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Abstract 

This r epor t  describes the  dry-steam geothermal power p lan ts  i n  the 

Boraciferous (Larderello),  Monte Amlati, and Travale regions of I t a ly .  The 

geology of these areas is described along with the  nature of the geothermal 

steam, Details are given about the d r i l l i n g  techniques and t h e  methods used 

t o  complete the w e l l s .  

described i n  d e t a i l ,  including spec ia l  features aimed a t  improving t h e  

Noncondensing and condensing steam turbines are 

f l e x i b i l i t y  of the  machines t o  meet a va r i e ty  of geofluid spec i f ica t ions  

while, a t  the  same time, maintaining high performance. 

the  type of materials used t o  resist the  corrosive and erosive nature of 

The repor t  a l s o  covers 

the  geothermal f lu id .  Economic da ta  and operating experience are presented. 
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1. Introduction 
b 

Documentation exists which shows that the natural steam fields in u 
Tuscany were'recognized as early as the 3rd century and that the commercial 

potential of these mineral-laden waters led to wars between the Tuscan 

republics during the Middle Ages [ENEL]. 

that the power of natural steam was first harnessed to produce electricity, 

the accomplishment of this feat being credited to Prince Piero Ginori Conti. 

Conti's original system used a reciprocating engine which received 

It was not until 1904, however, 

steam separated from the geothermal fluid. 

ing type, exhausted to the atmosphere, and generated about 15 kW of electric 

The engine was of the noncondens- 

power. The output from the DC generator provided lighting for the boric 

acid factory at Larderello in the boraciferous region of Italy. 

primitive engine was replaced by a turbo-alternator of 250 kW capacity in 

1913, thus marking the beginning of the production of electricity from 

geothermal sources on a commercial scale [Conti, 19241. 

This 

Since that time endogenous fluid has been tapped at two other sites, 

Monte Amiata and Travale, and the total installed geothermal electric 

generating capacity in Italy has grown to 420,000 kW. 

In the following sections we will describe some of the geological 

features of the two main geothermal regions currently under exploitation, 

Larderello and Monte Amiata, as well as the technical details related to 

the gathering and distribution of the geothermal fluid, the energy conver- 

sion systems and the associated 

experiences of the plants. 

auxiliaries, and the economic and operating 
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br 
pervious Tuscan formations ranging fr 

\ 2. Boraciferous Region (Larderello) 

2.1 Geology and exploration techniques b- 
W 

The Larderello region in general structural terms corresponds to a 

tectonic high located between the Era graben to the north and northwest and 

the positive feature of the crystalline basement which is evident in out- 

u 

b 

P croppings to the south and southeast [ENEL]. 

k. The presence of a deep magmatic intrusion at about 6-8 km (4-5 mi) is 

inferred from the huge gravity deficit. 

is caused by the Apennine and plutonian tectonics in conjunction with the 

magmatic intrusion. 

600 m (1970 ft) gives evidence of the plutonian tectonic. 

The structural outline of the region Ld 

b 
I 

The upheaval of Pliocenic coastal deposits to about 

b The high heat flow in the region is generated by the gross interaction 

between the African and Eurasian tectonic plates and several smaller plates 

which are in contact in the area. 

of an arc of high heat flow which extends along the west coast of the 

Italian peninsula from Tuscany to Sicily [Mongelli and Loddo, 19751. 

u 
The Larderello geothermal field is a part 

w 

Figure 1 shows a geological map of the Boraciferous Region in both plan 

and cross-sectional views [ENEL]. 

three main complexes: 

figures 

and constitutes, for the most part, the impermeable cap rock for the under- 

The major outcrops may be grouped into 

(1) The upper complex (denoted by regions "2" in the 
b 

b, which comprises shales, limestones, sandstones ("Argille scagliosett) 

I 
cu I lying reservoir; (2 )  The main permeable complex (denoted by tr4ft)  which forms 

e ( 3  ) The basement complex (denoted by f f5f t )  consisting of phyllitic-quartzitic 

formations which is highly impervious where phyllites predominate but which 
b 

can be highly pervious where there are intercalations of quartzites or  
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cryst llin limestones [ENEL]. The outcroppings of the main permeable 

complex in the southern region contribute importantly to the recharge of 

the aquifer through the absorption of rainfall. 

The methods employed during the exploration phase include geological, 

geochemical and geophysical methods. 

highly effective. Normal analytical techniques have been used along with 

those applied to determine the isotopic relationships of certain elements 

in the geothermal fluid and the rocks including oxygen, hydrogen and carbon. 

Of the geophysical methods, the Schlumberger quadripole technique has been 

used extensively because of its relatively low cost and high efficiency. 

Geochemical techniques have proven 

The application of this method is favored since the reservoir is usually 

located at depths less than 1000 m (3280 ft) and is characterized by a 

distinct resistivity high (>lo0 nom) relative to the overlying cap rock 

(-2-40 nom) .  

Heat flow, thermal gradients and thermal conductivity measurements 

have also been employed as prospecting tools. 

exceptionally high thermal gradients, being of the order of 3O0C/1O0 m 

(16OF/lOO ft) and in some places, as high as 100°C/lOO m (55OF/lOO ft). 

These should be compared with the accepted normal gradient of about 

The area is characterized by 

3 O C / l O O  m (1.6°F/100 ft). 

to cover about 25,000 ha C62,OOO acres) [Koenig, 19737, although the drilled 

The geothermal field at Larderello is believed 

area extends over only about 18,500 ha (45,700 acres) [Ceron, et al., 1975; 

Ellis and Mahon, 19771. 

2.2 Well programs and gathering system 

There a r e  roughly 190 producing wells in the Larderello region out of 

a total of 511 drilled [Overton and Hanold, 19771. The average depth of all 

wells is 656 m (2152 ft); wells drilled since 1969 average 1129 m (3704 ft) 

d 

I 

J 
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in depth [Ceron, et a 19751. -* 9 

The techniques used in the drilling, casing and cementing of the wells 

in the Italian geothermal fields have been reported in detail elsewhere 

[Cigni, 1970; Cigni, et a1 19751. Furthermore an extensive discussion -* ’ 
dealing with the design and construction of geothermal steam pipelines has 

been published [Pollastri, 19701. 

the most important features of these operations as described by these authors. 

It is the intent here only to summarize 

2.2.1 Drilling 

Geothermal drilling operations are in some ways similar to those in 

oil well drilling. The notable exceptions are that the geothermal wells 

tend to be larger in diameter, the formations are of higher temperature, and 

the flow velocities tend to be larger. 

that drill rigs with larger capacities (for a given depth capability) are 

needed to support the heavier drilling strings, that special drilling muds 

are required to withstand the high temperatures, and materials are needed 

which are resistant to erosion. 

These factors lead to the conclusions 

Since the reservoir at Larderello is at about 1000 m (3280 ft) and 

taking into account margins of safety and the inherent differences between 

geothermal and oil well drilling, the appropriate sized rig will be one of 

1600-1800 m c5250-5900 ft) capacity. 

reaching 3000 m (9800 ft), 

and 168 mm (6 5/8 in) 

drilling 406 mm (16 in 

Large diameter collars are preferred because of added drill string stability 

Som 

The drilling 

he improvement in maintaining vertical alignment of the hole, 

The power required to conduct the drilling operations varies according 

to the particular phase involved. The figures below are estimates of the 
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maximum power requirements under three sets of conditions for various 

machines and field services CCigni, 19701: 
c 
I 
I 

* Regular drilling (rotary machine and mud pump at full rate): Spl 

I 

Rotary machine . . . . . . . . . .  75 kW (100 hp) 
4 3  

Mud pump . . . . . . . . . . . . .  520 kW (700 hp) 
Field services . . . . . . . . . .  35 kW ( 50 hp) 

c 630 kW (850 hp) 
b 

@ Round trip for pipe extraction from maximum depth or  casing operations: 

ru Draw-works . . . . . . . . . . . .  330 kW (440 hp) 

Y 
Field services . . . . . . . . . .  35 kW ( 50 hp) 

365 kW (490 hp) 

b * Emergency hoisting (during fishing operations): 

Draw-works . . . . . . . . . .  300-330 kW (400-440 hp) 
Mud pump (half load) . . . . .  185-260 kW (250-350 hp) 
Field services . . . . . . . .  35 kW ( 50 hp) 

1 520-625 kW (700-840 hp) 

The accepted procedure for drilling wells in the geothermal fields of 
L, 
I 

hi Italy is to use drilling muds while passing through the cap rock CCelati, 

-* et a1 ' 19751. The drilling mud must be carefully selected since the high 

temperatures encountered stimulate chemical reactions in the mud, altering 

the fluid viscosity, its free-water content and other properties [ENELI. 

The presence of clays, anhydrites and gypsum lenses in the formation makes 

it difficult to maintain mud properties during drilling. 

permeable layers which are encountered lead to frequent loss of circulation. 

The muds which are used are dispersed ferro-chrome-lignosulonate-treated 

)I, 

b 

CI Furthermore the 

b 

w 
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types. These exhibi t  good dispersion charac te r i s t ics  owing t o  t h e i r  

protect ive effect on clay par t ic les .  

they inh ib i t  exchange react ions [Cigni, e t  a l . ,  19753. Dril l ing operations 

i n  the  permeable reservoir  and i n  the  basement rock are usually car r ied  out 

with fresh,  cold water without a return because of the  high loss of circulat ion.  

Furthermore, i n  high concentrations 

I 

i 2.2.2 Casings and cementation 

A p a i r  of t yp ica l  w e l l  p ro f i l e s  are shown i n  Fig. 2; a standard casing 

program is shown on the  l e f t  and a casing program fo r  an exploratory or a 

r e l a t i v e l y  deep w e l l  is shown on the  r igh t .  The standard w e l l  produces 

na tura l  steam through a 311 mm (12 1/4 i n )  open hole and a 400 mm (13 3/8 i n )  

casing which is cemented within a 406 mm (16 i n  hole). 

a 216 mm (8 1/2 i n )  open hole throughout t he  permeable zone with a 244 mm 

The deeper w e l l  has 

(9 5/8 in) production casing. 

serves as an intermediate casing for  sa fe ty  purposes. 

API heavy w a l l  pipe t o  withstand the  corrosive nature o f t h e  geothermal f l u i d  

and t h e  severe temperature cycling t o  which t h e  w e l l s  may be subjected. 

I n  t h i s  case the  400 mm (13 3/8 i n )  casing 

The casings are J-55 

Cementation of the casings t o  t h e  formation or t o  other  casings is a 

c r i t i c a l l y  important operation. A proper cementation job must r e s u l t  i n  

complete and uniform f i l l i n g  of the  well-casing annulus i n  order t o  withstand 

t h e  various s t r a i n s  undergone by a casing, guarantee good bonds between t h e  

cement and t h e  casing and between the  cement and the  formation t o  strengthen 

and protect  t h e  e n t i r e  casing column, .and f i n a l l y  allow f o r  well checks 

during d r i l l i n g  so as t o  assure proper production during later stages. 

art of casing and cementing geothermal wells requires  a t ten t ion  t o  many 

fac tors  such as the  correct  choice of cement and additions,  exact centering 

and placement of the  casing, and proper flushing of the annulus pr io r  t o  

The 

cementation t o  avoid mud contamination CCigni, e t  al.,  19751. W 
b 
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The cement used for wells in the Boraciferous Region consists of a 
k 
U mixture of Portland 425 cement and a fine-grained silica flour, in 60-40 

I 

proportions. In laboratory tests under a pressure of 9.8 MPa (1420 lbf/in 2 slll 

and a temperature of 15OOC (302OF) this cement showed a compressive strength 
I 

2 of 34 MPa (4950 lbf/in after a 28-day curing period [Cigni, et a1 19751. -* 9 

2.2.3 Wellhead equipment 

The design of wellhead equipment for geothermal applications differs I 
considerably from that used in the case of oil wells. 

unique characteristics of geothermal wells are CCigni, 19701: 

The most important 

high fluid velocities, 

@ 

8 

relatively low well closing and operating pressures, 

high mud and steam temperatures, 
, 

rJ 8 strong corrosive nature of fluid, and 

@ connection to large diameter surface pipelines. 
bi 

Four wellhead arrangements are shown in Fig. 3; each of these is used 

during various stages of the drilling operation as described below. L 
I 

ibl Arrangement I: Used during drilling through the caprock; wellhead 

mounted on the surface casing with a guiding bore of 311 mm (12 1/4 in). 

Side valves are 254 mm ( l o  in); mud filling is accomplished through a side 

connection. 

4 

a, 

b 
Arrangement 11: Used during widening of the hole in caprock from 

bd 

i l  

ti 

311 mm (12 114 in) to 406 mm (16 in); wellhead mounted on surface casing; 

central valve eliminated since blowouts are not expected in this phase. 

Arrangement 111: Used during drilling in the production zone; 

U wellhead mounted on production casing. Since flow of steam is expected in 
,w 
c 
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t h i s  phase, a l l  equipment is i n  place t o  handle the  s i tua t ion ,  s t a r t i n g  with 

the  356 mm (14 i n )  central valve. 
i 

Arrangement I V :  Used when production casing is i n  place but only par- 

t i a l l y  cemented; wellhead mounted on surface casing. A device which supports 

and allows f o r  centering the  production casing is provided. 

i n s t a l l ed  t o  handle the expected steam flow i n  case of a blowout. 

Equipment is 

I n  a l l  cases a blowout preventer is in s t a l l ed  on the  wellhead. It is 

designed t o  c lose of f  the central bore i n  case of emergencies, even when the  

d r i l l i n g  s t r i n g  or other pieces of equipment happen t o  be i n  the w e l l .  

is  accomplished by means of a mechanically o r  hydraulically actuated valve 

f i t t e d  with appropriate jaws t o  clamp around anything t h a t  may be i n  the  

w e l l .  

[Cigni, 19701. 

This 

High-temperature gaskets are required fo r  steam-well d r i l l i n g  

2.2.4 Steam pipelines 

Steam is  conveyed from the  individual wellheads t o  the  power s t a t ions  by 

means of an interconnected network of pipes. 

a typ ica l  wellhead connection; it is  characterized by the  sweep of a large- 

radius  expansion bend from the  wellhead t o  an anchor. 

The photograph i n  Fig. 4 shows 

The types of supports 

used include f ixed moorings (anchors), s l i d ing  supports, turning type, and 

supporting trestles of the  fixed and fixed s lo t t ed  type [Pol las t r i ,  19701. 

A zig-zag layout of the  network is designed t o  accommodate the  thermal expan- 

sion associated with the  operation of the  plants .  Expansion caused by t e m -  

peratupe f luctuat ions from ambient values t o  26OOC (50OOF) can be absorbed. 

The network cons is t s  of over 118 km (73 mi) of steam pipes [Ceron, e t  a1 - -' 
19751. 

of 6 - 8 mm (0.24 - 0.31 i n )  and diameters of 250, 350, 450, 650 and 810 mm 

The pipes are fabr ica ted  from weldable steel and have a w a l l  thickness 

(10, 14, 1 8 ,  26 and 32 in ) .  Asbestos f i b e r  i s  used for insulat ion,  i n  
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thicknesses of 30, 60, 90 and 120 mm (1.2, 2.4, 3.5 and 4.7 i n )  [DiMario, 19611. 

The pipe and insulat ion are protected within an aluminum-plate jacket or  

painted with coating of bituminous material [ENEL]. 

2.3 Geofluid charac te r i s t ics  

The geothermal f l u i d  produced a t  the wells i n  Larderello consis ts  of 

steam (dry, saturated or s l i gh t ly  superheated) and a mixture of nonconden- 

sable  gases. 

1 t o  20% by weight of t he  t o t a l  f l u id  flow, on average, with some new wells 

showing even higher percentages. 

The amount of noncondensables is re l a t ive ly  high, ranging from 

As a rule, the  gas content of the steam 

a t  Larderello has remained roughly constant during the  period of exploita- 

t ion.  

f e s t a t ions  which have existed f o r  centur ies  have prevented a build-up of 

la rge  amounts of gas. 

T h i s  is a t t r ibu ted  to  the  fact t h a t  the natural  surface thermal mani- 

The reservoir  is thus viewed as being i n  a steady-state 

as regards the  evolution of noncondensable gases. 

kilometers east of Larderello and believed i so la ted  f r o m  the  main therrr.21 

One w e l l ,  d r i l l e d  a few 

area and thus not having the  benefi t  of the  purging act ion i n  the  main f i e l d ,  

produced geofluid t h a t  contained 98% gas and only 2% steam. The composition 

o f t h e  gas was essentially i den t i ca l  t o  t h a t  found in the fluid from the  

wells of the main f i e l d  [EEL].  

The noncondensable gas consis ts  of carbon dioxide, for the  most pa r t ,  

with small amounts ?f hydrogen su l f ide ,  hydrogen, methane and nitrogen. 

cent repor t s  IENEL] put the  C02 percentage a t  about 4.8% (by weight of geo- 

f l u i d ) ,  H2S a t  0.5%, and a l l  others  a t  less than 1%. 

posi t ion of the  noncondensables, f o r  spec i f ic  areas within the  Boraciferous 

Region. 

Re- 

Table 1 lists the  com- 

The highest reservoir  temperature encountered so far has been 3OOOC 

(570OF) [Overton and Hanold, 19771; the maximum pressure is 3.1 MPa (450 l b f / i n  2 1. 
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Steam is produced at temperatures ranging from 140 - 220OC (285 - 43OOF) and 

at pressures from 200 - 700 kPa (29 - 102 lbf/in ) [Ellis and Mahon, 19771. 2 

The average fluid flow rate per producing well is about 17 Mg/h 

(37,500 lbm/h) CCeron, -- et al, 19751, although maximum flow rates may range 

from 50 - 100 Mg/h (110,000 - 220,000 lbm/h) and in some cases may even ex- 
ceed 300 Mg/h (660,000 lbm/h) [ENEL]. 

from well to well and depends strongly on the age of the well, particularly 

in the early stages of productioq. 

The flow rate varies considerably 

Figure 5 shows the production history 

of two wells in the Larderello field. Each one exhibits an approach to a 

steady-state flow rate after an initial transient period during which the 

flow rate decreases by a significant amount. Figure 6 gives well producti- 

vity ourves as a function of wellhead pressure for three wells, one each from 

Sasso Pisano, Lagoni Rossi and Gabbro. All three curves exhibit the expected 

behavior for gas flow and may be represented analytically by an equation of 

the form: 

CP/P0)" + (&/li0P = 1 , 

where the exponent n lies in the range, 1.5 < n < 1.85. 

notes the maximum value of either the pressure or the flow rate. 

The subscript o de- - -  

2.4 Energy conversion systems 4 

Power is produced at the present time in Larderello by means of two types 

of energy conversion systems 

reaction turbines ( "Cycle 1") , or direct-intake , condensing, impulse-reaction 
turbines ("Cycle 3'') . 
one which used pure st 

and expanded in impulse or impulse-reaction, condensing turbines (Vycle :2"). 

These three schemes are shown schematically in Figs. 7a, 7b, and 7c. 

direct-intake, nonconden 

ior to 1968, another type was in operation, namely 

generated from geothermal steam in heat exchangers 
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Cycle 1 plants  are in s t a l l ed  a t  locations which e i t h e r  have high non- L 
condensable gas content i n  the geothermal steam or are not suf f ic ien t ly  de- ti 

I 

veloped t o  ju s t i fy  the  construction of-steam l i n e s  t o  jo in  the f i e l d  t o  the  

main network. 

assembled or disassembled, and of fer  low costs  because they may be remote 

controlled from a nearby power s ta t ion.  

Such'plants are extremely simple, highly r e l i ab le ,  eas i ly  : /  

Itr 

$ 4  

& I 
1 '  
lu 

* /  

br 

I 

4 

Li 

Cycle 2 p lan ts  were used when it was desirable  and economic t o  ex t rac t  

chemicals, such as boric  acid and ammonia, from the  geothermal f l u i d ,  while 

a t  the  same time avoiding materials corrosion problems i n  the  turbine and 

taking advantage of the  improved power output associated with condensing 

operation. However, considerable d i f f i c u l t y  was encountered i n  the operation 

of t he  heat exchanger because the  water tubes which formed the boi le r  sect ion 

were subject t o  deposits of i ron sulf ide or breakage depending on whether 

i ron or aluminum were used f o r  t he  tube material [Hahn, 19231. Since chemi- 

cals are no longer extracted from the  f l u i d s  and the  problems of corrosion of 

I turbine blades can be avoided, t h i s  energy conversion scheme has been eliminated. 

Cycle 3 p lan ts  form the  mainstay of the  Italian geothermal plants .  The 

effects of impurit ies or corrosive substances i n  the  steam can be reduced by 

scrubbers located upstream of the turbine inlet. 

t ions  may be injected to  wash the  steam; axial separators then remove the  in- 

jected l i qu id  prior t o  admission i n t o  the  turbine. 

condensable gases i n  t h e  steam requires  the  use of high-capacity turbocompres- 

sors t o  remove the  gases from the  condensers. 

of Fig. 8 shows a Typical arran 

interest are the three s tages  of intercooling used with the  gas compressor, 

t he  first stage of which is integral with the  condenser. 

G 
I i  

is 
Pure water or alkal ine solu- 6 

The la rge  amount of non- 
ba 

I ,  

Y 

' i  
(w 

Li 
A typ ica l  flow diagram f o r  a 14.8 MW (gross), 13.4 MW (ne t )  power u n i t  ,w 

is given i n  Fig. 9. The i n l e t  steam is a t  185OC (365OF) and 443 kPa (64.3 lbf / in2)  lb 



b 
-12- 

i 
h, 

.b 

LJ 

with about 4% (by weight) of noncondensable gases. 

u t i l i z a t i o n  eff ic iency,  based on the  available work of the  geofluid r e l a t i v e  

t o  the  design wet-bulb temperature of 19.4OC (67OF), is about 52%. However, 

none of the  actual un i t s  analyzed and described below had eff ic iencies  as high 

as t h i s ;  the highest actual efficiency was 47.4% f o r  t he  two uni t s  located a t  

the  Sasso 2 geothermal f i e l d .  

The geothermal resource 

2.4.1 Condensing uni t s  

Condensing un i t s  i n  the  Boraciferous Region are i n  operation at the  fol-  
1 

G lowing sites: Larderello, Gabbro, Castelnuovo, Serrazzano, Lago, Sasso Pisano 

l and Monterotondo. 

of 362.7 MW. 

There are 27 such un i t s  i n s t a l l ed  with a combined capacity 

These range i n  s ize  from a 2 MW un i t  a t  Castelnuovo t o  26 MW I& 

uni t s ,  three of which are located a t  Larderello 3 and one a t  Castelnuovo. 

All plants  use natural  draft cooling towers which are designed t o  handle 

water flow rates of 9, 1 2 ,  1 5  and 18 x 1 0  3 3  m /h (20, 26, 33 and 40 x l o 6  lbm/h) u 
of water depending on the  un i t  ra t ing.  

41  - 31OC (105.8 - 87.8OF), typ ica l ly ,  i n  an environment a t  25OC (77OF) and a 

relative humidity of SO%, i.e., a t  a wet-bulb temperature of 19.4OC (67OF). 

The choice of na tura l  draft towers over forced draft ones was dictated by 

lower operating cos ts  and the  need f o r  r e l i ab le ,  continuous operation. The 

cooling water is circulated by means of a 2-speed, helico-centrifugal pumps 

with v e r t i c a l  axes and adjustable  blades, and with a m a x i m u m  flow capacity of 

9000 m3/h (20,000 lbm/h) [DiMario, 19611. 

The water is  cooled through a range of 

w 

L 

lu 
, I  

hi 

The following sect ions offer more d e t a i l s  on the  condensing power u n i t s  

A l i s t i n g  of technical  par t icu lars  may be found 

bd 

i n  the  Boraciferous Region, 

i n  Table 2. 

Larderello 2 The indirect-steam systems (Cycle 2) which generated clean steam 

by means of heat exchangers have been abandoned i n  favor of direct-intake,  

6 ,  

w 

k 

I /  "c/ 
clclr 

& 
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condensing plants. 

chemicals from the geothermal fluid (boric acid, ammonia, carbon dioxide, 

hydrogen sulfide), but were costly both in capital and operating expenses. 

Furthermore, they required about 14.5 - 16.0 kg of steam per kW*h of elec- 
tricity produced at the busbar. With the advent of turbine materials that 

Cycle 2 plants had allowed for the recovery of various 

effectively resist corrosion by the geofluid and the decreasing interest in 

chemical recovery, the simpler and more efficient direct scheme, Cycle 3, 

has been fully adopted CCataldi, - et -' al 19701. 

There are five units installed at Larderello 2: four 14.5 MW units and 

one 11 MW unit. 

rating is only 37.3 MW owing to insufficient steam supply [Ceron, - et -' a1 19751. 

The overall geothermal resource utilization efficiency, based on the actual 

power output and the available work of the geothermal steam at the plant 

relative to the design wet-bulb temperature of 19.4OC (67OF), is 43%. 

Larderello 3 

is located adjacent to Larderello 2. ' The power house contains six indi- 

vidual units: A 

view of the turbine hall is shown in Fig. 10. 

Larderello 3 plant is only 65.4 MW as compared with the installed capacity 

of 120 MW. The net geothermal utilization efficiency is 44.3%. 

Gabbro 

unit. 

Whereas the total installed capacity is 69 MW, the actual 

This complex, the largest of the geothermal units in Italy, 

three 26 MW units, one 24 MW unit, and two 9 MW units. 

The net capacity of the 

The Gabbro plant consists of a single 15 MW (gross), 11.8 MW (net) 

The turbine is f the tandem-compound design with a single-flow, high- 

pressure cylinder followed by a separate, double-flow, low-pressure section. 

The HP-cylinder exhausts at essentially atmospheric pressure and may be un- 

coupled from the sub-atmospheric section for noncondensing operation during 

periods of shut-down of the LP-section. 

accommodate gas content as high as 8% b y  weight) of steam [Corti, et al, 19701, 

Although the unit has been designed to 

-- 
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most recent reports show only 6.7% gas concentration [Ceron, et al, 19751. 

The unit has a 46% geothermal utilization efficiency. 

with a remote and closed-circuit television system for remote-controlled 

-- 
The plant is equipped 

operation from the Larderello 2 power station which is located about 5 km 

(3 mi) away CENELI. 

Castelnuovo-Val Cecina Originally Castelnuovo V.C. employed three 11 MW, 

Cycle 2 units and one 2 MW unit for auxiliary services. The geothermal 

fluid temperature was about 195OC (383OF) and the gas content was 10% by 

weight. The specific steam consumption was relatively high, 17 kg/kW*h 

(37.5 lbm/kWoh) [Corti, et a1 19701. - 
A conversion was carried out which resulted in the installation of four 

units in 1967 with a total installed capacity of 50 MW; one 26 MW unit, two 

11 MW units and one 2 MW unit. 

The largest unit is supplied with the highest pressure steam available from 

A l l  are condensing units of the Cycle 3 mode. 

the field, about 420 kPa (61.1 lbf/in 2 1; the mid-sized units receive steam 

at about 186 kPa (27 lbf/in 2 ); the smallest unit is fed by very low-pressure 

jets at about 108 kPa (15.6 lbf/in2). 

thermal utilization efficiency of 36%, and consume, on the average,.14 kg 

(30.9 lbm) per net kW*h of electricity. 

handle up to 12% (by weight) of no 

fluid consumption of less than 10 kg/kW'h (22 lbm/kW*h). 

photograph of the turbine, generator,'and gas compressor arrangement for the 

26 MW unit. 

Serrazzano 

operation at Serrazzano: 

3.5 MW. 

The fo units have a combined gee- 

The main unit has been designed to 

Figure 11 shows a 

\ 

There are five condensing units all of the Cycle 3 variety in 

one 15 MW unit, and two units each of 12.5 MW and 

The turbocompressors for the two 12.5 MW units are shown in Fig. 12. 
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k Lago 2 The total installed capacity at Lago 2 is 33.5 MW, comprising units 

of 14.5, 12.5 and 6.5 MV. 

zation efficiency of 46%, and a specific steam consumption of 10.1 kg/kW*h 

(22.3 lbm/kW-h). 

for the larger units at Lago 2 is shown in the photograph of Fig. 13. 

Sasso Pisano (Sasso 2) 

W 
The three units have a combined geothermalutili- 

k 

The arrangement of the turbogenerator and gas compressors 
Li 

Y Although the total installed capacity at Sasso Pisano 

I is 15.7 MI?, it was operated at 17.3 MW in 1974 CCeron, et al, 19751. There 

The combined 

-- 
are two units in operation, one of 12.5 MW and one of 3.2 MW. 

specific steam consumption is one of the best for the Italian geothermal 

plants : 

The plant is shown in Fig. 14. 

Monterotondo One 12.5 MW unit is in operation at Monterotondo. 

tage of noncondensable gases in the steam has fa 

2.5% (by weight) in 1960 CCataldi, - et a1 -' 19701, to 

in 1974 CCeron, - et -, a1 19751. 

tpJ 

od 

iJ 
9 4 kg/kW -h (20 . 7 lbm/kW h) ; the utilization efficiency is 47.4%. 

The percen- 

a value of 

in 1969, and to 1.7% 

t 

u 
This is the lowest gas content reported for 

q b  i! any geothermal plant in Italy. The specific ste 

1 ;  (22 lbm/kW*h) and the geothermal utilization eff w shows the turbine 

backgroun 
L 

2.4.2 Noncondensing units 

Noncondensing units are installed at six sites in the Boraciferous Region: b 

I Sant'Ippolito-Vallonsordo, Lagoni Rossi 1 and 2, Sasso 1, Capriola and Molinetto. 
hi 

A l l  operate on Cycle tmosphere at essure of 102.9 kPa 
i 

L e noncondensable gas 

% at Capriola. The units 

b are relatively small in capacity, with the 900 kW unit at Sant'Ippolito-Vallonsordo 
W 

c4 

1 

& 
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L being the  smallest  geothermal u n i t  i n s t a l l ed  i n  I t a l y .  The l a rges t  u n i t  of 
W 

t h i s  group is a t  Sasso 1 and has a ra ted  capacity of 7 MW. 

A l l  of these small p lan ts  are remote-controlled from a la rger  plant .  

The cont ro l  equipment used has been standardized and includes the  following 

capab i l i t i e s  [Corti ,  - e t  -' a1 19701: 

From p i l o t  t o  s a t e l l i t e  plant :  

a Six controls:  opening and closing of generator breaker, increase 

and decrease of governor se t t i ng ,  exc i ta t ion  increase and reduction; 

One cont ro l  f o r  emergency p lan t  shut-down. o 

From satell i te t o  p i l o t  plant :  

0 Five s ignals :  u n i t  shut-down, u n i t  i n  operation, switch opened, switch 

closed, alarm; 

o Eight measurements, six of which are contemporary, including: (with 

breaker open) generator voltage generator frequency , exci ta t ion  cur- 

r e n t ,  synchronism, l i n e  voltage, and l i n e  frequency; (with breaker 

closed) generator voltage, generator frequency, exc i ta t ion  current ,  

generator current ,  output power, and l i n e  voltage. 

The remote-control operation of these p lan ts  is characterized by extreme sim- 

p l i c i t y  and high r e l i a b i l i t y .  

The following sect ions describe each of 

This u n i t  is des i  d f o r  continuous operation 

temperaares  from 185 - 25oOC under a wide range of i n l e t  steam conditions: 

(365 - 482OF), pressures from 441 - 686 kPa (64 - 99.5 l b f / i n  2 1, and gas con- 

t e n t  from 4 - 7% (by weight). The o r ig ina l  steam flow contained about 20% 

noncondensables [Cataldi, et  a1 19701, but  t h e  most recent  repor t s  ind ica te  - -' 
gas content of only 3.3% [Ceron, e t  a l ,  19751. The u n i t  consumes 26.7 kg of 

I- 

steam per ne t  kW*h (58.9 lbm/kW*h) and has a geothermal resource u t i l i z a t i o n  
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L efficiency of only 15.38, because a significant fraction of the available work lu 
b 

is lost when the steam is exhausted at atmospheric pressure. A photograph of 

the turbine-generator assembly is shown in Fig. 16, in which the compactness 

and simplicity of the unit are evident. 

Lagoni Rossi 1 and 2 

characterized by a high degree of flexibility in meeting variable steam con- 

ditions. 

steam conditions ranging in temperature from 230 - 235OC (446 - 455OF), in 

im 

These two units of 3.5 and 3 . 0  MW, respectively, are 

Li 

I The turbines are capable of performing in an efficient manner with 
b 

pressure from 686 - 1079 kPa (99.5 - 156 lbf/in 2 1, and in gas content from 
Lil 

4 - 20% (by weight). 
(1) A wide degree of control is available in the first, impulse stage; (2) A 

significant part of the reaction blading is mounted on removable inner shells; 

The flexibility in performance is due to three factors: 

id 

(3) The control valve is equipped with interchangeable internal el6ments 

CSaporiti, 1961 (b)l. In this way extreme conditions, say, low pressures and 

temperatures (and corresponding high steam flow rates) can be accommodated by 

increasing the effective active nozzles in the impulse stage while reducing 

the reaction blading and increasin 

valve. The other extreme can be handled by revers the effects, Such de- 

sign flexibility allows good energy conversion efficiency to be maintained 

over wide variations in steam conditions with only relatively simple modifica- 

tions to the apparatus. For example, Lagoni Rossi 1 has a specific steam con- 

sumption of 18.2 kg/kW*h (40.1 lbm/kW*h) and a utilization efficiency of 25.2%, 

b 
I 

t 

ly 
b 

bw 

lu which is quite good for a noncondensing unit. 

Sasso 1, Capriola and Molinetto T combined installed 

capacity of 13.5 MW although the n 

averages 3.3% (by weight); the steam inlet temperature averages 189 f 3OC 

b 

ii 
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together is 17.7% and the  combined spec i f i c  steam consumption is  25 kg/kW*h 

( 5 5  lbm/kW-h). 

2.5 Materials of construction 

Materials used i n  the  fabricat ion of the steam wells and the  transmission 

pipel ines  have been described earlier i n  sect ions 2.2.2 and 2.2.4, respectively.  

This sec t ion  w i l l  focus on the  materials used f o r  the  energy conversion equipment. 

I n  order t o  reduce corrosion by the  geothermal f lu id ,  sodium carbonate 

is added t o  the water used f o r  scrubbing the  steam and t o  the  condensate. 

This neut ra l izes  the  pH and minimizes corrosion of i ron  and steel pa r t s  

[DiMario, 19671. 

Erosion of turbine blades can be reduced and t h e i r  l i f e  extended by the  

use of 13% chrome - 0.1% carbon a l loy  steel. The je t  condenser is made of 

cast i ron  covered on the  ins ide  by lead-plated sheet .  Since d i r e c t  j e t  im- 

pingement can cause a wearing away of the  lead p la t ing ,  a reas  subjected t o  

jets are fur ther  protected with sheets  of AISI 316 s t a i n l e s s  steel  (0.1% C, 

16 - 18% Cr, 1 0  - 14% N i ,  2 - 3% Mo, 2% Mn) [Ciapica, 1970; Ricci and 

Viviani, 19701. 

The multi-stage, cen t r  gal compressors together w i t h  t h e  associated 

in te rcoolers  are key elements i n  the  Italian geothermal p lan ts  because of t he  

high concentration of noncondensable gases i n  the  neutral  steam. In general ,  

austeni t ic  and ferr i t ic  s t a i n l e s s  s t e e l s  a 

f o r  these systems. The body casings f o r  b 

casings are of meehanite cast iron. 

steel  (0.2% C, 15  - 17% 

same material .  

and seven impellers i n  two stages.  

carbon steel  with l i n ings  of white metal [Dal Secco, 19701. 

t he  high- and low-pressue 

The LP-body r o t o r  is of AISI 431 a l l o y  

1.25 - 2.50% N i l ;  there  are six impellers of the  

The HP-unit has a s h a f t  of carbon s t e e l  with AISI 431 sleeves 

The journal and th rus t  bearings are of 



-19- 

The gas coolers are fabricated from carbon steel  welded p l a t e s  and are 

l ined  with lead,  ebonite or AISI 316 s t a i n l e s s  steel  on the inside.  

mensions of the  coolers are la rge  t o  keep the  f l u i d  ve loc i t i e s  as low as 

The di-  

possible i n  order t o  minimize erosion, 

pressed gases t o  t h e  coolers are made of AISI 403 a l loy  s t e e l  C0.15% C ,  

The pipes which convey the  hot,  com- 

11.5 - 13% C r ) ;  the  pipes carrying cool gases are of carbon s t e e l  with lead 

l i n i n g  C D a l  Secco, 19701. 

w i r e  hampers downstream of the  gas coolers i n  order t o  control  the humidity 

t d  reduce deposi ts  of s o l i d  pa r t i c l e s ,  the deposit ion of  which is enhanced by 

t h e  presence of l i q u i d  drople t s  [Ricci and Viviani, 19701. 

Layers of sandstone r ings  a r e  suspended i n  AIS1 316 

Pumps f o r  c i r cu la t ing  water are equipped with impellers of 13% chrome - 
Pipes which carry water and are exposed t o  the  air 

The 

0.1% carbon a l loy  steel. 

are made of e i t h e r  s t a i n l e s s  steel  or i ron with s t a i n l e s s  steel l i ne r s .  

hyperbolic-shaped, natural draft cooling towers are of reinforced concrete. 

2.6 Effluent and emissions handling systems 

There are no controls  or abatement systems used f o r  t he  l i qu id  and 

gaseous e f f luen t s  f r o m  t he  plants .  

I n  the  case of the  gaseous emissions, hydrogen sulfide U2S) is poten- 

t i a l l y  the  most se r ious  because of  its corrosive effects and its toxic i ty .  

The da ta  i n  Tables 1-3 may be used t o  

Boraciferous Region caused by geothermal p production. The condensing 

u n i t s  produce about 3100 kg/h (6800 lbm/h) 

(31 lbm/MWDh); t he  noncondensing u n i t s  emit nearly 190 kg/h c419 lbm/h) or 

i n  t he  region 

t imate the  t o t a l  H2S emissions i n  t h e  

l y  14,000 g/MW*h 

2 lbm/MW*h). This may be compared with t h e  maximum of  

200 g/M!?*h (0,44 Ibrn/MW*h) suggested by t h e  Environmental Protection Agency 

f o r  geothermal p lan ts  i n  the  United States .  
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Liquid discharge from the  power s t a t ions  equipped wi th  condensing u n i t s  

may be estimated using the  flow diagram shown i n  Fig. 9. 

entering steam flow (by weight) is produced as excess l i qu id  a t  the cold well  

About 15% of the  

of the  cooling tower. Assuming t h a t  t h i s  percentage holds on the  average f o r  

a l l  p lan ts ,  the  t o t a l  l i qu id  e f f luent  from the  condensing un i t s  would amount 

t o  about 360,000 kg/h (794,000 lbm/h or 95,000 gal/min). 

or exhausting-to-atmosphere un i t s  discharge a l l  of the  steam flow d i r ec t ly  t o  

the  surroundings; t h e  t o t a l  amounts t o  241,000 kg/h (530,000 lbm/h), as can 

be seen from the  data  i n  Table 3. 

The noncondensing 

2.7 Economic f ac to r s  

The most recent  cos t  figures f o r  I t a l i a n  geothermal power p lan ts  were 

reported i n  1974 [Leardini]. 

s t r u c t  a p lan t  consisting of two 26 MW condensing steam turbine u n i t s  i n  the  

Larderello region were 170 U.S. $/W. 

u n i t  ia the  same area were 226 U.S. $/kW. 

A t  t h a t  t h e  the  ac tua l  c a p i t a l  cos ts  t o  con- 

The costs f o r  one 15 MW condensing 

For noncondensing units., a 15  MW 

u n i t  cos t  95 U.S. $/kW and a 4 MW u n i t  cos t  105 U.S. $/kW, The f igures  f o r  

the  condensing u n i t s  are roughly comparable t o  the  cos t s  for f o s s i l  power 

p lan ts  a t  that t h e .  
t i The I t a l i a n  geothermal p lan ts  incurred higher capital 

ai cos ts  than dry steam geothermal p lan ts  i n  other  countr ies  because of t he  l a rge  

gas compressors required t o  expel the  grea t  amount of noncondensable gases. 

bJ About 20% of the  c a p i t a l  cos t  goes f o r  t he  gas compressors. 

j Leardini [1974] a l s o  quoted typ ica l  operating cos t s  for severa l  types of 

1 plant .  

of ne t  e l e c t r i c i t y  generated. 

The l a r g e s t  condensing u n i t s  (26 MW)had operating cos t s  of 2 U.S. mill/kW*h 
L 

i 
i Noncondensing u n i t s  are simpler t o  operate and ir 

maintain, t h e i r  operating cos ts  being 116 U.S. mill/kW*h. Remote-controlled 
i 
I 
1 

s t a t ions  are even less expensive t o  run; condensing un i t s  had operating cos t s  

of 0.8 mill/kW-h and noncondensing un i t s  ‘were reported a t  0.6 mill/kW*h. 
b 

I 



-21- 

2.8 Operating experience 

I n  general the  operation of the I t a l i a n  geothermal power plants  has 

been highly successful, 

which is consis tent ly  above 90% and of ten exceeds 95% [Cataldi, e t  a1 

Ricci and Viviani, 19701. 

One measure of t h i s  is the  plant  ava i l ab i l i t y  f ac to r  

1970; - -9 

Most of the  problems which occur are re la ted  t o  the  corrosive effects of 

the na tura l  steam. 

scale forms on turbine blades leading t o  clogging of the  passageways. 

presence of chlorine ions causes the  damage, par t icu lar ly  a t  those locations 

where the  superheated steam becomes saturated or w e t  steam. 

pure steam) p lan ts  were r e l a t ive ly  free of problems except for clogging of 

bo i l e r  tubes. 

In  p lan ts  of the Cycle 1 types (-exhausting-to-atmosphere), 

The 

Cycle 2 ( ind i rec t ,  

Although p lan ts  of t h i s  type are now obsolete i n  I t a l y ,  when 

they were i n  operation, turbine blades could be counted on l a s t ing  100,000 

hours or more. 

by corrosion and clogging i n  a l l  elements of t he  p lan t  including the  turbine,  

condenser, water c i rcu la t ing  pumps, gas compressors and in te rs tage  gas coolers. 

These effects can be mitigated t o  some extent by the  proper choice of materials 

and through ant ic ipatory design features (see sect ion 2.5). 

has been found t h a t  when the turbine b lad i  

Plants of the Cycle 3 (condensing) var ie ty  experienced a t tacks  

A s  an example, it 

is t r ea t ed  with a bath of an o i l  

f ac i l i t a t ed .  The r e s u l t s  shown i n  Fig. 17 reveal  t h a t  t he  o i l  treatment can 

reduce the  power loss by about 40% after a period of about 2 years of opera- 

t i on  CRicci and Viviani, 19701. 

A program of preventive maintenance is employed. A number of key indica- 

t o r s  are monitored t o  de tec t  s igns of deter iorat ion or  malfunction, 

include : 

These 
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Pressure drop across  the steam filter. 

Steam pressure a t  turbine i n l e t ,  

Vacuum pressure i n  the  condenser. 

Temperature of cooling water i n t o  the  condenser. 

Suction pressure a t  gas extract ion point. 

Temperature of  cold water i n t o  gas coolers. 

Temperature of  hot w a t e r  out of gas coolers. 

Temperature of noncondensable gases at  exhaust. 

Temperature of drain w a t e r ,  

Temperature of lubr ica t ing  o i l .  

Pressure of lubr ica t ing  o i l .  

Composition of lubr ica t ing  o i l .  

Temperature of  bearings. 

Vibration. 

I n  order t o  continue operation as smoothly as possible,  a l a rge  s t o r e  of 

spare  p a r t s  is maintained a t  each plant.  

r o t o r  shaft is kept on hand f o r  each two u n i t s  a t  a give 

f ice i n  machine ef is made when a spare  r o t o r  is 

the  clearances are l y  l a rge r  than f o r  a custom 

repa i r s  on t h e  o r ig ina l  shaft are made as soon as pos 

I n  pa r t i cu la r ,  one spare ,  bladed 

on and r e s to ra t ion  of  the design performance CRicci and Viviani, 19703. 

The maintenance proced 

s t a t ions  i n  I t a l y ,  those i n  

the Larderello or Boraci 

above apply t o  a l l  geothermal power 

and Travale regions as w e l l  as i n  
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e/ 3. Monte Amiata Region 

Ld 3.1 Geology 

A schematic geological map of the Monte Amiata region is shown i n  

Fig. 18 [ENEL]. 

Larderello. 

there  a r e  some noteworthy differences,  

th ree  major complexes: 

the  f igure)  which includes the  volcani tes  of Radioofani and Monte Amiata and 

cons t i t u t e s  a f a i r l y  pervious layer ;  (2 )  The upper complex (denoted by lr411 

and " 5 " )  consis t ing of sha les  , marls , limestones, ca l cwen i t e s  , sandstones, 

etc. ; and (3 1 The main pervious complex (denoted by 06f1) of Tuscan formations 

from maiolica t o  evaporites and which cons t i tu tes  the  main geothermal reser- 

The area is located about 70 km (44 m i )  southeast of 
b 

bi 
/ 

Although the  geology of the s i t e  is  similar t o  t h a t  of Larderello, 

The outcroppings cons is t  of e s sen t i a l ly  

Ll (1) The volcanic complex (denoted by regions f121f i n  

b 

fcd 
1 

b 
I 5  vo i r  [ENEL], 

b As can be seen from Fig. 1 

a feature absent a t  Larderello. 

acid i n  nature  and cover about10,OOO ha (24,700 acres )  i n  the  v i c i n i t y  of 

M. Amiata. 

pings of the  main aquifer  complex. 

reservoi r  is the  pervious volcanic formation which is linked t o  the  aquifer  

by fractures, extrusion chimneys, and volcano-tectonic f a u l t s ,  

U 

Unlike the case a t  Larderello, t he re  are r e l a t i v e l y  f e w  outcrop- ii 
The main source of recharge f l u i d  for the  

L 
The two areas of the  f i e l d  a t  which power p l a  

hi 
Piancastagnaio, a r e  characterized by extremely high thermal gradients  of about 

5O0C/1O0 m C27OF/100 f t ) ,  near ly  seventeen times the  normal gradient.  

gradient exceeds lOoC/ lOO m (5.5OF/lOO f t )  over a wide area of 40,000 ha 

(100 , 000 acres  [ENEL]. 

Ld 

The 

clu 

tu 
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3.2 Geofluid characteristics 

The wells i n  t h i s  region produce dry, s l i g h t l y  superheated steam as a t  

Larderello, but a t  generally lower temperatures. 

the  Bagnore area averages about 138OC (28OOF) whereas the temperature a t  

The steam temperature i n  

I Piancastagnaio is 183OC (361OF). There has been a considerable decline i n  
bt' 

the  shut-in pressure of t he  wells s ince the f i e l d  was first exploited nearly 

20 years  ago. A t  t h a t  time the  closed-in wells showed pressures of 2157 kPa 

(313 lb f / in2 )  and 4118 kPa (597 lbf / in2)  a t  Bagnore and Piancastagnaio, res- 

pectively.  

b 

2 Presently these values have f a l l e n  t o  588 kPa (85 l b f / i n  and b I 

2 1961 kPa (284 l b f / i n  1, respect ively.  

two sites are about 309 kPa (45 l b f / i n2 )  and 804 kPa (117 lbf /h2) .  

Wellhead operating pressures a t  the  

The amount of noncondensable gas i n  the  geothermal steam is s ign i f i can t ly  

more than f o r  t he  case of t he  Boraciferous Region. 

being developed, gas content exceeded 90% (by weight) of the natural vapors. 

A t  the  t h e  the  f i e l d  was 

The earliest power p lan ts  encountered "steamt1 t h a t  contained between 30 - 80% 

(by weight) of noncondensables. 

t i o n  and now ranges from 7 - 20%. 

(by volume) 95% carbon dioxide, 0.4% hydrogen sulfide, 0.4% hydrogen, 3.5% 

methane, and 0.7% nitrogen [ENEL]. 

4d 
This percentage has declined during exploita- 

On average, t he  noncondensable gas contains hil 

id 

Ll 3.3 Energy conversion. systems 

The only geothermal power s t a t ions  i n  the  Monta Amiata region are of  the  
I 

noncondensing type o r  Cycle 1 plants .  I n  the  late 196OSs there  were four  u n i t s  Li 

i n  operation, two a t  Bagnore and one ch a t  Piancastagnaio and Senna. The 

last of these was a 3.5 MW un i t ,  very similar t o  the  3.5 MW un i t  i n s t a l l e d  a t  

U Lagoni Rossi 1 (see sect ion 2.4.2). 

but has s ince been shut down. 

three u n i t s  are l i s t e d  i n  T a b l e  4. 

It was remote control led from Piancastagnaio 

td The technica l  pa r t i cu la r s  f o r  the  remaining 

(br 

Y 
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Bagnore 1 and 2 During the  15-year l i fe t ime of the  p lan ts  a t  Bagnore there  

has been a 40% decl ine i n  the  operating pressure which has resu l ted  i n  a 

s ign i f i can t  l o s s  of ne t  electrical aapacity, as may be seen from the  values 

shown i n  Table 5. 

poor: 

e l e c t r i c i t y  (69 J.bm/kW*h) 

u n i t s  combined is only 16%. 

The thermodynamic performance of these un i t s  is r a the r  

31.3 kg of geothermal f lu id  are required t o  generate each kW*h of 

The geothermal u t i l i z a t i o n  eff ic iency f o r  the  two 

r 

Piancastagnaio The 15 MW un i t  a t  Piancastagnaio began operations i n  1969 and 

is one of  t he  two l a r g e s t  p lan ts  of the  noncondensing type i n  existence. 

receives  steam from a s ing le  well ,  P.C./8, which produced 300 Mg/h (660,000 lbm/h) 

a t  a wellhead pressure of 980 kPa (142 lbf / in2)  i n  1965. 

output has f a l l e n  by 29%; i n  1974 the  well  produced 219 Mg/h (483,000 lbm/h) 

a t  804 kPa (117 I b f / i d )  [Corti,  - e t  -* a1 1970; Ceron, - e t  -9 a1 19751. 

It 

Since t h a t  time, the  

The power house is shown i n  Fig. 19. The structure is designed t o  allow 

fo r  easy disassembly i n  the  event t h a t  t he  steam flow becomes too low t o  

j u s t i f y  the  existence of t h e  plant .  

r ead i ly  re located a t  another si te.  

In  such a case the  e n t i r e  p lan t  may be 

Figure 20 shows the  turbogenerator un i t .  The turbine is encased i n  a 

s ing le  cylinder,  employs combined impulse-reaction blading, and has an adjust-  

able intake t o  allow e f f i c i e n t  operation over a wide range of steam pressure 

from 490 - 1079 kPa (71  - 156 lb f / in2 ) .  The turb ine  is, i n  fact, i den t i ca l  

t o  the high-pressure turbine i n s t a l l e d  i n  the  condensing plant  a t  Gabbro which 

was described earlier i n  sec t ion  2.4a1. A sub-atmospheric turbine may be at- 

tached t o  the  ex is t ing  machine should steam conditions a t  Piancastagnaio w a r -  

r a n t  the  conversion t o  a condensing uni t .  s content would have t o  drop t o  

about 4% t o  j u s t i f y  such a change. 

The turbine incorporates- the same fea tures  described earlier i n  sect ion 2.4.2 

f o r  t he  Lagoni Rossi 1 and 2 uni ts .  The cut-away view of t he  turbine i n  
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Fig. 21reveals that there are three sets of blading each of which has the 

stationary blades mounted on removable inner shells. The first two sets of 

blades are essentially impulse-type, while the last set is impulse-reaction. 

The adjustable inlet nozzle may also be seen in the figure. 

The plant operates at a geothermal utilization efficiency of 24% and 

consumes 17.7 kg/kW*h (39 lbm/kW-h) of net electricity generated. 

4. Travale Region 

4.1 Geology 

The locations of the wells in the Travale area are shown in Fig. 22. 

Eight wells were drilled prior to 1969 ("old" wells); as of 1975, there had 
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been six additional wells drilled (%ew" wells). 

wells is given in Table 6, 

zone is believed to trend northeast-southwest, i.e., perpendicular to the 

direction of the Era graben [Cormy and Mu&, 19751, 

for the lack of production from new wells R l ,  R2, and R3. 

Information on the new 

In the vicinity of well T22, the main permeable 

This seems to account 

Well R4, which 

lies 0.8 Ian (2600 ft) northeast of well T22, is a good producer. The wide 

discrepancy in the geofluid characteristics of wells T22 and R4 is related 

to the fact that these two wells lie on opposite sides of a step-fault which 

forms one of the boundaries of the Era graben. As can be seen from Table 6, 

the production zone is down-shifted by about 680 m (2230 ft) from well T22 

to well R4 because of the step-fault feature. 

well R3 which was not completed because of technical difficulties. 

Well C1 is a replacement fo r  

4.3 Energy conversion system 

There is one power plant in operation at the Travale field. It is a 

noncondensing unit CCycle 1) of 15 MW nominal capacity, 

tially identical in design to the one at Piancastagnaio, M. Amiata, described 

earlier in section 3.3. The unit was installed in 1973 and utilizes the geo- 

fluid from well T22. 

plant is reported to have the best operating efficiency of any exhausting-to- 

atmosphere geothermal plant in Italy, 

13.5 kg/kW*h (29.8 lbm/kW*h) [Ceron, et al, 19753, and a geothermal energy net 

utilization efficiency of 29%. 

The plant is essen- 

The technical particulars are listed in Table 4. This 

The specific steam consumption is 



L ,  

Id -28- 

4ii References 

tr The following references are cited several times. 

Proceedings of the United Nations Conference on New Sources of Energy: Solar L; 
Energy, Wind Power and Geothermal Energy, Rome, Italy, Aug. 21-31, 1961, 

Vols. 2 and 3, "Geothermal Energy", United Nations, New York, 1964. & 

(Referred to as Rome - 1961, hereafter.) 
Proceedings of the United Nations Symposium on the Development and Utilization 

' I  

of Geothermal Resources, Pisa, Italy, Sept. 22 - Oct. 1, 1970; Geothermics, aj 
I ,  

Spec. Issue 2, Vols. 1 and 2, 1970, Pergamon Press, Inc., New York, 1970. 
~ 

c (Referred to as Pisa - 1970, hereafter.) 
Proceedings of the Second United Nations Symposium.on the Development and Use 

of Geothermal Resources, San Francisco, California, May 22-29, 1975, 

Vols. 1-3, U.S. Government Printing Office, Washington, D.C., 1976. 

(Referred to as San Francisco - 1975, hereafter.) 

b 

b 
I I 

e 
Allegrini, G. and Benvenuti, G., llCorrosion Characteristics and Geothermal Y 

b 
4 5  

Power Plant Protection (Collateral Processes of Abrasion, Erosion and 

ScalingJtl, Pisa - 1970, pp. 865-881. 
b Burgassf, P., Stefani, G. C., Cataldi, R., Rossi, A., Squarci, P., and 

Taffi, L., 1975, "Recent Deve 

Travale-Radicondoli Area", San Francisco - 1975, Vol. 3, pp. 1571-1581. 

Cataldi, R., Ceron, P., DiMario, P., and Leardini, T., 1970, Vrogress Report 

on Geothermal Development in Italy", Pisa - 1970, Vol. 2, pp. 77-87. 

ents of Geothermal Exploration in the 

bi 

u 

Celati, R., Squarci, P., Taffi, L., and Stefani, G. C., 1975, "Analysis of c 
'4 Water Levels and Reservoir Pressure Measurements in Geothermal Wells", 

San Francisco - 1975, Vol. 3, pp. 1583-1590. 



-29- 

Ceron, P., DiMario, P., and Leardini, T., 1975, "Progress Report on Geothermal 

Development i n  I t a l y  from 1969 t o  1974 and Future Prospects", 

San F'rancisco - 1975, Vol. 1, pp. 59-66. 

Ciapica, I., 1970, "Present Development of Turbines for Geothermal Application", 

P i s a  - 1970, V o l .  2, pp. 834-838. 

Cigni, U., 1970, "Machinery and Equipment f o r  Harnessing of Endogenous Fluid", 

P i s a  - 1970, Vole 2,pp. 704-713 

Cigni, U.,  Fabbri, F., and Giovannoni, A., 1975, "Advancement i n  Cementation 

Techniques i n  the I t a l i a n  Geothermal Wells", San Francisco - 1975, Vol. 2, 

pp. 1471-1481. 

Conti, Prince P. G.,  1924, "The Larderello Natural Steam Power Plant", Proc. 

F i r s t  World Power Conf., London. 

Cormy, G., and Muse, L., 1975, l lUtil ization of MT-5-EX i n  Geothermal Explora- 

tion", San Francisco - 1975, Vol. 2, pp, 929-935. 

Dal Secco, A.,  1970, tlTurbocompressors f o r  Geothermal Plants", P i s a  - 1970, 

Val. 2, pp. 819-833. 

DiMario, P., 1961, "Remarks on the  Operation of the  Geothermal Power Stat ions 

a t  Larderello and on the  Transportation of Geothermal Fluid", Rome - 1961, 

pp. 334-353. 

E l l i s ,  A. J,, and Mahon, W. A, J , 1977, Chemistry and Geothermal Systems, 

Academic Press, New York j NY. 

ENEL, Larderello and Monte Amiata: Electric Power by Endogenous Steam, Ente 

Nazionale per L'Energia Elettrica, Cornpartimento d i  Pirenze, Diredone 

Studi e Richerche, Roma. (In English). 

Hahn, E., 1924, %ome U a1 Steam Plants i n  Tuscany", - Power, Vol. 57, 

pp. 882-885. 



-30- 

Koenig, J. B., 1973, Worldwide Status of Geothermal Resources Development", 

i n  Geothermal Energy, P. Kruger and C. O t t e ,  eds., Stanford Univ. Press, 

Stanford, CA, pp. 15-58. 

Leardini, T.,  1974, "Geothermal Power", Phil .  Trans. R. SOC. Lond. A ,  Vol. 276, 

pp. 507-526. 

Mongelli, F., and Loddo, M., 1975, "Regional Heat Flow and Geothermal Fields 

i n  I ta ly" ,  San Francisco - 1975, Vol. 1, pp. 495-498. 

Overton, H. L., and Hanold, R. J., 1977, "Geothermal Reservoir Categorization 

and Stimulation Study1t, Los Alamos Sc ien t i f ic  Laboratory, In t .  Rep. LA-6889-MS, 

Los Alamos, NM. 

Petracco, C. ,  and Squarci, P., 1975, ltHydrological Balance of Larderello Geo- 

thermal Region", San Francisco - 1975, Vol. 1, pp. 521-530. 

P o l l a s t r i ,  G. ,  1970, "Design and Construction of Steam Pipelines", P i s a  - 1970, 

Vol. 2, pp. 780-811. 

Ricci, G. ,  and Viviani, G.,  1970, "Maintenance Operations i n  Geothermal Power 

Plants", P i s a  - 1970, Vol. 2, pp. 839-847. 

Sapor i t i ,  A., 1961 (a), "Progress Realized i n  Ins t a l l a t ions  with Endogenous 

Steam Condensing Turbine - Generator Units", Rome - 1961, pp. 380-394. 

Sapor i t i ,  A., 1961 (b) ,  "Progress Realized i n  Ins t a l l a t ions  with Endogenous 

Steam Turbine - Generator Units without Condenser", Rome - 1961, pp. 397-409. 

Their Evolution and Problems", Villa, F. P., 1975, ?'Geothermal P l a n t s  i n  I t a ly :  

San Francisco - 1975, Vol. 3, pp. 2055-2064. 



-31- 

Table 1 

Composition of noncondensable gases found in geofluid produced 

in the Boraciferous Region of Italy 

[Pollastri, 19701 

Percentage by volume of total noncondensables 

Area 

Castelnuovo 

H2S - c02 - 
95.98 1 . 7 5  

H2 - 
1 . 0 8  

N2 - cH4 - 
0.73  0 .46  

Lago 89.48 3 . 0 2  4.50 1 . 9 5  1 . 0 5  

Lagoni Rossi 88.60 4.00 5.17 1 . 3 3  0.90 

Larderello 

Monterotondo 

93.82 

89 30 

2.56 1 . 8 7  

2.20 3.57 

1.10 0.65 

3 .74  1 .19  

Sasso Pisano 91.77 2.77 2.56 2 . I4  0.76 

Serraz zano 91.32 3.03 3.53 1 . 5 0  0.67 



Table 2 - 
Power system specifications for condensing units 

in the Baraciferous Region 
_- 

(A) (B) (C) (D) 
Year of start-up 1938 1952-54 1969 1967 

Turbine data: 

Installed capaci 69(4) 120(5) 1 5  26 
Typ% 1 (1) (2) (1) 

Speed, rev/min 3000 3000 3000 3000 

Steam inlet pressure, fif/in2 59.7 62.6 103.8 61.1 
387 433 370 Steam inlet temperature, OF 

% ( w t . )  noncondensable gases 6.8 6.7 14.3 

Exhaust pressure, in Hg 3.0 3.5 3.0  2.6 

. .  

Steam flow rate, lo3 Ibm/h 899(9) 1480(~) 238 375 - - 
Condenser data: 

(E) 
1967 

(1) 
11 

3000 

27.0 
345 
3.8 

2.6 
127 

(1) (2) 
2 47@) 

3000 3000 

15.6 69.7 
3 02 385 

2.4 3.8  

2.6 2.9 
61.7 633") 

r -  

(HI 
1960 

( 3 )  

6.5 
3000 

29.9 
289 

1.8 
2.0 
154 

t -  

(I) 
1960 

(1) 
2~'~) 

3000 

76.8 
3 52 
2.2 
2.0 

558(9) 

Type 
Cooling water temperature, OF 82.9 87.8 73.4 73.4 73.4 84.2 78.8 70.8 
Outlet watm temperature, OF 106 3 105.8 98.6 98.6 98.6 104.0 95.0 95.0 

A l l  units have low-level, direct-contact, barometric condensers. 

Cooling water flow rate, lo6 lbdh (NA) (NA) 17.8 (NA) (NA) (HA) (NA) (NA) (NA) 

(2) 
15.7 (8 )  

3000 

71.1 
365 
3.0 
3.0 

357(9) 

(1) 
12.5 
3000 

64.0 
370 
1.7 

(HA) 

269 

Gas extractor data: 

(9) 196 182 (NA) (NA) 13S(9) (NA) 134") (NA) (NA) 
?Lpa 

Power consumption, kH (') 1625 2270 (NA) (NA) 1760") (NA) 1760(9) (NA) (NA) 

Heat rejection system data: 

Type 
No. of towers 3 4 1 1 1 (HA) (NA) (NA) (NA) (NA 1 (NA) 

Design wet-bulb temp., OF 67.0 58.4 67.0 63.3 L 63.3 63.3 58.4 58.4 58.4 (NA (NA) 

Water pump power, ku (NA) 855 (NA) 750 (NA) (NA) 560 (NA) 365(1°) (NA) (NA) 

All units have multistage centrifugal turbocompressors with interstage coolers. 

G ~ S  =pacity, lo3 ft3imin 

W units-have natural-draft, water cooling towers. 

- 

- (A) -~ Lardeello-2-.-- ( G )  Semazzano 

(B) Larderello 3 (HI Lago 2 

(D) Castelnuovo V.C. (J) Sasso Pisano 
(E) Castelnuovo V.C. (K) Monterotondo 
(F) Castelnuovo V.C. 

(C) Gabbro (I) Lag0 2 

I 

I 
I 
I 

(1) Single-cylinder, double-flow. 
(2) Tandem-canpound, single-flow (HP) and 

double-flow (LP) 
(3 )  Single-cylinder, single-flow. 

(4) 
(5) 

4 - 14.5 MW units; 1 - 11 MW unit. 
3 - 26 UU units; 1 - 24 MW unit; 2 - 9 MH units. 

(6) 1 - 15 MW unit; 2 - 12.5 MW units; 
2 - 3.5 MW units. 

(7) 
(8) 

(9) Total for all units. 

1 - 14.5 MW unit; 1 - 12.5 MW unit. 
1 - 12.5 MW unit; 1 - 3.2 MW unit. 

(10) For the 14.5 Mw unit only. 



Turbine specifications for 

Sant Ippolito- 
Vallonsordo 

_ _ _  _ _ _  
Year of start-up 1963 

52.9 3 Steam flow rate, 10 lbm/h 

1 

Turbine type 

Installed capacity, MW 
. 

0.9 

Speed, rev/min 3000 

109.5 Steam inlet pressure, lbf/in 

Steam inlet temperature, OF 419 

2 

% ( w t . )  noncondensable gases 3.3 

Exhaust pressure, in Hg 30.4 

Table 3 

noncondensing units in the Boraciferous Region 

Lagoni 
Rossi 1 

1961 

3.5 

3000 

75.4 

313 

3.2 

30.4 

88.2 

(1) Single-cylinder, single-flow, impulse blading. 

(2) Single-cylinder, single-flow, impulse-reaction blading. 

Lagoni 
Rossi 2 

1969 

(2) 

3.0 

3000 

65.4 

356 

3.8 

30.4 

121 

Sasso 1 

1969 

(2) 

7.0 

3000 

71.1 

3 69 

2.7 

30.4 

117 

Capr iola 

1969 

(2) 

3.0 

3000 

56.9 

379 

4.0 

30.4 

112 

MoLinetto 

( 2 )  

3.5 

3000 

72.5 

I 
w 
w 
I 

370 

3.3 

30.4 

39.7 
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LJ Table 4 

b Turbine specif icat ions f o r  noncondensing u n i t s  i n  the 

I Monte Amiata and Travale regions 

M 

Bagnore 1 Bagnore 2 Piancastagnaio Travale 

a71 
Year of start-up 

b Turbine type 

Rated capacity, MW 

1959 1960 1969 1973 

(1) c1) (1) (1) 

3.5 3.5 15.0 15.0 

hd Speed, rev/min 3000 3000 3000 3000 

42.7 46.9 116.6 159.3 Steam i n l e t  pressure, Ibf / in  

Steam i n l e t  temperature, OF 275 286 361 414 

(I, (wt,) noncondensable gases 8.5 7.2 21.1 10.6 

Exhaust pressure, i n  Hg 30.4 30.4 31.3 31.3 

c Steam flow rate, 1 0  lbm/h 97.0 110.0 483.0 419.0 

2 

b 

c 

3 

i t  

(1) Single-cylinder, single-flow, impulse blading. 

LE 

'd , 

Y 

Y 
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Lj T a b l e  5 

c Production his tory of the  noncondensing un i t s  

I a t  Bagnore, Monte Amiata 

Ins ta l led  capacity, MW 

1960: [Cataldi, - e t  -' a1 19701 
2 Pressure, l b f / i n  

Temperature, OF 

Gas content,  % (wt .  ) 

Net capacity, MW 

1969: [Cataldi, - e t  -' a1 19703 

2 Pressure, Ibf / in  

Temperature, OF 

Gas content, % Cwt . )  

N e t  capacity, MW 

1974: CCeron, et al, 19751 

Pressure, B f / i n 2  

Temperature, OF 

Gas content, 'lo ( w t . )  

N e t  capacity, MW 
bi 

Bagnore 1 

3.5 

71.1 

311 

30 

2.70 

Bagnore 2 

3.5 

71.1 

320 

80 

0.96 

45.5 50.0 

277 286 

8 8 
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Table 6 

G Information on new wells drilled at Trayale 

1 [after Burgassi, et al, 19751 
k 

b 

t -  

u 

T22(a) R l  R2 

1247 13 71 1214 Wellhead elevation, ft (b 1 

Total well depth, ft 2267 4922 6040 

Production casing depth, ft 2087 3763 4856 

Casing diameter, in 13 3/8 9 5/8 9 5/8 

Reservoir temperature, OF . 507 48 6 516 

Delivery pressure, lbf/in 356 . - - 2 

Delivery temperature, OF 462 - - 
Total flow rate, 10 3 J.bm/h 388 dry(e) dry 

Gas content, % (wt .  ) 10.3 - - 

Well 

R3 

1378 

3340 

2359 

13 3/8 

428") 

(d) 

- 
- 
- 

(a) Measured during March 1975. 
I '  u (b) Relative to sea level (s.1. = 0 ft). 

t '  (c) Nonequilibrium value; extrapolated value is 'L 482OF. 

(d) Not compl ted because of technical difficulties. 

(e) Originally produced a stem-gas mixture intermittently. 

G 

L 
1 1  

;u 

R4(a) 

1116 

4498 

4429 

9 5/8 

387 

84 

331 

201 

66 

c1 

1394 

6p04 

2290 

13 3/8 

>446 

(NA) 

(NA) 
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Figure captions 

Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig. 5. 

Fig. 6. 

Fig. 7. 

Geological map and cross-section of t h e  Boraciferous Region, 

Tuscany , I t a l y  [ a f t e r  ENEL]. Geological formations : 1. Clays, 

sandstones, conglomerates, etc.; 2. 

etc. ; 3. "Macignotl, "polychrome shales"; 4. Tuscan formations; 

5. Phyl l i tes ,  quar tz i tes .  

Typical w e l l  p ro f i l e s  i n  I t a l i a n  geothermal f i e l d s :  ( l e f t )  

production w e l l  and ( r igh t )  exploratory o r  deep w e l l  [after 

Shales, m a r l s ,  limestones, 

Cigni, - et  -' a1 19751. 

Typical wellheads f o r  various phases of d r i l l i n g  operations a t  

I t a l i a n  geothermal f i e l d s  [Cigni, 19701. 

Typical steam pipel ine connection a t  wellhead [Po l l a s t r i  , 19701. 

Production h i s to ry  of wells (A) 85 and (B) Fabriani a t  Larderello 

f o r  wellhead pressures roughly 0.4 MPa (57 lbf / in2)  [after ENEL]. 

Flow rate versus wellhead pressure f o r  wells (A) St .  S i lves t ro  

(Sasso Pisano), (B) Scarzai 3 CLagoni Rossi) and CC) Gabbro 9 

[after P o p a s t r i ,  19701. 

Energy conversion schemes a t  Larderello. 

noncondensing, I'Cycle 1" plant :  

(a) Direct-intake, 

a = steam w e l l ,  b = turbine,  

c = generator, d = exhaust t o  atmosphere. cb) Pure-steam, con- 

densing, llCycle 2" plant:  

c = turbine,  d = generator,  e = degassing p lan t ,  f = condenser, 

g = l i qu id  discharge, h = t o  and from cooling tower. 

intake,  condensing, "Cycle 3" plant :  

in jec t ion  (scrubber), c = a x i a l  separator ,  d = turbine,  e = 

generator,  f = condenser, g = gas compressor, h = t o  and from 

cooling tower. 

a = steam w e l l ,  b = heat exchanger, 

(c )  Direct- 

a = steam well ,  b = water 



Fig. 8. 

Fig. 9. 

Fig. 10. 

Fig. 11. 

Fig. 12. 

Fig. 13. 

Fig. 14. 

Fig. 15. 
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Typical arrangement for a Cycle 3 power unit at Larderello 

[Allegrini and Benvenuti, 19701. 

Typical flow diagram for Cycle 3 power unit with 14.8 MW installed 

capacity [Dal Secco, 19701. 

Larderello 3 turbine hall. Turbogenerator units in foreground 

and at left background; gas extractors and turbocompressors at 

right and in background [ENEL]. 

Castelnuovo V.C. 26 MW turbogenerator unit. Gas compressors are 

at the left end of the shaft, the double-flow turbine and gene- 

rator are at the right end. 

ground and the one to the left of the compressors are gas inter- 

The two large vessels in the fore- 

coolers [Villa, 19751. 

Serrazzano 12.5 MW units. 

are in the foreground; one turbogenerator unit is at the rear 

[Dal Secco, 19701. 

Lago 2 turbine hall. 

compressors a r e  in the center foreground; one of the turbine- 

generator sets is at the r i g h t  rear [Dal Secco, 19701. 

Sasso Pisano (Sasso 2) power station. 

installed in this plant. 

vated pedestals in the machine room [Saporiti, 1961 (a)]. 

Monterotondo turbine hall. 

is the main unit in operation at this site; the unit at the left 

is rated at 700 kW and provides power for compressor operation 

[Saporiti, 1961 (a)]. 

Turbocompressors for two 12.5 MW units 

Two units are arranged back-to-back; turbo- 

I 

A total of 15.7 MW is - 
The turbogenerators are mounted on ele- 

The 12'5 MW unit in the background 
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Fig. 16. Sant’rppolito-Vallonsordo 900 kW unit. Turbine-generator assembly 

for this noncondensing plant, the smallest of the geothermal power 

units operating in Italy [ENEL]. 

Fig. 17. Power loss as a function of time after overhaul for three 26 MW 

units at Larderello 3. Solid lines-without oil washing; dashed 

lines - with oil washing. Steam temperatures: 190°C (374OF) 

for Units No. 1 and 3, 201OC (394OF) for Unit No. 4 [after 

Ricci and Viviani, 19701. 

Fig. 18. Geological map’and cross-section of the Monte Amiata Region, 

Tuscany, Italy [after ENEL]. Geological formations: 1. Traver- 

tines; 2. Volcanites; 3. Clays, sands, conglomerates; 4. Shales, 

marls, limestones, etc.; 5. Calcerenites; 6. Tuscan formations. 

Fig. 19. Piancastagnaio power house, Monte Amiata. The steam line from 

well P,C./8 may be seen at the right. 

stack is visible on the left side of the building which is designed 

for ease of portability in the event that the field should become 

nonproductive [ENEL]. 

The silencer and exhaust 

Fig. 20. Piancastagnaio turbogenerator. This exhausting-to-atmosphere unit 

is rated at 15 MW and designed to accommodate a wide range of inlet 

steam pressures [Ciapica, 19701 

Fig. 21. Piancastagnaio noncondensing turbine. Removable sections of 

blading and adjustable inlet nozzles permit high efficiency over 

wide operating conditions [Ciapica, 19703. 

Well locations at Travale, Italy [after Burgassi, -- et al, 19751. Fig. 22. 
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