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Abstract: The scarcity of water resources on the island of Gran Canaria (Canary Islands, Spain) is 
such that 88% of the water supply for human consumption comes from seawater desalination plants. 
This type of process has a high specific energy consumption. Gran Canaria has an isolated electrical 
system of low robustness. In this paper, a geothermal plant is designed and integrated into a system 
that already has non-dispatchable renewable generation (wind and photovoltaic) in order to meet, 
based on a self-consumption regime, the energy demand of a high-capacity desalination plant. The 
aim is for the diversified renewable system to improve the stability and management of renewable 
electrical energy generation. Geothermal plant production can adapt to the energy balance between 
demand and non-dispatchable renewable generation. The geothermal plant’s design is based on an 
organic Rankine cycle and its resulting power is 4.16 MW. Its integration in the renewable genera-
tion system significantly improves the contribution of renewables in meeting the desalination 
plant’s energy demand and therefore reducing its dependency on the island’s electrical system. The 
mean cost of electrical energy generation with the diversified renewable system is 57.37 EUR/MWh, 
considerably lower than the mean cost of conventional generation on Gran Canaria of 153.9 
EUR/MWh. 

Keywords: desalination plant; geothermal energy; distributed generation; dispatchable renewable 
energy 
 

1. Introduction 
Directive (EU) 2018/2001 of the European Parliament and of the Council [1] sets a 

minimum 32% share of energy from renewable sources in the European Union’s gross 
final consumption of energy as a binding overall target for 2030. One of the novel strategic 
lines established in this regulatory framework to ensure that this goal can be met concerns 
self-consumption and the recognition of three distinct types of self-consumer: (i) renewa-
ble self-consumer, (ii) jointly acting renewable self-consumers, and (iii) renewable energy 
communities. 

Spain’s integrated National Energy and Climate Plan for 2021–2030 [2] raises this 
target quota to 42% of the final energy use, with a 74% contribution of renewables to elec-
trical energy demands for the same time horizon. At the end of 2021, this contribution was 
48% [3]. 

The Canary archipelago (Spain) consists of eight islands. Except for Lanzarote and 
Fuerteventura, which are interconnected, each island has an isolated electrical system. 
Despite the abundant wind and solar resources of the archipelago, the contribution of 
renewables to electrical energy demand was just 20% in 2021 [4], which is considerably 
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short of the 45% target set by the Canary Government for 2025 [5]. Of the total amount of 
energy generated from renewable sources, 97.9% was from non-dispatchable wind and 
photovoltaic sources [4]. The large-scale integration of such non-dispatchable energy 
sources in weak electrical systems, such as those found on islands, complicates the guar-
anteed stable supply of electrical energy and needs to be complemented with the incor-
poration of energy storage systems and other dispatchable renewable energy sources. 
With this in mind, the Canary Government, in the context of new energy strategies devel-
oped in 2022, established a series of targets within the framework of dispatchable and 
sustainable energy generation [6]. One of the strategies considered involves the potential 
exploitation of geothermal energy. As they are of volcanic origin, the Canary Islands con-
stitute the only Spanish territory with the possibility of exploiting high-temperature geo-
thermal resources [7]; however, as yet, there are no geothermal plants for the generation 
of electricity. 

Geothermal energy is one of the most efficient, continuous, and clean renewable 
sources, with average emissions of just 38 g CO2 equivalent/kWh [8]. The incorporation of 
this renewable and dispatchable energy would allow a reduction in the participation of 
conventional, non-renewable technologies in the energy mix of the islands of the Canary 
archipelago. 

The case study developed in this paper considers the island of Gran Canaria, which 
has 852,688 inhabitants [9] and an installed electrical power of 1255.20 MW [10], corre-
sponding to 39.2% and 37.5% of the respective corresponding values for the archipelago 
as a whole. Despite it being the territory with the highest density of reservoirs in the world 
[11], its high population density and the scarcity of water resources makes it heavily de-
pendent on the use of seawater desalination plants, for which their high energy consump-
tion constitutes a significant load for the island’s electrical system. In 2021 [12], desali-
nated water production on the island amounted to 83.6 hm3, obtained mostly using re-
verse osmosis (RO) technologies. This value corresponds to 52.3% of the total water sup-
ply and 88% of the supply for human consumption [12]. Desalination processes entail an 
annual energy consumption of 350 GWh, which is equivalent to 20% of the island’s total 
energy consumption [13], a value that is considerably higher than the 1% for Spain as a 
whole [14]. The high energy intensity of these processes has led the island’s governing 
bodies to promote emerging pilot solutions to try to reduce specific consumption in de-
salination to 1.5 kWh/m3 [15]. Another strategy concerns meeting the energy demand of 
desalination plants via the exploitation of renewable energy sources [16]. 

Schallenberg-Rodríguez et al. [17] studied the wave energy supply of a 15,000 m3/day 
grid-connected seawater RO (SWRO) desalination plant situated on the north coast of 
Gran Canaria. In a pilot area of 7.82 km2, the results showed that the total annual energy 
produced using technologies such as Wavepiston and Wave Dragon exceeded 100% of 
the annual energy demand of the desalination plant (18,987 MWh/year) but with consid-
erable energy surpluses and deficits and a highly unstable hourly pattern. For its part, 
Weptos technology was able to meet 85% of the plant’s annual energy demand and 
achieved better energy stability, but it also presented high energy surpluses and deficits. 
The authors also analysed a hybrid generation system of 80% wave energy and 20% solar 
energy, with which it was possible to reduce the hours of null or very low production for 
most situations. It was concluded that an hourly energy analysis must be made for each 
wave energy technology to determine whether the incorporation of photovoltaic energy 
resulted in an improvement or not. 

Different studies have been published, proposing the use of geothermal energy to 
meet the energy needs of desalination plants. Calise et al. [18] proposed a solar–geother-
mal trigeneration system to supply a small community with fresh water, heating, and 
cooling. The proposed system was based on an organic Rankine cycle (ORC) of 1.20 MW 
from which electricity is generated via geothermal energy and solar energy captured by 
parabolic trough collectors (PTCs). The medium-enthalpy geothermal brine is used to heat 
spaces in winter and cool them in summer. Finally, this brine is then used to drive a multi-
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effect distillation (MED) to desalinate the seawater. This trigeneration system obtained 
4.60 GWh/year in electricity production, heat recovery of 83.1 GWh/year for heating and 
cooling, and  85,200 m3 of annual desalinated water production. 

In [19], an integrated solar–geothermal system was proposed for the production of 
cooling, hot water, electricity, and desalinated water. The system requires a geothermal 
well, PTCs, an ORC, a single-effect Li/Br and water absorption chiller, and an SWRO de-
salination unit. Thermoelectric generators (TEGs) are used instead of a condenser to in-
crease the electricity generated by the ORC. The temperature of the geothermal brine 
raised from 160–190 °C to 320–380 °C thanks to the solar energy captured by the PTCs. 
The authors claim that using TEGs instead of a condenser is more efficient, with respective 
electrical powers of 1.061 MW vs. 0.95 MW and respective desalinated water productions 
of 30.25 m3/h vs. 27.41 m3/h. 

Zhang et al. [20] analysed an integrated system based on flash-binary geothermal and 
gas turbine cycles and a multi-effect seawater desalination subsystem for the cogeneration 
of electrical energy and freshwater. The geothermal fluid exhibits high temperatures 
(180.05 °C). The system achieved a net electrical power of 8183 kW and a freshwater pro-
duction of 16.11 kg/s. 

A trigeneration system has also been proposed based on the hybridization of a mod-
ified Kalina cycle to generate electricity, RO-based seawater desalination to obtain dis-
tilled water, and the electrolysis of the water at low temperatures to produce hydrogen 
[21]. On the basis of high-temperature geothermal fluids (188 °C), the system was able to 
generate 4795 kW of electrical power, 19.9 kg/s of distilled water and 5.3 kg/h of hydrogen. 

The proposal of Kaczmarczyk et al. [22] consists of a system in which low enthalpy 
geothermal water (80–95 °C) is used to generate electricity and produce desalinated water. 
For this, geothermal fluid is transported to a brackish water desalination plant after part 
of its heat energy has been used for the evaporation of the working fluid used in the Kalina 
cycle or the ORC. After analysing different configurations, the Kalin cycle based on an 
ammonia–water mix (89% ammonia) was found to provide the best results, with a gross 
power output of 1622 kW, a gross generated electrical energy of 6489 MWh/year, and a 
desalinated water production of 3933 m3/day on the basis of a mass flow rate of 100 kg/s 
of geothermal water at 95 °C. 

In [23], a study was conducted on the combination of a flash-binary geothermal sys-
tem with humidification–dehumidification desalination processes. The results showed 
that 5.87 MW of power could be generated along with 11.42 kg/s of desalinated water on 
the basis of a 45 kg/s mass flow rate of high-enthalpy geothermal fluid (1000 kJ/kg). 

Pietrasanta et al. [24] developed a nonlinear optimization mathematical model in 
which different configurations were compared based on the combination of a single flash 
or double flash geothermal plant with an MED and/or RO desalination system. The results 
showed that, for a fixed electrical energy generation of 70 MW, a single flash geothermal 
plant with an MED desalination system was the optimal configuration for freshwater de-
mands of 720–2880 m3/h, whereas for freshwater demands of 4320–5040 m3/h, the best 
option comprises a double flash geothermal plant with MED and RO desalination sys-
tems. In the single flash system, 420 kg/s of geothermal fluid would be extracted at 250 °C, 
while in the double flash system, the mass flow rate and temperature would increase to 
480 kg/s and 320 °C, respectively. 

In general, the cases studied in the literature refer to desalination processes with low 
levels of production capacity and therefore low energy demand, except for some cases in 
which high mass flow rates of high-temperature geothermal fluid are employed. 

The public-owned SWRO desalination plant considered in the present study is situ-
ated in the southeast of Gran Canaria and has a production capacity of 33,000 m3/day [25]. 
The plant runs under practically constant operating conditions throughout the day. A 
plan has been drawn up based on increasing the plant’s capacity to 40,000 m3/day and/or 
supplying electrical energy demands by mostly wind/solar energy mixes [26]. 
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The novel contribution of the study undertaken in the present paper involves the 
additional incorporation in the original renewable energy mix of an ORC geothermal in-
stallation, taking advantage of the known medium-temperature geothermal resources in 
the area of the desalination plant, which are considered to have the highest geothermal 
potential on the island [27]. As far as the authors are aware, no proposals have been made 
in the literature with respect to the use of ORC geothermal plants that exploit medium-
temperature resources and operate as facilities for the self-consumption of a high-capacity 
SWRO desalination plant. Bearing in mind the low dispatchability of wind and solar en-
ergy, the additional incorporation of the geothermal plant, with dispatchable electrical 
energy capacity, significantly improves the instantaneous availability of renewable en-
ergy, enhancing the extent to which supply can meet demand, as well as grid safety and 
stability. The self-consumption proposal contributes to optimizing distributed and decen-
tralized generation systems [28] that are necessary for the best possible management of 
isolated electrical energy systems such as that of Gran Canaria [6]. For this, the present 
paper considers the design of a geothermal plant and its incorporation into the renewable 
energy mix initially scheduled for the desalination plant. An analysis is then undertaken 
on the energy balance of the new diversified renewable energy system. 

2. Materials and Methods 
2.1. Method Developed 

Figure 1 shows the method followed in the work described in this paper. 

 
Figure 1. Method developed in the present study. 
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2.2. Description of the Diversified Renewable System 
An initial plan was drawn up by the plant’s management team to install an 8.8 MW 

wind farm and 2 photovoltaic plants each of 400 kW (PV-1 and PV-2). 
The design and integration of a geothermal binary plant in the initially conceived 

renewable system were considered. This is the only type of geothermal technology that 
can exploit medium-temperature geothermal resources for the production of electrical en-
ergy. Figure 2 shows the location of renewable generation facilities and the desalination 
plant. The original plan also included an electrical connection of the wind farm and PV-2 
(see Figure 2) with the desalination plant via a medium voltage cable (20 kV). 

 
Figure 2. (a) Location of Gran Canaria and the geothermal resources; (b) relative location of the 
desalination plant and renewable facilities. 

2.3. Design of the Proposed Geothermal Generation System 
The purpose of the proposed geothermal system, the flow diagram of which is rep-

resented in Figure 3, is to capture the heat energy of the geothermal fluid and use it to 
generate electricity. The system is based on binary cycle technology, with a geothermal 
fluid extraction and reinjection circuit and another closed circuit through which an or-
ganic working fluid circulates as an ORC system. The system is characterised by its high 
volatility and low boiling point and subjected to the following processes: 
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• Process 1-2: Expansion. The working fluid in vapour state expands in the turbine, 
converting kinetic energy into mechanical energy, which is subsequently trans-
formed into electrical energy via a generator. 

• Process 2-3: Condensation. The working fluid is condensed after transferring its heat 
energy to cold water from a cooling tower. 

• Process 3-4: Compression. The pressure of the working fluid in a liquid state is in-
creased to take it to the evaporator using a process pump. 

• Processes 4-5 and 5-1: Pre-heating and evaporation. After the geothermal fluid has 
been extracted, its heat energy is transferred to the working fluid via a preheater and 
evaporator. Pre-heating corresponds to process 4-5 and evaporation corresponds to 
process 5-1. After absorbing all the heat, the working fluid reaches the saturated va-
pour state. 

 
Figure 3. Geothermal system flow diagram. 

Numerous recent publications studied this specific technology for the generation of 
electricity from geothermal resources. Loni et al. [29] undertook a detailed review of geo-
thermal-driven ORC systems for power generation, claiming that they can be economi-
cally viable investments with high energy efficiencies. 

In [30], a review was undertaken of geothermal ORCs in which it was highlighted 
that the efficiency and energy generation costs of ORC geothermal systems vary signifi-
cantly depending on the characteristics of the different case studies analysed. 

Yan et al. [31] carried out a thermodynamic analysis of the ORC of a geothermal sys-
tem. Among the main findings was that increasing the evaporation temperature can im-
prove the efficiency, power, and economy of the system. 

In [32], an algorithm was developed for the comprehensive evaluation of ORC geo-
thermal systems used in liquid-dominated geothermal fields of medium/high tempera-
ture. The models that were developed allowed the examination of environmental charac-
teristics, safety, and thermodynamic and techno-economic performance when using dif-
ferent working fluids in order to obtain orientational information for the optimum ORC 
design. 



J. Mar. Sci. Eng. 2023, 11, 353 7 of 28 
 

 

2.3.1. Energy Capacity of the Geothermal Resource 
The design and calculation of geothermal installations is conditioned by the energy 

capacity of the geothermal resource. Situated in the southeast of Gran Canaria is a zone 
with recognized or estimated medium-temperature geothermal resources. In 1981, the Ge-
ological and Mining Institute of Spain (IGME by its initials in Spanish) conducted two 
surveys, one 670 m and the other 648 m deep, obtaining heat gradients of 65 °C/km and 
75 °C/km, respectively [33]. These values are around twice that of a normal heat gradient. 
Based on this information, it is argued in [27] that there is a high probability that the geo-
thermal resource is confined in a geothermal reservoir at a depth of some 2 km and a 
temperature of 130 °C. The depth was established based on the interpretation of a 3D elec-
trical resistivity model [6]. It is estimated that this reservoir occupies a surface area of 
some 150 km2 (see Figure 2). 

Considering the characteristics of one of the wells analysed in [34], for which its tem-
perature and depth are similar to those of the geothermal reservoir studied in the present 
paper, it is estimated that the geothermal water of the aquifer is subject to a pressure of 
185 bar. Knowing the temperature and pressure of the geothermal water, its density can 
be estimated at around 1010 kg/m3 [35]. 

2.3.2. Initial Design Parameters 
Before determining the thermodynamic states given in the ORC, three design param-

eters are required as an initial hypothesis: 
• Turbine input temperature (T1): This is established based on the temperature of the 

geothermal resource at the mouth of the production well (Ta), which is slightly lower 
than the initial temperature of the geothermal fluid at the deepest level of the aquifer 
due to heat losses that take place as the fluid rises (close to 2 °C per kilometre). In the 
case study of the present paper, the geothermal reservoir is at a temperature of 130 
°C, and at the mouth of the production well, the temperature of the geothermal fluid 
will therefore be 126 °C. On the basis of this latter temperature, it is assumed as a 
hypothesis that the temperature of the working fluid before entering the turbine will 
be 95 °C. 

• Condensation temperature (T3): This is established based on the type of heat rejection 
system employed and the mean ambient temperature. In this case, it is considered 
that the working fluid condensation process will be at 25 °C, which is slightly lower 
than the mean annual ambient temperature [36]. 

• Geothermal fluid reinjection temperature (Tc): This is established by taking into con-
sideration that the geothermal fluid has to be reinjected at a temperature that is suf-
ficient for preserving the temperature and pressure of the reservoir. For the particular 
case studied in this paper, reinjecting geothermal water at a temperature of 84 °C was 
decided upon. 
In addition, the isentropic efficiencies of the turbine (ηୱ౏౐షభబభ) and the process pump 

(ηୱౌషభబర) must be known. These can be established at 85% and 80%, respectively. 

2.3.3. Determination of Thermodynamic States 
The ORC thermodynamic simulation was performed using the free TermoGraf soft-

ware [37]. The known thermodynamic properties are introduced in order to determine the 
following thermodynamic states: 
• State 1: Corresponds to the turbine’s working fluid input. The working fluid must be 

in saturated a vapour state at the turbine’s inlet and so its steam quality is 1 (x1 = 1 
p.u.). The temperature, T1, was set as explained in the previous subsection. By intro-
ducing the values of x1 and T1 in the simulator, it is possible to determine the rest of 
the thermodynamic properties of the working fluid in state 1 (P1, h1, and s1). 
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• State 2: Corresponds to the turbine’s working fluid output or the condenser’s work-
ing fluid input, which is the same. After exiting the turbine, the working fluid is iso-
barically condensed, and so the pressure in 2 coincides with the pressure in 3 (P2 = 
P3). The procedure for obtaining the value of P3 is explained below. Expansion is an 
isentropic process in the ideal cycle, with specific entropy values in states 1 and 2s 
therefore coinciding (s1 = s2s) since subscript s corresponds to the final state after an 
isentropic process. Introducing the values of P2 and s2s in the simulator, it is possible 
to obtain the rest of the thermodynamic properties of the working fluid in the 2s state, 
including the specific enthalpy (h2s). However, in the real process, the irreversibility 
of the turbine must be taken into account. Based on specific enthalpies h1 and h2s and 
the isentropic efficiency of the turbine (see Equation (1)), the specific enthalpy in 2 
can be calculated (h2). With the values of P2 and h2, the simulator provides the rest of 
the thermodynamic properties of state 2. ηୱ౏౐షభబభ = hଵ − hଶhଵ − hଶୱ (1) 

• State 3. The condensation temperature, T3, was established as explained in the previ-
ous subsection. As the working fluid is in a saturated liquid state, the vapour’s qual-
ity is 0 (x3 = 0 p.u.). Introducing the values of T3 and x3 in the simulator, it is possible 
to obtain the rest of the thermodynamic properties of state 3 (P3, h3, and s3). 

• State 4. Working fluid heat absorption (Process 4-1) takes place through an isobaric 
process, and so the pressure in states 4 and 1 coincides (P4 = P1). In the ideal cycle, the 
compression process is isentropic, and so specific entropies are the same in states 3 
and 4s (s3 = s4s). Introducing the values of P4 and s4s in the simulator, it is possible to 
obtain the rest of the thermodynamic properties of the working fluid in state 4s, in-
cluding the specific enthalpy (h4s). However, in the real process, the isentropic effi-
ciency of the process pump must be taken into account. Based on specific enthalpies 
h3 and h4s and the isentropic efficiency of the process pump (see Equation (2)), the 
specific enthalpy in state 4 can be calculated (h4). Introducing P4 and h4, the simulator 
can provide the rest of the thermodynamic properties in state 4. ηୱౌషభబర = hସୱ − hଷhସ − hଷ  (2) 

2.3.4. Selection of the Working Fluid 
The choice of working fluid is an important factor in the design of the geothermal 

plant as its thermodynamic behaviour directly influences the plant’s performance. How-
ever, in addition to the thermodynamic properties of the working fluid, other factors need 
to be taken into account, including environmental and health impacts and the safety level 
during operation. 

With respect to thermodynamic properties, organic fluids allow the exploitation of 
medium-temperature geothermal resources as their low boiling point allows them to 
evaporate at lower temperature conditions than water would require. Organic fluids can 
be classified in three groups: wet, isentropic, and dry. The differentiating factor is the 
value of the slope of the saturated vapor curve. Dry fluids are the most interesting option 
for ORC geothermal plants as their positive curve allows them to remain in superheated 
vapour states throughout the expansion process in the turbine, thereby avoiding the un-
favourable situation of the existence of humidity in the turbine. The use of wet and isen-
tropic fluids was therefore discarded. 

The quantification of the environmental impact of the organic fluid was carried out 
by analysing the ozone depletion potential (ODP) and global warming potential (GWP) 
indicators. Organic fluids with high ODP and GWP values were discarded. 
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The most commonly used organic fluids in ORC geothermal plants are pentane, iso-
pentane, and butane [38]. These three fluids have zero ODP and a very low GWP. They 
are also low in toxicity but highly flammable [39]. Therefore, of these three fluids, a deci-
sion was made to the one with the best thermodynamic behaviour (i.e., that which 
achieves the best thermal efficiency of the cycle and the highest enthalpy drop across the 
turbine). 

2.3.5. Thermal Efficiency of the Thermodynamic Cycle 
Knowing all states, it is possible to determine the overall thermal efficiency of the 

thermodynamic cycle using Equation (3) [38]. The value normally ranges between 10% 
and 13% [38]. η୲୦ = 1 − hଶ − hଷhଵ − hସ (3) 

2.3.6. Law of Conservation of Energy 
The calculation of the ORC equipment is based on the first law of thermodynamics, 

Equation (4), which reflects the law of the conservation of energy: ΔUሶ = Qሶ − Wሶ = ෍ mሶ ୭୳୲ · h୭୳୲ − ෍ mሶ ୧୬ · h୧୬ (4) 

where 
• ΔUሶ : variation of the internal energy of the system (in kW); 
• Qሶ : amount of heat transferred to the system (in kW); 
• Wሶ : work carried out by the system (in kW); 
• mሶ : mass flow rate (in kg/s); 
• h: specific enthalpy (in kJ/kg). 

The sign will be positive when the system absorbs heat or work is performed on it, 
and it is negative when it transfers heat or it does work on its surroundings. 

Bernoulli’s principle, Equation (5), is a consequence of the energy conservation law 
and can be applied when there is only an exchange of mechanical energy. This principle 
represents the conservation of energy in fluids that are transported along a streamline: pϱ · g + vଶ2g + z = constant (5) 

where 
• p: static pressure of the fluid (in Pa); 
• ϱ: density of the fluid (in kg/m3); 
• g: gravitational constant (9.81 m/s2); 
• v: fluid flow velocity (in m/s); 
• z: height with respect to a reference level (in m). 

A formula that is commonly used together with Bernoulli’s equation is the Hazen–
Williams equation, Equation (6), which is applied for the calculation of hydraulic losses: h୐ = 6.05 · 10ହ · Qଵ.଼ହ · Lୣ୯Cଵ.଼ହ · dସ.଼଻  (6) 

where 
• h୐: hydraulic losses (in bar); 
• Q: flow rate (in l/min); 
• Leq: equivalent pipe length (in m); 
• C: constant that depends on the pipe material; 
• d: internal diameter of the pipe (in mm). 
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2.3.7. Sizing of the Equipment 
Production Pump P-101 

The given hot water in an aquifer will tend to rise naturally through the production 
well due to the high pressure levels it is subjected to. Nonetheless, it is possible that the 
pressure is insufficient for the water to rise to the surface of the well. Complementary 
pumping equipment is then required to enable its extraction. In this case, a submersible 
electric pump is used. 

The manometric height or head of the geothermal water column that rises naturally 
due to the pressure potential of the aquifer is given by Equation (7): Hୡ୭୪୳୫୬ = Pୟ୯୳୧୤ୣ୰ ϱ୥ୣ୭  · g  (7) 

where 
• Hୡ୭୪୳୫୬: manometric head of the geothermal water column (in mWC); 
• Paquifer: hydrostatic pressure of the aquifer (in Pa); 
• ϱ୥ୣ୭: density of the geothermal fluid (in kg/m3). 

Thus, the submersible pump should be situated at least at the depth of point i1 (see 
Figure 4). 

 

Figure 4. Principle schematic for sizing of the P-101 pump. 

The production pump has to apply sufficient pressure to the geothermal water that 
it can overcome the height difference and the hydraulic losses in the transport of the geo-
thermal fluid, including the pressure drop in the pipes of evaporator E-102 and preheater 
E-101. In addition, it needs to contribute sufficient pressure to avoid the cavitation of the 
geothermal fluid due to its drop in pressure. For this, the pressure at which the geothermal 
fluid has to be before its passage through reinjection pump P-102 (point j1) is established, 
and this must be higher than the vapour pressure of the geothermal water at the corre-
sponding temperature. Bernoulli’s equation (Equation (5)) is therefore applied from point 
i1 to point j1 to determine the manometric head that pump P-101 must provide (HP-101). 

For the particular case of the geothermal installation considered in the present paper, 
a decision was made to extract a maximum volumetric flow of 1000 m3/h of geothermal 
fluid or a mass flow rate of 280.56 kg/s, which is the same. In this way, an excess extraction 
of geothermal fluid is avoided, thereby prolonging the useful life of the geothermal field. 

Reinjection Pump P-102 

This equipment is required to reinject the geothermal water in the aquifer at mini-
mum temperature and pressure conditions that ensure the preservation and extension of 
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the useful life of the geothermal field. For the particular case of the installation of the pre-
sent paper, a decision was made to reinject the geothermal water at a temperature of 84 
°C, which is 46 °C lower than the field’s production temperature. This cooling causes dam-
age to the geothermal field, which is compensated by means of the reinjection of geother-
mal fluids at a pressure higher than the initial hydrostatic pressure of the field. In this 
case, a decision was made to perform the reinjection at 20 bar more than the initial hydro-
static pressure of the aquifer, which is to say at 205 bar. This was performed for several 
reasons, with the main one being to meet the premise of preserving the pressure of the 
aquifer. Another reason is that this pressure is below the critical pressure of the water 
(220.89 bar), thereby avoiding the water entering a compressible liquid state. Once these 
conditions are established, Bernoulli’s equation (Equation (5)) is applied from point i2, sit-
uated before pump P-102, to point j2, situated at the bottom of the geothermal reservoir. 

Preheater E-101 and Evaporator E-102 

A preheating process of the working fluid is carried out in preheater E-101 to raise 
its temperature to its boiling point from the heat yielded by the geothermal fluid. The 
latent heat that the working fluid requires for evaporation is transferred with the evapo-
rator E-102 until the saturated vapour state is reached (state 1). Table 1 shows the energy 
balance equations of the E-101 preheater (Equation (8)), the E-102 evaporator (Equation 
(9)), and the rest of the main equipment of the ORC. 

Table 1. Energy balance equations of the main equipment of the ORC. 

Equipment Energy Balance Equation Equation 
E-101 mሶ ୥ୣ୭ · cp୥ୣ୭ · (Tୠ − Tୡ) = mሶ ୵୤ · (hହ − hସ) (8) 
E-102 mሶ ୥ୣ୭ · cp୥ୣ୭ · (Tୟ − Tୠ) = mሶ ୵୤ · (hଵ − hହ) (9) 

ST-101 Wሶ ଵିଶ = mሶ ୵୤ · (hଵ − hଶ) (10) 
E-103 mሶ ୵୤ · (hଶ − hଷ) = mሶ ଼ · cpୌమ୓ · ൫T଼ ౜ − T଼ ౟൯ (11) 
P-104 Wሶ ଷିସ = mሶ ୵୤ · (hସ − hଷ) (12) 

The two processes can be treated as a single global heat exchange process in which 
the working fluid passes from a subcooled liquid (state 4) to saturated vapour (state 1), 
and for which its energy balance is shown in Equation (13): mሶ ୥ୣ୭ · cp୥ୣ୭ · (Tୟ − Tୡ) = mሶ ୵୤ · (hଵ − hସ) (13) 

where 
• mሶ ୥ୣ୭: mass flow rate of the geothermal fluid (in kg/s); 
• cp୥ୣ୭: specific heat of the geothermal fluid (in kJ/kg·°C); 
• mሶ ୵୤: mass flow rate of the working fluid (in kg/s). 

Using Equation (13), the mass flow rate of the working fluid is resolved. In this re-
gard, it should be noted that a higher temperature of the geothermal fluid will entail a 
higher mass flow of working fluid and, hence, higher power capture. 

After the design of the two heat exchangers is carried out following [40], the pressure 
drops in the pipes were calculated following [41] and the shell-side pressure drop was 
calculated following the simplified Delaware method [42]. 

Turbine ST-101 

Considering that working fluid expansion in the turbine is adiabatic and that the ki-
netic and potential energy variation of the flow is negligible, the power absorbed by the 
turbine can be obtained (Wሶ ଵିଶ). The corresponding energy balance equation (Equation 
(10)) is shown in Table 1. Part of the absorbed power cannot be delivered in the form of 
useful mechanical power to the turbine shaft due to manometric, volumetric, and 
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mechanical losses. The total mechanical efficiency (η୫ୣୡ) takes into consideration these 
three types of losses and is established at 87% [43]. Equation (14) represents the calculation 
of the useful mechanical energy delivered to the turbine shaft. Pሶୗ୘ିଵ଴ଵ = Wሶ ଵିଶ · η୫ୣୡ  (14) 

Heat Dissipation System 

To condense the working fluid after its passage through the turbine, a system is re-
quired that can dissipate the heat that the fluid brings with it. In this case, the heat dissi-
pation system is based on a wet, closed-circuit cooling tower (T-101 A/B). Housed inside 
the cooling tower are coils that act as a condenser (condenser E-103), as the working fluid 
flows through them in a saturated vapour state until condensing. Cold water sprayed over 
these coils from the cooling tower (state 8i) absorbs the heat yielded by the working fluid 
in its condensation, with the resulting energy balance that is shown in Equation (11) and 
Table 1. Based on the result of the heat power yielded by the working fluid in the conden-
ser and the cooling capacity of the selected cooling tower, the number of cooling towers 
that are required can be determined. The manufacturer indicates the mass flow rate with 
which each cooling tower works. In addition, taking into account the average climate con-
ditions in the area of the case study of the present paper (dry bulb temperature of 20.48 
°C and relative humidity of 67.33% [36]), it is considered that the cooling water (states 6, 
7 and 8i) is at 21.5 °C. In this way, using Equation (11), the temperature of the cooling 
water after absorbing the heat yielded by the working fluid (state 8f) is resolved. 

Subsequently, the psychrometric chart is used to determine the thermodynamic 
properties of the air that enters the cooling tower from the outside (state 9), for which its 
dry bulb temperature and relative humidity match the average climate conditions de-
scribed above and of the air that exits the cooling tower (state 10), considering that the 
latter has a dry bulb temperature of 34 °C and a relative humidity of 95%. 

The air mass, water mass, and energy balances in the cooling tower are shown in 
Table 2, where mሶ ୟ, mሶ ୴, and mሶ  correspond, respectively, to the mass flow rates of air, 
water vapour, and water, and ꙍ is the humidity ratio. 

Table 2. Air mass balance (Equation (15)), water mass balance (Equation (16)), and energy balance 
(Equation (17)) in the T-101 A/B cooling tower. 

Mass or Energy Balance Equation  Equation mሶ ୟଽ = mሶ ୟଵ଴ = mሶ ୟ (15) mሶ ଼ + mሶ ୟ · ꙍଽ = mሶ ଻ + mሶ ୟ · ꙍଵ଴ (16) mሶ ଼ · h଼౜ + (mሶ ୟଽ + mሶ ୴ଽ) · hଽ = m଻ሶ · h଻ + (mሶ ୟଵ଴ + mሶ ୴ଵ଴) · hଵ଴ (17) 

Process Pump P-104 

The process pump provides the pressure required for the working fluid to initiate the 
heat absorption process in preheater E-101 and evaporator E-102. Considering that the 
compression is adiabatic and that there is no variation in the kinetic and potential energy 
of the flow, the work that the process pump must carry out on the working fluid to com-
plete the compression process can be obtained. The corresponding energy balance equa-
tion, Equation (12), can be found in Table 1. 

2.3.8. Electrical Power Absorbed by Pumps and Fans 

The electrical power absorbed by the pumps is calculated using Equation (18): Pሶ୔୳୫୮  = H୔୳୫୮  · mሶ · gη୔୳୫୮  (18) 

where 
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• H୔୳୫୮: manometric head to be supplied by the pump (in mWC); 
• mሶ : mass flow rate of the fluid that passes through the pump (in kg/s); 
• η୔୳୫୮: pump efficiency. 

The power absorbed by the fans to overcome the drop in static pressure given in the 
cooling tower and to correctly transport the required mass flow of air is given by Equation 
(19) [44]: 

Pሶ୤ୟ୬ = ቀmୟሶϱୟ ቁ · ΔPୱ୲ୟ୲୧ୡη୤ୟ୬    (19) 

where 
• Pሶ୤ୟ୬: electrical power absorbed by the fan (in W); 
• mୟሶ : mass flow of air that passes through the fan (in kg/s); 
• ϱୟ: air density (in kg/m3); 
• ΔPୱ୲ୟ୲୧ୡ: static pressure drop in the circuit (in Pa); 
• η୤ୟ୬: fan efficiency. 

2.3.9. Net Power of the Geothermal Plant 
Taking as a starting point the useful power delivered to the turbine shaft, the losses 

that take place when transforming mechanical energy into electrical energy need to be 
considered. For this, this useful power is multiplied by the electrical efficiency of the gen-
erator (ηୣ), which is around 96% [43]. The gross electrical power of the geothermal plant 
can then be calculated using Equation (20). Pሶ୥ୣ = Pሶୗ୘ିଵ଴ଵ · ηୣ   (20) 

The net electrical power of the geothermal plant, Equation (22), is the difference be-
tween the gross electrical power and the power consumed by the auxiliary equipment, 
Equation (21): Pሶୟ୳୶ = Pሶ୔ିଵ଴ଵ + Pሶ୔ିଵ଴ଶ + Pሶ୔ିଵ଴ଷ + Pሶ୔ିଵ଴ସ + Pሶ୤ୟ୬   (21) Pሶ୬ୣ = Pሶ୥ୣ − Pሶୟ୳୶   (22) 

2.3.10. Geothermal Generation 
Of the three renewable energy sources that supply electrical energy to the plant, ge-

othermal energy is the only type that is dispatchable. This can be taken advantage of by 
adapting geothermal generation to the energy balance result at each instant. For this, a 
strategy is proposed in the present paper based on scheduling the hourly production of 
electrical energy by the geothermal plant on the basis of the demand of the desalination 
plant and the generation of non-dispatchable wind and solar energy. In this way, when 
the energy demand of the desalination plant exceeds wind and solar generation, the elec-
trical energy generation of the geothermal plant is adapted to the resulting demand up to 
its maximum power (Pሶ୬ୣ). If an energy deficit in the balance of the system continues de-
spite the geothermal plant generating energy at the maximum power, the desalination 
plant can then take electrical energy from the grid. In contrast, in the case of surplus en-
ergy, because wind and solar sources are generating more power than is being demanded 
by the desalination plant, the electrical energy production of the geothermal plant can be 
reduced to a technical operating minimum, which corresponds to 25% of its rated power. 
This avoids the plant having to be shut down, extends the useful life of the geothermal 
plant as the flow of the geothermal fluid will be lower thanks to the annular valve (VLV-
101) regulation, preserves the geothermal field for a longer time, and reduces the genera-
tion of excess energy. Any excess energy produced by the renewable generation system is 
injected into the grid. 
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In the event that the resulting energy demand, after discounting wind and solar con-
tributions, is between 25% and 100% of the rated power of the geothermal plant, geother-
mal generation can be adapted to that demand, eliminating in this case the existence of 
energy deficits and surpluses. 

To analyse the behaviour of the geothermal plant, it is convenient to consider its en-
ergy efficiency. For this, the parameters given by Equations (23) and (24) can be used: EFLH = E୥ୣ୭P୬ୣ    (23) 

CF୥ୣ୭ = E୥ୣ୭P୬ୣ · t (24) 

where 
• EFLH: equivalent full load hours (in h/year); 
• E୥ୣ୭: electrical energy produced by the geothermal plant in a year (MWh/year); 
• P୬ୣ: net rated electrical power of the geothermal plant (in MW); 
• CFgeo: capacity factor of the geothermal facility; 
• t: total number of annual hours (8760 h/year). 

2.4. Estimation of Wind Generation 
In order to effectively mitigate energy shortages [45], installing two wind turbines 

2.3 MW Enercon E-70 and one 4.2 MW Enercon E-115 [46] is planned, resulting in a total 
installed power of 8.8 MW. The technical data and operating curves of the aforementioned 
wind turbine models were taken from [47]. 

Hourly wind data (wind speed and direction) for the period 2005–2007 were obtained 
from a weather station (WS) situated on the terrain where the installation of wind turbines 
is planned. The anemometer of the WS was situated at a height of 20 m above ground 
level (agl). The data were provided by the Canary Technological Institute (ITC by its ini-
tials in Spanish) [48], a public company of the Canary Government, which includes, 
among its activities research, development and innovation (R + D + i) in environmental 
sustainability and energy efficiency. 

To calculate the hourly wind speed at the hub height of the two wind turbines, Equa-
tion (25) [49] was used: V = V୰ୣ୤ · ൬ HH୰ୣ୤൰୬

 (25) 

where 
• V: wind speed at hub height (in m/s); 
• Vref: reference wind speed (in m/s); 
• H: hub height (in m); 
• Href: reference height (in m); 
• n: roughness exponent. 

The roughness exponent, n, Equation (26), is a parameter that depends on the coeffi-
cient of relative roughness Z0. 

n = 1Ln ቀH୰ୣ୤Z଴ ቁ − ቎ 0.0881 − 0.088 · Ln ቀH୰ୣ୤10 ቁ቏ · Ln ൬V୰ୣ୤6 ൰   (26) 

As the wind turbines are close to the sea, a roughness class of 0 was considered, 
which corresponds to a coefficient of relative roughness, Z0,of 0.0002 [50]. 

The hub height of the E-70 wind turbine model is 60 m agl and that of the E-115 model 
is 80 m. Table 3 shows the results for the mean monthly wind speeds at heights of 60 m 
agl and 80 m agl obtained from the observed data at 20 m agl. 
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Table 3. Mean wind speed (in m/s). 

Height (m agl) 20 60 80 
January 4.48 5.03 5.19 

February 5.44 5.98 6.13 
March 4.87 5.39 5.53 
April 8.41 8.87 8.99 
May 8.70 9.13 9.25 
June 8.93 9.34 9.46 
July 10.94 11.25 11.33 

August 10.00 10.40 10.51 
September 8.65 9.12 9.25 

October 4.92 5.44 5.58 
November 6.35 6.84 6.97 
December 4.54 5.09 5.24 

The estimation of the hourly wind generation for each of the wind turbines was made 
on the basis of the wind speed data and the power curve of the turbines. 

The calculation of the wind speeds at the corresponding hub heights of each genera-
tor, as well as the subsequent calculation of hourly wind generation, was performed using 
a routine developed by the authors in Matlab. 

2.5. Estimation of Photovoltaic Solar Generation 
In addition to the installation of wind turbines to supply desalination with electrical 

energy, installing two 400 kW photovoltaic plants was also planned [51]. The photovoltaic 
potential was estimated using the online platform PVGIS [52]. The geographic coordinates 
of the area where the two plants are to be installed were introduced into the programme 
(Table 4), as well as the inclination and real azimuth (in this case, 20° and 0°, respectively) 
[51]. The platform returned 24 data for each month of the year, corresponding to the mean 
solar irradiance values for each hour. Tables 5 and 6 show the mean hourly solar irradi-
ance values at the sites of PV-1 and PV-2, respectively. The equivalent peak sun hours is 
calculated using Equation (27): EPSH = GG୫ୟ୶ (27) 

where 
• EPSH: equivalent peak sun hours; 
• G: hourly solar irradiance (in W/m2); 
• G୫ୟ୶: maximum solar irradiance (1000 W/m2). 

To estimate the hourly production of the photovoltaic plants, Equation (28) is used: E୔୚ = EPSH · P୔୚ (28) 

where 
• E୔୚: hourly photovoltaic productions (in kWh); 
• P୔୚: installed photovoltaic power (in kW). 

Table 4. Geographic coordinates of the sites of the two photovoltaic plants. 

Photovoltaic plant UTMX UTMY 
PV-1 458,042.7 3,076,671.3 
PV-2 460,035.6 3,080,652.4 
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Table 5. Mean solar irradiance at PV-1 (in W/m2) [52]. 

Month 7 h 8 h 9 h 10 h 11 h 12 h 13 h 14 h 15 h 16 h 17 h 18 h 19 h 
January 0 23 255 458 624 749 779 761 654 496 285 44 0 

February 0 75 297 505 690 813 859 840 745 573 361 133 0 
March 0 159 389 615 809 901 952 922 799 619 406 178 1 
April 42 241 470 682 852 948 964 903 800 628 420 193 14 
May 83 278 501 703 871 952 961 914 802 632 426 210 34 
June 88 280 487 694 853 950 961 919 817 650 446 235 53 
July 70 259 474 686 851 965 1000 961 860 689 473 250 64 

August 46 237 461 681 850 964 1000 959 844 671 453 222 35 
September 25 225 455 672 833 943 952 875 767 577 363 140 1 

October 1 205 421 633 787 870 871 794 659 478 265 47 0 
November 0 132 339 543 693 791 818 740 602 428 209 0 0 
December 0 58 278 480 631 737 765 727 617 436 222 0 0 

Table 6. Mean solar irradiance at PV-2 (in W/m2) [52]. 

Month 7 h 8 h 9 h 10 h 11 h 12 h 13 h 14 h 15 h 16 h 17 h 18 h 19 h 
January 0 21 254 459 621 739 761 749 640 490 283 41 0 

February 0 73 298 503 682 798 838 817 721 562 354 131 0 
March 0 159 388 610 796 874 924 881 774 607 401 175 1 
April 42 242 467 675 836 919 933 882 777 613 411 193 14 
May 84 280 502 693 846 929 941 889 789 625 423 208 34 
June 88 280 490 691 848 942 960 918 810 652 448 235 53 
July 70 260 478 685 854 964 1000 964 862 691 478 252 64 

August 46 239 466 681 848 966 1000 959 850 673 455 223 35 
September 26 225 451 669 821 920 933 861 759 574 361 141 1 

October 1 206 422 624 778 847 848 762 641 469 261 46 0 
November 0 130 341 530 684 768 800 723 591 423 207 0 0 
December 0 56 280 478 630 732 764 712 598 428 220 0 0 

2.6. Energy Demand of the Desalination Plant 
The demand data were provided by the desalination plant’s owning entity for the 

period 2019–2021. Given the atypical conditions of 2020 and 2021 due to the COVID-19 
pandemic, it was deemed convenient to use the standardised demand data from 2019. As 
can be seen in Table 7, the hourly energy demand profile for a typical winter and summer 
day is very similar, presenting in both cases a strong correlation with the price of con-
tracted energy, which varies according to different time slots over the course of a day. 
Typical winter and summer days are based on the mean hourly electricity demand values 
in the months of January and July, respectively. The distribution of the price ranges ac-
cording to the corresponding time slot can be consulted in [53]. 

The power contracted by the desalination plant is 6.3 MW. However, in certain peri-
ods of the day, demands can reach values higher than 9 MW. 

Table 7. Mean hourly desalination plant energy demand on a typical winter and summer day (in 
kW). 

Period 0 h 1 h 2 h 3 h 4 h 5 h 6 h 7 h 8 h 9 h 10 h 11 h 
Winter 9028.3 9028.3 9028.3 9028.3 9028.3 9028.3 9028.3 9028.3 5097.0 5097.0 2130.0 2130.0 

Summer 9299.3 9299.3 9299.3 9299.3 9299.3 9299.3 9299.3 9299.3 6140.0 6140.0 2286.4 2286.4 
Period 12 h 13 h 14 h 15 h 16 h 17 h 18 h 19 h 20 h 21 h 22 h 23 h 
Winter 2130.0 2130.0 2130.0 5097.0 5097.0 5097.0 2130.0 2130.0 2130.0 2130.0 5097.0 5097.0 
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Summer 2286.4 2286.4 2286.4 6140.0 6140.0 6140.0 2286.4 2286.4 2286.4 2286.4 6140.0 6140.0 

2.7. Energy Balance Study 
The electrical energy strategy of the geothermal plant aims to increase the proportion 

of renewable energy that is produced and then consumed by the desalination plant, here-
inafter referred to as the degree of self-consumption (DSC), Equation (29), and the pro-
portion of the demand of the desalination plant that is met by self-consumed renewable 
energy, hereinafter referred to as the degree of satisfied demand (DSD), as shown in Equa-
tion (30). DSC = Annual self-consumed renewable energyAnnual renewable energy produced  (29) 

DSD = Annual self-consumed renewable energyAnnual desalination plant demand  (30) 

With this strategy, the goal is to minimize the energy transition between the island’s 
grid system and the desalination plant’s electrical energy system. In addition, the propor-
tion of the generated annual renewable energy that is surplus energy injected into the 
grid, the surplus energy ratio (SER), was calculated using Equation (31). SER = Annual surplus energyAnnual renewable energy (31) 

Using the available hourly wind and photovoltaic generation data and the hourly 
electrical energy demand of the desalination plant, it is possible to adjust the electrical 
energy generation of the geothermal plant to the energy needs for each hour of the year. 
In this way, the hourly energy balance of the global system can be determined. 

2.8. Levelized Cost of Energy (LCOE) of the Diversified Renewable Generation System 
The LCOE for each of the renewable generation sources was calculated using Equa-

tion (32): LCOE = CAPEX · CRF + C୓&୑∑ E୧୘୲ୀଵ   (32) 

where 
• CAPEX: initial investment cost (in EUR); 
• CRF: capital recovery factor; 
• C୓&୑: annual operating and maintenance costs (in EUR/year); 
• T: total number of hours in a year (in h). 

The capital recovery factor, Equation (33), depends on the discount rate and the use-
ful life (economic lifetime) of the installation: CRF = r(1 + r)୐୲(1 + r)୐୲ − 1 (33) 

where 
• r: discount rate. A discount rate of 3% is considered a realistic value in stable macro-

economic situations; 
• Lt: lifetime of the installation (in years). In this study, a useful life of 25 years was 

taken for the geothermal plant [54] and the photovoltaic plants and of 20 years for 
the wind farm. 
The degree of the contribution of each renewable energy source differs according to 

instant “i”. For this reason, the LCOE value will differ for each instant and is calculated 
using Equation (34): 
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LCOE୧ = ∑ LCOE୨ · E୨୧ଷ୨ୀଵ∑ E୨୧ଷ୨ୀଵ  (34) 

where 
• LCOE୧: the mean levelized cost of renewable generation for instant “i” (in EUR/MWh); 
• LCOE୨: the mean levelized cost for renewable generation source “j” (geothermal, wind 

and photovoltaic); 
• E୨୧: energy generated by renewable source “j” in instant “i” (in MWh). 

Finally, the mean weighted annual LCOE is calculated using Equation (35): LCOEതതതതതതത = ∑ LCOE୧ · E୧୘୧ୀଵ∑ E୧୘୧ୀଵ  (35) 

where 
• LCOEതതതതതതത: the mean annual weighted cost for the diversified renewable generation sys-

tem (in EUR/MWh); 
• E୧: electrical energy generated in instant “i” by the diversified renewable generation 

system (in MWh). 

3. Results and Discussion 
3.1. Adapted Solution in the Design of the Geothermal Plant 

In the analysis of the different thermodynamic behaviours of the ORC for each of the 
three organic fluids considered, it was found that pentane achieved the best thermal effi-
ciency of the cycle and the highest enthalpy drop across the turbine (Figure 5). Pentane 
was therefore selected as the working fluid for the ORC, with an overall thermal efficiency 
obtained (see Equation (3)) of 13.2%. 

 
Figure 5. Enthalpy drop across the turbine and thermal efficiency of the cycle for pentane, butane, 
and isopentane. 

Table 8 shows the thermodynamic states of pentane in the ORC: 

Table 8. Thermodynamic states of pentane in the ORC. 

State T (°C) P (bar) h (kJ/kg) s (kJ/kg·°C) 
1 95.00 5.27 590.19 1.76 
2 52.23 0.69 526.55 1.79 
3 25.00 0.69 114.41 0.42 
4 25.20 5.27 115.34 0.42 
5 95.00 5.27 287.90 0.94 

Figure 6 shows the diagrams of temperature–entropy (T-s) and pressure–enthalpy 
(P-h) of the ORC using pentane as the working fluid. 
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Figure 6. (a) T-s diagram of the ORC using pentane as the working fluid; (b) P-h diagram of the 
ORC using pentane as the working fluid. Numbers 1 to 5 visualise the thermodynamic states of the 
the working fluid. 

3.1.1. Production Pump P-101 
The extraction of the geothermal water is performed via a single production well with 

steel piping of 350 mm in diameter in accordance with the transported flow [55]. A slotted 
cylindrical filter (S-101) is positioned at the deepest extraction point. 
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As explained in Section 2.3.1., the hydrostatic pressure of the aquifer is 185 bar [34]. 
Hence, the height of the geothermal water column is 1867.16 mWC. It was therefore de-
cided to position the submersible production pump at a depth of 132.84 m. The total man-
ometric head for the production pump is then 149.68 mWC. Given the maximum geother-
mal fluid mass flow rate of 280.56 kg/s and a 75% pump electrical efficiency, the produc-
tion pump consumes a power of 549.28 kW. The submersible, vertical, and multi-stage SJT 
pump of Sulzer [56] was considered the most suitable due to its geothermal water extrac-
tion capacity under the required flow rate and manometric head conditions. 
3.1.2. Reinjection Pump P-102 

Geothermal water reinjection is carried out via a single reinjection well with 350 mm 
diameter steel pipes. The total manometric head, which needs to be provided by reinjec-
tion pump P-102, is 128.42 mWC. According to the manufacturer (Sulzer), the horizontal, 
single-stage, radially split OHH process pump [57] is one of the most suitable for geother-
mal fluid reinjection. Its operating range allows it to work at the required pressure and 
flow rate for reinjection, and a decision was therefore made to select this pump to perform 
the injection process. Assuming an electrical efficiency of 75%, this pump consumes an 
electrical power of 471.28 kW. 
3.1.3. Preheater E-101 and Evaporator E-102 

From the energy balance equation with respect to the global heat exchange process 
in preheater E-101 and evaporator E-102 (Equation (13)), a pentane mass flow rate of 
104.62 kg/s is obtained on the basis of the maximum geothermal water mass flow rate of 
280.56 kg/s. 

Both preheater E-101 and evaporator E-102 are counterflow shell and tube exchang-
ers configured with two shell passes and four tube passes. Figure 7 represents the temper-
ature–heat (T-Q) diagram of the two heat exchangers. 

 
Figure 7. T-Q diagram of heat exchangers E-101 and E-102. Letters a, b, c, and numbers 1, 4, 5 visu-
alise the thermodynamic states of the geothermal fluid and the working fluid, respectively. 

3.1.4. Turbine ST-101 
The useful mechanical power delivered to the turbine shaft is 5793.05 kW. The pre-

designed Siemens D-R U steam turbine [58] was selected given its suitability for organic 
fluid expansion in the ORC. This multi-stage model with a single-valve inlet allows a max-
imum turbine speed of 10,000 rpm. 
3.1.5. Heat Dissipation System 

After analysing various wet, closed-circuit cooling tower catalogues, the S4 model of 
the MCC series of Torraval [59] was chosen with its cooling capacity of 1900 kW. As it was 
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necessary to dissipate a heat output of 43,116.89 kW (Equation (16)), a total of 23 cooling 
towers were required. The selected cooling tower works with a water flow rate of 29.4 l/s. 
A total mass flow rate of 676.2 kg/s of cooling water is therefore required , for which its 
temperature rises from 21.5 °C to 36.76 °C upon absorbing the heat yielded by the pentane 
in its condensation. 

Table 9 shows the psychrometric properties of the air that enters the cooling tower 
(state 9) and of the air that exits it (state 10), where the following is the case: 
• TDB: dry bulb temperature (in °C); 
• RH: relative humidity (in %); 
• TWB: wet bulb temperature (in °C) ; 
• ꙍ: humidity ratio (in kgw/kga) ; 
• h: enthalpy at saturation (in kJ/kga) ; 
• 𝑣: specific volume (in m3/kga). 

Table 9. Psychrometric properties of the air at the cooling tower’s inlet and outlet. 

Parameter State 9 State 10 
TDB 20.48 34.00 
RH 67.33 95.00 
TWB 16.49 33.24 ꙍ   0.0101 0.033 
h 46.30 117.92 𝑣  0.84 0.92 

From the cooling tower’s mass and energy balances (Table 2), it was observed that 
the mass air flow required by each cooling tower is 25.68 kg/s. Based on this value and 
assuming a static pressure drop of the circuit of 200 Pa [60] and a fan efficiency of 60%, 
the fan of each cooling tower absorbs a power of 6.91 kW under the described conditions. 

For its part, the impulse pump of each cooling tower consumes 4 kW to supply the 
water flow rate proposed by the manufacturer [59]. 
3.1.6. Process Pump P-104 

The mechanical work that pump P-104 provides for the pentane to complete its com-
pression process is 97.03 kW, which corresponds to a manometric head of 94.55 m. Adding 
the hydraulic losses in the tube and shell sections of heat exchangers E-101 and E-102, the 
total manometric head amounts to 106.83 m. Considering the flow rate of the working 
fluid and the total manometric head, the MegaCPK pump model of the manufacturer KSB 
[61] was selected. This single-stage radially split volute casing pump is suitable for pump-
ing organic products [61]. According to its operating curve, it has an efficiency of 84.7% 
for the aforementioned flow rate and manometric head, absorbing a power of 129.44 kW. 

It should be noted that the piping sections of the ORC, which transport the pentane 
in liquid and vapour states, have nominal diameters of 300 mm and 100 mm, respectively 
[62]. 

3.1.7. Net Electrical Power 
The gross electrical power is 5561.33 kW, equivalent approximately to the mean 

power of currently installed binary cycle geothermal plants [63]. 
The steam turbine shaft is coupled to a DIG156 alternator manufactured by AvK [64], 

which can generate an apparent maximum power of 7000 kVA at a frequency of 50 Hz 
and a voltage of 10 kV. 

The production and reinjection processes and process pumps, along with the fans 
and pumps of the 23 cooling towers, entail a total auxiliary consumption of 1400.91 kW, 
which results in a net electrical power of 4160.42 kW with respect to the geothermal plant. 
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3.2. Energy Balance 
The results obtained in the energy balance study show that the desalination plant has 

a total annual energy consumption of 49,435.14 MWh and that the diversified renewable 
generation system is able to produce 52,481.50 MWh, of which 28,954.64 MWh is from the 
wind farm, 1883.67 MWh is from the photovoltaic plants, and 21,643.19 MWh is from the 
geothermal plant, equivalent in the latter case to 5202.16 equivalent full load hours and a 
capacity factor of 59.4%. 

As can be seen in Table 10, the integration of the geothermal plant in the original 
renewable generation system increases the proportion of self-consumed renewable en-
ergy by the desalination plan, decreases the proportion of surplus renewable energy 
dumped into the island grid system, and significantly increases the renewable energy con-
tribution to satisfy demands. In the latter case, the contribution rises from 42% to 79% 
thanks to the operation of the geothermal plant at the maximum output at moments of 
low wind and photovoltaic generation, enabling a safe and stable supply to the desalina-
tion plant of a significant amount of renewable energy. These indicators show the im-
provement obtained via the integration of the geothermal plant in the new, diversified 
renewable generation system. 

Table 10. Indicators and energy ratios of the renewable generation system with and without geo-
thermal plant integration. 

Energy Indicator Without Geothermal  
Energy 

With Geothermal  
Energy 

Self-consumed energy (MWh/year) 20,771.43 39,029.69 
Energy surplus (MWh/year) 10,066.88 13,451.81 
Energy deficit (MWh/year) 28,663.71 10,405.45 

DSC 67.4% 74.4% 
DSD 42% 79% 
SER 32.6% 25.6% 

Figure 8 represents the results of the hourly energy balance of the system for a typical 
winter and summer day (based on the mean hourly values of the months of January and 
July, respectively). It can be seen for the typical winter day that both wind and photovol-
taic generation are never able to meet the desalination plant’s demand. However, the in-
tegration of the geothermal plant allows the adaptation of total renewable generation en-
ergy with respect to demands for a large part of the day and lowers the energy deficit 
during the night-time period due to the production increase in the desalination plant. It 
should also be noted that and photovoltaic generation coincides with low desalination 
plant consumption periods at midday peak wind, giving rise to the generation of an en-
ergy surplus, with the geothermal plant working at its established technical operating 
minimum. 

On a typical summer day, geothermal and wind generation are able to meet all the 
energy demand of the desalination plant during the night. However, desalination plant 
energy demand falls during the day, with photovoltaic generation entailing an additional 
contribution to the renewable generation of the system that results in a surplus energy 
generation (from 8:00 to 23:00), during which time the geothermal plant works at its es-
tablished technical operating minimum. 
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Figure 8. (a) Energy balance of the system on a typical winter day; (b) energy balance of the system 
on a typical summer day. The green area corresponds to energy surplus when renewable generation 
exceeds electricity demand, and to energy deficit in the opposite case. 

3.3. Economic Results 
Globally, mean capital investment costs (CAPEX) for onshore wind farms and pho-

tovoltaic plants fell by 35% and 92%, respectively, between 2010 and 2021 [65]. In both 
cases, the slope of this decrease is less marked in the last three years of that period. Ac-
cording to [65], the mean CAPEX value for onshore wind farms in Europe in 2021 was 
1623 USD/kW, with a range of values between the 5% and 95% percentiles of 1127 and 
2182 USD/kW, respectively. The mean CAPEX values also vary considerably from EU 
country to EU country. For Spain, the mean value in 2021 was estimated at 1100 USD/kW 
[65]. For the case study developed in the present paper, keeping in mind that the output 
of the wind farm is not high and hence the economy of scale cannot be fully taken ad-
vantage of, a slightly higher CAPEX benchmark value of 1200 EUR/kW was selected. 

With respect to photovoltaic plants, the mean CAPEX value for 2021 was 857 
USD/kW [65], with a range of values between the 5% and 95% percentiles of 571 USD/kW 
and 1982 USD/kW. For Spain, the mean value in 2021 was 916 USD/kW. Bearing in mind 
the specific capacity of the photovoltaic installations of the case study in the present paper, 
a CAPEX benchmark value of 1100 EUR/kW was selected. 

The mean CAPEX value for geothermal plants is high in comparison and has both 
increased and fallen between 2010 and 2021 [65]. This is because the mean value is deter-
mined by the low number of geothermal plants that are installed each year. In 2021, only 
11 geothermal plants were commissioned, with CAPEX values varying from 1978 
USD/kW to 6548 USD/kW, giving rise to a mean CAPEX value of 3991 USD/kW [65]. How-
ever, at least 8 of these 11 projects have a power over 10 MW and are based on flash-type, 
dry steam, and binary cycle technologies. Therefore, bearing in mind the type of 
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technology and power of the geothermal plant proposed in this paper, a decision was 
made to calculate the mean CAPEX value exclusively of the binary cycle geothermal 
plants with a power ranging between 1 and 10 MW and commissioned in the period of 
2018–2021. The resulting value is 5493 USD/kW [65]. Taking into account the extremely 
low implementation of geothermal plants in Spain, the CAPEX value of the geothermal 
plant of the present case study was set at 5800 EUR/kW. 

As for the operating and maintenance costs, considering the mean values obtained 
for 2021 in [65], values of 45 and 14 EUR/kW per year were established for wind and pho-
tovoltaic plants, respectively, of the present case study. The geothermal plant maintenance 
and operating costs were set at 110 EUR/kW per year [54]. 

Table 11 shows the LCOE for each renewable generation technology. 

Table 11. LCOE (EUR/MWh) for each renewable generation technology. 

Geothermal Plant Wind Farm Photovoltaic Plants 
85.17 38.19 32.77 

Taking into account the fact that the operating regime of the wind and photovoltaic 
installations depends on the potential of the resource at each instant and the operating 
hypothesis of the geothermal plant, the mean hourly LCOE of the diversified renewable 
generation system will vary depending on the hour of the day and the period of the year. 
Figure 9 shows the LCOE results for a typical winter and a typical summer day. It can be 
observed that on summer days, the LCOE is lower due to a higher contribution of wind 
and photovoltaic installations for satisfying demands. 

 
Figure 9. LCOE of the diversified renewable generation system for a typical winter and summer 
day. 

The mean annual weighted LCOE of the diversified renewable generation system is 
57.37 EUR/MWh. This value is significantly lower than the most recent official total cost 
of conventional generation on the island of Gran Canaria of 153.9 EUR/MWh [10]. 

4. Conclusions 
The integration of a 4.16 MW binary cycle geothermal plant, designed in the study 

developed in the present paper, in the original non-dispatchable renewable generation 
system (wind + photovoltaic) for supplying the energy needs of a high production capac-
ity SWRO desalination plant situated on the island of Gran Canaria (Spain) entailed a 37% 
increase (from 42% to 79%) in the renewable energy contribution for meeting the demand 
of the desalination plant and a 7% reduction in the proportion of surplus renewable en-
ergy dumped into the island’s grid system. 

The mean LCOE of the resulting diversified renewable generation system (geother-
mal + wind + photovoltaic) was 57.37 EUR/MWh, which is significantly lower than the 
cost of conventional electrical energy generation of 153.9 EUR/MWh in Gran Canaria. 



J. Mar. Sci. Eng. 2023, 11, 353 25 of 28 
 

 

The exploitation of geothermal energy and its implementation as a distributed, self-
consumption energy generation system entails an improvement in the stability and relia-
bility of the electrical energy supply due to its dispatchability. The integration of such 
systems should be considered in strategic plans in which an increase in the contribution 
of renewable generation for satisfying energy demands is projected, especially in insular 
and/or weak electrical systems. 
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Nomenclature 

Acronyms 

CF Capacity factor 
DSC Degree of self-consumption. See Equation (29) 
DSD Degree of satisfied demand. See Equation (30) 
EFLH Equivalent full load hours. See Equation (23) 
GWP Global warming potential 
LCOE Levelized cost of energy 
ODP Ozone depletion potential 
ORC Organic Rankine cycle  
RO Reverse osmosis 
SER Surplus energy ratio. See Equation (31) 
SWRO Sea water reverse osmosis 
Main variables 

h Specific enthalpy (in kJ/kg) 
H Manometric head (in mWC) mሶ ୥ୣ୭      Mass flow rate of the geothermal fluid (in kg/s) mሶ ୵୤        Mass flow rate of the working fluid (in kg/s) 
P Pressure (in Pa or bar) Pሶ୬ୣ           Net electrical power of the geothermal plant (in kW) 
RH Relative humidity (in %) 
s Specific entropy (in kJ/kg·°C) 
T Temperature (in °C) 
TDB Dry bulb temperature (in °C) 
TWB Wet bulb temperature (in °C) 
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𝑣           Specific volume (in m3/kga) ꙍ Humidity ratio (in kgw/kga) 
x Steam quality (in p.u.) 
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