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ǰȐțȊȎȂȎȑ 

ǲȀ ȁȂȄȈȑ ȒȓȎȌ ȏȆȂȀȈȋț ȂȈȀ ȓȆȌ ǩȇǻȉȆ, 
       ȌȀ ȄȜȖȄȒȀȈ ȌȀ ôȌȀȈ ȋȀȉȐȜȑ Ȏ ȃȐțȋȎȑ, 
 ȂȄȋǻȓȎȑ ȏȄȐȈȏǼȓȄȈȄȑ, ȂȄȋǻȓȎȑ ȂȌȝȒȄȈȑé. 

 
                                                                                                Ǫ.ǰ. ǪȀȁǻȕȆȑ, çǩȇǻȉȆè 

 
 
ǚȌȀ ȓȀȍǾȃȈ ȂȄȋǻȓȎ ȂȌȝȒȄȈȑ, ȏȐȘȓțȂȌȘȐȄȑ ȄȋȏȄȈȐǾȄȑ ȉȀȈ ȏȎȈȉǾȊȀ ȃȔȌȀȓǻ 

ȒȔȌȀȈȒȇǽȋȀȓȀ ǽȓȀȌ ȉȀȈ ȓȎ ȃȈȉț ȋȎȔ ȓȀȍǾȃȈ ȒȓȆ ȒȏȎȔȃǽ  ȓȆȑ ȄȏȈȒȓǽȋȆȑ ȓȎȔ ǰȎȊȈȓȈȉȎȜ 

ǬȆȖȀȌȈȉȎȜ, ȒȓȎ ǥȇȌȈȉț ǬȄȓȒțȁȈȎ ǰȎȊȔȓȄȖȌȄǾȎ.  

 ǚȌȀ ȓȀȍǾȃȈ  ȒȄ ȊȈȋǼȌȀȑ ȏȐȘȓȎșȃȘȋǼȌȎȔȑ, țȏȘȑ ȊǼȄȈ ȉȀȈ Ȏ ȏȎȈȆȓǽȑ. 

ǪȀȈ ȓȝȐȀ ȏȎȔ ǼȕȇȀȒȀ ȒȓȎȌ ȏȐȎȎȐȈȒȋț ȋȎȔ, ȌȈȝȇȘ ȌȀ ȏȊȆȋȋȔȐǾȅȘ Ȁȏț 

ȈȉȀȌȎȏȎǾȆȒȆ ȉȀȈ ȇȀȔȋȀȒȋț, ȏȊȎȜȒȈȀ ȂȈȀ țȒȀ ȉǼȐȃȈȒȀ ȒȓȎȌ ȃȐțȋȎ, ȄȔȂȌȝȋȘȌ ȂȈȀ ȓȎ 
ȘȐȀǾȎ ȓȀȍǾȃȈ.   

 

******  

 

ǪǻȌȎȌȓȀȑ ȋȈȀ ȀȌȀȒȉțȏȆȒȆ ȒȄ ȀȔȓǻ ȓȀ ȏǼȌȓȄ ȖȐțȌȈȀ ȓȘȌ ȒȏȎȔȃȝȌ ȋȎȔ, ȀȈȒȇǻȌȎȋȀȈ 

ȏȘȑ ȏǼȓȔȖȀ ȌȀ ȉȀȓȀȉȓǽȒȘ ȓȎȔȑ ȀȐȖȈȉȎȜȑ ȋȎȔ ȒȓțȖȎȔȑ. ǲȔȖȌǻ ȀȌȀȊȎȂǾȅȎȋȀȈ ȏȘȑ ǾȒȘȑ 

ȉȀȈ ȌȀ ȓȎȔȑ ȍȄȏǼȐȀȒȀé  

ǤȄȌ ȍȄȖȌȝ ȏȘȑ ȉȀȓǻ ȓȆȌ ȏȐȝȓȆ ȋȎȔ ȄȏǾȒȉȄȗȆ ȒȓȆȌ ȈȒȓȎȒȄȊǾȃȀ ȓȆȑ ǲȖȎȊǽȑ, ȊǾȂȎ 

ȋȄȓǻ ȓȆȌ ȀȌȀȉȎǾȌȘȒȆ ȓȘȌ ȀȏȎȓȄȊȄȒȋǻȓȘȌ ȓȘȌ ȄȈȒȀȂȘȂȈȉȝȌ ȄȍȄȓǻȒȄȘȌ, ǼȌȈȘȒȀ ȋȈȀ 

ȍȄȖȘȐȈȒȓǽ ǼȊȍȆ ȂȈȀ ȓȆȌ ȉȀȓȄȜȇȔȌȒȆ ȓȎȔ ǴȃȐȀȔȊȈȉȎȜ ǬȆȖȀȌȈȉȎȜ, ȊȄȑ ȉȀȈ ǽȓȀȌ 

ȕȓȈȀȂȋǼȌȆ ȂȈȀ ȋǼȌȀ. ǪȈ țȓȀȌ ǻȐȖȈȒȀ ȌȀ ȄȌȓȐȔȕȝ ȒȄ ȀȔȓǽȌ, Șȑ ȕȎȈȓǽȓȐȈȀ ȏȊǼȎȌ 

ȕȘȓȈȒȋǼȌȘȌ ȃȀȒȉǻȊȘȌ, ȓțȓȄ ȋȄ ǻȂȂȈȍȄ ȒȓȆȌ ȗȔȖǽ țȒȎ ȉȀȋǾȀ ǻȊȊȆ. ǳȀǾȐȈȀȍȄ ȊȄȑ 

ȏȄȐȈȒȒțȓȄȐȎ Ȁȏț ȓȈȑ ǻȊȊȄȑ ȋȄ ȄȉȄǾȌȆ ȓȆȌ, Ȁȏț ȏȀȈȃǾ, ȀȇȄȐǻȏȄȔȓǽ ȋȎȔ ȀȂǻȏȆ ȂȈȀ ȓȆ 

ȕȜȒȆ. 

ǨȄȘȐȝ ȏȘȑ ȔȏǽȐȍȀ ȓȔȖȄȐǽ, ȂȈȀȓǾ ȒȓȀ ȏǼȌȓȄ ȖȐțȌȈȀ ȓȘȌ ȒȏȎȔȃȝȌ ȋȎȔ ȂȌȝȐȈȒȀ 

ȀȌȇȐȝȏȎȔȑ ȏȎȔ ȏǾȒȓȄȗȀȌ ȒȄ ȋǼȌȀ ȉȀȈ ȒȓǻȇȆȉȀȌ ȀȐȘȂȎǾ ȃǾȏȊȀ ȋȎȔ ȒȄ ȒȓȈȂȋǼȑ ȖȀȐǻȑ 

ȋȀ ȉȀȈ ȀȂȘȌǾȀȑ, ȏǼȐȀ ȉȀȈ ȏǻȌȘ Ȁȏț ȓȆ ȒȔȋȁȎȊǽ ȓȎȔȑ ȒȓȆȌ çȉȎȈȌȘȌǾȀè ȋȎȔ ȋȄ ȓȎ 

ȂȌȘȒȓȈȉț ȀȌȓȈȉȄǾȋȄȌȎ ȉȀȈ ȓȎȌ ȄȕȎȃȈȀȒȋț ȋȎȔ ȋȄ ȒȓǼȐȄȄȑ ȄȏȈȒȓȆȋȎȌȈȉǼȑ ȁǻȒȄȈȑ.  

ǯ ȉ. ǡȌȃȐǼȀȑ ǥȔȒȓȐȀȓȈǻȃȆȑ, Ȏ ȏȐȝȓȎȑ ȉȀȇȆȂȆȓǽȑ ȓȆȑ ȒȖȎȊǽȑ ȏȎȔ ȃȈǼȉȐȈȌȄ ȓȆȌ 

ȀȂǻȏȆ ȋȎȔ ȂȈȀ ȓȎ ȄȏǻȂȂȄȊȋȀ ȉȀȈ ȏǾȒȓȄȗȄ ȒȓȈȑ ȈȉȀȌțȓȆȓǼȑ ȋȎȔ, ȋȄ ȄȌǼȓȀȍȄ ȒȓȆȌ 

ȄȏȈȒȓȆȋȎȌȈȉǽ ȋȎȔ ȎȈȉȎȂǼȌȄȈȀ, ȓȆȑ ȎȏȎǾȀȑ ȓȀ ȋǼȊȆ ȒȔȌȃǼȎȌȓȀȈ ȋȄ ȃȄȒȋȎȜȑ 

ȀȊȊȆȊȎȒȓǽȐȈȍȆȑ ȉȀȈ ȏȌȄȜȋȀ ȒȔȌȄȐȂȀȒǾȀȑ. ǬȀȅǾ ȓȎȔ ȏǼȐȀȒȀ ȓȎ ȋȄȂȀȊȜȓȄȐȎ ȋǼȐȎȑ ȓȎȔ 

ȓȀȍȈȃȈȎȜ ȋȎȔ, ȓȎ ȎȏȎǾȎ ȂǼȋȈȒȄ țȖȈ ȋțȌȎ ȋȄ ȓȈȑ ȏǻȋȏȎȊȊȄȑ ȄȏȈȒȓȆȋȎȌȈȉǼȑ ȓȎȔ ȂȌȝȒȄȈȑ 

ȀȊȊǻ ȉȀȈ ȋȄ ȓȈȑ ȀȍǾȄȑ ȏȎȔ ȀȐȋțȅȄȈ ȌȀ ȖȀȐȀȉȓȆȐǾȅȎȔȌ ǼȌȀȌ ȄȏȈȒȓǽȋȎȌȀ. ǯ ǾȃȈȎȑ 

ȒȓǻȇȆȉȄ ȃǾȏȊȀ ȋȎȔ ȒȄ ȉǻȇȄ ȀȏȎȐǾȀ, ȃȔȒȉȎȊǾȀ ȉȀȈ ȏȐȎȁȊȆȋȀȓȈȒȋț, ȓțȒȎ Șȑ ȉȀȇȆȂȆȓǽȑ 

ȋȎȔ, ȉȀȇǖ țȊȆ  ȓȆ ȃȈǻȐȉȄȈȀ ȓȘȌ ȒȏȎȔȃȝȌ ȋȎȔ, țȒȎ ȉȀȈ Șȑ ȄȏȈȁȊǼȏȘȌ ȉȀȇȆȂȆȓǽȑ ȓȆȑ 

ȃȈȏȊȘȋȀȓȈȉǽȑ ȋȎȔ ȄȐȂȀȒǾȀȑ. ǣȈȀ ȓȆȌ ȉȀȇȎȐȈȒȓȈȉǽ ȒȔȋȁȎȊǽ ȓȎȔ ȒȄ țȊȆ ȓȆȌ ȏȎȐȄǾȀ 

ȓȎȔ ȓȀȍȈȃȈȎȜ ȓȎȌ ȄȔȖȀȐȈȒȓȝ ȋǼȒȀ Ȁȏț ȓȆȌ ȗȔȖǽ ȋȎȔ. 

ǣȈȀ ȓȆ ȒȏȎȔȃȀǾȀ ȔȏȎȒȓǽȐȈȍȆ ȒȓȆȌ ȄȐȄȔȌǻ ȋȎȔ, ȉȀȓǻ ȓȆȌ ȄȉȏțȌȆȒȆ ȓȆȑ 

ȃȈȏȊȘȋȀȓȈȉǽȑ ȋȎȔ, ȀȈȒȇǻȌȎȋȀȈ ȁȀȇȈǻ ȓȆȌ ȀȌǻȂȉȆ ȌȀ ȄȉȕȐǻȒȘ ȓȈȑ ȄȈȊȈȉȐȈȌȄǾȑ ȋȎȔ 
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ȄȔȖȀȐȈȒȓǾȄȑ ȉȀȈ ȒȓȎȔȑ ȉȀȇȆȂȆȓǼȑ ȉ. ǤȆȋǽȓȐȆ ǪȎȔȓȒȎȂȈǻȌȌȆ ȉȀȈ ȉ. ǭǾȉȎ ǬȀȋǻȒȒȆ, 

ȋǼȊȆ ȓȆȑ ȓȐȈȋȄȊȎȜȑ ȄȏȈȓȐȎȏǽȑ. 

ǶǻȐȆ ȒȓȆ ȁȎǽȇȄȈȀ, ȄȏȈȒȓȆȋȎȌȈȉǽ ȉȀȈ ȆȇȈȉǽ, ȓȆȑ ȔȏȎȗǽȕȈȀȑ ȃȐ. ǳȅȘȐȓȅǾȌȀȑ 

ǲȀȉȉǽ,  ȓȎȔ ȃȐ. ǣȈǻȌȌȆ ǳȒȎȔȉȀȊǻ ȉȀȈ ȓȎȔ ȃȐ. ǰȀȌȀȂȈȝȓȆ ǪȎȒȒȈǼȐȆ, Ȇ ǼȐȄȔȌǻ ȋȎȔ 

ȂȈȀ ȓȆ ȃȈȏȊȘȋȀȓȈȉǽ ȋȎȔ ȄȐȂȀȒǾȀ ȏȐȀȂȋȀȓȎȏȎȈǽȇȆȉȄ ȋȄ ȋȄȂȀȊȜȓȄȐȆ ȄȔȉȎȊǾȀ ȉȀȈ 

ȄȌȃȈȀȕǼȐȎȌ.  ǪȀȇǼȌȀȑ ȓȎȔȑ ȀȏȎȓȄȊȄǾ ȏȐțȓȔȏȎ ȂȈȀ ȋǼȌȀ ȉȀȈ ȖȀǾȐȎȋȀȈ ȏȎȊȜ ȓțȒȎ ȏȎȔ 

ȒȔȌȄȐȂǻȒȓȆȉȀ ȄȏȈȒȓȆȋȎȌȈȉǻ ȋȀȅǾ ȓȎȔȑ țȒȎ ȉȀȈ ȏȎȔ ȓȎȔȑ ȂȌȝȐȈȒȀ Șȑ ȀȌȇȐȝȏȎȔȑ. ǡȏț 

ȉȀȐȃȈǻȑ ȓȎȔȑ ȄȔȖȀȐȈȒȓȝ.  

ǳȎȌ ȔȏȎȗǽȕȈȎ ȃȐ. ǤȈȎȌȜȒȆ ǭȈȉȎȊțȏȎȔȊȎ ȉȀȈ ȓȎȌ ȄȐȄȔȌȆȓǽ ǲȏȜȐȎ ǳȒȀȓȓȀȊȈț, 

ȄȏǾȒȆȑ ȄȔȖȀȐȈȒȓȝ, ȂȈȀ ȓȆȌ ȏȐȎȇȔȋǾȀ ȓȎȔȑ ȌȀ ȋȄ ȃȈȄȔȉȎȊȜȌȎȔȌ, țȏȎȓȄ ȓȎȔȑ ȓȎ ȅǽȓȆȒȀ, 

ȋȀ ȉȀȈ ȏȎȔ ǼȉȀȌȀȌ ȏȈȎ țȋȎȐȕȀ ȓȀ ȃȈȀȊȄǾȋȋȀȓǻ ȋȎȔ Ȁȏț ȓȎ ȃȈǻȁȀȒȋȀé.  

ǳȆȌ ȎȈȉȎȂǼȌȄȈǻ ȋȎȔ, ȓȎȔȑ ȂȎȌȄǾȑ ȋȎȔ ȉȀȈ ȓȀ ȀȃǼȐȕȈȀ ȋȎȔ, ȂȈȀ ȓȆȌ, ȋȄ ȉǻȇȄ ȓȐțȏȎ, 

ȒȓǽȐȈȍȆ ȒȓȎ ȓȀȍǾȃȈ ȉȀȈ ȓȆȌ ȄȔțȃȘȒȆ ȓȎȔ ȒȓțȖȎȔ, ȎȊțȗȔȖȀ ȄȔȖȀȐȈȒȓȝ. ǝȒȄȑ ȃȔȒȉȎȊǾȄȑ 

ȉȀȈ ȀȌ ȏȐȎǼȉȔȗȀȌ ǽȓȀȌ ȏǻȌȓȀ ȏȀȐțȌȓȄȑ.   

 

 

******  

 

 

ǳǼȊȎȑ, ȇǼȊȘ ȌȀ ȀȌȀȕȄȐȇȝ ȒȄ  ǼȌȀȌ Ȁȏț ȓȎȔȑ ȏȈȎ ȒȆȋȀȌȓȈȉȎȜȑ ȀȌȇȐȝȏȎȔȑ ȓȆȑ ȅȘǽȑ 

ȋȎȔ, ȏȎȔ ȋȄ ȏȄȐȈǼȁȀȊȊȄ ȋȄ ȏȎȊȊǽ ȓȐȔȕȄȐțȓȆȓȀ ȉȀȈ ȏǾȒȓȄȔȄ  ȒȄ ȋǼȌȀ ȉȀȈ ȒȓȈȑ 

ȄȏȈȊȎȂǼȑ ȋȎȔ, ȒȓȎȌ Ȅȉ ȋȆȓȐțȑ ȏȀȏȏȎȜ ȋȎȔ. 

ǯ ȏȀȏȏȎȜȑ ǼȌȈȘȇȄ ȏȎȊȜ ȏȄȐǽȕȀȌȎȑ ȏȎȔ ȇȀ ȂȈȌțȋȎȔȌ ȋȆȖȀȌȈȉțȑ. ǚȓȒȈ, Ȅȉȓțȑ Ȁȏț 

ȓȎ ȌȀ ȋȎȔ ȂȐǻȕȄȈ ȉȀȈ ȌȀ ȋȎȔ ȀȕȈȄȐȝȌȄȈ ȏȎȈǽȋȀȓȀ, ȒȔȂȉǼȌȓȐȘȌȄ ȋȀȌȈȘȃȝȑ țȏȎȈȎ 

ǻȐȇȐȎ ȄȕȆȋȄȐǾȃȀȑ ǼȏȄȕȓȄ ȒȓȀ ȖǼȐȈȀ ȓȎȔ ȉȀȈ ȀȌȀȕȄȐțȓȀȌ ȒȓȎȔȑ ǴȃȐȀȔȊȈȉȎȜȑ 

ǬȆȖȀȌȈȉȎȜȑ!  

ǰȀȏȏȎȜ ȋȎȔ, ȍǼȐȘ țȓȈ ȋȄ ȁȊǼȏȄȈȑ Ȁȏț ȄȉȄǾ ȗȆȊǻ ȉȀȈ ȋȄ ȉȀȋȀȐȝȌȄȈȑ. ǰțȒȎ 

ȏȄȐǽȕȀȌȎȑ ȉȀȈ ȂȄȊȀȒȓțȑ ȇȀ ȄǾȒȀȈ ȀȏțȗȄé 

 

                                                                                             ǲȓȆȌ ǪȎȐǾȌȀ ȋȎȔ 

                                                                        
                                                                      ǬȄȑ ȒȓȆȌ ȉȀȐȃȈǻ ȋȎȔ  ȁȐǾȒȉȄȒȀȈ 

                                                   ȇǼȊȘ ȌȀ ȓȎ ȉȀȓǼȖȄȈȑ 
                                                            ȌȀ ȋȄ ȇȔȋǻȒȀȈ ȓȀȉȓȈȉǻ 
                                                            ȉȀȈ ȕȔȊȀȖȓț ȌȀ ȋõ ǼȖȄȈȑ 

                  
                                                               ȉȀȈ țȓȀȌ ȉǻȏȎȔ ȅȎȐǾȅȄȒȀȈ 

                                                           ȅǽȓȀ ȋȎȔ ȓȆȌ ȄȔȖǽ ȋȎȔ 
                                                                   ȉȀȈ ȇȀ ȒȓȆȌ ȒȓǼȊȌȘ ȏǻȌȓȎȓȄ 

                                                            ȋǼȒȀ Ȁȏõ ȓȆȌ ȗȔȖǽ ȋȎȔ. 
 

Ǫ.Ǭ. , ȏȀȏȏȎȜȑ 
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Abstract   

Motivated by the challenges induced by the so -called Target Model and the 

associated changes to the current structure of the energy market, we revisit  two 

different aspects regarding the everyday management of Small Hydropower Plants 

(SHPPs) without storage capacity . The first focuses on determining  an optimal 

operational rule for  a given turbine system , while the second confronts the  problem 

of day-ahead prediction of  energy by looking for a credible forecasting model  with 

minimal data requirements and little complexity . The task of  establishing an  

efficient operational policy is addressed through extended theoretical analysis, in 

which we investigate alternative configurations of potential turbine combinations.  

In order to obtain generic conclusions, we provide a dimensionless formulation of 

the turbine mixing and the power production procedure. The proposed operation 

policy, next referred to as synergetic, is compared by  using  as reference a simpler 

operation rule , the so-called hierarchical . On the other hand, for t he day-ahead 

energy forecasting problem we use as example a typical run -of-river SHPP , in the 

upper course of river Achelous  ,Western Greece. Based on daily hydrological data 

for a 39-year period, we test alternative forecasting schemes  of varying complexity 

(from regression -based to machine learning) that take advantage of different levels 

of information. In this respect, we investigate whether it is preferable to use as 

predictor the know n energy production of previous days, or to predict the day -

ahead inflows and next estimate the resulting energy production via simulation. 

Our analyses indicate that the second approach becomes clearly more 

advantageous when the expertõs knowledge about both the hydrological regime and 

the technical characteristics of the SHPP is incorporated within the model training 

procedure. Beyond these, we also focus on the predictive uncertainty that 

characterize such forecasts, with overarching objective to move be yond the 

standard, yet risky, point forecasting methods, providing a single expected value 

of power production. Finally, we discuss the use of the proposed forecasting 

procedure under uncertainty in the real -world electricity market.  
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ǲȔȌȎȏȓȈȉǽ ȏȄȐǾȊȆȗȆ  

ǚȖȎȌȓȀȑ Șȑ ȂȌȝȋȎȌȀ ȓȈȑ ȐȀȂȃȀǾȄȑ ȄȍȄȊǾȍȄȈȑ ȏȎȔ ǼȕȄȐȄ Ȇ ȄǾȒȎȃȎȑ ȓȎȔ ȌǼȎȔ ȇȄȒȋȈȉȎȜ 

ȏȊȀȈȒǾȎȔ ȊȄȈȓȎȔȐȂǾȀȑ (Target  Model) ȒȓȎ ǥȔȐȘȏȀșȉț ǶȐȆȋȀȓȈȒȓǽȐȈȎ ǥȌǼȐȂȄȈȀȑ, ȒȄ 

ȒȔȌȃȔȀȒȋț ȋȄ ȓȆȌ ǼȌȓȀȍȆ ȓȘȌ ǬȈȉȐȝȌ ǴȃȐȎȆȊȄȉȓȐȈȉȝȌ ǚȐȂȘȌ (ǬǴǧǥ) ȒȄ ȀȔȓț, 

ȄȏȈȊǼȍȀȋȄ, ȋǼȒȘ ȓȆȑ ȏȀȐȀȉǻȓȘ ȄȐȂȀȒǾȀȑ, ȌȀ ȀȌȀȅȆȓǽȒȎȔȋȄ ȓȐțȏȎȔȑ ȁȄȊȓȈȒȓȎȏȎǾȆȒȆȑ  

ȓȆȑ ȏȀȐȀȂțȋȄȌȆȑ ȄȌǼȐȂȄȈȀȑ ȏȎȔ ȔȏțȒȖȄȓȀȈ ǼȌȀ ǬǴǧǥ ȀȋȄȊȆȓǼȀȑ ȀȏȎȇȆȉȄȔȓȈȉǽȑ 

ȈȉȀȌțȓȆȓȀȑ. ǧ ǼȐȄȔȌǻ ȋȀȑ ȀȏȎȓȄȊȄǾȓȀȈ Ȁȏț ȃȜȎ ȃȈȀȕȎȐȄȓȈȉȝȌ ȄȈȃȝȌ ȏȐȎȒȄȂȂǾȒȄȈȑ ȂȈȀ 

ȓȆȌ ȄȌ ȊțȂȘ ȁȄȊȓȈȒȓȎȏȎǾȆȒȆ, țȏȎȔ Ȇ ȋǾȀ ȃȈȀȃǼȖȄȓȀȈ ȓȆȌ ǻȊȊȆ, ȂȈȀ ȓȆȌ ȓȄȊȈȉǽ 

ȏȀȐȎȔȒǾȀȒȆ ȓȎȔ ȁǼȊȓȈȒȓȎȔ ȋȎȌȓǼȊȎȔ ȏȀȐȀȂȘȂǽȑ ȄȌǼȐȂȄȈȀȑ. ǧ ȏȐȝȓȆ ȏȐȎȒǼȂȂȈȒȆ 

ȀȕȎȐǻ ȓȆȌ ȄȜȐȄȒȆ ȄȌțȑ ȀȏȎȃȎȓȈȉțȓȄȐȎȔ ȉȀȌțȌȀ ȊȄȈȓȎȔȐȂǾȀȑ ȓȘȌ ȒȓȐȎȁǾȊȘȌ, ȒȄ ȒȖǼȒȆ 

ȋȄ ȓȎȌ ȀȏȊȎșȉț ȏȎȔ ȎȐǾȅȄȈ ȓȎ ȈȄȐȀȐȖȈȉț ȋȎȌȓǼȊȎ. ǤȎȉȈȋǻȅȄȓȀȈ ǼȌȀ ȋȄǾȂȋȀ ȒȓȐȎȁǾȊȘȌ 

ȃȈȀȕȎȐȄȓȈȉȝȌ ȖȀȐȀȉȓȆȐȈȒȓȈȉȝȌ ȉȀȈ ȃȈȀȋȎȐȕȝȌȄȓȀȈ ǼȌȀȑ ȌǼȎȑ, ȁȄȊȓȈȘȋǼȌȎȑ ȉȀȌțȌȀȑ, 

Ȏ ȒȔȌȄȐȂȀȓȈȉțȑ, ȄȉȕȐȀȒȋǼȌȎȑ ȋǼȒȘ ȂȄȌȈȉȄȔȋǼȌȘȌ ȋȀȇȆȋȀȓȈȉȝȌ ȄȍȈȒȝȒȄȘȌ, ȝȒȓȄ ȌȀ 

ȋȏȎȐȄǾ ȌȀ ȏȐȎȒȀȐȋȎȒȓȄǾ ȒȄ ȉǻȇȄ ȏȄȐǾȏȓȘȒȆ. ǧ ȃȄȜȓȄȐȆ ȏȐȎȒǼȂȂȈȒȆ ȃȆȋȈȎȔȐȂȄǾ 

ȈȉȀȌǻ ȋȎȌȓǼȊȀ ȏȐțȂȌȘȒȆȑ ȓȆȑ ȄȌǼȐȂȄȈȀȑ,. ǳȀ ȃȄȃȎȋǼȌȀ ȏȎȔ ȀȍȈȎȏȎȈǽȇȆȉȀȌ ȒȓȆȌ 

ǼȐȄȔȌȀ ȓȘȌ ȏȀȐȀȏǻȌȘ ȏȐȎȒȄȂȂǾȒȄȘȌ ȀȌȀȕǼȐȎȌȓȀȈ ȒȄ ȃȄȃȎȋǼȌȀ ȏȀȐȎȖǽȑ ȉȀȈ 

ȁȐȎȖțȏȓȘȒȆȑ ȓȎȔ ȏȎȓȀȋȎȜ ǡȖȄȊȝȎȔ, ȒȓȆ ǤȔȓȈȉǽ ǥȊȊǻȃȀ ȂȈȀ 39 ǼȓȆ. ǪǻȇȄ ȋȎȌȓǼȊȎ 

ȏȐțȂȌȘȒȆȑ ȖȐȆȒȈȋȎȏȎȈȄǾ ȃȈȀȕȎȐȄȓȈȉǽ ȏȊȆȐȎȕȎȐǾȀ Șȑ ȋȄȓȀȁȊȆȓǽ ȄȈȒțȃȎȔ. ǥȏȈȊǼȍȀȋȄ 

ȌȀ ȏȐȎȒȄȂȂǾȒȎȔȋȄ ȓȎ ȏȐțȁȊȆȋȀ ȓȆȑ ȏȐțȂȌȘȒȆȑ ȋǼȒȘ ȃȜȎ ȎȃȝȌ. ǧ ȏȐȝȓȆ 

ȖȐȆȒȈȋȎȏȎȈȄǾ Șȑ ȏȊȆȐȎȕȎȐǾȀ ȄȈȒțȃȎȔ ȓȆȌ ȄȌǼȐȂȄȈȀ ȓȘȌ ȏȐȎȆȂȎȜȋȄȌȘȌ ȆȋȄȐȝȌ, ȒȄ 

ȒȔȌȃȔȀȒȋț ȋȄ ȓȆ ȁȐȎȖțȏȓȘȒȆ, ȄȏȈȒȓȐǼȕȎȌȓȀȑ Șȑ ȀȏȎȓǼȊȄȒȋȀ ȓȆȌ ȄȌǼȐȂȄȈȀ ȓȆȑ 

ȄȏțȋȄȌȆȑ ȆȋǼȐȀȑ. ǡȌȓȈȇǼȓȘȑ, Ȇ ȃȄȜȓȄȐȆ Ȏȃțȑ ǼȖȄȈ Șȑ ȃȄȃȎȋǼȌȀ ȄȈȒțȃȎȔ ȓȆȌ ȏȀȐȎȖǽ 

ȓȘȌ ȏȐȎȆȂȎȜȋȄȌȘȌ ȆȋȄȐȝȌ ȋȄ ȓȆȌ ȀȌȓǾȒȓȎȈȖȆ ȁȐȎȖțȏȓȘȒȆ, Ȁȏț ȓȀ ȎȏȎǾȀ ȏȐȎȉȜȏȓȄȈ 

Ȇ ȏȀȐȎȖǽ ȓȆȑ ȄȏțȋȄȌȆȑ ȆȋǼȐȀȑ. ǲȔȌǼȖȄȈȀ, ȊȀȋȁǻȌȎȔȋȄ  ȓȆȌ ȄȌǼȐȂȄȈȀ ȓȆȑ ȄȏțȋȄȌȆȑ 

ȆȋǼȐȀȑ, ȄȈȒǻȂȎȌȓȀȑ ȓȆȌ ȏȀȐȎȖǽ ȒȓȎȌ ȁǼȊȓȈȒȓȎ ȉȀȌțȌȀ ȊȄȈȓȎȔȐȂǾȀȑ ȓȘȌ ȒȓȐȎȁǾȊȘȌ. 

ǲȓțȖȎȑ ȋȀȑ ȄǾȌȀȈ ȌȀ ȃȈȀȏȈȒȓȝȒȎȔȋȄ ȏȎȈȎ ȋȎȌȓǼȊȎ ȏȐțȂȌȘȒȆȑ ȄǾȌȀȈ ȏȈȎ ȀȏȎȃȎȓȈȉț, ȓȎ 

ǻȋȄȒȎ ǽ ȓȎ ǼȋȋȄȒȎ. ǯȈ ȔȏȎȊȎȂȈȒȋȎǾ ȋȀȑ ǼȃȄȈȍȀȌ țȓȈ ȓȎ ǼȋȋȄȒȎ ȋȎȌȓǼȊȎ ȂǾȌȄȓȀȈ ȏȈȎ 

ȀȍȈțȏȈȒȓȎ, țȓȀȌ ȒȔȋȏȄȐȈȊǻȁȄȈ ȓȆȌ ȓȄȖȌȎȊȎȂȈȉǽ ȂȌȝȒȆ ȏȄȐǾ ȓȆȑ ȊȄȈȓȎȔȐȂǾȀȑ ȓȎȔ 

ȒȔȒȓǽȋȀȓȎȑ. ǳȎ ȏȊǼȎȌ ȁȄȊȓȈȘȋǼȌȎ ȋȎȌȓǼȊȎ ȃȈȀȋȎȐȕȝȇȆȉȄ ȉȀȓǻȊȊȆȊȀ, ǼȓȒȈ ȝȒȓȄ ȌȀ 

ȏȄȐȈȊȀȋȁǻȌȄȈ ȉȀȈ ȓȆȌ ȀȁȄȁȀȈțȓȆȓȀ ȒȓȆ ȃȎȋǽ ȓȎȔ, Șȑ ȀȌȀȏțȕȄȔȉȓȎ ȏȀȐǻȂȎȌȓȀ ȄȌțȑ 

ȋȎȌȓǼȊȎȔ ȏȐțȂȌȘȒȆȑ ȏȎȔ ȒȓȆȐǾȅȄȓȀȈ ȒȓȆ ȒȔȊȊȎȂǽ ȈȒȓȎȐȈȉȝȌ ȉȀȈȐȈȉȝȌ ȃȄȃȎȋǼȌȘȌ. 

ǳǼȊȎȑ, ȏȐȎȉȄȈȋǼȌȎȔ ȌȀ ǼȖȎȔȋȄ ȋȈȀ ȏȐȀȉȓȈȉǽ ȄȕȀȐȋȎȂǽ ȓȆȑ  ǼȐȄȔȌȀȑ ȉȀȈ ȓȘȌ 

ȀȏȎȓȄȊȄȒȋǻȓȘȌ ȓȆȑ, ȄȕȀȐȋțȒȀȋȄ ȓȎ ȏȈȎ ȀȏȎȃȎȓȈȉț ȋȎȌȓǼȊȎ ȏȐțȂȌȘȒȆȑ ȒȓȆ 

ȃȆȋȈȎȔȐȂǾȀ ȓȐȈȝȌ ȏȎȊȈȓȈȉȝȌ ȀȂȎȐȝȌ, ȀȌǻȊȎȂȀ ȋȄ ȓȎȌ ȖȀȐȀȉȓǽȐȀ (ȒȔȌȓȆȐȆȓȈȉț, 

ȀȒȕȀȊǼȑ, ȐȈȗȎȉǾȌȃȔȌȎ) ȏȎȔ ȇǼȊȄȈ Ȏ ȖȐǽȒȓȆȑ ȓȎȔ ǼȐȂȎȔ ȌȀ ȔȈȎȇȄȓǽȒȄȈ, ȉȀȓǻ ȓȆ 

ȒȔȋȋȄȓȎȖǽ ȓȎȔ ȒȓȎ ȖȐȆȋȀȓȈȒȓǽȐȈȎ ȄȌǼȐȂȄȈȀȑ. 

ǲȔȋȏȄȐȀȒȋȀȓȈȉǻ, ȇȀ ȊǼȂȀȋȄ țȓȈ Ȇ ȏȀȐȎȜȒȀ ȄȐȂȀȒǾȀ ȄȏȈȓȔȂȖǻȌȄȈ ȌȀ ȏȐȎȓȄǾȌȄȈ 

ȒȓȎȌ ȊȄȈȓȎȔȐȂț ȓȎȔ ǬǴǧǥ ȋȈȀ ȄȜȖȐȆȒȓȆ ȉȀȈ ȀȍȈțȏȈȒȓȆ ȋȄȇȎȃȎȊȎȂǾȀ ȏȐțȂȌȘȒȆȑ ȓȆȑ 

ȄȌǼȐȂȄȈȀȑ ȄȏțȋȄȌȆȑ ȆȋǼȐȀȑ, ȁǻȒȄȈ ȉȀȓǻȊȊȆȊȎȔ ȋȀȇȆȋȀȓȈȉȎȜ ȋȎȌȓǼȊȎȔ, ȉȀȇȝȑ ȉȀȈ 

ǼȌȀȌ ȁȄȊȓȈȘȋǼȌȎ ȏȐȎȂȐȀȋȋȀȓȈȒȋț ȓȆȑ ȊȄȈȓȎȔȐȂǾȀȑ ȋȄǾȂȋȀȓȎȑ ȒȓȐȎȁǾȊȘȌ, 

ȔȏȎȒȖțȋȄȌȎ ȋǼȂȈȒȓȆ ȃȔȌȀȓǽ ȏȀȐȀȂȘȂǽ ȄȌǼȐȂȄȈȀȑ. 
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ǥȉȓȄȌǽȑ ȏȄȐǾȊȆȗȆ 

ǲȉȎȏțȑ ȄȐȂȀȒǾȀȑ 

ǧ ȒȔȂȉȄȉȐȈȋǼȌȆ ǤȈȏȊȘȋȀȓȈȉǽ ȄȐȂȀȒǾȀ ǼȖȄȈ ȃȈȓȓț ȖȀȐȀȉȓǽȐȀ, ȉȀȇȝȑ ȏȐȎȒȄȂȂǾȅȄȈ 

ȉȀȈ ȒȓȎȖȄȜȄȈ ȒȓȆ ȁǼȊȓȈȒȓȆ ȋȎȌȓȄȊȎȏȎǾȆȒȆ ȃȜȎ ȃȈȀȕȎȐȄȓȈȉȝȌ țȗȄȘȌ ȓȎȔ ǾȃȈȎȔ, țȋȘȑ,  

òȌȎȋǾȒȋȀȓȎȑó. Ǹȑ ȌțȋȈȒȋȀ ȌȎȄǾȓȀȈ Ȇ ȁȄȊȓȈȒȓȎȏȎǾȆȒȆ ȓȆȑ ȃȈȀȖȄǾȐȈȒȆȑ ȓȘȌ ǬȈȉȐȝȌ 

ǴȃȐȎȆȊȄȉȓȐȈȉȝȌ ǚȐȂȘȌ (ǬǴǧǥ), Ȁȏț ȓȆ ȒȉȎȏȈǻ ȓȎȔ ȊȄȈȓȎȔȐȂȎȜ ȓȎȔ ǼȐȂȎȔ. ǧ 

ǼȐȄȔȌǻ ȋȀȑ ȄȏȈȉȄȌȓȐȝȌȄȓȀȈ ȒȄ ȃȜȎ ȅȆȓǽȋȀȓȀ:  

 

I.  ȓȆȌ ȄȜȐȄȒȆ ȓȆȑ ȁǼȊȓȈȒȓȆȑ ȐȜȇȋȈȒȆȑ ȊȄȈȓȎȔȐȂǾȀȑ ȓȎȔ ȋȄǾȂȋȀȓȎȑ ȓȘȌ ȒȓȐȎȁǾȊȘȌ, 

ȃȈȀȋȎȐȕȝȌȎȌȓȀȑ ǼȌȀȌ ȏȐțȓȔȏȎ ȉȀȌțȌȀ ȏȐȎȂȐȀȋȋȀȓȈȒȋȎȜ ȊȄȈȓȎȔȐȂǾȀȑ 

(òǲȔȌȄȐȂȀȓȈȉț ȉȀȌțȌȀó); 

 

II.  ȓȆ ȃȆȋȈȎȔȐȂǾȀ ȋȎȌȓǼȊȘȌ ȏȐțȂȌȘȒȆȑ ȓȆȑ ȏȀȐȀȂțȋȄȌȆȑ ȄȌǼȐȂȄȈȀȑ ȓȆȑ ȄȏțȋȄȌȆȑ 

ȆȋǼȐȀȑ, ȊȀȋȁǻȌȎȌȓȀȑ ȔȏțȗȈȌ ȓȎȌ ȏȀȐǻȂȎȌȓȀ ȓȆȑ ȀȁȄȁȀȈțȓȆȓȀȑ, ȊțȂȘ 

ȒȕȀȊȋǻȓȘȌ ȓȎȔ ȋȎȌȓǼȊȎȔ ȉȀȈ ȀȃȔȌȀȋǾȀȑ ȀȉȐǾȁȄȈȀȑ ȓȆȑ ȂȌȝȒȆȑ ȓȘȌ ȉȀȈȐȈȉȝȌ 

ȕȀȈȌȎȋǼȌȘȌ. 

ǘȍȎȌȀȑ ȏȐȎȒǼȂȂȈȒȆȑ ȓȘȌ ȃȜȎ ȏȀȐȀȏǻȌȘ ȒȓțȖȘȌ ȀȏȎȓȄȊȄǾ Ȇ ȃȆȋȈȎȔȐȂǾȀ ȉȀȌțȌȀ 

ȊȄȈȓȎȔȐȂǾȀȑ ȉȀȈ ȋȎȌȓǼȊȘȌ ȏȐțȁȊȄȗȆȑ, ȄȜȉȎȊȘȌ ȒȓȆȌ ȄȕȀȐȋȎȂǽ ȉȀȈ ȄȏȎȏȓȄǾȀ Ȁȏț 

ȓȎȌ ȖȐǽȒȓȆ ȓȎȔ ǼȐȂȎȔ, ȖȘȐǾȑ ȌȀ ȇȄȘȐȄǾȓȀȈ ȀȌȀȂȉȀǾȀ ȏȐȎȚȏțȇȄȒȆ ȎȏȎȈȀȃǽȏȎȓȄ 

ȄȍȄȈȃȈȉȄȔȋǼȌȆ ȂȌȝȒȆ ǽ ȖȐǽȒȆ ȏȄȐǾȏȊȎȉȘȌ ȓȄȖȌȎȊȎȂȈȝȌ ȔȏȎȊȎȂȈȒȋȎȜ. 

ǰȄȐȈȎȖǽ ȋȄȊǼȓȆȑ  

ǲȓȎ ȏȊȀǾȒȈȎ ȓȆȑ  ȏȀȐȀȏǻȌȘ ȀȌǻȊȔȒȆȑ, ȇȄȘȐǽȒȀȋȄ ǼȌȀ ȔȏȎȇȄȓȈȉț ǬǴǧǥ 

ȄȉȓȐȎȏǽȑ (run -of-river ) ȒȓȎȌ ǻȌȘ ȐȎȔ ȓȎȔ ǡȖȄȊȝȎȔ ȏȎȓȀȋȎȜ, ǤȔȓȈȉǽȑ ǥȊȊǻȃȀȑ. ǧ 

ȏȀȐȎȖǽ ȏȎȔ ȕȇǻȌȄȈ ȒȓȆȌ ȔȃȐȎȊȆȗǾȀ ȄȉȓȐǼȏȄȓȀȈ, ȋǼȒȘ ȄȌțȑ ȀȌȎȈȉȓȎȜ ȉȀȌȀȊȈȎȜ, ȒȄ 

ȋȈȀ ȃȄȍȀȋȄȌǽ ȕțȐȓȈȒȆȑ, ȉȀȈ ǼȏȄȈȓȀ, ȋǼȒȘ ȄȌțȑ ȀȂȘȂȎȜ ȏȓȝȒȆȑ ȉȀȈ ȒȔȒȓǽȋȀȓȎȑ 

ȒȓȐȎȁǾȊȘȌ, ȏȀȐǻȂȄȈ ȆȊȄȉȓȐȈȉǽ ȈȒȖȜ, ȄȍȀȈȓǾȀȑ ȔȗȎȋȄȓȐȈȉǽȑ ȃȈȀȕȎȐǻȑ, ǾȒȆȑ ȋȄ 150 

m. 

ǧ ȃȈȀȇǼȒȈȋȆ ȔȃȐȎȊȎȂȈȉǽ ȏȊȆȐȎȕȎȐǾȀ ȏȎȔ ȀȍȈȎȏȎȈǽȒȀȋȄ ǽȓȀȌ ȓȀ ȔȃȐȎȊȎȂȈȉǻ 

ȃȄȃȎȋǼȌȀ ȁȐȎȖțȏȓȘȒȆȑ Ȁȏț 10 ȃȈȀȕȎȐȄȓȈȉȎȜȑ ȒȓȀȇȋȎȜȑ ȒȓȆȌ ȄȔȐȜȓȄȐȆ ȏȄȐȈȎȖǽ ȓȎȔ 

ǼȐȂȎȔ ȔȃȐȎȊȆȗǾȀȑ, ȉȀȇȝȑ ȉȀȈ ȓȀ ȃȄȃȎȋǼȌȀ ȏȀȐȎȖȝȌ ȒȓȎ ȒȆȋȄǾȎ ȀȔȓț. ǧ ȓȄȊȄȔȓȀǾȀ 

ȏȊȆȐȎȕȎȐǾȀ ȀȌȀȉȓǽȇȆȉȄ ȋȄ ȓȆ ȋǼȇȎȃȎȑ ȏȐȎȒȀȐȋȎȂǽȑ ȓȘȌ ȏȀȐȀȓȆȐȆȋǼȌȘȌ ȏȀȐȎȖȝȌ 

ȒȓȀ ȉȀȓǻȌȓȆ, Ȁȏț ȓȎȌ ȓȀȋȈȄȔȓǽȐȀ ȓȘȌ ǪȐȄȋȀȒȓȝȌ (Efstratiadis  et al ., 2014), 

ȊȀȋȁǻȌȎȌȓȀȑ ȔȏțȗȈȌ ȓȎȌ ȊțȂȎ ȓȘȌ ȀȌȓǾȒȓȎȈȖȘȌ ȊȄȉȀȌȝȌ ȀȏȎȐȐȎǽȑ (ȏȐȎȒȄȂȂȈȒȓȈȉǻ 

1:40). ǧ ȏȄȐǾȎȃȎȑ ȉȀȓȀȂȐȀȕǽȑ ȃȄȃȎȋǼȌȘȌ ȄȉȓȄǾȌȄȓȀȈ ȒȓȀ 39 ȖȐțȌȈȀ (ǬǻȈȎȑ 1969 

ǼȘȑ ǤȄȉǼȋȁȐȈȎ ȓȎȔ 2008), ȋȄ ȋǼȒȆ ȏȀȐȀȓȆȐȎȜȋȄȌȆ ȓȈȋǽ ȏȀȐȎȖǽȑ  2.15 m3/s. ǲȓȎ 

ǲȖǽȋȀ 1 ȏȀȐȎȔȒȈǻȅȄȓȀȈ Ȇ ȖȐȎȌȎȒȄȈȐǻ ȋǼȒȆȑ ȆȋȄȐǽȒȈȀȑ ȏȀȐȎȖǽȑ ȄȌțȑ ȔȃȐȎȊȎȂȈȉȎȜ 

ǼȓȎȔȑ (1971-72). 
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ǲȖǽȋȀ 1 : ǶȐȎȌȎȒȄȈȐǻ ȏȀȐȎȖǽȑ ȔȃȐȎȊȎȂȈȉȎȜ ǼȓȎȔȑ 1971-1972. 

ǢȄȊȓȈȒȓȎȏȎǾȆȒȆ ȊȄȈȓȎȔȐȂǾȀ ȋȄǾȂȋȀȓȎȑ ȒȓȐȎȁǾȊȘȌ: Ȁȏț ȓȎȌ ǩȄȐȀȐȖȈȉț 

ȒȓȎȌ ǲȔȌȄȐȂȀȓȈȉȎȜ ǪȀȌțȌȀ 

ǧ ȀȌǻȂȉȆ ȀȌȀȅǽȓȆȒȆȑ ȄȌțȑ ȏȐțȓȔȏȎȔ ȉȀȌțȌȀ ȏȐȎȂȐȀȋȋȀȓȈȒȋȎȜ ȊȄȈȓȎȔȐȂǾȀȑ 

ȒȓȐȎȁǾȊȘȌ ȀȏȎȓȄȊȄǾ  ȀȏțȐȐȎȈȀ ȓȎȔ ȂȌȘȐǾȒȋȀȓȎȑ ȓȘȌ ǬǴǧǥ, Șȑ ǼȐȂȘȌ ȏȎȔ ȒȓȆȌ  

ȏȊȄȈȎȌțȓȆȓǻ ȓȎȔȑ ǼȖȎȔȌ ȀȋȄȊȆȓǼȀ ȀȏȎȇȆȉȄȔȓȈȉǽ ȈȉȀȌțȓȆȓȀ. Ǹȑ ȀȏȎȓǼȊȄȒȋȀ ȓȎȜȓȎȔ, 

Ȇ ȏȀȐȎȖǽ ȏȎȔ ȉȀȊȎȜȌȓȀȈ ȌȀ ȄȉȋȄȓȀȊȊȄȔȓȎȜȌ ȂȈȀ ȏȀȐȀȂȘȂǽ ȄȌǼȐȂȄȈȀȑ ȏȀȐȎȔȒȈǻȅȄȈ 

ȃȈȀȐȉȄǾȑ ȃȈȀȉȔȋǻȌȒȄȈȑ. ǬǼȒȘ ȓȆȑ ȖȐǽȒȆȑ ȋȄǾȂȋȀȓȎȑ ȓȎȔȐȋȏȈȌȝȌ, țȏȎȔ ȉǻȇȄ ȋȈȀ 

ȊȄȈȓȎȔȐȂȄǾ ȒȄ ǼȌȀ ȃȈȀȕȎȐȄȓȈȉț ȄȜȐȎȑ ȏȀȐȎȖȝȌ (ήȟ , ήȟ ), ȏȄȓȔȖȀǾȌȎȔȋȄ ȄȏȀȐȉǽ 

ȀȍȈȎȏȎǾȆȒȆ ȓȎȔ ȔȃȀȓȈȉȎȜ ȃȔȌȀȋȈȉȎȜ, ȋȄ țȐȈȀ ȊȄȈȓȎȔȐȂǾȀȑ ή άὭὲήȟ ) , 

ή В ήȟ  ), ȉȀȈ, ȒȔȌȀȉțȊȎȔȇȀ, ȋȄȈȘȋǼȌȆ ȓȆȌ ȄȏǾȃȐȀȒȆ ȓȆȑ ȃȈȀȉȔȋǻȌȒȆȑ ȓȆȑ 

ȏȀȐȎȖǽȑ. ǯ ȀȌȓǾȉȓȔȏȎȑ ȓȆȑ ȋȄȓȀȁȀȊȊțȋȄȌȆȑ ȏȀȐȎȖǽȑ Șȑ ȏȐȎȑ ȓȆȌ ȄȍȀȒȕǻȊȈȒȆ 

ȏȀȐȀȂȘȂǽȑ ȄȌǼȐȂȄȈȀȑ ȋȏȎȐȄǾ ȌȀ ȄȊȀȖȈȒȓȎȏȎȈȆȇȄǾ ȀȉțȋȀ ȏȄȐȈȒȒțȓȄȐȎ ȋǼȒȘ ȓȆȑ 

ȁȄȊȓȈȒȓȎȏȎǾȆȒȆȑ ȓȎȔ ȏȐȎȂȐȀȋȋȀȓȈȒȋȎȜ ȓȘȌ ȒȓȐȎȁǾȊȘȌ.  

 

ǚȌȀȑ ȀȏȊțȑ ȉȀȈ ȀȏȎȃȎȓȈȉțȑ ȉȀȌțȌȀȑ ȊȄȈȓȎȔȐȂǾȀȑ ȓȎȔ ȒȔȒȓǽȋȀȓȎȑ ȒȓȐȎȁǾȊȘȌ ȄǾȌȀȈ 

Ȏ ȊȄȂțȋȄȌȎȑ òǩȄȐȀȐȖȈȉțȑ ȉȀȌțȌȀȑó ,(ǲȖǽȋȀ 3). ǡȔȓțȑ Ȏ ȉȀȌțȌȀȑ ȏȐȎȚȏȎȇǼȓȄȈ ȓȆȌ 

ȜȏȀȐȍȆ ȃȜȎ ȒȓȐȎȁǾȊȘȌ, ȄȌțȑ ȉȔȐǾȀȐȖȎȔ ȉȀȈ ȓȎȔ ȀȌȓǾȒȓȎȈȖȎȔ ȃȄȔȓȄȐȄȜȎȌȓȀ. ǯ ȏȐȝȓȎȑ, 

ǼȖȎȌȓȀȑ ȋȄȂȀȊȜȓȄȐȆ ȎȌȎȋȀȒȓȈȉǽ ȏȀȐȎȖǽ, ȄȉȋȄȓȀȊȊȄȜȄȓȀȈ ȏȀȐȎȖǼȑ ȋȄȂȀȊȜȓȄȐȆȑ 

ȉȊǾȋȀȉȀȑ, ȒȄ ȀȌȓǾȇȄȒȆ ȋȄ ȓȎȌ ȓȄȊȄȔȓȀǾȎ, țȏȎȔ ȄǾȌȀȈ ȔȏȄȜȇȔȌȎȑ ȂȈȀ ȓȆȌ ȏȀȐȀȂȘȂǽ 

ȄȌǼȐȂȄȈȀȑ  ȋǼȒȘ ȓȆȑ ȀȍȈȎȏȎǾȆȒȆȑ ȖȀȋȆȊȝȌ ȏȀȐȎȖȝȌ. ǰȈȎ ȒȔȂȉȄȉȐȈȋǼȌȀ, țȓȀȌ Ȇ 

ȄȉȓȐȄȏțȋȄȌȆ ȐȎǽ ǼȖȄȈ ȓȈȋǽ ȋȈȉȐțȓȄȐȆ Ȁȏț ȓȆȌ ȄȊǻȖȈȒȓȆ ȃȔȌȀȓǽ ȏȀȐȎȖǽ ȓȎȔ 

ȒȔȒȓǽȋȀȓȎȑ ȏȐȎȑ ȄȉȋȄȓǻȊȊȄȔȒȆ, ή , ȉȀȈ ȎȈ ȃȜȎ ȒȓȐțȁȈȊȎȈ ȄǾȌȀȈ Ȅȉȓțȑ ȊȄȈȓȎȔȐȂǾȀȑ. 

ǝȓȀȌ Ȇ ȏȀȐȎȖǽ ȏȎȔ ȃȈǼȐȖȄȓȀȈ ȓȎ ȒȜȒȓȆȋȀ ȍȄȏȄȐȌǻȄȈ ȓȆȌ ȋǼȂȈȒȓȆ ȃȔȌȀȓǽ ȏȀȐȎȖǽ ȓȎȔ 

ȒȔȒȓǽȋȀȓȎȑ, ή  , ȉȀȈ ȎȈ ȃȜȎ ȒȓȐțȁȈȊȎȈ ȊȄȈȓȎȔȐȂȎȜȌ ȒȓȆ ȋǼȂȈȒȓȆ ȀȏțȃȎȒǽ ȓȎȔȑ, 

ȄȏȈȒȓȐǼȕȎȌȓȀȑ ȓȔȖțȌ ȔȏȄȐȖȄȈȊǾȒȄȈȑ ȒȓȆ ȐȎǽ ȓȎȔ ȏȎȓȀȋȎȜ. ǣȈȀ ȄȌȃȈǻȋȄȒȄȑ ȓȈȋǼȑ 

ȏȀȐȎȖȝȌ ȓȎ ǩȄȐȀȐȖȈȉț ȋȎȌȓǼȊȎ ȇǼȓȄȈ ȒȄ ȊȄȈȓȎȔȐȂǾȀ ȋțȌȎ ȓȎȌ ȃȄȔȓȄȐȄȜȎȌȓȀ ȒȓȐțȁȈȊȎ, 

țȓȀȌ ή  ɴήȟ ȟήȟ ). ǡȏț ȓȆȌ ǻȊȊȆ ȏȊȄȔȐǻ, Ȏ ȉȔȐǾȀȐȖȎȑ ȒȓȐțȁȈȊȎȑ ȓǾȇȄȓȀȈ ȒȄ 

ȏȐȎȓȄȐȀȈțȓȆȓȀ, țȓȀȌ ήᶰ ήȟ ȟήȟ ήȟ , ȀȕǽȌȎȌȓȀȑ ȓȎ ȄȌȃȄȖțȋȄȌȎ ȌȀ 

ȊȄȈȓȎȔȐȂȄǾ Ȏ  ȃȄȔȓȄȐȄȜȘȌ ȋțȌȎ ȂȈȀ ȏȀȐȎȖǽ ῳή ή ήȟ ήȟ ήȟ . 
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 ǧ ȏȀȐȀȏǻȌȘ ȀȏȊȎȔȒȓȄȔȋǼȌȆ ȐȜȇȋȈȒȆ ȓȎȔ ȉȀȌțȌȀ ȊȄȈȓȎȔȐȂǾȀȑ ȋȄǾȂȋȀȓȎȑ 

ȒȓȐȎȁǾȊȘȌ ȏȀȐȎȔȒȈǻȅȄȓȀȈ ȒȔȌȎȏȓȈȉǻ ȋǼȒȘ ȓȘȌ ȀȉțȊȎȔȇȘȌ ȄȍȈȒȝȒȄȘȌ : 

ή ÍÉÎήȟήȟ   

ǡȌ  ή ήȟ  ȓțȓȄ Ȇ ȄȏȈȏȊǼȎȌ ȏȀȐȎȖǽ ȏȎȔ ȃȈǼȐȖȄȓȀȈ Ȁȏț ȓȎȌ ȃȄȔȓȄȐȄȜȎȌȓȀ 

ȒȓȐțȁȈȊȎ ȈȒȎȜȓȀȈ ȋȄ : 

ή ÍÉÎή ήȟήȟ   

ǣȈȀ   ή ήȟ  ȓȎ ȒȜȒȓȆȋȀ ȏȀȐǻȂȄȈ ȋȆȃȄȌȈȉǽ ȈȒȖȜ, ȄȌȝ ȂȈȀ ή ήȟ  Ȇ 

ȏȀȐȀȂțȋȄȌȆ ȈȒȖȜȑ Ȁȏț ȓȎȌ ǼȉȀȒȓȎ ȒȓȐțȁȈȊȎ ȈȒȎȜȓȀȈ ȋȄ : 

ὴ

π ή ήȟ
” Ὣ –ή ήὬ ή ήȟ ή ήȟ

ὴȟ ήȟ ή
  

țȏȎȔ ή ȒȔȋȁȎȊǾȅȄȓȀȈ Ȇ ȏȀȐȎȖǽ ȏȎȔ ȕȓǻȌȄȈ ȒȓȎ ȒȆȋȄǾȎ ȏȐțȒȊȆȗȆȑ ȐȎǽȑ Ȁȏț ȓȎȌ 

ȏȎȓȀȋț, ǼȖȎȌȓȀȑ ȀȕȀȈȐǼȒȄȈ ȓȆȌ ȏȄȐȈȁȀȊȊȎȌȓȈȉǽ ȏȀȐȎȖǽ ή, ȒȜȋȕȘȌȀ ȋȄ ȓȆȌ 

ȀȌȓǾȒȓȎȈȖȆ ȌȎȋȎȇȄȒǾȀ, –ή  ȄǾȌȀȈ Ȏ ȒȔȌȎȊȈȉțȑ ȁȀȇȋțȑ ȀȏțȃȎȒȆȑ ȓȎȔ ȒȔȒȓǽȋȀȓȎȑ, 

ȉȀȈ Ὤ ή  ȓȎ ȉȀȇȀȐț ȜȗȎȑ ȏȓȝȒȆȑ, ȓȎ ȎȏȎǾȎ ȀȌȓȈȇǼȓȘȑ ȄǾȌȀȈ ȕȇǾȌȎȔȒȀ ȒȔȌǻȐȓȆȒȆ 

ȓȆȑ ȏȀȐȎȖǽȑ ή. ǲȆȋȄȈȝȌȄȓȀȈ țȓȈ Ȏ ȁȀȇȋțȑ ȀȏțȃȎȒȆȑ ȓȘȌ ȒȓȐȎȁǾȊȘȌ ȄǾȌȀȈ ȋȈȀ ǼȌȓȎȌȀ 

ȋȆ ȂȐȀȋȋȈȉǽ ȒȖǼȒȆ ȏȎȔ ȃǾȌȄȓȀȈ ȋȄ ȋȎȐȕǽ ȌȎȋȎȂȐȀȕǽȋȀȓȎȑ (ǲȖǽȋȀ 2), Șȑ ȒȔȌǻȐȓȆȒȆ 

ȓȎȔ ȊțȂȎȔ ȓȆȑ ȃȈȄȐȖțȋȄȌȆȑ ȏȀȐȎȖǽȑ ȏȐȎȑ ȓȆȌ ȎȌȎȋȀȒȓȈȉǽ, ήȾή (ȋȎȌțȓȎȌȀ ȀȜȍȎȔȒȀ 

ǼȘȑ ȓȎ ȎȌȎȋȀȒȓȈȉț ȒȆȋȄǾȎ). ǣȈȀ ȄȔȉȎȊǾȀ ȒȓȎȔȑ ȔȏȎȊȎȂȈȒȋȎȜȑ, Ȇ ȒȖǼȒȆ ȀȔȓǽ ȋȏȎȐȄǾ 

ȌȀ ȏȐȎȒȄȂȂȈȒȓȄǾ Ȁȏț ȓȆȌ ȀȉțȊȎȔȇȆ ȀȌȀȊȔȓȈȉǽ ǼȉȕȐȀȒȆ: 

 

– – ρ ρ
—

ρ —
– –    

 

 

ǲȖǽȋȀ 2 : ǪȀȋȏȜȊȄȑ ȁȀȇȋȎȜ ȀȏțȃȎȒȆȑ ȃȈȀȕțȐȘȌ ȓȜȏȘȌ ȒȓȐȎȁǾȊȘȌ.  
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ǧ ȏȀȐȀȏǻȌȘ ȏȎȊȈȓȈȉǽ ȊȄȈȓȎȔȐȂǾȀȑ ȋȏȎȐȄǾ ȌȀ ȄǾȌȀȈ ȀȏȊǽ ȒȓȆȌ ȄȕȀȐȋȎȂǽ ȀȊȊǻ ȃȄȌ 

ȒȔȌȄȏǻȂȄȓȀȈ țȓȈ ȄǾȌȀȈ ȉȀȈ ȏȈȎ ȀȏȎȃȎȓȈȉǽ. ǧ ȋȆ ȂȐȀȋȋȈȉǽ ȒȔȋȏȄȐȈȕȎȐǻ ȓȎȔ 

ȂȈȌȎȋǼȌȎȔ –ή ή, țȏȎȔ Ȏ ȃȄǾȉȓȆȑ Ὥ ȖȀȐȀȉȓȆȐǾȅȄȈ ȓȎȌ ȉǻȇȄ ȒȓȐțȁȈȊȎ, Ȇ ȎȏȎǾȀ 

ȄȉȕȐǻȅȄȓȀȈ Ȁȏț ȉȀȋȏȜȊȄȑ ȓȎȔ ȏȀȐȀȉǻȓȘ ȃȈȀȂȐǻȋȋȀȓȎȑ, ȎȃǽȂȆȒȄ ȒȄ ǼȌȀ ȌǼȎ ȁǼȊȓȈȒȓȎ 

ȉȀȌțȌȀ ȊȄȈȓȎȔȐȂǾȀȑ, ȓȎȌ ȀȏȎȉȀȊȎȜȋȄȌȎ Șȑ òǲȔȌȄȐȂȀȓȈȉț ȉȀȌțȌȀó (ǲȖǽȋȀ 4).  ǯ 

ȉȀȌțȌȀȑ ȀȔȓțȑ ȐȔȇȋǾȅȄȈ ȓȎȔȑ ȒȓȐȎȁǾȊȎȔȑ ȒȜȋȕȘȌȀ ȋȄ ȓȀ ȏȀȐȀȉǻȓȘ ȁǽȋȀȓȀ : 

 

¶ ǝȓȀȌ ή ήȟ , ȉȀȌǼȌȀȑ ȒȓȐțȁȈȊȎȑ ȃȄȌ ȊȄȈȓȎȔȐȂȄǾ, ǻȐȀ ȃȄȌ ȔȏǻȐȖȄȈ 

ȏȀȐȀȂȘȂǽ ȄȌǼȐȂȄȈȀȑā 

¶ ǝȓȀȌ  ήȟ ή ήȟ  , ȋțȌȎ Ȏ ȋȈȉȐțȓȄȐȎȑ ȒȄ ȃȔȌȀȋȈȉț ȒȓȐțȁȈȊȎȑ 

ȊȄȈȓȎȔȐȂȄǾā 

¶ ǝȓȀȌ ήȟ ή ήȟ , ȋțȌȎ ǼȌȀȑ ȒȓȐțȁȈȊȎȑ ȒȄ ȖȐǽȒȆ, ȄȉȄǾȌȎȑ ȏȎȔ 

ȔȏțȒȖȄȓȀȈ ȋȄȂȀȊȜȓȄȐȎ ȂȈȌțȋȄȌȎ –ήā 

¶ ǝȓȀȌ ήȟ ή ήȟ , ȋțȌȎ ǼȌȀȑ ȒȓȐțȁȈȊȎȑ ȒȄ ȖȐǽȒȆ, ȄȉȄǾȌȎȑ ȋȄ ȓȎ 

ȋȄȂȀȊȜȓȄȐȎ ȃȔȌȀȋȈȉțā 

¶ ǝȓȀȌ ήȟ ή ήȟ ήȟ , ȒȆȋȄǾȎ ȃȀȌȄȈȒȋȎȜ, ȉȀȈ ȎȈ ȃȔȎ ȒȓȐțȁȈȊȎȈ 

ȒȄ ȖȐǽȒȆ, ȒȜȋȕȘȌȀ ȋȄ ȓȎȌ ȏȈȎ ȀȏȎȃȎȓȈȉț ȒȔȌȃȔȀȒȋț ȊȄȈȓȎȔȐȂǾȀȑ, 

ȃȆȊȀȃǽ Ȏ ȋȈȉȐțȓȄȐȎȑ ȒȓȐțȁȈȊȎȑ ȊȄȈȓȎȔȐȂȄǾ ȋȄ ȓȆ ȋǼȂȈȒȓȆ ȀȏțȃȎȒȆ ȉȀȈ Ȏ 

ȋȄȂǻȊȎȑ ȋȄ ȀȏțȃȎȒȆ ȊǾȂȎ ȖȀȋȆȊțȓȄȐȆ Ȁȏț ȓȆ ȋǼȂȈȒȓȆ, ȂȈȀ ȋȈȉȐț ȄȜȐȎȑ 

ȏȀȐȎȖȝȌā 

¶ ǝȓȀȌ ήȟ ήȟ ή ήȟ ήȟ , ȉȀȈ ȎȈ ȃȔȎ ȒȓȐțȁȈȊȎȈ ȒȄ ȖȐǽȒȆ, 

ȒȜȋȕȘȌȀ ȋȄ ȓȎȌ ȏȈȎ ȀȏȎȃȎȓȈȉț ȒȔȌȃȔȀȒȋț ȊȄȈȓȎȔȐȂǾȀȑ 

¶ ǝȓȀȌ  ή ήȟ ήȟ , ȉȀȈ ȎȈ ȃȔȎ ȒȓȐțȁȈȊȎȈ ȊȄȈȓȎȔȐȂȎȜȌ ȋȄ ȓȆȌ 

ȋǼȂȈȒȓȆ ȀȏțȃȎȒǽ ȓȎȔȑ. 

 
ǲȖǽȋȀ 3 : ǤȈȄȐȖțȋȄȌȆ ȏȀȐȎȖǽ Ȁȏț ȓȎ ȋȄǾȂȋȀ ȒȓȐȎȁǾȊȘȌ, ȒȔȌȀȐȓǽȒȄȈ ȓȆȑ 

ȄȈȒȄȐȖțȋȄȌȆȑ ȒȓȎ ȒȜȒȓȆȋȀ ȉȀȈ Ȇ ȀȌȓǾȒȓȎȈȖȆ ȏȀȐȀȂȘȂǽ ȈȒȖȜȎȑ, ȁǻȒȄȈ ȓȎȔ 

ǩȄȐȀȐȖȈȉȎȜ ȉȀȌțȌȀ ȊȄȈȓȎȔȐȂǾȀȑ.  
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ǲȖǽȋȀ 4 : ǤȈȄȐȖțȋȄȌȆ ȏȀȐȎȖǽ Ȁȏț ȓȎ ȋȄǾȂȋȀ ȒȓȐȎȁǾȊȘȌ,  ȒȔȌȀȐȓǽȒȄȈ ȓȆȑ 

ȄȈȒȄȐȖțȋȄȌȆȑ ȒȓȎ ȒȜȒȓȆȋȀ ȉȀȈ Ȇ ȀȌȓǾȒȓȎȈȖȆ ȏȀȐȀȂȘȂǽ ȈȒȖȜȎȑ, ȁǻȒȄȈ ȓȎȔ 

ǲȔȌȄȐȂȀȓȈȉȎȜ ȉȀȌțȌȀ ȊȄȈȓȎȔȐȂǾȀȑ . 

 

 

 
ǲȖǽȋȀ 5 : ǳȎ ȏȊȄȎȌǼȉȓȆȋȀ ȒȄ țȐȎȔȑ ȏȀȐȀȂȘȂǽȑ ȈȒȖȜȎȑ ȓȎȔ ǲȔȌȄȐȂȀȓȈȉȎȜ ȉȀȌțȌȀ 

ǼȌȀȌȓȈ ȓȎȔ ǩȄȐȀȐȖȈȉȎȜ ȃȈȀȋȎȐȕȝȌȎȌȓȀȑ ȖȀȐȀȉȓȆȐȈȒȓȈȉǼȑ òǰȄȐȈȎȖǼȑ ǤȘȐȄǻȑó. 

 

 

ǲȓȎ ǲȖǽȋȀ 5 ȏȀȐȎȔȒȈǻȅȄȓȀȈ ȓȎ ȏȊȄȎȌǼȉȓȆȋȀ ȏȎȔ ȉȄȐȃǾȅȎȔȋȄ ȒȄ ȏȀȐȀȂȘȂǽ ȈȒȖȜȎȑ 

ȋȄ ȓȆȌ ȄȕȀȐȋȎȂǽ ȓȎȔ ǲȔȌȄȐȂȀȓȈȉȎȜ ȉȀȌțȌȀ ǼȌȀȌȓȈ ȓȎȔ ǩȄȐȀȐȖȈȉȎȜ. ǤȜȎ 

ȖȀȐȀȉȓȆȐȈȒȓȈȉǼȑ ȏȄȐȈȎȖǼȑ, òǰȄȐȈȎȖǽ ǤȘȐȄǻȑ ǩó ȉȀȈ òǰȄȐȈȎȖǽ ǤȘȐȄǻȑ ǩǩó, ȉȀȇȎȐǾȅȎȔȌ 

ȓȀ ȄȜȐȆ ȓȘȌ ȏȀȐȎȖȝȌ, țȏȎȔ Ȏ ȋȄȂȀȊȜȓȄȐȆȑ ȃȔȌȀȋȈȉțȓȆȓȀȑ ȒȓȐțȁȈȊȎȑ ôȃȘȐǾȅȄȈõ ȋǾȀ 
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ȏȎȒțȓȆȓȀ ȓȆȑ ȃȔȌȀȓǽȑ ȃȈȄȐȖțȋȄȌȆȑ ȏȀȐȎȖǽȑ ȓȎȔ ȒȓȎȌ ȋȈȉȐțȓȄȐȎ ȒȓȐțȁȈȊȎ, ȉȀȇȝȑ, 

ȋǼȒȘ ȀȔȓǽȑ ȓȆȑ ȏȐȎȒȕȎȐǻȑ,  ȓȎ ȒȔȌȎȊȈȉț ȂȈȌțȋȄȌȎ –ή ή ȓȎȔ ȒȔȒȓǽȋȀȓȎȑ 

ȀȔȍǻȌȄȓȀȈ. ǧ ȒȖǼȒȆ ȏȎȔ ȏȄȐȈȂȐǻȕȄȈ ȓȆ ȒȔȌȎȊȈȉǽ ȏȀȐȀȂȘȂǽ ȈȒȖȜȎȑ Ȁȏț ȓȆ 

ȒȔȋȋȄȓȎȖǽ ȉǻȇȄ ȒȓȐȎȁǾȊȎȔ, ȕȀǾȌȄȓȀȈ ȏȀȐȀȉǻȓȘ, (ȂȈȀ ȊțȂȎȔȑ ȀȏȊțȓȆȓȀȑ ȓȎ ȉȀȇȀȐț 

ȜȗȎȑ ȏȓȝȒȆȑ Ὤ ȇȄȘȐȄǾȓȀȈ ȒȓȀȇȄȐț, ȉȀȇȝȑ Ȇ ȃȈǻȋȄȓȐȎȑ ȓȎȔ ȀȂȘȂȎȜ ȏȓȝȒȆȑ ǼȖȄȈ 

ȄȏȈȊȄȖȇȄǾ ȈȉȀȌǽ ȒȄ ȃȈȀȒȓǻȒȄȈȑ, ȝȒȓȄ ȌȀ ȄǾȌȀȈ ȀȋȄȊȆȓǼȎȔ ȁȀȇȋȎȜ ȎȈ ȀȏȝȊȄȈȄȑ ȉȀȓǻ 

ȋǽȉȎȔȑ  ȀȔȓȎȜ): 

 

ὴ ” Ὣ Ὤ –
ή

ήȟ
ή –

ή

ήȟ
ή  

¶ ǧ ȏȐȝȓȆ ȏȄȐȈȎȖǽ ȃȘȐȄǻȑ ȍȄȉȈȌǻȄȈ țȓȀȌ Ȇ ȃȈȄȐȖțȋȄȌȆ ȏȀȐȎȖǽ Ȁȏț 

ȓȎȔȑ ȒȓȐȎȁǾȊȎȔȑ ȈȒȎȜȓȀȈ ȋȄ ȓȎ ȄȊǻȖȈȒȓȎ țȐȈȎ ȓȎȔ ȋȄȂȀȊȜȓȄȐȎȔ 

ȒȓȐȎȁǾȊȎȔ, ήȟ  (0.85 m3/s), țȏȎȔ țȊȆ Ȇ ȏȀȐȎȖǽ ȃȈǼȐȖȄȓȀȈ Ȁȏț ȓȎȌ 

ȋȈȉȐț ȒȓȐțȁȈȊȎ ȋȄ ȓȆ ȋǼȂȈȒȓȆ ȀȏțȃȎȒǽ ȓȎȔ, ȉȀȇȝȑ ήȟ
ήȟ  ȉȀȈ ǻȐȀ 

ȟ
ρ ǡȌȓȈȇǼȓȘȑ, ȀȌ, ȒȜȋȕȘȌȀ ȋȄ ȓȎȌ ȈȄȐȀȐȖȈȉț 

ȉȀȌțȌȀ, ȊȄȈȓȎȔȐȂȎȜȒȄ Ȏ ȋȄȂǻȊȎȑ ȒȓȐțȁȈȊȎȑ, ȓȎ ȒȔȌȎȊȈȉț 

ȏȀȐȀȂțȋȄȌȎ ȂȈȌțȋȄȌȎ –ή ή, ȇȀ ǽȓȀȌ ȋȈȉȐțȓȄȐȎ, ȉȀȇȝȑ Ȏ ȁȀȇȋțȑ 

ȀȏțȃȎȒǽȑ ȓȎȔ ȂȈȀ ȖȀȋȆȊǼȑ ȏȀȐȎȖǼȑ ȄǾȌȀȈ ȀȐȉȄȓǻ ȖȀȋȆȊțȑ. ǳȎ 

ȒȆȋȄǾȎ ȏȄȐǻȓȘȒȆȑ ȓȆȑ ȏȐȝȓȆȑ ȏȄȐȈȎȖǽȑ ȃȘȐȄǻȑ, țȏȎȔ Ȏ ȋȄȂǻȊȎȑ 

ȒȓȐțȁȈȊȎȑ ȀȏȎȉȓǻ ȏȐȎȓȄȐȀȈțȓȆȓȀ, ȎȐǾȅȄȓȀȈ țȓȀȌ:  

–
ή

ήȟ
ή –ȟ ήȟ   

¶ ǧ ȃȄȜȓȄȐȆ ȏȄȐȈȎȖǽ ȃȘȐȄǻȑ ȍȄȉȈȌǻȄȈ țȓȀȌ Ȇ ȃȈȄȐȖțȋȄȌȆ ȏȀȐȎȖǽ ȈȒȎȜȓȀȈ ȋȄ 

ήȟ (5.69 m3/s), țȏȎȔ Ȇ ȃȈȄȐȖțȋȄȌȆ ȏȀȐȎȖǽ Ȁȏț ȓȎȌ ȋȄȂǻȊȎ ȒȓȐțȁȈȊȎ 

ȋȄȈȝȌȄȓȀȈ ȉȀȓǻ ήȟ  (0.77 m3/s), ȋȄ ȒȉȎȏț ȌȀ ȊȄȈȓȎȔȐȂȄǾ Ȏ ȋȈȉȐțȑ ȒȓȐțȁȈȊȎȑ 

ȋȄ ȋǼȂȈȒȓȎ ȁȀȇȋț ȀȏțȃȎȒȆȑ, ȉȀȈ Ȏ ȋȄȂǻȊȎȑ ȋȄ ȄȊǻȖȈȒȓȀ ȖȀȋȆȊțȓȄȐȎ Ȁȏț ȓȎȌ 

ȋǼȂȈȒȓȎ, ȃǾȌȎȌȓȀȑ ȏǻȊȈ ȔȗȆȊțȓȄȐȎ ȂȈȌțȋȄȌȎ –ή ή. ǧ ȃȄȜȓȄȐȆ ȏȄȐȈȎȖǽ 

ȄȋȕȀȌǾȅȄȓȀȈ ȋǼȖȐȈ ȉȀȈ ȓȎ ȒȆȋȄǾȎ țȏȎȔ ή ήȟ   ήȟ .  

ǰȐȎȉȄȈȋǼȌȎȔ ȌȀ ȄȍȀȂǻȂȎȔȋȄ ȒȔȋȏȄȐǻȒȋȀȓȀ, Șȑ ȏȐȎȑ ȓȆȌ ȏȐȀȂȋȀȓȈȉǽ (ȒȜȋȕȘȌȀ 

ȋȄ ȓȀ ȔȃȐȎȊȎȂȈȉǻ ȃȄȃȎȋǼȌȀ ȒȓȆ ȇǼȒȆ ȓȎȔ ǼȐȂȎȔ) ȄȏȈȏȊǼȎȌ ȈȒȖȜ ȏȎȔ ȋȏȎȐȄǾ ȌȀ 

ȏȐȎȒȕǼȐȄȈ Ȏ ǲȔȌȄȐȂȀȓȈȉțȑ ȉȀȌțȌȀȑ ǼȌȀȌȓȈ ȓȎȔ ǩȄȐȀȐȖȈȉȎȜ, ȉȀȓȀȓǻȒȒȎȔȋȄ ȓȈȑ ȓȈȋǼȑ 

ȓȆȑ ȏȀȐȎȖǽȑ ȒȄ ȕȇǾȌȎȔȒȀ ȒȄȈȐǻ ȉȀȈ ȀȌȓȈȒȓȎȈȖȎȜȋȄ ȒȄ ȉǻȇȄ ȓȈȋǽ ȓȆȌ ȏȈȇȀȌțȓȆȓȀ 

ȔȏǼȐȁȀȒȆȑ ȏȎȔ ȓȆȑ ȀȌȀȊȎȂȄǾ ὴ ρ
ὲ ρ , țȏȎȔ ὲ ȄǾȌȀȈ Ȇ ὲ-ȎȒȓǽ ȕȇǾȌȎȔȒȀ ȓȈȋǽ. 

ǲȓȆ ȒȔȌǼȖȄȈȀ, ȂȈȀ ȉǻȇȄ ȓȈȋǽ ȏȀȐȎȖǽȑ ȔȏȎȊȎȂǾȅȄȓȀȈ Ȇ ȀȌȓǾȒȓȎȈȖȆ ȏȀȐȀȂțȋȄȌȆ ȈȒȖȜȑ 

Ȁȏț ȉǻȇȄ ȉȀȌțȌȀ ȉȀȈ ȄȉȕȐǻȅȄȓȀȈ ȒȔȌȀȐȓǽȒȄȈ ȓȆȑ ȏȈȇȀȌțȓȆȓȀȑ ȔȏǼȐȁȀȒȆȑ, ȒȜȋȕȘȌȀ 

ȋȄ ȓȀ ȏȀȐȀȉǻȓȘ ȃȈȀȂȐǻȋȋȀȓȀ:    
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ǲȖǽȋȀ 6 : ǪȀȋȏȜȊȆ ȃȈǻȐȉȄȈȀȑ ȏȀȐȎȖǽȑ. 

 

 

ǲȖǽȋȀ 7 : ǰȐȎȒȎȋȎȈȘȋǼȌȆ ȏȀȐȀȂȘȂǽ ȈȒȖȜȎȑ Șȑ ȒȔȌǻȐȓȆȒȆ ȓȆȑ ȄȋȏȄȈȐȈȉǽȑ 

ȏȈȇȀȌțȓȆȓȀȑ ȔȏǼȐȁȀȒȆȑ ȏȀȐȎȖǽȑ, ȂȈȀ ȓȎȔȑ ȃȜȎ ȉȀȌțȌȄȑ ȊȄȈȓȎȔȐȂǾȀȑ. 
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ǲȖǽȋȀ 8 : ǫȄȏȓȎȋǼȐȄȈȀ ȓȎȔ ǻȌȘ ȒȖǽȋȀȓȎȑ, ȄȋȁȀȇȜȌȎȌȓȀȑ ȒȓȆȌ ȏȄȐȈȎȖǽ ȃȘȐȄǻȑ ǩǩ. 

 

ǝȏȘȑ ȕȀǾȌȄȓȀȈ ȒȓȎ ǲȖǽȋȀ 7, Ȏ ǲȔȌȄȐȂȀȓȈȉțȑ ȉȀȌțȌȀȑ ȊȄȈȓȎȔȐȂǾȀȑ ȔȏȄȐǼȖȄȈ ȓȎȔ 

ǩȄȐȀȐȖȈȉȎȜ, ȄȈȃȈȉǻ ȒȓȆȌ ȏȄȐȈȎȖǽ ȃȘȐȄǻȑ ǩ,  țȏȎȔ Ȇ ȃȈȄȐȖțȋȄȌȆ ȒȓȎ ȒȜȒȓȆȋȀ ȏȀȐȎȖǽ 

ȄǾȌȀȈ ȋǼȒȆȑ ȓǻȍȆȑ ȉȀȈ Ȇ ȀȌȓǾȒȓȎȈȖȆ ȏȈȇȀȌțȓȆȓȀ ȔȏǼȐȁȀȒǽȑ ȓȆȑ ȄǾȌȀȈ 45 ȋȄ 55%. ǡȔȓț 

ȒȆȋȀǾȌȄȈ țȓȈ ȂȈȀ ǼȌȀ 10% ȏȎȒȎȒȓț ȖȐțȌȎȔ ȓȎ ǲȔȌȄȐȂȀȓȈȉț ȋȎȌȓǼȊȎ ȏȐȎȒȕǼȐȄȈ 

ȏȀȐȀȏǻȌȘ ȈȒȖȜ ȒȄ ȒȖǼȒȆ ȋȄ ȓȎ ǩȄȐȀȐȖȈȉț. ǡȏț ȓȆȌ ǻȊȊȆ, ȓȎ țȕȄȊȎȑ ȒȄ ȈȒȖȜ ȏȎȔ 

ȏȀȐǻȂȄȓȀȈ ȒȓȆȌ ȏȄȐȈȎȖǽ ȃȘȐȄǻȑ ǩǩ ȄǾȌȀȈ ȀȋȄȊȆȓǼȎ (ǲȖǽȋȀ 8). ǪȀȇǼȌȀ Ȁȏț ȓȀ 

ȏȀȐȀȏǻȌȘ ȃȈȀȂȐǻȋȋȀȓȀ ȀȏȎȓȄȊȄǾ ȀȏȎȉȊȄȈȒȓȈȉǽ ȀȌȓȈȏȐȎȒȝȏȄȔȒȆ ȓȎȔ ȄȏȈȊȄȂȋǼȌȎȔ 

ȏȐȎȁȊǽȋȀȓȎȑ, ȋȄ ȓȀ ȃȈȉǻ ȓȎȔ ȔȃȐȎȊȎȂȈȉǻ ȖȀȐȀȉȓȆȐȈȒȓȈȉǻ, ȒȔȌȄȏȝȑ ȓȀ ȏȀȐȀȏǻȌȘ 

ȒȔȋȏȄȐǻȒȋȀȓȀ ȃȈȀȕǼȐȎȔȌ ȀȌǻ ȏȄȐȈȎȖǽ ȋȄȊǼȓȆȑ ȉȀȈ ȀȌǻ ǼȐȂȎ. 

ǲȓȆ ȒȔȌǼȖȄȈȀ, ȏȐȎȉȄȈȋǼȌȎȔ ȌȀ ȃȈȀȓȔȏȝȒȎȔȋȄ ȒȄ ȂȄȌȈȉȄȔȋǼȌȆ ȋȎȐȕǽ ȓȆȌ 

ȏȀȐȀȂțȋȄȌȆ ȈȒȖȜ Ȁȏț ȓȆȌ ȄȕȀȐȋȎȂǽ ȋȄǾȂȋȀȓȎȑ ȒȓȐȎȁǾȊȘȌ, ȇȄȘȐȎȜȋȄ ǼȌȀ 

ȔȃȐȎȆȊȄȉȓȐȈȉț ǼȐȂȎ ȋȄ ȖȐǽȒȆ ȃȔȎ ȒȓȐȎȁǾȊȘȌ ȒȔȌȎȊȈȉǽȑ ȎȌȎȋȀȒȓȈȉǽȑ ȈȒȖȜȎȑ  ὴᶻ

ρ, ȋȄ ȀȍȈȎȏȎȈǽȒȈȋȎ ȉȀȇȀȐț ȜȗȎȑ ȏȓȝȒȆȑ  Ὤᶻ ρ. 

 ǣȄȌȈȉǻ, ȓȎ ȄǾȃȎȑ ȓȘȌ ȒȓȐȎȁǾȊȘȌ ȇȄȘȐȄǾȓȀȈ ȃȈȀȕȎȐȄȓȈȉț, ȉȀȈ Ȇ ȉȀȋȏȜȊȆ ȀȏțȃȎȒȆȑ 

– ὪήȾή   ȏȄȐȈȂȐǻȕȄȓȀȈ Ȁȏț ȃȈȀȕȎȐȄȓȈȉǼȑ ȏȀȐȀȋǼȓȐȎȔȑ, –ȟ , —, ὥ ȉȀȈ ὦ ȂȈȀ 

ȓȎȌ ȉǻȇȄ ȒȓȐțȁȈȊȎ. ǨȄȘȐȎȜȋȄ țȓȈ ȉǻȇȄ ȒȓȐțȁȈȊȎȑ ȊȄȈȓȎȔȐȂȄǾ ȋȄ ȋǼȂȈȒȓȆ ȃȈȄȐȖțȋȄȌȆ 

ȏȀȐȎȖǽ ǾȒȆ ȋȄ ȓȆȌ ȎȌȎȋȀȒȓȈȉǽ ȓȎȔ, ǻȐȀ ȄȜȊȎȂȀ ȇǼȓȎȔȋȄ ή ή  ȉȀȈ  ὴ
ὴ . ǥȏǾȒȆȑ, Ȏ ȁȀȇȋțȑ ȀȏțȃȎȒȆȑ – ȀȌȀȕǼȐȄȓȀȈ ȒȓȆȌ ȎȊȈȉț ȁȀȇȋț ȀȏțȃȎȒȆȑ ȓȎȔ 

ȒȔȒȓǽȋȀȓȎȑ, ȃȄȃȎȋǼȌȎȔ țȓȈ ȎȈ ȀȏȝȊȄȈȄȑ ȒȓȀ ȔȏțȊȎȈȏȀ ȒȓǻȃȈȀ ȓȆȑ ȄȂȉȀȓǻȒȓȀȒȆȑ, ȋǼȒȘ 

ȓȎȔ ȂȈȌȎȋǼȌȎȔ – –– (ȋȄȓȀȒȖȆȋȀȓȈȒȓǽȑ, ȂȄȌȌǽȓȐȈȀ, ȆȊȄȉȓȐȈȉț ȃǾȉȓȔȎ), ȄǾȌȀȈ 

ȒȓȀȇȄȐǼȑ, ȉȀȈ ȉȀȓǻ ȏȐȎȒǼȂȂȈȒȆ ǾȒȄȑ ȋȄ 95%. 

ǳȄȊȄȔȓȀǾȎ ȁǽȋȀ ȂȈȀ ȓȆȌ ȂȄȌǾȉȄȔȒȆ ȓȎȔ ȉȀȌțȌȀ ȊȄȈȓȎȔȐȂǾȀȑ ȄǾȌȀȈ Ȇ ȄȈȒȀȂȘȂǽ ȄȌțȑ  

ȃȄǾȉȓȆ ȃȈȀȋȄȐȈȒȋȎȜ • πȢυπ, ȎȐǾȅȎȌȓȀȑ ǼȓȒȈ ȓȆȌ ȎȌȎȋȀȒȓȈȉǽ ȈȒȖȜ ȉǻȇȄ ȒȓȐȎȁǾȊȎȔ 

ǾȒȆ ȋȄ  ὴȟ
ᶻ • ȉȀȈ ὴȟ

ᶻ ρ •. ǥȏȈȏȊǼȎȌ ȎȐǾȅȎȌȓȀȈ ȏȀȐȀȉǻȓȘ Ȇ ȃȈȄȐȖțȋȄȌȆ 

ȏȀȐȎȖǽ ȂȈȀ ȉǻȇȄ ȒȓȐțȁȈȊȎ ȉȀȈ ȓȎȔ ȒȔȒȓǽȋȀȓȎȑ ȒȔȌȎȊȈȉǻ, ǽȓȎȈ ȋǼȂȈȒȓȆ ήȟ
ᶻ ȟήᶻ  

ȉȀȈ ȄȊǻȖȈȒȓȆ ήȟ
ᶻ ȟήᶻ , ȀȌȓǾȒȓȎȈȖȀ. 
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ήȟ
ᶻ

ὴȟ
ᶻ

” Ὣ –ȟ Ὤz
  

 

ήȟ
ᶻ —

ὴȟ
ᶻ

” Ὣ –ȟ Ὤz
 

 

ήᶻ
ρ

” ὫὬz

•

–ȟ

ρ •

–ȟ
 

 

ήᶻ
ρ

” ὫὬz
άὭὲ

— •

–ȟ
ȟ
— ρ •

–ȟ
 

 

 

ǨǼȓȎȌȓȀȑ ό ήȾή , ȄȉȕȐǻȅȎȔȋȄ ȓȆȌ ȀȃȈȀȒȓȀȓȎȏȎȈȆȋǼȌȆ ȏȀȐȎȖǽ ȉȀȈ ȓȆȌ 

ȀȌȓǾȒȓȎȈȖȆ ȏȀȐȀȂȘȂǽ ȈȒȖȜȎȑ Șȑ: 

ήᶻ ό ήᶻ  

 

ὴᶻ ” Ὣ –όήᶻὬᶻ 

 

ǚȏȄȈȓȀ ȃȎȉȈȋǻȒȀȋȄ ȓȈȑ ȏȀȐȀȏǻȌȘ ȂȄȌȈȉȄȔȋǼȌȄȑ ȕțȐȋȎȔȊȄȑ ȂȈȀ ȃȈǻȕȎȐȎȔȑ 

ȒȔȌȃȔȀȒȋȎȜȑ ȓȎȔ ȒȔȌȓȄȊȄȒȓǽ ȃȈȀȋȄȐȈȒȋȎȜ • ȉȀȈ ȓȆȑ ȏȀȐȀȋǼȓȐȎȔ  —
ήȟ

ήȟ   

ȂȈȀ ȓȎȔȑ ȃȔȎ ȏȈȎ ȒȔȌǽȇȄȈȑ ȓȜȏȎȔȑ ȒȓȐȎȁǾȊȘȌ (Pelton , Francis ). ǰȀȐȀȉǻȓȘ 

ȏȀȐȎȔȒȈǻȅȄȓȀȈ ǼȌȀȑ Ȁȏț ȓȎȔȑ ȒȔȌȃȔȀȒȋȎȜȑ ȏȎȔ ȄȕȀȐȋțȒȓȆȉȀȌ, ȋȄ ȖȀȐȀȉȓȆȐȈȒȓȈȉǻ 

ȒȓȐȎȁǾȊȘȌ țȏȘȑ ȕȀǾȌȎȌȓȀȈ ȒȓȎȌ ǰǾȌȀȉȀ 1. 

ǳǼȊȎȑ, ȉǻȇȄ ȒȔȌȃȔȀȒȋțȑ ȒȓȐȎȁǾȊȘȌ ȄȕȀȐȋțȒȓȆȉȄ ȋȄ ȒȉȎȏț ȓȆȌ ȀȍȈȎȊțȂȆȒȆ ȓȆȑ 

ȀȏțȉȊȈȒȆȑ ȓȎȔ ǲȔȌȄȐȂȀȓȈȉȎȜ Ȁȏț ȓȎ ǩȄȐȀȐȖȈȉț ȋȎȌȓǼȊȎ ȒȄ ȏȀȐȀȂȘȂǽ 

ȀȃȈȀȒȓȀȓȎȏȎȈȆȋǼȌȆȑ ȈȒȖȜȎȑ ῳὴȟ ὴ ȟ
ᶻ ὴ ȟ

ᶻ , țȏȎȔ, ῳὴ ὴȟ ὴᶻ  

ȉȀȈ ὴȟ ” Ὣ ήᶻ•ȟ—ȟ–ȟ ȟὥȟὦ Ὤᶻ, Ȇ ȏȀȐȀȂțȋȄȌȆ ȈȒȖȜȑ Ȁȏț ǼȌȀȌ ȈȃȀȌȈȉț 

ȒȓȐțȁȈȊȎ ȋȄ ȁȀȇȋț ȀȏțȃȎȒȆȑ 100% ȂȈȀ țȊȀ ȓȀ ȄȜȐȆ ȏȀȐȎȖȝȌ. ǯ ȀȌȓǾȒȓȎȈȖȎȑ 

ȒȔȌȃȔȀȒȋțȑ ȏȀȐȎȔȒȈǻȅȄȓȀȈ ȒȓȎ ǲȖǽȋȀ 10. 

 

ǰǾȌȀȉȀȑ 1: ǶȀȐȀȉȓȆȐȈȒȓȈȉǻ ȓȎȔ ȒȔȒȓǽȋȀȓȎȑ ȒȓȐȎȁǾȊȘȌ ȒȔȌȃȔȀȒȋȎȜ ǩǩ. 

 

 

 

 

 

ǲȔȌȃȔȀȒȋțȑ II  ǲȓȐțȁȈȊȎȑ 1 ǲȓȐțȁȈȊȎȑ 2 

ǳȜȏȎȑ ȒȓȐȎȁǾȊȎȔ Francis  Francis  

ǰȀȐǻȋȄȓȐȎȑ — 0.15 0.15 

–ȟ  0.93 0.93 

ὥ 0.78 0.78 

ὦ 3.11 3.11 



  

  

   

-19- 

 

ǲȖǽȋȀ 9 : ǤȈǻȕȎȐȀ ȒȄȌǻȐȈȀ ȒȔȌȓȄȊȄȒȓǽ ȃȈȀȋȄȐȈȒȋȎȜ ȂȈȀ ȃȄȃȎȋǼȌȀ ȒȔȌȃȔȀȒȋȎȜ 

ǩǩ, ȒȔȂȉȐǾȌȎȌȓȀȑ ȓȆȌ ȀȏțȃȎȒǽ ȓȎȔȑ ȒȄ ȏȀȐȀȂȘȂǽ ȈȒȖȜȎȑ ȒȔȂȉȐȈȓȈȉǻ ȋȄ ǼȌȀ ȈȃȀȌȈȉț 

ȒȜȒȓȆȋȀ ȒȓȐȎȁǾȊȘȌ.  

 

 
ǲȖǽȋȀ 10 : ǤȈǻȕȎȐȀ ȒȄȌǻȐȈȀ ȒȔȌȓȄȊȄȒȓǽ ȃȈȀȋȄȐȈȒȋȎȜ ȂȈȀ ȃȄȃȎȋǼȌȀ ȒȔȌȃȔȀȒȋȎȜ ǩǩ, 

ȒȔȂȉȐǾȌȎȌȓȀȑ ȓȆȌ ȀȏțȃȎȒǽ ȓȎȔȑ ȒȄ ȏȀȐȀȂȘȂǽ ȈȒȖȜȎȑ ȁǻȒȄȈ ȓȎȔ ǲȔȌȄȐȂȀȓȈȉȎȜ 

ȉȀȌțȌȀ ȒȔȂȉȐȈȓȈȉǻ ȋȄ ȓȎȌ ǩȄȐȀȐȖȈȉț. 

 

ǳȎ ȏȐțȁȊȆȋȀ ȏȐțȂȌȘȒȆȑ ȓȆȑ ȆȋȄȐǽȒȈȀȑ ȏȀȐȀȂȘȂǽȑ ȄȌǼȐȂȄȈȀȑ 

ǥȏțȋȄȌȎȑ ȒȓțȖȎȑ ȓȆȑ ȏȀȐȎȜȒȀȑ ȃȈȏȊȘȋȀȓȈȉǽȑ ȄȐȂȀȒǾȀȑ ȄǾȌȀȈ Ȇ ȃȆȋȈȎȔȐȂǾȀ ȄȌțȑ 

ȁǼȊȓȈȒȓȎȔ ȋȄȌ, ȄȜȖȐȆȒȓȎȔ ȃȄ, ȋȎȌȓǼȊȎȔ ȏȐțȂȌȘȒȆȑ ȓȆȑ ȏȀȐȀȂțȋȄȌȆȑ ȄȌǼȐȂȄȈȀȑ 

ȄȏțȋȄȌȆȑ ȆȋǼȐȀȑ Ȁȏț ǼȌȀ ǬȈȉȐț ǴȃȐȎȆȊȄȉȓȐȈȉț ǚȐȂȎ (ǬǴǧǥ). ǡȈȓǾȀ ȓȆȑ ȏȀȐȀȏǻȌȘ 

ȏȐȎȒǼȂȂȈȒȆȑ ȄǾȌȀȈ Ȇ ȋȄȊȊȎȌȓȈȉǽ ǼȌȓȀȍȆ ȓȘȌ ǬǴǧǥ ȒȓȎ ȖȐȆȋȀȓȈȒȓǽȐȈȎ ȄȌǼȐȂȄȈȀȑ, 

ȒȓȎ ȏȊȀǾȒȈȎ ȓȆȑ ȃȆȋȈȎȔȐȂǾȀȑ ȄȌȈȀǾȀȑ  ȀȂȎȐǻȑ ȆȊȄȉȓȐȈȉǽȑ ȄȌǼȐȂȄȈȀȑ, țȏȘȑ ȎȐǾȅȄȈ ȓȎ 

ȌǼȎ ȇȄȒȋȈȉț ȏȊȀǾȒȈȎ òTarget  Modeló. ǳȎ ȏȐȎȀȌȀȕȄȐȇǼȌ, ȒȄ ȒȔȌȃȔȀȒȋț ȋȄ ȓȎ ȂȄȂȎȌțȑ 
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țȓȈ ȄȊǻȖȈȒȓȆ ȄǾȌȀȈ Ȇ ǼȘȑ ȓȝȐȀ ǼȐȄȔȌȀ ȂȜȐȘ Ȁȏț ȓȆȌ ȏȐțȁȊȄȗȆ ȄȌǼȐȂȄȈȀȑ ȒȄ ǬǴǥ, 

ȋȀȑ ȏȐȎǼȓȐȄȗȀȌ ȒȓȆȌ ȏȀȐȀȉǻȓȘ ǼȐȄȔȌȀ. 

 

ǲȓȆȌ ȏȐȎȒȏǻȇȄȈǻ ȋȀȑ ȂȈȀ ȄȜȐȄȒȆ ȄȌțȑ ȈȉȀȌȎȜ ȋȎȌȓǼȊȎȔ ȏȐțȁȊȄȗȆȑ ȓȆȑ 

ȄȌǼȐȂȄȈȀȑ, ȁǻȒȄȈ ȈȒȓȎȐȈȉȝȌ ȃȄȃȎȋǼȌȘȌ, ȉȀȇȝȑ ȉȀȈ ȓȄȖȌȎȊȎȂȈȉǽȑ ȂȌȝȒȆȑ, ȏȀȐǽȂȀȋȄ 

ȏȎȈȉǾȊȀ  ȋȎȌȓǼȊȀ, ȋȄ ȃȈȀȕȎȐȄȓȈȉǻ ȃȄȃȎȋǼȌȀ ȄȈȒțȃȎȔ - ȄȍțȃȎȔ, ȉȀȇȝȑ ȉȀȈ ȋǼȓȐȘȌ 

ȀȏțȃȎȒȆȑ, ǰȐȎȉȄȈȋǼȌȎȔ ȌȀ ȁȀȇȋȎȌȎȋǽȒȎȔȋȄ ȉǻȇȄ ȋȎȌȓǼȊȎ ȏȐțȂȌȘȒȆȑ, ȉȀȇȝȑ ȉȀȈ 

ȌȀ ȒȔȂȉȐǾȌȎȔȋȄ ȓȆȌ ȀȍȈȎȏȈȒȓǾȀ ȓȎȔȑ, ȄȈȒǽȖȇȆ ȓȎ ȏȀȐȀȉǻȓȘ ȋǼȓȐȎ ȀȏțȃȎȒȆȑ,:  

Ὂ ρ
В Ὁȟ Ὁȟ 

В Ὁȟ  Ὁȟ 
 

țȏȎȔ %ȟ  ȄǾȌȀȈ Ȇ ȏȀȐȀȓȆȐȎȜȋȄȌȆ ȄȌǼȐȂȄȈȀ ȓȆȌ ȆȋǼȐȀ ὸ, ȂȌȘȒȓǽ ȒȄ ȋȀȑ Ȁȏț ȓȆȌ 

ȄȕȀȐȋȎȂǽ ȓȎȔ ȉȀȌțȌȀ ȊȄȈȓȎȔȐȂǾȀȑ ȒȓȀ ȈȒȓȎȐȈȉǻ ȋȀȑ ȃȄȃȎȋǼȌȀ ȏȀȐȎȖǽȑ, %ȟ  Ȇ 

ȏȐȎȁȊȄȏțȋȄȌȆ ȓȈȋǽ ȓȆȑ ȄȌǼȐȂȄȈȀȑ, ȄȉȓȈȋȝȋȄȌȆ ȁǻȒȄȈ ȓȆȑ ȃȈȀȇǼȒȈȋȆȑ ȏȊȆȐȎȕȎȐǾȀȑ 

ȓȎȔ ȏȀȐȄȊȇțȌȓȎȑ Ø ȟØ ȟȟȣ , ȄȉȕȐȀȒȋǼȌȆ Ȁȏț ȃȈȀȕȎȐȄȓȈȉǼȑ ȋȄȓȀȁȊȆȓǼȑ ȀȌǻ 

ȋȎȌȓǼȊȎ ȏȐțȁȊȄȗȆȑ, ȉȀȈ  %ȟ  ȀȏȎȓȄȊȄǾ ȓȆȌ ȓȈȋǽ ȏȐțȁȊȄȗȆȑ ȀȌȀȕȎȐǻȑ, ȁǻȒȄȈ 

ȄȌțȑ ȋȎȌȓǼȊȎȔ benchmark . ǳȎ ȋǼȓȐȎ ȀȔȓț ȄǾȌȀȈ ȏȎȊȜ ȏȈȎ ȀȔȒȓȆȐț, ȒȔȂȉȐȈȓȈȉǻ ȋȄ 

ȓȎȌ ȉȊȀȒȈȉț ȃȄǾȉȓȆ ȀȏȎȓȄȊȄȒȋȀȓȈȉțȓȆȓȀȑ. 

 

 ǡȉȎȊȎȔȇǽȒȀȋȄ ȃȜȎ ȎȃȎȜȑ ȋȄ ȒȉȎȏț ȓȆȌ ȏȐțȂȌȘȒȆ ȓȆȑ ȄȌǼȐȂȄȈȀȑ. ǧ ȏȐȝȓȆ  

ȃǼȖȄȓȀȈ Șȑ ȋȄȓȀȁȊȆȓǼȑ ȄȈȒțȃȎȔ ȓȆȌ ȄȌǼȐȂȄȈȀ ȓȘȌ ȃȜȎ ȏȐȎȆȂȎȜȋȄȌȘȌ 

ȆȋȄȐȝȌ ὉȟὉ , ȓȆȌ ȏȀȐȎȖǽ ȓȆȑ ȏȐȎȆȂȎȜȋȄȌȆȑ ȆȋǼȐȀȑ  ή , ȉȀȇȝȑ ȉȀȈ ȓȈȑ  

ȁȐȎȖȎȏȓȝȒȄȈȑ ȓȆȑ ȏȐȎȆȂȎȜȋȄȌȆȑ ȆȋǼȐȀȑ ὴ  (Șȑ ȏȐȎȒȄȂȂȈȒȓȈȉț ȋǼȓȐȎ ȓȆȑ ȔȂȐȀȒǾȀȑ 

ȓȎȔ ȄȃǻȕȎȔȑ, ȏȎȔ ȒȔȌȈȒȓǻ ȄȏȈȏȊǼȎȌ ȏȊȆȐȎȕȎȐǾȀ ȒȓȎ ȋȎȌȓǼȊȎ), ȃǾȌȎȌȓȀȑ Șȑ 

ȋȄȓȀȁȊȆȓǽ ȄȍțȃȎȔ ȓȆȌ ȏȐȎȁȊȄȏțȋȄȌȆ ȄȌǼȐȂȄȈȀ ȓȆȑ ȄȏțȋȄȌȆȑ ȆȋǼȐȀȑ. ǣȈȀ ȀȔȓțȌ ȓȎȌ 

ȊțȂȎ ȓȎ ȒȔȂȉȄȉȐȈȋǼȌȎ ȋȎȌȓǼȊȎ ȎȌȎȋǻȅȄȓȀȈ direct  model, ȉȀȈ ȀȌǻȊȎȂȀ ȋȄ ȓȎȌ 

ȒȔȌȃȔȀȒȋț ȏȎȔ ȄȏȈȊǼȍȀȋȄ ȌȀ ȀȉȎȊȎȔȇȎȜȌ ȎȈ ȋȄȓȀȁȊȆȓǼȑ ȄȈȒțȃȎȔ, ȏȐȎǼȉȔȗȀȌ ȃȜȎ 

ȄȉȃȎȖǼȑ ȓȎȔ, Ȇ General  (ǲȖǽȋȀ 11) ȉȀȈ Ȇ Crossroad (ǲȖǽȋȀ 12), ȋȄ ȓȆȌ ȓȄȊȄȔȓȀǾȀ 

ȌȀ ȄǾȌȀȈ ȏȈȎ ȀȏȎȃȎȓȈȉǽ. 

 

General direct ȄȉȃȎȖǽ : 

 

 Ὁ
τȢχω Ὁ Ȣ  ή Ȣ Ὁ Ȣ ὴ Ȣȟὴ πȢρ άά
Ὁȟ                                                                     ὴ πȢρ άά
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ǲȖǽȋȀ 11 : ǶȐȎȌȎȒȄȈȐǻ  ȄȌǼȐȂȄȈȀȑ ȏȐțȂȌȘȒȆȑ ȉȀȈ ȏȐȀȂȋȀȓȈȉǽȑ,  ȒȜȋȕȘȌȀ ȋȄ ȓȎ 

ȋȎȌȓǼȊȎ General  direct, ȂȈȀ ȓȎ ȔȃȐȎȊȎȂȈȉț ǼȓȎȑ 1971-72. 

Crossroad direct  ȄȉȃȎȖǽ : 

 

Ὁ
σȢψψ Ὁ Ȣ Ὁ Ȣ ὴ Ȣȟὴ πȢρ άά

ρȢυρ Ὁ Ȣ Ὁ Ȣ ȟ       ὴ πȢρ άά
 

 

 
 

ǲȖǽȋȀ 12  : ǶȐȎȌȎȒȄȈȐǻ  ȄȌǼȐȂȄȈȀȑ ȏȐțȂȌȘȒȆȑ ȉȀȈ ȏȐȀȂȋȀȓȈȉǽȑ,  ȒȜȋȕȘȌȀ ȋȄ ȓȎ 

ȋȎȌȓǼȊȎ Crossroad direct, ȂȈȀ ȓȎ ȔȃȐȎȊȎȂȈȉț ǼȓȎȑ 1971-72. 

 

ǧ ȃȄȜȓȄȐȆ Ȏȃțȑ ȏȎȔ ȀȉȎȊȎȔȇǽȒȀȋȄ ȄǾȌȀȈ Ȇ indirect , ȉȀȇȝȑ Ȇ ȏȐțȁȊȄȗȆ ȒȄ ȀȔȓǽȌ 

ȓȆȌ ȏȄȐǾȏȓȘȒȆ ȀȌȀȕǼȐȄȓȀȈ ȒȓȎ ȋǼȂȄȇȎȑ ȓȆȑ ȏȀȐȎȖǽȑ ȓȆȑ ȄȏțȋȄȌȆȑ ȆȋǼȐȀȑ,  Ȇ ȎȏȎǾȀ 

ȒȓȆ ȒȔȌǼȖȄȈȀ ȀȍȈȎȏȎȈȄǾȓȀȈ ȋǼȒȘ ȓȎȔ ȉȀȌțȌȀ ȊȄȈȓȎȔȐȂǾȀȑ ȂȈȀ ȓȆȌ ȄȍȀȂȘȂǽ ȓȆȑ 

ȀȌȓǾȒȓȎȈȖȆȑ ȄȌǼȐȂȄȈȀȑ ȄȏțȋȄȌȆȑ ȆȋǼȐȀȑ. ǰǻȊȈ ȉȀȈ ȒȄ ȀȔȓǽȌ ȓȆȌ ȏȐȎȒǼȂȂȈȒȆ 

ȏȀȐǽȂȀȋȄ ȃȔȎ ȃȈȀȕȎȐȄȓȈȉǼȑ ȄȉȃȎȖǼȑ ȓȆȑ, ȓȆȌ Simple  (ǲȖǽȋȀ 13) ȉȀȈ ȓȆȌ Smart  

(ǲȖǽȋȀ 14). ǧ ȃȈȀȕȎȐǻ ȓȎȔȑ ǼȂȉȄȈȓȀȈ ȒȓȎ ȂȄȂȎȌțȑ țȓȈ Ȇ ȃȄȜȓȄȐȆ ȊȀȋȁǻȌȄȈ ȔȏțȗȈȌ ȓȀ 

ȊȄȈȓȎȔȐȂȈȉǻ ȖȀȐȀȉȓȆȐȈȒȓȈȉǻ ȓȘȌ ȒȓȐȎȁǾȊȘȌ ȉȀȈ ȓȆ ȂȌȝȒȆ ȂȜȐȘ Ȁȏț ȓȆȌ ȊȄȈȓȎȔȐȂǾȀ 

ȓȎȔȑ, ȉȀȇȝȑ ȒȓȎȌ ȔȏȎȊȎȂȈȒȋț ȓȎȔ ȒȕǻȊȋȀȓȎȑ ȀȃȈȀȕȎȐȄǾ țȓȀȌ Ȇ ȏȐȎȁȊȄȏțȋȄȌȆ ȓȈȋǽ 

ȄǾȌȀȈ ȋȄȂȀȊȜȓȄȐȆ Ȁȏț ή ȟ  ȉȀȈ ȋȈȉȐțȓȄȐȆ Ȁȏț ή ȟ , ȄȕțȒȎȌ ȓȀȔȓțȖȐȎȌȀ ȉȀȈ Ȇ 

ȏȐȀȂȋȀȓȈȉǽ ȓȈȋǽ ȏȀȐȎȖǽȑ ȈȉȀȌȎȏȎȈȄǾ ȓȈȑ ȀȌȓǾȒȓȎȈȖȄȑ ȒȔȌȇǽȉȄȑ. ǤȄȌ ǼȖȄȈ ȀȍǾȀ 

ȊȎȈȏțȌ  ȌȀ ȊȀȋȁǻȌȎȔȋȄ ȒȕǻȊȋȀ, țȓȀȌ  ή ή ȟ  ȉȀȈ  ή ή ȟ , 

ȀȌȓǾȒȓȎȈȖȀ. ǪȀȈ ȒȓȈȑ ȃȜȎ ȄȉȃȎȖǼȑ, Șȑ ȃȄȃȎȋǼȌȀ ȄȈȒțȃȎȔ ȖȐȆȒȈȋȎȏȎȈǽȒȀȋȄ ȓȆȌ ȓȈȋǽ 
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ȓȆȑ ȏȀȐȎȖǽȑ ȏȐȎȆȂȎȜȋȄȌȆȑ ȆȋǼȐȀȑ ή , ȓȆ ȋǼȒȆ ȏȀȐȎȖǽ ȓȎȔ ȋǽȌȀ, ȏȎȔ 

ȔȏȎȊȎȂǾȅȎȔȋȄ ȓȆȌ ȏȐȎȁȊȄȏțȋȄȌȆ, ȓȆȌ ȄȊǻȖȈȒȓȆ ȏȀȐȎȖǽ ȓȘȌ ȏǼȌȓȄ ȓȄȊȄȔȓȀǾȘȌ 

ȆȋȄȐȝȌ, ȉȀȇȝȑ ȉȀȈ ȓȆ ȁȐȎȖǽ ȓȆȑ ȏȐȎȆȂȎȜȋȄȌȆȑ ȆȋǼȐȀȑ. ǝȊȄȑ ȎȈ ȏȀȐȀȏǻȌȘ 

ȋȄȓȀȁȊȆȓǼȑ ǼȖȎȔȌ Șȑ ȒȓțȖȎ ȌȀ ȏȎȒȎȓȈȉȎȏȎȈǽȒȎȔȌ, ȋǼȒȘ ȓȆȑ ȁȀȇȋȎȌțȋȆȒȆȑ, ȓȆ 

ȒȔȒȖǼȓȈȒȆ ȓȆȑ ȏȀȐȎȖǽȑ ȓȆȑ ȄȏțȋȄȌȆȑ ȆȋǼȐȀȑ ȋȄ ȓȎ ȔȃȐȎȊȎȂȈȉț ȉȀȇȄȒȓȝȑ ȓȎȔ ȋǽȌȀ 

ȀȊȊǻ ȉȀȈ ȓȆȌ ȀȏȎȇȆȉȄȔȋǼȌȆ ȉȀȓǻȒȓȀȒȆ ȄȃȀȕȈȉǽȑ ȔȂȐȀȒǾȀȑ. 

 

Simple , Smart  Indirect  ȄȉȃȎȖǽ : 

 

ή
ὥ ή ‍ ή ‎ ή ȟ         ὴ πȢρ άά
ὥ ή ‍ ή ‎ ή ὴ‏ ȟ ὴ πȢρ άά

 

 

 

Smart ȄȉȃȎȖǽ, ȎȐȈȒȋțȑ ȒȕǻȊȋȀȓȎȑ : 

 

Ὡ

ή ȟ ή ȟ ή ή ȟ  ὥὲὨ ή ή ȟ   

ή ή ȟ ȟή ή ȟ  ὥὲὨ ή ή ȟ

ή ή ȟή ή ȟ  ὥὲὨ ή ή ȟ

 

 
ǲȖǽȋȀ 13  : ǶȐȎȌȎȒȄȈȐǻ ȄȌǼȐȂȄȈȀȑ Ȁȏț ȋȎȌȓǼȊȎ ȏȐțȂȌȘȒȆȑ ȏȀȐȎȖǽȑ Simple  

indirect  ȉȀȈ ȓȆȑ ȏȐȀȂȋȀȓȈȉǽȑ, ȂȈȀ ȓȎ ȔȃȐȎȊȎȂȈȉț ǼȓȎȑ 1971-72. 
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ǲȖǽȋȀ 14  : ǶȐȎȌȎȒȄȈȐǻ ȄȌǼȐȂȄȈȀȑ Ȁȏț ȋȎȌȓǼȊȎ ȏȐțȂȌȘȒȆȑ ȏȀȐȎȖǽȑ Smart  

indirect  ȉȀȈ ȓȆȑ ȏȐȀȂȋȀȓȈȉǽȑ, ȂȈȀ ȓȎ ȔȃȐȎȊȎȂȈȉț ǼȓȎȑ 1971-72. 

 

 

ǨǼȊȎȌȓȀȑ ȌȀ ȃȎȉȈȋǻȒȎȔȋȄ ȓȆȌ ȀȏțȉȐȈȒȆ ȄȌțȑ ȀȐȉȄȓǻ ȏȈȎ ȏȐȎȆȂȋǼȌȎȔ ȓȜȏȎȔ 

ȏȐțȂȌȘȒȆȑ ȀȊȊǻ ȉȀȈ ȌȀ ȒȔȂȉȐǾȌȎȔȋȄ ȓȆȌ ȀȏțȃȎȒǽ ȓȎȔ, ȒȄ ȒȖǼȒȆ ȋȄ ȓȎ ȉȀȊȜȓȄȐȎ 

ǼȘȑ ȓȝȐȀ ȋȎȌȓǼȊȎ ȋȀȑ (Smart  model), ȄȕȀȐȋțȒȀȋȄ ǼȌȀ ȋȎȌȓǼȊȎ ȋȆȖȀȌȈȉǽȑ ȋǻȇȆȒȆȑ 

(Machine  Learning ), ȋȄ ȎȌȎȋȀȒǾȀ  Deep Feedforward  Neural  Network  (DNN ), ȓȎ 

ȎȏȎǾȎ țȋȘȑ ȃȄȌ ȊȀȋȁǻȌȄȈ ȔȏțȗȈȌ ȓȎȔ ȓȆȌ ȓȄȖȌȈȉǽ ȏȊȆȐȎȕȎȐǾȀ. ǳȎ DNN  ȋȎȌȓǼȊȎ 

ȀȏȎȓȄȊȄǾȓȀȈ Ȁȏț ȓȐǾȀ ȉȐȔȕǻ ȄȏǾȏȄȃȀ 128, 64 ȉȀȈ 32 ȌȄȔȐȝȌȄȑ, ȀȌȓǾȒȓȎȈȖȀ, ȋȄ ȓȆȌ 

Rectified  Linear  Unit  (ReLu) ȌȀ ȀȏȎȓȄȊȄǾ ȓȆȌ ȒȔȌǻȐȓȆȒȆ ȄȌȄȐȂȎȏȎǾȆȒȆȑ ȂȈȀ ȉǻȇȄ 

ǼȌȀȌ Ȁȏț ȀȔȓȎȜȑ.  

Ǹȑ ȃȄȃȎȋǼȌȀ ȄȈȒțȃȎȔ ȖȐȆȒȈȋȎȏȎȈǽȒȀȋȄ ȓȆȌ ȏȀȐȎȖǽ ȓȘȌ ȓȄȊȄȔȓȀǾȘȌ 5 ȆȋȄȐȝȌ 

ȉȀȈ ȓȆȌ ȁȐȎȖǽ ȓȘȌ ȏȐȎȆȂȎȜȋȄȌȘȌ 2 ȆȋȄȐȝȌ (ȏȊȆȐȎȕȎȐǾȀ ȔȂȐȀȒǾȀȑ ȄȃǻȕȎȔȑ). ǡȏț 

ȓȀ ȄȏțȋȄȌȀ ȒȖǽȋȀȓȀ ȂǾȌȄȓȀȈ ȄȋȕȀȌǼȑ țȓȈ ȄȌȝ ȓȎ DNN  ȉȀȓȀȕǼȐȌȄȈ ȌȀ ȏȐȎȒȄȂȂǾȒȄȈ 

ȏȈȎ ȀȏȎȃȎȓȈȉǻ Ȁȏț ȓȎ Smart  Model   ȓȆȌ ȏȀȐȎȖǽ  (R2 = 0.82 ȉȀȈ 0.63, ȀȌȓǾȒȓȎȈȖȀ) 

(ǲȖǽȋȀ 15), ȄȌȝ ȒȓȆȌ ȏȐțȂȌȘȒȆ ȓȆȑ ȄȌǼȐȂȄȈȀȑ ȏȀȐȎȔȒȈǻȅȄȈ ȒȀȕȝȑ ȖȄȈȐțȓȄȐȆ 

ȀȏțȃȎȒȆ (R2 = 0.55 ȉȀȈ 0.83, ȀȌȓǾȒȓȎȈȖȀ) (ǲȖǽȋȀ 16). 

 

 
ǲȖǽȋȀ 15 : ǶȐȎȌȎȒȄȈȐǻ ȏȀȐȎȖǽȑ ȏȐțȂȌȘȒȆȑ ȉȀȈ ȏȐȀȂȋȀȓȈȉǽȑ, ȒȜȋȕȘȌȀ ȋȄ ȓȎ 

ȋȎȌȓǼȊȎ DNN, ȂȈȀ ȓȎ ȔȃȐȎȊȎȂȈȉț ǼȓȎȑ 1971-72. 
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ǲȖǽȋȀ  16 : ǶȐȎȌȎȒȄȈȐǻ ȄȌǼȐȂȄȈȀȑ Ȁȏț ȋȎȌȓǼȊȎ ȏȐțȂȌȘȒȆȑ ȏȀȐȎȖǽȑ DNN  ȉȀȈ 

ȓȆȑ ȏȐȀȂȋȀȓȈȉǽȑ, ȂȈȀ ȓȎ ȔȃȐȎȊȎȂȈȉț ǼȓȎȑ 1971-72. 

 

ǧ ǼȌȌȎȈȀ ȓȆȑ ȀȁȄȁȀȈțȓȆȓȀȑ ȒȓȆȌ ȏȐțȂȌȘȒȆ ȓȆȑ ȆȋȄȐǽȒȈȀȑ ȏȀȐȀȂȘȂǽȑ 

ȄȌǼȐȂȄȈȀȑ 

ǳȎ ȏȈȎ ȀȏȎȃȎȓȈȉț ȋȎȌȓǼȊȎ ȏȐțȂȌȘȒȆȑ ȓȆȑ ȄȌǼȐȂȄȈȀȑ (Smart  Model ) ȇȄȘȐǽȇȆȉȄ 

ȉȀȈ ȓȎ ȏȈȎ ȀȌȓȈȏȐȎȒȘȏȄȔȓȈȉț. ǥȏȈȇȔȋȝȌȓȀȑ ȌȀ ȄȈȒȀȂǻȂȎȔȋȄ ȓȎȌ ȏȀȐǻȂȎȌȓȀ ȓȆȑ 

ȀȁȄȁȀȈțȓȆȓȀȑ ȒȓȆȌ ȏȐțȂȌȘȒǽ ȋȀȑ, ȃȆȋȈȎȔȐȂǽȒȀȋȄ ǼȌȀ ȏȊǽȇȎȑ ȒȔȌȇȄȓȈȉȝȌ ȓȈȋȝȌ ȓȎȔ 

ȒȕǻȊȋȀȓȎȑ  ύ= Ὁȟ Ὁȟ   ȏȎȔ ȀȉȎȊȎȔȇȄǾ ǣǻȋȀ ǪȀȓȀȌȎȋǽ, ȄȕțȒȎȌ ȓȀ ȒȓȀȓȈȒȓȈȉǻ 

ȖȀȐȀȉȓȆȐȈȒȓȈȉǻ ȓȎȔ ȒȕǻȊȋȀȓȎȑ ǼȃȘȒȀȌ ȒȆȋȀȌȓȈȉǽ ȀȒȔȋȋȄȓȐǾȀ ȉȀȈ ȀȋȄȊȆȓǼȎ 

ȒȔȌȓȄȊȄȒȓǽ ȀȔȓȎȒȔȒȖǼȓȈȒȆȑ (ȒȔȌȓȄȊȄȒȓǽȑ ȀȒȔȋȋȄȓȐǾȀȑ = 1.23, ȀȔȓȎȒȔȒȖǼȓȈȒȆȑ = 

0.066). ǲȓȆ ȒȔȌǼȖȄȈȀ ȖȐȆȒȈȋȎȏȎȈǽȒȀȋȄ ȓȆ ȒȔȌȇȄȓȈȉǽ ȖȐȎȌȎȒȄȈȐǻ ȓȎȔ ȒȕǻȊȋȀȓȎȑ ȒȓȆ 

ȃȆȋȈȎȔȐȂǾȀ ȒȔȌȇȄȓȈȉȝȌ ȖȐȎȌȎȒȄȈȐȝȌ ȏȀȐȀȂțȋȄȌȆȑ ȄȌǼȐȂȄȈȀȑ, ȄȍǻȂȎȌȓȀȑ ȄȌ ȓǼȊȄȈ ȓȈȑ 

ȓȐȄȈȑ ȏȈȎ ȒȆȋȀȌȓȈȉǼȑ ȒȄ ȄȌȄȐȂȄȈȀȉǽ ȏȊȆȐȎȕȎȐǾȀ, țȒȎȌ ȀȕȎȐǻ ȓȆȌ ȀȍȈȎȏȎǾȆȒǽ ȓȎȔȑ 

ȒȓȆȌ ȀȂȎȐǻ ȄȌǼȐȂȄȈȀȑ, Ȁȏț ȓȎȌ ȖȐǽȒȓȆ ȓȎ ǼȐȂȎȔ.  

 

ǡȔȓǼȑ ȎȈ ȓȐȄǾȑ ȄǾȌȀȈ ȓȀ 0.10, 0.50 ȉȀȈ 0.90 ȏȎȒȎȒȓȆȋțȐȈȀ (quantiles ), ȏȎȔ 

ȀȌȓȈȏȐȎȒȘȏȄȜȎȔȌ ȀȌȓǾȒȓȎȈȖȀ ȒȄȌǻȐȈȎ ȐȈȗȎȉǾȌȃȔȌȎ, ȀȒȕȀȊǼȑ ȉȀȈ ȒȔȌȓȆȐȆȓȈȉț 

(ǲȖǽȋȀ 19). ǧ ȏȐȎȒǼȂȂȈȒȆ ȓȆȑ ȏȎȒȎȓȈȉȎȏȎǾȆȒȆȑ ȓȆȑ ȀȁȄȁȀȈțȓȆȓȀȑ, ȉȀȇȝȑ ȉȀȈ Ȇ 

ȄȌȒȘȋǻȓȘȒǽ ȓȆȑ ȒȓȎ ȋȎȌȓǼȊȎ ȏȐțȁȊȄȗȆȑ ȓȆȑ ȄȌǼȐȂȄȈȀȑ, ȏȐȀȂȋȀȓȎȏȎȈǽȇȆȉȄ ȂȈȀ ȃȜȎ 

ȃȈȀȕȎȐȄȓȈȉǼȑ ȏȐȎȒȄȂȂǾȒȄȈȑ ȒȓȆȌ ȀȌȀȏȀȐǻȒȓȀȒȆ ȓȆȑ ȃȎȋǽȑ ȓȎȔ ȒȕǻȊȋȀȓȎȑ. ǲȓȆȌ 

ȏȐȝȓȆ, ȓȎ ȒȕǻȊȋȀ ȋȎȌȓȄȊȎȏȎȈȄǾȓȀȈ Șȑ ȒȓǻȒȈȋȆ ȃȈȄȐȂȀȒǾȀ, ȇȄȘȐȝȌȓȀȑ țȓȈ ȓȎ ȃȄǾȂȋȀ 

ǼȖȄȈ ȉȎȈȌǻ ȒȓȀȓȈȒȓȈȉǻ ȖȀȐȀȉȓȆȐȈȒȓȈȉǻ, ȀȌȄȍȀȐȓǽȓȘȑ ȄȏȎȖȝȌ. ǸȒȓțȒȎ, ȋȈȀ ȒȆȋȀȌȓȈȉǽ 

ȏȀȐȀȓǽȐȆȒȆ ȋȀȑ ȎȃǽȂȆȒȄ ȒȓȆȌ ȄȍȀȂȘȂǽ ȀȌȓǾȒȓȎȈȖȘȌ ȒȔȌȇȄȓȈȉȝȌ ȖȐȎȌȎȒȄȈȐȝȌ ȂȈȀ 

ȋǾȀ ȏȈȎ ȒȜȌȇȄȓȆ ȃȈȀȃȈȉȀȒǾȀ, ȓȆȌ ȉȔȉȊȎȒȓǻȒȈȋȆ, Ȇ ȎȏȎǾȀ ȏȐȎȁȊǼȏȄȈ ȃȈȀȕȎȐȄȓȈȉǻ 

ȒȓȀȓȈȒȓȈȉǻ ȖȀȐȀȉȓȆȐȈȒȓȈȉǻ ȀȌǻ ȋǽȌȀ. ǧ ȏȀȐȀȓǽȐȆȒȆ ȏȎȔ ȎȃǽȂȆȒȄ ȒȓȆȌ ȃȆȋȈȎȔȐȂǾȀ 

ȓȆȑ ȓȄȊȄȔȓȀǾȀȑ ȉȀȈ ȎȐȇțȓȄȐȆȑ ȏȐȎȒǼȂȂȈȒȆȑ ȄǾȌȀȈ țȓȈ ȉȀȓǻ ȓȆȌ ȏȐȝȓȆ ȏȀȐȀȓȆȐǽȇȆȉȄ 

ȋȄȂǻȊȎ ȄȜȐȎȑ ȀȁȄȁȀȈțȓȆȓȀȑ ȉȀȓǻ ȓȎȔȑ ȍȆȐȎȜȑ ȋǽȌȄȑ, ȓȎ ȎȏȎǾȎ ȃȄȌ ȒȔȋȁȀȃǾȅȄȈ ȋȄ ȓȎȔ 

ȖȀȋȆȊȎȜ ȜȗȎȔȑ ȀȏȎȐȐȎȝȌ ȏȎȔ ȓȎȔȑ ȀȌȓȈȒȓȎȈȖȎȜȌ (ǲȖǽȋȀ 17,18). 
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ǲȖǽȋȀ  17 : ǶȐȎȌȎȒȄȈȐǻ ȄȌǼȐȂȄȈȀȑ ȏȐțȂȌȘȒȆȑ ȋȄ ȀȁȄȁȀȈțȓȆȓȀ ȓȘȌ 0.1, 0.5 ȉȀȈ 

0.9 quantiles , ȒȔȂȉȐȈȓȈȉǻ ȋȄ ȓȆȌ ȏȐȀȂȋȀȓȈȉǽ, ȂȈȀ ȓȎ ȔȃȐȎȊȎȂȈȉț ǼȓȎȑ 1971-72, 

(ȒȓǻȒȈȋȎ ȒȕǻȊȋȀ). 

 

  
ǲȖǽȋȀ  18 :  ǶȐȎȌȎȒȄȈȐǻ ȄȌǼȐȂȄȈȀȑ ȏȐțȂȌȘȒȆȑ ȋȄ ȀȁȄȁȀȈțȓȆȓȀ ȓȘȌ 0.1, 0.5 ȉȀȈ 

0.9 quantiles , ȒȔȂȉȐȈȓȈȉǻ ȋȄ ȓȆȌ ȏȐȀȂȋȀȓȈȉǽ, ȂȈȀ ȓȎ ȔȃȐȎȊȎȂȈȉț ǼȓȎȑ 1971-72, 

(ȉȔȉȊȎȒȓǻȒȈȋȎ ȒȕǻȊȋȀ). 
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ǲȖǽȋȀ  19 : ǶȐȎȌȎȒȄȈȐǻ ȎȕǼȊȎȔȑ ȀȌǻȊȎȂȀ ȋȄ ȓȆȌ ȏȎȊȈȓȈȉǽ ȏȝȊȆȒȆȑ ȄȌǼȐȂȄȈȀȑ, 

ȂȈȀ ȓȎ ȔȃȐȎȊȎȂȈȉț ǼȓȎȑ 1971-72. 

 

 

ǡȏȎȓȄȊǼȒȋȀȓȀ ǼȐȄȔȌȀȑ ȉȀȈ ȋȄȊȊȎȌȓȈȉȎǾ ȒȓțȖȎȈ 

ǬǼȒȘ ȓȆȑ  ȏȀȐȎȜȒȀȑ ȃȈȏȊȘȋȀȓȈȉǽȑ ȄȐȂȀȒǾȀȑ ȄȏȈȓȔȂȖǻȌȎȔȋȄ ȌȀ ȏȐȎȓȄǾȌȎȔȋȄ ȒȓȎȌ 

ȊȄȈȓȎȔȐȂț ȓȎȔ ǬǴǧǥ ȃȜȎ ȖȐǽȒȈȋȀ ȄȐȂȀȊȄǾȀ ȂȈȀ ȓȆ ȁǼȊȓȈȒȓȆ ȄȉȋȄȓǻȊȊȄȔȒȆ ȓȆȑ 

ȄȂȉȀȓǻȒȓȀȒǽȑ ȓȎȔ. ǳȎ ȏȐȝȓȎ ȄȐȂȀȊȄǾȎ ȄǾȌȀȈ Ȏ ȁȄȊȓȈȘȋǼȌȎȑ ȀȊȂțȐȈȇȋȎȑ 

ȏȐȎȂȐȀȋȋȀȓȈȒȋȎȜ ȓȆȑ ȊȄȈȓȎȔȐȂǾȀȑ ȋȄǾȂȋȀȓȎȑ ȒȓȐȎȁǾȊȘȌ, ȈȉȀȌțȑ ȌȀ ȔȏȎȒȖȄȇȄǾ 

ȋǼȂȈȒȓȆ ȃȔȌȀȓǽ ȏȀȐȀȂȘȂǽ ȄȌǼȐȂȄȈȀȑ. ǤȄȜȓȄȐȎ ȄȐȂȀȊȄǾȎ ȀȏȎȓȄȊȄǾ ȓȎ ȋȀȇȆȋȀȓȈȉț 

ȋȎȌȓǼȊȎ ȏȐțȂȌȘȒȆȑ ȓȆȑ ȄȌǼȐȂȄȈȀȑ ȄȏțȋȄȌȆȑ ȆȋǼȐȀȑ, ȁȀȒȈȅțȋȄȌȎ ȒȄ ȋȈȀ ȄȜȖȐȆȒȓȆ ȉȀȈ 

ȀȍȈțȏȈȒȓȆ ȋȄȇȎȃȎȊȎȂǾȀ. 

 

ǬȄȊȊȎȌȓȈȉȎǾ ȒȓțȖȎȈ ȄȏǼȉȓȀȒȆȑ ȓȆȑ ȏȀȐȎȜȒȀȑ ǼȐȄȔȌȀȑ ȒȔȋȏȄȐȈȊȀȋȁǻȌȎȔȌ ȓȆȌ 

ȄȕȀȐȋȎȂǽ ȓȎȔ ȁǼȊȓȈȒȓȎȔ ȒȔȌȄȐȂȀȓȈȉȎȜ ȉȀȌțȌȀ ȊȄȈȓȎȔȐȂǾȀȑ ȒȓȐȎȁǾȊȘȌ ȒȄ 

ȃȈȀȕȎȐȄȓȈȉǻ ȔȃȐȎȊȎȂȈȉǻ ȉȀȇȄȒȓȝȓȀ, ȋȄ ȒȉȎȏț ȓȆȌ ȀȍȈȎȊțȂȆȒȆ ȓȆȑ ȀȏțȃȎȒǽȑ ȓȎȔ, ȒȄ 

ȒȖǼȒȆ ȋȄ ȓȎȌ ȈȄȐȀȐȖȈȉț. ǝȒȎȌ ȀȕȎȐǻ ȓȎ ȏȐțȁȊȆȋȀ ȏȐțȂȌȘȒȆȑ ȄȌǼȐȂȄȈȀȑ ȄȏțȋȄȌȆȑ 

ȆȋǼȐȀȑ, ȔȏǻȐȖȄȈ ȏȊȆȇȝȐȀ ȏȐȎȑ ȀȍȈȎȏȎǾȆȒȆ ȋȎȌȓǼȊȘȌ, ȁȀȒȈȅțȋȄȌȘȌ ȒȄ ȄȐȂȀȊȄǾȀ 

ȉȀȈȐȈȉȝȌ ȏȐȎȂȌȝȒȄȘȌ, ȉȀȇȝȑ ȉȀȈ ȄȍȄȊȈȂȋǼȌȘȌ  ȋȄȇțȃȘȌ ȓȄȖȌȆȓǽȑ ȌȎȆȋȎȒȜȌȆȑ. 

ǥȉȋȄȓȀȊȊȄȔțȋȄȌȎȈ ȓȀ ȏȀȐȀȏǻȌȘ, ȒȉȎȏȄȜȎȔȋȄ ȌȀ ȁȄȊȓȈȝȒȎȔȋȄ ȓȆ ȒȓȎȖȈȉǽ ǼȉȕȐȀȒȆ  

ȓȎȔ ȋȎȌȓǼȊȎȔ DNN  ȎȐǾȅȎȌȓȀȑ ȓȎ RMSE, țȋȎȈȀ ȋȄ ȓȎȔ ȁǼȊȓȈȒȓȎȔ ȋȎȌȓǼȊȎȔ (Smart  

model). ǲȔȌȄȏȝȑ, ȒȓȎȖȄȜȎȔȋȄ ȒȓȆ ȃȆȋȈȎȔȐȂǾȀ ȄȌțȑ ȀȉțȋȀ ȉȀȊȜȓȄȐȎȔ ȋȎȌȓǼȊȎȔ 

ȏȐțȂȌȘȒȆȑ, ǼȖȎȌȓȀȑ ȏǻȌȓȀ Șȑ ȂȌȝȋȎȌȀ ȌȀ ȋȆȌ ȀȏȀȈȓȄǾ Ȁȏț ȓȎȌ ȊȄȈȓȎȔȐȂț ȄȕȀȐȋȎȂǽ 

ȄȍȄȈȃȈȉȄȔȋǼȌȘȌ ȂȌȝȒȄȘȌ ǽ ȉȀȈ ȖȐǽȒȆ ȓȄȖȌȈȉȝȌ ȄȐȂȀȊȄǾȘȌ, ȃȜȒȉȎȊȘȌ ȒȓȆȌ ȄȏǾȁȊȄȗȆ 

ȉȀȈ ȄȏȄȍȄȐȂȀȒǾȀ. 
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1 Introduction  

1.1 Motivation  

The humanity has been consuming, as main sources for power, oil and coal , and 

since there is a limit in their use, a need for alternative energy sources has been 

created. Those are known to us as renewable sources and no matter their 

peculiarities and additional challenges that these forms of energy production pose, 

nowadays, humanity relies on them.  

 

When we deal with energy production by renewable sources such as 

Hydropower, Wind, Solar, Geothermal , on the one hand we develop and take 

advantage of far cleaner forms of energy , thus preserving our ecosystemõs 

balance, but on the  other hand it does not nullify the fact  that the associated 

investments are generally more expensive, comparing to oil, coal, natural gas and 

nuclear energy . Nevertheless , the key challenge that defines renewable energy is 

the issue of unpredictability , which is even more amplified due to the lack of 

means for energy storage . 

 

Short -term scheduling  of energy production is a of high importance for power 

systems of all forms  and scales. This task becomes even more crucial for the 

renewable sources, which are  governed by stochastic drivers, namely weather -

related  processes (e.g., wind velocity, solar radiation, streamflow) . The 

dependence between renewable energy production and weather prediction make 

it particularly difficult to ensure a credible power supply scheduling.  

 

The topic of our thesis is a specific type of hydroelectricity, which are referred 

to as Small Hydropower Plants (SHPPs). Among several configurations of such 

systems, we investigate th e most typical case, which are either in -stream or run -

of-river plants of negligible storage capacity . In particular,  we revisit  two 

different aspects regarding the everyday management of SHPPs, namely the 

optimal co -operation of their turbines, and the pr oblem of next day energy 

forecasting. In this respect, our research objective is twofold. The first is the 

determination of generic  operational rules across different turbine mixing 

schemes, while the second focuses on minimizing the uncertainty which 

accompanies SHPPs, by seeking for credible forecasting approaches for  day-ahead 

energy scheduling,  in terms of a credible forecasting model with minimal data 

requirements and little complexity . 

1.2 Research objectives  

The main objectives, and at the same time novelties,  of our research our 

summarized as follows:  

 

o improving a recently introduced  analytical formula to approximate the full 

range of commercial efficiency curve s; 
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o recognizing the shortcomings of the classical òhierarchical ó operational 

rule , which is  typically applied in SHPP simulations ; 

o providing  generic formulas for establishing  a more effective  operational 

rule, in order to be applied in a  wide range of turbine characteristics;  

o approaching  the problem of energy production forecasting from two 

different point -of-views, direct prediction of energy through past values of 

energy and indirect prediction of energy through discharge forecasting 

models; 

o quantif ying  uncertainties on forecasting erro r;  

o proposing an uncertainty -aware framework to take advantage of uncertain 

forecasts in the context of  energy market policies ; 

1.3 Thesis outline  

This t hesis has been composed through ten chapters.  

 

The first chapter  is an introduction to our motivation for the following re search 

and the objectives which we will be focusing on and dealing with through it.  

 

The second chapter summarizes the importance of Hydropower through the 

years till our days and presents as well the various facilities we can construct in 

order to benefit from this form of renewable energy. Also , it includes the essential 

mathematical formulas to be used in next  calculations.  

 

 The third chapter   present s the various types of turbines, their technical and 

operational characteristics along w ith some of their most important charts. Also, 

we present an analytical configuration of turbine efficiency curve s, as an extension 

of the work by Sakki (2020) and Sakki et al. (2021).  

 

The fourth  chapter  present s the calculations and metho dologies which take 

place in order to create a new operational rule  which can ensure higher energy 

production comparing to the hierarchical one.  

 

The fifth chapter  revises to the new legal framework , named as òTarget Modeló, 

and the various regulations behind it. In addition , it summarized the research 

progress so far on the topic of day -ahead energy forecasting in SHPPs . 

 

The sixth chapter  describes the study area and the  hydrological information 

which we collect and  process, along with the technical characteristics of our run -

of-river system.  

 

The seventh chapter  presents the different approaches of forecasting models and 

their results through various diagrams and tables.  

 

The eighth chapter  draws the attention  on the modelling procedure  in order to 

include the issue of uncertainty in our forecasting model.  
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The ninth chapter  illustrates  the computational implementation of the 

algorithms that were built  in the R environment, . 

 

The tenth  chapter  summarizes the conclusions from our research and the future 

perspectives to accompany its progress. 
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2 Hydropower as an essential renewable source 

2.1 Historical background  

Since the dawn of civilization, humans have come to  the realization of 

hydropowerõs importance. The wide use of watermills in ancient times for grinding 

wheat into flour for more than 2000 years ago by the Greeks, of Archimedesõ screw 

pump as irrigation machine by the Egyptians and hushing, also known as 

hydraulic mining, by the Romans are some examples of what impact water had in 

our lives and societyõs evolution since the beginning of times. 

The very first progress in the field of modern hydropower turbine was marked  

in the mid -1700s by the French hydraulic and military engineer, Bernard Forest 

de Belidor and his innovative book ôArchitecture Hydrauliqueõ. 

In the 19 th  century, the improvement of  technological knowledge accompanied 

by the work of French engineer Benoit Fourneyron, led to the replacement of the 

open water mill to an enclosed turbine, as kn own to us today. It was James B.  

Francis, a British -American engineer, the one who managed to improve the 

turbineõs operational efficiency up to 90%, in 1848 , through his research in the 

optimization of turbine design , by means of applied scientific princ iples and testing 

methods. Another breakthrough in the field of hydraulic turbines, was established 

by Lester Allan Pelton, an American inventor, in 1870, after developing the high 

efficiency Pelton wheel impulse turbine, which used hydropower from the hig h 

streams characteristic of the Sierra Nevada, a mountain range in California.  

More details about the operation of the above mention turbines and others which 

have been later invented, are presented in Chapter  3. 

2.2 Hydropower nowadays  

2.2.1 Overview  

One of the most efficient sources of renewable energy is Hydropower. To be more 

specific, the  ability of storing huge quantities of water downstream of a 

advantageous mountain basin by the creation of dams or by extracting a part of 

the natural river flow, through a diversion structure  (Figure  2.1), proves how 

flexible and wide applied this element of nature can be in order to produce energy. 

Not only the various establishments of hydropower but also the waterõs natural 

properties,  l ike density , affect its performance.  

Each hydropower facility is driven  by the kinetic energy and pressure of flowing 

water as it streams through the penstock. This energy is a transformation of the 

waterõs gravity energy, which is ensured either with dams (creating a high water 

level through storage) or by taking advantage the favorable  relief in mountainous 

regions (Small Hydropower Plants).  Hydropower plants include turbines and 

generators, that are activated by the hydrodynamic energy and convert it into 

electricity , which is then delivered to electrical grid in order to provide households, 

industries and urban facilities with power . 



  

  

   

-31- 

  

Figure  2.1: Sketch of a hydropower plant which storages water due to a dam and also 

provides safety measures in case of flood incidents  (left),  and a Small Hydropower Plant 

(run -off-river type), which is benefits from the facilityõs geographical relief (right).  

2.2.2 Classificati on of hydropower plants  

As it is implied from the previous paragraph, there are different type of 

hydropower facilities by which we can take advantage of waterõs power to produce 

electricity.  

a. Impoundment facilities are the most common type of hydropower  plant. As 

main characteristics we should point out  the use of dams in order to store the 

water, that flows from upstream of the basin from different torrents, in a reservoir. 

Also as an important  difference comparing with the Small Hydropower Plants is 

th at impoundment plants are bigger facilities thus more expensive. Moreover, 

since the outflow is manageable and can be controlled depending the demand and 

the scheduling of the producer, impoundment plants can produce predictable 

amount of energy. Last but not least, those type of facilities, can also play the role 

of flood control safety plant, water supply and/or for irrigation needs.  

b. Small Hydropower Plants (SHPPs) which are plants of up to a certain power 

capacity limit , which is  specified from national standards, e.g.,  15 MW,  30 MW and 

50 MW, according to Greek, South America /USA, Canada/China and New Zealand 

legislation law, respectively. Diversion facilities, also known as run -off-river 

plants, are the most common type of SHPPs. The se have negligible water storage 

and utilize the streamflow as it arrives by extracting a part of the riverõs inflow by 

leading it through a channel and then taking advantage of the height difference, 

due to rough terrain, passing the flow through a penstock and the  to the turbines 

system for energy production. As a result, they have limited requirements from  the 

investmentõs perspective , but their most important shortcoming  is the lack of 

storage capacity, thus the unpredictable quantity of water passing through the  

turbine systems and produced energy. In order to face the above obstacle, day -

ahead energy forecasting  methods should be established to  minimiz e the uncertain 

power production  from SHPPsõ. Except from run -off-river type, SHPPs  can also be 

settled downstream of large dams in order to take advantage of the environmental 

flow, which is released from an independent intake, such as bottom outlet. Another 

type of SHPPõs is the in -stream, which utilize the streamflow to produce energy , 

by install ing a low -head dam across large rivers (and, occasionally, channels) . 
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2.3 Governing equations  

The governing equation for electric power production via transformation of the 

dynamic and kinetic energy of water is  

0  ʂ(q) ʍ Ç q Ὤ ή (2.1) 

where Ȑ is the water density with a typical value for clean water of 1000 kg/m 3; g 

is the gravity acceleration with a typical value of 9.81 m/s 2; q is the discharge; Ὤ 

is the net or effective head, i.e. the dynamic energy, expressed as elevation 

difference, after subtracting the hydraulic losses across the water transfer to the 

turbine, which depend on q; and Ȇ is the total  efficiency  of the electromechanical 

system, th at changes with q. The issue of efficiency is  been emphasized more in 

Chapter  3. The Both Ὤ and q may vary in time, and therefore so does P. By 

applying the SI units for q (m3/s) and Ὤ (m), the power P is expressed in Joules 

per second (J/s) or Watts (W).  

The energy produced or consumed during a time interval [ t 1, t 2] is the integral 

of P, i.e. 

Ὁ ὖὸὨὸ (2.2) 

After simplifications, we get the following formula, expressing the average 

energy produced over a specific time interval  

%  ʍ Ç 6Ὄ–Ӷ (2.3) 

where V is the water volume of that passes through the turbines during the time 

interval [ t 1, t 2] and Ὄ  and –Ӷ are the net head and efficiency during this period, 

respectively, averaged over time.  
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3 Hydro -turbine s: technology and operation  

3.1 Key principles of hydro -turbine operation  

By turbine system is implied a rotary mechanical structure that transforms 

hydraulic energy (kinetic energy and pressure of water) to rotational kinetic energy 

by which an electro -magnetic field is been activated (of low -voltage) through an 

inductor inside  the generator unit.   

The turbine s and associated electromechanical equipment are hosted in the 

power station . 

In the case of impoundment systems (i.e., hydroelectric reservoirs and dams), 

there are several options for location of the power station . Specifically : 

Å power stations installed close to the dam;  

Å power stations installed at a significant distance downstream of the dam;  

Å power stations installed at an adjacent river basin (inter -basin water 

transfer).  

The typical case is the first, thus involvi ng a penstock of relatively small length, 

in order to minimize the friction losses and the environmental impacts. Yet, there 

are cases where it is more advantageous to construct the power plant at a 

downstream location in order to increase the available he ad. Apparently, such a 

layout is economically efficient only when the river slope is large, so that the gains 

from elevation difference exceed the hydraulic losses due to the water being 

transferred at a long distance. An important issue to account for is the 

environmental impacts, since the water does not return to the river just 

downstream of the dam, as happens in typical configurations where the power 

station is located close to the foot of the dam.  

Another case is the installation of the power station in a neighboring  basin, 

where the water is transferred through a pipeline connecting the two basins. This 

layout is preferred when there is a significant elevation difference between the 

upstream catchment, in which the water is gathered, to the one downst ream, 

where the power station is installed. Typically, in large -scale inter  basin systems 

Pelton type turbines are used, as this option becomes economically efficient when 

the head is large enough. However, if the transfer is implemented for other reasons 

(e.g. if the principal objective is the transfer of water per se), then the head may be 

small.  

3.1.1 Turbine types  

The turbines used in hydroelectric plants are classified into two categories, 

according to their reaction degree (re), which is defined as the ratio  of the 

static  pressure drop in the  rotor  to the static pressure drop in the stage  : 

i.  impulse turbines , re=0, (e.g. Pelton, Cross -flow, Turgo), with partial flow 

impact and activation of only a specific area of the runner each time, take 

https://en.wikipedia.org/wiki/Pressure
https://en.wikipedia.org/wiki/Rotor_(turbine)
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advantage of the kinetic energy of water falling from a large elevation (outflow to 

the atmosphere); the flow velocity i s substantially amplified by passing water 

through a nozzle;  

ii.   reaction turbines , re=1, (e.g. Francis, Kaplan, Deriaz, Bulb), with total flow 

impact, operate under pressure, as the chamber of the runner remains completely 

filled by water;  

In the followi ng paragraphs are presented the main mechanical characteristics 

of each turbine type:  

The design of Peltonõs turbine, which was first introduced by the American 

engineer Lester Allan Pelton in 1889, lays on the philosophy of the traditional 

overshot water wheel. Since 1767, it was well known that in order to have the 

maximum efficiency in power production, the water should enter the wheel with 

high momentum and exit with negligible velocity.  

Taking this principal as a guideline, a Pelton wheel extract s high -speed jets of 

water, that emerge through the injectors (their number can vary from one to six) 

at atmospheric pressure, that hit the center of the bucket where the water jet is 

divided into two streams. The two separate streams then flow along the in ner curve 

of the bucket and leave in the opposite direction that it came in. Water leaving 

those wheels typically still had high speed, carrying away much of the dynamic 

energy brought to the wheels. Pelton's paddle geometry was designed so that when 

the r im ran at half the speed of the water jet, the water left the wheel with very 

little speed; thus, his design extracted almost all of the water's impulse energy ñ

which made for a very efficient turbine.  

 

Figure  3.1: Various types of hydraulic turbines ; from left to right : Pelton,  Francis,  

Cross-Flow,  Turgo , Kaplan . 

Up until 1960, Pelton wheels were designed only with horizontal axis of 

operation with one or two maximum injectors, but after realizing how more 

efficient the turbine system can be if the jets of water extract from more injectors 

(without affecting each other in a negative way), Pelton wheels with vertical 

operation and the ability to combine up to six inject ors, have been manufactured.  
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Francis turbines were the first hydraulic turbines that had a radial inflow, 

designed by American scientist James Francis around 1920.  High pressure water 

enters these turbines radially meaning that it enters the turbine perpen dicular to 

the rotational axis. This lowers the pressure as the water curls through the tube, 

but the speed of the water is maintained. Once the water has flown through the 

turbine, it exits axially - parallel to the rotational axis out of a draft tube to the tail 

race. This tube reduces the exit velocity of the water to obtain the maximum 

amount of energy from the input water. The water deflected through the runner 

blades results in a force that pushes the blades in the opposite direction as the 

water is d eflected. This reaction force (like Newton's third law) is what causes 

power to be transferred from the water to the turbine's shaft, maintaining rotation. 

Because the turbine moves as a result of this reaction force, Francis turbines are 

known as reaction  turbines.  The change of direction of the water flow also results 

in a decrease in pressure within the turbine itself. They work equally well when 

positioned horizontally as they do when they are oriented vertically.  

In cross-flow turbines the water passes  through the turbine twice: on the upper 

part of the runner when inserting the turbine and on the lower part after, before 

leaving the system. Passing through the runner twice provides additional 

efficiency, and also allows self -cleaning from small debris,  leaves etc. Another 

advantage of cross-flow turbines is the practically flat efficiency curve under 

varying loads, which makes them ideal for run -of-river plants.  

Turgo  has similar of operation as Pelton with main difference the angle in which 

the water enters the runnerõs level. This type of turbine can function in a more 

endurable way when it comes to intense sediment erosion.  

Kaplan type, is the most used hydro turbin e for high -flow and low -head power 

production. The runner is a form of a propeller, the water inserts vertical the axis 

of the turbine, spins and then meets with the runner. Another propeller type 

turbine is the Bulb, the Straflo, the S -type Kaplan and the  Deriaz. Each one of 

them has a different operation and design mode making them suitable for a large 

scale of occasions. 

3.1.2 Turbine selection  

In order to choose the most suitable turbine type for  a given net head H, 

(geometrical quantity , that also depends on  the discharge due to friction  and minor  

hydraulic losses), and to a nominal flow rate Q (hydraulic quantity), we will have 

to consult the chart shown in  Figure  3.2. This nomograph summarizes various 

combinations of net head and nominal discharge, from 0.09 MW up to 1000  MW 

power capacity. Each colored area represents a specific type of turbine  and the 

values of the above combinations, in which each is suitable for.  

 According to Figure  3.2, for relatively small nominal discharge and large head 

(H > 250 m), the impulse turbines are applicable, in contrary with the Francis 

turbines, which are more suitable for a wider range of discharge with lower head 

conditions.  

Moreover, for even smaller hydraulic loads but with high discharges, prop eller 

type turbines, like Kaplan, fit as best.  
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The selection of the turbineõs type, when it comes to overlapping areas, depends 

also in the predicted variations in discharge during the year but mostly to financial 

and technical issues, as the available tec hnical knowledge.  

 

Figure  3.2: Turbine application range chart, depending on net head H(m) and nominal 

discharge Q (m 3/s). 

3.2 Turbine efficiency  

3.2.1 Definition  

The total efficiency of a turbi ne –, is defined as the ratio of the output  power 

produced by the turbine system to the input  power which is provided  to the turbine 

system. The efficiency of a turbine is always lower that one, due to energy losses. 

Itõs range also varies, depending the type of the turbine and the passing inflow. 

Typical ranges of efficiency are 80% -95%. 

But in order to know its real value we need to take into consideration the 

different types of energy losses that occur inside a turbine system.  Specifically:  

¶ Hydraulic losses, due to friction losses of the fluid lay ers in motion and 

also due to water crashing on blades, local losses due to changes of the 

tube section;  

¶ Volumetric losses, only for impulse turbines, due to small amounts of 

water that are extracted to the atmosphere, without crashing on the 

blade; 

¶ Mechanical losses, that are developed in the rotating parts of the turbine.  

Moreover, except from the turbineõs losses, the total efficiency of our 

Hydropower plant is defined by the generatorõs efficiency – (~ 96%), the 

transformerõs efficiency –  (~ 98%)and lastly by the transmission linesõ efficiency 

– (~ 98%). 

I n conclusion, the total efficiency of our system equals to the product:  

– –– –– (3.1) 
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and implies the ration of the actual power provided to the electrical grid  to the 

hydraulic energy provided to the turbine system.  

3.2.2 Efficiency curves  

The efficiency of the turbine system, is a nonlinear function of the net head and 

the inflow.  Their  relation can be expressed by a two -dimensional diagram,  Figure  

3.3 provided by the turbine manufacturers or measured by the hydropower 

producers on-site. The bellowed diagram represents the percentage of ty pical 

efficiency of a turbine, Ȇ (%), as a function of the load in dimensionless terms, 
ή
ή , where the subscript refers to the nominal operating point of the turbine.  

 

Figure  3.3: Typical efficiency curves for different types of hydropower turbines . 

Some typical ranges of the maximum efficiency, in relation with the turbine 

type, are also given in the following Table 3.1. 

As we can see from the above diagram in Figure  3.3, Pelton, Kaplan and Cross -

flow machines are capable of operating close to their maximum efficiency for a 

large range of hydraulic load, comparing to Francis and Propeller  ones.  

Pelton turbines, manage to have that kind of operation due to their ability of 

changing the opening of the injectors, through a flow regulator (needle), resulting 

to keeping the fluidõs velocity stable.  

In addition, Kaplan exceeds the Propeller type, due to its faculty of adjusting 

the angle of the rotor and guide blades in the most efficient way.  

Cross-flow, it may operate in a large range of   
ή
ή with its best efficiency but 

it cannot compete with Pelton, due to its higher efficiency level.  
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Table 3.1: Typical  efficiency  ranges for various turbine types.  

 

Type Efficiency range  

Pelton  0.880-0.920 

Cross-flow  0.800-0.840 

Turgo  0.800-0.870 

Francis  0.910-0.945 

Deriaz  0.910-0.940 

Kaplan  0.910-0.945 

Bulb       0.900-0.940 

 

The maximum and minimum efficiency of a turbine depends on the type of the 

turbine, its size and manufacturerõs design criteria. To be more specific, when it 

comes to impulse turbines (e.g. Pelton, Cross Flow), their size does not affect in a 

great scale their  maximum efficiency level, thus we can assume it as a constant 

value. On the other hand, the maximum efficiency of reaction turbines (e.g. 

Francis, Kaplan) varies depending on their nominal power capacity and cannot be 

taken as constant.  

The following char t in Figure  3.4 is the so-called hill chart, that expresses the 

relationship between the net head (blue dotted curve), the nominal discharge, the 

turbineõs efficiency ranges (red dotted curves) and the opening of the turbineõs 

guide vanes (olive green curves). The optimal efficiency point is determined as the 

cross point of the net head curve (depending on the gross head and the inflow) with 

the higher possible efficiency curve.  

 

Figure  3.4: Example of determining the operation range of hydropower turbines , by 

drawing the flow -head relationship of the penstock . 
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3.2.3 Specific speed; a key variable for  optimal operation of turbine system s 

A lot of research has been taken place on the operation of the turbines with 

variable speed. This approach is of particular  importance in the field of Small 

Hydropower Plants, when there is no storage capacity, thus meaning unsteady net 

head and variable e fficiency rate. In order to ensure an operational range with 

higher efficiency levels not only in nominal values but in operating points as well, 

we choose a flexible scheduling of the runner by changing the speed of rotation 

depending on the inflow of eac h time, setting as goal the best operational efficiency 

for the incoming flow and as a result the maximization  of the produced energy . 

In few words, for each incoming discharge we choose the right angle of the guide 

vane system and the corresponding turbin e speed in order to have the best 

efficiency point. Taken from a research on an experimental Small Hydropower 

Plant, with nominal head H equals to 3,5 m and nominal discharge Q equals to 

3 ά  Ⱦί, with a propeller turbine and a permanent magnet synchronou s generator, 

in Figure  3.5 is shown the co -dependency of the above turbine operational values.  

 

Figure  3.5: Typical hill chart of  hydropower turbines . 

The above technique, requires the use of power electronic converters (PECs), 

since we need to supply the electrical network with stable electrical frequency. The 

only drawback of this approach is the reduction of the total efficiency caused by 

the additional electr omechanical equipment, which can  be balanced by 

accompanying the PECs with permanent magnet synchronous generators. The 

usage of these type of generators increase the efficiency of the system since their 

design include a polar pair number, which allows the elimination of mechanical 

trans mission gears.  

3.3 Fundamental mathematical formulas  

3.3.1 Operational range of turbines  

As it is apparent from the previously presented typical efficiency curve (Figure 

2.3), each turbine can operate in a specific range of inflow, in other words electricity 
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can be produced by the selected turbine system only if the passing discharge 

belongs between a minimum and a maximum value, symbolized as  ή  and ή , 

respectively, which differ according to the turbine model. 

The nominal discharge is given by the follo wing formula  

ή ὖ
‎ –  Ὤ (3.2) 

where – is the maximum total efficiency represented by the nominal discharge, 

‎ is the specific weight of water (9.81 KN/m 3) and Ὤ is the net head, i.e. the gross 

head, ῷ, after subtracting hydraulic losses, Ὤ. Hydraulic losses include friction and 

minor  ones, which are function of discharge and the penstock properties  

(roughness, length, diameter, geometrical transitions).  

The minimum discharge also depends on the manufacturer, since is a ratio of 

the nominal , and also differs according to the type of the turbine.  

The expression that gives the above value, is the following  formula  

ή —ή  (3.3) 

where ȇ expresses the percentage of the ή  that ή  equals to.  

It is worth mentioned, that the discharge rate which refers to the best efficiency 

factor  (nominal operating point ) is not necessarily the maximum flow limit of the 

turbine. On the contrary, the unit is designed to produce energy for discharges up 

to 1.2-1.25 times the nominal rate or even greater for some turbines. Some typical 

ranges for common turbine types in SHPPs are shown in  Table 3.2.In this range 

ρ
ή
ή ρȢςπ ρȢςυ the efficiency curve becomes monotonically 

decreasing, in a rate that depends on the type of the turbine and the manufacturer. 

More detail s follow in the next paragraph.  

 

Table 3.2: Typical values  of range of operation for different turbine types . 

 

Type of turbine  ▲□░▪/▲▪▫□ ▲□╪●/▲▪▫□ 
Pelton  0.1087 1.25 

Francis  0.5 1.25 

Cross Flow  0.285 1.428 

Kaplan  0.1242 1.4286 

 

3.3.2 Analytical formula  

A more flexible and  efficient method to determine the efficiency value of each 

incoming inflow in every time step and then extract its efficiency curve, is through 

an analytical formula, introduced by Sakki (2020) and Sakki  et al. (2021) . In the 

following formula, a and b are non -negative shape parameters  that in combination 

with the appropriate values of –  ,–  it is possible to change the efficiency curve 

and extract its loyal form to the in -situ results.  
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– – ρ ρ
—

ρ —
– –   (3.4) 

  

The above formula helps us to define the relationship between efficiency – and 

discharge  , by taking into consideration the turbineõs characteristics in size and 

type (–  ,– ,—, ὥ, ὦ). The lower limit of  the expression (3.4) is (ή ,– ) and 

the upper (ή ,– ). 

In  case that we decide the nominal discharge to also be the maximum discharge 

that our turbine should operate, as it happens with the present case study  then 

there above formula is the best fit to our problem. In a more generic way, in order  

to include a broader approach, we also pr ovide a second formula, as shown in 

expression (3.5), similar to the above. The second formula acts as a supplement to 

expression (3.4), since is applicable for – –  while ή ή ή . 

– – ρ ρ
ρ

ρ —
– –  (3.5) 

Figure 3.6 demonstrate three different types of turbines with their efficiency 

curve given by their manufacture. In the same diagram, the analytical formulas 

have been applied for each type with the appropriate turbine characteristic for 

each case and shape parameters.  

 

Figure 3.6: Turbine efficiency compared to rated flow and its analytical 

expression for different type of turbines.  
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4 Generic framework for optimizing the 

operational policy within turbine mixing  

4.1 The concept of turbine mixing in small hydroelectric 

plants  

For a given layout of a small hydropower plant  (siting of intake, forebay, water 

conveyance system, and power plant) , the most  important design decision involve s 

the configuration of the turbine system.  This imposes the specification of the type 

and number of turbine s, and the  assignment of their  power capacity . As explained 

in section 3.3.1, the power capacity also determines the maximum discharge, ή , 

that can pass through the turbine (see eq. 3.2), while the type of the turbine leads 

to a certain value of ratio —, thus resulting to a minimum discharge ή — ή . 

Since the majority of SHPPs have negligible  storage capacity , they cannot offer 

regulation of the arriving streamflow  (as made in the case of hydroelectric 

reservoirs) , which  exhibits  significant  variability  across all scales. A single turbine 

captures a relatively limited portion of this variability, thus implying the setting  

of more than one turbines. The typical case is the mixing  of two turbine s in  parallel  

(one large and one small) , which allows for  exploit ing  a wide range of diverted 

discharge values.  In the generic case of ὔ turbines,  i f the individual flow ranges 

are (ήȟ , ήȟ ), the operational flow of the combined system ranges from ή

άὭὲήȟ ) to ή В ήȟ . 

4.2 Hierarchical operational rule  

By applying two (or more) turbines instead of a single one, we confront a 

challenging management problem , i.e. the sharing of the diverted streamflow 

through each turbine. A simple and effective operational rule, herein called 

hierarchical , indicates that the system of the two turbines comprise s a master and 

a secondary one. As it is implied, the master turbine refers to the one with the 

larger  power capacity, and thus the most extended operational flow range , while  

the secondary one has the lower  capacity . 

The hierarchical rule is structured as follows: When the diverted discharge is 

lower  than the minimum flow limit of the turbine system , ή , there both turbines 

are shut down and there is no  power production. On the other hand, when the 

diverted discharge exceeds the maximum flow limit , ή , then both turbines 

operate at their  maximum  power capacity, while  the excess stream flow  overflows  

to the natural bed of the river. For flow values within the range (ήȟ ȟήȟ ), the 

flow is conveyed to the secondary turbine, while the master one remains out of 

operation. Instead, between ήȟ  and ήȟ , only the master turbine is set in 

operation . Finally, in the range ( ήȟ ȟήȟ ήȟ  the hierarchical operational 

rule states that the flow is by priority conveyed to the master turbine , which 

operates at its capacity . On the other hand, the secondary turbine receives the 
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remaining flow and produces energy only is this quantity exceeds the associated 

limit ήȟ . 

The aforementioned operation policy is formalized as follows: Let ή be the 

streamflow arriving at the intake (typically, this is the natural flow of the river, 

after subtracting a quantit y ή, which is imposed by the environmental  legislation). 

The flow passing from the master  turbine is given by:  

ή ÍÉÎήȟήȟ  (4.1) 

If ή ήȟ  then the surplus flow passing from the second ary  turbine is:  

ή ÍÉÎή ήȟήȟ  (4.2) 

For  ή ήȟ  the turbine is set out of operation, while for ή ήȟ  the power 

produced by each turbine is:  

ὴ

π ή ήȟ
” Ὣ –ή ήὬ ή ήȟ ή ήȟ

ὴȟ ήȟ ή
 (4.3) 

where –ή  is the total efficiency, which is typically expressed as afunction of the 

rated flow, ήȾή (monotonically increasing, up to the nominal point), and Ὤ ή  

is the net head, which is , on the other hand,  a decreasing function of flow ή. 

4.3 Looking  for an optimal operation rule  

The above policy is the simplest one, but not essentially the most effective. This 

is due to the nonlinearity of the product –ή ή, where Ὥ refers to a specific turbine . 

This nonlinearity is  mainly induced by the peculiarity of the efficiency function , 

which retains an almost constant ceiling, for relatively high rated flow values,  and 

then exhibits a steep drop. As described in previous section, the hierarchical rule 

implies the occasional use of the small (secondary) turbine , since the flow is by 

priority conveyed to the large (master) one . However, under some circumstances, 

a combined operation of the two turbines would be more beneficial, to ensure the 

maximization of the total energy production. This could be achieved by òdonatingó 

part of the arriving flow to the small turbine, to operate close to its nominal 

efficiency, with minimal efficiency loss for the large turbine.  

In order to clarify this argument, we contrast the application of the hierarchical 

rule with  a more effective policy, hereafter called synergetic . We use the data from 

the pilot small hydroelectric plant in upper Achelous , which takes advantage of a 

pract ically constant net head  equal to 150 m (Chapter 6). This comprises two 

Francis -type turbines, which characteristics are shown in  Table 4.1. The efficiency 

curve of the two turbines is illustrated in  Figure 4.1. 
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Table 4.1: Design characteristics of the two Francis -type turbines.  

 Turbine 1  Turbine 2  Total  

Power capacity, ὖ (MW)  7.40 1.00 8.40 

Maximum discharge, ή  (m3/s) 5.69 0.77 6.46 

Minimum discharge, ή  (m3/s) 0.85 0.12 0.12 

 

 

 

 

Figure 4.1: Sharing of diverted discharge across the two turbines of the pilot 

SHPP and associated power production  for two operational rules (hierarchical, 

synergetic) . 
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The contrast of the two operational rules, in terms of flow sharing and power 

production, is demonstrated in  Figure 4.1. The derivation of the associated graphs 

is made by dividing the operational flow range of  Table 4.1 into small intervals  

(i.e., ήή πȢπυϳ ) and next apply ing  the following methodology:  

1. We calculate the flow sharing and power production  for the operational 

scenario that implements the  conventional  hierarchical policy , in which the 

large turbine is set as the master and the small one as the secondary  one; 

2. We repeat the calculations for  the opposite hierarchical policy , where the 

small turbine operates as master and the large one as secondary; 

3. We compare the two scenarios, on the basis of totally produced power, 

and keep for each flow value the flow sharing that maximizes the output power 

through a synergetic operation of the two turbines.  In fact, the optimal synergy  

is ensured when the two turbines exchange role s (master/secondary) in the most 

productive way. 

 

Figure 4.2: Gain in produced power by applying the synergetic instead of the 

hierarchical operational policy . 

As shown in  Figure 4.2, the gain in produced power by applying the synergetic 

instead of the hierarchical operational policy  appears in two discrete flow intervals, 

defining the so -called donation areas . Term donation originates from the fact that 

the large turbine offers an amount of   its discharge to the small one, in order to   

optimize the product  (we remind that in this specific  case, the net head, Ὤ, is 

assumed constant, for simplicity) : 

ὴ ” Ὣ Ὤ –
ή

ήȟ
ή –

ή

ήȟ
ή  (4.4) 

The first  donation area starts  at  ήȟ (in this case, 0.85 m3/s), where all 

discharge is conveyed to the small instead of the large turbine . Under this policy, 
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the small turbine operates  with its  maximum efficiency , since the rated 

flowήȾήȟ is unit  (since in our case, ή ή . In opposite, the hierarchical 

rule would require  the operation of the large turbine with ήȾή Ḻρ, and thus a 

much lower efficiency.  The end point of the first donation area, where the  

hierarchical rule is applied  again when : 

–
ή

ήȟ
ή –ȟ ήȟ  (4.5) 

The second donation area starts at ήȟ (in this case, 5.69 m3/s), where the 

discharge which is conveyed to the large turbine is reduced by ήȟ  (in this case, 

0.77 m3/s), in order to feed the small turbine with its maximum discharge and thus 

operating with its maximum efficiency.  This policy is applied until the  system 

reaches its total power capacity, thus ή ήȟ   ήȟ . 

4.4 Summary of synergetic management  rule  

The generic management  rule  for any mixing of two turbines, by applying an 

optimized synergetic operation, can be defined as follows : 

¶ If ή ήȟ , both turbines are shut down, thus there is no energy 

production ; 

¶ If ήȟ ή ήȟ  , only the small  turbine is in operation ; 

¶ If ήȟ ή ήȟ , only one turbine is in operation, namely the one 

ensuring  the higher  product–ή; 

¶ Ifήȟ ή ήȟ ,only one turbine in operation, the larger one (T1)  

¶ If ήȟ ή ήȟ ήȟ , donation point, both of the turbines are 

in operation, in the most optimal combination meaning the small 

turbine operates with its max imum efficiency and the larger one with a 

slighter lower that its maximum for a small range of inflows  

¶ If ήȟ ήȟ ή ήȟ ήȟ , same as above step, both 

turbines in operation, distributing ή in the most efficient way  

¶ If  ή ήȟ ήȟ ,both turbines operate in their maximum 

efficiency . 

4.5 Generic formulation  of operation rules  

We consider a hydroelectric plant comprising two turbines, of unit total capacity , 

ὴᶻ ρ,by taking advantage of a unit net head , Ὤᶻ ρ.I n the generic case, the 

type of the two turbines differ s, thus their efficiency function – ὪήȾή   is 

expressed by different parameter values ,–ȟ ,—,ὥ andὦ.For convenience, we 

assume that the system operates up to its nominal point  where the  efficiency is 

maximized, and also the power capacity of each turbine  is determined . In this 

respect, we can set ή ή  and ὴ ὴ ., We also consider that  – refers 

to the total efficiency, thus it embeds the product – ––, which  refers to  minor 

energy losses across the rest of electromechanical components (transformer, 

generator, electrical grid).  
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We next  introduce a sharing factor • πȢυπ(dimensionless), thus the large 

turbine has a power capacity ὴȟ
ᶻ •and the small one ὴȟ

ᶻ ρ •. Under 

this premise, t he maximum discharge passing from  each turbine is expressed in 

dimensionless terms as:  

ήȟ
ᶻ

ὴȟ
ᶻ

” Ὣ –ȟ Ὤz
 (4.6) 

Similarly, the  minimum dimensionless discharge of each turbine is:  

ήȟ
ᶻ —

ὴȟ
ᶻ

” Ὣ –ȟ Ὤz
 (4.7) 

In this respect, the maximum dimensionless discharge of the turbine system 

equals to: 

ήᶻ
ρ

” ὫὬz

•

–ȟ

ρ •

–ȟ
 (4.8) 

On the other hand, the  minimum dimensionless discharge of the system is:  

ήᶻ
ρ

” ὫὬz
άὭὲ

— •

–ȟ
ȟ
— ρ •

–ȟ
 (4.9) 

By setting ό ήȾή , we can express the dimensionless discharge as: 

ήᶻ ό ήᶻ  (4.10) 

Under this premise, the dimensionless power production is:  

ὴᶻ ” Ὣ –όήᶻὬᶻ (4.11) 

In order to determine the optimal operation of alternative configurations of the  

turbine system, we examine different scenarios depending on the value of the 

sharing factor •,the parameter — and the turbine type, which affects  the efficiency 

function parameters –ȟ ȟὥ andὦ. 

4.6 Experimental scenarios on power production  

After  test ing  different combinations   of the sharing factor • and the parameter 

— for the two most used turbine type s (Pelton, Francis)we compared their results 

in terms of total dimensionless power production, ὴᶻ ὴȟ
ᶻ ὴȟ

ᶻ . 

Depending on the mixing characteristics õ for various  values of the sharing factor 

•(0.2, 0.4, 0.5, 0.6, 0.7, 0.8), we settle on the most efficient  combination . In  Table 

4.2, we present all the combination s (I,II,III,IV) along with their characteristics . 

In order to set a measure for defying  the most efficient combination, we compare 

with  the theoretical power which can be produced by an ideal turbine system  with 

unit efficiency , i.e.: 

ὴȟ ” Ὣ ήᶻ•ȟ—ȟ–ȟ ȟὥȟὦ Ὤᶻ (4.12) 

Afterwards,  for each value of the sharing factor •, for  the four combinations , 

we calculated the  deviation of eachõs scenarios power production from  the ideal  

system, ῳὴ ὴȟ ὴᶻ , as shown in  Figure 4. 6 :. 



  

  

   

-48- 

We also desire to  evaluate the deviation  of optimal from the hierarchical 

dimensionless power production, ( ὴᶻ  ȟὴᶻ  respectively) in each different 

combination of turbine s mixing  in type  (I,II,III,IV)  and sharing  •, meaning 

ῳὴȟ ὴ ȟ
ᶻ ὴ ȟ

ᶻ .The results of the above calculations are presented 

in  Figure 4. 10 : . 

 

Table 4.2: Different combinations of turbine mixing  

 

 

 

 
 

Figure 4.3 : Combination  I   of the deviation of  dimensionless   power production 

between real and ideal   operation . 

 

 

Combination I  Turbine 1  Turbine 2  

Turbine Type  Francis  Francis  

parameter — 0.50 0.50 

–ȟ  0.93 0.93 

ὥ 0.78 0.78 

ὦ 3.11 3.11 

Combination II  Turbine 1  Turbine 2  

Turbine Type  Francis  Francis  

parameter — 0.15 0.15 

–ȟ  0.93 0.93 

ὥ 1.00 1.00 

ὦ 2.11 2.11 

Combination III  Turbine 1  Turbine 2  

Turbine Type  Pelton  Francis  

parameter — 0.10 0.50 

–ȟ  0.89 0.93 

ὥ 1.13 0.78 

ὦ 12.8 3.11 

Combination IV  Turbine 1  Turbine 2  

Turbine Type  Pelton  Francis  

parameter — 0.10 0.15 

–ȟ  0.89 0.93 

ὥ 1.13 1.00 

ὦ 12.8 2.11 
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Figure 4. 4 : Combination II  of the deviation of  dimensionless   power production 

between real and ideal   operation . 

 

 

 
 

 

Figure 4. 5 : Combination III   of the deviation of  dimensionless   power production 

between real and ideal   operation . 
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Figure 4. 6 :Combination IV  of the deviation of  dimensionless   power production 

between real  and ideal   operation . 

 

 

 
 

 

Figure 4. 7 : Combination I  of the deviation of  dimensionless   power production 

between optimal and hierarchical scheduling  

. 
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Figure 4. 8 : Combination II  of the deviation of  dimensionless   power production 

between optimal and hierarchical scheduling . 

 

 
 

 

Figure 4. 9 : Combination III  of the deviation of  dimensionless   power production 

between optimal and hierarchical scheduling . 
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Figure 4. 10 : Combination IV  of the deviation of  dimensionless   power production 

between optimal and hierarchical scheduling . 

 

 

Through the Figure s 4.3, 4.4, 4.5 and 4.6, we can examine  which combination is 

closer to the ideal operation of our system.  As is shown in the aforementioned 

figure s, in Combination I  (two Francis with identical   — πȢυ) the best  sharing 

scheme is the one with • πȢψ and • πȢς , which are the same since the turbine 

mixing is symmetrical and the above sharing factors are complementary , and the 

worst is for • πȢυ. In Combination s II  (two Francis with identical — πȢρυ), III  

(one Pelton with  — πȢρπ and one Francis with   — πȢυπ, and IV  (one Pelton with  

— πȢρπ and one Francis with   — πȢρυ  closer to the ideal operation happens to 

be achieved with sharing factor • πȢχ. On those combinations, the less efficient 

schemes regarding the sharing factor differ depending on the range of 
ή
ή . To 

be more specific, in Combination II , the worst performance is obtained when •
πȢυ and • πȢψ, for high and low discharge rate, respectively, in Combination III , 

• πȢς leads to the least appealing scenario and in the end in Combination IV , 

• πȢς for low discharge rates and • πȢτ ȟπȢυ  for higher discharge rate s but in 

smaller ranges, are the sharing factor s which we should avoid in terms of better 

efficiency.  

 On the other hand,  the Figure s 4.7, 4.8, 4.9 and 4.10 remark how much  the 

optimal power produc tion outnumbers the one produced from the  hierarchical 

scheduling, regarding  the above selected efficient scenarios. The usage of th ese 

observations  is twofold : first we can conclude of how important is the use of the 

synergetic  scheduling versus the hierarchical  and secondly if the above divergence 

isnõt in a great scale, to reconsider which scheduling to choose since the optimal 

might lead to more complex operation  management . Depending the combination 

and the value of •, the above figures  combined with the given  hydrological regime 

of the, under research, SHHP , can quantify the benefit of exploited discharge we 

gain or not by using t he optimal (synergetic ) rule instead of the hierarchical.   

 



  

  

   

-53- 

 

 

 

In order to assess the actual benefit (i.e., in power production terms) from the 

application of the synergetic vs. the hiera rchical rule, we use the historical inflow 

data  and the energy production resulting by them , sorted in descending order, thus 

forming the so -called energy and   flow -duration curve (Figure 4.11 and Figure 

4.12), respectively . For each value of sorted inflow data, we estimate the power 

production by the two management policies, and assign it to the corresponding 

exceedance probability ( Figure 4.13 ).  

 

 

Figure 4.11 : Energyðduration curve . 

 

 

Figure 4.12 : Flow -duration curve . 
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Figure 4.13 : Simulated power production as function of the empirical 

exceedance probability of inflow, according to the two operation policies . 

 

Figure 4.14 : Detail of previous figure, focusing on donation area II . 

As shown in Figure 4.13 the synergetic rule outperforms the hierarchical one 

particularly within donation area I, in which the system is driven by medium -scale 

inflows having exceedance probability from 45 to 55%. Thus, this mode is applied 

about 10% of time, resulting to an obvious benefit for the system. On the other 

hand, the gain within donation area II is not as much significant, as the rule is 

activated for  a limited portion of time (see detailed graph in  Figure 4. 14). This 

highlights that the optimal performance of a mixed turbine system is subject to 

both the management rule and the flow regime.  
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5 Setting the problem of energy production 

forecasting in Smal l Hydropower Plants   

5.1 The Target Model Era  

Today, t he energy market  is subject to a new legal framework , called òTarget 

Modeló. This model has been recently introduced as the new legal framework of 

the electricity market across Europe.  Its main goal is to create a well -organized 

electricity market  and an unified power system across European borders,  through 

the cooperation of different  market s by exchanging the ir  natural sources in the 

most efficient scheduling . 

The above legislation  is a part of the  European Unionõs third   energy package, 

which aims at  a new and improved function of   the internal energy market by 

redefining   the role of each participant (producers, aggregators)  and the nature  

of their interaction.  

Regarding the application  of the òTarget Model ó in the Greek energy market , 

a variety of challenges arise , especially in the field of Renewable Energy Sources 

(RES) considering that new renewable energy projects are obliged to participate 

in the Greek wholesale electricity market . The above can be executed either 

directly or through renewable energy aggregators ðmeaning assigning them  some 

of the balancing responsibilities.  

This new role-allocation, leaves the RES producers financially responsible for 

the additional balancing cost between their forecasts and their actual energy 

production. From that p oint of view , it is clear that the contractual framework 

governing and representing the relations between RES producers and RES 

aggregators in the market, becomes of high importance . 

Another si gnificant measure which changes the structure of the energy market 

due to the òTarget Model ó and also intensify the need of credible forecasting 

predictors , are the additional costs for RES producers such as deviation  between 

their forecasts and their actual energy production , clearance and non - compliance 

charges. 

In this concept,  RES aggregatorsõ concerns focus on the commercially 

successful operation of the ir  represent ed units, in terms of energy-schedule 

optimization or of power -system control services. As a result , they could ensure a 

better prediction  of the actual production of RES units , leading to low level 

deviation charges accounting to RES producers.  

Till our days , traditional units are mostly used on order to  provide stable 

energy generation . Since the later are starting to be replaced by RES , it comes to 

question whether RES units are capable to autonomously maintain this stability 

by adapting with flexib ility  variable and possible unforeseen changes in operating 

conditions  which also depends on the weather processes. 
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Figure 5.1 :Representation of various forms of renewable energy  and their 

dependence on weather  processes. (Source: https://www.deccanherald.com/  

content/661665/impacts -renewable -energy-projects.html ) 

5.2 Research advances and limitations  

The associated research and operational applications so far mostly span over 

two main directions , regarding the forecasting of energy production . 

The first refers to the short -term energy production forecasting by solar an d 

wind power systems . Numerical Weather Prediction (NWP) models,  are used by 

provid ing  deterministic point forecasts.  

The second field of interest deals with the long -term energy production by large 

hydropower reservoirs  and is based on projections of their inflows (e.g., 

Cassagnole et al., 2021).  

 Nowadays, emphasis is given to data -driven approaches (e.g., machine 

learning), also combined with stochastic -probabilistic schemes for representing 

uncertainties that are ignored by N WP models (Felder et al., 2018; Talari et al., 

2018; Croonenbroeck and Stadtmann, 2019).  

Small hydroelectric works are classified as one of the most cost -effective 

technologies, establishing them as one of the most widespread form of renewable 

energy. We remind that t his concerns hydropower systems up to a specific 

capacity value (e.g., 15 MW in Greece), commonly of negligible storage capacity, 

where the energy production is a direct conversion of the streamflow arriving at 

the intake. In contrast to other renewables, the short -term energy forecasting 

problem, in the field of SHPPs without storage, has not gained the necessary 

attention from the research community (Yildiz and A­ikgºz, 2021). The typical 
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input information used in forecasting schemes appears t o be the observed energy 

production and rainfall (e.g., Li et al., 2015), while some researchers also use 

forecasted precipitation, provided by NWP models (Monteiro et al., 2013). 

However, we should highlight that the accuracy of NWPs with respect to rainf all 

forecasting is still questionable, particularly in complex mountainous reliefs 

(Ďlafsson and ćg¼stsson, 2021). 

Surprisingly, streamflow forecasting procedures, followed by turbine operation 

models employing flow -energy conversions, seem to be missing. A plausible 

explanation is the scarcity of streamflow observations, since most of SHPPs are 

located in small remote catchments, lacking of hydrometric infrastructures.  

On the other hand, given that the technical and operational characteristics of 

the SHPP  are known (e.g., turbine scheduling and efficiency curves), the past 

inflows can be retrieved with quite satisfactory accuracy, on the basis of observed 

power production data, through reverse engineering (Sakki et al., 2021a).  

Taking as an example a run -off -river SHPP, in the upper course of river 

Achelous, Western Greece, we investigate different day -ahead power forecasting 

approaches, driven by alternative data sources.  

Since the limited scale of the SHPP industry makes difficult to support highly 

sophisticated operational forecasting systems, we seek for establishing simple 

and parsimonious regression -type approaches, instead of more complex schemes, 

e.g., from the domain of machine learning (ML) (cf. Papacharalampous et al., 

2020), that yet require sig nificant expertise to be properly used and often 

demanding computational infrastructures. This fact is probably associated with 

the growing interest in explain ability  of such techniques (cf. discussion by 

Ribeiro et al., 2016). Key objective, and at the s ame time novelty of this research, 

is the maximization of information gathered from the available data, by taking 

advantage of the hydrological expertise and knowledge about the systemõs 

operation. Our research also highlights the training and evaluation p rocedure of 

each forecasting approach, as well as the representation of uncertainty and its 

practical interpretation.  

 In this vein, our overall objective is to move beyond the standard, yet risky, 

point forecasting methods, providing a single expected val ue of hydropower 

production, thus quantifying the overall predictive uncertainty of each method, 

and use it as a guidance for modelling energy market behaviors and support 

decision-making.  
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6 Study area and data  

6.1 Overview and hydrological data   

In the context of our analysis, we consider a hypothetical run -of-river plant 

under study, in the upper course of river Achelous, Western Greece. The flow 

arriving at the intake is diverted through an open channel to a forebay and next 

conveyed to the power station through a penstock, thus creating an elevation 

difference of 150 m.  

The available hydrological information comprises spatially -averaged daily 

precipitation data from ten representative meteorological stations, and daily 

streamflow data at the intake. The latter input is extracted by adjusting the 

observed inflows to a downstream site, i.e., Kremasta reservoir (Efstratiadis et 

al., 2014), by accounting for the ratio of the  corresponding drainage areas (about 

1:40). The common period of the two records extends over 39 years (May 1969 to 

December 2008). Figure  6.1 illust rates the adjusted flow time series, the mean 

annual value of which is 2.15 m 3/s. 

 

Figure  6.1: Streamflow time series at the intake for hydrological year 1971 -72. 

6.2 Technical  characteristics  

Before proceeding with the forecasting problem, it is essential to specify the 

technical characteristics of the project.  

First, we estimate the environmental flow to be released downstream of the 

intake, in order to sustain the riverine ecosystems ( Efstratiadis et al., 2014).  

According to Greek legislation, the time -constant environmental flow which 

should be preserved downstream of the Small Hydropower Plant, is defined as 

the maximum of the following quantities : 
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¶ 30% of average streamflow during the  summer period (June, July, 

August);  

¶ 50% of average streamflow of September;  

¶ 30 L/s, in any case.  

 Following this , we defined a constant flow of 0.25 m3/s as the 30% of mean 

discharge of September.  

We should highlight that in  next computations, we conside r a constant net 

head, for simplicity . This comes in agreement with reality , by placing a penstock 

with quite large diameter  (1500 mm),  thus causing minimal  hydraulic losses , 

even at the maximum discharge capacity.  

Moreover, as it has already implied , in our case study , we set as an optimal 

operational system , a mixing of two Francis -type turbines, which characteristics 

are summarized in  Table 4.2. The two capacities have been selected by the 

estimations, after solving an optimization  problem  (Sakki et al., 2021b ). In this 

respect, a standard technoeconomic optimization problem  is formalized  by setting 

as goal the maximization of financial quantities such as the net present value 

(NPV).  In this concept, the discounted value of future net cash flows should 

exceed the investment cost, so as to ensure a sustainable investmen t. The cash 

flows derive d from the production of electrical energy during the entire life -cycle 

of the system, while the investment cost (involving the E/M equipment and the 

civil works) was directly or indirectly associated with the power capacity . 

The objective function of the design optimization problem is expressed in 

annual profit terms as:  

Ὂ Ὅȟὴ  ό Ὁ Ὅȟὴ ὃὍ  (6.12) 

This function is strongly nonlinear and contains two conflicting components, 

namely the mean annual energy production, Ὁ Ὅȟὴ, to maximize, and the 

equivalent annual cost, ὃὍ, to minimize . 

To ensure robust solutions, the research  also accounted for the resulting 

capacity factor of the RES,  since they   consider it  may also comprise a mixing of 

different sources. This factor is a fundamental performance metric of power 

systems, defined as the ratio of the mean annual electrical energy output to th e 

maximum possible one (Mamassis et al., 2021) , i.e.: 

Ὂ ╘ȟὴ
Ὁ ╘ȟὴ

ὝВ Ὅ
 

 (6.12) 

In order  insight to the optimization problem,  Sakki et al. (2021b)  repeated the 

design procedure for a large number of turbine capacity combinations, driven 

with the historical streamflow data. In their research they  highlight that since 

the formulation of the problem is deterministic, it leads to a unique solution . As 

derives  from their numerical and graphical results, t wo alternative operation 

policies with  quite close performance  characterized as optimal mixings . One of 
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them , named as òglobal optimumó, is the one we chose to be the  selected turbine 

mixing in our case study.  

The operation policy of the SHPP , in combination  with  both mathematical and 

graphic formulations,  have been expounded extensively on Chapter  4. This has 

been obtained by seeking for the optimal hierarchy of the two turbines, in order 

to maximize the power production across different discharge ranges.  
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7 Day-ahead energy forecasting approaches  

7.1 Application of energy forecasting schemes  

7.1.1 Two routes  leading   to energy forecasting  

In order to deal with  the difficult task of energy prediction  we establish ed two 

alternative routes  (direct, indirect)  to the power forecasting problem of SHPPõs, 

on a day-ahead basis. The direct route aims at predicting the next -day energy 

production via regression models . These models use as explanatory variables past 

observations, in terms of power production and the past rainfall, as the sole 

source of hydrological data. On the other hand, the indirect route initially aims  

at predicting the day -ahead discharge, given that such data exist.  The forecasted 

flows are next introduced to the operation model of the system  Figure 7.1 , for  

extracting the forecasted energy.  For each approach, we assess alternative 

forecasting schemes, in terms of model structure and data.  

 

 

Figure 7.1 : Operational scheduling   of the turbine system , ensuring an 

optimal power production . 

 

7.1.2 Precipitation data  

For the precipitationõs information, each one of the ten stationsõ data were 

analyzed according to their degree of correlation to the observed inflow data.  

In more words, since the linked relationship between the ten stations and the 

streamflow varies, for each one we set a relevant weight rate  ◌░ , then for each 

time step ◄ÈÅÒÅ ÄÁÙ ȟof our collected, ▪ȟ data we calculate the   following sum 
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product: В ▬◄ȟ░ ◌░
▪ , where ▬◄ȟ░ stands for the precipitation value of station  ░ at 

day ◄. The weighting coefficients ◌░ we assigned to each meteorological station, 

account as variables for optimization, aiming to give the best correlation value 

between the aforementioned sum product, and the flow value of the ne xt day, 

meaning ╬▫►►▄■ В ▬◄ȟ░ ◌░
▪  ȟ▲◄ ]. 

The above method represents a credible approach of combining hydrological   

information from different recording sources . I n our case, we combine the 

precipitation data from different meteorological stations while defining the 

rainfall time series В ▬◄ȟ░ ◌░
▪ , which are next used as inputs to the forecasting 

problem.  

Table 7.1 summarizes the correlation coefficients of each precipitation data set 

with the flow data , for two different lag values  (0 and 1). It also include s the final 

weight rates for each case. 

 

Table 7.1: Correlation and weight factor for   the ten different precipitation 

stations  

 

                                    St.Vlassios  Helidona  Granitsa  Karpenisi  Katafito  

ὧέὶὶὩὰ ὴȟ Ƞή  0.340 0.407 0.397 0.370 0.364 

ὧέὶὶὩὰ ὴȟ Ƞή  0.420 0.500 0.523 0.476    0.402 

ύ 0.073 0.138 0.158   

 

                                    Perdikaki  Pertoulio  Sargiada  Theodoriana  Viniali  

ὧέὶὶὩὰ ὴȟ Ƞή  0.393 0.491 0.325 0.542 0.394 

ὧέὶὶὩὰ ὴȟ Ƞή  0.464 0.434 0.489 0.487 0.436 

ύ 0.082 0.050 0.107 0.086 0.076 

 

7.1.3 Efficiency metric to evaluate forecastingõs accuracy   

In order to calibrate the free parameters of each  forecasting  model and 

evaluate their predictive  capacity, we introduce a quite strict skill score in terms 

of the generic efficiency formula:  

& ρ
В ȟ ȟ 

В ȟ  ȟ 
                                                           (7.1) 

where %ȟ  is the òobservedó energy at day Ô, which is known from the simulation 

model, %ȟ  is the forecasted value, which is estimated on the basis of past 

data Ø ȟØ ȟȟȣ , and differs according to each approach as presented 

extensively  in the next paragraphs , and %ȟ  is a reference prediction, 

provided by a benchmark model.  

In the classical definition of efficiency, a benchmark model  coincides with the 

mean observation (thus the daily average energy production), yet here we also 
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apply a stricter  benchmark prediction, i.e.,  the so-called naµve forecasting model 

% %  (hereafter referred to as  modified efficiency). The aforementioned 

expression ensures an efficiency up to 78%, for the entire period of historical data 

(1969-2008; see Table 7.2 ). 

In Figure 7. 2  we present the timeseries of the produced energy in comparison 

with the naµve- benchmark model , for the hydrological period 1971 -1972. In 

addition,  in Figure 7. 3 we demonstrate , in the form of a scatter plot , the correlated 

relationship between energy production at ὸ day and ὸ ρ,through   the 39 years 

of  collected data.  

 

Figure 7. 2 : Comparison of   actual  energy production with itself placed one 

day later  (benchmark model ) for hydrological year 197 1-72. 

 

Figure 7. 3 : Scatter plot of energy production  at day t  comparing to   the 

energy production   of the òNaµve modeló  at day t+1.  
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7.1.4 Direct (energy -based) approaches 

In the direct approaches we use as independent variables (predictors) for the 

energy generated at time step (day)  ὸ ρ,the past  energy production, Ὁ, as well 

as the available hydrological data, by means of rainfall, Ð, from a representative 

meteorological station or the spatially -aggregated rainfall from a set of stations   

(paragraph  7.1.2). After investigations, we concluded to  two possible models, for 

expressing the day -ahead energy, the òGeneric Modeló and òCrossroad Modeló.  

Both models are expressed in the form of branched equations that take into 

consideration the appearance of a rainfall event at day Ô, which is expected to 

influence the generation of streamflow due to the increase of soil moisture over 

the basin . We highlight that t he òGeneric Modeló (7.2) represents a simpler 

approach, since for min Ȏr  precipitation events from the previous day, we assume  

an equal energy production  as in the day before. On the other hand , the 

òCrossroad Modeló (7.3), is more complex  ,yet more efficient (see  Table 7.2 ), model 

since even for negligible precipitation events,  is designed to relate the next day 

energy with the energy from the two previous days.  Also, the òGeneric Modeló 

takes into consideration   the extracted discharge of the day before.  

 

 Ὁ
τȢχω Ὁ Ȣ  ή Ȣ Ὁ Ȣ ὴ Ȣȟὴ πȢρ άά
Ὁȟ                                                                     ὴ πȢρ άά

                                     (7.2) 

 

Ὁ
σȢψψ Ὁ Ȣ Ὁ Ȣ ὴ Ȣȟὴ πȢρ άά

ρȢυρ Ὁ Ȣ Ὁ Ȣȟ       ὴ πȢρ άά
                                  (7.3)

                     

Following the typical split -sample approach, we estimated each modelõs 

parameters by calibrating against the actual energy production values in the half 

of observations, and validating its predictive capacity in the other half. From the 

aforementioned calculati ons the skill scores in calibration and validation, 

expressed in terms of classical and modified efficiency,  which resulted,  as well as 

the statistical characteristics of the model error , ύ Ὁȟ Ὁȟ  , are 

summarized in  Table 7.2 . 

In an effort to visualize  the correlation of each direct (energy -based) forecasting 

model, with the energy which was actually produced, we present two 

representative figures for each one of the above approaches. Those being, a 

timeseries  of the forecasted energy in comparison with the real energy produced  

(Figure 7. 4 and Figure 7. 6 ) for the hydrological year 197 1-72, and a scatter plot 

of the above values ,( Figure 7. 5 and Figure 7. 7 ) during the 39 years of our data 

set (May 1969 to December 2008 ). 
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Figure 7. 4: Comparison of   actual  energy production with the forecasted 

energy by the òGeneric Modeló, during the hydrological year 197 1-72. 

 

Figure 7. 5 : Scatter plot of actual energy production comparing to  forecasted 

energy by the   òGeneric modeló. 

 

Figure 7. 6 : Comparison of   actual  energy production with the forecasted 

energy by the òCrossroad Modeló, during the  hydrological year 197 1-72. 
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Figure 7. 7 : Scatter plot of actual energy production comparing to forecasted 

energy by the   òCrossroad Modeló. 

 

As the above figures and Table 7.2  summarize, the òCrossroad Modeló  in terms 

of classical efficiency surpasses slightly the òGeneric Modeló, leading to the 

assumption that they are of same credibility, yet when we advise a stricter skill 

score, meaning the modified efficiency,  the rate of exceedance of the Crossroad 

approach  comparing to the Generic  becomes clearer to us. 

7.1.5 Indi rect (flow -based) approaches 

In the indirect approaches we aim to provide day -ahead forecasts of the 

discharge to feed the flow -energy conversion model, which is summarized in the 

diagram of  Figure 7.1 . In this respect we use as predictors , of streamflow at day 

ὸ ρ, the past streamflow and the rainfall. In order to account for the baseflow 

component of streamflow, we also ext ract the minimum value  of last five days, 

ή  , and the mean monthly value of the full data sample.  

We remark that the baseflow component may incorporate several slow -flow 

elements, associated with groundwater runoff, snow melting (which is quite 

significant, during the spring period) as well as the falling limb of floods. After 

investigations, we conclude to the parametric expression:  

 

ή
ὥ ή ‍ ή ‎ ή ȟ         ὴ πȢρ άά
ὥ ή ‍ ή ‎ ή ὴ‏ ȟ ὴ πȢρ άά

      (7.4) 

 

The above expression can be defined by different values of its parameters, 

depending on   under which conditions  we calibrate the  above model (7.4) by the 

use of a performance metric  (Root Mean Square Error -RMSE)  as goal for 

minimi zation . 

In our case , the calibration was reached by two approaches, the one called 

òSimple Modeló and the other òSmart Modeló. As it is indicated by their  names, the 
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first approach is simpler since the calibration has as goal to ensure the optimal 

fitting of the modeled to actual discharge data  by mini mizing the RMSE . On the 

other hand, the second approach, is baptized with the characteriz ation of smart  , 

since it uses the knowledge about the technical properties of the system  in the 

model calibration by minimizing the RMSE after taking into consideration that 

should count it only when the passing flow belongs into the limits of the turbine s 

operation range, meaning that through the logic of  the òSmart Modeló, errors  are 

not been account for if the model correctly predicts that the flow is outside of the 

operation range.  

As shown in  Table 7.2 , by employing a typical calibration on the basis of 

maximizing the efficiency of the simulated ag ainst the observed stream  flows, in 

terms of day -ahead energy prediction we obtain a small only improvement with 

respect to the direct modelling approach, namely from 79.4(òGeneric Modeló),79,9 

(òCrossroad Modeló) to 80.7%(òSimple Modeló) -for the full data.  

On the other hand, the model error characteristics are less satisfactory, since 

the forecasting model underestimates the energy production by about -3.8 MWh, 

on average, while with the direct approach the bias is negligible. This is due  to the 

attempt of the calibration procedure to predict stream  flows outside of the 

operational range of turbines, and particularly the peak flows, which result to large 

errors. Yet, these errors are beyond our concerns, since during these periods the 

system operates continuously in its nominal capacity.  

In order to remedy the above shortcomings, as we already have mentioned, we 

adjust ed the fitting metric, i.e., RMSE, to the turbine operation range ( ή ȟ , 

ή ȟ ), in order to ignore the errors that are produced from the flow forecasting 

model, if this correctly predicts that the flows being outside this range. Moreover, 

if the forecasted flow is inside the range, whereas the observed is outside, we only 

account from the distance from the two flow limits. Under this premise, the error 

is calculated as follows:  

 

Ὡ

ή ȟ ή ȟή ή ȟ  ὥὲὨ ή ή ȟ   

ή ή ȟ ȟή ή ȟ  ὥὲὨ ή ή ȟ

ή ή ȟή ή ȟ  ὥὲὨ ή ή ȟ

     (5) 

 

The above error expression incorporates within calibration, apart from the 

hydrological data, the expertõs knowledge about the technical properties of the 

system that affect the flow -energy conversions. The knowledge -based calibration 

approach, herein call ed òSmart Modeló, ensures a clearly better skill score in 

terms of modified efficiency than the typical calibration approach (Indirect 

òSimple Modeló), and good error properties as well (practically zero mean and 

autocorrelation -see Table 7.2 ).  

In the following figures  are presented the inflow timeseries  which were 

predicted   by each one of the indirect models, in comparison with the real inflow 

throug h the hydrological year 1971 -72 (Figure 7. 8 and Figure 7.1 2 ).After using 

the forecasted discharge as input to the operational rule ( Chapter 4.4 ), we 
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received the energy production thus creating the energy timeseries resulting from 

the above models and setting in comparison with the actual energy production, 

as shown in Figure 7. 10 Figure 7.1 4 .Moreover, in order to have a more 

supervisory view , the scatter plots of both   forecasted inflow and   energy in 

relation with the real inflow and energy for the 39 years data, are provided 

through  the Figures 7.9,7.11,7.15,7.13 .  

 

 

Figure 7. 8 : Comparison of   actual  inflow  with the forecasted discharge by the 

òSimple  Modeló, during the  hydrological year 1971-72. 

 

 

Figure 7. 9 : Scatter plot of actual inflow comparing to forecasted discharge by 

the  òSimple modeló. 

 

 



  

  

   

-69- 

 

Figure 7. 10 : Comparison of   actual  energy production with the resulting 

energy by the òSimple  Modeló, during the  hydrological year 197 1-72 

 

Figure 7.1 1 : Scatter plot of actual energy production comparing to resulting 

energy by the   òSimple modeló. 

 

Figure 7.1 2 : Comparison of   actual  inflow   with the forecasted discharge by 

the òSmart Modeló, during the  hydrological year 197 1-72. 
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Figure 7.1 3 : Scatter plot of actual inflow comparing to forecasted discharge 

by the   òSmart modeló. 

 
Figure 7.1 4 : Comparison of   actual  energy production with the resulting 

energy by the òSmart Modeló, during the  hydrological year 197 1-72. 

 

Figure 7.1 5 : Scatter plot of actual energy production comparing to resulting 

energy by the   òSmart modeló. 
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7.1.6 Introduction to a Machine Learning approach  

In addition to the aforementioned  regression forecasting models, an interesting 

question arises  on whether just a better day -ahead flow forecasting model that 

does not account for the operational characteristics of the system, would 

outperform the optimal model so far. In this respect, we apply a more complex 

approach from the Machine Learning (ML) fami ly, namely a Deep Feedforward 

Neural Network (DNN). The DNN model is composed by three hidden layers with 

128, 64 and 32 neurons, respectively, while the Rectified Linear Unit (ReLu) 

activation function is adopted for all neurons.  

As inputs, we use the st reamflow of past 5 days and the rainfall of past two 

days. The model is fitted on the basis of Mean Square Error (MSE), for a number 

of 100 epochs, by using a batch size of 64.  

The results of the above approach are summarized through the Figures  7.16, 

7.18 , 7.19 and 7.21 , in terms of timeseries and scatter plots, of both inflow and 

energy compared to the real streamflow and actual resulting energy production.  

In addition, in Figures 7.1 7 and 7.20 we compare the actual and forecasted 

flow and energy values provided by the òSmart Modeló, as the most efficient model 

of the indirect approach,  and the ML approach, for hydrological year 1971 -72. 

Surprisingly, while the ML model ensures a much better fitt ing to the observed 

flows than the simple regression expression (4), (8 2% vs. 67%), the conversion to 

energy is rather disappointing. In particular, the classical efficiency metric is only 

50.7%, while the modified efficiency is strongly negative. Therefor e, the data -

driven approach results to a worse predictive capacity even than the naµve 

benchmark model.  Furthermore, the derived error properties are clearly non 

satisfactory (underestimation of the average energy up to 1 MW, quite large 

standard deviation , and, significant autocorrelation).  

 

Figure 7.16  : Comparison of   actual  inflow  with the forecasted discharge by 

the òDNNó, during the  hydrological year 197 1-72. 
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Figure 7.1 7 : Comparison of   actual  inflow s with the forecasted ones from 

òDNNó and òSmart Modeló, during the  hydrological year 197 1-72. 

 

 

Figure 7.1 8 : Scatter plot of actual inflow comparing to forecasted discharge 

by the   òDNNó. 

 

 

Figure 7.1 9 : Comparison of   actual  energy production with the resulting 

energy by the òDNNó, during the  hydrological year 197 1-72. 
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Figure 7. 20 : Comparison of   actual  energy production with the resulting 

energy from òDNNó and òSmart Modeló, during the   hydrological year 197 1-72. 

 

 

Figure 7. 21 : Scatter plot of actual energy production comparing to resulting 

energy by the   òDNNó. 

 

For each forecasting approach , we compute the marginal statistical characteristics 

of residuals, × %ȟ %ȟ  (mean, standard deviation, coefficient of 

skewness) and the lag -1 autocorrelation,  which is measure of auto-dependence 

(Table 7.2).Table 7.2 These are used in next chapter, where we establi sh a more 

integrated energy forecasting framework, which takes into account the model 

uncertainty.  
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Table 7.2 : Comparison of different forecasting schemes.  

 

 

Model 

type 

Efficiency of Energy  
Modified efficiency of 

Energy  

Energy error statistics  

Calibr.  Valid.  
Full 

data  
Calibr.  Valid.  Full data  

Mean 

(MWh)  

St. 

dev. 

(MWh)  

Coeff. of 

skewness 

Lag-1 

auto- 

correlation  

Naµve  n/a n/a 0.766 n/a n/a n/a 0.00 27.76 1.21 -0.119 

Direct Generic  0.782 0.809 0.794 0.171 0.166 0.169 -1.11 25.28 1.34 -0.012 

Direct Crossroad  0.790 0.813 0.799 0.201 0.182 0.193 -0.51 24.86 1.45 0.043 

Indirect Simple  0.817 0.796 0.807 0.228 0.226 0.227 -3.83 24.11 -0.37 0.079 

Indirect Smart  0.848 0.819 0.833 0.356 0.314 0.331 0.112 22.64 1.23 0.066 

DNN  n/a n/a 0.55 n/a n/a -0.977 -0.99 39.04 -0.42 0.540 
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8 Uncertainty through forecasting   and their 

reconciliation in practice  

8.1 Generator of ensembles to estimate uncertainty    

A typical means to quantify the total uncertainty of a deterministic simulation 

model, is to add a random component (noise), ύ, to its output, ώ, where the 

random process ύ should be consistent with the statistical and stochastic regime 

of the associated residuals (Efstratiadis et al., 2015). In the generic case of 

autocorrelated errors, the process ύ can be obtained by a stochastic generator 

(e.g., Kossieris et al., 2019; Tsoukalas et al., 2020), or a statistical distribution 

model, provided th at the errors do not exhibit significant dependencies in space 

and time. By generating a large enough set of random variables ώȟ
˃ ώ ύȟ, 

where Ὥ ρȟȣȟὲ, we obtain an ensemble of ὲ model realizations at each time step 

ὸ, which allows for th e detection of empirically -derived probabilistic quantities . 

In our case, we use the more robust forecasting scheme ( òSmart Modeló) and 

provide ὲ  100 realizations of the day -ahead energy at each time step (day), from 

which we get the median and the 10th and 90th largest values (quantiles) of 

forecasted energy production, as estimators of the 80% empirical confidence 

intervals.  

8.1.1 Statistical distribution to describe residual ensemble   

Given that the observed residuals resulting from the òSmart Modeló are 

uncorrelated, the errors are considered as a stationary process that follows a 

three -parameter gamma distribution (i.e., Pearson type III), which reproduces 

the mean value, ‘ȟ the standard deviation, „, and the coefficient of skewness, 

‎, of the ent ire sample of residuals (Table 7.2 ).The expression of the above 

distribution  with its parameters   are defined according to the following equation 

(eq. 8.1,8.2). 

                                  Ὢὼ ὼ ὧ Ὡ                                         (8.1)                       

where ȉ, Ȋ and c are shape, scale and location parameters, respectively, which 

are estimated by the method of moments  as follows :  

                                                                                                                            

‖          ‗
Ѝ

           ὧ ‘
Ὡ
‖Ⱦ‗                                          (8.2) 

 

Following , we produce the 100 realizations of the day -ahead energy, we first 

result to a stationary representation of the forecasting uncertainty in energy 

production through the  years, since the different weather conditions depending 

the seasonality  and specifically the monthly customization of the errors statistical 

characteristics  have not been taken into consideration.  
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In addition , through Figure 8.1  ,we present the timeseries  for hydrological year 

1971-72  in which we compare the actual energy production  with the three   

characteristic prediction quantiles (10, 50 and 90%) . The aft ermath for  

developing  a stationary  model , is as shown in more details in Figures 8.2  and 8.3 

that through summer the forecasting is characterised by high range of 

uncertainty since the statistical characteristics of those dry  months are equalized 

with the  ones of the much wet months of   autumn and winter  season. 

 

Figure 8.1 :  Comparison of actual energy production for hydrological year 197 1-

72 with three characteristic prediction quantiles (10, 50 and 90%), by considering 

the error process as  stationary . 

 

Figure 8. 2 : Detailed  comparison of actual energy production for year 197 2 with 

three characteristic prediction quantiles (10, 50 and 90%), by considering the 

error process as stationary , for the month of June . 
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Figure 8. 3 : Detailed  comparison  of actual energy production for year 197 1 with 

three characteristic prediction quantiles (10, 50 and 90%), by considering the 

error process as stationary , for the month of December.  

8.1.2 Accounting for seasonality within uncertainty quantification  

 In order develop a more credible and more consistent with the underlying 

hydrological  regime forecasting procedure under uncertainty , we implement  the 

same error modelling analysis by applying seasonally -varying (cyclostationary) 

generation models, which account s for the individual statistical characteristics 

per month (Tsoukalas et al., 2018). As shown in  Table 3.1 , these is a considerable 

difference of the statistical behavior of the error across different seasons, that is 

also reflected in the uncertainty of energy predictions. In Figure 8. 4 we compare 

the uncertainty bounds obtained by the two methods, for hydrological year 1971 -

72. In combination with  Figures  8.5 Figure 8. 5 and 8.6 Figure 8. 6 we observe that 

during the low -flow period, these bounds are substantially reduced, by accounting 

for the issue of seasonality. This indicates that the more detailed analysis, where 

the prediction er ror is represented as a cyclostationary process, is much more 

realistic.  
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Figure 8. 4 : Comparison of actual energy production for hydrological year 197 1-

72 with three characteristic prediction quantiles (10, 50 and 90%), by considering 

the error process as  cyclostationary . 

 

 

Figure 8. 5 : Detailed  comparison of actual energy production for year 197 1 with 

three characteristic prediction quantiles (10, 50 and 90%), by considering the 

error process as cyclostationary , for the month of June.  
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Figure 8. 6 : Detailed  comparison of actual energy production for year 197 1 with 

three characteristic prediction quantiles (10, 50 and 90%), by considering the 

error proces s as cyclostationary , for the month of December. 

 

Table 3.1 : Monthly statistical characteristics of residuals derived from the 

application of Smart Model . 
 

Month  Mean (MWh)  Standard deviation (MWh)  Skewness Lag-1 correlation  

JAN  0.82 28.65 1.23 0.069 

FEB  1.59 29.07 0.87 0.138 

MAR  4.87 28.05 0.95 0.066 

APR 1.91 26.53 0.48 0.059 

MAY  1.53 19.06 1.37 0.089 

JUN  -0.16 8.42 0.95 -0.062 

JUL  0.11 7.74 -0.25 -0.014 

AUG  -0.72 7.11 -1.85 0.056 

SEP -1.91 11.06 -1.39 0.044 

OCT -2.51 20.75 1.76 -0.050 

NOV -0.45 31.51 1.34 0.043 

DEC -2.74 30.64 0.84 0.045 
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8.2 Alternative market policies  

In order to take advantage of the concept of uncertainty in practice, as would 

be made in a real -world energy market, we can determine alternative market 

policies in terms of quantiles. In particular, we can apply the upper, middle and 

low quantiles as rep resentatives of a risky, mild and conservative forecast of the 

day-ahead energy, predicted from our most credible approach, the òSmart Modeló 

and evaluate them in economic terms, by assigning a unit profit value for 

delivering the energy produced up to the  forecasted value, and a unit penalty for 

the deviations (i.e., deficits with respect to the forecasted value). For instance, we 

account for the 90, 50 and 10% quantiles and apply a fixed profit of 60 û/MWh, a 

price for secondary energy equally to 30 û/MWh and a penalty value of 50 û/MWh; 

the aforementioned values are representative of the recent system marginal price 

and price of deviations, respectively, of the Hellenic Electricity Market. Under 

this premise, the mild policy ensures a mean annual profit of  0.86 Mû, the 

conservative 0. 81 Mû, and the risky 0.43 Mû. This quick pseudo-financial analysis 

allows for comparing the different interpretations of a forecasting approach under 

uncertainty.  In Figure 8. 7 we mention the profit resulting from the three above 

market policies through the year 1971 -72 in relation with the profit that we would 

gain if the forecasting was ideal, meaning to have zero uncertainty thus 

predicting the actual energy production (Real profit).  

 

 

Figure 8. 7 : Representation of profit produced from three alternative market 

policies in comparison with the actual profit, for hydrological year 197 1-72. 

 

 

 
















