
8.1 
           

         .  
            

   ( )       .

           -
           -
  , . .,    ,   . .   

16   17           
             

   .         
Belfort    17401.      ( -

)           19    
    ,  Larderello.     

           
 .        
    ,   ,   

2.   1910   1940      
      ,   -

.     1928      -
   .       

        

1 Dickson et al, 2004.
2 . .

8   
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310   

[district heating]     ( ,  
. .).    8.1  8.2     3. 

 8.1    (  GWh)     -
       2007,  2008   2010.

( : Eurobserver 2009, 2012)

2007 2008 2010
5.569,1 5.520,3 5.375,9
201,0 192,0 197,1
95,0 89,0 15

 0,4 6,6 27,7
2,4 1,6 1,4

5.867,9 5.809,5 5.617,1

 8.2    (        
  )       2007,  2008   

2010. ( : Eurobserver 2009, 2012)

2007 2008 2010
  (MWth)   (MWth)   (MWth)
694,2 694,2 654,0
500,0 500,0 418,0
307,0 312,0 345,0
240,0 280 115,6
145,1 145,1 153,2
131,0 142,8 130,6
110,0 110,0 66,3
97,0 97,0 97,0
109,6 77,7 77,7
69,8 69,8 84,6

44,7 44,7 66,8
30,4 30,4 27,8
22,3 22,3 20,6
17,0 17,0 13,6
9,0 9,0 3,9
4,5 4,5 4,5

. 3,0 3,0 2,0
0,4 0,4 1,5

 2.535,1 2.559,9 2.283,6

3   . Dickson et al, 2004.
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311 8:   

          
     1904     Lar-

derello.           
  1942         128 

MWe,   2003   790 MWe
4.    -

        Wairakei 
 .       19505.  1960  Geisers Field  

          
   .       

  1990  2.800 MWe  ’       -
     ,    2003   

 6.    25      
       -

.  2004      8.930 MWe
7.   

           
           -

             
   .   8.3    ’   

    .

4   Kaltschmitt et al, 2007, . 470.
5 Boyle et al,2004, . 348.
6 . . 
7 Kaltschmitt et al, 2007, . 470.
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312   

 8.3    ( )       2010.
( : Geothermal Energy_International Market Update_Geothermal Energy Association_ -
May 2010/ http://www.geo-energy.org/pdf/reports/GEA_International_Market_Report_
Final_May_2010.pdf)

   
   

  
(MWe) 

 3.086 1 

 1.904 2 

1.197 3 

958 4 

843 5 

  628 6 

575 7 

536 8 

  204 9 

167 10 

  166 11 

88 12 

82 13 

82 14 

   56 15 

52 16 

29 17 

 24 18 

16 19 

 7,3 20 

6,6 21 

 1,4 22 

1,1 23 

0,3 24 
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313 8:   

8.2  

8.2.1      ( )
         [crust] (   
 2%          5-70 km),   

[mantle] (    82%        
  ~2.900 km)    [core] (     [inner]  

 [outer]  (   16%,       , 
 6.370 km).   8.1    . 

      
  

  

 

 

 

 

 

 (km

 (°
K)1°K/km (  )

  

 8.1           .      
              1 K/km, 
    10 km  ~3 /100m  30 K/km.

( : mpoweruk.com)

        (      ). 
        (7.000ºC).  -
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314   

             
  [geothermal gradient].    (  8.1) 

                -
  .       10 km (    -

      )  ~2,5-3ºC/100 m 
(~25-30 K/km)8.          -

     .         -
        (10)   

    . 

           -
:           

            
         -

 (   232 (232Th),  238 (238U)   40 (40 ))  
       (  ). 

           -
    .      -

 :    ( ) [convection]    
[conduction].       ,     

         - ,   
    (       

,    ).      (  
100 km   ),        

     ,     
  . 

           -
   .   (   )    

  80 km       200 km    
    [lithosphere]     

   .         
  ~200-300 km   [asthenosphere]    

           
 .         -

          -
 -  .      (  

cm  )    (   )    

8 Dickson et al, 2004.
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315 8:   

      ( )    
     ,      

 .           
    .      -

            
          

      ( . .,  [geyser]9).    
          -

        ( . .,  
 )    ,  -

   10.

 8.2     [ring of  re]        , 
      ,        ,  
          .     

    75%           
           

. 
( : National Energy Education Development Project)

9      . http://www.uweb.ucsb.edu/~glennon/geysers/, http://geology.com/
articles/geyser.shtml, http://en.wikipedia.org/wiki/Geyser (22/1/2011).
10        Dickson et al, 2004, Boyle et al, 2004, . 
344-345  . 350-355.
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316   

8.2.2  
   [geothermal systems]      

          11  
  .         -

      (    2,5-3ºC/100 m),    
      (  -  ) 
   100ºC.       
       .      

        ,   -
            
 400ºC.       12     

     .

          
   ,        -

      [heat source]     
[heat sink]      13. ,   -

         :   
 (  ),   [reservoir]     

   . 

         
       (>600ºC)   

     (    5-10 km).    
  (    100ºC)      

             
  .

         ( -
)            

      .    
         [conduction], -

         (   
).

          
(      )    

11           (resources)  .
12    ,           -

.
13 Dickson et al, 2004.
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317 8:   

    (   )       
.          
     (CO2, H2S . .). 

  8.3       -
 . ’        -

       (   -
       ),  -

       .    
      [magmatic intrusion]  

 [magma].         -
  [Impermeable bedrock],        
      .     
   (   )   . 

             
  [permeable rock]      -

 .  ,      
         .  ,  

          (   
  ).           -

 .          
    .        

            
            

   /  [injection 
wells]   .        

     .      -
          -

   14        
  .       Geisers Field  

  .      1980   
         . 

       -
        

.         -

14    (    ),      ,  
 (  CO2, H2S, NH3 CH4 . .),        (  NaCl, B, 

As, Hg . .)            
. 
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318   

         1990  
       

        15.

  
 

 
 -
 

 

 -
/

 

  
 (

 

)

 8.3      .
( : commons.wikimedia.org)

         
      .      

      (       )  
 .        Geisers 

Field       .  
           

      .      ,   
     (       

 ).        -
    [Hot Dry Rocks, HDR].   

  (      1990)      
   2010       ( )  -

15 Dickson et al, 2004, . 15.
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319 8:   

 16.          Soultz 
HDR Project     Soultz-sous-Forêts   

        
 1,5 MW17.       

HDR,       Cooper Basin   -
  50 W   2011  500 W   201518.

   HDR         -
          

   (  3-7 km)19.        -
    ’       ( -
 )       (      

)       (  ) 
    .        

 ,        (   -
)    .   8.4       

     . 

           
           -
,           

   : 

 
( )Q K

θ

 
(8.1)

 

Q =            -
 (        )  W/m2

( )
θ

 
=         ºC/m

K =          W/m ºC

16        1970  Los Alamos ( ).    -
          .  

17 http://ec.europa.eu/research/energy/pdf/hdr_pres_en.pdf (13/12/2011).
18 http://www.miningaustralia.com.au/news/copper-basin-milestone (14/12/2011).
19         « »      -

,       1ºC,         70.000 t 
.
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320   

 8.4       . [Hot Dry 
Rocks, HDR]. 1.   , 2.  , 3. , 4. -

 , 5.  , 6.  , 7.   
   , 8.  ( )  ( ), 9.  

  ( ), 10.   ( ).
( : commons.wikimedia.org)
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321 8:   

8.2.3   
     [resources]       

  .       
 ,        

    .      -
           

       . 

) 
            

[geothermal resource].        , 
      [accesible resource base]20, -

           -
        .   

  (     )      
    (    ) [useful accessible 

resource base],          -
          (  -
  100 ).       -
   21       -
       [reserves]22. 

           -
  [geothermal  eld].       

     .    
    ,     

        . 

)     
            

       .   

20  (      )        
   (Dickson et al, 2004)      .   .  

(http://www.certh.gr/A7B08497.el.aspx) (8/2/2011).
21      ( )  ,    . 
22              resources 

 reserves.   ,        .
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322   

   ( )      ,   
          -

     ,     (  -
).          

    ’    ,   
  ,          

   .   8.4     -
      (    )   
    23. 

 8.4   . 
: ( ) Muf  er and Cataldi (1978) ( ) Benderitter and Cormy (1990) ( ) Benderitter and 

Cormy (1990) ( ) Nicholson (1993 ( ) Axelsson and Gunnlaugsson (2000)24

-
 (ºC)

-
 (ºC)

-
 (ºC)

-
 (ºC)

-
 (ºC)

 
 

<90( ) <125( ) <100( ) 150( ) 190( )

 
 

90-150( ) 125-225( ) 100-200( ) - ( ) - ( )

 
 

>150( ) >225( ) >200( ) >150( ) >190( )

        ,  
          -
        , 

          
 25.        -

  (   )       

23 Dickson et al, 2004, . 19.
24     .
25            

.
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323 8:   

  ,        
.

)         
         -
       /  (   

    )    [water-dominated systems]   
 ,    (  )   (  ), 

      [vapour-dominated systems].    -
   125  225°C    -

.  ,    ,     
(  )        

.        Geisers Field    
 Larderello  . 

)        
          -
  ,          

.     [dynamic systems]   
     ,      

         -
. ,    ’      
  [convection]        

 .        -
 (>150°C)     (<150°C).     -

     [static systems]26    
         -

            
    [conduction].     -

         
[geopressured systems]27.

26         [stagnant]    -
 [storage systems].

27          ( . .,  -
- )   3-7 km.   ’        
                
 .          -
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324   

8.2.4  
    ,       

 ( )        -
    ’       

    ,       
.            

         . 
            

    .   ,     
  ,     -

   .   (  )   
       

,           -
        28.     

      ,   
            

         (   -
 )    .      

     -  [preinvestment phase]   
            -
  .         

         ,    
         [initial investment phase 

or feasibility phase]. ’         
   (   2-3    6-7)29     

in situ           
      .    
       ’     

       .   ,  
   ,       CH4.     

           .
28    ,  , ,  -

 . .           -
.              . 

         .  
 . Dickson et al, 2004, . 23-24.

29 Johansson et al, 1993, . 556-557.
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325 8:   

      .    
        ,   -
  (     )  -

        .

8.2.5      ;
          -

 ,         
 :      ;.    -
             

     (Sorensen, 2004, Boyle et al 2004). , 
               

           -
 (          -

)30.     (    ) 
   [geothermal resources]      

 31.     ( . ., Boyle et al, 2004, 
. 343  347),          (   

 )         
  [thermal recharge]     -

      . ,      
   [energy  ow]   32    -

        ,     
 ( )     . ,   
          -

    [hot dry rocks]    -
       20-30     

   . ,     
( )           

         (Boyle et al, 
2004, . 343-344).

30     ,         ,   
 .

31    ( )      [inexhaustible]   
    (Kaltschmitt et al, 2007).

32      ,    ,   . .   .
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326   

 [RENEWABILITY] VS  
[SUSTAINABILITY] 

         -
  [renewable]   [sustainable]  . 

           
 .         -

     (   ),   -
           -

-      .   
,    (  )    
            -

33.          
            

( . ., 300 )          
         

 34.

33               
[World Commission on Environment and Development]        «... -

     ,            
 ».

34               -
 .      . Wright, P.M., 1998. The sustainability of produc-

tion from geothermal resources, Bull. Geo-Heat Center, 19, 2, 9-12.
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327 8:   

8.3  
            

  .     Lindal35 (    ) 
          

          .

 8.5    Lindal        
          .

( : Fridleifsson ., Direct use of geothermal energyaround the world, GHC BULLETIN, DE-
CEMBER 1998)

35 Lindal, B., 1973, Industrial and other applications of geothermal energy. In: Armstead, H.C.H., ed., 
Geothermal Energy, UNESCO, Paris, . 135-148.
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328   

     ,      
      : 

)            
 [power plants] 

)             ( -
  )          

. 

   ,       
         . ,  

[resources]   ( ) (> 150°C)    
   ,       

 (< 150°C)   , , .    -
          ,  

   .  ,    -
            -

    .  ,     
     [binary cycle]36    

   (   100°C)     
37. 

          
   .      

     [closed cycle]   -
     . ’     -

     ( )      
 .         -

 [production well]          
      38.      

  « »       
        [injection well] 

 o     39.   

36 . .
37 Johansson et al, 1993, . 567-568.
38             200-300 mm (Kaltschmitt et 
al, 2007, . 442).
39              (1) km,    

             
(Kaltschmitt et al, 2007, . 475).
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329 8:   

            
  .   8.6       

   (        
      (   )   

           -
   ,    [district 

heating]  . .).

 8.6        -
. 1.   , 2.     , 3.   -
 (  ), 4.        , 

5.    (  )     
, 6.      , 7.    -

     .
( : commons.wikimedia.org)

          -
          

          .
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330   

8.3.1       
 

           
         -

    .     (  -
)            

      ,       -
 .         -

     (   -  
)      .      

       30-50 
MWe.              

        ,  
          

       . 

        
     40.    

       [Boyle et al, 2004, . 360-
363].  ’        -

: 

      , 

        
[single flash], 

       [binary 
cycle]  

        
[double flash]. 

)         
[Dry steam power plant]

’     [vapour-dominated systems]   
      .    -

40 .   Johansson et al, 1993, . 559-569, Kaltschmitt et al, 2007, . 436-496, Dickson 
et al, 2004, . 26-29, . .
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331 8:   

  41  180-225ºC    4-8 MPa.   
         

 .          
300-350ºC        .

     ’      -
   [back-pressure unit].     
  ,     ,       
    .     -

  (2,5-5 MWe)        
           -

   .          -
 ,          .

     [condensing units]  
       . ,  -

              
     .      

             
 42.      ,   

  20%         (180-
225ºC). ,          

,        
       ’ ,  . .,  -
  1960.    2000    kWh  

   6,5 kg       15 kg  
kWh      196043.

        (  -
    )        

        [non-condensable 
gases],    CO2   H2S.         

 (   100ºC)        
   .      -

41                « »  
       ( . .,  100ºC   1 Atm = 101.3 kPa).   

       ,        
     .

42 Dickson et al, 2004, . 27.
43 Boyle et al, 2004, . 361.
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332   

       [gas ejectors].   
         -

.         -
        -

     . ,     
          . 

)       

  

 

  

 

 
)      

   [single  ash]

 

  

 

  

 

  

  

 

 

 

  

  

 

  

 

  

)      
  [double  ash]

 
 

 
 

  -
 

 -
 

)     
 

 
( )

 

 8.7          -
    . )   -

   . B)       
 [single  ash]. )      . 

)        [double  ash].
( : Oxford University Press)
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333 8:   

          -
 .         

         
   .        -

         -
.         Geisers Field  ,  

      .     
     ( . . 317-318  ). 

)         
 [single  ash]

’            
              

    .      -
   ,      

     .       
     .     -

         (  
155-165ºC)           

      ( )     (   
   ashing)44          

.        
(     -      -

    )     -
   ( ,   ) ’ ,   
        kWh.  
  8 kg    1 kWh,     

     6,5 kg.     
    .

44          ashing      -
    ,         . 

                
       .        

           .
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334   

)        
 [binary cycle]

         -
      .    

( )    ,       
   ( , . .,    ).   

          
,       .    

    ( )       -
  Rankine [Organic Rankine Cycle - ORC]     

Kalina [Kalina process]        
 45.

        -
       (85-170ºC)     

       .  -
          

 (    ,     -
  . .).

          
’        .  

    ,     
            

kWe   We     We    .  
           -

 ,        ,  
    .

           
            

      30%    
          46. 

         -
   .

45        . Kaltschmitt et al, 2007, . 485-488.
46 Boyle et al, 2004, . 362.
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335 8:   

)         
 [double  ash]

           
         

        .  -
            

           , 
     (      [  ashing]), 

 . ,       -
 ,      ,   

    ,     -
      (     ). 

          -
      (       

   )  ( )  20%  
    5%     47. , 

           -
  kWh.          

    ,      
      .

8.3.2       
           

          
.            -

,  ,   ,  ,  
      (       

   ).       -
       ( )    

   48.

47 Boyle et al, 2004, . 363.
48          Lund John, 2011, Development of direct-use 
projects, Proceedings, Thirty-Sixth Workshop on Geothermal Reservoir Engineering, Stanford University, 
Stanford, California, January 31 - February 2,    Dickson et al, 2004, . 29-38.
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336   

)     
     49      -

,  , , , ,  ,  . .    
           -

     .      , 
 ,  87%        
     50.       

     ,       
90%51.    ( . ., )       

 ,        
           

      . 

)   
           -

            . 
H       , . .,   -

,   [fan-coils] . .      -
        

 .          
       ,     

     ,      35% 
         ( , -
,  . .)52.

         , 
      ,   -  

,       . .

49             :  -
        ,      

              
       .        

     (        )   
        .   ’   -

    ,       .
50 Seifried et al, 2010, . 122.
51                 

               
.

52 Dickson et al, 2004, . 37.
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337 8:   

)  
         

       ,      
           

    , , , , -
, ,   . .        

     13  30ºC.     
          

50%  100%53.

      [Spirulina]54   
           -

   ,     CO2.   -
        ( . .,  

)          
       55.

)   
          -

       -
  ’ ,       ( , -

,    ).    
       :  

        (110ºC), 
    (130ºC),   [diatomaceous 

earth drying]   (180ºC)      
 .  205ºC)56.         

         
.       ( . ., , , , 

,  . .)        -
       .

53 Lund, 2001, World-wide direct uses of geothermal energy 2000, Geothermics, Volume 30, Issue 1, Febru-
ary, . 29–68.
54     , ,  ,     

    « ».
55 Dickson et al, 2004, . 38.         . 
56 Lund, 2001, World-wide direct uses of geothermal energy 2000, Geothermics, Volume 30, Issue 1, Febru-
ary, . 29–68.
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338   

8.4     
        [Ground 

Source Heat Pump  GSHP]      -
 57 (         -

   ).       
     ,       

  ,        -
       . 

          
      ,       

        .   
          

              
  100 m (        ) 

  (9-16ºC)       )   
  . 

         -
   .         -

           -
  .          

         ,   , 
  . .    9.500 MWth    -

  (2003),        52.000 TJ 
(14.000 GWh)58.       2003   
800.00 (    )59      .   
(2010)      12.611 MWth (1.014.436 -

 )           
(4.005 MWth),     (2.570 MWth)    
(1.113 MWth)60.

57         .
58     J. Lund, B. Sanner, L. Rybach, R. Curtis, G. Hellström, 2004, Geothermal 
(ground-source) heat pumps a world overview, Geo-Heat Centre Quarterly Bulletin, Oregon, 
59 . .
60 http://www.eurobserv-er.org/pdf/heat_pump_2011.pdf (10/6/2011).
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       ,   -
         

           -
 .           . 
        

      .     
             

 100 m        ’    -
        (~ 2,5-3ºC/100 m)61. ’  

       [vertical closed 
loop]    .      
(     ),        
(    ,      )  

   . ’        
      (kWth).     

            
        ( )    
.

             
           -

 (     )     . 

          -
        (  )   
   ( )  .     -
    [horizontal closed loop]   -

             
(          62).  -

       .    
     ,        

     .

61              -
              -

.             (    
) . Kaltschmitt et al, 2007, . 386-386.

62 . .,      ( ) .
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 8.8        -
   .

      63   -
          -

   (    )       
   .  ’      

   : ’     -
 [groundwater open loop]  ’      

[ground coupled-closed loop]. 

       -
            

 .    (   )   
     ,      
         .  
          

(      ),    (   50-100 
m )          

        (  -
 1-2 m).          

63 J. Lund, B. Sanner, L. Rybach, R. Curtis, G. Hellström, 2004, Geothermal (ground-source) heat pumps a 
world overview, Geo-Heat Centre Quarterly Bulletin, Oregon, 
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 . 1.  , 2. , 3.     

, 4.    , 5.    .
( : commons.wikimedia.org)
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8.4.2       

         
   .   ,       

   (           
)      (      20ºC) 

   ,        (  
20  30ºC)           

    .         
,         .

           
      (  )   -

          , 
       (  ).   

         -
         (  -

  ).         
       (     

   ).          
        .

          , 
         -

 [compression heat pumps]     [sorption heat 
pumps].

)   
’           

     : , ,  
 .         : 
 ,  ,      .

          
         -

     .      
        (   ) 

  ’         -
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        .   
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’          ,  

,     .     -
     .       

      64    
.     ( )      

            
 ( ,   . .). 

           
(      [working pair]).   ,  

    [working medium],       -
 ,     [solvent].     
-    (  )  -  ( ).

        ,  -
       ’   -
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,        (  

   )    .   
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-  ( )         . ’ 

    .      -

64    (    )  ,     -
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     [desorber]       (  
  )     .     

     ,  ,   -
        .    

      ( ),    
 .           

     .       
           

     . 

      ,   -
       « »:  « »  -
   « »   (    ’ ,   

).      ( )  ,  -
        ,    

         .

)    
  e [Coef  cient of Performance  COP]     

  «  - »       -
            
  « »          

         « -
»   :

 e = condQ  / driveP = =  evap  evap 1drive

drive drive

Q P Q

P P
 

 

e      :    [ef  ciency]    (Coef  cient of Per-
formance-COP)

condQ  :              
  

driveP   :          « »   
  

 evapQ  :             -
      .
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      (  , 
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,    3        
(    )  .      (   

)         
     4  65. 

 ,    [Coef  cient of Performance  COP]  
 ,        -

   [Seasonal Performance Factor  SPF].   
             

           
    (           

       ).     
SPF   COP          -

          
            

          
 .   COP     -

        (    
   « »   ),  SPF  

      .      
  SPF          

   COP.

65 Seifried et al, 2010, . 130.
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