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Objectives (Z]) THE WORLD BANK

Rapid
assessment of

sediment
Consideration of intergenerational value of storage

ma nagement through incorporated declining discount rate
alternatives
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The RESCON 2 model is a computer program designed for use in pre-feasibility studies
with limited and readily available site specific data.

The RESCON 2 analysis is based on empirical methods.

ltis not a substitute for more detalled studies with numerical and/or physical models
based on data collected during field measurement campaigns.

Sound engineering judgment is required for interpretation of the results.

Synergies developed in reservoir cascades are not considered.

It's not possible to analyse sediment management strategies involving different techniques applied
simultaneously
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Timeline of development

2019 - 2020

1999-2003 2003-2015 2015-2017

Global sediment management

Extensive worldwide application of Revision and upgrade of RESCON
study

Development and RESCON

release of first version of Stronger need for storage preservation
RESCON RESCON 2 beta

Impact of Climate Change on reservoir
sustainability

Design guidelines

Technical toolkit including

Scientific advances in sediment RESCON2 and numerical model

management and economic analysis
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Tool: Reservoir Conservation Model RESCON 2 Beta s

Nikolaos P. Efthymiou, Sebastian Palt, George W. Annandale, Pravin Karki. Reservoir Conservation Mgl BYGIETCA 1]
Economic and Engineering Evaluation of Alternative Sediment Management Strategies. User Manua l' el tnet Mt Tt I
Bank. License: Creative Commons Attribution CC BY 3.0 IGO g

G-res Tool ~

The Reservoir Conservation Model RESCON 2 Beta tool presents the most advanced economic and erg Zyer:
alternative sediment management strategies. It builds on the Reservoir Conservation Model (RESCON) Approach published in
2003 which helps hydropower developers to carry out a preliminary screening analysis of viable sediment management
alternatives. The upgrade to the RESCON 2 beta tool takes into consideration sustainability factors and hydrological
uncertainties associated with climate change.

RESCON 2

Reservoir Conservation Model
RESCON 2 Beta Download the tool.

Economic and Engineering Evaluation of
Alternative Sediment Strategies

Racrs P Efthyeniou, Sebast

@woamwmv.ow FICHTNER

https://www.hydropower.org/sediment-management/resources/tool-reservoir-conservation-model-rescon-2-beta
https://www.hydropower.org/tools
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Questions answered by RESCON 2 (L) THE WORLD BANK

Does sediment
management improve
the economic
performance of the

reservoir?

‘ Can sediment

Is sediment management increase
management % resilience of water
technically feasible? hat sediment lnhfrastrt_icture to climate
management strategy change:
O converts a reservoir from

a non-sustainable to a
sustainable resource?

()
What is the lifetime of the
reservoir if no sediment
management is applied (No
action scenario)
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BEEE  Scdimentation prediction R

e Time Path
e Spatial pattern - Allocation of deposits in active and inactive storage

Evaluation of sediment management techniques

e Catchment management

e Sediment routing

e Deposit removal

e Multiple management techniques

== [~conomic appraisal e

e Firm water yield
e virtues of intergenerational equity and sustainable development

s Climate change analysis —

* Vulnerability - Resilience analysis - adaptation strategy to climate change
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Time path and spatial
pattern of sedimentation

Parameters affected by B
sediment management

A\ 4
Annual costs

[ Unit rate of water yield ]—»[ Annual revenues ] [ (sediment management , O&M) }

| |
v

Economic appraisal | NetPresentValue (NPV) |




Sedimentation assessment [HENORLD-BANK

Allocation of deposits in active and dead stg{gge
Method — ELWalW
Van Rijn (2013)
Schematization of reservoir
geometry in compartments
Wide applicability

[

Stnga TEZ

Sin 3= Sout_3
Sty = 800,000 m?
TE3 = 90%

Stgl‘_l'95! TE_res

MAS = 1,000,000 m3a

Styr res,= 1,700,000 m?

TE res = 95%

Maximum allowable annual depositions = 950,000 m?

@

Trap Efficiency
BeC”Oad 100% Compartment @

(available compartment storage Stg3)

T
I
I
I
|
SU Spend ed IO ad Sedimentinflowin S, ; 1,000,000 m3 | 700,000 m3 210,000m?
Compartment (Mean Annual Sediment inflow in reservoir ) : (Sediment release from compartment 1) (Sediment release from compartment 2)
] . :
B ru n e Co_m_partment sTrap TE; 60% : 70% 90%
Efficiency |
] Potential depositsin  Dep o ; 600,000 m? | 490,000m3 189,000m?
C h ur Ch I ” the compartment (Sin1 X TE 1) | (Sin2xTE2) BraxTES)
Total deposits Dep na b 950,000m? : 650,000m? 160,000m?
B I d limitation / (TE res X MAS) ! (TE res X MAS-dep 1) (TE_res X MAS-dep_s-dep »)
orian Compartment Sty ( 300,000 m? | 500,000 m? 800,000 m?
I

Storage limitation (available compartment storage Stg,l( (available compartment storage Stgr)

< Deposits in Den_ik 300,000 m3 i 490,000m? 160,000m3 950,000
compartmenti " Min {Dep_pa i, Dep_max i, Sty } A Min {Dep_por i, DeP_max i, Sty } Min {Dep_po i, Dep_max i, Sty } ZDep |

. . . - Sediment Release Souti 700,000 m3 I 210,000m? 50,000 m3 50,000
Cal | b ra“ on Of th em Od el IS pOSS| ble from compartmenti " (Sin_._swj‘ i (s,n_i_sw,[])‘ (Si"_,_SWT) (Sadimentsesee
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Sediment management assessment

Palette of assessed sediment management techniques

1 - Reduce Sediment Yield 2 - Route Sediments 3 —Remove or Redistribute
from Upstream (maintain transport, minimize deposition) Sediment Deposits
I . I . i Modify Operating Rule
Reduce Sediment Sediment Trapping Sediment Sediment I\E/Iecha r:_ilcal {foct]c:orpredistr?bute
Production Above Reservoir Bypass Pass-Through xcavla on sediment)
Hydraulic
Flood Bypass Excalzrr:tion Dredging \;cour
Soil Erosion Channel Channel Reservoir
Control, Frosion Large Dams Drawdown &
Revegetation Sluicing Pressure
Bypass Tunnel Flushing
Dispersed Hydraulic Dredge
structures High Level Flood Event (slurry pump) Empty
(check dams, Flushing
Forests P (bypass at Hvd .
arm ponds) operational Seasonal Hydrosuction ——
Rangeland water level) (siphon) Dredge ¥
Gully . River Flushing
Vent Turbid ir Li
Stabilization Low Level Density Air Lift Dredge Below Dam
Const i Stream (bypass during Currents Mechanical-lift ?
Osr.]S ruct:;)n Channel drawdown) (bucket, clamshell, - !
ites an dragline, backhoe) Discharge Below dam
Developed Stabilization &| Offstream -
Areas Restoration Reservoirs Agitation Dredge Discharge Off-Channel

| l | | |
4— Ad a ptive St rategi es J Reallocate Storage, Modify Intakes, Raise Dam to Water Loss Decommission Monlt(?fnng”:
. . ; H Required for A
sediments not manipulated Improve Operational | | hydro turbines etc. Increase Control & :
( P ) Efficiency to handle sediment Volume Conservation Infrastructure Options

Source: Morris (2015)



Economic appraisal (Z) THE WORLD BANK

Annual revenues A

Reliability 95%
Firm water yield x Unit Rate

[m3/a] [$/m3]

Gould-Dincer method User defined

Reliability 99%
/

Function describing relationship between:

dimensionless yield *

Reliability

hydrologic variability (Cv)

FirmYield (% of mean annual flow)

reservoir active storage.

* Dimensionless yield: the amount of water that
can be annually supplied from a reservoir with a o) Active storage
given storage at a specified reliability
normalised by the mean annual flow in the

river.

v



Catchment management assessment

Catchment Management

'
Time
Lag

Input

Reduction of sediment inflow due to catchment
management (bedload & suspended load)

Timing

Cost (implementation and maintenance)
Phases
1st; No action

2nd:  Catchment management is implemented but its impact
on sediment inflow is not yet apparent

3d:  Reduced sediment inflow due to catchment
management

Optimized Parameters

Timing of implementation year (duration of 1st phase)
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Reduction of sedimentinflow due to
catchmentmanagement

Reservoir Active Storage

Storage depletionin |
case of noaction

Implementation of
Appearance of impact of
catchmentmanagement

measures

of catthmentmanagement

__| Storagedepletionincase | & [______

———————-| catthmentmanagement

Annual Benefits in case of catchmentmanagement

Annual Benefits in case of no action

Annual Operation and Maintenance costs of

reservoir

Total annual costs in case of no action
Annual costs for catchment management

Annual Benefits

Annual Costs

reservoirin case of

Salvage Value of
noaction

CatchmentManagement

Salvage Value of
reservoirin case of
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1. Annual revenues

3. Net Present Value

Firm water yield x Unit Rate Fixed discount rate.

m3/a $/ms3 . :
[ ] [ ] Declining discount rate
Gould-Dincer method User defined . -
2. Costs T
CAPEX i
Regular annual O&M costs
Sed. management implementation 3 w0
Té 60 - 2.0% 'g
costs 2 o ‘
O&M costs for sed. Management o

Years of operation

PresentValue of Annual Net Benefits [million USS] eeeee discountrate [%]

Decommissioning cost



Climate Change Analysis (Z) THE WORLD BANK
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H?d rﬂlﬂg | c VE ri d h‘i I iw Source: Annandale, G. (2015)



Climate Change Analysis () THE WORLD BANK

Climate Change

MAR Cv MAS
(Availability) (Variability) (Storage Loss Rate)

Avallable
Reservoir
Storage

Source: Annandale, G. (2015)

Supply of Water Supply adaptation strategies
(with a given reliability) Adjust power generation
capacity

Improve Efficiency of

Economic Performance of

infrastructure



Climate Change Analysis (1) THE WORLD BANK

50%

B 40%-50%

40%
W 20%-40%

| 20%-30%

30%

10%-20%
20%

0%-10%
10% -10%-0%

-20%-10%
0%

W -30%-20%

-10% B -10%--30%

% Change Mean Annual Sediment Yield

0, 0
oo W -50%--40%

W -60%--50%

-30%
-40% -30% -20% -10% 0% 10%  20% 30% 40%  50%
% Change Mean Annual Runoff (MAR)

Source: Efthymiou et al. (2019)
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Assessment of reservolr sedimentation process (timepath, allocation of deposits in active
and dead storage, partitioning between bedload and suspended load)

RESCON 2 evaluates the performance of the state-of-the-art sediment management
techniques.

The declining discount rate incorporates the intergenerational value of storage in the
analysis.

Assessment of sediment management as adaptation strategy to climate change
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RESCON 2 Analysis

Application Example



Measured sedimentation

Trajectory of storage development

Active Storage 46 million m3 20 million m3

Dead Storage 102 million m3 23 million m3

Mas Mosise Bathymery 1353 Maah Mosuis Bathymedy 2013




Comparison prediction - measurement
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160
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What will happen if no sediment management is applied?

1. What is the lifetime of reservoir?

2. How does trap efficiency develop over time?

3. Whatis the Net Present Value of the No Action Scenario?
4

What are the risks associated with storage elimination?



Questions () THE WoRLD BANK

2. Assessment of sediment management countermeasures

oO0hkwhNE

What is the development of reservoir storage?

Is the reservoir sustainable?

What is its long term capacity

What is the Net Present Value for the selected strategy?

Can the economic performance of the reservoir be optimized?

What is the sensitivity of the economic performance on discounting concept?

3. What is the impact of climate change on performance of reservoir

1.

2.
3.

What is the full range of possible future climates, which representative future climates would
you select?

What is the vulnerability of the reservoir for the case of no action

What is the performance of the reservoir for the representative climate futures if the selected
sediment management strategies are applied

What sediment management method leads to the most robust reservoir behavior?
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Normal Operation Sluicing operation

The hydrological year is partitioned into two periods 120 T |ovoran | T Tene]] ] Jorermen R 0 e vl

T 100 as!} 2o

Normal operation 5. £

P Re LS = T e ||

Sluicing (Water level drawdown) £

E 40 §225

The waterlevel drawdown determines the reduction of i, f a0
trap efficiency during sluicing (Efficiency) ' e

Months Months




By-Pass assessment et~ AR AN

Description
The hydrological year is partitioned into two periods

Normal operation period (By-Pass out of
operation)

By-Pass period (Diversion of water and
sediment inflow through by-pass structure)

100%
MENCC RN === ——
60% '//

40% /

20% // By-Pass Out of Operation
0%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Exceedence Probability (%)

% of annual water and total
(suspended & Bedload) sediment
inflow

| =% of MAS =@=9% of MAR

Bedload entering Suspended load
reservoir [By-Pass Out diverted [During By-
of Operation] Pass]

i 51%
Suspended loa
entering reservoir [By=
Pass Out of Sus;{ended Ioac‘{ Bedload diverted
Operation] enter!ng reservoir [During By-Pass]
37% [During By-Pass] 10%
2%




Indicative results

No Action

Catchment
Management

Annual Costs and Benefits [mio US$]

Millionen

0 5 10 15 20 25 30 35

Year of Operation
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@ Annual costs (No Action) [USS]

@ Annual Benefits (No Action) [USS]

Annual Costs and Benefits [mio US$]

Millionen

0 5 10 15 20 25 30 35 40

Year of Operation
45 50 55 60 65 70 75 80

Millionen

Reservoir Storage [million m3]

160

140

120

100

80

60

40

20

\\

HANN

5

00 150
Years of operation

Gross Storage

=== No Action
== Catchment
Management

e By-Pass

e S|UiCiNG

B Annual costs (Catchment Management) [USS]

B Annual Benefits (Catchment Management) [USS$]




Graphical User Interface TR VARLDIBANK

File  Help CalculateI

Project Details | Data Entry | Results

Reservoir Geometry | Hydrolagical Data | Sediment Characteristics | Sediment Management Parameters | Economic Parameters | Climate Change | Safeguards |

I [ Parameter Unit Description Value Help | = ||l
So_gr [m®] Original gross storage capacity of the resenvoir 2.700,000.,000 @
So_a [m®] Original active storage capacity of the resenvoir 2,300,000,000 @ I ’/—\
So d [m?] Original dead storage capacity of the reservoir 400,000,000 [E/’/ Di reCt acceSS to help and Val idation Of
Se_gr [m®] Existing storage capacity of the resemvair 2,200,000,000 @ . .
Se_a [m®] Existing active storage of the reservoir 1,500,000.000 @ d ata. I n p ut d u rl n g m Od e I Set- u p
Se_d [mf] Existing dead storage of the resenvoir 300,000,000 @
Whot [m] Representative reservoir bottom width at the dam location 50 [E]
ELOWL [masl] Maximum pool elevation of reservoir 296.0 @
ELMWL [masl] Minimum operation water level 150.0 @ A
Elbmin [masl] Minimum reservoir bed elevation at dam site 170.0 W —
Lres [m] Reservoir length 70,000 [E]
|| |ncomp [ Number of reservoir compartments 5 @
Lres .
i

EM52: Change Data Input: Minimum operation water level Eimwl must be higher than mirimum bed elevation Elbmin 4\/ M essag es | n d | Catl Nn g p 0SS | b | e errors

Finished mm—
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% ResconUI - RESCONZ.xls: =N % ResconUI - RESCONZ.xIs [E=HE=E
| File  Help | File  Help
Project Details | Data Ertry | Calculate | Results | Froject Details | Data Ertry | Caleulate | Results |
Conclusions | Mo Actions | Removal of deposttions | Sediment Routing | Catchment | mMutiple. | Safeguard Results | Climate Change Analysis | | Conclusions | No Actions | Removal of depostions | Sediment Routing | Catchment | Muttiple. | Safeguard Results | Climate Change Analysis | |
E Time path of remaining storage capacity = Present value of annual net benefits _applied discount rate
= 180 = 160 - 3.5%
Z = 5
i 140 \ i 2 140 X ..... o  3.0%
= — = 2 .
= E 120 = E 120 e e T
B = \ z = \ B [o25%
= = 100 = § 100 SRR =
= = \‘f\ B K H L ozom 2
3T O e i E 5 e : E
= S = =
= 2 \‘\ — = - 15% 2
= | Z s0 E.E -
H
H I 3 2o omparison o
2 s °
20 AAAAAMAAAANAANAAMAAMAAAAMAEAAANAAMAANAARANMAANAANANAAAAANANAAN z 29 [o==
o : E o + T 0.0%
o 50 100 150 200 250 300 350 = o 50 100 150 200 250 300 350
e e management
Gross Active Inactive  ——— LTC  ==-=s- CLF Present Value of Annual Net Benefits [million USS]  =e==- discountrate [%]
techni ques.
|
Results Hesenvoir Siorage | Trap Efficiency ] _Removed Deposit | Water Yield | CostBenefit Streamflo | Net Present Valu | Results] Reservoir Storag | Trap Efficiency]| Removed Deposit | Water Yield | Cost-Benefit Streamflo_ | Net Present Value | G rOSS n d

File

 reror veconme W1 IR . e e I

Finished Finished |- o 3 U

Finished Finished |-

Help

|Truckmg |Dmdgmg |HSRS| Flushing

E?i”

Details | Data Entry | Calouiate | Resuits |
= Removal of depasttions | Sediment Routing | Catchment

| Safeguard Results | Climate Change Analysis | |

Annual and

its by flushing

18.0
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-
B2
o o

|
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e
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A

o 50

A
]

i
o
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S EERE

oo 150 200
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i
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2
o

300

| ———Gross annual

Annual sedimentation and removed deposits by flushing

Results | Reservoir Storag | Trap Efficiency [Remaved eposiis | Water Yield | Cost Benefit Streamflo |_Net Present Walu |

Finished Finished |

File  Help

Project Deiais | Data By | Catouiste [ 555065 |
[ Mo Actiona |

Conclusions Removal of depoaitiona | Sediment Rouling | Catchment Managemert | Mukiple Management | Safeguard Resulta | Climate Change Analysis

Temporal Development of gross storage

a
3

active storage

Trap efficiency

I
8

5

WAANAANAWAARAANAAAARRAANRAAAAARA

Firm water yield

| Physica Prormunce. esnonic Pemascs |Summry

Net Present
Value of

Gross reservoir storage [million m?]
»
g
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Density Current Venting
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Flushing

sediment

Trucking

Seasonal Sluicing

Gross Storage [ Active Storage | Trap Eficiency ] Water vield

Finished Finished |




THE WORLD BANK

IBRD « IDA

Basic geometrical features of reservoir

Reservoir Geometry

User Input

Parameter |Units Description Value

So _gr [M3] Original gross storage capacity of the reservoir 148,000,000

So a [M3] Original active storage capacity of the reservoir 46,000,000

So d [M3] Original dead storage capacity of the resenoir 102,000,000

Se gr [M3] Existing storage capacity of the resenoir

Se a [MS3] Existing active storage of the resenvoir

Se d [M3] Existing dead storage of the resenvoir

W bot [m] Representative bottom width of the resenrvoir 100

ELOWL [masl] Normal pool elevation of resenvoir 231.0

ELMWL [masl] Minimum pool elevation 224.5

Elbmin [masl] Minimum bed elevation 100.0

Lres [masl] Resenvir length 3,500

ncomp [-] Number of reservoir compartments 4
Automatic or manual discritization of resernvoir in compartments Automatic




roximation of reservoir @Lﬁf,ﬁo‘,{m“w BANK

300
250
=~
200 :
Z N .
g H +sssee Compartments
5 150 e Normal Pool Elevation
k=
o —
E ~. Dam
w - -
100 Inital River bed
= Mlinimum Operation Waterlevel
50
0
0 1000 2000 3000 4000 5000
Distance from Reservoir Entrance [m]
240 Distance X [m]
= o o =) o o =)
220 g 8 3 8 2 8 3 g8
[=] [} - - ~ o~ m m <
1,500
200
|
z 1,000 [
m
180 £ |
5 = = = Dead Storage
-] 500
160 S T ) w— Active Storage
[ £ e d e ===
L > - " o )M
2 0
140 E -
KT Y I Y YY CYX]
8 1
-500
120
1
100 -1,000 ﬁ
= = =3 o o o o 1
=] 5] =1 =1 =} o
o o o n =3 o
o o Distance [m] - - -1,500




Specification of hydrological dat @TB':.ED‘!"O“LD ik

Water inflow

Mean Annual Runoff (MAR) /000,000,000 7
MAR = 2,950,000,000 m3/a: 3,500,000,000 -
MAR = 75 m3/s 3,000,000,000 -
EZSOO 000,000 -
Standard deviation of annual flows : -tg-14-4444---s---: - -
sd = 450,000,000 m?3 i
g 1,500,000,000 -
Coefficient of variability 1,000,000,000
Cv=MAR / sd 500,000,000 -
Cv = 2,950,000,000/ 450,000,000 .

— a o oo o o o o o o oo o O O O ‘c
CV O 19 I " H A H AN AN AN AN AN N AN AN NN NN NN
. — - - H |




Specification of hydrologlcal dat @L‘;&‘!"ORLD ik

Sediment Inflow 100 =T
_ 90 D'y s .
Total Sediment Inflow (MAS) 20 ) [ /!/
il | | A
Suspended & bedload 70 // v SR
. Pan’
MAS = 6.2 million t/a o ) 717
= 50 ,-{
R /
40 /f,-* ’{ /
Composition of suspended load % A | //’
: 20 y g
Silt & sand = .4
10 — ‘__,,-'.—
0 4 el
0.001 0.01 0.1 1
% of bedload in total load Particle Diameter [mm]
p b — 8% —¢— Characteristic Suspended Load GSD dry season (July 1975)
—l— Characteristic Suspended Load GSD wet season (February 1975)
e [ an Suspended Load GSD (33 Samples, time period 1974-1979)
pcl [%] [Fractional content of clay in suspended sediment inflow 5.0%
psi [%]  [Fractional content of silt in suspended sediment inflow 63.0%
psa [%] [Fractional content of sand in suspended sediment inflow 32%




Specification of hydrological data |GAEla

Intrannual distribution of water & sediment inflow

@ Wet Season: Mid. November — Mid April 3 122 o R
5 Months (40% of the year) E 30
- Sediment Inflow: 80% of MASs + bedload E0 o o o
- Water inflow: 60% of MAR s
- 50
% 40
© Dry Season: Mid April - Mid. November 3 % o
E e
7 months (60% of the year) < iz
- Sediment Inflow: 20% of MASs ) 0 B~
- Water inflow: 40% of MAR @@“5 @“} & X S 3 ﬁ}
H&Q&e o Q“‘@ ¥
Month




