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SIZING FLOOD CONTROL RESERVOIR SYSTEMS* 
BY SYSTEMS ANALYSIS 

1 by Bill S .  Eichert and Darryl W ,  Davis 2 

United States Committee on Large Dams 

INTRODUCTION 

Flood control reservoir systems are  desfgned to  reduce the 

3 ntensity o f  flooding in flood plains to  acceptable levels. Planning 

f lood control reservoir systems requires analysi s of bas1 n-wide hydrol- 

ogy, individual reservoir and system operation, and system performance 

i w reducing intensi ty  of flooding. Sizing reservoir systems (system 

formulation) includes the major tasks of selecting system components 

from amng coapeti nq a1 ternat i  ves and detemi n i  ng the flood control 

storage within each reservoir. Selection sf system components (con- 

figusing the system) i s  the key element i n  the analysis. T h i s  paper 

focuses upon reservoirs as flood control measures, b u t  i t  should be 

emph-asi zed that  non-reservoi r measures, such as l evees and channel 

work can f o m  i nval uabl e system components. 

Analysis of the perfomance of a l ternat ive flood control systems 

i s  greatly complicated by the system interaction that  can occur among 

system components. One of the Important fnteractions i n  a system 

' ~ ~ ~ i r e c t o r .  The Hydrologic Engineering Center and Chlef, Planning 
Anal ysJ s Branch, The Hydrologic Engi neeri ng Center, U.S. Wwngr 
Corps o f  Engi weeps, Davis, Cal ifosnia, 

* Prepared for  Presentation a t  the X I 1  International Commkssion 
on Large Dams Congress, Mexleo City, Hare& 1976. 



occurs when a number of reservoirs are being operated for  common 

locations and are thus able to  take advantage of inflow and release 

timing effects .  

Cecause of the large number of a l ternat ive systems possible in 

complex river basins and due to  the complexity of evaluating each 

systew, i t  i s  essential t ha t  a reasonably structured system formula- 

t ion strategy be adopted as the framework fo r  analysis. Since many 

important concerns other than hydrologic and economic performance 

are  ultimately involved j w  the selection of systems for  implementa- 

t ion,  automated optimization methodolsgtes do not presently play 

major roles in fornulation of large complex systems. 

Appl ication of a practf cal f lsod control reservoir system simul a- 

%ion model that  yields detailed system operation of a l l  components 

and summarizes hydrologic and economic perfomance and costs greatly 

a s s i s t s  i n  detemining system perfomance. To perform the simula- 

t ion, the model accepts data on (1)  historical or  synthetic flood hydrol- 

ogy, ( 2 )  reservoir system storage and operating c r i t e r i a ,  ( 3 )  reservoir 

costs,  and ( 4 )  damage potential a t  system control points, 

This paper discusses the scope of reservoir system formulation, 

modeling flood control systems, c r i t e r i a  and s t rategies  for  system 

formulation and i l l u s t r a t e s  the concepts w i t h  applications in 

recent systems studies, 



SCOPE OF RESE.RVOIR SYSTEV FFORtilULATIOPI 

The systems viewpoint adopted herein focuses on the physical 

representation o f  the system and the system performance, i n  partic- 

ular hydro1 ogic and economic performance. For the present discus- 

sion the social ,  po l i t ica l ,  inst i tut ional  and environmental aspects 

arc! assumed to  act  on the system (determining acceptable performance 

c r i t e r i a  and a1 ternatives) rather than comprising integral parts of 

the analysis. 

The physical representation of a l ternat ive systems i s  deter- 

niined by the potential ly  useful reservoir s i t e s ,  and 1 ocations 

(termed control points) for  which the systems are operated. Potential 

reservoir s i t e s  a re  determined by analysis of the physical configura- 

tion of the topography, physical and geologic character is t ics  of 

the landscape and the i r  proximity to  potential damage centers, For 

purposes of system formulation, a reservoir s i t e  i s  therefore 

characterized by a physical location (distance from points of 

interest  ) , s i t e  storage-el evation rel ationship and the construc- 

t ion, operation and naintenance costs necessary to  create the reser- 

voir for  a range of flood control storages. The stream system com- 

prises a second important element i n  the physical configuration of 

systems. The stream system can be characterized hy the "topology'" 

(where water flows from and to)  and hydrologic routing c r i t e r i a  that 



determines the conveyance and flow timing character is t ics  of the 

system. The hydrology of the region (nature and severity of floods) 

represents the conlplex rainfall-runoff re7atioi;sIiips arad can be 

characterized by e i ther  his tor ic  streamflow a r  synthetic flood 

events. 

'The performance of the system i s  measured by the ab i l i t y  to  

reduce the intensi ty  of flooding. The reduction i n  the intensiPly 

of flooding can be viewed from both economic and public safety or  

r isk viewpoints, Economically, the perfomanee can be measured 

by the reduction in the expected value of annual damages, Risk 

refers Lo the chance (probability) of being flooded. The risk 

performance i s  commonly referred to  as the degree o f  protection, 

The economic characterization sf the system i s  accomplished by 

assigning the damage potential of reaches of streams i n  the basin 

to  index locations (temed danage centers) t h a t  usually are coin- 

cident with the 'control points' referred t o  previously, The deter- 

n~ination of expected annual damages requires coordination of the 

danage potential w i  t R  the f low exceedence frequency rela tionships, 

The flow exceedence frequency relationships are also needed t o  

determine residual risk,  

The scope of t h e  'systemi therefore includes the  physical repre- 

seatation of the system, ( s i t e s ,  storage, costs,  stream conveyance 

and bas in  hydrology)  and the economic representation o f  consequences 



of f l oodi ng (damage centers ,  damage potent ia l ,  frequency of f l  oodi ng) . 
The 'flood control s y s t e m 9 0  be formulgted consis ts  of the  reser-  

voirs and t h e i r  operating charac te r i s t i cs .  System fornlulation i s  

pursued by manipulating the components of the  'system', e,g., the  

s i ze  and location of reservoirs  and observing the d i f fe ren t  e f f ec t s  

on the other system elements, e,g., hydrology, costs ,  benef i ts ,  and 

performance. 

Reservoir flood control systems of fe r  great  opportunit ies f o r  

multi-purpose development, JoSnt reservoir  cos t s  can he shared f o r  

such purposes as water suppl y, 1 ow f l ow regulation, and hydropower 

generation. To the  extent  the  flood runoff I s  seasonal, j o in t  use 

may be made of storage space within the  reservoir .  Even though most 

reservoir  projects t h a t  become system components a re  multi-purpose, 

t h i s  paper will focus of necessity on reservoir  flood control as  i f  

i t  were a separable feature  of multi-purpose systems. Integration 

of other purposes in to  a multi-purpose system i s  obviously desi rable  

and requires a s imilar  systems viewpoint and analysis  framework f o r  

each purpose. 

?IODEL I?G FLOOD CONTROL SYS'TEHS 

Simulation o f  the  operation and perfomance of flood control 

systems requires t h a t  the  physical, economic and hydrologic elements 

of the  system be t ransla ted t o  ~3aLhematical functions, and t h a t  

these functions be coded Into a computer program, and tha t  the 



necessary data be assembled and coded into the proper format. 

The major requirements f o r  modeling a flood system include 

( 3  ) schernatizlng the basin by identify! ng operational control points, 

damage index locations, and potential reservoi rs, ( 2 )  developing con- 

s i  s tent  basi n-wide (control point by control point) hydro1 ogy tha t  

could include one, or  preferrably more, his tor ic  events or synthetic 

events, ( 3 )  developing streamflow routing c r i t e r i a  for  a1 1 stream 

reaches, (4 )  characterizing reservoirs by t he i r  storaqe and release 

capacities, (5) determining operation c r i t e r i a  such as selecting 

control points to  operate for,  determining t h e i r  safe flow capacity, 

and specifying release pr ior i t ies ,  ( 6 )  developing functional damage 

relations and base conditions exceedence frequency relations f o r  

each damage index location. 

Computer Program HEC-5C(1), "Simulation of Flood Control and 

Conservation Systems,' has been devel oped by The Hydro1 ogic Engineer- 

ing Center, U.S. Army Corps of Engineers, as a generalized tool which 

can be used t o  simulate any flood control system. The program was 

written to  be compatible with general ly accepted analysis procedures 

that  require data normally developed in the course of studying flood 

control reservoirs. The general capabi l i t ies  of f.1EC-5C are described 

below. The flood control features are  particularly emphasized. 

Flood Control and Conservation Systems, 
Users ?ianual (Prel iminary), The Hydrologic Engineering Center, 
F<lovember '1 974. 



HEC-5C was developed to  a s s i s t  i n  planning studies involving 

sizing system components fo r  flood control and conservation require- 
- 

merits, Ihe program can be used i n  the planning, design,  operat ion 

or  post flood phases of system evaluation. The program can be used 

t o  calculate the value of an existing system immediately a f t e r  a flood 

event to  demonstrate the effects  of existing and/or proposed reservoirs 

on flows and damages in the system. The program could a1 so be useful 

in selecting the proper reservoir re1 eases throughout a system during 

flood emergencies, 

The program simulates the  sequential operation o f  the s y s t m  

components f o r  any system conf igurat ion f a r  shor t - t ine i n te r va l s  (such 

as hour ly)  f o r  h i s t o r i c a l  o r  synthet ic f loods o r  f o r  long durat ion 

t ime in terva ls ,  (such as monthly) f o r  nonflood periods, o r  for  coma 

binat ions o f  the two. Spec i f i ca l l y  the program may be used t o  deter- 

m i  ne : 

- Flood cont ro l  and conservation storage requi rements f o r  

each reservo i r  i n  the system. 

- The e f f e c t  o f  a system of reservoirs, o r  other structures 

on the spa t ia l  and temporal d i s t r i b u t i o n  of runoff i n  a basin. 

- The evaluation o f  f l ood  cont ro l  and conservation opera- 

t i o n a l  c r i t e r i a  for  a system o f  reservoirs. 

- The expected annual f l ood  damages, expected annual benefi ts, 

system costs, and system ne t  benefi ts, 



- The formulation of flood control systems comprising 

reservoirs and other structural or nonstructural flood management 

a! ternat i  yes, 

WEC-5C can simulate, depending upon the computer capacity 

available, up  t o  35 reservoirs, 75 control points, 71 diversions 

and 9 powerplants fo r  an unlimited number of time periods for  each 

runoff event. 

Provided the l imits  specified above are  not exceeded, any system 

configuration may be specified, Reservoirs with flood control storage 

can be operated to  minimize flooding a t  any number of downstream 

control points. Reservoirs with conservation storage will be 

operated for  the i r  own requirements (power or low flow) and can be 

operatctl For low flow requirements for  any number of  downstream 

control points. Reservoir storage levels within conservation and 

flood control space are  kept in balance ( in  the same degree of 

trouble) as much as possible. The program will determine a11 reser- 

voir releases for  a l l  time periods b u t ,  i f  desired, outflows can be 

specified for  any number of reservoirs for  any or  a l l  time periods 

and the program will adjust  other reservoir releases as necessary. 

Constraints a t  individual reservoirs are as fol 1 ows: 

- When the storage level of a reservoir i s  between the top 

of the conservation pool and the top of the flood pool (within the 

allocated flood control space), releases are made tha t  attempt to 

draw the reservoir down to  the t o p  of conservation pool witt7out 

8 



the subsequent rel ease exceeding the designated channel capacity 

a t  the reservoir. 

- When the reservoir storage level i s  greater than the 

top of buffer pool ( a  small reserve of the conservation pool) 

releases are  made equal to  or greater than a f low termed the 

minimum desired flow, which i s  the fu l l  demand, and when the reser- 

voir storage level i s  within the buffer pool (between the top of 

the inactive pool and the top of the buffer pool ) releases are  made 

equal to  the Plow, which is a reduced high pr ior i ty  demand, 

Yo releases are  made when the reservoir 1s below the tog of inactive 

pool. Re1 eases needed fo r  hydropokrer generation wi l 1 override 

minimum flows i f  they are  greater than the  controlling desired or 

required flows. 

- Releases are  made equal to  or  l e s s  than the designated 

channel capacity a t  the reservoir until  the top of flood pool i s  

exceeded, then a l l  excess flood water i s  released i f  suff ic ient  

out le t  capacity i s  available. X f  insufficient capacity exis ts ,  a 

surcharge routing i s  made, Other optional emergerlcy routines are  

also available, 

- A ra te  of flow change constraint i s  observed in t h a t  

the reservoir release i s  never greater (or l e s s )  than the previous 

period's release plus (or minus) a percentage of the channel capac- 

i t y  a t  the dam s i t e  unless the reservojr i s  i n  surcharge operation, 

Operational c r i t e r i a  f a r  specified downstream control points 

are as  follows: 
4 



- Releases are not mde (as long as flood storage remins) 

which would contribute to Ploodfng a t  one or more specffied downstream 

locations during a predetemined number s f  f u t u ~ e  periods except t o  

sat i  sfy minimum flow and rate-of-change of release cri  terf a ,  

- Releases are mde, where possible, to maintain downstream 

flows a t  channel capacdty (for flood operation) or for minimm desired 

or requfred Plows (for conservatfon operation). In makfnq a release 

detemlnation, local (intervening area) flaws can be multiplied by a 

contingency allowance (greater than 1 for flood control and less than 

1 for conservation) t o  account for  uncertajnty dn forecastbng these 

$1 ows , 

Operational cr i ter ia  for  keeping a reservoir system i n  balance 

are a s  f0110ws: 

- Where two or mre reservoirs are in parallel operation above 

a common control point, the reservoir t h a t  i s  a t  the highest index 

level, will Re operated f i r s t  to try to increase the flows in the 

downstream channel to the target Plow. Then the remaining reservoips 

will be operated in a priority established by index levels t o  attempt 

t o  f i l l  any reminfng space f n  the downstream channel wftkout c a u s i n g  

flooding during any of a spectfied number of future periods, 

- If one of two parallel reservotrs has one or mare rese rvs f~s  

upstream whose storage should be considered I n  d e t e m i n i n g  the priority 

a$ releases from the two parallel reservoirs, then an equivalent index 



level i s  determined for  the tandem reservoirs (one above the other) 

based on the combined storage i n  the tandem reservoirs, 

- IF two reservotrs a re  i n  tandem, the upstream reservoir 

can be operated for  control pofnts between the two reservof rs.  In 

addition, when the downstream reservoir i s  being operated For control 

points, an attempt is  made to  bring the upper r e s e ~ v o i r  t o  the same 

index level as  the lower reservoir. 

A variety s f  streamflow routinq p ~ ~ c e d u r e s ~  such as the Muskingum 

and modified Puls methods, a re  available for  use. The hydrologic i n p u t  

fo r  flood events may be for  natural or observd conditions f a r  each 

control point or  local contri butions between control points. If  

natural or observed flows a re  provided, the local flows are  computed 

and i f  local flows are provided, the natural flows are computed. 

A single streamflaw diversion can be made from any reservoir 

or  control point and, 3f desired, proportions of' the diversion can 

be routed and returned a t  any downstream control point o r  reservoir. 

Diversions my be one of the following types: 

- Diversions that  a re  a function o f  fnflows. 

- Diversions that  are functions of reservoir storages. 

- Diversions that  are  constant. 

- Diversions tha t  include a l l  excess water above the top 

of conservation pool up to the diversion facility capacity, 



The program can operate an unlimited number of f loods  f o r  a 

r e se rvo i r  system. The s e r i e s  of f loods can each s t a r t  a t  d i f f e r e n t  

r e s e r v o i r  s torages  o r  from the same s torages  o r  e m  be contfnued using 

the s torages  from the prevfous f l o d s ,  Up t o  nine pmgor t ioas  ( r a t f a s )  

of any o r  $1 % f l o d s  m y  be operated, Floods extending over long 

periods may be processed by divjddng the f l s a d  i n t o  flow events  which 

a r e  each less than the pmgrem limits, This may be done by marnually 

s e t t i n g  i n  several  sets of flow data  (with each less than the allow- 

a b l e )  o r  by a1 lowing the computer t o  generate separa te  f loods  (when 

the data  read exceeds the allowable 1 imi t). 

The program can operate the  system f o r  a continuous period of 

record ( f o r  example, 20 years  of monthly da ta ) .  Also a mixture of 

computational i n t e r v a l s  may be used such a s  a monthly operat ion f o r  

a few years and then operat ing f o r  d a i l y  o r  hourly flows d u r i n g  a 

rnajor flood and then back t o  a weekly o r  monthly routing in te rva l .  

An unlimited number of events  can be simulated i n  this manner. 

Expected annual f lood damages (average annual) o r  the  damages 

r e s u l t i n g  from s p e c i f i c  flood events  can be computed f o r  up t o  n ine  

damge ca tegor ies  f o r  any o r  a l l  cont ro l  psSnts using one o r  mre 

p r s g p r t t o ~ s  ( r a t f  0 s )  of each of several h i  s t o r i c a l  o r  synthetic 

floods.  Expected annual damages will be computed f o r  (1 ) natura l  

o r  unregulated condi t ions ,  (2)  regulated condf t f o n s  by t h e  r e s e r v s i ~  

system and (3) f u l  1 regul a%fon a t  those reservot r sf tes assuming 



unl imi ted f lood  cont ro l  storage ,(damage from the uncontrol led loca l  

f lows). Damages calculated f o r  base condit ions (normally natural  

f lews)  using selected floods and p ropor t i  ons ( r a t i o s )  a re  computed by 

in tegra t ing  the base condi t ions damage-frequency curve o r  by using 

a predetermined average annual damage. Expected Annual Damages f o r  

modif ied condi t ions are computed from the sum o f  the products o f  the 
\ 

assigned exceedence frequency i n te r va l s  (based on base condi t ions) and 

the corresponding damage based on the modified flow. Figure 1, 

Expected Annual 1)amage Computations , graphi c a l l  y portrays the  annual 

damage computations. The damage from the uncontrol led loca l  f lows 

are a lso calculated i n  a s i m i l a r  manner t o  the modified condit ions. 

The damage reduct fon due t o  the proposed system i s  based on 

the di f ference between the  expected annual damages f o r  the base condi- 

t i ons  and the modified conditions. If there i s  an ex i s t i ng  reservo i r  

system the damage reduct ion can be based on the d i f ference between 

the base condi t ions and the m d i f i e d  condi t ions where the base condi- 

t i o n s  were detemined from another siwnrlation run I n  which ex i s t i ng  

reservo i rs  on ly  a re  s im la ted .  

A separate set  o f  damge data can be used if the madiffed condi- 

t i o n  damages do not  f o l l ow  the base condi t ion discharge-damage curves 

as would be the case f o r  a levee, channel improvement o r  nonstructural  

a1 t e ~ n a t i v e  such as f l ood  proofing, re locat ion,  purchase, or flospl 

p l a i n  toning. 



Exceedence Frequency -Events per Year d e d e n c e  Frequency 
Interval -Flood 4 

Note: 1, 2, etc. indicates Flood Number 

Fig. i Expected annual damage computation 



Cost functions fo r  construction, operation, maintenance and replace- 

ment and amortization may be provided fo r  reservoirs (a function of 

storage) and nonreservoirs (a function of design discharge). A dls-  

count ra te  for  amortization of capital cost i s  also needed, 

The needed input data can be scaled to  the problem under study, 

for  example, i t  can be mtnimal for  very preliminary planning studies 

o r  i t can be very detailed for  modeling existing systems. The data 

requirements fo r  a fu l l  flood control system planning study are: 

- General infomation such as output labels,  simulation 

control data (time periods, computation intervals,  p r i n t  control, e tc . )  

- Reservoir capactties a t  top of conservation and top of 

flood contml pool elevations, downstream control points for  which 

each reservoir i s  operated, and reservoir storage/outflow tables. 

- Control point ( i  wcluding reservoirs) ident i f icat ion numbers 

and t i t l e s ,  channel capacities (safe flow capacity), and channel rout- 

ing c r i t e r i a ,  

- Inflow or  local f low data Beor each control pofnt fo r  one 

o r  more historical or  synthetic floods. 

- Peak discharge-damage-frequency data  fo r  each damage index 

location; reservoir capital  costs ws, storage or nsnrasarvoir capi ta l  

costs vs. design discharge; capttal  recovery ?actor, and annual 

operation and maintenance cost functf ans, 

The program outputs a l i s t i n g  of i n p u t  data, hydrologic resu l t s  

s f  system operation arranged by downstream sequence of control points, 

l 5 
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components i n t o  a system, whi le  assuring physical cornpati b i l  i t y ,  

could r e s u l t  i n  i ne f f i c i en t  use of resources because o f  system 

e f  fec is,  data uncertainty, and the possi b i  l 1 t y  t h a t  a1 1 components 

\,lay not be implemented. It i s  proposed t ha t  the "best" system be 

considered t o  be: 

(1) The system tha t  includes the obviously good com- 

ponents ( s a t i s f y  c r i t e r i a  below) w h i l e  preserving f l e x i b i l  i t y  for  

inodi f i c a t i o n  o f  cornponents a t  fu tu re  dates. 

(2 )  The system which could be implemented a t  a number 

of stages, i f  staging i s  possible, such t ha t  each stage could stand 

on i t s  own mer i ts  (be o f  socia l  value) if no more components were t o  

be added. 

b. C r i t e r i a  Elements. - General guidance f o r  , formulat ion 

c r i t e r i a  are  contained i n  the recen t l y  published Pr inc ip les  and 

Standards(2). The c r i t e r i a  o f  economic e f f i c i ency  from the nat ional  

viewpoint has existed f o r  some time ( 3 ) ( 4 ) ,  and has been reemphasized 

i n  (2). This c r i t e r d a  has been in terpreted t o  requ i re  t h a t  each com- 

ponent i n  a system should be incremental ly j u s t i f i e d ,  t h a t  i s ,  each 

component add i t i on  t o  a system should add t o  the value (net  bene f i t s )  

rds  f o r  Planning Water and Related Land 
Resoumes, Mater Resources Counci l , pub1 f shed i n the Federal 
Register, The Natf onat Archives s f  the United States, September 
10, 1973. 

(3)  Proposed practdces f o r  econmic analysfs o f  r i v e r  basin projects, 
a r epo r t  t o  the Inter-Agency Corni t tee on Water Resources by i t s  
Subcommittee on Evaluation Sbndards, May 1958, 'Green Booka. 

(4)  Pot i c ies ,  Standards and Procedures Jn the Fornulation, Evaluation 
and Review o f  Plans f a r  Use and Developent o f  Water and Related 
Land Resources, 87th Cong~ess, 2d Session, Senate Document 97, 1962. 



o f  the t o t a l  system. The second c r i t e r i a  proposed i n  (2)  f s  that  of 

environmental qual i ty. The environmental qua l i t y  c r i  t e r i a  can be 

viewed as favoring a7 ternat ives t h a t  can be structured t o  minimize 

adverse environmental impacts and provide opportunit ies for m i  t iga-  

t i o n  measures. Additional c r i t e r i a  tha t  are not as formally stated 

as United States national pal i c y  are important i n  decisions among 

alternatives. A fomulated f l o d  control  system must draw su f f i c i en t  

support from responsible author i t ies i n  order t o  be implmented. I n  

addition, f lood control  systems should be formulated so tha t  a minimum 

standard o f  performnce (degree o f  r i s k )  i s  provided so that  public 

safety and wet fa re  are adequately protected. 

O f  these c r i t e r i a ,  only the national economic ef f ic iency and 

minimum performance standard have general l y  accepted methods avai lable 

f o r  t h e i r  rigorous SnclusCon i n  formulation studies. Environmental 

qual i t y  analysi s and social/political/institutional analyses related 

t o  implementation have not developed technology applicable on a broad 

scale. As a consequence these c r i t e r i a  must guide the formulation 

studies but as yet, probably cannot d i r e c t l y  contribute i n  a stmsctured 

formulation strategy. In discussions tha t  follow, focus i s  of necessity 

upon the economic c r i  t e r i a  wi th  acceptable performance as a constral nt, 

wi th  the assumption that  the rma in ing  c r i t e r i a  w i  11 be Sncorporated 

when the formul a t f  on strategy has narrowed the range of a1 ternatives 

t o  a l im i ted  number f o r  which the environmental and other assessments 

can be per f  omed . 
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System Formulation Strategies, - A system i s  best f o r  the nat iona l  

Sncome c r i t e r i a  i f  i t  resu l t s  i n  a  value f o r  system ne t  benef i ts  that 

exceeds t h a t  o f  any o t h e ~  feas ib le  system. For a  few components, 

analysfs o f  the number o f  a l t e rna t i ve  systems t h a t  are feas ib le  4s 

general ly  manageable and exhaustive evaluat ion provides t h e  strategy 

f o r  de temin ing  the best system. When the number o f  components i s  

more than j u s t  a few, then the exhaustive evaluation of a l l  feasib le 

a l t e rna t i ve  systems cannot p r a c t i c a l l y  be accomplished, I n  t k l s  

Snstance, a strategy i s  needed t ha t  r d u c e s  the number of system 

a l  ternat ives t o  be evaluated t o  a mnageable number whi le  provid ing 

a  good chance o f  i d e n t i f y i n g  the best system. The present state-of- 

the-ar t  o f  systems analysis does no t  p e m i t  ( i n  a  p rac t i ca l  appl ica- 

t i o n )  f i nd i ng  the economic optjnwm (maximum net benef i t  system) fo r  

reasonabl y csmpl ex sys terns even wi t h  a1 l hydro1 sq i  c-economic data 

known, Since seldom w i l l  the  optimum econmie system be selected 

as best, an acceptable strategy need not  mke the absolute guarantee 

o f  economic optimum. 

The fnc rmenta l  t e s t  o f  the value o f  an ind iv idua l  system corn- 

ponent i s  d e f i n i t i v e  f o r  the economic efficiency c r i t e r i a  and pro- 

vides the basis f o r  s e v e ~ a l  a l t e rna t i ve  fo rnu la t ion  strategies,  If 

exOstSng f lood  con t ro l  cmponents are present i n  the system, then 

they defdne the base conditlans. I f  no f lood  eowtrol cmponents 

ex ls t ,  the base cond i t i on  would be fop natural  condit ions, The 

st ra teg ies described below are extensions s f  cu r ren t l y  used 
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techniques and are  based upon the  concept o f  examining i n  d e t a i l  

t he  performance o f  a selected few a l t e r n a t i v e  systems. The perform- 

ance i s  assunled t o  be evaluated genera l ly  by t r a d i t i o n a l  methods 

t h a t  make use o f  HEC-5C. 

a. Reasoned Thought Strategy. - This s t ra tegy  i s  predicated 

upon t h e  idea t h a t  i t  i s  poss ib le  t o  'reason' ou t  by judgement and 

o the r  c r i t e r i a ,  reassnabl e a1 t e r n a t i v e  systems. She s t ra tegy  con- 

s i s t s  o f  dev i s ing  through r a t i o n a l  thought, sampling, ~ u b l i c  

opinion, l i t e r a t u r e  search, brainstorming, etc., a manageable 

nmber  o f  system a l  ternatawes t h a t  w t l l  be evaluated. No more than 

15 t o  20 a l t e r n a t i v e  systems could be evaluated by d e t a i l e d  s imula t ion  

i n  a p r a c t i c a l  sense, Next, the t o t a l  pesforntance o f  each system i n  

terms o f  economic (ne t  benefi t )  and perfomanee c r i t e r i a  f s evaluated 

by a system simulat ion. A system (o r  systems if more than one have 

very s i m i l a r  performance) i s  selected t h a t  maximizes t h e  c o n t r i b u t i o n  

towards t h e  f o m l a t i o n  ob jec t fves  (those ttnat e x h i b i t  t h e  h ighest  

value o f  n e t  b e n e f i t s  wh i l e  sa t% s f y i  ng t h e  minimum performance e r i  t e r i a ) .  

Po con f i rm  t h e  incremental j u s t i f i c a t i o n  o f  each component, t h e  con- 

t r i b u t i o n  o f  each system component i n  the  " l a s t  added" p o s i t i o n  i s  

evaluated. The las t  added value i s  t h e  d i f f e r e n c e  between the value 

( n e t  b e n e f i t s )  o f  the  system w i t h  a l l  components i n  opera t ion  and 

the value (ne t  benefhes) of the  system w i t h  t h e  " l a s t  added" component 

removed. If  cash campanent i s  incremental l y j u s t i f  % ed, as I nd i ca ted  



by the test ,  the system i s  economically J u s t i f i e d  and fomwla t ion  

i s  complete. If any components are not incremental ly j u s t i f i e d ,  they 

should be dropped and the " l a s t  addedw analysis repeated. 

The system selected by t h i s  strategy w i l l  be a feas ib le  system 

tha t  9s economically j u s t i f i e d .  Assuming the mthod  of devis ing the 

a l  te rna t i ve  systems i s  ra t iona l ,  the chances are good t h a t  the major 

worthwhile pm jec t s  w i l l  have been ident i f ied.  On the other hand the 

chances t h a t  t h i s  system provides the absolute maximum net benefi t o  

i s  r e l a t i v e l y  small. This strategy would require between 30 and 60 

systems eval uatlons f o r  a mdera te l  y complex (1 5 companent) systm. 

be F i r s t  Added Strategy. - This strategy i s  designed suck 

tha t  i t s  successive appl icat ion w i l l  y i e l d  the fomwlated system. 

The performance s f  the  systems, t h a t  fncludes the base components 

( i f  any), are evaluated w i t h  each p t e n t f a l  add i t ion  t o  the system I n  

the ' f i r s t  addedH posi t ion.  The cmponent t ha t  contr ibutes the 

greatest value (net benefi  t )  t o  the  system i s  selected and added t o  

the base system. The analysis i s  then repeated f o r  the next stage 

by computd ng " f i r s t  addedw value o f  each component t o  the  system 

again, the base now inc lud ing the P f r s t  component added. The strategy 

i s  continued t o  completion by successive appl icat ion o f  the f i r s t  

added analysis u n t i l  no m r e  cmpanent addi t ions t o  the system are 

j u s t i f i e d .  



Table 1 contains i n f o m a t i o n  adapted from a recent study and 

i l l u s t r a t e s  the strategy. Cmponents A-J are candfdates f o r  inc lus ion  

w i t h i n  a system. Components A, C, and F have already been implemnted. 

Stage 1 represents the ' f i r s t  added' value o f  the candidate system com- 

ponents. The i nc remn ta l  value (net  benefi t o  added) by cmponent F i s  

the la rges t  so i t  i s  selected POP inc lus ion  i n  the  system. Stage 2 

represents the  V i r s t  added8 value o f  the components w i t h  the base 

system now comprised o f  csrmpnents A, C, E, and F. Note t h a t  many 

of the values change because a4 system e f f m t s .  Cmponent J i s  

selected for  add i t ion  t o  the  systen. The reminder  o f  the tab le  

contatns the analysis through t o  cmplet ton.  Note t h a t  22 f i r s t  

added analyses were mde i n  the Pour stages required t o  se lect  three 

new pro jects  ou t  o f  seven a l ternat ives.  Exhaustive consideration o f  

a l l  p m s i  b i l  i t i e s  would have required 127 analyses whereas i f  a l  1 

components had pkoven t o  be valuable addi t ions t o  the system, 28 

P i  r s t  added analyses would have been necessary, 



TABLE 11' 

FIRST ADDED FORWLATION STRATEGY 

y ~ i r s t  added value i s  s y s t m  net  beneff t s  wi th  the component added 
minus s y s t m  net benef i ts  without the compsnent added. 

* SJgnJfies ex i s t i ng  system component, ** s i g n i f i e s  system addi t ion 

The strategy does have a great deal o f  p rac t i ca l  appeal and 

probably would a c c m p l i  sh the important task o f  Jdent i fy f  ng the components 

t h a t  are c l e a r l y  goad addi t ions t o  the system and t h a t  should be imple- 

mented a t  an ear l y  stage. The strategy, however, ignores any system 

value tha t  could be generated by the addi t ion of m r e  than one compo- 

nent t o  the system a t  a time and thus could omit p o t e n t i a l l y  useful 

addi t tons t o  the syslm, For example, the  s t tua t fon  s o m t f m s  ex is ts  

where reservoirs an say two t ~ f b u t a ~ i e s  above a damge center are 



j u s t i f i e d  but e l  ther  one analyzed separately i s  not, i .e., the system 

e f f e c t  i s  great enough t o  j u s t i f y  both. The number o f  systems analysis 

required t o  formulate a system based on t h i s  strategy could range up- 

wards t o  120 evaluations f o r  a mdera te l y  complex (15 component) 

system, which i s  pmbably c lose t o  being an urnanageably la rge  number 

o f  evaluations. 

c. Last Added Strategy. This strategy, s i m i l a r  t o  b, i s  

designed such t ha t  successive appl icat ion y ie lds  the Q o m l a t e d  system. 

Beginning w i th  a l l  proposed components t o  the system, the value sf 

each component i n  the "Bast addedn pos i t lon  i s  cmputed, The p ro jec t  

whose de le t ion causes the  value (net  bene f i t )  o f  the system t o  increase 

the most i s  dropped out. The net benef i ts  would increase if the em-  

ponent i s  not  i n c r m e n t a l l y  j u s t i f i e g .  The strategy i s  continued 

through successive staged appl icat ions un t J l  the de le t ion  o f  a com- 

ponent causes the t o t a l  system value (net  benef i ts )  t o  decrease. 

Table 2 contains i n f o m a t i o n  adapted from a recent study 

and f l l u s t r a t e s  the  strategy, Components KIT are candidates fo r  

inc lus ion w i t h i n  a system. Components L, P, and R have already 

been implemented. Stage 1 represents the ' l a s t  added' value of 

the candidate system components, T he i nc rmen ta l  value (net 

benef i ts  l o s t )  by adding component Q i n  the l a s t  pos i t i on  i s  the 

greatest (-30) so i t  i s  selected f o r  de le t ion  from the system. 

Stage 2 represents the ' l a s t  added' value o f  the components w i t h  

the base system now excluding comgonent Q. Note t h a t  a number 
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o f  the values have chanqed because of s y s t m  effects. Cmpnen t  K 

i s  selected f o r  delet ion. The rma inder  of the tab le  contains the  

anaiysis through t o  cmp le t ion .  

LAST ADDED FORWLATION STWTEGY 

Stage 1 Stage 2 Stage 4 System 

1 ' ~ a s t  added value i s  s y s t m  net  benefi t s  ni t h  the  component i n  the 
system minus system net benef i ts  wi thout the carnponent added. 

* S ign i f i es  ex i s t i ng  system cmponent and *+ system component t ha t  
i s  dropped. 

This strategy w i l l  a lso y i e l d  a s y s t m  i n  which a l l  components are 

incremental ly j u s t i f i e d  and i n  which the t o t a l  system w i l l  be 

j u s t i f i e d .  



This strategy would probably i den t i@ the obviously desirable 

projects, as would the others. However, i t s  weakness i s  t h a t  i t  i s  

possible, though not too l f k e l y ,  t h a t  groups o f  pro jects  t ha t  would 

not  be j u s t i f i e d  are car r ied  along because o f  t h e i r  complex l inkage 

w i th  the t o t a l  systm, For example, the s i t ua t i on  sometimes ex is ts  

where reservo i rs  on say two t r i b u t a r i e s  above a damage center are no t  

j u s t i f i e d  together but  de le t ion  o f  each from a s y s t m  tha t  includes 

both resu l t s  i n  such a great loss i n  s y s t m  value t ha t  ind iv idua l  

analysis inddeates fief ther  should be droppea ind iv idua l l y .  

The number o f  sys tms analysts required f o r  t h i s  strategy 

would be s im i l a r  t o  the f i r s t  added strategy r q u i r i n g  perhaps 10120% 

more evaluations, Twenty-two l a s t  added analyses were made i n  the 

four stages required t o  se lect  four  n m  pro jects  out  o f  seven a1 t e r -  

natives. This strategy i s  more e f f i c i e n t  than the ' f i r s t  added' i f  

the ma jo r i t y  of the po ten t la l  s y s t m  addi t ions are good ones. 

d. Strategy Discussion. - Each o f  the s t ra teg ies presented 

had one o r  another skortcamdng. I f  the s y s t m  were fomulated using 

the ' f i r s t  added' strategy, then fomulated using the "last added' 

strategy and the fsmu la ted  systems come out t o  be iden t i ca l ,  the 

best system probably m u l d  have been fomorrlated. It i s  possible, 

however, t h a t  the ' f i r s t  added' system would not  include some 

feas ib le  pro jects  and t ha t  the ' l a s t  a d d e d h y s t m  would fnclude 

some t h a t  are not v a l i d  s y s t m  components as described previously. 

One approach t o  a r r i v e  a t  the formulatdl  system would be t o  formulate 
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a1 ternative systems cmpri stng the c n eamponents from both 

systems (a1 l of the first added) and logical combinations of those 

additional cmponents included in the 'last addeds formulatian. 

The strategy described as @reasoned thought" could make a meaningful 

cont~lbution at thls stage, 

A reasonable working strategy, as a framewrk that need not 

be rigid, mu18 be to apply the first and Past added strategies 

through sufficient stages t o  identify and screen out those eampo- 

nents that are obviously gmd and obviously inferior and zero in on 

the systm to be select& uslng a reasoned thought approach, 

There will be varying degrees of uncertainty in the information 

used in system formulation. The hydrology will be better defined 

near gaging stations than it is in remote areas, and certain 

potential reservoirs wi3 1 have been rnore thoroughly investigated 

than others. In addition the accuracy of economic data, both costs 

and value, existing or projected, is generally lower than the more 

physically based data. Also, conditions change over time and thus 

the data must be continuously updated at each decision point. The 

practical accon~modation of information uncertainty is by l imi ted 

sensitivity analysis and continuing reappraisal as each component 

of a system i s  studied for implementation. 



Sensitivity analysis has as i t s  objective, the identification 

of e i ther  (1) c r i t i ca l  elements of data, or ( 2 )  particularly 

sensit ive system components, so that  further studies can be directed 

toward firming up the uncertain elements or  tha t  adjustments in 

system formulation can be made to reduce the uncertainty. 

Because of the particular method used in HEC-5C t o  develop 

regulated conditions frequency relations a t  damage index s tat ions,  

particular attention must be paid to  selection or development of 

the systen hydrology. The problem arises  when evaluating complex 

reservoir systems with many reservoirs above common damage centers; 

the problem also increases w i t h  the s ize and complexity of the basin. 

There are  a large number of storm centerings tha t  cotlld yield similar 

flows a t  a particular control point. Because of th i s ,  the contribu- 

tion of a specific system component t o  reduced flooding a t  a down- 

stream location i s  uncertain and dependent upon storm centering. 

Thi s makes the se1 ection or development of "represents t i  ve" center- 

ings crucial i f  a l l  upstream components are to  be evaluated on a 

comparable basis. The desired evaluation for  regulated conditions 

i s  the "expected" or  average condition so t h a t  economic calculations 

are valid. The representative hydrograph procedure used i n  HEC-5C 

where several proportions ( ra t ios  of one or more his tor ic  or synthetic 

events i s  used to  represent system hydrology) i s  compatible with 

the simulation technique used b u t  care must be taken to  reasonably 

accommodate the storm centering uncertainty. 
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Testing the s e n s i t i v i t y  o f  the expected annual damages t o  the 

system hydro1 ogy (event centerinq) i s  appropriate and necessary. The 

a l t e rna t i ve  t o  the representative hydmgraph procedure i s  the use o f  

a11 h i s t o r i c a l  f loods o f  record, However even t h i s  more laborious 

process nay introduce some bfas i n  computing expected annual damages 

if most h i s t o r i c a l  floods were, by chance, centered over a ce r ta i n  

pa r t  o f  the basin and not over others. For instance one reservo i r  

sf t e  may have experienced several severe historical f loods whi le  

another s i t e  immediately adjacent t o  t h a t  area may, due t o  chance, 

no t  have had any severe floods, 

While i t  i s  possible i n  the program, HEC-5C, t o  use only a s ing le  

f lood  event and several proport ions ( ra t i os )  o f  t h a t  f l ood  i n  computing 

expected annual damages, t h i s  procedure could introduce considerable 

bias i n  the resu l ts ,  A good appmach i s  t o  use several h i s t o r i c a l  

f loods wf th  s to rn  centerings throughout the basin and t o  use several 

proport ions o f  those f loods t o  obtain C l w s  a t  the damage centers 

representing the f u l  l ranqe o f  the f low-f sequency-damage re1 a t i snsh i  p 

f o r  base condi t ions and f o r  regulated conditions. Another approach 

i s  t o  synthesize events t h a t  have consistency i n  volumes o f  runo f f  and 

peak flows and be reasonably representat ive regarding upstream con- 

t r i b u t i o n  t o  downstream flows, Table 1 contaSns s e n s i t i v i t y  i n f o m t i o n  

developed i n  studies o f  the Susquehanna Basin, Pennsyl vania, 



SUSQUEWNIVIA FLOOD CONTROL REVIEW STCIDY 
FLrMD EVENT SEMSITIV ITY ANALYSI S 

Expected Annual Damge Reduc ti on 
(3,008 1974 Dol lars)  

Reservoi r Hydrology Hydro1 ogy Wydrol ogy Wydmlogy Hydrol ogy 
System A B C 0 E 

Ex is t ing  
Reservoirs 26,251 37,462 39,103 33,805 36,633 

112 East 
Gui l ford* 950 4,275 2,377 1,981 2,538 

155 Towanda* 3,846 653 573 124 632 

1 902 S i  nnema - 
honing* 5,674 5,384 5,798 2,727 4,649 

* Damage reduct ion i n  f i r s t  added ( t o  ex1 s t i n g  system) posi t ion.  

* Hydrology A - Tropical  Storm Agnes (June 1972) used as the repre- 
senta t ive  event, n ine proport ions ( r a t i o s )  were used t o  cover 
range of damgf ng fl oods . 

Hydrology B - A Standard Pro jec t  Flood (SPF) ( a  synthet ic event 
centered lower i n  the basin (Harrisburg, PA)) used as the repre- 
sentat ive event, a lso nine r a t f o s  used, 

Hydrology C - A synthet ic event representing a 10-inch storm spread 
un i formly  over the basin, seven r a t i o s  used. 

Hydrology D - March 1936 f lood  ( f l ood  o f  record i n  many areas o f  
basin) used as representat ive event, s i x  r a t i o s  used, 

Hydrology E - Adopted system hydroPsgy cons is t ing of two r a t i o s  
each s f  Agnes, the SPF, the 10-inch uniform and the 1936 flood. 

The impact on system f a m l a t i o n  o f  the general l eve l  o f  damage 

assessment, discount ra tes  and costs are grea t l y  dependent upon the 

r e l a t f v e  va r ia t fon  i n  the system. Far 1 nstance, d i f fe rence  i n  

30 



8 
f
-
 

8
 
L
 

u
 

X
 

..c I
 

C
, 

'P
- 

3
 

w
 

Q
J 

4.J 
4
 
L
 

m
 

Q
J 

.c
, 

6
 

'r- 

ln
 

cU 
B
 

0
 

8 
C

 

C
,
 

.p
 

Q
I 

V
)
 

3
 

Rt 
U

 
au 
a
 (
.
 

r
- 
cC1 

%
- 
.6

, 
E

 
Q

J 
C
,
 

8
 

al 

z 4 n
 

i C, M
 

X
 

M
 

m 
Q

J 
cn 
4
 
L
 

0
 

C
,
 

V
)
 

a
 

V
)
 

Q
, 

C
, 

.c
- 

V
) 
u
 

5 
C

, 
V
)
 

>
, 

V
)
 

B
) 
6
 

+
, 

Q- 0
 

G
 
0
 

.r
 
C
,
 

4
 

C
c
 

C
 

a, 
V

) 
Q

J 
C

 
C

 
Q

J 
k
 

r-- 
4
 

U
 

'P
- 
V
)
 

>
, 

e: 
P

 

w
 

i
E
 

C
, 

V
)
 

Q
, 

w
 
J
 

.- 
z v 



A Formulation strategy t h a t  i d e n t i f i e s  the obviously good 

system components whi l e pwserv ing f l e x i  b i  l i t y  f o r  future changes 

i s  desirable. A praet fca l  wopking strategy, based on successive 

incremental evaluations OF the value of syskm components, would be 

t o  apply the f i r s t  and l a s t  added tes ts  through suf f ic ient  stages 

t o  i d e n t i f y  and screen out  those cmponents t ha t  are obviously good 

and obvfously i n f e r i o r  and zero i n  an the system t o  be selected by 

1 ogical  combinations o f  the rmaS n i  ng pmjects .  

Because of the uncertainty contafned i n  the information used 

i n  system fopmulation, i t  i s  essent ia l  t ha t  l im i t ed  s e n s i t i v i t y  analysis 

be conducted t h a t  i s  designed t o  identify information inadequacies and 

sens t i t i ve  system cmponents. I n  add i t ion  continuing reappraisal of 

informat ion inadequacy as each component o f  a system i s  studied for 

imp1 ementation f s necessary. 
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