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Abstract 

The high environmental impact of fossil fuels has led to an increase in the demand for renewable energy 

sources. In the context of electricity production, this phenomenon is no exception, with geothermal 

energy being one of the main sources of global interest. This technology has also a great importance for 

Portugal, particularly in the Azores archipelago, with 27 MWe installed and a high growth potential. In the 

elaboration of a geothermal power plant project of 4 MWe with a binary cycle, in the Terceira Island, it 

emerged the hypothesis of a power station with a saturated or a superheated cycle. The decay of the 

geothermal conditions and the unpredictable behaviour of the reservoirs make the plant operate in a 

transient state throughout its exploration period, moving away the equipment from the design points of 

operation. This situation makes it difficult to assess the best solution to exploit geothermal resources. To 

simulate the transient operating regime of the plant, a calculation routine was developed in Matlab and 

mathematical models for the decay of the geothermal reservoirs were developed, taking into account 

data from the operation of other plants in the region. Through the calculation routine, the results were 

obtained in a steady and transient regime for several scenarios, which allowed to draw conclusions about 

the performance of both solutions for the entire exploration period. It is concluded that the approach to 

a saturated cycle allows the plant to be more flexible to adapt to the transient conditions of the reservoirs, 

translating into better performance over the exploration period. 

1. Introduction  

Geothermal energy is a source of renewable 

energy obtained by harnessing the heat from 

the interior of the Earth. Hydrothermal energy 

sources consist of the exploitation of water 

sheets, confined between layers of 

impermeable rock, from rainwater, springs or 

the sea [1]. In regions of high volcanic activity, 

magma intrusions transfer a greater amount of 

heat to the water sheets, raising their 

temperature and pressure. Through a hole, the 

geothermal fluid can be extracted at high 

temperature and pressure so that it can be used 

for various purposes as a heat source [2]. 

Although the efficiencies associated with this 

type of technology are lower than the 

Figure 1: World Geothermal Installed Capacity Distribution 
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efficiencies obtained through conventional 

thermal plants, the emissions of carbon dioxide 

and other greenhouse gases are considerably 

lower as evidenced by the figure 2.  

 

Figure 2: Efficiency of Power Plants by Technology 

Depending on the geological conditions, the 

hydrothermal source may exhibit different 

temperatures and pressures as well as the title 

of the available geothermal fluid (vapor 

percentage) may also vary. In this way, four 

fundamental types of physical state for the 

geothermal fluid are highlighted: dry steam, 

mainly steam, water-vapor mixture and only 

water [3]. 

According to the hydrothermal conditions 

available, different types of technologies can be 

used to produce electric, among which four 

stand out: dry steam plants, flash-steam plants, 

binary cycle plants and mixed binary cycle and 

flash-vapor [4]. Figure 3 presents an overview of 

how these types of technology are distributed as 

a function of the enthalpy of the reservoirs. The 

plants with greater installed capacity are the dry 

steam and flash steam power plants, because of 

the higher amount of geothermal heat that 

comes from the well [5]. For this reason, these 

types of power plants are mainly found in 

countries with high volcanic activity, such as the 

United States, the Philippines, Indonesia, 

Mexico, Italy, New Zealand, Iceland and Japan 

[6]. 

 

The binary cycle power plants have high interest 

because with this type of technology it is 

possible to carry out economically viable 

geothermal projects with a lower amount of 

thermal energy from the reservoirs, this means 

colder reservoirs [4]. The geothermal fluid is 

only used to provide heat to an organic fluid, 

with a lower vaporization temperature, which 

functions as a working fluid, figure 4. Thus, it is 

possible to have steam at the inlet of the turbine 

with a lower temperature of the reservoirs. The 

physiognomy of the technology used in binary 

cycle power plants has led to becoming the most 

widely used technology among the exploitation 

of geothermal power plants, in number of plants 

installed [5].  

Several authors ([7], [8], [9] and [10]) have 

concluded that the reinjection of the 

geothermal fluid and its constant exploitation 

lead to a progressive decay of the reservoir 

pressure and temperature, reducing the 

production capacity of electricity. A sharp 

reduction in the operating well conditions can 

cause serious equipment problems and 

reductions in thermal efficiencies since the 

equipments are forced to operate away from its 

originally designed operating condition [7]. In 

extreme situations it can even occur that the 

high degradation of the geothermal conditions 

makes it impossible to use some equipment, and 

it is necessary to replace them for new operating 

conditions. So, when carrying out the 

construction project of a geothermal power 

plant, it is necessary to consider this situation in 

order to minimize its effects.  

Given the unpredictable nature of geothermal 

sources and the high cost required to study and 

drill wells, investment in this type of power plant 

carries some economic risk. However, it has a 

great long-term advantage over fossil resources 

because once the well has been drilled and its 

Figure 3: Classification of Geothermal Power Plants 

Figure 4: Binary Cycle Draw 
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correct operation is assured, there is no need to 

incur variable costs related to the purchase of 

fuel [4]. The figure 5 [11] presents a standard 

distribution for fixed and variable costs of 

different technologies of electric power 

production. 

The use of this technology for power plants has 

also a relevant nature for Portugal, more 

specifically in the autonomous region of the 

Azores. The high vulcanic activity gives a big 

potential to the region. It has an installed 

capacity of 23 MWe on the island of São Miguel 

(42% of the island's electric consumption) and 4 

MWe on the island of Terceira [12]. 

Due to the geothermal nature of the Azores, 

where the reservoirs present low pressures and 

temperatures, there are only binary power 

plants, which as previously explained, are better 

suited to these conditions. 

 

Figure 5: Variable and Fix Costs of Power Plants 

2. System Description and Modelling 

2.1. Pico Alto Power Plant 

The Pico Alto plant is a plant of EDA Renováveis, 

SA located on Terceira Island in the Azores 

Archipelago. It has been in operation since 

August 2017 and uses three geothermal 

production wells to produce a total power of 4 

MWe. The plant operates through a Binary 

Cycle, using as working fluid Cyclopentane. 

2.2. Introduction to the Case Study 

The present case study intends to compare the 

response of two solutions, possibly adopted for 

the exploration of the geothermal resources, in 

steady and transient state. Both solutions are 

composed by binary cycle power plants and 

their heat source is from three geothermal 

wells, named PA2, PA3 and PA4.  

The first solution is a binary cycle with saturated 

steam at the turbine inlet, while the second 

solution proposes the use of superheated steam 

conditions in the turbine inlet.  

2.3. Proposed solutions 

2.3.1. Saturated Steam 

For the first solution, with saturated steam, 

three flash chambers separate the steam and 

brine from each well and then a collector 

gathers the entire steam flow rate and another 

mixer gathers all the brine obtained. (Figure 6) 

 

Figure 6: Reservoirs Exploration of Saturated Solution 

The steam mixture will be used to evaporate the 

cyclopentane in the evaporator. The geothermal 

fluid that leaves the evaporator passes through 

a preheater (Steam Preheater) to take 

advantage of the remaining thermal energy. The 

brine obtained in the bine mixer is used only to 

preheat the working fluid through a preheater 

(Brine Preheater). A controller adjusts 

geothermal flow rates through both preheaters 

to ensure that the cyclopentane is always in the 

saturated liquid state at the evaporator inlet. 

 

2.3.2. Superheated Steam 

The idea of the alternative solution is to avoid 

the use of the mixers. Since the three wells have 

different pressures, particularly PA3 has a 

Figure 7: Saturated Cycle 
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considerably lower pressure than the others, it 

is necessary to reduce the pressure of the 

geothermal fluids, with expansion valves, to the 

pressure of this well. So, the use of the mixer 

causes a wastage of the available geothermal 

energy.  

In the solution of the superheated cycle, the 

three flash chambers continue to exist to 

separate the steam from the brine (liquid 

water). The steam from the well PA4 is only used 

to superheat the cyclopentane vapor through a 

superheater, figure 8. 

 

Figure 8: Reservoirs Exploration of Superheated 
Solution 

At the superheater exit, the geothermal fluid is 

mixed with the brine from the others wells and 

the mixture is used to evaporate part of the 

cyclopentane through Evaporator B. The other 

part of the geothermal fluid is evaporated in 

Evaporator A in which it is used the vapor from 

PA3 and PA2. (Figure 9) 

 

Figure 9: Superheated Cycle 

For the present study the following conditions 

were assumed [13]: 

1. The system operates in steady state 

2. Pump and turbine work with isentropic 

efficiency of 85% 

3. Negligible pressure losses on pipelines and 

heat exchangers 

4. Negligible heat losses in the heat 

exchangers 

5. Same physical properties of water are 

assumed for geothermal fluid 

6. Expansion process through valves is 

isenthalpic  

7. Minimum reinjection temperature of 95 ° C 

2.4. Simulation 

To perform the simulation and to evaluate the 

thermodynamic performance of the proposed 

solutions, a calculation routine was developed in 

Matlab. The properties of the geothermal fluid 

(water) and working fluid (cyclopentane) were 

obtained through an academic open library 

(CoolProp) [14], installed in Matlab. The figure 

10 resumes the main steps of the developed 

routine. 

 

Figure 10: Flow Chart of the Matlab Routine 

2.5. Reservoir Decay 

To develop a pressure drop correlation for the 

wells it was used the data from the activity of a 

production well from the Pico Vermelho 

Geothermal Power Plant, in São Miguel. The 

data corresponds to a 10 years period of 

exploration of the referred well. 

As it was already mentioned, the constant 

exploration of the plant causes the pressure of 

the geothermal reservoirs to decay. However, a 

decrease in the flow rate of geothermal fluid 

extracted may minimize the impact of reservoir 

decay. For this reason, two correlations were 

obtained for the decay of the geothermal 

sources. The first one considering that the flow 

rate is constant and the pressure decays, and 
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the second one, considering that pressure is 

constant and the flow rate decreases. If the 

pressure of the well is high, the exploitation 

strategy is fixing the flow rate and let the 

pressure decrease. Otherwise, if the pressure of 

the well is to low, the strategy should be fixing 

the pressure and let the flow rate decrease. For 

this reason, the PA2 and PA4 strategy goes to a 

constant flow rate, while the PA3 strategy goes 

to a constant pressure compensated by a flow 

rate decrease. 

∆𝑝 = 𝐹𝐶 × [0,3156 ∗ (
�̇�

�̇�𝑚á𝑥

)
2

− 0,3989

× (
�̇�

�̇�𝑚á𝑥

)

+ 0.3111] 

(1) 

∆�̇� = 𝐹𝐶 × [1.5519 × (
𝑝

𝑝𝑚𝑎𝑥

)
2

− 1.9741

× (
𝑝

𝑝𝑚𝑎𝑥

)

+ 1,3255] 

(2) 

To study the response of both solutions to a 

regular decay and a more pronounced decay, a 

correction factor of 1 and 1,5 was used, 

respectively. In sum, the following 

considerations were taken: 

1. Annual decay of the pressure and flow 

rate given by the equations (1) and (2) 

2. Title of the wells constant  

3. Draw of the binary cycle given as a 

function of the characteristics of the 

geothermal reservoirs (*) 

4. Minimum saturation pressure of 6 bar 

for both cycles  

5. Minimum pressure of 5,6 bar for the 

wells 

(*) For the saturated cycle solution it is fixed a 

temperature difference between the vapours 

mixture that enters the evaporator (𝑇𝐴1) and 

the cyclopentane temperature at the exit of that 

equipment (𝑇5), figure 7. For the superheated 

cycle it is fixed a temperature difference 

between the PA4 (𝑇𝐴1)  and the superheated 

cyclopentane (𝑇6), figure 9. 

2.6. Thermoflow Analysis 

Thermoflow is a thermal engineering software, 

specialized in the power and cogeneration 

industries. The good results obtained with the 

program made Thermoflow the most popular 

system of the market, proving the validity of the 

results obtained. 

With the analysis in Thermoflow it is intended to 

make a validation of the model developed in 

Matlab for steady state conditions. If this model 

is validated, it is possible to extrapolate the 

validation to the transient model, since the base 

of both models is the same. The only difference 

between both is the thermal energy of the heat 

source, which in the case of the transient model, 

is reduced over the years. 

2.7. Thermodynamic Analysis 

In the execution of the simulation, a control 

volume was considered for each component, for 

which the respective mass and energy balances 

were realized applying the principles of the first 

and second law of thermodynamics. 

The balances of mass, energy and exergy are 

given respectively by equations (3), (4) and (5). 

It was considered that the contribution of the 

potential and kinetic energy difference between 

the input and the output is much lower than the 

enthalpy, heat and work difference obtained, 

and also that the effect of temporal variation is 

negligible. [15] 

∬ 𝜌�⃗�. �⃗⃗�𝑑𝐴 = 0 (3) 

−�̇� = ∬ ℎ 𝜌�⃗�. �⃗⃗�𝑑𝐴 (4) 

−�̇� − �̇�𝑑 = ∬ 𝑒𝜌�⃗�. �⃗⃗�𝑑𝐴 = �̇� (5) 

Energy Efficiency of the system: 

𝜂𝐼 =
�̇�𝑛𝑒𝑡

�̇�𝐺𝑒𝑜

 (6) 

Exergetic Efficiency of the system: 

𝜂𝐼𝐼 =
�̇�𝑛𝑒𝑡

�̇�𝐺𝑒𝑜

 (7) 

A very important parameter in the present study 

is the consumption of geothermal fluid as a 
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function of the power produced, called specific 

consumption and given by: 

𝐶𝐸 =
�̇�𝐹𝐺

�̇�𝑁𝑒𝑡

      [
𝐾𝑔

𝐾𝑊. ℎ
] (8) 

This parameter has a great interest in the 

present study since it allows comparing the 

efficiency of the geothermal sources to produce 

electricity between different scenarios. 

2.8. Economic analysis 

To carry out the economic analysis of this type 

of projects, several methods have been adopted 

in recent years. For the present work the 

method presented in [16], which proposes as a 

term of comparison a factor called Levelized 

Cost of Electricity, LCOE,. 

𝐿𝐶𝑂𝐸 =
𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡𝑠 𝐼𝑛𝑐𝑢𝑟𝑟𝑒𝑑 

𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
 (9) 

To evaluate the investment performance a Net 

Present Value study was made. 

𝑁𝑃𝑉 = ∑
𝐶𝑛

(1 + 𝑖)𝑛

𝑛=30

𝑛=1

− 𝐶0 (10) 

 

𝑁𝑃𝑉 = 0 = ∑
𝐶𝑛

(1 + 𝐼𝑅𝑅)𝑛

𝑛=30

𝑛=1

− 𝐶0 (11) 

NPV – Net present value  

IRR – Internal rate of return 

3. Results 

Through the calculation routine developed in 

Matlab and using the CoolProp library, an initial 

analysis was performed in steady state. 

3.1. Steady State Conditions 

For both solutions it is represented the T-s 

diagrams and a Sankey diagram, where the flow 

of exergy in the system can be evaluated. 

Table 1 shows that for the same net power, the 

cycle with superheated steam at the turbine 

inlet has a lower geothermal fluid consumption, 

translating into a higher efficiency by the second 

law of thermodynamics. For this solution, it was 

also possible to increase the efficiency 

associated with the first law, as well as to reduce 

the flow rate of cyclopentane. This results show 

that for the first year of exploration the 

superheated cycle has a higher performance. 

 

Figure 11: TS Diagram Saturated Solution 

 

 

Figure 12: Sankey Diagram Saturated Solution 

Figure 13: TS Diagram Superheated Solution 

 

Figure 14: Sankey Diagram Saturated Solution 

Table 1: Steady state results 
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3.2. Transient Conditions 

Using the Matlab routine and considering the 

correlations obtained to describe the reservoirs 

decay the next results were obtained. 

3.2.1. Regular Decay 

For the superheated cycle, the entire vapor 

available from PA4 is used directly in the 

superheater, defining the binary cycle operation 

conditions. So, a decay of the PA4 forces the 

power plant to reduce its power. On the other 

hand, in the saturated cycle, the mixture of the 

geothermal vapours from the three available 

wells is used to evaporate the cyclopentane and 

defines the cycle operation conditions. So, for 

the saturated cycle solution, a decay of a 

reservoir condition can be compensated by an 

increase of the geothermal fluid flow from 

others reservoirs, so that the power can be 

maintained for more years. As it can be seen in 

figure 14. 

 

Figure 15: Power Evolution for Regular Decay 

In both solutions the consumption of 

geothermal fluid from PA4 and PA3 is the same, 

since both resources are needed to execute the 

cycles. However, it is possible to find a great 

difference in the consumption of geothermal 

fluid from PA2, figure 16 and figure 17. In the 

case of the saturated cycle the consumption is 

much higher than in the case of the superheated 

cycle, since for this solution, the geothermal 

fluid from PA2 is used to minimize the decay of 

the geothermal conditions of the PA3 and PA4 

wells. For the superheated cycle situation, the 

well that defines the cycle design is PA4, and so, 

the increase of the geothermal fluid from PA2 is 

not effective in combating a reduction in power.  

 

Figure 16: Geothermal Fluid Consuption for Simple 
Decay with Saturated Solution 

 

Figure 17: Geothermal Fluid Consuption for Simple 
Decay with Superheated Solution 

For the conditions of the present project, the 

total energy produced by the saturated solution 

is 14% higher, involving 22% higher 

consumption of geothermal. Showing a clear 

thermodynamic advantage of the saturated 

cycle solution. 

Figure 18 shows the NPV value for both 

solutions. It turns out that the payback of the 

saturated cycle occurs in year 7, the same year 

as for the superheated steam solution. 

 

Figure 18: NPV for Simple Decay 

The two solutions present different economic 

results. For the same 7-year payback, the 

saturated cycle solution presents an NPV in year 

30, 35% higher than the superheated cycle, 

meaning a LCOE 28% lower and a 6,55% higher 

IRR. 
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3.2.2. Acute Decay 

 

Figure 19: Power Evolution for Acute Decay 

The behaviour of the power plant is similar to 

the behaviour found for the simple decay. The 

difference stands in the faster decay. In year 11, 

the PA4 reaches its minimum allowed pressure 

and is forced to reduce its flow rate avoiding the 

decay of the pressure. This results in a reduction 

of the power obtained with the saturated cycle 

while the power of the superheated cycle can be 

maintained.  

From year 20 the nominal power with the 

Superheated Cycle is higher than the power of 

the saturated cycle. This situation is explained 

by a bigger consumption of geothermal fluid by 

the saturated solution, accelerating the 

degradation of the reservoirs.  

 

Figure 20: Geothermal Fluid Consuption for Acute  
Decay with Saturated Solution 

 

Figure 21: Geothermal Fluid Consuption for Acute 
Decay with Superheated Solution 

However, as for the simple decay situation, a 

greater consumption of the geothermal fluid by 

the saturated cycle (16% higher), does not imply 

a higher energy production. The results show 

that the saturated cycle allows a production of 

14% more energy over the plant´s life. 

 

Figure 22: NPV for Acute Decay 

The economic results translate a better 

performance of the saturated cycle solution, 

presenting better values for LCOE, IRR and 

specially for the NPV in the 30th year (52% 

higher). 

3.2.3. Total Decay of PA4 

If the PA4 pressure decay is sufficiently severe to 

make it unfeasible to continue operating, it is no 

longer possible to use the solution with 

superheated steam because there is no available 

geothermal fluid to superheat the working fluid. 

This situation would require a reformulation of 

the whole project. As such it only makes sense 

to analyse this situation for the saturated cycle.  

Figure 23 suggests that by the year 13 the power 

of the plant is zero, while figure 25 shows that it 

will be impossible to pay the investment if PA4 

does not work. 

 

Figure 23: Power Evolution for Total PA4 Decay 

Even though the project is not economically 

feasible, the saturated cycle solutions brings a 

much bigger advantage over the superheated 

solutions, since the losses with the superheated 

solution would be much higher. 
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Figure 24: Geothermal Fluid Consuption for Total PA4  
Decay with Saturated Solution 

 

Figure 25: NPV for Total PA4 Decay 

4. Conclusions 

4.1. Steady State Conditions 

Through a look at the steady state analysis, the 

result is favourable for the solution that 

presents superheated steam at the turbine inlet. 

In addition to the solution having higher 

thermodynamic efficiency, it also has a lower 

specific consumption, i.e. about 5% lower. This 

means that for the same power of 4 MWe the 

superheated steam solution requires less 5% of 

the amount of geothermal fluid used by the 

saturated steam solution.  

4.2. Transient Conditions 

4.2.1. Simple Decay 

Evaluating the total consumption of the 

geothermal fluid it was found that it is 22% 

lower for the solution of the superheated cycle. 

However, evaluating the total energy 

production for the plant's 30-years life, the 

production of electricity through the saturated 

cycle is 14% higher than the energy produced 

using the superheated cycle. Thus, it is 

concluded that a lower consumption of 

geothermal fluid is not an absolute condition for 

a better performance in a long-time operation. 

Also, the economic analysis favours the solution 

of the saturated cycle. With the same payback 

period, the saturated solution has NPV at the 

end of 30th years of 5,48 M €, compared to 3,54 

M € obtained with the superheated solution, i.e. 

35% higher. The advantages of this solution are 

also translated into a lower LCOE, 63,60 €/MW.h 

against the 81,20 €/MW.h of the superheated 

cycle solution, i.e. 28% lower. The IRR is 6,55% 

lower for the superheated cycle solution, 4,96% 

against 11,51%. 

4.2.2. Acute Decay 

The total geothermal fluid consumption is 16% 

lower for the superheated solution. However, 

like in the simple decay, the total energy 

produced with the saturated solution is 14% 

higher. Thus, although the decay of the 

geothermal wells is more accentuated in the 

saturated solution, it is possible to produce 

more energy over the 30 years of operation. 

In economic terms, the greater production of 

energy brings advantages. For an equal payback 

of 7 years, the saturated cycle allows an NPV at 

year 30 of 4,61M€ against the 2,21M€ of the 

superheated cycle in the same year, i.e. 52% 

higher. The LCOE is 46% higher for the 

superheated solution and he internal rate of 

return is also one of the outstanding factors in 

the saturated cycle, 6,69% against 2,88% of the 

superheated cycle. 

4.2.3. Total Decay of PA4 

The total decay of PA4 is the most critical 

situation, since if it occurs, the superheated 

solution becomes impossible, since PA4 is 

responsible for the superheating of 

cyclopentane vapor.  

For the saturated solution, all geothermal fluid 

available in PA2, PA3 and PA4 wells is used since 

the first year of operation. For this reason, the 

power plant is forced to reduce its power since 

the first year of operation, while the reservoirs 

decays. In year 13 the saturation pressure 

becomes lower than its limit value of 6 bar and 

the plant is withdrawn from operation. 

The economic analysis allows us to conclude 

that if PA4 is no longer operational since the first 

year of operation, it is not possible to obtain the 

payback, creating a loss of 1,05 M€. In any way 

quite smaller than the losses obtained with the 

superheated cycle o 8,28 M€. 
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4.3. Final Observations 

Finally, it is concluded that for the year zero 

(steady state hypothesis), a solution adopting a 

superheated cycle presents a better 

performance than the saturated cycle, i.e., 

higher efficiency and lower geothermal fluid 

consumption. However, the present study 

allows to conclude that for a long period of 

operation this situation is no longer true. The 

saturated solution brings a greater flexibility 

adapting to the transient conditions of the 

reservoirs, which lead to better thermodynamic 

and economic performances over the plant´s 

life. 
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