the Abbay / Beles confluence. 
After the confluence the Abbay flows due north for 15km before turning sharply 
towards the west, from this turn the river traverses an area of mountainous terrain 
with peaks rising from river level at 490m up to elevation 1850m.  These mountains 
are the topographic expression of a complex intrusion of granite, granitic gneiss, and 
granodiorite gneiss.  Typically the mountains are dome shaped with concave slopes 
extending down to the river.  The mountain summits and upper slopes are often 
formed by large exfoliated domes of granite or gneiss.  Where the Abbay river 
crosses these granitic rocks the valley becomes quite narrow and incised with a 
rocky river bed and frequent rapids, indicative of relatively fast flow and only shallow 
accumulation of alluvium.  The geomorphologic setting and the optimum position of 
the Border site are shown on Drawing B5.  As can be seen from this map: 
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rocks comprising marble, schist, meta-
volcanic greenstone, and biotite gneiss, etc.  

hological factors determines the favourable characteristics of the Border dam 
site. 

6.6.2 Local Geological Formations and Petrography 

ng, 1240146m northing. The 
dam founding area should be entirely west of this point.  

Granite / Gneissic Granite Formation

immediately upstream of the dam centre line the river valley opens up dramatically 
into a wide open plain, with average slopes of 1 in 25 to 1 in 50.  This pediment slope 
is underlain by relatively weaker basement 

This contrast in morphology between the two differing rock formations ensures a 
relatively narrow valley for the dam on granitic foundation, with a wide open valley 
upstream of the dam, ensuring high storage potential. This combination of 
morp

Geological mapping at the site confirmed the existence of the two broad geological 
formations divisions; namely the Granite /Granite Gneiss Formation and the 
Biotite Schist / Marble Formations. The latter formation presents a significantly 
weaker rock mass than the former, and therefore needs to be avoided as a 
foundation rock for the dam. The boundary of the 2 formations on the left side of the 
river section is at WP45, at co-ordinates:  728458m easti

 

 intermediate 
type rock.  The typical composition indicated by the 3 thins sections is: 

ar 16 to 19%. 

8% 

• Others 7 to 17% mainly sphene, epidote, and opaques, minor garnet.  

, such as in this report, these rocks are simply termed granite or gneissic 
granite. 

The granitic rock found at the border site corresponds to the generalized description 
given in Memoir 17 (see section 4.2 above). Several samples of granitic and 
granodiorite rock were taken close to the centreline and submitted to the Geological 
Survey for petrographic analysis (see Appendix 1 for results).  The three thin 
sections, from way-points 1, 43, and 44.  All three thin sections confirm that the rock 
is granodiorite or quartz-syenite in composition, with significant quartz content, 
suggesting an igneous intrusion borderline between true granite and

• Potassium feldspar 35 to 40%. 
• Plagioclase feldsp
• Quartz 8 to 25%. 
• Hornblende 0 to 1
• Biotite 0 to 10% 

The petrologist’s report identifies these rocks as gneisses due to their foliation and 
presence of garnet and hornblende.  However field evidence is conclusive that these 
gneisses are part of a regional intrusive body, as xenoliths and ‘rafts, of older country 
rock are commonly seen.  Therefore the rock is properly called a gneissic granite, or 
gneissic granodiorite, or gneissic quartz-syenite depending on relative proportions of 
quartz, K-Feldspar, and Na-Feldspar.  The presence of foliation and metamorphic 
minerals is indication of syn-tectonic and post-tectonic deformation.  For engineering 
purposes
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ly massive with estimated UCS in the range 150 to 
250 MPa.  Some times the foliation is well developed with high concentration of 

At all occurrences the foliation is oblique to the river bed, having strike of 0500, 

ermediate axis by set 3.  In the river 
section joint spacing is very variable due to the local influence of minor faults, 

d, some appear to be shear joints having dips of 40 to 65 
degrees towards the South East hemisphere, other sub- sets are vertical.  

atures such as granite dykes, aplite dykes, basic dykes, pegmatite 
veins, quartz veins, minor faults and shears, etc., these features are often quite 

es and 
pavements in the steeper mountain slopes and on mountain crests.  These outcrops 

less rock, but this is a deceptive and biased 
sample as it is possible that adjacent zones of weaker rock are not exposed.  

Biotite Schist /Marble Formation

The typical rock mass condition of the gneissic granite, such as often seen in the 
scoured river section is as follows: the rock is unweathered to slightly weathered, and 
hard to extremely hard with variable foliation, sometimes the foliation is dispersed 
and the rock is geomechanical

biotite; these rocks have estimated UCS in the range of 100 to 200MPa, with some 
degree of strength anisotropy.  

dipping on average 850 to the north-west, this is a favourable orientation in respect of 
foundation conditions.  

Three joint sets are commonly developed; the main set 1 is parallel to the foliation 
(320/850).  The secondary Set 3, orthogonal joints are orientated at (045/800).  Set 3 
joints corresponds to a population of sub- horizontal stress relief joints, caused by 
unloading, their average orientation is (165/050).  These main three sets define small 
to large rectangular blocks, with 2 vertical and one horizontal axis’s.  The long axis 
defined by set 2, the short axis by set 1, and int

xenoliths, degree of foliation etc., but on average the block size, defined by the three 
intersecting sets, is in the range of 0.1 to 1m3. 

Many random joints are also present, they seem to define 4 or 5 sub sets that are 
only locally develope

Discontinuity data is provided in Appendix 2 to this  report, “DIPS” software was used 
to plot angular data. 

Within unweathered rock masses the rock mass quality is not constant but influenced 
by macroscopic fe

random in orientation.  Such features may be very numerous in some outcrops but 
absent in others. 

Away from the river section outcrops are only found as exfoliated dom

give the impression of almost flaw

 

to thin slabs 
due to separation along preferential parting planes.  The petrography of two different 

Biotite Schist and Other Schist Rock Masses  

The unweathered rock is grey or black with shiny mica flakes.  The grain size of the 
rock is medium, occasionally fine.  The schist could be described as psammitic-schist 
meaning that the schistosity surfaces, formed by mica concentration, are not fully 
developed, but rather broken up by asperities corresponding to the coarser grains of 
feldspar, garnet and quartz.  Nevertheless the rock does tend to split in
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 dam, at way-point 38, are given in the thin section report 
 of these rocks is summarised as follows: 

• Garnet 18 to 20%. 

Mica  5 to 39% 
• Others 4 to 7% mainly opaques, chlorite.  

omechanically fissile with estimated UCS in the 
range 50 to 150MPa, depending on variable mineralogy.  Often the schistosity is 

riability of the dip of the schistosity does imply the existence 
of large scale folds also 

ence of and frequent changes in 
lithology, such as: greenstone metavolcanic, meta-quartzite, amphibolite gneiss, and 

, say 1 to 10cm thick.  The rock mass 
condition is very erratic due to the influence of macroscopic features such as 

the granitic rock masses.  

usions of 
contorted and isoclinal folded green calc-silicate rocks are often enclosed in the 

 and homogenous.  A weak foliation may be 
 of calcite crystals.  The petrography of the marble sampled 

 1.  The petrology of the marble, from way-points 
37 (two samples of different colour) and 42 can be summarised as follows: 

schists sampled near the
(Appendix1).  The composition

• Feldspar 7 to 27%. 

• Quartz 0 to 10%. 
• Hornblende 0 to 69% 
• 

This big variation in petrology is explained by the heterogenic nature of this rock 
mass as the formation is comprised of metamorphosed volcanic and sedimentary 
rock.  

Outcrops of this rock mass type are quite localised along the banks of the river, due 
to the lower durability of the rock.  The typical rock mass condition, as seen in the 
river section is as follows: the rock is slightly to moderately weathered and hard with 
variable schistosity.  The rock is ge

oblique to the river bed (strike 0550), and dipping  40 to 700 to the North West, 
sometimes there are developed isoclinal folds with axial planes parallel to the 
regional foliation.  The va

One joint set is dominant, that one being parallel to the schistosity, such joints are 
smooth and continuous with soft mineralized filling.  Other joints and fractures tend to 
be randomly orientated. 

Joint spacing is very variable due to the local influ

actinolite tremolite schist.  In general however, all these variant rock types tend to 
break up into narrow slithers and slabs of rock

described previously, in 

Away from the river section outcrops of biotite schist are not found as they are deeply 
weathered and covered by colluvium and silt.  

Marble Rock Masses  

Beautiful, coarse, crystalline pink, green and white marbles form mappable units 
within the meta-sedimentary/meta-volcanic complex.  The typical rock, when it is 
unweathered consists of crystalline calcite with crystal size in the range of 1 to 10mm 
diameter.  Traces of other dark minerals are sometimes present.  Incl

marble, but essentially the rock is hard
defined by the long axis
near the dam, is given in Appendix
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• 

developed due to 
alignment of c-axis of calcite crystals. 

n the range 100 to 150MPa 

Joint sets are often absent in the marble rock mass owing to its tendency to deform 

gmatite intrusions.  These small intrusive 
e to patina development, 

 differential solubility of the differing 

6.7 

6.7.1 

er geological time is eroded away and ends up as 
tiny grains in the alluvial sands of the Abbay flood plain, and older river terraces.  The 

• Calcite 84 to 90% (no dolomite) 
• Chlorite 1 to 8% 

Other minerals trace to 4% 

These are high quality marbles.  They are erroneously described as schistose 
marbles in the petrologist’s report, because in the field, they display no tendency to 
split and are quite homogenic.  Some weak fabric may be 

Outcrops of this rock mass type are quite localised along the banks of the river.  The 
typical rock mass condition is as follows: the rock is unweathered and massive with 
bright white or pink, surface colour (no metallic surface patina like other rock types).  
The rock is hard with estimated UCS i

Often the marble appears to be unjointed, but in weathered rock masses at higher 
elevations above the river, vertical sets are developed parallel to the 0550 striking 
regional foliation.  These joints are often widely separated due to karst weathering 
phenomena.  Other joints and fractures tend to be randomly orientated, and these 
also form preferential solution paths. 

as a ductile, or plastic mass.  Always the marble rock mass is broken up into small 
‘windows’ due to complex multi-episodic pe
bodies have random orientation, they tend to be black du
and they stand proud of the marble due to the
rock types. 

Away from the river section outcrops of marble are uncommon but may occur 
sporadically along minor stream courses.  

MINERAL RESOURCES IN THE DAM BASIN 

Gold and Base Metals  

The Precambrian rocks falling within the Blue Nile basin contain a significant 
proportion of greenstone rocks; these are ancient meta-sediments, marbles, and 
meta-volcanics having a low grade of metamorphism.  The main green stone belt 
forms a broad swathe, about 20 to 50km wide, and orientated north south, which 
intersects the Abbay River along a strip which is East of Najo, and West of Gimbi.  
This suite of rocks contains gold, and other base metals, disseminated within minor 
quartz veins.  To date; no vein deposits have been found that are large enough to 
sustain gold mines.  The gold ov

Abbay River does not carry much coarse or medium grained sand. Instead the 
alluvium comprises silt, very fine micaceous quartz sand, and channel lag gravels.  
Durable and heavy minerals, like gold and base metals tend to become incorporated 
into the channel lag gravels, where they form a loose, fine to medium grained, black 
sand-matrix, usually in pockets.  
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bay causes replenishment of the 
gold bearing sands as the channel lag deposits are re-distributed during maximum 

 
government were to stop issuing mining concessions for extraction of alluvial gold in 

e owners of these concessions would demand 
compensation for inundation of their concession areas.  

 will halt migration of alluvial gold downstream of Border, 
and this could also have long term detrimental affects on the casual alluvial diggers. 

6.7.2 Marble 

Minor outcrops of marble have been mapped in the reservoir area, but they are too 

 are all well above the proposed 
reservoir full supply level. 

6.8 

6.8.1 l Section 

 the site is presented as Drawing B6.  The geological map is 
based on air photo interpretation and detailed geological mapping performed at, and 

For a long time gold has been extracted from alluvium by the indigenous peoples that 
live next to the Abbay River and its major tributaries.  The method of extraction is to 
sieve the channel lag gravels in order to concentrate the metallic rich sandy matrix.  
These matrix-fines are then panned to isolate the gold fraction.  Every year the 
waters of the Abbay recede over a 3-month period, and it is during this period that 
panning is carried out.  Annual flooding of the Ab

flow events.  

The extent of the alluvial and primary gold resource in the Abbay Basin is unknown 
and unknowable.  The Environmental Team working for the EDF/Scott Wilson 
Consortium, report that in the Assosa and Guba provinces alone there are 50 000 
people who seasonally extract alluvial gold.  This figure appears to be wildly 
exaggerated.  The author saw only one location in the Border area where gold was 
being extracted, just downstream of the centerline. 

In recent times the alluvial gold deposits of the Abbay Basin have attracted the 
attention of South African, Sudanese and local mining companies.  For example JCI 
have a concession somewhere near Gimbi, and Sudanese financiers have 
prospective interests near Assosa, and the local company, ARDCO, are said to have 
obtained a gold concession in the Beles Valley.  It would be prudent if the Ethiopian

the basin area of Border Dam.  Th

Construction of Border dam would flood a considerable length of the Abbay River 
and side valleys.  All these lengths of river contain alluvial gold, and therefore this 
renewable resource will be lost to the people living in these areas.  It must also be 
noted that the Border dam

small to be commercially viable.  Significant resources of high quality marble are 
found in the Koncho area at the headwaters of the Border basin, but the quarry 
working areas are confined to elevated hills which

RESULTS OF SITE INVESTIGATIONS  

Geological Map and Longitudina

A geological map of

between, the 67 way- points defined by the GPS.  

A longitudinal geological section through the dam centre line is presented as 
Drawing B7.  The section is based on the available contour map plus a detailed 
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utcrop to outcrop.  At each way point the main joint 
sets were identified by measuring one joint from each set present.  This gives a 
reaso  in 
relati EL 
spreadsheet in the Appendix 2, along with DIPS plots of stereographic data, such as 
scatter diagrams, contoured plots of poles and main planes plot.  The significance of 
th  has alread  describ ov

6.8.3  Prop datio

xists; the  is empiric and based on the fie s of 
athered rock 

es of Unweathered Rock Types at  
m Site 

ROCK TYPE UCS ‘STRENGTH RATIO5’ SPECIFIC GRAVITY 

GPS/Barometer traverse.  The section shows outcrops, rock types and assumed 
depths of colluvium and alluvium. 

6.8.2 Joint Surveys 

No joint line-surveys were carried out due to lack of time, and also because of the 
great variability of jointing from o

nable sample of the joint population across the entire site.  The joint data
on to way point location, coordinates and rock type are given on an EXC

e joint pattern y been ed in section 5.4.2 ab e. 

Geomechanical erties of Foun n Rocks 

No test data e  following table ld soundnes
the unwe samples. 

Table 6.1 : Estimated Index Properti
Border Da

Granite / Granite 
gneiss 

150 to 250 MPa 0.8 to 1.0, foliation is 
variable 

2.85 

Biotite schist 50 to 100 MPa 0.6 2.75 to 2.85 
Marble6

 84 to 151 MPa 0.9 2.68 to .74 
 

RESERVOIR STABILITY AND LEAKAGE 

Reservoir Side Slope Stability 

Examination of topographic maps and orthophoto-maps indicate that the entire dam 
basin occupies a rather flat level area, with rather shallow submerged side slopes 
generally in the range of 1 in 20 or less.  Furthermore the available geological map 
confirms that the entire basin is underlain by basement crystalline rocks, with granite 
types far more prevalent than schist types.  The foliation of the

6.9 

6.9.1 

 rock is generally 
steeply dipping usually in the range of 80 to 90 degrees, and joint sets are usually 

 Some regional faults and shear zones are present in the 
basin but they coincide with very flat terrain.  Therefore under these circumstances of 

his locality the Nile passes a narrow gorge through an intrusion of 
                                                     

vertical or sub horizontal. 

favourable topography and favourable geology the risk of slope instability following 
impoundment appears to be low or non-existent.  The steepest slope in the reservoir, 
falling below FSL, is near Tugojan village, approximately 15km South East of the 
centre line.  At t

 
5 The ratio of UCS tested at i) load at 45 degree angle  to the foliation, and ii) load perpendicular to the foliation,  
6 Rodio-Ardco, 2000: Tekeze Hydropower Project, Drilling Report, Supplementary Subsurface Investigation, 
Ethiopia. 
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6.9.2 

likelihood of granitic rocks weathering into loose, 
angular residual gravel.  Such soils are permeable but have very high resistance 

 on the dam basin at a point 9km South West of the dam.  
Here there is a potential seepage path of length 1.7km.  The high point of the neck is 

 major fault 
passing through the neck, and this would exacerbate the depth of weathering in 

assumed full supply level is 580m.  The assumed depth of 
weathering of the faulted, weathered granite at the neck is of the order of 10 to 15m, 

6.10 CONSTRUCTION MATERIALS 

6.10.1 

6.10.2 

An ideal source of hard rock for aggregate would be pebble beds in the river alluvium 

ich 
forms all the high ground around the dam.  These rocks are ideal for aggregate as 

ery hard and durable when unweathered.  They contain no chalcedony and 
no strained quartz and no sulphides, and therefore adverse alkali-reactions will not 

le quarry sites are shown on Drawing B5, and in the photo album.  Site 1 
is very close to the dam, and Site 2 is 2.5km due East of the dam.  The favoured Site 

e of flawless rock. The elevation of the dome is around 570 
to 620m.  The access road to the quarry from the dam would be 4km long and on a 

e reservoir would partially inundate the quarry.   

granitic gneiss and quartz-diorite.  The submerged slopes are of the order of 1 in 5, 
and up to 60m high.  This is an exceptional steep gorge within an otherwise flat 
basin.  Such slope is indicative of a very resistant, high quality rock mass.  Therefore 
slope failure is unlikely at this locality, in spite of the steep slopes. 

Reservoir Seepage 

In terms of reservoir leakage there may be some low-risk associated with pervious 
soils.  In an arid climate there is 

against piping.   

A low neck encroaches

spot height 582.3m.  The regional geological map, Drawing B4 shows a

granitic bedrock.  The 

i.e., down to elevation 572.3 to 567.3m. There is possibility, therefore, of minor 
seepage through the neck, and further investigation by pitting and then drilling, would 
be warranted at feasibility stage.  

Rock-Fill Material 

There are abundant resources for rock fill as detailed in the next section. 

Coarse Aggregate 

particularly near the river channel.  At this stage is would seem that for a major RCC 
dam the total resource of all the pebble beds is too small but some pitting of the 
alluvial beds might be worthwhile to determine if significant reserves are available. 

A more reliable source of aggregate would be the granite/granodiorite gneiss wh

they are v

happen. The only problem might be flakiness in the case of gneissic rock varieties.  
Petrographic analysis of the granite gneiss confirms the suitability of this rock type for 
aggregate use.  

Two possib

2 comprises a giant dom

max. grade of 1 to.  Flooding of th
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lusively very fine with high proportions of 
silt and mica flakes.  Therefore they are considered unusable.  High quality sand for 

6.10.5 

The marble hills of Sirba Abbay might provide a source for cement. Concerning 
pozzolana, no obvious sources were found. 

6.11 GEOTECHNICAL EVALUATION OF THE DAMSITE AND RECOMMENDATIONS 
FOR FURTHER WORK IN THE FEASIBLITY STAGE 

6.11.1 Position of Centreline 

A slightly adjusted centreline position is shown on Drawing B6 compared to Drawing 
B3.  The adjusted position shown on Drawing B6 is considered optimal as it avoids 
the dam being built at or close to the soluble marble rock masses.  The entire dam 
will be founded on gneissic granite therefore, which is considered most favourable. 

6.10.3 Sand 

Large quantities of river sand are available from the alluvial terraces found on each 
side of the river.  However the sands are exc

concrete will rather, have to be obtained from crushed rock obtained from the quarry, 
therefore. 

6.10.4 Impermeable Soils 

No obvious sources were found. 

Pozzolana Materials and Cement 
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Marble / Gneiss contacts either side of river

recommended centre line position to avoid marble in foundations

Figure 6.1 : Aerial view of Border Dam site showing rock outcrops, marble 
contacts and centre line position to avoid marble in dam foundations. 

 

Type of Structure 

A rolled compacted concrete gravity dam is considered ideal in view of the very large 
size of the dam and the ready availability of rock for aggregate and crushed sand.  
The valley profile is too wide for a concrete arch dam.  Rockfill and earth fill dams are 
not viable due to the lack of suitable materials for the cut-off, and difficulty in 
establishing a side spillway.  

Dam Foundations 

River Section 

The flat, central, river section is 600m wide at the centreline.  In February the active 
river channel is 90m wide and occupies a 10 to 15m deep rocky trench with outcrops 
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rops display incipient foliation, and orthogonal joint 
system comprising three sets. 

arious peripheral concrete elements, such as plunge 
pool, tailrace training wall, etc.  

 of rock to foundation level will be from 1 to 3m deep in the active river 
channel. 

ated total depth to founding 
level is 2 to 5m, with rock excavation of around 1 to 3m. 

cavation depth will be from 5 to 15m deep with rock excavation of 
around 1 to 3m. 

of sampling, rock testing and Lugeon permeability testing, etc.  

Left Flank 

 about 350m long.  It has two foundation elements: 
lower slope and upper slope. . 

on either bank with scattered small rock islands.  The estimated river level at this 
time is approximately 490m.  All the exposed rocks along the river section, at, and 
adjacent to the centreline, consist of unweathered, or slightly weathered, very hard 
gneissic granite.  These outc

The unconfined uniaxial strength of the rock material is high generally above 
150MPa.  Such rock is considered uniform through the centreline area.  These 
foundation conditions are considered to be excellent for the purpose of constructing 
an RCC dam, including all the v

The active, entrenched river probably bottoms on rock, although there may be some 
thin unconsolidated gravels in the deeper parts of the channel.  It is estimated that 
excavation

On the left side of the active channel the alluvial terrace is not well developed, giving 
the impression that over a long time period the river channel has migrated from north 
to south.  The alluvial terrace this side of the river is only 60m broad, and a few 
meters deep, comprises a young terrace of loose sand and gravel.  These superficial 
deposits must overlie slightly or unweathered rock.  Estim

On the right side of the active river channel, there is a broad flat floodplain of about 
450m width.  Here the alluvium could be up to 15m deep, becoming deeper upslope. 
In this floodplain there is room for a buried river channel with local thickening of the 
alluvial sequence.  The alluvium comprises younger and older terraces, with 
alternation of silt, fine micaceous sand and local pebble beds and mud layers.  The 
alluvial deposits are likely to bottom on slightly weathered or unweathered gneissic 
bedrock. Total ex

Recommended borehole positions for the feasibility investigation are shown Drawing 
B6.  Borehole nos. 3, 4, and 5 are set out to investigate the rock conditions below the 
river section.  Hole no. 3 could be angled northwards under the river channel to 
investigate rock conditions below the channel.  It is recommended that each hole be 
drilled 25m into sound unweathered rock.  The main purpose of these holes is to 
determine depth of alluvium and quality of bed rock; as well as for the usual reasons 

The left flank of Border dam is

The lower slope is concave and covered by dense cover of gneissic granite boulders 
and rare dome shaped outcrops of massive rock.  Here there is minimal soil, and up 
to10m thick, of spheroidally weathered gneissic granite. In the lowest part of the 
slope there may have occurred some creep of the spheroidally weathered mass.  
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clusions in 
the foundation rocks of this flank, as can be seen from the geological map.  Borehole 

nite.  Excavation depth to sound rock is estimated as 1 to 
5m.  Boreholes 8 and 9, will investigate the general condition in this sector, as well as 

on tunnel. 

 is minimal and spheroidal weathered granite or 
solid exfoliated granite outcrop covers most of the surface.  Generally depth to sound 

A small defile cuts perpendicularly through the right flank, and this may correspond to 
ommended Borehole no. 6 is set out to investigate this defile. 

Borehole positions 1, 2, 8, and 9 are shown on Drawing B6 to investigate the left 
flank area.  Each hole has to be drilled 10 to 15m into solid rock.  Excavation depths 
to sound rock are estimated as 5 to 10m.  There is a slight risk of marble in

2 should be angled towards the South East to investigate this possibility.  

The upper slopes of the left flank are covered by boulders and frequent dome shaped 
outcrops of gneissic gra

for the diversi

Right Flank 

The left flank of Border dam is about 450m long.  Foundation conditions are similar to 
those described for the left flank, the entire foundation area is underlain by massive 
looking gneissic granite.  Soil cover

bedrock is estimated from 0 to 5m.  

a fault zone.  The rec

Injection Grouting 

One of the important aspects of the foundation drilling is to determine rock mass 
permeability by Lugeon testing.  Due to the affect of 3 well defined joint sets and 
stress relief exfoliation of the rock masses near surface, it is likely that curtain 

l be needed beneath the entire dam footprint. grouting wil

Diversion 

The preliminary design shows no conceptual river diversion.  It is possible, following 
the example from the Mandaya site, that diversion will be achieved through a 250m 
wide diversion channel situated on the right side of the river channel.  As previously 
mentioned alluvial terrace deposits will be encountered in this area.  The maximum 
depth of the trench would be 25m, therefore it is estimated that 80% of excavation 
would be in alluvium, and 20% in good quality gneiss.  Recommended Borehole 
positions; 4, 5, 11, 12, 13 and 14 are shown on Drawing B6; they investigate the 
conditions along the proposed diversion trench.  It is possible that diversion of the 
river will be via several diversion tunnels, as an alternative to, or additional to, the 
diversion channel.  In this case Boreholes 7, 8, 9, and 10, are set out along what is 
considered the best tunnel alignment underneath the uppermost left flank of the dam. 
Such a tunnel would be about 1km long from portal to portal.  The entire tunnel 
system would be excavated in gneissic granite of presumed good quality, excepting 

each portal. for spheroidal weathered rock masses at 

Tailrace, Powerhouse and Penstocks 

These elements are accommodated in the river section, where foundation conditions 
have already been described above.  
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Gneissic Granite Quarry 

Quarry Site no. 2, indicated on Drawing B5, is considered to be an almost perfect 
quarry site from a geological view point.  It is a huge, bare dome of massive granite. 
It is 2km east of the dam.  Mapping and sampling of the dome will be necessary at 
feasibility stage to confirm the reserves of the quarry, and the quality of the materials 
present. 

Materials Investigations 

Some wide-ranging investigations are justified, of natural gravel deposits in the 
Abbay River and adjacent alluvial terraces.  The Sirba Abbay marbles should be 
investigated as a possible local source of cement.  For pozzolanic material some 
regional investigation is warranted.  

6.12 SEISMICITY AND EARTHQUAKE PARAMETERS 

The Border dam project area appears to be located in a relatively low seismic hazard 
zone.  Seismic activity in Ethiopia and the neighbouring regions is illustrated on 
Figure 6.2.  This sketch shows all epicentres recorded from 1906 until 2003.  Clearly 
Border dam site is 250km away from the nearest epicentre.   
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Figure 6.2 : Seismic Epicentres in Ethiopia and Region (1906-1993), 

(Magnitudes 5 Upwards, Magnitude proportional to Square-Size) 

 
 

 
BORDER DAM SITE. 
Original drawing by the Geophysical Observatory of Addis Ababa University. 
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A ‘classification’ of Seismic-tectonic zones of Ethiopia is shown in Figure 6.3.  The 
Geophysical observatory of Addis Ababa University has used the epicentre map to 
identify so called ‘seismo-tectonic’ zones, which are areas of modern seismic activity.  
These zones are listed below: 

• The Western Branch of the East African Rift, 1a, 1b confined to Uganda 
Sudan border areas. 

• The main Ethiopian Rift, 2a,b,c,d,  

• The Western Escarpment of the Afar Depression consisting of marginal 
grabens, 3a,b,c. 

• The Afar Depression, 4. 

• The Leading edge of the Gulf of Aden Propagating Rift, 5. 

• Transform Zone Connecting the Red Sea Rift to Northern Afar, 6a,b. 

• The Red Sea Rift, 7a,b,c. 

All of these zones are seismically unstable due to continuing movement along rift 
(normal) faults, and transform (wrench) faults, relating to crustal extension and 
concomitant plate collisions.  Border site falls outside of these active zones. 

A Seismic Hazard Map of Ethiopia (Figure 6.4), was prepared by the Geophysical 
Observatory of Addis Ababa University (Asfaw and Kebede 1994) based on all 
earthquakes recorded in Ethiopia since 1906.  Border site lies outside of the 0.05g 
peak horizontal acceleration contour.  The hazard is for “a probability of exceedance 
of 0.0033 (return period of 300 years)”. 

ICOLD Recommendations (Bull. 72), rank the Border site is rated to Hazard Class I.  
This represents "Low Hazard".  Most dams in this hazard class will not experience 
damage under the MDE (Maximum Design Earthquake).  It would be sufficient to 
check the dam for the MDE using Ground Motion Amplitude for calculation.  Design 
Earthquake should be selected at a return period of 200 years, which corresponds to 
acceleration of 0.073g, i.e. 0.72 m/s2 for structures founded on rock. 

No analysis of reservoir-induced seismicity has been made in this study. For such a 
large dam as Border this aspect has to be considered at the feasibility stage.  
Table 6.2, below presents the seismic hazard calculated for Karadobi Dam, which is 
similar in design to Border Dam.  As Karadobi site is 150km closer to the Ethiopian 
rift valley than Border site, ground motion amplitudes can be anticipated to be 
marginally less at Border. 

Table 6.2 Ground Motion Amplitude for Karadobi Dam 
Return Period 

(Years) Period in Seconds for Rock Site 

100 1.0 2.0 
200 0.062 0.040 
300 0.073 0.046 
400 0.081 0.050 
500 0.091 0.056 
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Figure 6.3 : Seismo-Tectonic Zones in Ethiopia and Neighbouring Regions 

 
 
   
 
BORDER DAM SITE. 
Original drawing by the Geophysical Observatory of Addis Ababa University. 
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Figure 6.4 : Seismic Hazard Map of Ethiopia. 

The Hazard is for Probability of Exceedance of 0.0033 (for Return Period of 300 
Years). Contours Indicate Peak Horizontal Acceleration as a Proportion of g 
(Acceleration of the Earth’s Gravity).  

 

 
 
BORDER DAM SITE. 
Original drawing by the Geophysical Observatory of Addis Ababa University. 
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Petrography of Rock Samples 
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Discontinuity Data and Stereographic Plots  
using “DIPS” 
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BORDER DAM JPOINT MEASUREMENTS. WAY POINTS ROCK TYPES 
 
dip dip direct wp rock 
80 85 1 gran 
15 75  gran 
60 330 2 gngran 
5 140 2 gngran 
80 220 2 gngran 
50 174 2 gngran 
80 345 3 gngran 
80 40 3 gngran 
75 325 3 gngran 
90 90 3 gngran 
80 139 4 gngran 
70 35 4 gngran 
5 310 4 gngran 
87 140 5 gngran 
90 80 5 gngran 
5 70 5 gngran 
90 315 6 apdyke 
87 20 6 apdyke 
70 330 7 bioschist 
85 315 7 bioschist 
30 0 7 bioschist 
70 330 8 bioschist 
85 0 9 gran 
85 70 9 gran 
40 215 12 bioschist 
75 40 12 bioschist 
65 100 14 gngran 
60 30 14 gngran 
60 70 14 gngran 
80 323 15 gngran 
10 200 15 gngran 
25 230 15 gngran 
15 170 15 gngran 
90 160 16 marble 
85 300 16 apdyke 
80 10 16 apdyke 
85 120 16 apdyke 
87 215 16 apdyke 
40 280 16 schist 
90 160 17 marble 
90 146 18 ampschist
70 140 19 gngran 
84 140 19 gngran 
85 325 20 metvolc 
87 30 20 metvolc 
75 300 20 apgn 
85 320 21 metased 
60 320 22 marble 
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dip dip direct wp rock 
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0 125 m40 gngran 
 

80 50 22 marble 
60 322 23 metase
30 340 24 amgn 
30 240 24 amgn 
60 155 25 gngran 
75 140 33 gngran 
30 230 36 bioschis
10 225 37 marble 
90 320 38 bioschist 
76 50 38 bioschi
60 320 39 amgn 
80 60 39 amgn 
76 242 39 amgn 
90 280 39 amgn 
55 150 42 marble 
6 60 42 marble 
65 300 43 gngran 
85 220 43 gngran 
85 300 43 gngran 
90 135 44 marble 
90 165 44 marble 
70 110 44 apldyke 
90 165 45 marble 
75 295 58 gngran 
75 330 65 domegra
65 40 m33 gngran 
86 320 m34 gngran 
65 65 m34 gngran 
15 245 m34 gngran 
75 20 m34 gngran 
85 320 m35 gngran 
75 185 m35 gngran 
75 125 m35 gngran 
85 130 m36 gngran 
75 185 m36 gngran 
85 320 m36 gngran 
75 124 m36 gngran 
80 330 m37 gngran 
85 130 m37 gngran 
77 320 m37 gngran 
80 50 m37 gngran 
90 134 m38 gngran 
85 330 m39 gngran 
10 150 m39 gngran 
75 329 m39 gngran 
87 320 m40 gngran 
77 350 m40 gngran 
1
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BORDER DAM JANUARY GEO SURVEY – WAY POINT LIST AND ROCK TYPES 

dip dip direct wp elev easting northing barom rock 
80 85 1 531 728567 1240799  gran 
15 75      gran 
60 330 2 506 728237 1240363 483 gngran 
5 140 2     gngran 
80 220 2     gngran 
50 174 2     gngran 
80 345 3 507 728121 1240404  gngran 
80 40 3     gngran 
75 325 3     gngran 
90 90 3     gngran 
80 139 4 507 727911 1240428  gngran 
70 35 4     gngran 
5 310 4     gngran 
87 140 5 512 727777 1240423  gngran 
90 80 5     gngran 
5 70 5     gngran 
90 315 6 519 727766 1240462  apdyke 
87 20 6     apdyke 
70 330 7 518 727209 1240725  bioschist 
85 315 7     bioschist 
30 0 7     bioschist 
70 330 8 505 727140 1240773  bioschist 
85 0 9 508 727055 1240816  gran 
85 70 9     gran 
40 215 12 507 729864 1239226  bioschist 
75 40 12     bioschist 
65 100 14 505 728303 1240351  gngran 
60 30 14     gngran 
60 70 14     gngran 
80 323 15 493 728438 1240310  gngran 
10 200 15     gngran 
25 230 15     gngran 
15 170 15     gngran 
90 160 16 499 728512 1240306  marble 
85 300 16     apdyke 
80 10 16     apdyke 
85 120 16     apdyke 
87 215 16     apdyke 
40 280 16     schist 
90 160 17 497 728573 1240262  marble 
90 146 18 494 728588 1240226  ampschist
70 140 19 491 728608 1240180  gngran 
84 140 19     gngran 
85 325 20 496 728832 1240084  metvolc 
87 30 20     metvolc 
75 300 20     apgn 
85 320 21 498 729039 1239987  metased 
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dip dip direct wp elev easting northing barom rock 
60 320 22 500 729119 1239938  marble 
80 50 22     marble 
60 322 23 496 729119 1239903  metased 
30 340 24 499 729422 1239745  amgn 
30 240 24     amgn 
60 155 25 549 728551 1240837 563 gngran 
  26 537 728564 1240845 557 defile 
  27 548 728572 1240911 572 bould 
  28 569 728586 1240965 578 bould 
  29 579 728600 1240986 579 bould 
  30 589 728624 1241024 617 bould 
  31 593 728657 1241034 620 grandome
  32 605 728659 1241068 634 grandome
75 140 33 621 728704 1241104 646 gngran 
  34 644 728728 1241158 670 bould 
  35 655 728761 1241175 680 bould 
30 230 36 472 729899 1239229  bioschist 
10 225 37 501 729730 1239254  marble 
90 320 38 491 728907 1239943  bioschist 
76 50 38     bioschist 
60 320 39 496 728775 1240031  amgn 
80 60 39     amgn 
76 242 39     amgn 
90 280 39     amgn 
  40 496 728765 1240023  calcsilc 
55 150 42 499 728674 1240074  marble 
6 60 42     marble 
65 300 43 503 728614 1240109  gngran 
85 220 43     gngran 
85 300 43     gngran 
90 135 44 510 728538 1240142  marble 
90 165 44     marble 
70 110 44     apldyke 
90 165 45 510 728458 1240146  marble 
  46 505 728450 1240162  gngran 
  47 504 728309 1240233 494 domegran
  48 504 728309 1240203 495 gngran 
  49 521 728302 1240175  bould 
  50 530 728280 1240153 522 domegran
  51 525 728277 1240086 518 defile 
  52 540 728205 1239987 532 domegran
  53 547 728209 1239937  bould 
  54 556 728185 1239895 547 bould 
  55 567 728174 1239879 560 bould 
  56 574 728161 1239855 569 bould 
  57 584 728159 1239829 578 bould 
75 295 58 594 728136 1239799 588 gngran 
  59 606 728083 1239754 595 domegran
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dip dip direct wp elev easting northing barom rock 
  60 607 728083 1239754 602 bould 
  61 604 728089 1239703 598 bould 
  62 616 728117 1239654 610 gngran 
  63 625 728089 1239642 619 bould 
  64 632 728084 1239617 627 bould 
75 30 02 n3 65 608 728037 1239755 6 domegra
  66 501 728598 1240310  gngran 
  67 530 728732 1240784  gngran 
65 40 m33  728318 1240203  gngran 
86 320 08 28204 240263 m34 5 7 1  gngran 
65 65 m34     gngran 
15 245 m34     gngran 
75 20 m34     gngran 
85 320 m35 508 28077 240287 7 1  gngran 
75 185 m35     gngran 
75 125 m35     gngran 
85 130 m36 513 27978 240275 7 1  gngran 
75 185 m36     gngran 
85 320 m36     gngran 
75 124 m36     gngran 
80 330 m37 505 27928 240323 7 1  gngran 
85 130 m37     gngran 
77 320 m37     gngran 
80 50 m37     gngran 
90 134 m38 500 727865 1240331  gngran 
85 330 m39 502 27865 240301 7 1  gngran 
10 150 m39     gngran 
75 329 m39     gngran 
87 320 m40 503 27638 240316 7 1  gngran 
77 350 m40     gngran 
10 125 m40     gngran 
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Plate 1: Right bank river section at centre line, extensive outcrops of 

gneissic granite on both sides of river  

 
Plate 2:  Right bank river section 100m downstream from centre line, 

pegmatite intrusions in gneissic granite.  
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Plate 3:   Right bank river section 200m downstream of centre line, gneissic 

granite intersected by 4 joint sets  

 
Plate 4:   Right bank river section 1000m downstream of centre line,  biotite 

amphibolite gneiss/schist, with isoclinal folds  
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Plate 5:   Marble outcrop on right bank 300m up stream from centreline, 

showing ptygmatic contortion of 2 quartz veins  

 
Plate 6:  Marble rock mass near contact to gneissic granite body, 300m 

upstream of centre line  
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Plate 7:  Marble outcrop on right bank 300m up stream from centreline, showing 
pegmatite dyke intrusion and incipient karst solution effects  

 
Plate 8:  Right flank, at main slope break, showing massive gneissic granite 
outcrop  
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Plate 9:   Right Flank (above green trees) from upstream vantage point 

 
Plate 10:  Right Flank from top of left flank 
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Plate 11:  Left Flank from upstream vantage point  
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Plate 12:  Left Flank from top of right flank 

 
Plate 13:  Quarry Site No.2, huge granite dome. 
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7. DESCRIPTION OF THE PROPOSED PROJECT 

7.1 BORDER PROJECT SITE 

The Border project site is located on the Blue Nile some 30 km downstream of its 
confluence with the Beles river and 20 km upstream of the Ethiopia – Sudan border.  
The catchment area for the Border project comprises some 176,918 km2 of the Blue 
Nile (Abbay) river basin.  The site is characterised by a relatively wide valley between 
steep hills forming each abutment.   

The wide valley profile at the site allows development of the dam, diversion works 
and power station as surface structures.  The site is suitable for dams up to some 
90 metres in height and is limited by the elevation of several saddles in the reservoir 
rim at elevations of approximately El. 580-590 m. 

The general arrangement of the proposed project is presented on Drawing B8.  

7.2 SELECTION OF RESERVOIR FULL SUPPLY LEVEL 

The proposed reservoir full supply level of El. 580 m has been selected following 
review of the results of the reservoir operation simulation using the RAPSO model.  
Summary results of the RAPSO modelling for the Border project are shown in 
Table 7.1. below. 

Table 7.1 : Summary Results of RAPSO Simulation Modelling 

FSL 
(m) 

Minimum 
Operating 
Level (m) 

Operating 
Range 

(m) 

Installed 
Capacity 

MW 

Gross 
storage 
m3 x 106

Live 
storage 
m3 x 106

Firm 
energy 

% 
Generation 

Flow % 
Spillage 
Flow %

575* 563.43 11.57 1400 11,074 4,742 43 67.2 33.8 

580 560 20 1200 14,470 8,470 66 68.9 31.1 

* As proposed by USBR, 1964 

A reservoir full supply level for Border of El. 575 was proposed by USBR in the “Land 
and Water Resources of the Blue Nile “ (1964).  It can be seen from Table 7.1 above 
that the project as proposed would utilise 67.2% of the available river flow for 
generation with spillage accounting for the remaining 33.8%.  The firm energy output 
would be only 43% of energy generated.  These values are relatively low due to the 
modest size of the reservoir live storage which amounts to only 9.7% of the volume 
of mean annual runoff. 

 
By contrast, a development at Border with a full supply level of El. 580m would 
capture some 68.9% of flow for energy generation with 31.1% of flow lost to spillage.  
Firm energy generation would amount to 66% of total generation as a result of the 
improved flow regulation with live storage of 17.4% of MAF.  This development is 
superior to the lower level option proposed by USBR in terms of energy generation 
and provision of regulated flow downstream in Sudan.  Accordingly, a full supply level 
of El. 580 metres has been adopted for the purposes of the pre-feasibility study. 
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It is recommended that the selection of the dam full supply level is reviewed during 
detailed feasibility studies considering a range of levels from approximately El. 575 m 
to El. 600 metres in order to determine the optimum dam height and reservoir volume 
configuration taking account of the size and cost of potential saddle dams required 
along the reservoir perimeter. 

7.3 DAM 

7.3.1 Dam site and Alignment 

The dam alignment is located immediately downstream of a point where the river 
valley changes from a wide open plain to a narrower reach comprising a flood plain 
approximately 600 m with a 90 m wide incised low flow rocky channel. 

At the site bedrock is exposed both in the incised river channel and at outcrops on 
either bank (as described in more detail in Section 5).  The proposed alignment has 
been selected to avoid zones of marble in the foundations which are undesirable. 

The Border dam at the selected site will have a crest length of approximately 1,500 m 
and will have an overall height of some 95 metres. 

7.3.2 Dam Type 

Since 1980, roller compacted concrete (RCC) has to a large extent become the 
technology of choice for large dams.  The term roller compacted concrete, describes 
concrete used in the construction process which combines the economical and rapid 
placing techniques used for embankments with the strength and durability of 
concrete.  The advantages of an RCC dam are numerous including, for example: 

• Material savings. The unit cost per cubic metre of RCC is considerably less 
than that of conventional concrete; and RCC dams have considerably less 
volume of construction material than embankments of the same height.  The 
lower cost arises from highly mechanised and continuous placement at high 
rates which gives very good plant utilisation. 

• Rapid construction. The rapid construction techniques and reduced concrete 
volume account for major costs savings in RCC dams.  RCC can be placed at 
a vertical rate in excess of 10 m per month.  Maximum placement rates in 
excess of 100,000 m3/month have been achieved. When compared with 
embankment dams, construction time for a large dam can be reduced by 1 to 
2 years. 

• Spillways and appurtenant structures. The location and layout alternatives for 
spillways, outlet and hydropower works, and other appurtenant structures in 
RCC dams provide additional economic advantages compared with 
embankment dams. 

• Diversion and cofferdam. RCC dams provide cost advantages in river 
diversion during construction and reduce damages and risks associated with 
cofferdam overtopping.  The diversion conduit will be shorter compared with 
embankment dams. 
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• The RCC dam is inherently safe against internal erosion, overtopping, and 
seismic ground motions. 

• Other advantages. The smaller volume of an RCC dam makes the 
construction material source less of a driving factor.  The borrow source will 
be considerably smaller and more environmentally acceptable. 

Having regard to the site topography and geology at the Border site, together with the 
substantial flows which must be accommodated both during construction and in the 
spillway facilities it is considered that an RCC dam is the most appropriate choice of 
dam type and offers considerable advantages over alternative dam types such as 
concrete-faced rockfill (CFR). 

7.3.3 Sources of Materials for Dam Construction 

The principal materials for dam construction comprise coarse and fine aggregates, 
ordinary Portland cement and pozzolan.  Coarse and fine aggregates are expected to 
be sourced from quarries to be developed in the immediate vicinity of the Border dam 
site. 

The pozzolan may be fly-ash, a natural pozzolan or ground granulated blast-furnace 
slag.  In addition inert filler is commonly used.  The filler may be crusher dust or 
imported fines which typically display no or little pozzolanic activity.  The addition of 
pozzolan has the desirable effects of reducing cement content, thus lowering costs 
and reducing the heat of hydration and giving slower strength development which 
benefits bonding of RCC layers and reduces thermal stresses.  The paste/mortar 
ratio is increased, thus reducing the potential air voids in the concrete. 

It is expected that the mix design for the dam construction will be of the “high paste” 
type and have a cementitious content of approximately 180 - 200 kg/m3.  The 
permeability of completed dams has been shown to be low, less than 10-8 m/s, 
provided the cementitious content exceeds 150 kg/m3, (see ICOLD Bulletin 123, 
State-of-the-art of roller compacted concrete dams).  For high dams a lower 
permeability is desirable and the cementitious content should be between 180 to 
200 kg/m3.  Other criteria may give higher cementitious contents than these. 

Use may be made of lower contents of cementitious material in appropriate zones of 
the dam.  It is anticipated that pozzolans will comprise some 70% of the cementitious 
material.  In the interests of economy the maximum use will be made of locally 
occurring pozzolans.  In this respect, the existence of a volcanic cone some km 
downstream of the Mandaya site may offer a suitable local source of material with 
pozzolanic properties. 

Cement is manufactured in Ethiopia at four plants with a combined capacity of 
1.57 Mt/yr of cement and 1.36 Mt/yr of clinker (2004-2005).  Several new cement 
plants are planned to meet the shortfall in supply in the domestic market. 

The search for, and the choice of, the most appropriate pozzolan will be undertaken 
during the feasibility studies.  The cost of the cementitious materials in an RCC dam 
can be as much as one quarter or more of the total cost of the dam.  It is thus 
important that the most suitable solution is found. 
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7.3.4 Dam Construction 

RCC Placement 

RCC is normally placed in continuous layers extending between abutments.  Speed 
of construction is an important factor as each layer of concrete needs to be placed on 
the underlying layer before the latter has aged to such an extent that a good bond 
between the layers cannot be achieved. 

The concrete is commonly transported to the dam using conveyors and may be 
placed directly by a conveyor or may be transferred to trucks for final placement.  
The concrete is spread in layers, normally 30 cm thick, using bulldozers and is 
compacted by 10 to 12 tonne vibrating rollers. 

Until recently, all RCC was placed in horizontal layers.  The capacity of the concrete 
manufacturing plant is then geared to placing the largest lift in the dam within one 
day, commonly 14 or 16 hours and such that the next lift can be placed within 24 
hours.  With this procedure regular, time-consuming and expensive lift joint treatment 
is avoided.  The sloped layer method has now been developed, in which the RCC 
layers are placed on a slope.  The size of the layer is such that the next layer can be 
placed before its initial set and the total height of the lift, which may be 1.5 m or 
more, defines the slope angle.  With this method it may take several days to 
complete one lift from abutment to abutment.  Each lift is homogeneous as each 
layer is placed on fresh concrete.  The top surface, however, becomes a cold joint 
and requires treatment to ensure a good bond with the next lift.   

The methods of joint treatment are the same as for conventional concrete and give a 
similarly good bond.  The cleaning and preparation of the surfaces is not on the 
critical path.  The method has several further advantages.  In the event of any 
disruption to the RCC production or delivery, the exposed surface is at any time 
relatively small and can more easily be prepared as a cold joint (on a single 
horizontal layer the entire area from abutment to abutment would have to be 
prepared.)  The requirement to place a minimum of one 30 cm lift per day, or about 
10 m per month, no longer applies.  Instead of the concrete manufacturing and 
transport plant being designed for placing the largest layer in one day, the plant can 
be designed for a desired typical placement rate. 

The sloped layer method of RCC concrete placement for a dam of this size has 
significant merits, despite the fact that the engineering community may to some 
extent resist adopting this method because to date the horizontal layer method has 
produced the highest placement rates.  We would not preclude either option, both of 
which should be considered at feasibility stage. 

Forming of Dam Faces 

The faces of the dam can be formed using various methods.  Slip-formed kerbs have 
been used, but more often formwork is the chosen option.  RCC can be placed 
directly against formwork or conventionally vibrated concrete can be used.  In the 
latter case CVC (Conventional Vibratable Concrete) is placed against the formwork 
just in advance of the RCC layer.  In recent years the GEVR (Grout Enriched 
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Vibratable RCC) has been developed.  A variant is the GE-RCC (Grout Enriched 
RCC) method.   

In the former, grout is placed adjacent to the formwork just in advance of the RCC 
placement.  In the latter the grout is placed on top of the fresh RCC adjacent to the 
formwork.  The RCC thus enriched is then consolidated using poker vibrators and 
either method can work well and produce a fair face to the dam without 
honeycombing or voids.  This method, in its two variants, has proven to be the lowest 
cost option for most dams where it has been used. 

Placement Rates 

The Border dam with full supply level of El. 580 m will have an RCC volume of some 
3 million cubic metres.  The rate of placing of the RCC will be of importance to the 
overall construction programme.  Table 7.2, below lists the planned and completed 
RCC dams that have had an average rate of placement in excess of 
100,000 m3/month.  It should be noted that peak placing rates achieved at Longtan 
exceeded 400,000 m3/month and therefore the proposed average placing rate of 
100,000 to 150,000 m3/month at Border should not present any particular difficulties. 

Table 7.2 : Average Placing Rates of Major RCC Dams 

Dam Height 
(m) 

Volume of 
RCC 

(M m3) 

Placement 
period 

(months) 

Average rate
(m3/month) 

Basha Diamer (design stage) 285 10.50 32.3 325,000 
Longtan 217 4.95 33.0 150,000 
Upper Stillwater 91 1.13 9.0 125,325 
Tha Dan 95 4.90 40.0 122,500 
Olivenhain 97 1.07 8.8 121,895 
Beni Haroun 118 1.69 16.4 102,860 

 

7.4 RIVER DIVERSION WORKS 

The width of the valley at the river level allows development of a river diversion 
arrangement based on a number of surface conduits in the base of the dam rather 
than use of tunnels.  The diversion works have been designed to have an ultimate 
capacity of 12,000 m3/s with upstream water level of El. 652.5m. 

River diversion during construction will take place in a number of stages as follows: 
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Stage 1 

Construction of an RCC gravity wall on the right bank.  The wall will extend upstream 
and downstream of the dam alignment and have respective crest elevations of 
approximately 522.0 and 514.0 m. 

Construction of upstream and downstream earthfill cofferdams on the right bank.  It is 
estimated that cofferdams with crest elevations of 511.0 m will offer protection 
against flows of approximately 10,000 m3/s whilst construction of diversion conduits, 
RCC dam/spillway and right abutment takes place.   

Stage 2 

Construction of the diversion conduits and permanent low level outlets will be 
completed.  Dam right flank construction will proceed up to an elevation of 
approximately 513.5 m.  In the latter part of this stage excavation of the diversion 
channel on the right bank will commence. 

Stage 3 

Right bank earthfill cofferdams removed and excavation of the diversion channel and 
plunge pool on the right bank completed. 

Stage 4 

Construction of left flank, upstream and downstream earthfill cofferdams with 
respective crest elevations of 522.0 and 514.0 m to complete river diversion through 
the diversion conduits.  It is noteworthy that with dam construction on the right flank 
limited to an elevation of 513.5 m, it is estimated that flood flows approaching 
18,000 m3/s can be accommodated as a combination of diversion conduit culvert flow 
and weir flow over the right flank dam section. 

Stage 5 

Following dewatering between the two cofferdams construction of the powerhouse, 
tailrace and dam left flank will commence.  Construction of the dam right flank, 
spillway and right abutment will continue once construction of the dam left flank 
reaches elevation 513.5 m.   

Stage 6 

Close two of the diversion conduits with wheeled stopgates and construct temporary 
low-level outlet control gates in those conduits.  Continue dam, spillway and 
powerhouse construction works.  

Stage 7 

Complete spillway construction and radial gate installation.  Open temporary low-
level outlet gates. Close remaining diversion conduits with wheeled stopgates and 
place concrete plugs.   
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Stage 8 

Control release of flow and commence impounding.  When water level reaches a 
suitable level above permanent low-level outlets, close temporary low-level outlets.  
Continue impounding.  Control release through permanent low-level outlets. 

Stage 9 

Complete powerhouse construction and continue mechanical and electrical 
installation. 

Commence generation as generating units become available.   

Complete turbine and generator installation and commissioning of remaining units. 

The diversion stages are presented on Drawing B9.  

7.5 OUTLET WORKS 

The outlet works will allow release of flows from the Border reservoir by means other 
than release through the power generation facilities or the spillway.  The main 
purpose of the outlet works is to allow controlled release of flows during reservoir 
filling to ensure security of supply to downstream users and to allow release of flow in 
the unlikely event that release through the power generation facilities is not possible. 

The outlet works comprise two facilities: 

• Low-level release facility in the diversion conduits at an elevation of 
approximately  

• Mid-level release facility with invert level of approximately El. 503.5 m. 

7.5.1 Low-level Outlet 

The low-level release facility would be constructed at Diversion Stage 6 as described 
above.  Two of the diversion conduits would be closed by wheeled stop gates at the 
upstream end and stoplogs at the downstream end.  High pressure steel-lined 
conduits would then be constructed within the diversion conduit.  Each conduit would 
have a height of 4 metres and width of 3 metres and would be provided with aeration 
ducts to minimise the risk of cavitation damage occurring.  Hydraulically operated 
high-pressure control gates and maintenance gates would be erected at the 
upstream end of the low-level outlet to control flow and allow maintenance. 

7.5.2 Mid-level Outlet 

As the low-level outlet gates would be subject to high pressure of up to 90 m (when 
the Border reservoir is at full supply level) and associated high velocity flows it is 
considered advisable to minimise risk of damage by incorporating a mid-level outlet 
which would allow release of flow at lower pressure.  The mid-level outlet would 
therefore allow for release of flow at lower pressure whilst also providing flexibility for 
release of flows during reservoir filling. 
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The mid-level outlet facility would comprise three separate outlet conduits, each 4 
metres high by 3 metres wide.  The invert of the mid-level outlet conduits would be 
set at an elevation of El. 503.5 m.  Each conduit would be provided with a 
hydraulically operated control gate and a maintenance gate.  The outlets would 
terminate in a flip bucket discharging flow into the plunge pool downstream of the 
dam. 

7.6 SPILLWAY 

7.6.1 Spillway Structure 

The spillway will comprise 12 radial gates bays with a total discharge capacity of 
approximately 30,000 m3/s with the reservoir at full supply level.  The spillway 
structure will comprise six chutes of reinforced concrete construction separated by 
dividing walls and will be anchored to the underlying RCC dam body. 

The spillway gates will be located on the dam crest and will discharge into the six 
chutes.  The design has been arranged such that each of the six chutes will be 
independent of others in respect of access and operation and hence it will be 
possible to carry out maintenance of one chute with others remaining in service.   

The spillway crest will have a hydraulic profile in accordance with the standards and 
recommendations of the US Army Engineer Waterways Experimental Station in order 
to minimise uplift and cavitation potential.  A typical cross section through the 
spillway is presented on Drawing M10. 

7.6.2 Spillway Gates 

The radial spillway gates will each be 16 m wide by 18 m high and will be operated 
by hydraulic servomotors in accordance with a rule curve defining the magnitude of 
spillway discharge required for any reservoir level in order to ensure safe passage of 
major floods without adverse impact on dam safety. 

Each of the spillway gate bays will be equipped with stoplog guides.  It is envisaged 
that two sets of stoplogs will be provided to allow two gates or one chute to be 
isolated at any one time for maintenance to the radial gates, seals and the spillway 
structure.   

7.6.3 Routing of Floods over Spillway 

The spillway gates have been sized to be capable of discharging the 1 in 10,000 year 
flood.  Incoming flood peaks will be significantly attenuated as the flood passes 
through the Border reservoir, particularly if the reservoir is drawn down at the time of 
commencement of the flood event.  It should be noted that the reservoir will normally 
be drawn down by 20 metres at the start of the flood season. 

The 1 in 10,000 year flood inflow peak of approximately 44,000 m3/s will be 
attenuated to 30,000 m3/s during routing through the reservoir assuming that the 
reservoir is at full supply level at the commencement of the flood event.  The peak 
level reached would be 581.89 m, a rise of some 1.89 metres during the passage of 
the flood. 
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In addition to the capacity of 30,000 m3/s, it should be noted that there would be 
significant additional discharge capacity and greater attenuation at higher reservoir 
levels, albeit with some encroachment on the 3 m freeboard allowance. 

7.6.4 Spillway Chute and Flip Bucket 

The six spillway chutes will be separated by divide walls providing freeboard to avoid 
overtopping in accordance with internationally accepted design criteria established by 
the US Bureau of Reclamation and US Army Corps of Engineers taking account of 
bulking of flow associated with air entrainment. 

Each spillway chute will be equipped with aerators to protect against damage by 
cavitation associated with the high velocity flow.  The first aerators will be located at 
the downstream end of the gate piers at which point an offset would be provided in 
both the side walls and chute floor.  Further aerators would be located at intervals 
downstream. 

The chutes will each terminate in a flip bucket and will discharge into a downstream 
plunge pool for energy dissipation.  The flip bucket would have a radius of 14 m and 
would have a take-off angle of 20° above the horizontal. 

A solid flip bucket is proposed without teeth or other dissipation features.  As each 
chute will be controlled by a gate, formation of a hydraulic jump within the flip bucket 
at low flow rates can be avoided thus allowing immediate initiation of the initial “flip” 
of the spillway discharge.   

The depth of flow will vary from 19.25 metres at the gate location to 4.1 m at the 
entry to the flip bucket where the maximum velocity will be some 35 - 40 m/s.  The 
trajectory downstream of the flip bucket will extend to some 130 metres horizontally, 
depending on the precise flow rate and tailwater level. 

7.7 POWER WATERWAYS 

The power waterway system will comprise eight independent intake works, 
penstocks and turbines discharging into a common and tailrace.  Typical cross 
sections through the power waterways are presented on Drawings B10 and B11. 

7.7.1 Intake Structure 

The reinforced concrete intake structure will be located on the main dam and will 
incorporate unitised intake gates and associated control equipment for each of the 
eight turbine-generator units.  The intake structure will also be equipped with trash 
screens and trash raking mechanism, and slots to allow bulkhead gates to be 
deployed for gate, waterway and unit maintenance.  Each unit waterway in the intake 
structure will be split by a central wall to keep gate and trash screen spans to 
manageable proportions.  Each intake gate of the unit pair will be 5.4 m high by 
3.0 m wide. 

The invert of the intake structure will be set at El. 544 m and overt at El. 550 m.  This 
will provide a submergence of 10 m above the waterway overt and 4 m above the top 
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of the screens at minimum operating level, in order to minimise the risk of vortex 
formation. 

7.7.2 Penstocks 

Downstream of the intake eight 6.0 m diameter surface-mounted steel penstocks 
descend the face of the dam and connect directly to individual turbine units.  The 
preliminary design of the penstocks has been based on a maximum flow velocity of 
approximately 7.4 m/s at full turbine output. 

The penstocks have been designed in accordance with the CECT 
“Recommendations for the Design, Manufacture and Erection of Steel Penstocks of 
Welded Construction for Hydro-electric Installations”.  The penstocks will range in 
thickness, depending on the internal pressure, from 19mm close to the intake to 24 
mm leading into the turbine inclusive of a 2mm corrosion allowance. 

Friction losses in the waterway have been calculated as approximately 2.5 metres 
taking account of hydraulic friction losses and “minor” losses at trash screens, 
entrance, gate slots, transitions and bends. 

7.8 POWERHOUSE STRUCTURE AND TAILRACE 

The powerhouse will be a surface type structure of reinforced concrete and structural 
steel, construction, completely detached from the dam structure and located on the 
left bank.  The powerhouse accommodates a loading/service bay, one bay for each 
of the 8 Francis turbine units, control block and offices.  Single phase transformer 
bays (3 per turbine unit) will be located immediately downstream of the powerhouse 
on a reinforced concrete platform that also forms the draft tube gate operating floor at 
elevation El. 520.0 m. 

Principal approximate dimensions and elevations are given in Table 7.3 with typical 
details being presented in Drawings B11 and B12. 

Table 7.3 : Border Powerhouse Principal Dimensions and Elevations 

Description Dimension/Elevation 
(m) 

Overall Length (m) 245.0 
Machine Hall Width (m) 25.0 
Foundation Width 54.0 
Overall Height 70.0 
Unit Centre Line Spacing 25.0 
Crane Beam Elevation 528.5 
Loading/Service Bay Elevation 520.0 
Machine Operating Floor Elevation 508.5 
Generator Floor Elevation 501.5 
Turbine Floor Elevation 494.5 
Turbine Setting Elevation 490.1 
Draft Tube Invert Elevation 473.7 
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7.9 TAILRACE SYSTEM 

The tailrace system of the Border scheme consists of the following elements: 

• an open channel that joins with the existing river bed approximately 120 m 
downstream of the powerhouse, and 

• an RCC separation wall to limit the interferences between the tailrace channel 
and the dam spillway plunge pool.  

7.10 SWITCHYARD 

The switchyard will be located on the left bank, downstream of the dam site, at a 
horizontal distance of approximately 750 m from the powerhouse.  The switchyard 
will be constructed on a terrace at elevation El. 520 m with approximate dimensions 
of 300 m by 200 m. 

7.11 POWERHOUSE MECHANICAL AND ELECTRICAL PLANT 

7.11.1 Turbines and Governors 

The turbines will be vertical shaft Francis type with steel spiral casing.  Each turbine 
will be directly connected to a vertical shaft synchronous generator. The water for 
each turbine will be supplied through a separate intake structure and penstock. 
Intake gates will be provided for emergency shutdown of the units.  At the outlet, draft 
tubes stoplogs will also be provided to permit dewatering of the turbine for inspection 
and maintenance purposes. 

The rated output of each turbine will be 150 MW assuming a design net head of 
78.4 m.  The synchronous speed of the unit has been selected at 136.4 rpm.  Each 
turbine will be equipped with an electronic digital type governor.  The runner will have 
an approximate external diameter of 6.3 m and a height of approximately 2.3 m. 

7.11.2 Draft Tube Stoplogs and Hoist 

The following equipment will be installed: 

• 4 sets of draft tube single-leaf sliding stoplogs (height = 8.1 m and width = 
8.0 m), and 

• one open air travelling gantry crane at elevation 520.0 m. (rated capacity = 
30 t). 

7.11.3 Powerhouse Travelling Overhead Crane 

Main equipment will be handled by two identical overhead travelling cranes, having a 
total approximate capacity of 550 - 750 t and a span of approximately 25 m. 
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7.11.4 Generators 

The generators will be of conventional air cooled, self-ventilating type, with a rated 
capacity of approximately 173 MVA.  Voltage will be in the range11–18 kV (to be 
confirmed during detailed studies undertaken at Feasibility Stage). The speed of 
each generator is 136.4 rpm which corresponds to a 22 pole pairs generator. 

The generators will be connected to single phase transformers by metal-enclosed, 
isolated phase bus ducts. A coupling circuit breaker SF6 type (rated voltage 24 kV) is 
provided to connect the generator to the grid through the generator transformers. 

7.11.5 Main Transformers 

The 24 single-phase transformers will be placed immediately downstream of the 
power station building in open-air separate concrete-enclosures located on a 
reinforced concrete platform at El. 520.0 m.   

Each main transformer will be a single phase, two winding, oil-immersed transformer, 
with oil forced, water-forced (OFWF) cooling system.  

The connection between the transformers and the Border switchyard, located 
approximately 750 m downstream of the powers station, will be by means of 
overhead lines. HV circuit breakers SF6 type (rated voltage 400-500 kV) will be 
provided at the Border switchyard. 

7.11.6 Control and Protection System 

Operation will be carried out through a Computerised Supervision Control and Data 
Acquisition System (SCADA). 

7.11.7 Mechanical and Electrical Auxiliary Equipment 

The powerhouse will be equipped with all necessary mechanical auxiliary equipment 
as listed hereafter: 

• cooling water system, 

• compressed air system, 

• oil supply, handling, purification and storage system, 

• unit dewatering and powerhouse drainage system, 

• fire protection system, 

• heating, cooling and air ventilation system, 

• domestic water system, and  

• elevators and lifts. 

The powerhouse will be equipped with all necessary electrical auxiliary equipment as 
listed hereafter: 

• AC station services auxiliaries, 



Module M5 : Pre-feasibility Studies of Hydropower Projects 

Pre-feasibility Study of the Border Hydropower Project 
 
 
 

 
 
Eastern Nile Power Trade Program Study Page 7-13 
 
Funded by Africa Development Bank - Client:  ENTRO (Eastern Nile Technical Regional Office) November 2007 
 
J:\Country\Ethiopia\D107897 ENTRO Eastern Nile Power Trade\Pre-feasibility REPORTS\FINAL REPORTS NOVEMBER\BORDER\Prefeasibilty Report FINAL\Section 7 
Proposed Project.doc 

• emergency diesel generators (powerhouse, water intake and dam), 

• DC station service, 

• un-interruptible power supply (UPS), 

• earthing system, 

• cables, cable trays and conduits, 

• lighting and receptacle systems, 

• luminaries supplied for areas, 

• fire alarm system, 

• communication system, and  

• master clock system. 

7.12 TRANSMISSION SYSTEM 

It is envisaged that the transmission system would connect the Border power station 
to both the Ethiopian and regional electricity networks.  The transmission system 
studies are summarised in Section 11 and presented in detail in the report of 
Module 6. 

7.13 ACCESS  

7.13.1 Roads and Bridges 

Reliable access to the project site will be required to be available under all weather 
conditions for efficient and timely construction and subsequent operation and 
maintenance of the Border hydropower project.   

The access arrangements will need to be capable of carrying all envisaged 
construction traffic including transport of construction plant, materials and equipment 
to the site, together with normal construction traffic around the site. In particular, the 
roads and bridges will need to be capable of carrying the heavy loads associated 
with the main items of the permanent mechanical and electrical equipment for 
incorporation in the project, specifically the turbine components, generator 
components and transformers. 

Construction plant, materials and the major items of permanent equipment for the 
project will be transported to the site over the existing national road network to 
Chagni and thereafter towards Mankush (Guba).  An existing road extends to the 
Border site but will require upgrading of several existing steel “Bailey” bridges and 
other stream crossings.  Some upgrading of the road from Kosso Ber to Chagni and 
Guba will be required. 

Downstream of the Border project a major multi span bridge structure will be required 
across the Nile to permit construction access to the South bank and future 
connection to the existing road system South of the project location.  
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7.13.2 Airstrip 

It is envisaged that an airstrip suitable for light aircraft will be required for use during 
both construction and operation stages.   

7.14 CONSTRUCTION INFRASTRUCTURE 

Construction of the Border project will require the following infrastructure: 

• Construction camp. 

• Construction works areas (e.g. concrete batching plant, cable crane plant 
etc.). 

• Quarry locations. 

• Site access roads (not included those dependent on the contractor’s 
methodology). 

Drawing B13 presents the overall project layout and provides approximate locations 
for the above components. 
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8. COST ESTIMATION 

8.1 INTRODUCTION 

This section describes the methodology adopted for preparation of cost estimates for 
the Border hydropower project and presents details of the estimated costs of the 
selected project.  

The cost estimate has been broken down into 7 main sections as follows:  

1. Environmental mitigation measures  

2.  Access roads and site facilities  

3.  Reservoir costs  

4.  Civil works  

5.  Electro-mechanical equipment  

6.  Engineering and supervision  

7.  Owners administration  

The cost estimates given in this Report are based on unit and lumpsum prices 
applied to the quantities of major work items calculated for various components of the 
Project. These cost estimates provide an estimate based upon the price level of 2005 
thereby providing a direct comparison with the Pre-Feasibility Study of the Karodobi 
Multipurpose Project.  

No taxes and import duties are included in the cost estimate. 

The summary of cost estimates has been used for economic and financial analysis.  

The currency used in the cost estimates is the US Dollar and the following rate of 
exchange has been adopted: 

US$ 1.00 (US Dollar) = ETB 8.70 (Ethiopian Birr) 

8.2 CIVIL WORKS 

The cost estimates for the civil works have been established from the following 
principles: 

• Based on the methods of construction and programme for the major cost 
items. 

• Unit rates based on the Consultant’s in-house data base from other projects 
in the region, experience curves and present market prices. 

• Measuring the principal construction items and extending those items by the 
unit rates and adopted prices. 
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• Making allowances for establishment items such as mobilisation and 
demobilisation of construction plant, contractor’s site installation, etc. 

• Making appropriate allowances for unmeasured items.  

• Applying appropriate allowances for contingencies, to both estimating and 
construction aspects of the work. 

Clearing Light Vegetation Ha 500

Clearing and grubbing Ha 5000

Soft excavation (unconfined) m3 4

Soft excavation (confined/difficult) m3 6

Rock excavation (unconfined) m3 12

Rock excavation (confined, difficult) m3 18

Backfill and compact m3 5

Cofferdam fill m3 9

Foundation preparation for concreting m2 6

Formwork m2 59

Mass concrete m3 115

RCC medium paste m3 75

RCC grout enriched m3 85

C35 Structural concrete m3 130

C45 Structural concrete m3 140

Reinforcement steel t 1600

Drilling and grouting m 150

Steel Conduit t 8720

Structural Steelwork t 5938

Crushed rock surfacing m2 4

Description Unit USD/Unit

Some items which have no specific details at pre-feasibility stage have been treated 
as lump sums based on previous experience of other projects.  

A list of the main unit rates adopted for costing of the project is given in Table 8.1 
below. 

Table 8.1 : Unit Rates 
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The different unit rates used in compiling the cost estimate include all direct costs 
including purchase costs of construction plant and the operation and maintenance 
cost and the relevant portions of site installations.  

It has been assumed that most of the heavy construction plant and the heavy 
concrete batching, mixing and transportation plant will have to be brought into the 
country.  

The contractor’s preliminaries and general costs amounting to about 25% of direct 
cost for the dam and the power plant work have been included in the unit rates. The 
contractor's preliminaries and general costs includes the contractor’s mobilisation, 
operation of yard and offices, insurances and bonds, international transports and air 
freight, site administration, travel cost for expatriates, profit and parts of the site 
installations not included in the direct costs for the various items. 

For all major structures (e.g. dam, spillway, diversion works, low level outlets, 
powerhouse and tailrace) preliminary designs were developed and drawings to 
appropriate scales have been prepared.  Materials and quantities required have been 
computed using the engineering design drawings consisting of plans and sections of 
the major components of the Project.  Topographic maps having 10 m contours have 
been digitised from satellite images in conjunction with existing 1:50,000 scale 
mapping where available. 

The civil construction works are broadly defined as follow: 

Infrastructure Requirements 

These works are described in Section 6 and cover aspects such as: 

• Access Roads. 

• Major bridge over the Abbay River downstream of the dam location. 

• Minor bridge crossings. 

• Housing, comprising low and high-density accommodation, community 
buildings, amenities areas and places of worship. 

• Electricity supply, sewerage and water reticulation. 

• Road improvements. 

• Road maintenance. 

Site Establishment 

This covers major cost expenditures, which would normally be included in a 
contractor’s tender, to enable the contractor to establish himself on site. For the 
Border project they are deemed to comprise: 



Module M5 : Pre-feasibility Studies of Hydropower Projects 

Pre-feasibility Study of the Border Hydropower Project 
 
 
 

 
 
Eastern Nile Power Trade Program Study Page 8-4 
 
Funded by Africa Development Bank - Client:  ENTRO (Eastern Nile Technical Regional Office) November 2007 
 
J:\Country\Ethiopia\D107897 ENTRO Eastern Nile Power Trade\Pre-feasibility REPORTS\FINAL REPORTS NOVEMBER\BORDER\Prefeasibilty Report FINAL\Section 8 Cost 
Estimation.doc 

areas and fill platforms, e.g. materials 
storage, concrete batching and aggregate crushing plant platforms at the 

• Other contractor’s site installations, e.g. offices, workshops, saw yard, 

 of contractor’s plant. 

The stages of diversion and river closure are described in Section 6 and comprise 

• Excavation support and stabilisation measures in the form of rockbolts, 

onduits. 

am cofferdams. 

l, some underwater. 

rsion conduits 

mprise: 

 

• Roller compacted concrete (RCC) to the dam body together with grout 

• Structural concrete works to the low level outlets and to the spillway piers, 

• Site access roads (not accounted for in the Infrastructure Requirements). 

• Establishment of principal works 

powerhouse and substation areas. 

reinforcement bending yard, canteen, etc. 

• Mobilisation and demobilisation

Diversion and River Closure Works 

the following works: 

• Excavation works for diversion conduits and the inlet and outlet channels.  

shotcrete and mesh. 

• Structural concrete works to diversion c

• Permanent RCC cofferdam structures. 

• Construction of temporary upstream and downstre

• Placing of rockfill and earthfill, some underwater. 

• Removal of cofferdams, involving excavation of rockfil

• Plugging and pressure grouting of dive

Dam and Spillway (including Plunge Pool) 

The civil works for the dam and spillway will co

• Excavations in soft and rock material.

• Foundation preparation for the dam. 

enriched RCC to upstream and downstream facings. 

• Formation of dam galleries formed in both insitu concrete and in RCC. 

chute and bridge. 

• Pressure grouting works to dam curtain. 
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entation houses. 

pre-stressed anchorages to the radial gate trunnions.  

The cost of the penstock steel liners form part of the Mechanical and Electrical 
e liners comprise the following: 

al. 

g works. 

rks comprise the following: 

e sub and superstructure, 
and concrete placed in stages to suit the phased erection of the turbine draft 

iral casings, and the generator. 

orks for 
switchgear foundations and cable trenches, drainage measures, gravel surfacing 

t bases and the construction of security fencing and gates.  

volve landscaping, planting of trees and shrubs, grassing, laying 
of kerbings, miscellaneous drainage and the like to the powerhouse and intake 

AL EQUIPMENT COSTS 

8.3.1 

s an analysis of the costs of the various plant components 
derived from the Consultant’s database and adapting them to the characteristics of 

Cost estimates for the M & E equipment are based largely on budgetary prices from 

• Dam instrumentation and instrum

• Drilling of drainage relief holes. 

• High capacity 

Surface Penstocks 

Equipment costs. The civil works associated with th

• Excavation works in soft and rock materi

• Concrete support and anchorin

Powerhouse and Tailrace Channel 

The powerhouse and tailrace channel civil wo

• Excavation in soft and rock material. 

• Structural concrete works forming the powerhous

tube linings and sp

• Building finishes.  

Switchyard Civil Works 

The switchyard civil works will entail site clearing, excavations and concrete w

around equipmen

External Works 

These works will in

structure environs. 

8.3 ELECTRICAL  & MECHANIC

General Assumptions 

The process used for arriving at the estimated costs for the equipment and 
installations include

the Border project. 

reputed manufactures, both local and foreign. 
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A contingency allowance of 5% has been added to the direct costs for hydraulic steel 

Most of the equipment has to be imported. The local component essentially 

The prices include for the suppliers’ on-costs and margins. Indirect costs, e.g. site 
workshops, housing for employees, etc. are included in 

the spread of costs. 

8.3.2 

 from calculated weights of the equipment and 
current costs of manufacturing from recent quotations for similar equipment. Special 

, testing and 
commissioning have been included. 

The scope of supply for the hydraulic steel structures will be as follows: 

Diversion Conduits: 

• Fixed wheel gates, hoists and cranes 

bmerged radial gates 

• Stoplogs and gantry crane 

es 

• Stoplogs and gantry crane 

ing machine 

ntry crane 

• Waterway transition pieces rectangular to circular 

The cost estimates include ready-for-service installations appropriate for this pre-
feasibility design stage. The cost estimates include an allocation for spare parts. 

structures and mechanical and electrical works resulting from the unallocated risks 
inherent in the scheme layout at this pre-feasibility stage. 

comprises the costs for minor ancillary equipment, local erection staff and on-shore 
transportation.  

establishment for offices and 

Hydraulic Steel Structures 

Costs of gates, trash racks, stoplogs, and associated embedded parts, steel linings 
of waterways etc. have been built up

allowances for sea and overland transport as well as costs for erection

Low Level Outlets: 

• Trash screens 

• Su

Spillway: 

• Radial gat

Intake structure: 

• Trash screens and trash rak

• Vertical gates 

• Stoplogs and ga
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8.3.3 

 and heads appropriate to the scheme.  

chanical powerhouse equipment include delivery, 
 the mechanical powerhouse equipment 

e systems 

• Oil handling and treatment system 

8.3.4 

The costs for the electrical equipment comprise ready-for-service installations. The 
anufactured offshore and has to be 

ment covers the following 

ers 18/400kV, single phase 

kers 

• Control and protection systems including SCADA, unit protection and unit 

Penstock steel linings 

Powerhouse draft tube stoplogs and crane 

Mechanical Powerhouse Equipment 

A computer model has been used to generate the speed, setting, turbine dimensions, 
weights and costs of the 8 vertical axis Francis turbines and auxiliary equipment with 
input of discharge capacities

The cost estimates for the me
erection and commissioning. The scope of
covers the following items: 

• Turbines and governors 
 • Unit cooling water systems

• Draft tube steel linings 
• Powerhouse cranes 
• Dewatering and drainag
• Compressed air systems 
• Mechanical auxiliaries: 
 Sanitary water system •

• Fire protection system 

• Air conditioning and ventilation 
 
Electrical Powerhouse Equipment 

electrical equipment is assumed to be largely m
imported.  The scope of the electrical powerhouse equip
items: 

• Synchronous generators and ancillaries 

• Voltage regulator and excitation system 

• MV circuit breakers 

• MV bus bars 

• Power transform

• HV circuit brea

measurement 

Electrical auxiliaries: 

• MV and LV distribution 

• DC UPS distribution 
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m 

• Service transformers 

8.4 

essary to evacuate power from Border to 
region have been identified as part 

 this study.  Accordingly 

8.5 

fected by the 
 better off) 

y people in 

8.6 

costs.  

 

cies have been added to the construction costs 

8.7 TOTAL PROJECT CAPITAL COST 

A summary of the costs for the Border Hydropower Project is given in Table 8.2. 
Detailed costs are presented in Table 8.3.  

• Earthing network 

• Cables and cable racks 

• Fire detection system 

• Flood detection syste

• Lighting and small power 

• Diesel back-up units 

TRANSMISSION SYSTEM 

The transmission system improvements nec
both Ethiopia and elsewhere in the Eastern Nile 
of the generation expansion planning under in Module 6 of
the cost estimates and time sequence of construction for the various transmission 
line developments are reported separately. 

ENVIRONMENTAL MITIGATION COSTS 

The environmental costs in Table 8.2 provide for the compensation and mitigation of 
direct impacts not managed under the main design concept.  

The guiding principle is that people or communities directly af
construction of the Border scheme should be no worse off (and preferably
after project implementation. What must be avoided is a situation whereb
the direct impact zone “subsidise” the project through a reduction in their standard of 
living or income generation opportunities. 

ENGINEERING ADMINISTRATION AND PHYSICAL CONTINGENCIES 

To arrive at the total cost for the project, the costs of engineering, supervision, 
administration and contingencies have to be added to the construction 

Feasibility Study, Final design, preparation of bid documents, bid evaluation and 
participation in contract negotiations, preparation of work drawings and supervision of
construction have been taken as 10% of the total construction cost.  

The owner’s administration costs have been taken as 4% of the total construction 
and environmental costs.  

To cover unforeseen costs, contingen
with 5% for electrical and mechanical work, 10% for environmental mitigations and 
infrastructure works and 15% for civil works. 
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Table 8.2 : Summary of Costs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Item Total Cost 
(MUSD)

ENVIRONMENTAL MITIGATIONS
Environmental Mitigations 114.0

Contingencies(10%) 11.4

TOTAL ENVIRONMENTAL MITIGATION 125.4

INFRASTRUCTURE
Access Roads & Bridges 87.6
Operators village & infrastructure 10.3

Sub-Total 97.9
Contingencies(10%) 9.8

TOTAL INFRASTRUCTURE 107.7
RESERVOIR
Clearance 25.8

TOTAL RESERVOIR 25.8
CIVIL WORKS
Diversion Works 23.2
RCC Dam and Spillway 458.2
Powerhouse & Tailrace 122.6
Workshop and Stores Building 0.4
Switchyard & Plant Buildings 5.4

Sub-Total 609.8
Contingencies(15%) 91.5

TOTAL CIVIL WORKS COST 701.2
MECHANICAL, ELECTRICAL & HYDROMECHANICAL WORKS
Generating plant 210.0
Hydromechanical Equipment 69.0
Switchgear 43.5

Subtotal 322.5
Contingencies (5%) 16.1

TOTAL M & E and HYDROMECHANICAL 338.6
Engineering, admin. & construction management (10%) 129.9

Owners Administration (4%) 51.9

TOTAL PROJECT COST (MUSD) 1,480.6
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Table 8.3 : Border Hydropower Project - Detailed Cost Estimate (Sheet 1 of 2) 

 Item Quantity Unit Rate ($) Cost ($) Totals ($)
ENVIRONMENTAL MITIGATIONS 
Environmental Mitigations 1 Sum 114000000 114,000,000 

TOTAL 114,000,000
Contingencies(10%) 11,400,000

TOTAL ENVIRONMENTAL MITIGATION 125,400,000
INFRASTRUCTURE 
New roads in mountainous terrain 89 km 530,000 47,170,000 
Construction access roads 15 km 200,000 3,000,000 
Upgrading to existing roads 100.0 km 150,000 15,000,000 
Major bridge Crossing 1 No. 22,000,000 22,000,000 
Minor bridge crossings 3 No. 155,000 465,000 
Operators village & infrastructure 1.0 Sum 10,250,000 10,250,000 

TOTAL 97,885,000
Contingencies(10%) 9,788,500

TOTAL INFRASTRUCTURE 107,673,500
RESERVOIR 
Clearance 51,600 Ha 500 25,800,000 

TOTAL RESERVOIR 25,800,000
CIVIL WORKS 
Diversion Works 
Clearing and grubbing 9 Ha 5000 45,000 
Soft excavation (confined/difficult) 72,300 m3 6 433,800 
Foundation preparation 12,050 m2 6.0 72,300 
Drilling and grouting 3,650 m 150.0 547,500 
Roller compacted concrete 157,950 m3 75.0 11,846,250 
Formwork 25,850 m2 59.0 1,525,150 
Cofferdam Fill 709,150 m3 9 6,382,350 
Cofferdam Removal 301,100 m3 4 1,204,400 
Unmeasured Items (5%) 1,102,838 

Subtotal 23,159,588
RCC Dam and Spillway 
Clearing and grubbing 36.0 Ha 5000 180,000 
Soft excavation (unconfined) 2,135,300 m3 4.0 8,541,200 
Soft excavation (confined/difficult) 217,740 m3 6 1,306,440 
Rock excavation (unconfined) 337,239 m3 12.0 4,046,868 
Rock excavation (confined/difficult) 418,810 m3 18.0 7,538,580 
Foundation preparation 97,150 m2 6.0 582,900 
Drilling and grouting 29,200 m 150.0 4,380,000 
Roller compacted concrete 2,599,900 m3 75.0 194,992,500 
Grout enriched roller compacted concrete 134,800 m3 85.0 11,458,000 
Formwork 351,570 m2 59.0 20,742,630 
Mass concrete 547,460 m3 115.0 62,957,900 
C35 Reinforced concrete (parapet, crest etc.) 347,250 m3 130.00 45,142,500 
C45 Reinforced concrete (spillway chute) 81,700 m3 140.00 11,438,000 
Reinforcement 22,706 t 1600.00 36,329,600 
Penstock steel 3,070 t 8720 26,770,400 
Unmeasured Items (5%) 21,820,376 

Subtotal 458,227,894
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Table 8.3 : Border Hydropower Project - Detailed Cost Estimate (Sheet 2 of 2) 

 

 Item Quantity Unit Rate ($) Cost ($) Totals ($)
Powerhouse & Tailrace 
Clearing and grubbing 7.0 Ha 5000 35,000 
Soft excavation (unconfined) 90,250 m3 4.0 361,000 
Soft excavation (confined/difficult) 43,150 m3 6.0 258,900 
Rock excavation (unconfined) 145,300 m3 12.0 1,743,600 
Rock excavation (confined/difficult) 231,150 m3 18.0 4,160,700 
Compacted Fill 297,200 m3 5.0 1,486,000 
Foundation preparation 16,800 m2 6.0 100,800 
Drilling and grouting 5,050 m 150.0 757,500 
Formwork 183,500 m2 59.0 10,826,500 
Mass concrete 0 m3 115.0 0 
Reinforced concrete 282,972 m3 130.00 36,786,360 
Reinforcement 27,608 t 1600.00 44,172,800 
Structural steel 305 t 5938.00 1,811,090 
Unmeasured Items (20%) 20,137,832 

Subtotal 122,638,082
Workshop and Stores Building 
Common excavation 250 m3 4.0 1,000 
Reinforced Concrete 450 m3 130.00 58,500 
Formwork 300 m2 59.0 17,700 
Reinforcement 27 t 1600.00 43,200 
Structural steel 25 t 5938.00 148,450 
Unmeasured Items (40%) 107,540 

Subtotal 376,390
Switchyard & Plant Buildings
Clearing and grubbing 6.0 Ha 5000 30,000 
Common excavation 121,150 m3 4.0 484,600 
Rock excavation 99,000 m3 12.0 1,188,000 
Compacted Fill 220,950 m3 5.0 1,104,750 
Reinforced Concrete 2,800 m3 130.00 364,000 
Formwork 7,950 m2 59.0 469,050 
Reinforcement 224 t 1600.00 358,400 
Structural steel 40 t 5938.00 237,520 
Crushed rock surfacing 60,000 m2 4.00 240,000 
Unmeasured Items (20%) 889,264 

Subtotal 5,365,584
TOTAL 609,767,537

Contingencies(15%) 91,465,131
TOTAL CIVIL WORKS COST 701,232,668

MECHANICAL, ELECTRICAL & HYDROMECHANICAL WORKS
Generating plant 1 sum 210,000,000 210,000,000 
Hydromechanical Equipment 1 sum 69,000,000 69,000,000 
Switchgear 1 sum 43,500,000 43,500,000 

Subtotal 322,500,000
Contingencies(5%) 16,125,000

TOTAL M & E and HYDROMECHANICAL 338,625,000

TOTAL 1,298,731,168
Engineering, admin. & construction management (10%) 129,873,117

Owners Administration (4%) 51,949,247
TOTAL PROJECT COST ($) 1,480,553,532
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9. CONSTRUCTION PLANNING 

9.1 INTRODUCTION 

This section presents a commentary on the construction planning aspects for the 
selected development at Border.  The proposed implementation programme for the 
project is shown in Drawing B14.  The construction period indicated is derived from 
the quantities and typical construction plant outputs of the main civil works activities, 
combined with the manufacturing, shipping, erection and commissioning time scales 
required for the mechanical, electrical and transmission system equipment. 

It can be seen that a total construction period of approximately 8 years is anticipated, 
commencing in the third quarter of 2011 with the award of the preparatory works 
contract to establish access roads and bridges, construction camp housing and 
facilities; followed a year later by the commencement of the main works contract, with 
completion during the third quarter of 2019.  However, it should be noted that by 
adopting a staggered commissioning process as shown in Drawing B14, generation 
will commence approximately 1.5 years earlier in the first quarter of 2018. 

The construction planning aspects of the project is described below. 

9.2 PREPARATORY WORKS 

Infrastructure Requirements 

It is essential that access to the project site is available to construction traffic at the 
programmed commencement of the main works, therefore necessary upgrading of 
access roads will be undertaken and completed in advance of the main works under 
a separate preparatory works contract.  Under the same contract construction of new 
access roads from the south commence. 

Access Roads 

The access road works principally entail the following: 

• Upgrading of a number of minor bridge crossings and some 20 km of existing 
unsurfaced road and in the immediate vicinity of the Border project site.   

• Upgrading of the road between Kosso Ber and Guba.    

It is estimated that all access roads, including connecting roads to the contractor’s 
works areas, offices, housing area, quarries and temporary Abbay crossing will be 
completed within an approximate time frame of 21 months between late 2011 and 
mid 2013. 

Housing  

The housing areas, together with associated water supply, sewerage and electrical 
reticulation works are also scheduled to start in advance of the main contract so that 
accommodation is made available to the construction workers and their families as 
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construction period for timely release of housing would be of the order of 7 
months. 

9.3 MAIN WORKS 

Abbay Bridge

soon after main contract mobilisation as practicable.  The houses are to be 
constructed using blockwork and will have high quality finishes - on the assumption 
that they will be integrated into a Border township in the future.  It has been assumed 
that housing facilities would be constructed by local companies (it is anticipated that 
there would be several packages within the preparatory works contract).  The 
required 

 

by a contractor with a well-proven record in the 
required type of bridge construction.   

Site Establishment 

Site Access Roads and Works Platforms

The Abbay bridge is anticipated to comprise a multiple span structure suitable for 
construction in the shortest possible time.  The roadway will be set approximately 
20 m above the dry season river level to accommodate the maximum flood levels.  
As the construction period of some 21 months is not generous, it will be imperative to 
ensure that these works are executed 

 

ill be transported to temporary 
disposal areas located some 2 to 3 km downstream. 

level will become permanent private roads for gate and screen 
maintenance. 

ctor will 
initially establish works areas on the right bank to serve the diversion works. 

ing and cement/PFA storage facilities 
dedicated to conventional concrete production. 

From the outset it will be important to establish access to the diversion works on the 
right bank.  Access for undertaking the diversion works will be via a temporary 
access road extending from the main access road from Guba, to the upstream end of 
the diversion channel.  Spoil from the road cutting w

Site access roads will be excavated into the valley sides on both banks to provide 
access for construction plant and access for transportation of penstock and gate 
components onto the RCC dam at appropriate levels of construction.  Access roads 
to dam crest 

Works areas will be established on both sides of the river, at low level on platforms 
established on the valley floor, levelled and raised above flood level using spoil from 
excavations, where necessary.  The left bank will be accessed via a temporary river 
crossing until construction of the Abbay Bridge is completed.  The contra

The right bank works area will incorporate offices, workshop facilities, batching and 
cement/PFA storage facilities dedicated to RCC production, a bar bending yard and 
saw yard.  Workshop facilities for fabricating spillway gates and diversion culvert 
closure gates are also likely to be established on the right bank.  The left bank works 
platform at low level will be established downstream of the main works to 
accommodate aggregate stockpiles and crushing plant, another adjacent to the 
Abbay Bridge abutment to accommodate batch
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The left bank works platform at low level will be situated downstream of the 
powerhouse and will incorporate workshops and stores for the electromechanical 
plant that will be installed in the powerhouse. 

Tower cranes for formwork and concrete handling will span over the area of the dam, 
intake and spillway. 

River Closure Works 

The well-managed execution of the permanent river closure works will be one of the 
key features for ensuring timely completion of the project.  Permanent river closure 
will be achieved in the following stages: 

1) Construct flood protection measures on the right bank comprising an RCC 
gravity wall and temporary earthfill cofferdams.  

2) On the right bank construct a gated reinforced and mass concrete diversion 
culvert structure and excavate an associated diversion channel. 

3) Construct RCC dam right flank, spillway and right abutment to elevation 
513.5 m. 

4) Remove right bank earthfill cofferdams and breach the river banks at both 
ends of the diversion channel and flood the diversion channel. 

5) After the 2013 wet season, rock and earthfill cofferdams will be pushed into 
the river channel upstream and downstream of the left flank works; the 
upstream cofferdam first, to divert the river flow into the diversion channel, 
followed by the downstream cofferdam.  The riverbed between cofferdams 
will be dewatered and maintained dry by pumping. 

6) Construction of the dam left flank and abutment commences.  When left flank 
construction works reach elevation 513.5 m both left and right flank works will 
proceed together. 

7) When the dam is sufficiently high that floods can pass safely through eight of 
the ten diversion culvert openings, gated outlets will be installed in two of the 
diversion openings.  This involves lowering wheeled bulkhead gates under 
flowing water conditions to close their upstream ends, installing stoplogs 
under balanced conditions to close their downstream ends, and placing 
concrete to embed control gates and reform the water passages.  On 
completion the bulkhead gates and stoplogs will be removed. 

8) Construction of the reinforced concrete intake structure will commence when 
the RCC dam reaches the intake platform level. 

9) Construction of the reinforced concrete spillway rollway will commence when 
the RCC dam reaches spillway crest level. 

10) Immediately prior to the 2017 flood season impounding commences by 
sequentially installing wheeled bulkhead gates under flowing water conditions 
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in the remaining eight diversion culvert openings.  At the same time the 
temporary low-level outlets will be opened to return compensation water to 
the river, the rate of flow will be equivalent to dry season flow.  Inside the 
diversion culvert openings, behind the bulkhead gates, any remaining 
foundation grouting will be undertaken and permanent concrete plugs will be 
installed.  On completion the bulkhead gates would be removed. 

11) When the reservoir has impounded to a level above the permanent low-level 
outlets these will be utilised to return compensation water to the river. 

12) Intake screens, stopgates and emergency gates will be installed before the 
reservoir has impounded to the level of the intake invert level, allowing 
penstock installation to proceed behind. 

The key activities pertaining to the construction schedule are described below. 

Flood Protection and Diversion Works  

Provision of access to the diversion channel and commencement of diversion works 
is a critical activity following mobilisation.  Right bank protection works (i.e. RCC 
gravity wall and temporary cofferdams) and diversion structure excavation works are 
programmed to be undertaken in the period between the 2012 and 2013 flood 
seasons.  Construction of the reinforced concrete culverts will commence in early 
2013 and, with flood protection measures in place, continuing through the 2013 flood 
season.  The reinforced concrete culvert will become an integral part of the RCC 
dam/spillway structure. 

Excavation will commence in those areas that will receive concrete so that foundation 
preparation and concreting can commence as early as possible, and concreting can 
progress at the same time as the channel excavation is extended upstream and 
downstream.   

During the following dry season excavation of the diversion channel will be 
completed and the channel flooded prior to forming cofferdams within the river 
channel and achieving river diversion 

Also during the following dry season, the foundation below the diversion culvert will 
be consolidated and curtain grouted through the base concrete, and foundation 
drainage wells installed as deemed necessary.  There will be one later opportunity to 
regrout the foundations if necessary during closure of the diversion structure prior to 
full impounding.  Gate sealing frames will be installed and tested by lowering a gate 
into each slot.  This is the only time the gate frames will be accessible in the dry, and 
it is imperative to demonstrate the gates and frames function as intended or the 
ability to impound the reservoir on time is put at risk. 

On completion of the reinforced concrete culverts and gate embedments, and after 
the concrete has matured, the river bank will be breached upstream and downstream 
to flood the diversion excavation. 
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avation works to breach the riverbanks 
will take another 2 months.  The approximate quantities of soft (i.e. Class 1) and rock 
excavation during this period a llows: 

ms, the 
remainder will be transported to the left bank disposal area.  Rock, if suitable for 

orks it would be prudent to provide measures to alleviate the risk of 
flooding of the excavation, including stand-by pumps and contour drains on the valley 

 raised to elevation 513.5 m.  These 
cofferdams will be constructed with crest elevations of 511.0 m and will provide 

 flank limited to 
elevation 513.5 m, flows approaching 18,000 m /s can be diverted.  River closure 

permeability of 
the cofferdams to reduce pumping costs, the cofferdams and their insitu alluvium 

tions can be jet grouted or diaphragm walled down to bedrock. 

 rate of 170,000 m  per month is achievable.  RCC dam 
construction is programmed to commence in the last quarter of 2013 with completion 
towards mid 2015. 

It is anticipated that the excavation works, excepting the breach, will be undertaken 
within a 12 month period, and later, the exc

re as fo

    Soft  Rock 

Diversion channel 1,200,000 m3 337,000 m3 

Selected excavation spoil will be stockpiled for reuse in river closure cofferda

processing as concrete aggregate, will be transported to the crushing plant.  

Concreting of the RCC gravity wall (158,000 m3) will take 2 to 3 months and the 
diversion structure comprising reinforced concrete (125,000 m3) and mass concrete 
(200,000 m3) will take approximately 12 months to complete.  During these 
construction w

slope above. 

Flood Protection and River Closure Earthfill Cofferdams 

Flood protection cofferdams will provide protection whilst diversion works are 
completed and right flank dam works are

protection against flows up to 10,000 m3/s. 

The river closure cofferdams will redirect the river flow through the diversion channel.  
The upstream cofferdam will be raised to elevation 522.0 m and the downstream 
cofferdam to elevation 514.0 m.  With construction of the dam right

3

cofferdams will be placed between the 2013 and 2014 flood periods. 

Cofferdams will be temporary earthfill structures on largely submerged unprepared 
alluvium foundations.  The cofferdam material will be selected site arising granular fill 
pushed into place by bulldozer.  If it proves necessary to reduce the 

founda

Dam  

The RCC dam will have an RCC volume of approximately 2.7 million m3.  The rate of 
RCC placement is not considered critical and rates exceeding 170,000 m3 per month 
are not expected to be required.  It is noteworthy that there are several precedents 
for built projects achieving average rates of placement of more than 100 000 m3 per 
month with peak placement rates up to 400 000 m3 per month at Longtan.  One 
project currently at the design stage will have an average placement rate of 
325 000 m3 per month.  The Border construction programme has taken the view that 
a peak placement 3
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To be able to place 170 000 m3 per month, it will be necessary to deliver concrete 
simultaneously from both banks, and have competing concrete placing teams, 
starting each layer at the ends of the dam, and meeting towards the middle.   

170 000 m3 per month translates to an average placing rate less than 7,000 m3 per 
day.  

The average consumption of cement, PFA and aggregates to meet these placing 
rates will be approximately as follows: 

Cement    560 tonnes per day 

PFA     280 tonnes per day 

Aggregates and sand  15 700 tonnes per day 

In recognition of the above it is anticipated that two pug mills, rated at approximately 
300 m3 per hour will be dedicated to batching RCC and will be sufficient to cover 
peak placing rates.  The planting is based on a duty plus standby basis where the 
duty plant will cover the average hourly placing requirement and the standby plant 
will supplement the duty plant during peak placing or breakdown.  The plant will be 
equipped with substantial storage for cementitious materials.  A stock of 20 to 30 
days supply on site would be reasonable.  Consideration also needs to be given to 
organising much larger storage provisions at strategic staging points which can be 
drawn down to supplement site supplies during placement peaks or shortfalls from 
suppliers. 

Separate dedicated batching facilities will be required for production of conventional 
concrete.  A single batching plant, rated at 200 m3 hour, will be set up, initially, on the 
left bank close to the Abbay Bridge abutment. 

Aggregate quarrying and processing is a critical activity scheduled to start in the last 
quarter of 2012 immediately after mobilisation.  Quarries will be set up on the right 
bank, high on the slope to exploit the basalt cap and to supply aggregates.  

Delivery of RCC from the batching plants will be by skip, handled by tower cranes, 
concrete transporters and proprietary, articulated conveyor systems to handling 
points at the ends of the dam, then distributed to the working areas.   

Delivery of conventional concrete for reinforced concrete structures (e.g. the 
diversion structure, power intake, spillway etc., will be by skip, handled by tower 
cranes.   

The placing of RCC will almost certainly adopt the sloped layer method, in preference 
to horizontal layer placement, because it facilitates higher placement rates, as well as 
offering improved joint strengths. 

Grout enriched vibratable RCC (GEVR) will be used to make the upstream face of 
the RCC impervious enough to avoid the need for an upstream impervious 
membrane.  The technique introduces grout into the RCC, either before or after it has 
been spread, so that it has a workability suitable for compaction with immersion 
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vibrators.  It can be used against forms on the upstream and downstream faces.  
Compared to the alternative of placing an outer skin of conventionally vibrated 
concrete ahead of the RCC, it avoids the need to transport a separate concrete, just 
the grout. 

Spillway 

Spillway reinforced concrete activities will commence when the dam RCC has 
reached El. 557.00 m, about 5 metres below the spillway rollway crest.  Placement of 
170,000 m3 of conventional concrete will be undertaken in 12 months, this equates to 
an average placing rate of 550 m3 per day.  Reinforcement quantities are estimated 
to total approximately 10 000 tonnes. 

The spillway bridge will comprise pre-stressed concrete beam sections with an in-situ 
concrete deck, spanning between the spillway gate piers.  The reinforced concrete 
spillway piers will contain built-in parts for bridge bearings, gate servomotor and 
trunnion beam anchorages.  The pier walls and rollway crest will contain built-in parts 
for stoplog and radial gate guides and seals.  The components will typically be fixed 
to anchorages built into first stage concrete, aligned, then embedded into second 
stage concrete. 

The spillway bridge will be erected first on the gate piers, allowing mobile cranes to 
traverse the spillway and set-up above the gate piers for erection of the 12 nr. radial 
gates. 

Intake Structure 

Intake reinforced concrete activities will commence when the dam RCC has reached 
El. 542.00 m approximately.  Placement of approximately 190 000 m3 of conventional 
concrete (reinforced and mass) will be undertaken in 14 months, this equates to an 
average placing rate of approximately 560 m3 per day.  Reinforcement quantities are 
estimated to total some 6 000 tonnes. 

The intake reinforced concrete box will be advanced ahead of the surrounding dam 
RCC.  The construction joint between the RC and RCC will be provided with shear 
keys and waterstops.  Grout enriched RCC, suitable for compaction with immersion 
vibrators, will be placed against the formed reinforced concrete joint faces. 

The reinforced concrete structure will contain built-in parts for screen and gate 
guides, gate sealing frames, gate servomotors, dogging beams etc.  The mechanical 
components will typically be fixed to anchorages built into first stage concrete, 
aligned, then embedded into second stage concrete.  The intake structure will also 
serve as the upper anchorage for the steel penstocks.  The penstocks and penstock 
thrust flange assemblies will be received into openings in the first stage structure, 
and ultimately will be embedded in second stage reinforced concrete. 

Penstocks 

Between the intake structure and the dam toe, the 8 nr. steel penstocks, one per 
turbine, are surface-mounted on the downstream face of the RCC dam.  Between the 
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th moveable supports, carried on reinforced concrete 
foundations cast on the RCC. 

k before the next, to 
match the commissioning interval of the turbine generator units. 

of steel is estimated to be approximately 3100 tonnes in thicknesses 
up to 24 mm. 

Powerhouse and Tailrace Channel 

 the powerhouse area overlapping 
between 1 to 2 months. 

d turbine spiral casing and the 
generator foundation concrete that stands above it. 

ends; note permanent 
draft-tube gates will be supplied for just two of the eight units. 

toe and the powerhouse the penstocks are buried and concrete encased.  The 
intake, the dam toe and the powerhouse are anchorage points; the penstocks with 
thrust flanges will be assembled then encased in second stage concrete at those 
locations.  An expansion joint will occur at the top of each penstock immediately 
below the intake anchorage point.  The surface mounted section of penstock will 
comprise steel ring girders wi

Penstock construction will be unitised, to complete one penstoc

The penstocks will be installed over a 12 month period after completion of the dam 
and powerhouse primary concrete.  Flat or curved plate sections will be delivered to 
workshops on site for rolling, shop welding and fabrication into cylindrical cans.  The 
fabrication yard will be established on the low level works platform on the right bank.  
Total tonnage 

Excavation of the powerhouse and tailrace channel will commence in the first quarter 
of 2014, protected from river floods by the permanent RCC gravity wall and 
temporary earthfill cofferdams.  Excavation will commence as soon as 
cofferdamming permits, starting at the downstream end of the tailrace channel and 
working down-slope towards the invert of the powerhouse.  The total volume of 
material to be removed will be substantial, comprising 90,250 m3 of soft material and 
145,300 m3 of rock in the tailrace and 43,150 m3 of soft and 231,150 m3 of rock in the 
powerhouse.  The estimated duration is some 8 to 9 months in total, based on an 
excavation rate of 170 000 m3 per month in soft material and 50 000 m3 per month in 
rock, with parallel soft and hard working in

Concrete work in the powerhouse is scheduled to start in the third quarter of 2014, 
commencing with the Stage 1 powerhouse substructure.  The substructure 
comprises the below-ground elements, whereas the superstructure comprises above 
ground elements such as columns, crane beams and roof.  Stage 1 substructure 
concrete comprises the external walls, piers and slabs that will be in place prior to the 
installation of the turbine and generator units.  Stage 2 substructure concrete 
includes the concrete embedding the penstock an

During Stage 1 substructure works the powerhouse will be constructed with openings 
to receive electro-mechanical plant at Stage 2 and consequently will be vulnerable to 
flooding.  Hence it is important that the cofferdam arrangement can offer protection 
against, as a minimum, a 1 in 10 year flood event.  The substructure will be made 
watertight only during Stage 2 working, following the embedment of the penstocks 
into the upstream wall, and after the draft-tube bend steel liners are installed, 
embedded in concrete and temporarily sealed with domed 



Module M5 : Pre-feasibility Studies of Hydropower Projects 

Pre-feasibility Study of the Border Hydropower Project 
 
 
 

 
 
Eastern Nile Power Trade Program Study Page 9-9 
 
Funded by Africa Development Bank - Client:  ENTRO (Eastern Nile Technical Regional Office) November 2007 
 
J:\Country\Ethiopia\D107897 ENTRO Eastern Nile Power Trade\Pre-feasibility REPORTS\FINAL REPORTS NOVEMBER\BORDER\Prefeasibilty Report FINAL\Section 9 
Construction Planning.doc 

On completion of Stage 1 substructure work, superstructure concrete work will be 
undertaken to make the powerhouse weather proof and allow installation of the 
overhead travelling cranes.  Stage 2 substructure work follows. 

Stage 2 concreting includes embedment of the draft-tube bend steel liner and 
embedment of the steel spiral casing, both of which will impose restrictions on 
concrete pour heights and rate of pouring to minimise the risk of concrete pressures 
or flotation causing displacement of the linings.  Cranes will be required at an early 
stage to handle the placing of draft tube liner sections for the first unit.  If necessary, 
mobile cranes can be used initially because the draft tube liners are relatively light, 
but handling the steel spiral casings will require the overhead travelling cranes to be 
commissioned and available.  Concrete placing will be by conveyor or mobile 
pumping units.  Each steel spiral casing will be assembled, welded, aligned, secured 
and water pressure tested on the Stage 1 foundations.  Prior to, and during, concrete 
embedment it is normal to pressurise the spiral to approximately the minimum 
operating head, and maintain the pressure until the concrete has hardened. 

The duration of Stage 2 concreting, including the generator foundations and 
generator barrel, is expected to be about 6 months per unit, with a 3 month interval 
between units.  The total volume of Stage 1 and 2 concrete is approximately 
283 000 m3.  Reinforcement is estimated to total some 27 500 tonnes. 

Commissioning of individual units will follow on a unit by unit basis at the same 3 
month interval.  Commissioning will require that the power waterway for the unit 
being commissioned is complete and fully functional, including the intake stoplogs, 
intake emergency gates, the penstock, and the draft tube gates.  Commissioning also 
requires that the substation is complete with a functioning connection to the Ethiopian 
grid.  Prior to commissioning the first unit, the downstream cofferdam will be removed 
so temporary stoplogs will be required in those draft tube openings not equipped with 
draft tube gates.  Generation from each unit will commence as soon as possible after 
commissioning to maximise revenues. 

Power Transmission System 

The transmission works are non-critical in terms of the overall programme but should 
be carried out in good time to avoid any risk of delay and to allow backfeed of power 
for plant testing and commissioning. 

Overall Construction Programme and Critical Path 

As shown in Drawing B14, the overall implementation programme covers 8 years, 9 
months with construction extending to 8 years, 9 months after Financial Close, with 
the first unit available for commercial operation after approximately 6 years, 2 
months. 

The critical path is shown to be through the contracting phase, diversion works and 
the powerhouse civil construction and associated E & M equipment installations.   
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10. GENERATION EXPANSION PLANNING AND ECONOMIC 
ANALYSIS 

10.1 OBJECTIVE  

The overall objective of generation expansion planning was to evaluate the benefits 
for the region (Egypt, Ethiopia and Sudan) provided by an interconnection of the 
three power systems according to various level of integration (or coordination) of 
these systems.  This Section summarises the results of the generation expansion 
planning study.  The full generation expansion planning study which was carried out 
as Module 6 of the Eastern Nile Power Trade Study is presented separately. 

Accordingly the generation expansion planning has covered: 

• determination of least-cost generation expansion plan for the three isolated 
systems, 

• determination of least-cost generation expansion plan for the coordinated 
system, 

• determination of the least cost interconnection option in terms of technology, 

• transmission system analysis, 

• recommendation of a Regional Investment Program. 

The generation expansion planning has been carried out using the SDDP and 
OPTGEN commercial software packages.   

SDDP,is a hydrothermal dispatch model with representation of the transmission 
network used for short, medium and long term operation studies. The model 
calculates the least-cost stochastic operating policy of a hydrothermal system, taking 
into account the following aspects: 

• Operational details of hydro plants (water balance, limits on storage and 
turbined outflow, spillage, filtration etc.) 

• Detailed thermal plant modeling (unit commitment, "take or pay" fuel 
contracts, concave and convex efficiency curves, fuel consumption 
constraints, multiple fuels etc.) 

• Representation of spot markets and supply contracts. 

• Hydrological uncertainty: it is possible to use stochastic inflow models that 
represent the system hydrological characteristics (seasonality, time and 
space dependence, severe droughts etc.) and the effect of specific climatic 
phenomena such as the El Niño. 

• Detailed transmission network: Kirchhoff laws, limits on power flows in each 
circuit, losses, security constraints, export and import limits for electrical areas 

• Load variation per load level and per bus, with monthly or weekly stages 
(medium or long term studies) or hourly levels (short term studies). 
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Besides the least-cost operating policy, the SDDP model calculates several 
economic indexes such as the spot price (per submarket and per bus), wheeling 
rates and transmission congestion costs, water values for each hydro plant, marginal 
costs of fuel supply constraints and others. 

OPTGEN is a computational tool for determining the least-cost expansion 
(generation and interconnections) of a multi-regional hydrothermal system. It 
represents details of the system operation taking into account inflow uncertainties, 
emission constraints, and minimum capacity constraints, among other features.  
OPTGEN has a built-in feature for joint use with SDDP. 

10.2 METHODOLOGY 

10.2.1 Minimizing Regional Costs 

The benefits for the region resulting from the interconnection will be evaluated by the 
comparison of two situations: 

S1: independent development of the three power systems assuming the presence of 
no interconnection,  this situation  would lead to the determination of one investment 
program for each system : PEgypt, P Ethiopia, P Sudan. 

S2: development of the three power systems assuming the presence of an 
interconnection and various level of coordination between the power systems. This 
would lead to the determination of a coordinated investment program P Intercon. 

The benefits would be given by the difference of costs between these two situations: 

Benefits from the interconnection = Cost [PEgypt, P Ethiopia, P Sudan] – Cost [P Intercon] 

10.2.2 Economic Power Trades 

Economic power trades are justified by the cost differences of power generation units 
in neighbouring countries and the objective of minimising the global fuel cost.  The 
presence of an interconnection allows to supply one country at some particular 
moment with lower cost generation units available in other country.  This supply may 
not be continuous, and may vary in direction and level according to the nature of the 
power mixes (demand variation, hydrology, etc). 

In the present economic study the amount of power trade between Egypt, Ethiopia 
and Sudan, and the resulting benefits for the region, have been assessed according 
to two approaches: tight pool model and loose pool model.  These two models 
described hereafter, can be understood as two different stages of development of a 
power market. 
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10.2.3 Loose Pool model: coordination of generation operation 

In the loose pool model, the generation investment is the same as when the power 
systems are left isolated. In other words, each country keeps the ability to be self-
sufficient and cover its own peak demand.  The GEP of each country remains 
identical to the ones without interconnection.  The operation is coordinated on a 
regional basis (or regional dispatch centre) on the global merit order, within the limits 
set by the interconnection capacities. 

The loose pool model represents the first stage of development of a regional power 
market providing the relevant price signals for operation (spot market and market for 
forwards within the current year).  The resulting saving is a global reduction of 
operation costs (main fuel costs). 

10.2.4 Tight pool model: coordination of generation investment and operation 

A fully integrated regional power system would lead to the lowest cost for the region.  
In this theoretical situation, all the interconnected power mixes would be operated as 
a single one, on the basis of a global (i.e. regional) merit order (i.e. from least cost to 
the most expensive generations units) from a single dispatch centre.  At any partial 
moment (hour, day, year) the total demand would be supplied by the lowest cost 
generation unit available in the region. 

Furthermore, in this model, the investment generation expansion plan would be also 
optimised at a regional level allowing to take advantage of the countries 
complementary resources (low cost hydro generation in a country, low cost thermal 
generation in another, etc). 

In a nutshell, operation and investment are coordinated in the tight pool model.  Of 
course, even in this theoretical case some part of the generation would be still 
dispatched on a non economic basis (e.g. irrigation), and the transmission and 
distribution network would set limits to amount of power exchanges possible between 
the different areas. 

This tight model can be understood as a representation of a regional mature power 
system providing the relevant price signal for: 

• operation decision: through the existence of a spot market and a forward 
market, the actors decide whether to buy energy on the market or operate 
their own generation units, 

• investment decision: through the existence of a forward market with a 
relevant time horizon (>3 to 4 years), the choice whether to buy now energy 
delivered in next years, or investment in their own new generation units. 

This regional operation and investment regional optimisation (or coordination) would 
result in: 

• operation cost savings (expensive fuel in one country would be substituted by 
lower cost generation fuel available in another country), 
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• investment savings (the commissioning of some "expensive" plants might be 
postponed if firm capacity is available from another country through the 
interconnection, leading to a larger development of lower cost generation in 
another country). 

10.2.5 Summary table 

Table 10.1 : Tight and loose pool models - Main characteristics 

Model Level of coordination GEP Savings 
Isolated system No GEP Egypt, GEP 

Ethiopia, GEP Sudan 
Reference situation 

Loose pool model Operation Idem as above Fuel costs 
Tight pool model Operation and 

investment 
Updated GEP Fuel costs and investment 

costs 
 

Figure 10.1 : Savings from tight and loose pool models 

B1 = Operation costs saving (fuel)

B2 = Investment + operation costs savings
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10.2.6 Point of view of the economic analysis 

In the generation planning, the point of view of the economic analysis is regional, 
meaning the objective is to measure the global benefit (i.e savings) for the three 
countries, and not the benefits specifics for each country. 

A cost approach is considered (including externalities e.g. non-energy benefits and 
mitigation costs). The global (and real) cost for the region is evaluated and 
considered. What is evaluated and analysed is the modification of the global cost 
(generation investment, interconnection investment, operation cost) with and without 
interconnection.  This means, for example, that the share of cost of projects 
(interconnection or HPP) between the different countries is not considered or relevant 
at this stage, because it does not change the global cost of investment for the region. 
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e benefits to the 
different stakeholders is not relevant.  In other words, the possible selling price of 

ld be 
evaluated.  As a result, the economic study will evaluate the potential benefits for the 

10.3 COMPARISON OF ECONOMIC GENERATION COSTS IN THE THREE POWER 

• the economic cost of generation (or levelised cost of generation, which 

• the variable cost of generation (which includes solely the part of cost 

pproach is pertinent when generation investments are specifically decided 
for export purposes, in substitution for new possible investments in the importing 

d only for the 
requirement of internal demand, and if surplus are available for exports, in 
substitution for more expensive generation in the importing country. 

Subsidies to fuel are not considered either, nor duty or taxes, or the selling price of 
energy for the same reason.  In the same way, the allocation of th

power and wheeling tariff are not relevant in the economic analysis. 

In this way, the global benefits (i.e. the global cost reduction) for the region cou

region according to various options (interconnection, power pool models, etc).  

SYSTEMS 

A view of the generation costs in the region can be acquired through the analysis of: 

includes fixed and variable cost of generation), 

dependant on the amount of generation. 

The first a

country. 

The second approach is pertinent when investments are decide
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10.3.1 Comparison of the Economic Costs of Generation 

Figure 10.2 : Comparison of the economic cost of generation in different 
generation mixes - Year 2020 - Medium fuel price scenario - 10% discount rate 
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This cost evaluation has been done on the basis of international market fuel price 
projection (because the purpose of the Study is the evaluation of power exchanges) 
which might be very different than the present fuel cost paid by the National Utilities.  
The figure above is based on year 2020, medium fuel price projection and TPP with 
load factor from 5 000 to 6 000 hours/year.  

From the most cost effective projects to the more expensive it was found that: 

• the lower cost generation projects are composed by a group of Ethiopian HPP 
projects (Halele, Geba, Karadobi, Mandaya, Border etc) with economic cost 
from 25 to 40 USD/MWh; 

• then close to 40 USD/MWh we found the Bahr el Jebel HPP project in South 
Sudan; 

• then close to 60 USD/MWh, we found CCGT in Egypt, coal-fired STPP in 
Sudan (but the number of coal-fired STTP is Sudan is limited by transmission 
capacity), and a group of hydro projects in Ethiopia; 

• then from 70 to 110 USD/MWh, we find the HPP projects in the Main Nile 
river in Sudan including projects; 
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• finally, the most expensive units are gas oil-fired CCGT and crude oil-fired 
STPP is Sudan. 

Accordingly, considering cost and power surplus, the bulk of power export will come 
from cost effective HPP projects in Ethiopia (all cost effective hydro power in Sudan 
being absorbed by Sudan internal demand). 

The Sudanese power mix is clearly the destination of the bulk of power exports 
considering the high generation costs. 

Power export from Ethiopia to Egypt are profitable, but provide less economic 
advantage than from Ethiopia to Sudan considering the lower cost difference and the 
greater transmission cost. 

10.3.2 Comparison of the Variable Costs of Generation 

While the economic cost of generation (related to what is often called long term 
marginal cost of generation) includes investment and operation costs, the variable 
cost (related to what is called short term marginal cost) only includes fuel and 
variable O&M cost. 

The following table compares, for year 2020, and for the high fuel price projection 
(crude oil = 89 USD/bbl, to be compared to the current market price 78 USD/bbl in 
September 2007), the economic cost and the variable cost of generation for the main 
TPP candidates: 

Table 10.2 : Comparison of economic and variable costs of generation – Year 
2020 – High fuel price projection – 10% discount rate 

 
Economic cost 
(6000 hrs/year) 

USD/MWh 
Variable cost 

USD/MWh 

Ratio 
Var. cost / 
Economic 

cost 
(Egypt) gas-fired 750 MW CCGT 68 52 74% 

(Sudan) 500 MW gasoil-fired CCGT 179 164 92% 

(Sudan) 500 MW crude-oil fired STPP 182 154 85% 

(Sudan) coal-fired STPP 57 28 50% 
 

It is notable that the variable cost represents most of the generation cost of CCGT 
and STPP (between 75 to 92%). This proportion increases in time along with the 
general increase of fuel prices. It also means that most the future savings resulting 
from power trade will come from fuel savings (an not investment savings). 
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ION EXPANSION PLAN FOR THE ISOLATED SYSTEMS 

graphs present the main characteristics of the first version of the 
i.e. with non 

10.4.1 

• Medium demand projection (5.6% average annual growth rate), 

• Medium fuel price projection (crude oil 60 USD/bbl, NG = 8.6 USD/MBTU in 

• Power export to Jordan (200 MW). 

• No exchange with Sudan or Ethiopia. 

Figure 10.3 : Generation Expansion Plan – Egypt – No interconnection with 
Sudan / Ethiopia 

10.4 GENERAT

The following para
least cost generation expansion plan of the three isolated systems (
interconnection between them).  

Egypt 

Main hypothesis: 

2030). 

(200 MW) and Libya 

Egyptian Generation Expansion Plan
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10.4.2 

• Medium fuel price projection (crude oil 60 USD/bbl in 2030), 

Ethiopia 

Main hypothesis: 

• Medium demand projection (average annual growth rate 10.9%). 
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• Power export to Kenya (from 200 MW in 2011, 600 MW in 2020, and 
1200 MW in 2030) 

• Power export to Djibouti (<53 MW). 

Figure 10.4 : Generation Expansion Plan - Ethiopia - No interconnection Sudan 
/ Egypt 

• No exchange with Egypt or Sudan. 

Ethiopian Generation Expansion Plan - Medium demand projection
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The associated schedule of HPP commissioning is the following: 

Table 10.3 : Generation expansion plan - HPP Ethiopia 

Commisioning Average 
Date Hydro Project Capacity Generation TPP Capacity

MW GWh MW
2008 Gibe II 420         1 600         

Tekeze 300         1 200         
2009 Beles 420         2 000         
2010 Neshe 97           225            
2011 Gibe III (I)
2012 Gibe III (II) 1 870      6 240         
2014 OCGT 70              
2015 OCGT 140            
2016 Halele Worabesa 420         2 245         
2017 OCGT 140            
2018 OCGT 140            
2019
2020 Baro I + I + Gengi 700         4 409         OCGT 140            
2021 OCGT 140            
2022 Geba I + II 368         1 788         OCGT 140            
2023 OCGT 140            
2024 Mandaya 2 000      12 100       
2025 OCGT 140            
2026 OCGT 280            
2027 Chemoga Yeda 280         1 415         OCGT 140            
2028 Karadobi 1 600      6 000         
2029
2030 Border 1 200      OCGT 140            
2031
2032 Genale III 254         
2033 OCGT 280            
2034 GenaleIV - Aleltu E&W 569         OCGT 140            
2035 OCGT 140            

Total 10 498    2 310          

From 2010 to 2014, Ethiopia can take advantage of a significant surplus of hydro 
generation which can be exported to Sudan through the future 200 MW Ethiopia – 
Sudan interconnection. 

10.4.3 Sudan 

Main hypothesis: 

• Medium demand projection (average annual growth rate 9.8%). 

• Medium fuel price projection (crude oil 60 USD/bbl in 2030). 

• No exchange with Egypt or Sudan. 
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Figure 10.5 : Generation Expansion Plan – Sudan 

Sudanese Generation Expansion Plan
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10.5 LOOSE POOL MODEL: POWER EXCHANGES & REGIONAL SAVINGS 

The loose pool model refers to a scheme where the operation of the generation is 
coordinated regionally (either by direct coordination or through a power pool) while 
each country keeps its independence for the decision of generation investment.  
Accordingly, the investment cost of the regional generation plan is identical as in the 
independent development of each power system, while the operation cost is reduced 
through regional coordination and the use of Ethiopian hydro surplus.  This approach 
is similar to the one carried out for the Ethiopia – Sudan Interconnection Study 
(2005). 

The operation optimization software SDDP allows to simulate the optimal operation 
(i.e. least cost dispatch) of the integrated system according to the capacity of the 
interconnection. 

10.5.1 Origin of the hydro surplus 

Basically, the hydro surplus in Ethiopia are inherent to the development of a purely 
hydro system based on large size HPP for two reasons: 

• Due to the large size of Ethiopian HPP projects compared to the Ethiopian 
internal demand (e.g. Mandaya represents more than 1/3 of the Ethiopian 
demand in 2024), hydro power surpluses are available for export during the 
first years following the commissioning of these large HPP projects, during 
the period of time when the Ethiopian demand does not completely absorb 
the new generation.  Smaller projects would be included at a quicker step in 
the Ethiopian GEP, and would be absorbed more rapidly by the demand 
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growth, and would result in much less hydro surplus, but would lack the 
economic competitiveness of largest HPP projects. 

• In a hydro power system, in order to have a proper supply / demand balance 
all year long and even on the driest years, a large amount of installed 
overcapacity is required.  

The resulting hydro surplus, can be provided for export, when available, at no 
additional cost for the Ethiopian power system. 

10.5.2 Characteristics and costs of the hydro surplus 

The amount of hydro surpluses is variable with the planting of new hydro plants 
(reaching maximum on the commissioning of large HPP, and minimum before new 
commissioning), and during each year (higher during wet season).  

All the hydro project investment decisions are justified by the internal demand 
requirement.  In other words, the supply of power export is made at no additional cost 
for the hydro exporting country1. 

Finally, hydro surplus are available on the average at no additional cost, but are 
variable in amount and duration. 

This type of power exchanges is typical of spot market and future market (month to 
month).  For instance, after the wet season Ethiopia could assess the amount of 
stored energy in its reservoirs and evaluate the amount available for export and 
contract exchange for a period of a few months. 

10.5.3 Reference situation 

The reference situation for the evaluation of the operation savings is characterized 
by: 

• commissioning of the Ethiopia-Sudan 200 MW interconnection in 2010,  

• generation expansion plans of Egypt, Ethiopia and Sudan identical to those 
determined without any interconnection.  

In order to determine the savings related only to the new interconnection (and not to 
the 200 MW Ethiopia Sudan interconnection), the savings described below are 
relative to this reference situation. 

10.5.4 Earliest date of commissioning of the interconnection 

Based on the duration of technical studies, tender process and construction, the 
earliest date of commissioning of the interconnection is close to 2015. 

                        
1 Obviously, this does not mean the selling price must be null. On the opposite, the selling price is to be negotiated of the basis of 
the sharing of the global savings between the exporting country and the importing country. 
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rmined previously 
without interconnection.  In the evaluation of the generation savings the additional 

n into account. 

10.5.5 

e evolution of 
the economic power exchanges for a scheme with 1200 MW capacity between 
E

Figure 10.6 : Average annual power transit – ET-SU=1200 MW – ET-EG= 700 
MW – Loose pool 

 

However, it makes more sense to link the commissioning date of the interconnection 
with the commissioning of the first large HPP project close to Sudan (i.e. Mandaya). 
In the isolated development of the Ethiopian system, Mandaya is commissioned in 
2024. In the scenario with interconnection, it is considered that Mandaya is 
commissioned at its earliest date of commissioning: 2020 and this same date of 
commissioning is considered for the interconnection. This 4 years shift forward is the 
only difference with the Ethiopian generation expansion plan dete

investment cost (anticipation of 4 years) will be take

Power exchanges for the reference hypothesis 

The power exchanges and generation savings have been evaluated for a variety of 
interconnection capacities. For example, the following figure presents th

thiopia and Sudan and 700 W capacity between Ethiopia and Egypt : 
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In order to minimize the regional operation costs, the economic exchanges develop 
preferably toward Sudan where the fuel savings are higher (because of higher 
generation cost). The average annual power export from Ethiopia to Sudan, arises to 
9 000 GWh/year over the 2020-2030 period, and nearly saturates the 1 200 MW 

ypt, arises to 2 500 GWh/year 
over the 2020-2030 period, peaking during the first years after commissioning 
Mandaya (2020), Karadobi (2028) and Border (2030). 

capacity continuously. 

The average annual power export from Ethiopia to Eg
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10.5.6 Sensitivity analysis 

The basic principle in the sensitivity analysis is to change one single key hypothesis 
of the Study at a time to check its impact on the results. 

A number of analyses could be carried out, the focus here is to check how much the 
global savings for the region are affected by adverse evolution of key hypothesis. 
The potential negative factors are: 

• lower evolution of fuel price leading to lower fuel savings, 

• higher evolution of the Ethiopian demand, leading to possible less hydro 
surplus available for export, 

• lower evolution of the Ethiopian demand, leading to possible less hydro 
surplus because of longer time span between commissioning of large HPP. 

Low fuel price projection: 

The simulations show that the volume of export remains close to the reference 
situation with medium fuel price projection. The regional fuel cost savings are 
reduced by about 1/3. 

High demand projection for Ethiopia: 

With the high demand projection in Ethiopia, the Ethiopia hydro surplus are absorbed 
more rapidly by the rise of the Ethiopia own demand.  The regional fuel cost savings 
are reduced by about 1/3 compare to the situation with de Medium Ethiopian demand 
projection. 

Low demand projection for Ethiopia: 

The simulations show that the volume of export and the regional generation savings 
remain close to the reference situation with medium Ethiopian demand projection.  

10.6 TIGHT POOL MODEL: POWER EXCHANGES & REGIONAL SAVINGS 

10.6.1 Introduction 

In the tight pool model, the countries coordinate their decision of generation 
investments, in order to minimize the regional generation cost (investment + 
operation).  The hydro generation investments in Ethiopia are anticipated (compared 
to the loose pool approach) in order to provide more power available for export to 
Egypt and Sudan. 

Strictly speaking some generation investments could be delayed in Egypt and Sudan 
due to the increased power import.  However, due to the increase of the projected 
fuel prices all over the period of the Study, the investment represents only 15 to 25% 
of the total generation cost of new thermal plants.  Accordingly, the Consultant would 
not recommend any modification of the Generation Expansion Plans of Egypt and 
Sudan, which means these countries would still keep their ability to balance their 
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power demand with their own supply whenever power import are not available (and 
would not depend on financing / construction / hydrology risks of large HPP projects). 

The tight pool approach has been studied for the medium and the low Ethiopian 
demand projections. Indeed, the generation expansion plan for the high demand 
projection in Ethiopia (isolated case) gives no room for anticipation of any HPP 
projects. 

10.6.2 Economic power exchanges  

Medium demand projection for Ethiopia 

The following figure presents, for example, the evolution of the economic power 
exchanges for a scheme with 1200 MW capacity between Ethiopia and Sudan and 
2000 MW capacity between Ethiopia and Egypt, and the medium demand projection 
for Ethiopia: 

Figure 10.7 : Average annual power transit - ET-SU=1 200 MW, ET-EG=2 000 
MW- Tight pool – Medium demand projection for Ethiopia 
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The increase of power exchange is readily appearing with comparison to the loose 
pool situation: 

• The average annual power export from Ethiopia to Sudan arises to 9200 
GWh/year over the 2020-2030 period, and saturates the 1200 MW capacity 
continuously (equivalent to 7700 h / year at 1200 MW). 

• The average annual power export from Ethiopia to Egypt arises to 
8000 GWh/year over the 2020-2030 period (equivalent to 4000 h / year at 
2000 MW). 
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The underlying generation expansion plan for Ethiopia includes the following 
modifications compared to the isolated situation: 

• anticipation of Mandaya from 2024 to 2020, 

• anticipation of Geba I+I: from 2022 to 2021, 

• anticipation of Chemoga Yeda from 2027 to 2022, 

• anticipation of Karadobi from 2028 to 2025, 

• Genale III enters the GEP in 2022, 

• Genale IV enters the GEP in 2023, 

• Aleltu East and West enters the GEP in 2029. 

The Border commissioning date is left unchanged at 2030 in order to keep a 5-year 
interval between the commissioning dates of Mandaya, Karadobi and Border, 
compatible with the reduction of the negative downstream effect during the 
successive filling of these reservoirs. 

Low demand projection for Ethiopia 

Apart from the hydro projects identified for Ethiopia in Module 3, other medium scale 
hydro projects might cover part of the internal Ethiopian power demand. Accordingly, 
the low demand projection is probably more relevant to the scope of the Study with 
respect to the amount power that could be exported from Ethiopia. 

In these conditions, and for a scheme with 1 200 MW capacity between Ethiopia and 
Sudan and 2 000 W capacity between Ethiopia and Egypt, the amount of power 
exchanges to Egypt increases significantly reaching 12 700 GWh/year over the 2020-
2030 period (equivalent to 6 300 h / year at 2 000 MW): 

Figure 10.8 : Average annual power transit - ET-SU=1 200 MW, ET-EG=2 000 
MW- Tight pool – Low demand projection for Ethiopia 
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10.7 CO2 SAVINGS 

10.7.1 Loose pool model: 

The following table provides the annual quantity of CO2 savings in tons, and the 
present worth value of the CO2 savings in 2008 based on a 5 and 10 USD/t value: 

Table 10.4 : Present worth value of CO2 emission savings 

Present worth value
Additional CO2 8% discount rate 10% discount rate 12% discount rate

Case export reduction 5 USD/tCO2 10 USD/tCO2 5 USD/tCO2 10 USD/tCO2 5 USD/tCO2 10 USD/tCO2

TWh/year M ton MUSD MUSD MUSD MUSD MUSD MUSD
Ethiopia-Sudan : 700 MW 4.00 3.00 80 161 53 105 36 72
Egypt-Ethiopia : 700 MW 3.60 1.55 41 83 27 54 19 37

Total 7.60 4.55 122 244 80 159 54 109
Ethiopia-Sudan : 1200 MW 7.10 5.33 143 285 93 187 64 128
Egypt-Ethiopia : 700 MW 2.00 0.86 23 46 15 30 10 21

Total 9.10 6.19 166 332 108 217 74 148
 

 
This present worth value would have to be included in the benefits of the project if 
eligible to Clean development Mechanism (CDM). 

10.7.2 Tight pool model: 

In the tight pool model, the additional hydro power from hydro power leads an 
additional reduction of the CO2 emissions in Egypt and Sudan as described in the 
following table: 

Table 10.5 : Present worth value of CO2 emission savings – Tight pool model 

Present worth value
Additional CO2 8% discount rate 10% discount rate 12% discount rate

Case export reduction 5 USD/tCO2 10 USD/tCO2 5 USD/tCO2 10 USD/tCO2 5 USD/tCO2 10 USD/tCO2

TWh/year M ton MUSD MUSD MUSD MUSD MUSD MUSD
Ethiopia-Sudan : 1200 MW 8.20 6.15 165 330 108 216 74 147
Egypt-Ethiopia : 700 MW 5.20 2.24 60 120 39 78 27 54

Total 13.40 8.39 225 450 147 294 100 201
Ethiopia-Sudan : 1200 MW 7.40 5.55 149 298 97 195 66 133
Egypt-Ethiopia : 2000 MW 6.20 2.67 71 143 47 93 32 64

Total 13.60 8.22 220 440 144 288 98 197

 
10.8 ECONOMIC ANALYSIS 

The economic consists in comparing the net balance between : 

• the cost of the interconnection. 

• the "benefits" provided by the interconnection : generation cost savings and 
CO2 savings ; 

The classic economic criteria "Net Present value" and Benefit to Cost ratio will be 
used. 
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10.8.1 Cost of the interconnection 

The following table summarizes the present worth cost of interconnection project for 
the three main options of capacity in MUSD 2008 : 

Table 10.6 : Present worth value of the interconnection cost 

SU : 700 MW, 
EG : 700 MW

SU : 1200 MW, 
EG : 700 MW

SU : 1200 MW, 
EG : 2000 MW

407 490 1040  
 

These present worth of costs are calculated on the base of the expenditure schedule 
of the interconnection and 0% discount rate.  This cost includes : 

• the cost of the project 

• the annual O&M cost. 

10.8.2 Loose Pool Model 

The following table summarizes the present worth of generation savings for the main 
options analyzed previously in the loose pool model (10% discount rate): 

Table 10.7 : Present worth value of generation savings  - Loose pool (Million 
USD) 

MUSD2008

SU : 700 MW, 
EG : 0 MW

SU : 700 MW, 
EG : 700 MW

SU : 700 MW, 
EG : 2000 MW

SU : 1200 MW, 
EG : 700 MW

SU : 1200 MW, 
EG : 2000 MW

Demand median - Fuel median 1 280 1 910 2 010 2 270 2 380
Demand median - Fuel low 840 1 120 1 340 1 520 1 520
Demand ET low - Fuel median 1 170 1 920 2 260 2 540 2 590
Demand ET high - Fuel median 820 1 140 1 550 1 600
 

These generation savings (fuel cost reduction from substitution of thermal power by 
hydro power) results from the coordination of the operation of three generation mixes 
allowed by the interconnection.  These are potential benefits which would be 
achieved with a fully coordinated operation of the three interconnection power mixes 
(regional generation dispatch center).  The actual benefits would obviously be lower, 
depending on the nature and importance of the power market, the type of contracts, 
and the actual level of coordination between the different Utilities. 

These generation savings are net of the interconnection transmission losses and 
from additional investment cost in some scenario (i.e. Mandaya commissioned in 
2020 instead of 2024 in the medium demand projection). The present worth value is 
given in MUSD 2008 discounted in 2008. 
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It should be noted that other "non power" benefits resulting from new hydro projects 
(such as downstream benefits) remain the same whether the interconnection is 
committed or not. 

The following table presents the net savings (savings minus cost) under the loose 
pool model according to the various capacity options and key parameters of the 
study : 

Table 10.8 : Net Present Value of the interconnection – Loose Pool Model 

NPV (MUSD2008):
SU : 700 MW, 
EG : 700 MW

SU : 1200 MW, 
EG : 700 MW

SU : 1200 MW, 
EG : 2000 MW

Demand median - Fuel median 1 500 1 780 1 340
Demand median - Fuel low 710 1 030 480
Demand ET low - Fuel median 1 510 2 050 1 550
Demand ET high - Fuel median 730 1 060 560  

 

The interconnection Net Present Value is positive for every capacity option and key 
parameter. 

In case of low fuel cost evolution, the profitability of the interconnection would be 
significantly lower (NPV divided by 2 or 3 depending on interconnection capacity).  
The same is true if the Ethiopian demand follows the "high demand projection".  If the 
Ethiopian demand follows the "low demand projection" the results are equivalent to 
the reference case with the "medium demand projection". 

While still positive, the NPV decreases significantly going up to a 2 000 MW (for 
Egypt) and 1 200 MW (for Sudan) scheme. This is due to the significantly higher cost 
for the 2 000 MW interconnection link, while additional fuel savings are low because 
of the main part of the Ethiopia hydro surplus has been provided for export. 

Comparing options 

The next table provides the Benefit to Cost Ratio (also called BCR) which is a 
convenient and classic ratio for comparing options: 

Table 10.9 : Benefit to Cost Ratio – Loose pool model 

Benefit / Cost ratio :
SU : 700 MW, 
EG : 700 MW

SU : 1200 MW, 
EG : 700 MW

SU : 1200 MW, 
EG : 2000 MW

Demand median - Fuel median 4.7 4.6 2.3
Demand median - Fuel low 2.7 3.1 1.5
Demand ET low - Fuel median 4.7 5.2 2.5
Demand ET high - Fuel median 2.8 3.2 1.5  
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The benefit to Cost ratio is equal to the Net Present value of the benefits divided by 
the Net Present value of the cost.  A value greater than one means the benefits 
outbalances the cost of the project. 

The decrease of the profitability of the interconnection is apparent in case of low 
evolution of fuel costs or if the Ethiopian demand follows the high projection. 

On the whole, the option with the higher BCR is the 700 MW (for Egypt) 1 200 MW 
(for Sudan) scheme. 

10.8.3 Tight pool model 

Present worth of generation benefits 

The following table gives the present worth of generation savings for the main 
options analyzed previously in the loose pool model (10% discount rate): 

Table 10.10 : Present worth value of generation savings – Tight Pool model 

Present worth of savings (generation) - MUSD2006

SU : 1200 MW, 
EG : 700 MW

SU : 1200 MW, 
EG : 2000 MW

Medium demand for Ethiopia - Fuel medium -Tight pool 2 810 2 960

Low demand for Ethiopia - Fuel high -Tight pool 3 140 4 020
Low demand for Ethiopia - Fuel medium -Tight pool 2 380 2 990  

 

These generation savings are net of interconnection transmission losses, and of the 
additional investment costs resulting from the anticipation of several HPP in Ethiopia 
compared to the loose pool model. 

Net savings  

The following table presents the net savings (savings minus cost) according the 
various capacity options and key parameters of the study: 

Table 10.11 : Net Present Value of the interconnection – Tight pool model 

NPV (MUSD2006):
SU : 1200 MW, 
EG : 700 MW

SU : 1200 MW, 
EG : 2000 MW

Medium demand for Ethiopia - Fuel medium -Tight pool 2 320 1 920
Low demand for Ethiopia - Fuel high -Tight pool 2 650 2 980
Low demand for Ethiopia - Fuel medium -Tight pool 1 890 1 950  

The tight pool approach, along with an increase of power exports, provides an 
increase of the Net Present Value of the interconnection project for the region. 
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Comparing options 

The next table provides the Benefit to Cost Ratio (also called BCR): 

Table 10.12 : Benefit to Cost Ratio – Tight pool model 

Benefit / Cost ratio :
SU : 1200 MW, 
EG : 700 MW

SU : 1200 MW, 
EG : 2000 MW

Medium demand for Ethiopia - Fuel medium -Tight pool 5.7 2.9
Low demand for Ethiopia - Fuel high -Tight pool 6.4 3.9
Low demand for Ethiopia - Fuel medium -Tight pool 4.9 2.9  

While the benefit to cost ratio would favors the ET-SU: 1 200 MW – ET-EG: 700 MW 
scheme, the NPV is equivalent with ET-SU: 1 200 MW – ET-EG: 2 000 MW scheme. 
Accordingly, this latter scheme is preferable for the region. 

10.8.4 Savings per country and Pay back period 

The pay-back period is the period of time necessary for the savings (= mainly fuel 
savings) to balance the expenses (cost of the interconnection and anticipation of 
HPP investment).  At the end of the payback period the present value of the savings 
is equal to the present value of the expenses. 

Loose pool model 

For a scheme with a 1 200 MW capacity to Sudan and a 700 MW capacity to Egypt, 
the interconnection investment is paid after 3 full years of operation (medium demand 
projection for all countries, medium fuel price projection, 10% discount rate). This 
very short pay back period is consistent with the high benefit to cost ratio of the 
interconnection project.  

The average export to Egypt would be 2.5 TWh/year, with 130 MUSD2006/year 
average fuel savings, while the average export to Sudan would be 9 TWh/year, with 
an average fuel savings of 750 MUSD2006/year (450 MUSD2006/year from crude oil 
and 210 MUSD2006/year from gasoil). 

Tight pool model 

For a scheme with a 1 200 MW capacity to Sudan and a 2 000 MW capacity to 
Egypt, the interconnection investment is paid after 6 full years of operation (medium 
demand projection for all countries, medium fuel price projection, 10% discount rate).  

Whenever the Ethiopia demand follows the low demand projection (or if additional 
low cost Ethiopian HPP projects are identified) the pay back period would be 7 years.  

The average export to Egypt would be 12.7 TWh/year, with 680 MUSD2006/year 
average fuel savings, while the average export to Sudan would be 9.4 TWh/year, 
with an average fuel savings of 750 MUSD2006/year. 
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10.8.5 Analysis 

The interconnection project is characterized economically by a good profitability, a 
short payback period and a high benefit to cost ratio. 

Loose pool model 

The loose pool model, which consists basically in exporting the hydro surplus 
inherent to the Ethiopian power system (at no additional cost for Ethiopia), is 
characterized by: 

• some variability of the amount exported power to Egypt (export to Sudan 
being more base-load) along the period of study, 

• lower amount of power export (compared to the tight pool approach), but with 
the advantage of low HPP additional investment cost (the only additional 
investment cost is the anticipation Mandaya from 2024 to 2020 in time with 
the commissioning of the interconnection2). 

Accordingly very good BCR and short payback periods are achieved, the variability of 
the hydro surplus being balanced by the low global additional generation investment 
cost. 

This model is typical of the actual power exchanges between European countries 
(spot market, month to month exchanges) which take benefits of temporary (short to 
medium term) power surplus in one or other country. 

In this context, the best scheme, from a strictly economic point of view, would be ET-
SUD: 1 200 MW ET-EG: 700 MW, with a benefit to cost ratio of 4.5 and a very short 
3 year-payback period. 

However, going to 2 000 MW capacity to Egypt would still be profitable for the region 
(BCR=2.3), and would give more freedom and flexibility for a future evolution to a 
tight pool model, and in a latter stage to an extension of the market to Kenya and 
SAPP. 

Tight pool model 

In the tight pool model adopted in this Study, HPP investments in Ethiopia are 
anticipated (with respect to their schedule when Ethiopia remains isolated) in order to 
provide an additional amount of power export. Thus, the power exports arise for one 
part, from the "natural" hydro surplus inherent to the Ethiopian hydro generation mix, 
and for the other part from the anticipation of some Ethiopian HPP.  

The generation expansion plans of Egypt and Sudan are left unchanged because, 
due to the projected fuels price increase all over the period of the Study, the 
investment represents only 15 to 25% of the total generation of new thermal plants. 
Accordingly, the Consultant would not recommend any modification of the 

                        
2 For the Ethiopian low demand projection, Mandaya is anticipated from 2025 to 2020, while for the high demand projection no 
anticipation is required because the "natural" date of commissioning of Mandaya is 2020. 
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eir power demand with their own supply 
whenever power import are not available. 

The tight pool model is characterized by: 

• increased amount of exports (compared to loose pool), 

• lower variability of the power export to Egypt along the period of study, 

• at the expense of higher generation investment cost in Ethiopia. 

 BCR and payback period is lower than in the loose pool model, but 
still very good. 

a 
strictly economic point of view, would still be ET-SUD: 1 200 MW ET-EG: 700 MW. 

 
considered), and giving more flexibility for the evolution of power trade in the future.  

10.9 / DISADVANTAGES RESULTING FROM THE 
INTERCONNECTION PROJECT 

 specific, the 
tables indicated what is the origin of the advantages or disadvantages: 

the advantage/disadvantage exists if and only if the 
interconnection exists. 

eam impacts are related to 
the HPP project and not to the interconnection).  

Generation Expansion Plans of Egypt and Sudan, which means these countries 
would still keep their ability to balance th

Accordingly the

The best scheme, on the basis of the Ethiopian HPP listed in Module 3, and from 

However, the Net Present Value of the scheme with ET-EG: 2000 MW being very 
close to the scheme with ET-EG: 700 MW.  Going to 2 000 MW is certainly 
preferable, the pay back period is still short (6 to 7 years according to hypothesis

SUMMARY OF ADVANTAGES 

The purpose of the present economic Study was to evaluate the potential economic 
benefits resulting from the interconnection project.  While these benefits can be 
evaluated in terms of monetary values, they do not represents all the possible 
benefits resulting from the project.  In order to widen the view, the following simplified 
tables summarizes for the region and for each country, the main advantages and the 
disadvantages from the interconnection project.  In order to be more

• Electric market: when 

• HPP projects in Blue Nile River:  when the advantage/disadvantage exists 
even in the absence of the interconnection (e.g. large HPP project on Blue 
Nile in Ethiopia is necessary to the Ethiopian system even without 
interconnection, accordingly the positive downstr
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10.9.1 Region 

Table 10.13 : Advantages / disadvantages for the region 

Origin Advantages 
Power market Creation of a power pool:  

- global generation cost savings, 
- reduction of the cost of electricity for the final user would favor overall development, 
- economies of scale in new generation capacity : development of larger low-cost 

hydropower plants made possible through the creation of larger power market, 
- hydro-thermal complementarity between Egypt, Ethiopia and Sudan, 
- mutual assistance in case of disturbances, 
- first step to the connection of the North Africa power systems to the South East 

African power pool. 
Regional cooperation, trust building and coordinated development of Nile Basin 

Hydro projects Coordination of the operation of HPP on the Nile river for an overall benefit for the region. 
Regulation of inflows and continuous availability of water. 
Reduction in CO2 emissions 

Origin Disadvantages 
Power market None 

 

10.9.2 Egypt 

Table 10.14 : Advantages / disadvantages for Egypt 

Origin Advantages 
Power market Fuel savings (mainly Natural gas). 

Reduction in CO2 emission. 
Securisation of the long term cost of generation (hydro power base import have a 
generation cost independent of the variation of crude oil price). 
Possibility for Egyptian generator companies to invest in low-cost hydro generation in 
Ethiopia. 

Hydro projects Regulation of inflows:  
- improved guarantee for irrigation. 
- opportunity to operate Aswan at lower level for a reduction of evaporation and a 
conversion to usable supply yield which may more than offset the reduction in power 
generation. 
Reduced sediment: extension in life of High Aswam dam 

Origin Disadvantages 
Power market None 
Hydro projects Head loss on Aswan during filling large reservoirs on Blue Nile river: 

Impact along time to be studied under a variety of conditions (hydrology, sequence of 
HPP, reservoir sizes, etc) in term of irrigation, capacity (MW), energy (GWh). 
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10.9.3 Ethiopia 

Table 10.15 : Advantages / disadvantages for Ethiopia 

Origin  Advantages 
Power market Valorisation of the hydro power surplus inherent to the Ethiopian power system. 

Valorisation of the hydro potential of Ethiopia for the benefit of Ethiopia and the 
interconnected countries. 
Boost for the development of the Ethiopian power mix, and consequently to the 
electrification rate in Ethiopia. 
Securisation of power supply in Ethiopia in case of drought conditions (power import from 
Egypt and Sudan). 
Important role for the connection to Kenya and at a latter stage to the SAPP. 
Increase foreign exchange earnings. 
Construction employment, new skills for the future. 

Hydro projects Low-cost renewable energy. 
Regional development (new roads, bridge, development of rural electrification, etc). 
Poverty reduction. 
Construction employment, new skills for the future. 
Development of irrigation. 

Origin Disadvantages 
Hydro projects Capital intensive projects may take time to be finance. 

Negative ES impacts (but can be mitigated through identified measures) 
 

10.9.4 Sudan 

Table 10.16 : Advantages / disadvantages for Sudan 

Origin Advantages 
Power market Fuel savings. Saved fossil fuel could be exported at a higher price rather than be burned in 

TPP. 
Access to the Mediterranean power market, and at a latter stage to the SAPP. 
Re-enforcement of the complementarily between the Ethiopian hydro system and the 
Sudanese hydro system (power sales to Ethiopia in drought conditions) 

Hydro projects Regulation of inflows (additional irrigation, navigation, uplift effect at Roseires, Sennar and 
Merowe: 2 200 GWh/year, equivalent to Dal generation) 
Reduced sediment: reduction in dredging costs at Roseires, reduction in drainage canal 
desilting maintenance cost, reduction in pump replacement cost. 
Development of Irrigation agriculture: two crops per year. 
Flood reduction. 

Origin  Disadvantages 
Hydro projects Reduction in flooding and sediment will lead to the conversion of recession agriculture to 

irrigation agriculture (but can be mitigated through identified measures).  
 
10.10 CONCLUSION 

The present power trade Study is the first quantitative Study analysing the evolution 
of the three power systems of Egypt, Ethiopian and Sudan up to 2030, and 
evaluating the benefits that would result from the establishment a regional power 
market between Egypt, Ethiopia and Sudan. 
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Accordingly, the present Study is the first one giving a quantitative and economic 

ultant and 
validated by the different Utilities in the course of the present Project. 

ws that the interconnection will allow to provide Egypt and 
Sudan with the hydro surplus available from the large Ethiopian HPP projects, and 

10.10.1 

Ethiopia is well endowed with hydro resources. The hydro potential is estimated at 

be the source of power export to Egypt and 
Ethiopia. 

• Due to the large size of Ethiopian HPP projects compared to the Ethiopian 

• Furthermore, in order to have a proper supply / demand balance all year long 

hen available. 

 the growth rate of the 
Ethiopian demand, the amount of power exported to other countries (e.g. Kenya) and 

10.10.2 

It is recommended to time the commissioning of the interconnection in accordance to 
the earliest commissioning date of the first large Ethiopian HPP project: 2020 
(considering time necessary to carry out technical studies, tender process, 
construction). 

Previously, the generation expansion plan of Sudan (LTPPS 2006) was studied up to 
2030, the Egyptian generation expansion plan covered the period up to 2028, while 
the Ethiopian expansion plan covered the period up to 2015. 

evaluation of the Ethiopian hydropower surpluses available for export up to 2030. 
This was done on the basis of the data made available to the Cons

The Study demonstrates there are significant benefits for the Egypt, Ethiopia, and 
Sudan to develop an interconnection between their three power systems. 

The economic analysis sho

consequently save fossil fuels and reduce CO2 emissions in Egypt and Sudan. 

Ethiopian hydro surplus 

about 30 000 MW, with only a fraction of which has been exploited so far. 
Accordingly, Ethiopia power systems will 

Part of the Ethiopian hydro surplus available for export are inherent to the internal 
development of the Ethiopian hydro mix: 

internal demand (e.g. Mandaya represents more than 1/3 of the Ethiopian 
demand in 2024), hydro power surpluses are available for export during the 
first years following the commissioning of these large HPP projects. 

and even on the driest years, the Ethiopian hydro power system requires a 
large amount of installed overcapacity. Resulting hydro surplus can be 
provided for export w

Futhermore, additional hydro surplus could be made available if the commissioning 
dates of hydro plants are anticipated (with respect to their original schedule when 
Ethiopia remains isolated). 

Finally, the amount hydro surplus will also depends on

the cost of the Ethiopian hydro projects. 

Earliest date of commissioning of the interconnection 
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10.10.3 Economy of the interconnection 

The present Study shows that the interconnection project is characterized 
economically by a good profitability, a short payback period and a high benefit to cost 
ratio.  

The economy and optimal capacity of the interconnection were analyzed for two 
levels of coordination (or two types of power markets) between the three power 
systems : the loose pool and the tight pool models.  

Loose pool model 

The loose pool model, which consists basically in exporting the hydro surplus 
inherent to the Ethiopian power system (at no additional cost for Ethiopia), is 
characterized by: 

• no modification of the generation expansion of Egypt and Sudan, 

• slight modification of the Ethiopian generation expansion plan (anticipation of 
Mandaya to 2020), 

• some variability of the amount exported power to Egypt (export to Sudan 
being more base-load) along the period of study, 

• lower amount of power export (compared to the tight pool approach), 

• but with the advantage of low HPP additional investment cost (the only 
additional investment cost is the anticipation Mandaya from 2024 to 2020 in 
time with the commissioning of the interconnection3). 

Accordingly very good BCR and short payback periods are achieved, the variability of 
the hydro surplus being balanced by the low global additional generation investment 
cost. 

This model is typical of the actual power exchanges between European countries 
(spot market, month to month exchanges) which take benefits of temporary (short to 
medium term) power surplus appearing in one or other country. 

In this context, the best scheme, from a strictly economic point of view, would be ET-
SUD: 1 200 MW and ET-EG: 700 MW, with a benefit to cost ratio of 4.5 and a very 
short 3 year-payback period for the reference hypothesis (medium demand 
projections, medium price projection). 

However, going to 2 000 MW capacity to Egypt would still be profitable for the region 
(benefit to cost ratio =2.3), and would give more freedom and flexibility for a future 
evolution to a tight pool model, and in a latter stage to an extension of the power 
market to Kenya and SAPP. 

                                                      
3 For the Ethiopian low demand projection, Mandaya is anticipated from 2025 to 2020, while for the high demand projection no 
anticipation is required because the "natural" date of commissioning of Mandaya is 2020. 
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Tight pool model 

In the tight pool model adopted in this Study, HPP investments in Ethiopia are 
anticipated (with respect to their schedule when Ethiopia remains isolated) in order to 
provide an additional amount of power export. Thus, the power exports arise for one 
part, from the "natural" hydro surplus inherent to the Ethiopian hydro generation mix, 
and for the other part from the anticipation of some Ethiopian HPP.  

The generation expansion plans of Egypt and Sudan are left unchanged because, 
due to the projected fuel price increase along the period of the Study, the investment 
represents only 15 to 25% of the total generation of new thermal plants. Accordingly, 
the Consultant would not recommend any modification of the Generation Expansion 
Plans of Egypt and Sudan, which means these countries would still keep their ability 
to balance their power demand with their own supply whenever power import are 
available or not. 

The tight pool model is characterized by: 

• increased amount of exports (compared to loose pool), 

• lower variability of the power export to Egypt along the period of study 
(compared to loose pool), 

• higher generation investment cost in Ethiopia (because of HPP anticipation). 

The benefit to cost ratio is lower, and payback period is longer, than in the loose pool 
model, but these economic indicators remain still very good. 

The best scheme, on the basis of the Ethiopian HPP listed in Module 3, and from the 
benefit to cost ratio criteria, would be ET-SUD: 1 200 MW and ET-EG: 700 MW. 

However, the Net Present Value of the scheme with ET-EG: 2 000 MW being very 
close to the scheme with ET-EG: 700 MW (or even greater for some hypothesis), 
going to 2 000 MW is certainly preferable, with still a short pay back period of 6 to 7 
years according to hypothesis considered. 

Preservation of the benefits on adverse evolution of key hypothesis 

The interconnection project results in a net profit (benefits greater than costs) even 
on adverse evolution of key hypothesis (low fuel cost evolution which would reduce 
fuel savings, or high evolution of Ethiopian demand, which would reduce the amount 
of hydro surplus). 

Potential and actual benefits 

The generation savings evaluated in this Module 6 are potential (i.e. theoretical) 
savings resulting from the optimal coordination of the three generation mixes. The 
actual savings will depend on the proper development of the power pool, the 
establishment of short-term and medium term contracts, type of power exchanges 
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policy to share of cost of investment and the benefit of 
investment, selling price, wheeling tariff, etc.  

The interconnection between Egypt, Ethiopia and Sudan has a short pay back period 

 O&M costs. This will 
boost the relative economic advantage of hydro power export from Ethiopia, giving 

ower 
markets, the commissioning of the interconnection between Egypt, Ethiopia and 
Sudan will be a determining step forward the completion of the connection between 
the North Africa power markets and the South African power markets (SAPP).   

(firm, non firm energy), 

Looking into the future 

(<10 years) for the most relevant projections (high or medium fuel price projections, 
medium or low demand projections for Ethiopia).  

After the payback period (before 2030-2032), the investment cost of the 
interconnection will be paid, and the remaining cost associated with the transmission 
of power will be the cost of losses, and to a lesser extend the

opportunity to more hydro investments, for the benefit of the interconnected power 
systems (lower cost of electricity and reduction of  emissions). 

Finally, when the perspective is widen to the development of the African p
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11. TRANSMISSION 

11.1 GENERAL 

This Section summarises the transmission studies which have been carried out as 
part of the Power Trade Study.  The transmission studies have examined the 
transmission enhancements in each of the three Eastern Nile countries required to 
meet the increasing demand together with interconnection options specifically related 
to the Mandaya, Border and other hydropower developments on the Abbay (Blue 
Nile) River in Ethiopia. 

The transmission studies are reported in detail separately under Module 6. 

11.2 ASSESSMENT OF THE TRANSMISSION SYSTEMS 

The transmission systems of the three countries, Egypt, Ethiopia and Sudan were 
examined for the year 2015/2016.  This analysis was based on the master plan 
proposed by the companies. 

For EEPCO, the master plan is described in the report “Ethiopian Power System 
Expansion Master Plan Updated – June 2006”. 

For NEC, the master plan is described on the “Long Term Power System Planning 
Study”. 

For EEHC, the analysis was based on computer files containing the 2006/2007 
network and excel files listing the elements of the transmission system for the years 
2002, 2005, 2010 and 2015, and other files with the network modifications. 

The Ethiopian and Sudan power systems were examined for the year 2015/2016 with 
the 220 kV interconnection between Ethiopia and Sudan (planned for the year 2009) 
in operation. Ethiopia exported 100 MW to Sudan. 

The behaviour of the power systems was analysed in steady state. This analysis 
enabled to point out the possible weak points of the future transmission system. 
Several load flow calculations were performed in normal and in contingency 
situations for the annual peak. 

The results of this analysis are presented hereafter. 

11.2.1 Egypt 

The behaviour of the transmission system planned for the year 2015/2016, based on 
the 2015 planning data, was analysed. 

Load Flow calculations were performed in normal, N-1 and in N-2 situations for the 
peak demand.  

To face the N situation, the proposed reinforcements are listed hereafter: 
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abal 

 

0 kV substation in Abu Kir 

er in Heliopolis 

 

 

mat 

r of 
the system was satisfactory. The flows over the lines and through the transformers 

ment proposed around Cairo, the N-1 situations were 
analysed on the backbone between High Dam and Cairo, where the interconnection 

m, except 

ed reinforcements described above will be included in the Egyptian 
transmission system for the study of the interconnection between Ethiopia, Sudan 
and Egypt. 

• a second circuit between North Delta and Abu Za

• a second circuit between Nobaria and Cairo 500

• a new circuit between Suez 500 and Heliopolis 

• a new circuit between Sidi-Krir and a new 50

• a new circuit between Abu-Kir and Nobaria 

• a fourth and a fifth 500 MVA 500/220 kV transformer in Cairo 500 

• a third and a fourth 500 MVA 500/220 kV transformer in Abu Zaabal 

• a second, third and fourth 500 MVA 500/220 kV transform

• a second 500 MVA 500/220 kV transformer in Bassous

• a second 500 MVA 500/220 kV transformer in Tebbin 

• a second 500 MVA 500/220 kV transformer in High Dam

• a second 500 MVA 500/220 kV transformer in Kuri

• two 500 MVA 500/220 kV transformers in Abu Kir 

In Normal situation, taking into account the previous reinforcements, the behaviou

were below the rating of the equipment. The voltage profile was within the limits. 

Due to the number of reinforce

is most likely to be connected. 

− the 500 kV line N-1 criteria was satisfied on the network except for the line 
Samalut - Kurimat, an additional circuit would be needed 

− the 500/220 kV transformer N-1 criteria was not satisfied in High Dam and Nag 
Hammadi, and additional 500/220 kV transformer is necessary in both substation 

− the 500/132 kV transformer N-1 criteria was not satisfied in Nag Hammadi and 
Samalut, and additional 500/132 kV transformer is necessary in both substation 

− the 220 kV line N-2 criteria was satisfied between Kurimat and High Da
for the lines Nag Hammadi - Qena West, Kurimat - B.Suif East, Kurimat - 
Fayoum, and Sohag - Sohag East, additional circuit would be needed. 

The propos
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11.2.2 Ethiopia 

The VHV/132 kV transformation was examined.  Some reinforcements of this 
transformation were necessary to satisfy the N-1 criterion.  The proposed 
reinforcements are listed hereafter: 

• Gefersa: Replacement of the four existing 24 MVA transformers by one new 
100 MVA transformer (total installed capacity: 4 x 100 MVA); 

• Kaliti I: Replacement of the three existing 45 MVA transformers by two new 
100 MVA transformers (total installed capacity: 6 x 100 MVA); 

• Two of these 45 MVA transformers could be installed at Melka Wakana and 
one at Gilgel Gibe; 

• Woleita Sodo: Addition of a third 100 MVA 400/132 kV transformer (total 
installed capacity: 3 x 100 MVA); 

• Melka Wakana: Replacement of the existing 22 MVA transformer by two new 
45 MVA transformers (total installed capacity: 2 x 45 MVA); 

• Addis North: Addition of one new 63 MVA transformer (total installed capacity: 
3 x 63 MVA); 

• Cotebe: Addition of one 63 MVA transformer (total installed capacity: 2 x 
63 MVA); 

• Kombolcha: Addition of one 63 MVA transformer (total installed capacity: 2 x 
63 MVA); 

• Gilgel Gibe I: Addition of one 45 MVA transformer (total installed capacity: 2 x 
45 MVA); 

• Sebeta: Addition of one 100 MVA transformer (total installed capacity: 3 x 
63 MVA and 2 x 100 MVA). 

In Normal situation, taking into account the previous reinforcement of the 
VHV/132 kV transformation, the behaviour of the system was satisfactory. The flows 
over the lines and through the transformers were below the rating of the equipment. 
The voltage profile was within the limits. 

In N-1 situations: 

• The 400/230 kV transformer at Bahir Dar was overloaded following the 
tripping of the 400 kV Debre Markos – Bahir Dar line. 

To overcome this problem, it is proposed to install a second 400/230 kV transformer 
at Bahir Dar. 

Whatever the other N-1 situations, there are no constraint on the system. 
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The proposed reinforcements described above will be included in the Ethiopian 
transmission system for the study of the interconnection between Ethiopia, Egypt and 
Sudan. 

11.2.3 Sudan 

In Normal situation, the behaviour of the transmission system was not totally 
satisfactory. Indeed, the three 300 MVA 500/220 kV transformers of Hasaheisa were 
slightly overloaded by 3%. Therefore, a fourth 300 MVA 500/220  kV transformer was 
assumed to be installed at Hasaheisa to recover a satisfactory behaviour and to 
comply with planning criteria adopted by NEC. 

In N-1 situations, several constraints appeared on the system: 

• Overload of the 500/220  kV transformations of Hasaheisa, Merowe and 
Nyala. 

• Collapse of the western part of the system (Darfur area) following the tripping 
of the 500 kV line Fula - Nyala. 

• Overload of the two 220 kV circuits between Bager and Giad, following the 
tripping of the third circuit. 

• To overcome these constraints and recover a system that satisfies the N-1 
criterion, the following reinforcements are proposed: 

• A fifth 300 MVA 500/220 kV transformer at Hasaheisa (or commissioning of a 
new 500/220 kV substation at Meringan). 

• A third 150 MVA 500/220 kV transformer at Merowe. 

• Operation of Bager 220 kV substation with two separate bus bars in N-1 
situation. 

• A fourth 150 MVA 500/220 kV transformer at Nyala and a second 500 kV line 
Fula - Nyala with the convenient shunt reactors. 

The proposed reinforcements described above will be included in the Sudanese 
transmission system - proposed by NEC Master Plan - for the study of the 
interconnection between Ethiopia, Egypt and Sudan. 

11.3 STUDY OF THE INTERCONNECTION ALTERNATIVES 

Hydropower studies reported herein and in separate reports for the Border and 
Karadobi projects have investigated the hydro generation resources along the Blue 
Nile River.  They selected three sites, Mandaya, Border and Karadobi to develop 
major hydropower stations able to provide a large amount of energy for which the 
generation cost would be much lower than thermal generation cost. 
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rmed.  They gave the following results; Ethiopia has to commission a new 
hydropower plant at Mandaya, of which the proposed installed capacity is 2000 MW, 

Mandaya HPP can produce annually 12 TWh that corresponds to an average 
 7000 hours per year.  

11.3.1 

d the planning criteria.  Ethiopia and Sudan are 
expected to be interconnected by the year 2010 with one 220 kV double circuit line 

terconnection path, 
AC alternatives are technically possible and could also be competitive solutions to 

ine connecting Ethiopia to Egypt with a 
tapping station located in Sudan. Three voltage levels, 500 kV, 600 kV and 800 kV 

0 kV voltage level, the highest voltage 
in operation in the interconnected system, was selected because it allows a 

ries.  Reducing the length of the line allows reducing the 
investment cost of the interconnection and the amount of losses and leads obtaining 

In Ethiopia, Mandaya HPP 400 kV substation was the interconnection point for AC 

Simulations of the generation equipment operation in the interconnected system 
were perfo

to export: 

• 690 MW to Egypt during about 7400 hours per year 

• 700 MW to Sudan during about 8000 hours per year 

generation of 1700 MW during

Interconnection options 

Based on these data, network studies were launched to investigate different solutions 
to interconnect the three countries and propose the least cost interconnection 
alternative that would be able to transmit the expected power exchanges and satisfy 
the technical requirements an

between Gonder and Gedaref. 

The amount of transmitted power and the distance between the countries are the 
main parameters to design an interconnection link. With about 1400 MW exported 
from Ethiopia over a distance of 700 km to Sudan and 2100 km to Egypt, DC 
technology appeared as the best suitable solution. But with the presence of the 
Sudanese system, that allows controlling the voltage along the in

interconnect the three systems and transmit consequent power.  

DC alternatives consist in a DC double pole l

were used to design the interconnection link. 

AC alternatives consist in two 500 kV AC lines, the first line between Ethiopia and the 
South of Sudan close to the border.  A 500/400 kV transformation was installed at 
Mandaya HPP substation.  The power exchange to Egypt flows over the Sudanese 
transmission system.  The second line connects the North of Sudan to the South part 
of the Egyptian transmission system.  The 50

maximum power transfer over long distance. 

Several interconnection points were selected in order to minimize the length of the 
interconnection line and to avoid as much as possible constraints on the transmission 
system of the three count

the least cost alternative. 

and DC alternatives. 
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 close to the border with Ethiopia, were selected as 
interconnection points to receive power from Ethiopia.  Merowe HPP and Port Sudan 

In Egypt, for AC alternatives, Nag Hammadi, Sohag and Assiut 500 kV were the 

C alternatives, Nag Hammadi, Sohag, Assiut, Cairo 500 and Suez 500 kV 
substations were interconnection points.  High Dam HPP 500 kV substation, close to 

ergency situation, the main electrical 
parameters, current, voltage, generated power, frequency, must be kept within the 

nt cost and the transmission cost of 
each alternative were calculated.  The transmission cost, expressed in $/MWh, 

stment cost, the cost of losses and the operation and maintenance 
cost.  The main results are presented hereafter. 

11.4 RESULTS 

11.4.1 

0 mm² bundle conductors.  To 
discharge the power flow arriving at Debre Markos, the 400 kV system has to be 

ne Debre Markos-Sululta and a third 400/220 kV 
250 MVA transformer must be installed at Sululta. 

11.4.2 Description of AC alternatives. 

In Sudan, for AC alternatives, Hasaheisa, Meringan and Rabak 500 kV substations, 
the main load centres

TPP 500 kV power stations, in the North of the country, were interconnections points 
to send power to Egypt. 

For DC alternatives, Hasaheisa, the huge load centre close to the border, was the 
interconnection point selected to receive the tapping DC/AC converter. 

interconnection points.  Beyond Assiut in the North, AC alternatives would not be 
technically feasible. 

For D

the border with Sudan, cannot be extended and cannot receive the interconnection 
link. 

Load flow calculations were performed to simulate the operation of the 
interconnected system and analyse its behaviour in normal operation and in 
emergency situation, one network equipment being out of operation.  The system 
must satisfy the N-1 criterion.  In em

limits defined by the planning criteria without any adverse effect on the 
interconnection and on the three systems. 

The study examined the connection of Mandaya HPP to the Ethiopian system, the 
interconnection with Egypt and Sudan being in operation.  The different AC and DC 
interconnection alternatives were examined and the impact of the power exchange 
on the three systems was investigated.  For AC alternatives, the power exchange 
devoted to Egypt flowed through the Sudanese system. Consequently, the impact of 
this exchange on Sudan was deeply investigated.  Transmission losses over the 
interconnection were determined.  The investme

included the inve

Connection of Mandaya HPP to the Ethiopian transmission system. 

It is proposed to connect Mandaya HPP to Debre Markos 400 kV substation with a 
400 kV double circuit line equipped with 2x45

reinforced with a single circuit li

The interconnection between Ethiopia, Sudan and Egypt includes: 
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00kV 660 MVA transformers. This transformation is composed by six 
220 MVA single-phase units + one 220 MVA single-phase unit as a spare 

circuits of the line are equipped at 
each end by one 255 MVAr reactor to energize the line in good condition and 

actor. 
Moreover, one 100 MVAr reactor is connected on the 500 kV bus bar of the 

In Egypt the other interconnection points are Sohag (length of the line = 1210 km) 
25 km). 

11.4.3 

pping 

unt of Joule losses along the line. The lines were designed 
to respect a 5 % voltage drop that is equivalent to an amount of losses equal to 5 % 

Higher is the DC voltage larger is the total cross section of the conductors to respect 

Longer is the DC line higher is the voltage drop and larger is the total cross section of 

s is: 

• 500/400 kV substation located on Mandaya HPP site, equipped with two 
500/4

part. 

• 500 kV AC double circuit line between Mandaya HPP and Meringan 500 kV 
substation, (or Hasaheisa, or Rabak). The length of the line is 620 km 
(respectively 670 km, 570 km). The two 

to control the voltage profile in operation. 

• 500 kV AC double circuit line between Merowe HPP (or Port Sudan) and Nag 
Hammadi 500 kV substation. The total length of the line is 1120 km 
(1030 km). To control the voltage profile along the line and to facilitate the 
energizing of the line, an intermediate switching substation is installed in the 
middle of the line, close to the border between Sudan and Egypt. The two 
sections of the line are equipped at each end by one 230 MVAr re

intermediate switching substation, to facilitate the energizing of the line. 

and Assiut (length of the line = 13

Description of DC alternatives 

Each DC link, built with a double pole line, includes two sections: 

− First section between Mandaya AC/DC converter station and Hasaheisa ta
DC/AC converter station. 

− Second section between Hasaheisa and DC/AC converter station in Egypt. 
The cross section of the conductors and the number of conductors of the DC line are 
determined to respect a maximum value of the field strength and to respect a value 
of voltage drop or an amo

of the transmitted power. 

the field strength and lower is the voltage drop. 

the conductors. 

The size of the AC/DC converter

− Mandaya = about 1300 MW 
 Hasaheisa = 500 MW −

− Egyptian converter = 700 MW  
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t 200 MW of the 700 MW Sudanese import flowed over the 
220 kV AC interconnection Gonder-Gedaref. 
It has been assumed tha

+/- 500 kV alternatives: 

One double pole line equipped with 6 bundle Linnet conductors between Mandaya 
rter, double pole 

line equipped with: 

− 6 bundle Ibis conductors for Nag Hammadi (length = 1530 km) 

− 6 bundle Hawk conductors for Sohag (length = 1620 km) 

− 6 bundle Hawk conductors for Assiut (length = 1735 km) 

− 6 bundle Dove conductors for Cairo 500 (length = 2095 km) 

− 8 bundle Hawk conductors for Suez (length = 2165 km) 

atives:

and Hasaheisa.  Section between Hasaheisa and Egyptian conve

+/- 600 kV altern  

uipped with 6 bundle Ibis conductors between Hasaheisa and 
Egyptian converter 

One double pole line equipped with 6 bundle Oriole conductors between Mandaya 
and Hasaheisa. 

One double pole line eq

+/- 800 kV alternatives 

The field strength was the most severe constraint, 8 Hawk bundle conductors were 
used for the double pole DC line from Mandaya to the Egyptian converter. 

11.5 IMPACT OF THE POWER EXCHANGE ON THE TRANSMISSION SYSTEMS. 

Sudan 

Without new interconnection, the area of Hasaheisa, Meringan and Rabak was 
mainly supplied by the power stations located in the North of the country and close to 

ion system, reduced the power flows over the 
lines and decreased the amount of losses. The lines close to the interconnection 

were loaded below 50 % of their rating. Whatever the tripped element, no 
constraint appeared on the system. 

Khartoum such as Merowe HPP, Port Sudan TPP. Power flowed over the 500 kV 
lines and the under laying 220 kV network from the North to the South. 

The power exchange coming from Ethiopia has a benefit effect on the transmission 
system. It discharged the transmiss

points 

Egypt 

The Upper Egypt transmission system was supplied from High Dam HPP. Power 
flowed over the two 500 kV circuits from High Dam to Nag Hammadi and Sohag.  
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ackbone between Cairo and High Dam, 
including the 500/220 kV and 500/132 kV transformation, and the N-2 criteria is 

 INTERCONNECTION IN N-1 SITUATION 

11.6.1 

The interconnected system satisfied the N-1 criterion. Whatever the tripped line, 

y adverse effect of the systems. The power exchange would be reduced to 
about 700 MW until the replacement of the faulted single-phase element by the spare 

Another solution would be to install three 510 MVA transformers at Mandaya (9 + 1 
se elements). 

11.6.2 

nnected with a single pole 
that can operate with a return path by earth. Moreover, the AC 220 kV double circuit 

 frequency 
drop. The speed governor of the machines operated to increase the generation and 

ia + Sudan amounted to 
about 400 MW (half of the power exchange to Egypt and generation produced to 

of generation in Ethiopia and the constraint on the system, it is 
necessary to reduce Mandaya generation. Two or three 250 MW units should be 

ripped. 

11.7 

The costs of AC alternatives were similar, with the interconnection point at Nag 

The power imported by the interconnection has a positive effect on the behaviour of 
the Egyptian system, since it reduce the power flow from Cairo area to the south. The 
N-1 criteria is satisfied on the 500 kV b

similar to the N-2 without interconnection. 

11.6 BEHAVIOUR OF THE

AC Alternatives 

500 kV or 220 kV, the behaviour of the interconnected system was satisfactory. 

Nevertheless, following the tripping of one of the two 500/400 kV transformers at 
Mandaya, the remaining transformer would be overloaded by 51 % of its emergency 
rating (1197 MVA). To overcome this constraint, two or three 250 MW units of 
Mandaya HPP should be automatically tripped. The loss of generation in the 
interconnected system would be compensated by the delivery of the primary reserve 
without an

element. 

x170 MVA single pha

DC Alternatives 

The tripping of one pole or the blocking of one converter induced the lost of half of 
the power exchange. The three systems remained interco

line Gonder-Gedaref interconnected Ethiopia and Sudan.  

In Egypt, the loss of 50 % of the power exchange (345 MW) induced a

recover the missing generation without any adverse effect on the system. 

The excess of power in the interconnected system Ethiop

compensate the losses) would induced a frequency surge. 

To reduce the excess 

automatically t

COSTS 

The investment cost of each interconnection alternative was calculated. 

Hammadi in Egypt,  
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on 

ammadi in Egypt,  

To compare the alternatives, transmission costs were calculated. The results are 

A

The average value amounted to about (discount rate i = 10%): USD 1,150 milli

For DC alternatives, with the interconnection point at Nag H

The average value amounted to about: USD 1,200 million 

displayed below. 

C Alternatives: 

Table 11.1 : Transmission Cost of AC options between Ethiopia and Egypt by 
Merowe 

daya to nMan Hasaheisa Meringa  Rabak 
Total Transmission Cost
($/MWh) 

 
i i i i i  i=10% =12% i=8% =10% =12% i=8% =10% =12% i=8%

Connection point Nag 
Hammadi 24.9 29.2 20.9 24.7 29.0 20.7 24.2 28.4 20.3

Connection point Sohag 25.7 30.2 21.6 25.5 30.0 21.4 25.0 29.4 21.0

Connection point Assiut 26.7 31.4 22.5 26.5 31.2 22.3 26.0 30.6 21.9
 

Table 11.2 : Transmission cost of AC options between Ethiopia and Egypt by 
Port Sudan 

daya to s n
 

Man Hasahei a Meringa  Rabak 
Total Transmission Cost
($/MWh) 

 i i i i i  i=10% =12% i=8% =10% =12% i=8% =10% =12% i=8%

Connection point Nag 
Hammadi 24.0 28.2 20.1 23.8 28.0 19.9 23.3 27.4 19.5

 

Table 11.3 : Transmission cost of AC Alternatives between Ethiopia and Sudan 

 
Mandaya to Meringan Hasaheisa Rabak 

 i= i=12% i i=10% i=12% i=8% i=10% i=12% i10% =8% =8%
Total Transmission Cost 

($/MWh) 7.8 8.8 6.9 8.3 9.4 7.3 7.3 8.2 6.5 
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DC Alternatives: 

Table 11.4 : Transmission costs between Ethiopia and Sudan for 500, 600 and 
800 kV DC 

Transmission 
cost ($/MWh) 

Sudan 
+/- 500 kV +/- 600 kV +/- 800 kV 

 i=10% i=12% i=8% i=10% i=12% i=8% i=10% i=12% i=8% 
Section Mandaya 

- Hasaheisa 14.3 16.2 12.7 14.7 16.7 12.9 15.6 17.9 13.6 

 

Table 11 5 : Total Transmission Cost between Ethiopia and Egypt 

500 kV 600 kV 800 kV Total Transmission 
Cost ($/MWh) i=10% i=12% i=8% i=10% i=12% i=8% i=10% i=12% i=8% 

Section Hasaheisa - 
Nag Hammadi 24.4 28.6 20.6 24.1 28.5 20.3 27.4 32.6 22.9 

Section Hasaheisa – 
Sohag 25.7 30.3 21.7 24.9 29.4 20.9 28.3 33.7 23.6 

Section Hasaheisa – 
Assiut 26.8 31.6 22.5 25.9 30.6 21.8 29.5 35.1 24.6 

Section Hasaheisa – 
Cairo 30.6 36.3 25.6 29.0 34.3 24.3 33.2 39.6 27.7 

Section Hasaheisa – 
Suez 31.6 37.6 26.4 29.6 35.0 24.8 34.0 40.4 28.3 

 

Based on the calculated values of the transmission cost, it is possible to conclude the 
following. 

Ethiopia exports 700 MW to Sudan: AC alternatives were the less expensive solution. 
The transmission cost reached within 8 and 9 $/MWh, then it reached 14 $/MWh for 
DC alternatives. 

Ethiopia exports 690 MW to Egypt: the transmission cost was similar for AC and DC 
alternatives. It reached about 24 $/MWh for the less expensive alternative, Nag 
Hammadi interconnection point. 
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12. FINANCIAL ANALYSIS 

12.1 INTRODUCTION 

This section describes the Financial Model used in the financial analysis of the 
project, and for the determination of tariff and IRR requirements and for determining 
the Royalty and tax payments. 

Economic analysis has been carried out separately as part of Module 6 Generation 
Expansion Plan and is reported separately. 

12.2 MODEL STRUCTURE 

The financial model used in preparation of this proposal is based on Scott Wilson’s 
model for evaluation of hydroelectric power projects.  This model is spreadsheet 
based, using MS Excel, and comprises three parts: 

• Input data 

• Financial calculations 

• Reporting and financial indicators. 

The model has been structured for maximum flexibility in the analysis and evaluation 
of projects; the input variables can be specified separately and altered easily, 
enabling alternative scenarios to be analysed quickly. 

In order to analyse the Eastern Nile  Power Trade Program, which comprises three 
hydroelectric schemes in Ethiopia and Sudan, the input data has to be specified 
separately for each of the projects.  Hence the model has been developed to provide 
one common data input sheet and up to five separate project data input sheets.  
Each project can be selected to be included or excluded from the analysis. 

Apart from the five input data sheets (Common Data and separate sheets for each of 
the schemes), no other data can be input to the model, and the sheets are protected 
against changes to non-input data cells.  In many cells the data is either selectable 
from a drop-down menu, or is verified to prevent erroneous inputs 

12.2.1 Inputs – Common Data 

The analysis is carried out in a single selectable currency.  The base dates for all 
costs and tariffs, can be selected independent from the dates of scheme 
commissioning, and the escalation rates can be specified separately. 

Provision in the model is made for: 

• Concession Period: this defines the period of commercial operation, which 
can be selected to start from the commercial operation date of either the first 
or last project; 
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• Tariffs – there is provision for one capacity related tariff and four energy 
related tariffs (typically firm peak, firm off-peak, secondary peak, secondary 
off-peak); 

• Royalty Payments – according to the share of revenue margin formula 
detailed in Section 7; 

• Equity : Debt ratio (specified for the whole project); 

• Three types of loan finance (typically ECA, Commercial and development 
bank), each with separate terms and conditions; the proportion of each loan 
can be specified separately for each scheme; 

• Wheeling charges, based on a capacity charge and an energy charge, with 
provision for escalation at a specified rate from a nominated base date; 

• Carbon Finance revenue, based on CO2 abated by the energy generated, 
with the value per tonne specified and with provision for escalation of the 
value at a specified annual rate from a nominated base date; 

• Advance payments, which are independent of any of the individual schemes; 

• Working Capital, which is specified in terms of months of revenue; 

• Tax and fiscal parameters, including tax rate, exemption period (from the start 
of commercial operation of the first project) and duty rate (which is set at zero 
for this study); 

• Depreciation life:  the normal depreciation life is specified, however in the 
modelling the life from commercial operation to the end of the concession 
period is used for each scheme if this is shorter than the normal life. 

12.2.2 Inputs – Scheme Data 

For each scheme the following data can be specified: 

• Date of commercial operation – this is the date on which each scheme is 
planned to commence operation; it is assumed in the modelling that 
commercial operation starts at the beginning of the specified year; this year is 
used as the base year (Year 1) for all calculations relating to the scheme up 
to the stage when the data from all the schemes is collated; 

• Pre-construction costs relating to the individual scheme; this amount is not 
subject to escalation, and is applied in a specified calendar year; 

• Capital costs: the capital costs are specified at base year price levels, and 
can be separated into civil, E&M, transmission and ancillary works; this 
separation is used for the depreciation calculations. Separate items are 
included for Engineering & Project Management and Developer’s 
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Administration costs.  Duty, if payable, is applied at the average of the 
applicable rates to the transmission and E&M equipment; 

• Cost scheduling is specified in terms of percentage of capital cost expended 
in each year prior to commercial operation; this is used for calculation of 
Interest During Construction; 

• Operating costs are specified at base year levels, with provision for general 
O&M, spares and consumables, insurance and a sinking fund for major 
overhauls; 

• The percentage of the three loans applicable for each scheme can be 
specified separately, to reflect the difference in characteristics between 
different types of project (typically more ECA for transmission, less ECA for 
regulatory dam with no significant M&E plant); 

• The capacity and energy outputs for each project must be specified; provision 
is made for station losses, station consumption and line losses, where these 
are not covered in the basic scheme data; energy output can be positive or 
negative; for example a regulatory dam may provide little additional energy, 
but may increase the firm energy and reduce the secondary energy; the total 
energy associated with the scheme may be negative if the additional 
evaporation exceeds the additional flow capture; 

• The power and energy generated is reduced by the specified percentage 
losses to derive the power and energy sales. 

12.2.3 Financial Calculations 

The financial calculations are carried out on separate sheets for each scheme, to 
cover the following: 

• Financing 

• Energy and Tariff Revenue 

• Royalty Payments 

These parameters are collated and summarised for the whole Project, and in addition 
summary calculations are performed for the entire project in respect of: 

• Capital Cost; 

• Operation ad Maintenance Costs 

• Carbon Financing 

• Wheeling Costs 

• Depreciation. 



Module M5 : Pre-feasibility Studies of Hydropower Projects 

Pre-feasibility Study of the Border Hydropower Project 
 
 
 

 
 
Eastern Nile Power Trade Program Study Page 12-4 
 
Funded by Africa Development Bank - Client:  ENTRO (Eastern Nile Technical Regional Office) November 2007 
 
J:\Country\Ethiopia\D107897 ENTRO Eastern Nile Power Trade\Pre-feasibility REPORTS\FINAL REPORTS NOVEMBER\BORDER\Prefeasibilty Report FINAL\Section 12 
Financial Modelling.doc 

Whereas all the individual scheme analyses are carried out relative to the 
commercial operating date of the individual scheme, the summaries are collated by 
calendar year, with Year 1 being six years prior to the start of commercial operation 
of the first scheme. 

The financial calculations carried out are as follows: 

• Financing: The total scheme capital cost, including escalation and duty but 
excluding IDC, is divided between equity and debt according to the target 
ratio.  The equity finance is scheduled pari passu with the debt finance, 
according to the specified capital expenditure schedule.  Financing fees are 
calculated and added to the equity sum, and pre-construction costs are also 
financed from equity.  IDC is calculated up to the second year of commercial 
operation for each loan, and rolled into the total debt for each loan.  It is 
assumed, although not a pre-requisite of the model, that the loan grace period 
will cover the duration of debt drawdown, which is typically one year after the 
start of scheme operation.  Repayment of principal (the maximum amount of 
each loan including IDC) is assumed to be in equal tranches, starting in the 
year following expiry of the grace period.  Interest on the loan is calculated on 
the basis of the average outstanding sum for the year.  The total equity 
drawdown and total loan drawdown and service for each of the three loans is 
collated for all five schemes; 

• Energy and Tariff Revenue: the capacity and energy sales for each year are 
multiplied by the appropriate escalated tariff rates for the type of energy, and 
summed to calculate the total tariff revenue each year for each scheme; the 
totals for all schemes are then collated in a summary; 

• Royalty Payments: the annual costs for each scheme are calculated 
according to the formulae in Section 6; the costs are then summed and 
subtracted from the tariff revenue to derive the revenue margin, and the 
sharing factor is then applied to determine the Royalty Payments; 

•  Capital Expenditure: the capital expenditure for each scheme included in 
the analysis is collated for each year, in order to derive the overall capital 
expenditure profile; 

• O&M Costs: the escalated O&M Costs for each scheme included in the 
analysis is collated in order to calculate the overall O&M expenditure; 

• Carbon Financing: the carbon finance revenue, based on the total energy 
generated in each year by each scheme included in the analysis, is valued 
using the escalated value of CO2; 

• Wheeling Costs: the costs of wheeling energy through other power systems, 
if any, is collated and summed for each scheme in the analysis for each year, 
and then multiplied by the capacity and energy wheeling tariffs; 

• Depreciation: the annual depreciation allowances for each scheme are 
calculated for three types of capital cost – civil works, M&E equipment and 
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other expenses / IDC.  The annual depreciation allowance is calculated on 
the basis of the specified normal life, or operating period if this is lesser.  All 
depreciation allowances are then summed for each year for use in the tax 
calculations. 

12.2.4 Output Data 

Output data sheets are provided to show: 

• Cashflow Statement: the overall project cashflow is calculated for each year 
during the construction and operation periods.  The cashflow includes all 
revenue streams, and all cost streams including capital cost, O&M cost, 
wheeling, royalties, changes to working capital, debt service and tax.  Both 
pre-tax and post-tax cashflow are presented. 

• Income Statement: the income statement includes the cost and revenue 
streams for the project, and in line with standard accounting practice uses 
depreciation allowances in determining the taxable profit.  Corporation tax is 
calculated, and the post-tax profit determined.  In years where adequate 
cashflow is available the post-tax profit is distributed as dividends, and when 
there is insufficient cashflow, earnings are retained an distributed when cash 
is available. 

• Financial Indicators: a sheet of financial indicators is presented; the key 
financial indicator is the Internal Rate of Return (IRR) of the equity cashflow 
(the sum in each year of the equity investment and the dividend/retained 
earnings), which provides the principal measure of the attractiveness of the 
project to the equity investors. Other key financial indicators, including NPV of 
post-tax cashflow and Debt Service Cover Ratio (DSCR) are also presented. 

• Charts: a series of charts are presented to show annually the components of 
the Cashflow Statement, the Income Statement and the Royalty and Tax 
payments (which provide income from the project to the Government). 

12.3 PARAMETERS USED IN MODELLING 

The parameters used in the modelling are as follows: 

12.3.1 Common data 

Currency 

Currency USD 

Modelling units $1,000 
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Base Years for Costs 

Base year for capital costs 2005 

Base year for O&M Costs 2007 

Base year for Tariff 2007 

Base year for wheeling charge 2007 

Base year for carbon value  2007 

Escalation Rates 

Escalation for capital costs 2.0% 

Escalation for O&M Costs 2.0% 

Escalation for Tariff 2.0% 

Escalation for wheeling charge 2.0% 

Escalation for carbon value  2.0% 

Concession 

No of Years 30 

Start of Concession COD of last scheme 

Tariffs (at base year) 

Capacity Tariff ($/MW/yr) Not used 

Energy Tariff ($/MWh) Peak Average 

Firm Energy Not used 43 

Secondary Energy Not used 43 

Carbon Finance (at base year) 

CO2 Abatement (tonnes/MWh) 0.750 

Value of  ($/tonne) 10.00 
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Equity Debt Ratio 

Equity 25% 

Debt 75% 

Loan Terms 

Loan Type Term Grace 
Period 

Interest Rate Commitment 
Fee 

Arrangement 
Fee 

1 ECA 12 5 6.0% 0.75%  

2 Commercial 10 5 8.0% 0.75% 1.00% 

3 Development 
Bank 

14 5 7.0% 1.00%  

Working Capital 

Working capital requirement 3 months 

Tax and Duty 

Corporation Tax Rate 0% 

Exemption Period Indefinite 

Start of exemption period COD of first project 

Rate of Duty 0% 

Depreciation (Normal Life) 

Civil and infrastructure works 40 years 

Mechanical, Electrical and Transmission 20 years 

Other costs, including IDC 20 years 

 

12.3.2 Project Data 

Data for the three hydroelectric schemes which have been considered as part of the 
Eastern Nile Power Trade Study are presented in the project data sheets of the 
financial model and is summarised below: 
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Power & Energy Generation 

P2 
Scheme 

Border 

Installed Capacity (MW) 1200 

Energy generation (GWh/yr) at P1, P2 & P3 as 
independent projects 

Firm: 3,966 

Sec:  2,045 

Project Costs 

P2 

Scheme Border 

USD Millions 

Capital Cost-escalated ($m) 1,852.7 

IDC ($m) 409.7 

Cost incl. IDC & fees ($m) 2316.2 

Annual O&M cost ($m) 12.9 

Loan Percentages 

P2 
Scheme 

Border 

Loan 1 percentage 30% 

Loan 2 percentage 40% 

Loan 3 percentage 30% 

 

12.4 RESULTS OF MODELLING 

The Financial Model has been run with a range of scenarios in order to establish the 
financial viability of the project.  The objective of the financial modelling has been to 
derive the ex-power station energy price that will provide a 20% post tax internal rate 
of return.  As the projects are regional projects it has been assumed that they would 
be exempt from National taxation in the host country, hence the pre-tax and post-tax 
rates of return would be similar. 
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For the Border project the energy tariff required to provide the selected rate of return 
was found to be USD 43 / MWh.  The conclusions of the modelling are presented 
below.  Details are provided in Appendix 9.1. 

12.4.1 Transmission Line 

The transmission interconnections and associated wheeling charges have not been 
included in the analysis as these are reported separately in the report for Modules 6 
and 7 of the Program Study. 

12.4.2 Carbon Finance 

In order to achieve acceptable financial performance the revenue from sale of 
emission reduction units under the Clean Development Mechanism (CDM) of Kyoto 
has been included in the Base Case financial model. 

12.4.3 Financial Indicators 

The key financial indicators derived from the Base Case financial model are as 
follows: 

Year of Operation Calendar Year Post-tax Internal 
Rate of Return 

NPV of Post-tax 
Cashflow USD 

Millions 

5 2023 4.4% -$48.6m 

10 2028 14.9% $80.9m 

15 2033 18.2% $198.4m 

20 2038 19.3% $286.4m 

25 2043 19.8% $357.7m 

30 2048 20.0% $407.0m 

Minimum Debt Service Cover Ratio 1.16 
 
Notes: 

1. Post-tax IRR is the Internal Rate of Return (Equalising Discount Rate) of the 
post-tax equity cashflow, which comprises equity drawdown, dividend and 
retained earnings; 

2. NPV of post-tax cashflow is discounted at 10% to year 1 of the financial 
model; 

3. Minimum DSCR is the ratio of Operating Cashflow (all revenue less all 
operating costs) to the sum of the interest and principal repayments.  
Typically this ratio is required by financiers to be a minimum of 1.4.  However 
in this instance, because of cash surpluses in the preceding two years, the 
surplus will be invested in a debt service accrual account to cover the four or 
five years when the DSCR is less than the required minimum value. 
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13. BORDER HYDROPOWER PROJECT – CO2 EMISSION 

13.1 INTRODUCTION 

The proposed Border hydropower project on the River Nile in Ethiopia offers potential 
for generating low priced and reliable energy to support regional economic growth.  
In the following sections the CO2 emissions resulting from the project's construction 
activities and the decomposition of biomass in the project reservoir are quantified and 
compared with the potential CO2 emissions from generating the same electrical 
energy through burning fossil fuels. 

13.2 CO2 EMISSION BY THE BORDER HYDROPOWER PROJECT 

The CO2 emission associated with a hydroelectric power project are those produced 
during the manufacture and construction of the project structures and equipment and 
those produced by slowly decomposing biomass in the reservoir during the project's 
lifetime. 

13.2.1 CO2 Emission related to Construction 

It is well known that the implementation of a hydroelectric powerplant involves 
considerable construction activities and large quantities of construction materials 
which, in turn, require a large energy input. For the construction of the Border the 
required quantities of major construction materials and consumables are summarized 
in Table 13.1. 

Table 13.1 :  Quantities of major Construction Materials and Consumables 

MATERIALS / CONSTRUCTION QUANTITIES 
Civil Works  
- Soil excavation  3,082,000 m3 
- Rock excavation  1,416,000 m3 
- Roller compacted concrete  3,326,000 m3 
- Conventional concrete  1,358,000 m3 
- Reinforcement steel  58,000 tons 
- Diesel fuel  69,000 tons 
  
Electro-mechanical equipment  
- Steel  10,280 tons 

 

Based on the volume of roller compacted and conventional concrete and other 
construction activities such as grouting, shotcreting, etc. a cement requirement of 
about 874,000 tons is calculated. The production of one ton of cement requires 
approximately 4 GJ of energy. Hence the energy input for all concrete works results 
in approximately 3,500,000 GJ. 
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The weight of reinforcement steel, hydraulic steel structures and steel for the electro-
mechanical equipment totals about 68,000 tons. It takes approximately 40 GJ of 
energy to produce one ton of steel. Therefore, the energy input into steel and 
equipment is about 2.7 million GJ. 

The energy requirement for the excavation, transport and placing of soil and rock 
material is covered under the diesel fuel requirements of 69,000 tons. 

If it is assumed that the energy required to produce the cement and steel is 
generated by a thermal mix as described below (coal/gas = 50/50 per cent) then 
some 312,000 tons of coal and 179,000 tons of gas would be needed. The burning of 
these fossil fuels would ultimately lead to a CO2 emission of approximately 490,000 
tons. 

The burning of 69,000 tons diesel fuel will result in a CO2 emission of about 223,000 
tons. The total emission of CO2 associated with the construction of the Border 
hydropower project will thus be approximately 714,000 tons. 

13.2.2 CO2 Emission caused by the Biomass with the future reservoir 

The Border hydropower project will inundate a gross area of about 580 km2, which, 
after exclusion of the existing river channel, will result in a net area of about 50 km2 of 
land.  The biomass of savannah woodland is in the order of 50 t/ha dry weight and, 
based on this assumption a total biomass of about 2,975,000 tons (dry weight) is 
estimated. 

All living plants grow by absorbing water and carbon dioxide to form reserves of 
carbohydrate, known as biomass. This process is fuelled by sunlight and is termed 
photosynthesis. In simple terms the process is as follows: 

6 CO2 + 6 H2O → C6H12O6 + 6 O2↑ 

When plants die, decomposition by oxidation takes places which is the 
photosynthesis process in reverse: 

C6H12O6 + 6 O2 → 6 CO2 + 6 H2O 

The same amount of CO2 absorbed during photosynthesis is released during 
complete oxidation of the biomass. 

By considering molar weights, one ton of carbohydrate produces 1.47 tons of carbon 
dioxide during complete decomposition as follows: 

180 g C6H12O6 + 192 g O2 = 264 g CO2 ↑ + 108 g H2O 

1 t C6H12O6 + 1.07 t O2 = 1.47 CO2 ↑ + 0.6 H2O 

Using the same relationship on the total estimated quantity of biomass affected by 
the Border hydropower project the decomposition of the biomass in the reservoir 
area could lead to a maximum CO2 emission of about 890,000 tons, assuming that 
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70% of the woodland was used cut and as fuelwood, substituting for other sources 
and reducing deforestation elsewhere in Ethiopia. 

13.2.3 The Total CO2 Emission of the Border Hydropower Project 

Approximately 714,000 tons of CO2 will be produced with the construction of the 
Border hydropower project.  The maximum potential CO2 emission associated with 
the aerobic decomposition of the biomass located in the reservoir (assuming that 
70% of the biomass is harvested for use as fuelwood) is estimated to be 
approximately 890,000 tons.  Thus the implementation of Border hydropower project 
will lead to a total CO2 emission of about 1,600,000 tons.  

13.3 CO2 EMISSION BY EQUIVALENT THERMAL POWERPLANTS 

This section quantifies the CO2 emissions resulting from generating the same 
average energy as Border but by burning fossil fuels.  Present thermal plant 
technology does not include the recovery of carbon dioxide from flue gases.  Hence 
the carbon content of the fuel and the efficiency characteristics of the thermal plant 
are the governing parameters in calculating CO2 emission levels. The following 
formula may be used to compute the CO2 emission from fossil fuels: 

CO2 = A x (B + C x HV) 

where: 

CO2 = emission of CO2 in metric tons per ton of fuel; 

A = multiplier for indirect emissions (exploration, mining); 

B, C = regression constants for the particular type of fuel; 

HV = lower calorific value of fuel in GJ/ton. 

Typical CO2 emissions for various type of fossil fuel are shown in Table 13.2. 
Approximate CO2 values per MWh delivered to the grid would be as shown in 
Table 13.3 for various types of powerplant. 

Table 13.2 :  Typical CO2 Emissions for various Type of Fuel 

Fuel Type A B C HV 
(GJ/ton fuel) 

CO2 
(ton/ton fuel) 

Lignite 1.08 0.20090 0.08693 7 0.87 
Coal 1.06 0.20090 0.08693 29 2.90 
Oil 1.04 2.50291 0.01494 41 3.24 
Gas 1.01 0.55159 0.04463 44 2.53 
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Table 13.3:  Approximate CO2 Emission per MWh for various Types of Thermal 
Powerplants 

Plant Type HV 
(GJ/ton fuel)

CO2 
(tons/ton 

fuel) 

Efficiency 
(per cent) 

CO2 
(ton/MWh) 

Lignite-fired steam 7 0.87 36 1.24 
Coal-fired steam 29 2.90 37 - 39 0.97 
Oil-fired steam 41 3.24 38 - 40 0.75 
Gas-fired combined cycle 44 2.53 48 - 52 0.43 

Note: Efficiencies shown include station consumption. 
 

The annual average energy to be generated by the Border hydropower project would 
amount to 6,012 GWh/yr.  If the same quantity of energy was to be generated by a 
thermal mix consisting of 50 per cent coal-fired and 50 per cent gas-fired combined 
cycle power plants, some 4.2 million tons of CO2 would be discharged to the 
atmosphere annually. 

Table 13.4:  Approximate CO2 Emission of equivalent Thermal Power Mix 

Plant Type Annual Energy 
GWh 

CO2 
Million tons 

Coal-fired steam 3,006 2.9 
Gas-fired combined cycle 3,006 1.3 
Total 6,012 4.2 

 

It is noted that the CO2 emission of 4.2 million tons annually is related purely to the 
fuel consumption (equal proportions of coal and gas) and does not include the CO2 
emission related to the construction of the thermal power plants. 

Assuming that the annual average energy generated by the Border hydropower 
project would be generated by an "environmentally friendly" gas-fired combined cycle 
power plant only, which is a most optimistic scenario, then the annual CO2 emission 
into the atmosphere would be approximately 2.6 million tons. 

13.4 CONCLUSION 

The energy sector is the greatest single source of CO2 emissions into the 
atmosphere and within that sector the burning of fossil fuels to generate electricity 
accounts for some 25 per cent of global warming.  The Border hydropower project 
will produce an average of 6,012 GWh of electrical energy annually.  During 
construction of the project, energy is required to manufacture cement and steel and 
to excavate and construct the project structures. The generation of this energy will 
result in the release of CO2 into the atmosphere.  During operation of the project, the 
residual biomass submerged within the reservoir will slowly decompose also 
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osphere during construction and operation of Border will be 
some 890,000 tons. 

sions 130 times 
less than if the same energy were generated by burning fossil fuels. 

releasing CO2 into the atmosphere.  The estimate of the total quantity of CO2 
released into the atm

Generating the same energy by burning fossil fuels (equal proportions of lignite, coal, 
oil and gas) would release into the atmosphere some 4.2 million tons of CO2 every 
year.  Over a period of 50 years, the assumed commercial life of Border, this annual 
CO2 emission would result in a total of 210 million tons of CO2.  Consequently the 
generation of hydro-electric energy at Border will result in CO2 emis
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14. ENVIRONMENTAL AND SOCIAL IMPACTS 

14.1 INTRODUCTION 

The Border project is located in Ethiopia at the head of an existing and developing 
hydropower cascade on the Blue Nile and Main Nile in Sudan and Egypt. The project 
is therefore on an international waterway and impacts on three countries 
(Figure 14.1). 

The energy produced by the Border project (1,200 MW, 6,011 GWh/year), and the 
uplift in energy at hydropower facilities in Sudan (1,658 GWh/year) will make very 
valuable contributions to economic development in the region. The energy generation 
is expected to be sustainable for many years, and more years than necessary to 
recover development costs. The long-term sustainability of the project’s energy 
generation and the energy uplift in Sudan requires implementation of watershed 
management measures in the Abbay catchment area. Plans for these are under 
development.   

The engineering of the project has been studied at pre-feasibility level. None of the 
key engineering parameters of the Border project have been optimised. Optimisation 
awaits a feasibility study. Initial examination of the engineering project as currently 
presented indicates that the project will have many secondary benefits and that its 
adverse impacts are all capable of mitigation provided national and World Bank 
safeguard policies are rigorously pursued. 

All project-related countries share the Nile Basin Initiative’s vision of promoting 
sustainable and equitable development in principle, including promotion of power 
trading providing, inter alia, that energy tariffs compete with alternative sources. 
Currently, depending on many circumstances, energy from the Border project may be 
required in or around the year 2027. 

14.2 POLICY, LEGAL AND ADMINISTRATIVE FRAMEWORK  

There appears to be no policy, legal or administrative obstacles to the development. 
The policy and legal instruments in Ethiopia and Sudan are conducive to 
development of more energy projects in the interests of national development goals, 
and provide the safeguards required for environmental and social protection and 
mitigation of adverse impacts. The recently implemented Gilgel Gibe hydropower 
project by EEPCO in Ethiopia has been acclaimed for successful implementation of 
national and World Bank safeguard policies with regard to environment protection 
and resettlement. This recent history lends great support to successful promotion of 
Border and other hydropower projects on the Abbay river. 

The Border project will trigger several World Bank safeguard policies, namely 
Environmental Assessment, Projects on International Waterways, Involuntary 
Resettlement, and Dam Safety. It may also trigger safeguard policies on Natural 
Habitat, Forests and Physical Cultural Resources but it appears not to trigger 
safeguard policies on Indigenous Peoples, Pest Management or Projects in Disputed 
Areas. 
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Figure 14.1 : Location of Border, Mandaya and Dal Sites 
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14.3 EXISTING ENVIRONMENT 

The biological database of the Border project area in terms of terrestrial and aquatic 
ecology is generally poor or very poor, though better for fish. It is a vast wooded area 
with very small areas of cultivation and has never attracted sustained detailed field 
studies. Communications within the area are rudimentary, making surveys difficult. 
As Ethiopia is endowed with rich floral and faunal resources, and possesses some of 
the richest endemic fauna and flora in the African continent, resulting from the 
immense topographic and climatic diversity in the country, it may be expected that 
that detailed surveys of the project over a considerable period of time would produce 
impressive lists of plant and animal species. Such surveys will be required because 
baseline information is not sufficient for comprehensive impact assessment. However 
ecologists, at this scoping level, following some site visits, literature reviews and 
consultations with professional ecologists and local people, record that among the 
reported species of mammals, birds and aquatic life, none are recorded to be 
endemic to the project area and none are critically threatened.  There is therefore, at 
this stage, no known impediment with regard to ecology to proceeding to more 
studies of the project. Nevertheless, because the database is so incomplete and rare 
species, with restricted range distributions, are not easily sampled and brief surveys 
can easily miss these species, future studies must include generous provision for 
detailed ecological surveys. It is considered that these surveys will take a minimum of 
two years. 

The Border project encroaches on the Dabus Valley Controlled Hunting Area 
(1,227 km2). Information about the wildlife habitat and wildlife of this area is scanty, 
and it is understood to be a part of the 84% of protected areas in Ethiopia that are 
unmanaged. It has therefore been proposed that future detailed ecological surveys 
include this area, and that the Border project considers its adoption, with a 
sustainable environmental management and monitoring plan, as an environmental 
offset for the loss of wildlife habitat and wildlife in the project’s reservoir area 
(540 km2). Such surveys would also contribute markedly to the Ethiopian Wildlife and 
Natural History Society that wishes to determine the status of the area regarding its 
future designation as an Important Bird Area. 

The population of the project-affected area in Benishangul Gumuz region comprises 
several ethnic groups including the Gumuz. The population is principally engaged in 
cultivation, with some livestock. Other activities relate to those typical of rural areas – 
non-timber woodland products, trading, etc – and opportunistic gold panning. The 
population density is low and the people are among the poorest in Ethiopia, with 
more than half having incomes less than USD 1 per day. Regional government’s 
provision of services in the area in terms of road communications, water supply, 
sanitation, education and health are basic, handicapped by the immense 
geographical area with its dispersed population. It is estimated that some 13,905 
persons (2,781 households) live in the dam site and reservoir area of the three 
project-affected woredas (Guba, Wonbera and Sirba Abay), and will require 
compensation and resettlement. Owing to regional government’s difficulties in 
providing adequate infrastructure and services to communities in the area, 
government-led resettlement is already taking place and more is planned, though not 
necessarily for all the communities which would be affected by the project.    
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Preliminary social and archaeological assessment of the project-affected area in 
Benishangul Gumuz region has not revealed physical cultural resources. As with 
ecology, past research has been at a basic level. Additional surveys are required in 
future studies. 

The areas of impact in Sudan and Egypt in future, owing to the Border project’s 
reservoir first filling and then regulating flows and storing sediment, are hydraulic and 
hydrological, and relate to the uses made of the Blue Nile and Main Nile. These are 
principally hydropower, irrigation, water supply, fisheries, river morphology, river 
communication facilities, flood relief and flood recession agriculture.  

14.4 PRINCIPAL MAJOR IMPACTS, MITIGATION AND ENHANCEMENT MEASURES 

14.4.1 Construction – bio-physical impacts in Ethiopia 

Construction of the project is expected to take six years. Mitigation of the bio-physical 
impacts of the project in Ethiopia, following detailed assessment of these in a future 
EIA study, will require conscientious attention by contractors to planning and 
implementing environmental protection measures for every aspect of construction. It 
is envisaged that some 17 environmental management and monitoring plans will be 
required for the roads, dam site area and for reservoir impoundment. For the 
transmission lines, including the line to Hasaheisa in Sudan, similar plans but lesser 
in number will be required. There is no reason currently to believe that mitigation 
measures cannot be successfully implemented. 

14.4.2 Construction – socio-economic impacts in Ethiopia 

Mitigation of the socio-economic impacts of the project in Ethiopia, following detailed 
assessment of these in future EIA and RAP studies, will require conscientious 
attention to land and property acquisition (all land is owned by the state), 
compensation for loss of property, natural resources and livelihoods, and an all 
embracing resettlement and development program, following national and World 
Bank safeguard procedures for involuntary resettlement. Both are now well 
developed and were successfully implemented at Gilgel Gibe in recent years. There 
is no reason currently to believe that socio-economic mitigation measures in Ethiopia 
cannot be successfully implemented and sustained following much more detailed 
assessment. 

14.4.3 Regional impacts in Ethiopia 

The new bridge across the Abbay, and some of the project’s upgraded and new 
roads, will make an important contribution to development of the region. The 
employment and learning and development of new skills by the construction 
workforce will improve the socio-economic conditions of many families, both inside 
and outside of the project area, and assist those with new skills to find productive 
employment after project construction. New road communications, water supplies, 
sanitation, education and health facilities, and energy supplies in the host and 
resettlement communities, coupled with health awareness, fisheries and other 
development programs, should improve livelihoods immeasurably and further 
contribute to regional development.  
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The contribution of the project to wildlife habitat and wildlife in terms of creation of a 
new (reservoir) wetland for aquatic life and resident and migratory waterbirds, and by 
assistance in improving management of one or more environmental offsets, as 
compensation for destruction of habitat, is considered imperfect but a positive feature 
of the project proposals. Coupled with development of the project itself, the new 
Abbay bridge and road network, and new schools, opportunities will exist for 
enhancing the environment further and for enjoyment of it by local adults and children 
alike and visitors to the area.     

14.4.4 Operational Impacts in Sudan 

Impacts of the Border project in Sudan are expected to be beneficial for hydropower, 
irrigation, water supply, fisheries and flood relief. The holding back of sediment will 
improve operations and reduce maintenance costs at Roseires, Sennar and Merowe 
hydropower projects, at gravity fed and pumped irrigation schemes and at water 
supply offtakes and treatment works. The augmentation of dry season flows will also 
benefit Roseires, Sennar and Merowe hydropower projects, irrigation schemes and 
water supplies. Currently, these facilities suffer from sedimentation and some of them 
are restricted by availability of flows in the dry season. The raising of dry season 
flows, and reduction in sediment loads, resulting in new modes of operation in the 
Sudan hydropower cascade (conjunctive use), will increase energy generation and is 
expected to improve reservoir fisheries.   

It is a remarkable feature that none of the above benefits require explicit or 
substantial capital expenditure to reap the rewards of river regulation. This is 
particularly demonstrated by the expected uplift in energy generation at Roseires, 
Sennar and Merowe (1,658 GWh/year) resulting directly from Border holding back silt 
and regulating flows, without any capital expenditure at these projects. This uplift is 
equivalent to some 85% of the preliminarily estimated energy generation at Low Dal 
which would involve a substantial capital outlay (project engineering cost 
USD 1,130.9 million), loss of productive land, a major resettlement program, a major 
archaeological survey and salvage program and a large loss of water by evaporation. 
Dal’s annual evaporation losses, expressed as cubic metres per installed MW and 
per GWh are six times and five times greater than for Border, respectively. Thus, the 
uplift of energy generation in the existing power cascade is not only to be valued in 
energy terms but may be valued in wider environmental, social and cultural terms 
also.   

The substantial reduction in sediment transport in the Blue and Main Nile is expected 
to cause changes in river channel morphology. Some changes may be expected to 
begin to occur when Border releases its first spillway discharges (no longer charged 
with high concentrations of suspended sediment, and with no bed load) and on 
subsequent spill occasions. According to 50-years of reservoir and power generation 
simulation, these spillway discharges will occur every year but arrive downstream 
without the river experiencing the normal build up of flood flows in the several weeks 
preceding spillway discharges – the latter period being when the reservoir is refilling. 
The dry season regulated flows will also be virtually sediment-free. Thus the 
hydraulic conditions will change and the river will have greater energy to entrain 
alluvial bed and bank materials. Mitigation works in the form of river training and bank 
protection can be expected. Surveys will be required during future studies in order to 
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estimate the magnitude and extent of changes and to recommend designs of 
mitigation measures and a management and monitoring plan for these.   

The expected impacts on river communications, flood relief and flood recession 
agriculture are mixed. There are benefits and disadvantages.  

The raising of dry season flows, and therefore river levels, is expected to benefit 
navigation (in the form of small fishermen’s boats and ferries) but cause some 
inconvenience and danger to any pedestrians and livestock crossing of the Blue Nile 
when flows would normally be very low at the end of dry seasons. This assessment 
has not been confirmed by field inspection and is speculative. This will need following 
up in future studies, and linking with impacts of changes in river morphology.  

The Border reservoir will refill every year because its capacity is not large in relation 
to the river’s annual flows. In about as many years as not, it will release the peak of 
floods more or less unchanged. In these years, the project will not assist flood relief 
downstream. In the other years, about half of those in the 50-year period studied, 
peak flows will be reduced. The degree of flood reduction is very little on many of 
these occasions and will have no significant benefit for flood relief downstream. In 
some years, the degree of flood reduction will be greater and in some of these years 
will contribute positively to reducing the magnitude and duration of major floods 
which cause damage to urban properties, livelihoods, flood defence and other 
infrastructure and public services. Border will therefore make a contribution to flood 
relief in some years, which will be beneficial, but the project does not have a large 
enough storage capacity to make a significant difference to major floods on a regular 
basis.   

Owing to the impacts on flood flows summarised above, recession agriculture along 
the Blue Nile and Main Nile’s alluvial strip will be affected in some years but not in 
others. In all years, the build up of Nile flood levels in June, July and early August will 
be reduced and delayed as Border reservoir refills; some build up will occur as 
normal because of the tributary rising floods of Dinder, Rahad and Atbara rivers.  
Apart from this change, recession agriculture along the Blue Nile and Main Nile will 
be unaffected for about half of the years when peak flows are not reduced, and 
overbank flooding will continue to occur at the normally experienced levels. In these 
years, crop production following the flood should be as usual. However, the 
deposition of silt on farmlands, for millennia regarded as a free and natural fertilizer, 
will be greatly reduced. 

In those other years when flood discharges are slightly or heavily reduced, the 
floodplain areas reached by flooding, and the depth and duration of flooding will be 
correspondingly less. As inferred, in some of these years the impacts are expected to 
be small but in others a significant reduction in crop production could result and 
groundwater resources would not be replenished as under normal conditions. These 
conditions have knock on impacts for livestock in terms of reduced vegetation for 
grazing, less crop residues, less dung as manure for subsequent cropping, etc. In 
harsh desert conditions as exist along the course of the Nile, any reduction in the 
annual flood (except the extreme floods which cause damage) will be sorely felt, 
even if this occurs in only a few years.  
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A number of autonomous mitigating factors must be seen against this background. 
There occur a number of extreme drought years when the Nile does not flood out of 
its banks and recession agriculture is severely reduced or doomed for that year, 
causing a food shortage crisis. Meanwhile, farmers with pumps continue to cultivate. 
With Border regulation, and with conjunctive use of Roseires reservoir, regulated 
flows will be more than sufficient for irrigating the whole of the Nile’s alluvial strip 
throughout the year if required, even in these drought years. Secondly, it is the 
intention of the Ministry of Irrigation and Water Resources to implement more 
irrigation schemes in flood recession areas in order to produce crops in the non-flood 
summer season. This will facilitate two crops per year. Those farmers enjoying 
irrigation already, and those who will benefit from new schemes (121,000 feddan) 
already planned, will be immune to reduction in flooding, except for additional 
pumping costs in the annual flood season.  

Thus, the proposed mitigation measures for Border’s reduction in floods in some 
years is to introduce pumped irrigation schemes universally and to produce two crops 
every year, making use of artificial fertilizers where needed and subject to markets 
for produce. This is a big undertaking and will require thorough examination in future 
studies. The proposed conversion would need to be implemented before Border 
becomes operational.  

14.4.5 Construction and Operational Impacts in Egypt 

There are several impact areas of the Border project in Egypt, and some secondary 
ramifications of these depending on mitigation and enhancement measures taken in 
Sudan. They all relate to the yield and operation of High Aswan Dam.  

Firstly, the period of first filling of Border reservoir will reduce downstream flows in 
Sudan and at High Aswan Dam. This is not seen as a major problem and one that 
will be overcome by future studies and forward planning. It may be noted that 
Border’s reservoir capacity is relatively small and may be filled in one or two 
seasons. A downstream release rate will be determined and agreed by the three 
countries and lending banks before there is agreement for the project to proceed, 
and once agreed these releases will be made according to the schedule. Having said 
this, the impact of Border’s first filling may be negligible at High Aswan Dam.  

Secondly, the holding of most of Abbay’s suspended sediment load and all of its bed 
load in Border reservoir will cause significant reduction in the siltation rate of Lakes 
Nubia/Nasser. This will extend the life of High Aswan Dam and maintain its yield for 
irrigation, domestic and public water supply and industry for a much longer period of 
years (more than a century) than might otherwise be the case. This benefit will be 
extended as watershed management measures are increasingly implemented in the 
Abbay basin. 

There may be a secondary benefit of this. Whilst High Aswan Dam loses dead and 
live storage to sedimentation, the water surface area exposed to high evaporation is 
progressively reduced in exposed siltation areas during drawdown but increased 
elsewhere. In the longer term, the balance of gains and losses in water surface areas 
exposed to evaporation may change in favour of increased evaporation. The 
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High Aswan Dam at a lower level for the purpose of reducing water losses would 

osed extension of irrigation schemes 
to make farmers independent of Nile flood recession farming as mitigation for Border, 

cludes that reservoir storage, with low evaporation losses, and power 
generation at Border will be found very attractive and that most impacts down river 
will be beneficial and most of those that appear adverse can be converted into 
benefits. 

reduction of Abbay’s sediment load may therefore have a net benefit at Aswan in 
terms of reduced evaporation losses. Modelling is required to investigate this.  

The next impact relates also to evaporation and is an option for Egypt to pursue or 
not. The partial storage and regulation of annual flood flows by Border reservoir, and 
the guarantee of regulated releases from it, means in reservoir storage and yield 
terms that High Aswan Dam could be operated at a lower level. In a desert where all 
water is so valuable and where losses from a reservoir surface area are very large 
and useless, the potential for converting water losses into usable yield is likely to be 
regarded as extremely important for Egypt, and for Sudan. However, the operation of 

imply less head and therefore less power generation. On balance, the value of 
additional water availability in future is expected to be greater than foregone energy.  

The secondary ramifications on Egypt depend on mitigation and enhancement 
measures taken in Sudan. These are not yet determined. In particular, the water 
balance resulting from reduced flooding caused by Border and the conversion of 
recession agriculture areas to irrigation may impact on the amount of water received 
at High Aswan Dam. On the one hand, reductions in flooding areas (by flows staying 
within the Nile channel for longer durations), should reduce evaporation and evapo-
transpiration losses. On the other hand, the on-going development of irrigation 
schemes for the summer season, and the prop

with the potential for two crops per year, may or may not reduce flows reaching High 
Aswan Dam compared to existing conditions.  

All flows and evaporation losses are relevant to the Nile Waters Agreement. Thus, 
the working up of Border’s impacts and mitigation measures on the Nile’s water 
resources at High Aswan Dam requires further studies. In the meantime, this scoping 
study con
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14.4.6 Summary of Border’s principal impacts 

Table 14.1 : Summary of principal project impacts of Border project  

Positive 
Impacts 

Principal Benefits Negative 
Impacts 

Mitigation measures 
 

Ethiopia 
Border project Border power generation, 

a major national energy 
benefit and increase in 
foreign exchange 
earnings 

Involuntary 
resettlement 

Resettlement and development program 

Border project Construction employment, 
new skills for the future  

Loss of wildlife 
habitat and wildlife 

New reservoir wetland and management of 
environmental offset(s) 

Border project New roads, Abbay bridge, 
promoting regional 
development 

Loss of natural 
resources 

Development of reservoir fisheries and  

Border project Extension of rural 
electrification 

  

Sudan 
Regulated 
flows and 
reduced 
sediment 

Uplift of energy at 
Roseires, Sennar and 
Merowe  

River morphology 
changes 

River training works 

Regulated 
flows 

Additional irrigation   

Regulated 
flows and 
higher dry 
season river 
levels 

Reduction in energy costs 
for pumping for irrigation 

  

Reduced 
sediment 

Reduction in dredging 
costs at Roseires 

  

Reduced 
sediment, e.g. 
at Rahad and 
Gezira-
Managil 

Reduction in irrigation 
canal and drainage canal 
desilting maintenance 
costs 

  

Reduced 
sediment 

Reduction in water supply 
treatment costs 

  

Reduced 
sediment  

Reduction in pump 
replacement costs 

  

Regulated 
flows and 
reduced 
sediment 

Incremental fisheries 
production 

  

Regulated 
flows, higher 
in dry season 

Navigation Higher Blue Nile 
river levels in dry 
season 

Facilitate river crossings for pedestrians and 
livestock, or compensation 

Reduction in 
flooding 

Reductions in health 
problems, urban flooding, 
property flooding, and 
infrastructure 
maintenance 

Reduction in 
flooding  

Conversion of flood recession agriculture to 
irrigation, and two crops per year 

  Reduction in 
sediment 

Application of artificial fertilizers 
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Positive 
Impacts 

Principal Benefits Negative 
Impacts 

Mitigation measures 
 

Egypt 
 
Reduced 
sediment 

Extension in life of High 
Aswan Dam 

  

Opportunity to 
operate High 
Aswan Dam at 
lower level 

Reduction in evaporation 
losses and conversion to 
usable water supply yield 

Opportunity to 
operate High 
Aswan Dam at 
lower level 

Reduction in evaporation losses and 
conversion to usable water supply yield may 
more than offset reduction in power 
generation  

Regional 
 

   

Border project Carbon emissions savings 
of some 210 million 
tonnes compared with 
equivalent thermal 
generation 

  

Count of 
benefits 
and 
mitigations 

 
16 

  
7 

 

14.5 ENVIRONMENTAL MANAGEMENT AND MONITORING 

Border project is a large project requiring a number of mitigation measures which are 
in themselves very considerable undertakings. Each component will require careful 
management and a first class public relations and communication system which 
delivers accurate and updated information to stakeholders as the project is planned, 
constructed and operated. In summary, some existing institutions will need greatly 
strengthening, with the possibility of new departments being created in Sudan.  

In Ethiopia, overall management will be carried out by the project Owner, supported 
by a project Environmental Monitoring Unit and a project Resettlement Management 
Unit. The principal onus for management of construction impacts will rest with 
contractors – for roads, dam and associated construction, and transmission lines. 
Monitoring will be carried out by all of these bodies as well as the Benishangul 
Gumuz Regional Environmental Protection Authority. Staff of the project Owner, 
Environmental Monitoring Unit and Resettlement Management Unit will be appointed 
and newly equipped for the job. The contractors will provide staff and equipment 
according to contract documents.  

The Regional Environmental Protection Authority will require very substantial 
strengthening by project funding. Other Regional government departments will need 
assistance also. In principle, any one or all of the 12 departments listed at Asosa in 
the main report will require assistance. This project support will also extend to zonal, 
woreda and kebele levels. Details can only be made known during further studies 
and development of a comprehensive project environmental management and 
monitoring plan (EMMP) during future EIA studies and during development of a 
comprehensive resettlement action plan (RAP). At this time, any required support for 
EEPCO’s environmental management team for new transmission lines in Ethiopia, 
and for NGO’s like the Ethiopian Wildlife and Natural History Society in relation to 
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surveys and wildlife management of Border reservoir and environmental offsets (e.g. 
Dabus Valley) should be determined. 

Depending on decisions concerning rehabilitating and upgrading the Border river 
gauging station, provision should be made for assisting the Ministry of Water 
Resources for the rehabilitation and upgrading works including provision of suitable 
accommodation and related facilities, and then for supporting gauging teams in all 
areas they may require. This is considered a fundamental requirement as the 
monitoring of water resources and sediment transport at this station will be 
paramount in any legal Concession Agreement or other legal instrument for this 
project on an international waterway.    

In Sudan, the principal management and monitoring agencies are contractors, NEC, 
Ministry of Irrigation and Water Resources, Higher Council for Environment and 
Natural Resources and affected State Councils for Environment and Natural 
Resources. A very considerable amount of support for these agencies may be 
expected. Some states do not yet have State Councils for Environment and Natural 
Resources and, if still not existing, will require establishment. Also, the Sudanese 
Environmental Conservation Society may be expected to play an important role in 
mitigation projects (field inspection, review of designs and plans, independent 
monitoring) and will require assistance.  

In Sudan, with regard to river gauging, morphological surveys and river training and 
conversion of flood recession agriculture to irrigation, assistance will be required to 
the Ministry of Irrigation and Water Resources. El Deim gauging station has already 
been mentioned. Others are at Khartoum, Shendi (a level only station), Atbara and 
Dongola. All stations, except Shendi, will need to monitor flows and sediment 
transport according to existing requirements and according to any others stated in 
the comprehensive project environmental management and monitoring plan (EMMP). 
Any new or expanded departments in the Ministry, such as for morphology and river 
training and/or for converting flood recession agriculture to irrigation, will require 
staffing and appropriate budgets.   

In Egypt, no mitigation management measures are currently foreseen but 
consideration should be given by the project to assisting authorities with increasing 
the frequency with which sedimentation surveys of High Aswan Dam are conducted.  

14.6 PROJECT COMPENSATION, MITIGATION, MANAGEMENT AND MONITORING 
COSTS 

In this initial environmental examination of the project, it has been possible to make 
assessments of the compensation and socio-economic mitigation costs of the Border 
dam project and transmission lines, and to include some allowances for management 
and monitoring in Ethiopia.  

It has not been possible to estimate the costs and benefits of each and every 
mitigation and enhancement measure in Sudan and Egypt, nor of the management 
and monitoring costs. These measures and needs are scoped but insufficiently 
defined and studied to permit cost estimation, and are beyond the scope of this 



Module M5 : Pre-feasibility Study of Hydroelectric Projects 

Pre-feasibility Study of Border Hydropower Project 
 
 
 

 
 
Eastern Nile Power Trade Program Study Page -14-12 
 
Funded by Africa Development Bank - Client:  ENTRO (Eastern Nile Technical Regional Office) November 2007 
 
J:\Country\Ethiopia\D107897 ENTRO Eastern Nile Power Trade\Pre-feasibility REPORTS\FINAL REPORTS NOVEMBER\BORDER\Prefeasibilty Report FINAL\Section 14 
Environmental and Social Impacts.doc 

A provisional sum of USD 125.4 million has been included for environmental costs in 
USD 25.8 million for reservoir basin clearance. 

Together, these represent some 10% of the estimated overall project cost. 

14.7 

 of mitigation. Some of 
the latter, such as resettlement and conversion of recession agriculture to irrigation, 

ites on the river where systematic transect surveys are required, 
extending from the river beyond the reservoir margins into buffer zones. Further 

s the monitoring of water resources and sediment transport at one or 
both of these stations is vital for planning and will be paramount in any legal 

t in order that they feed into a 
project EIA report. With the most optimistic estimate, further studies, which must 

ted. It is the 
strategic assessment that will compare aspects of these projects and explore the 

ill be merit in conducting surveys 
of terrestrial and aquatic ecology of the Mandaya reservoir and Border reservoirs 
together so that future planning of the first development may be seen in the broader 
context of proposals for the developing cascade.   

study. Where some indication of these costs and benefits are available, they are 
mentioned in the report.  

the three countries and a further 

CONCLUSIONS  

Initial environmental examination of the Border project indicates that it has many 
positive impacts and that most negative impacts are capable

provided they are generously supported and follow known safeguard policies, should 
become worthwhile development projects in their own right.  

Engineering parameters are not optimised. During feasibility studies, full EIA and 
RAP studies are required in Ethiopia. Examination of biodiversity and physical 
cultural matters in Ethiopia reveals that not enough is known about these to draw firm 
conclusions. Detailed surveys are required of terrestrial and aquatic ecology. These 
require a minimum of two years to raise the baseline status to permit more 
competent environmental assessment. ENTRO’s project boat may be used to gain 
access to s

assessment of archaeology is required, leading to a contingency salvage plan for 
contractors. 

An early decision is required concerning the financing of rehabilitation and upgrading 
the Border river gauging station. Sediment transport has not been monitored 
comprehensively for more than 27 years. The 2007 wet season should be last 
season without comprehensive monitoring. This is considered a fundamental 
requirement a

Concession Agreement or other legal instrument for this project on an international 
waterway.    

Important sub-studies are required in Sudan and Egyp

include very considerable fieldwork and consultations, will require at least two years 
of continuous committed work and report preparation. 

Following submission of this report on Border, and parallel reports on Mandaya and 
Dal, a strategic environmental assessment will be prepared and submit

strategy for a hydropower development sequence on the Abbay, Blue Nile and Main 
Nile cascade in the context of power trading and regional development.  

The strategic assessment may indicate that there w



Module M5 : Pre-feasibility Studies of Hydropower Projects 

Pre-feasibility Study of the Border Hydropower Project 
 
 
 

 
 
Eastern Nile Power Trade Program Study Page 15-1 
 
Funded by Africa Development Bank - Client:  ENTRO (Eastern Nile Technical Regional Office) November 2007 
 
J:\Country\Ethiopia\D107897 ENTRO Eastern Nile Power Trade\Pre-feasibility REPORTS\FINAL REPORTS NOVEMBER\BORDER\Prefeasibilty Report FINAL\Section 15 
Recommendations and TOR.doc 

15. CONCLUSIONS, RECOMMENDATIONS AND TERMS OF 
REFERENCE FOR FEASIBILITY STUDIES 

15.1 CONCLUSIONS 

It is concluded from the studies described in the earlier Chapters that the Border 
hydropower project offers an exceptional opportunity for energy generation to meet 
some of the future energy demands within the Eastern Nile region.  A 1200 MW 
development at Border will provide an average energy output of 6,011 GWh/yr of 
which some 3,966 GWh/yr would be firm energy (98% reliability). 

In addition to the energy output the Border project would provide a wide range of 
other positive benefits including: 

• Provision of regulated flow with potential enhancement of agricultural 
production in irrigation schemes downstream, 

• Enhancement of energy generation at existing and planned hydropower 
projects in Sudan as a result of regulated flow by up to 1992 GWh/yr, 

• Flood alleviation along Blue Nile and main Nile rivers including at Khartoum, 

• Reduction of sedimentation of Roseires reservoir (albeit by storing sediment 
in Border reservoir), 

• Savings in cost of removal of sediment from irrigation canal systems in 
Sudan, estimated as some USD 7.5 million / year, 

• Reduction in cost of pumping at existing pumped irrigation projects, 

• Reduction in damage to hydropower projects downstream caused by 
sediment, 

• Savings in CO2 emissions associated with alternative thermal generation 
options of some 200 million tonnes over 50 years. 

As with any major hydropower development, there will be negative impacts 
associated with development of the Border project.  The population within the 
proposed Border reservoir area is significant (approx. 14,000 persons).  A detailed 
programme for resettlement will be required including appropriate planning and 
compensation arrangements. 

Impacts of the Border project would be felt throughout the Blue Nile and Main Nile 
river downstream as far as Egypt.  Within Sudan communities living along the river 
which rely on the annual flood for irrigation of crops and pasture may be adversely 
affected and appropriate mitigation measures will be required as discussed in detail 
in the separate Environmental and Social Impact Assessment report.   

Impacts in Egypt will primarily be associated with a reduction in water level of Lake 
Nasser and consequent reduced energy generation potential at High Aswan power 
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station.  However, it is anticipated that this impact will be small owing to the relatively 
small size of the Border reservoir  

15.2 RECOMMENDATIONS 

15.2.1 General 

The three largest hydro power identified in Module 3 for Ethiopia are all in the 
generation expansion plan determined by the Consultant.  On the basis of present 
available studies (pre-feasibility studies) for Mandaya, Karadobi and Border, 
Mandaya is potentially the project with the lowest economic cost.  Considering the 
time necessary to carry out feasibility study, detailed study, call for tender, 
construction, the earliest date of commissioning for these projects is in the range of 
2020-2025, which is about the time when the first large hydro project is need in the 
Ethiopian generation expansion plan (depending on demand projection and export 
scenario to Kenya). 

Accordingly, the Consultant recommends to carry out the feasibility study of Mandaya 
at the earliest, in order to confirm whether Karadobi or Mandaya presents the most 
overall benefits. 

The Consultant also recommends to carry out the feasibility study of Border, which 
although being ranked after Karadobi and Mandaya, might be one of the most 
interesting large hydro projects in Ethiopia.  

15.2.2 Blue Nile River Optimisation Study 

The Blue Nile river scheme, mainly composed of Karadobi, Mandaya, Border and 
Beko Abo projects has the potential to become one of the main source of power 
export in the region in the next 15 years. 

The first three of these projects have been studied to pre-feasibility stage, each pre-
feasibility study being obviously focused on each project, while including some 
analysis of downstream impact and relative impact of one project to the other. 
Furthermore, these studies were carried out independently of the Ethiopian power 
demand evolution, assuming that all the generation will be absorbed by the power 
system. 

The Consultant recommends to carried out a Study of the overall Blue Nile river 
scheme whose objective would be to optimise the overall design of the Blue Nile 
hydro scheme: size of reservoirs, installed capacities, operation strategy, schedule of 
commissioning, filling strategy, overall downstream impact analysis during filling and 
operation. 

This Study should consider the overall supply / demand balance of Ethiopia 
(including export) an its evolution, and possibly the overall supply / demand balance 
projection of Sudan (including irrigation need, evaporation, etc). 
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15.2.3 Feasibility Study of Border Project 

It is recommended that feasibility studies are carried out of the Border project at the 
earliest opportunity.  Having regard to the regional nature of the project benefits and 
impacts (both positive and negative), it is important that these studies are carried out 
under a framework of regional cooperation.  Extensive studies will be required in the 
vicinity of the Border site in Ethiopia, in the affected zones along the Blue Nile 
downstream in Sudan and to assess the impacts on energy generation at High 
Aswan in Egypt. 

Particular attention will be required to a number of topics including: 

Access to Border site 

It is recommended that the bridges on the existing access track to the Border site are 
improved (by replacement of missing timber decking) to make them suitable for use 
by four-wheel drive vehicles.  This will allow vehicles and equipment required for the 
feasibility study to reach the site easily. 

Climate 

It is recommended that a climate station is established near the Border site (a site at 
Guba is recommended) to record rainfall, temperature, evaporation and other climate 
parameters. 

Hydrology 

It is recommended that the existing hydrometric gauging station at Border is 
rehabilitated and provided with new staff gauge, recorder and cableway and that a 
series of flow measurements is carried out by current meter over a wide range of 
flows 

Sediment 

Analysis of current sediment discharge in the Abbay river presented in this report has 
highlighted possible sediment loads some three times greater than previous 
estimates.  It will be essential to carry out a major programme of sediment 
measurements at the existing Kessie hydrometric station and at Border to determine 
current sediment discharge with confidence. 

Geological and Geotechnical Investigations 

It will be necessary to carry out a major programme of geological and geotechnical 
investigations of the Border site and the proposed construction materials.  It is 
anticipated that the programme will include some 2000 metres of core drilling (20 
holes) with associated insitu and laboratory testing. 

Environmental and Social Impact Assessment 

It is recommended that a detailed ESIA is carried out including preparation of a 
resettlement action plan.  This is described in more detail in the ESIA Report. 
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15.3 TERMS OF REFERENCE FOR TECHNICAL FEASIBILITY STUDIES 

15.3.1 General 

These terms of reference (ToR) cover the requirements of consulting services for 
feasibility studies of the Border hydropower project in Ethiopia with the objective of 
developing the project for supply of electricity within the Eastern Nile region.  All the 
services of the Consultant described in the following shall be performed in close co-
operation with the project executing agency, ENTRO and with the Ministry of Water 
Resources in Ethiopia. 

The Feasibility Study shall comprise the following deliverables: 

(1) Geological Report 

(2) Hydrology and Water Management Report 

(3) Environmental and Social Impact Assessment Report 

(4) Design, Engineering, and Generation Report 

(5) Transmission Report 

(6) Cost Estimate Report 

(7) Financial and Economic Analysis Report 

(8) Draft Feasibility Report and Executive Summary 

(9) Final Feasibility Report and Executive Summary 

The Consultant shall be responsible for carrying out all necessary fieldwork and 
investigations to compile data and information for the feasibility study.  This includes 
the preparation of tender documents for field investigations, the tendering process 
where necessary, and the award and management of sub-contracts in agreement 
with the Client. 

15.3.2 Data Collection 

This stage has the objective to compile all relevant basic information for the project, 
to prepare new data and to deepen the information whenever necessary and 
possible. This encompasses the following amongst others: 

Electricity system – Update of data on electricity systems, supply and demand in the 
Eastern Nile countries 

Topography - Preparation of additional topographical maps and information, which 
are needed for the desk and subsequent feasibility studies. 
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Hydrology - Processing of raw hydrological stage gauge data to produce discharge 
data of the gauging stations in the Abbay river catchment.  Establishment of long 
term run-off data series for the different stages of the hydropower complex. 

Sediment – Observations of sediment concentrations and calculation of sediment 
discharge ratings and estimated sediment loads. 

Geology - Review of geological information and preparation and supervision of a 
programme of field investigations for the Border project site. 

The detailed requirements are described in the following sections.  Results of the 
collection of data and information will be presented in separate thematic reports. 

15.3.3 Topographic Survey 

Maps have been produced at a scale of 1:10,000 with 10 m contour interval during 
the course of the pre-feasibility study. 

The Consultant shall organise the procurement of a GPS ground control system and 
all additional maps needed for the feasibility study. 

A high accuracy GPS ground control system shall be established at the Border site.  
This will include a network of not less than 6 permanent primary reference stations 
on both banks of the river and including reference stations at or close to river level as 
well as on the plateau on both banks. 

The Consultant shall procure maps of the project site at a scale of 1:2000 with 2 m 
contour interval.  The mapping shall cover an area of at least 2 km upstream and 
3 km downstream of the dam centreline and shall extend at least 2 km from the river 
edge on each bank.  

The Consultant shall thereafter organise all additional survey work in the field to 
locate site investigation works and the procurement of additional maps needed for 
the feasibility study. 

The Consultant shall also arrange for cross-sections of the Abbay river to be carried 
at intervals of 100 metres for 1km upstream and 2 km downstream of the dam 
centreline and shall record observations of the water surface gradient for use in 
hydraulic calculations. 

15.3.4 Meteorological Data 

The Consultant shall establish a meteorological station close to the Border site and 
shall make arrangements and train personnel as necessary to carry out regular 
observations.  The meteorological station shall be equipped to record rainfall, 
temperature (maximum and minimum) and evaporation.  Suitable recording 
instruments shall be provided as well as manually observed gauges. 
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15.3.5 Hydrological Data 

The existing hydrometric stations at Kessie, Border and Diem in Sudan for which 
data is available for some 50 or more years shall form the key reference stations for 
the project.  The Consultant shall carry out a detailed analysis of all recorded data for 
the Abbay River at Kessie and Border and for the Blue Nile at Diem and shall derive 
long-term daily and monthly records for use in analysis.  If considered necessary the 
Consultant shall arrange for additional measurements to be carried out to 
supplement the normal programme of measurements by MWR (Ethiopia) and MIWR 
(Sudan). 

The Consultant shall procure the necessary equipment and shall manage the 
installation of a new hydrometric station at the Border site.  The Border hydrometric 
station shall be equipped with a staff gauge covering a range of not less than 
15 metres and shall be equipped with a solid-state data logger to record water levels 
at hourly intervals.  The station shall be equipped with a cableway and all equipment 
necessary to carry out current meter gaugings safely at all flows.  The data logger 
shall be equipped with solar panel battery charger and shall be capable of operating 
unattended for up to 6 months. 

The Consultant shall establish the rating curves for the above stations and compute 
the run-off at the locations of the gauging stations.  Establishment of the stage-
discharge rating curve shall be based on not less than 20 measurements on differing 
dates and with differing flows over the full annual range of flows. 

15.3.6 Sediment 

Relatively few measurements have been made of sediment concentration in the 
Abbay river in Ethiopia.  Accordingly, recognising the importance of an accurate 
assessment of current sediment loads to the planning of hydropower developments 
on the Abbay river, the Consultants shall carry out a major programme of 
observations of sediment concentrations in the Abbay river over at least two flood 
seasons. 

The programme of sediment concentration measurements shall be carried out by two 
separate teams which shall be stationed at each of Kessie hydrometric station and 
Border site for the entire period from 1st June to 31st October in each year.  The 
sediment concentration in the river at each site shall be observed daily over this 
period using depth integrating samplers or multiple point sampling techniques. 

15.3.7 Geological Studies 

The Consultant shall study the results of the work done during the pre-feasibility 
studies.   

The Consultant shall carry out studies as are necessary for design at feasibility level 
of all the project components. The work shall be directed towards determining all 
relevant parameters, e. g. 

• Thickness of alluvial deposits in the river bed; 
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• Occurrence and nature of joint sets; 

• Extension of weathering zones; 

• Permeability of the rocks and reservoir tightness; 

• Nature of contact zones of geological strata; 

• Slide risks at steep valley sections; 

• Groundwater level effects due to additional loads and pressures; 

• Geomorphology of areas within acceptable transport distances from where to 
draw construction materials. 

It is necessary to clarify the geological and geotechnical conditions at the selected 
dam site and powerhouse area. The investigations shall include the following work: 

• Establishment of the bedrock conditions between the river banks by means of 
trenches, boreholes, and seismic profiling; the purpose is to confirm the 
geometry and characteristics of the colluvial deposits that partially hide the 
underlying bedrock of the abutments, and to assess the jointing pattern and 
the opening of discontinuities in depth; 

• Exploration of the overall geometry of the bedrock in the riverbed by some 
borehole drillings and seismic profiling; 

• Determination of the bedrock conditions at all structures, appraisal of its 
geotechnical characteristics (permeability, strength, alteration); a number of 
boreholes is required to determine the weathering sequence of the bedrock; 

• Assessment of the seismic risk at the Project site, including the determination 
of earthquake-induced stresses, accelerations, and forces to be taken into 
account for dam safety and other design work; 

• Investigation of the grout curtain configuration and drainage at the dam 
foundation; 

• Definition of quarry areas for construction materials for the dam and the 
powerhouse complex (including the identification and avoidance of 
environmental impacts due to borrowing); local potential for concrete 
aggregates shall be ascertained. 

15.3.8 Geotechnical Investigations 

The Consultant shall make a recommendation of the scope of site investigation 
works to be carried out during in the feasibility study.  The Consultants shall prepare 
bid documents, procure, manage on behalf of ENTRO and supervise all necessary 
site investigation contracts. 
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It is envisaged that the geological investigations (to be undertaken under separate 
contracts by an experienced Contractor) to be managed and supervised by the 
Consultant will comprise: 

• Core drilling with appropriate down-the-hole testing and observation.  Some 
20 drillholes totalling 2000m are anticipated. 

• Laboratory tests to determine physical, chemical, and mineralogical 
characteristics of samples taken from the boreholes, trenches, test pits and 
adits. 

All findings, test reports, calculations, and conclusions shall be presented in the 
Geological Report as per 4.1 (1). 

It is considered important to record data regarding ground motion in the project area. 
The Consultant  shall procure and arrange for the installation of a Strong Motion 
Accelerograph (SMA) in the general project area. The Consultant shall coordinate the 
installation of he SMA stations in the project area with MWR.  

15.3.9 Hydrology and Water Management  

Separately from the investigations and calculations dedicated to the Border Project 
itself, the Consultant shall calculate and optimise the conjunctive operation of Border 
together with the downstream power plants in Sudan and Egypt both during the 
Border reservoir filling period and in the long term. 

The joint optimised energy output shall be determined and compared with the actual 
output of the existing plants.  If relevant, recommendations shall be made as to the 
future operation mode of the cascade (with and without Karadobi and Mandaya). 

If the conjunctive operation of the cascade of power plants produces additional 
energy at the existing plants (as compared with the present condition), this shall be 
valued and introduced into the financial and economic analysis of the Project. 

All necessary flood calculations and assessments shall be made as required for the 
dimensioning of cofferdams, waterways, spillways, and other parts of the Project. 

A tailwater rating curve shall be established for the Border power station based on 
hydraulic calculations and on the underwater topography surveyed downstream of 
the powerhouse. 

The Consultant shall present all findings, calculations, and conclusions in the 
Hydrology and Water Management Report. 

15.3.10 Project Design and Optimisation 

The Consultant shall review and comment on the design and layout proposed in the 
Pre-feasibility Study Report and shall propose and justify any amendments.  The 
pertaining calculations, descriptions, and designs shall be on feasibility level 
throughout, which means that they are basically sufficient for the development of full 
tender documents for implementation without further engineering studies. 
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The entire design work, including all calculations, descriptions, and drawings shall be 
presented in the Design, Engineering, and Generation Report.  A separately bound 
Design Parameter Memorandum shall be added. 

Dam and Power Plant 

The design work shall be broken down into the following main parts: 

• River diversion; 

• Dam wall; 

• Intake and waterways; 

• Powerhouse and appurtenant facilities 

- civil works 

- turbines, valves, and their controls 

- alternators and their controls 

- cabling and panels 

- metering, protection, control, and telecommunication 

- auxiliary equipment 

• Other permanent site installations. 

15.3.11 Infrastructures 

The Consultant shall study the existing and required infrastructures to ascertain 
capabilities to support construction and transport activities for the Project, and 
identify any upgrading and expansion requirements to be included in the Project. This 
may include items such as: 

• Accommodation; 

• Roads and bridges for equipment transport to site; 

• Air transport; 

• Medical and educational facilities; 

• Local supply of materials (steel, cement, etc.); 

• Security. 
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15.3.12 Design Parameters 

The Consultant shall prepare a design parameter memorandum summarising all 
parameters used for the feasibility design, and to be used again for the detailed / final 
design to be done later.  The memorandum shall present in a clearly organised 
manner all required parameters, but not the theoretical or scientific justification and/or 
calculations used in the Study itself to arrive at the said parameters. 

15.3.13 Transmission 

The components and details to be considered for the feasibility of the transmission 
grid extending from the HV yard of the power plant to the Ethiopian and regional 
transmission grid are the following ones: 

• Power line(s); 

preliminary line routes and profiles on 1 : 50,000 scale maps (or better, if available), 
definition of voltage(s); number of circuits, conductor size, types of towers, bills of 
quantities; environmental impacts; 

• Substation(s) 

site definition and layout, single line diagram, capacities and voltages of main 
components, type of switchgear, buildings. 

Network calculations shall be made for zero-to-full load and for all relevant outage 
and switching conditions, in order to fix the design and operation parameters 
concerning electric stability, voltage and reactive power control, fault levels, and 
surges. 

• Telecommunications 

optical fibre based system for transmission of voice and data (protection and 
measuring) between the power plant, the relevant substations, and the national load 
dispatch centre (once implemented); number and speed of channels and interfaces 
in accordance with the proposed grid layout. 

All calculations, descriptions, and drawings shall be presented in the Transmission 
Report. 

15.3.14 Construction Time Schedule 

The Consultant shall prepare an implementation schedule for the hydropower project, 
including the detailed design, preparation of tender documents, international 
competitive bidding, contracting, detailed / final engineering, manufacturing, transport 
to site, construction and erection, testing and commissioning.  The schedule shall be 
established using an accepted computer programme such as MS Project (or 
equivalent) and shall be used as basis for the calculation of interest during 
construction.  
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15.3.15 Cost Estimates 

Based on the identified requirements of the various project components, the 
Consultant shall prepare a detailed cost estimate including: 

• Mobilisation cost and infrastructure 

• Surveys and investigations 

• Civil works 

• Manufacturing, transport, erection, installation, testing, and commissioning of: 

- Hydro-mechanical equipment 

- Mechanical equipment 

- Electrical equipment 

- Other equipment 

• Costs for environmental and social mitigation 

• Taxes and import duties (incl. regional or project-related exemptions / 
reductions, if any) 

• Administration and legal costs 

• Engineering and supervision 

• Insurance's 

• Physical contingencies corresponding to the degree of reliability of the 
estimate of each major cost item. 

The construction costs shall be determined on the basis of a quantity survey and 
adopting unit costs calculated by using material and labour costs valid for the project 
region. About 70% of the total construction costs shall be computed using this 
contractors method to calculate prices; these shall include risk and profit as well. The 
remaining 30% of the costs may be estimated based on experience. 

The costs of the electro-mechanical equipment shall be computed on the basis of 
equipment lists and tentative quotations from qualified manufacturers and broken 
down into CIF prices, transportation to site, erection and commissioning. 

Costs for engineering services shall be calculated on the basis of a man-months 
estimate for the various tasks to be identified. 

The cost figures established in this manner shall be broken down into local and 
foreign costs expressed in USD. The capability of the local industry to carry out civil 
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works portions of the project shall be investigated in order to arrive at a realistic 
estimate of the local component. 

Cost estimates must all be valid at the same date. All cost shall be broken down into 
foreign and local currency portions, and the exchange rates used indicated. 

All cost elements shall be structured according to the construction time schedule, 
cover 25 years of operation, and comprise the following: 

• disbursements for construction and related cost; 

• additional disbursements resulting from escalation since the reference date; 

• interest during construction, to be calculated until the commissioning of the 
hydropower plant; 

• annual cost of operation, maintenance, rehabilitation, and administration. 

15.3.16 Power Sector Studies 

The Consultant shall gather the most recent information on the power sector of the 
Eastern Nile region and compile the relevant data in a separate power sector report. 
This shall comprise a load and electricity consumption forecast up to the years 2015, 
2020 and 2025. The capabilities of all existing projects and those presently under 
construction (priority hydropower projects and thermal projects) shall be compiled 
and the total installed and dependable capacities shall be shown and compared with 
the load forecast. The deficits of firm power and energy shall be computed for three 
different load growth scenarios. 

As result of the above work, the Consultant shall estimate the economic and financial 
value of the energy generated by the Border project and its first implementation stage 
for at least the first 10 years of operations (peak and firm power, primary and 
secondary energy). This information would form the basis to elaborate the 
subsequent economic analyses. 

15.3.17 Economic and Financial Studies 

The economic and financial analysis shall include all components of the projects. The 
analysis shall provide a bankable basis for scrutiny by ENTRO and potential lenders. 

Project Benefits 

The energy production of the project shall be computed based on the water 
management plan and the variable gross head due to the reservoir operation.  Net 
heads shall be computed with hydraulic losses related to actual flow and the 
efficiency of the equipment shall be taken as function of flow and actual head.  The 
energy produced will be indicated for monthly periods over 20 years of operation 
simulations. 
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The energy sold will be computed, based on the actual production minus losses and 
ome for transmission, distribution and administrative costs will 

be made. 

The value of the energy produced, for the computation of the EIRR, will be 
computed, based on capacity and energy rates for equivalent thermal power plants.  

a reduction of the inc

Economic Analysis 

The economic analysis of the project shall be done according to international 
financial institution’s standards.  

The scenarios to be used for the financing of the project will be agreed with ENTRO 
in consultation with stakeholders.  Appropriate assumptions and sensitivity analyses 
shall be made as to the anticipated value of the energy produced by the project. The 

ulate the net present value (NPV), cost-benefit ratios and the 
economic internal rate of return (EIRR) of the project. 
Consultant shall calc

Financial Analysis 

Identify the profitability of the present operations and assess the future financial 
performance (business plan). Net financial cash flow of the project over the economic 
life of the project’s assets (with particular emphasis on the cash flow of the first 10 
years) and based on this, calculation of the Financial Internal Rate of Return (FIRR), 

t Value (NPV) and the Debt Service Cover Ratio (DSCR). The 
financial projections shall include the base case scenario and the sensitivity analysis.  
the Net Presen

Risk Analysis 

Assessment of risks which might occur during the project’s implementation. 
 might jeopardise the project’s goal. The consultant shall 

outline risk mitigation measures in the report.  

15.3.18 

Report within 24 months 
after the commencement of the work.  The report will comprise the full documentation 

nical characteristics of the project, together with the results of the above 
cited environmental, economic and financial assessments. 

3.11 Re

As the Consultant will be working in close co-operation with ENTRO and MWR, they 
h regular meetings and 

reporting.  

t shall review actual conditions in the project area with those 
anticipated in the ToR and propose any alterations of the project schedule 

Assessment of risks which

Feasibility Study Report 

The Consultants shall submit each Draft Feasibility Study 

of the tech

porting 

shall be kept aware of the Consultant's performance throug

Moreover, the Consultant shall submit the following reports: 

• Inception Report: Besides normal reporting on project progress the 
Consultan
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onsultant will prepare on the last 
day of every month a brief summary of the main activities and extraordinary 

the period.  
The Consultant shall review actual conditions in the project area with those 

ct success. 

all be submitted at the end of Year 1 of 
the assignment.  The Interim Report shall summarise the progress over the 

• Draft Feasibility Study Report: This shall be in compliance with international 

ntract.  

e like, 
necessary to understand the main report.  An Executive Summary Report of about 10 

rts 
shall be firmly bound, no spiral binding is accepted.  The title of the study and 
identification of the specific volume has to be indicated on the spine of every final 
version. In addition, the Consultant shall provide ENTRO with a soft-copy on CD.  

and any other measures if deemed necessary and decisive for project 
success. 

• Progress Reports (Monthly).  The Consultant shall report briefly on project 
progress and staff inputs each month.  The C

events. Such Monthly Report must be limited to two pages and shall be 
transmitted to ENTRO and MWR by e-mail. 

• Progress Reports (Quarterly).  Every three months the Consultant shall 
prepare Quarterly Progress Reports in order to keep ENTRO, MWR and other 
involved parties informed in detail about the progress of project.  The 
Consultant shall report on project progress and staff inputs during 

anticipated in the ToR and propose any alterations to the project schedule 
and any other measures if deemed necessary for proje

• Thematic reports.  Thematic Reports shall be submitted for each major work 
topic as soon as the respective activity is completed. 

• Interim Report.  An Interim Report sh

twelve month period and shall make recommendations for the further 
progress and success of the project. 

standards for projects of this nature. The full set of documents will be 
submitted 24 months after commencement of the consultancy co

All reports/documents have to be prepared in 10 copies in the English language. All 
reports will have executive summaries not exceeding 10 pages length. 

The Feasibility Study Report shall be submitted in 50 copies and has to comprise one 
volume (main report) containing results, summary and conclusions and an 
appropriate number of volumes accommodating the annexes which provide all 
details, relevant data, analyses, calculations, design considerations and th

pages shall present a brief summary on basic situation, results, actions to be taken, 
implementation strategy, time schedule, schedule of cost, etc. as appropriate. 

All reports have to be prepared in A4 format. A separate volume in A3 format is to be 
prepared containing all plans, drawings and photographs.  All final versions of repo
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