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Abstract

:

This paper presents the design and analysis of an energy/water system that combines a 20 MW hybrid concentrated solar/biomass power plant with an advanced wastewater treatment facility. Designed to be installed in one of the most demanding areas of the Iberian Peninsula, the Spanish region of Andalusia, this plant seeks to provide the area with potable water and electricity. The solar block works with a mixture of molten salts, while the biomass backup system of the power plant uses olive pomace. The implementation of a direct potable reuse facility further enhances the sustainability of the project. Urban sewage from the region is collected and passed through a series of purification procedures in order to generate potable water ready to be directly blended into the water distribution system. A sensitivity analysis is conducted to determine the feasibility of the co-generation of electricity and water in the area. With a capacity factor of 85% and an annual operation of 7,446 hours, the hybrid solar/biomass power plant generates 148.92 GWh. Exergetic analyses have been realized for two extreme cases: exclusive use of the solar block and exclusive use of the biomass system. An overall plant exergetic efficiency of 15% is found when the solar block is used and an efficiency of 34% is calculated when the biomass support system is used. Following an economic analysis, a total investment of 211,526,000 € is required for the full implementation of the system with a resulting levelized cost of energy of 0.25 €/kWh. We find that the selling price of the generated potable water which makes the plant operation economically viable is found to be 14.61 €/m3. At present, this price seems relatively high in view of current conditions; yet it is expected to become more realistic under future heightened water scarcity conditions, especially in arid regions.






Keywords:


hybrid solar power plant; solar tower; biomass combustion; exergy analysis; economic analysis; potable water reuse












1. Introduction


Global economic progress, population increase, and the technological development of emerging countries lead to a constant growth in demand of water and energy [1]. It is undeniably true that water is a vital resource, fundamental to life and health. Access to water and sanitation requires the consumption of energy. The generation of energy, on the other hand, requires large amounts of water. In this way, water and energy are closely interrelated [2]. The future of global sustainability depends on the achievement of an optimized use of both resources that will provide a viable solution for future generations.



In recent years, the use of Renewable Energy Sources (RES) within the energy sector has been increasing, currently accounting for 13.7% of the global energy supply. At present, however, about 80% of all primary energy in the world is still derived from fossil fuels, namely 31.7% from oil, 28.1% from coal and 21.6% from natural gas [3]. Although great amounts of energy can be obtained from fossil fuels, their use has a high environmental impact. Continuous release of pollutants to the atmosphere leads to considerable environmental and health problems [4]. In addition, climate change linked to fossil fuel combustion presents an important long-term impact on the availability and quality of water worldwide [5].



Today, Hybrid Power Plants (HPP) play an important role in the future of sustainable energy generation. HPPs combine two or more energy resources, make use of existing infrastructure and aggregate new components to combine the advantages of the combined resources. They can thus lead to secure and continuous energy production, savings in combustibles and reduction of harmful emissions. It is common that at least one of the energy sources is renewable, though the priority is to choose the most efficient and reliable mix of energy technologies to satisfy the users’ needs. The combination of conventional thermal power plants with RES helps to transition away from fossil fuel use [6].



RES provide an alternative to fossil fuels and can help to mitigate greenhouse gas emissions and global warming [7]. Solar energy can be captured by means of two fundamental methods, photoreaction and heat, that can be combined in several ways to produce heat and electricity. Within these processes, Concentrating Solar Power (CSP) allows the collection of solar energy at relatively high working temperatures, resulting in better conversion efficiencies of heat into electricity [8]. CSP systems are based on the concentration of direct solar irradiance onto a specific area through mirrors or lenses that is then used to heat up the working fluid of the process. The harnessed energy by the working fluid is then directly or indirectly used to drive a steam turbine coupled to an electric generator [9]. Technologies used include parabolic troughs, Fresnel reflectors, parabolic dishes and solar towers [10]. Three major solar power plants can be found in the surrounding areas of Seville: PS10 and PS20, with water as working fluid, and Gemasolar with molten salts technology and 15 hours of storage facilities. PS10 is a plant with 11 MW of installed capacity and it consists of a solar field with 624 heliostats and a receiver tower of a height of 115 meters. PS20 and Gemasolar have an installed capacity of 20 MW and 19.9 MW, respectively [11].



There have been several studies on the coupling of CSPs with other conventional fuels or renewable energies in recent years in literature. A review of hybrid plant configurations involving CSP and fossil fuel was realized in 2012 by Sheu et al [12]. In that paper, solar–fossil fuel hybrids are classified by the authors into three general categories: combined cycles, solarized gas turbines and solar reforming. Examples of these categories include the Gemasolar solar plant in Spain [10] and the SEGS II-IX in California, both using natural gas backup for evaporation and superheating [13].



The integration of CSP with geothermal energy is another promising hybridization alternative. CSP-geothermal hybrids take advantage of the thermal energy beneath the surface of the Earth to produce electricity. The exact way to use this energy depends on the kind of the geothermal resource and the temperatures reached [14]. Located in Nevada (USA), Stillwater consists of a triple hybrid power plant that integrates 33.1 MW of geothermal energy with 26.4 MW of photovoltaic power and 2 MW of solar thermal capacity [15]. Furthermore, CSP–wind hybrids have been increasing their potential as an excellent renewable alternative for energy generation. Wind is available all over the world, and its low cost makes it attractive for hybridization processes [16]. However, the combination of wind energy with CSP is a field that has not being widely explored. This is primarily because the two renewable energies do not have great synergy in terms of successful share of infrastructure, contrary to other thermal energy sources [17].



Biomass also constitutes an attractive choice for the hybridization of CSP plants for continuous operation. Early proposals to combine CSP with waste materials using dish technology were briefly discussed in the 1980s but were not further considered for financial and technical reasons [18]. After approximately two decades the first operating commercial CSP-biomass plant, Termosolar Borges, was constructed in Lleida, Spain [6]. The plant has a capacity of 22.5 MW and an annual electrical production of 98,000 MWh. It has been in operation since December 2012, using the mature parabolic trough technology with thermal oil as the working fluid [19]. Despite the fact that biomass does not occupy a very significant place in the current renewable energy use in the country, especially if compared to wind and solar technologies, in 2011 biomass was used to generate 11.25% of the electricity in Spain [20]. Andalusia currently has a significant biomass wealth, largely originated from the olive cultivation and its surrounding industry. Olive oil industries produce 77.25% of the residual biomass, making the olive sector the greatest producer of biomass within this region [21]. At present, there are 18 electric biomass and cogeneration power plants in Andalusia with a total installed power of 257.48 MW and 19 biogas plants with 30.75 MW of power [22].



Several studies have analyzed the hybridization of parabolic trough plants with biomass [23,24,25]. Fresnel technology has also been investigated for the hybridization with biomass and other waste materials [24]. A significant advantage of these systems is the relatively high steam temperatures of up to 500 °C, which lead to higher conversion efficiencies. Nevertheless, no reference hybrid plants exist yet [25]. From the great variety of possible CSP-biomass hybridizations, solar tower and gasification have been reported to result in energy efficiencies of up to 33.2% [26]. However, no project has dealt with the use of these technologies within the same facility [27].



Increasing water demand, limited freshwater, and climate change make water reuse a necessary step to meet global water demand. Some recent studies on the combination of hybrid plants with desalination for water generation can be found in the literature [28,29,30]. In this work, the energy/water system is supported by a wastewater purification facility. Today, plans of wastewater management include not only the generation of sufficiently purified water to be returned to a natural water source, but also the further reuse of used water in downstream processes [31]. For this purpose, sewage undergoes different physical, chemical and biological processes to reduce pollutants according to its downstream use [32]. In the case of potable water, it is obtained by means of two fundamental procedures: Indirect (IPR) and Direct Potable Reuse (DPR) [33]. The major difference between these wastewater treatment plants (WWTP) is the use of an environmental buffer between the spillage and the collection point of water.



The Goreangab Reclamation Plant has been a pioneer in DPR [34]. The plant started operation in 1968 with the aim of averting water shortages in Windhoek, Namibia. However, throughout the years, its treatment train has been continuously evaluated and upgraded to find the most effective processes and barriers for safe drinking water [35]. More recent DPR projects include the Wichita Falls River Road and the Big Spring (2013) facilities, both located in Texas, USA [36]. The first began its operation in July 2014 as an emergency potable water supply in response to severe drought conditions. The latter has been operating since 2013, blending treated and raw water resources before their further processing and distribution within the region.



In Spain, renewable energy and water reclamation systems are increasing, not only due to technological developments but also due to the increase of political commitment and awareness of the population [37]. The Spanish energetic scenario has changed during the past years, evolving from a centralized generation system based on fossil energies, towards a more efficient system of distributed generation [38]. In terms of installed solar capacity, Spain had 1,950 MW shared among 43 facilities by the end of 2012. Most of the plants use parabolic troughs, while three plants use central receivers and one Fresnel reflectors [37]. However, the wider adoption of RES suffered a significant slowdown during several years, mostly as a consequence of the recent economic crisis and the technological immaturity and over-capacity of the system. It was only in 2018 that the renewable sector started to recover, driven by energy bids and costs reduction, which resulted in a 70% growth, with respect to 2007 [39]. The published Plan of Renewable Energy predicts that CSP plants will be generating 3% of the Spanish electricity by 2020 [40].



Furthermore, the lack of rain in Spain, along with the rising temperatures, has resulted in a reduction on the availability of freshwater reservoirs, leading to emergency levels especially in several areas of the Iberian Peninsula [41]. During the last decade, several aspects have enhanced the development of water reuse at the national level, primarily regulated by the Royal Decree 1620/2007 of December 7th [42]. This Decree establishes the basic quality requirements of water for different non-potable applications in Spain. Since 2008, the country has been working on the improvement of the treatment trains to meet current standards. Nowadays, the most common treatment trains in any reuse application in Spain include specific disinfection methods such as physical-chemical treatments followed by sand filtration together with ultraviolet (UV) radiation or chlorination [43].



The potential combination of hybrid power plants with water recycling can constitute a unique and innovative alternative for emerging energy/water global problems; yet an important research gap exists in this field. This paper studies the design, thermodynamic and economic characteristics of a system coupling a hybrid solar/biomass plant (20 MW central receiver power plant with a biomass support system) with an advanced wastewater treatment facility. It must be mentioned that this study constitutes a simplified, steady-state analysis that does not consider the hourly dynamic behavior of the plant. The main objective is to reveal the potential of the continuity of energy supply, the economic viability and the contribution of renewable energy through a detailed simulation and analysis of the proposed plant. This project is designed to be installed in Fuentes de Andalucía, a town located 57 km away from the Spanish province of Seville, to evaluate the viability of this kind of plants in one of the most water and energy demanding areas of the Iberian Peninsula. The solar block consists of a heliostats field that concentrates the incoming radiation towards a fixed receiver located at the top of a solar tower. Molten salts passing through the central receiver work as the heat transfer fluid collecting the thermal energy used to generate electricity. The biomass block, which serves as a backup facility, uses olive pomace.



Section 2 of this work describes the specific methodology followed to analyze the viability of the plant proposed, while Section 3 includes the overall description of all subsystems comprising the CSP-biomass plant and water reclamation facility. Ultimately, Section 4 presents and discusses the results obtained with the aim to evaluate this kind of large-scale engineering projects.




2. Methodology


2.1. Exergetic Analysis


In contrast to energy, exergy can be destroyed or lost. An exergetic analysis is a helpful tool in the evaluation of energy conversion systems because it reveals the main sources of inefficiencies in a component or a process. Basic exergy definitions and other relevant aspects of this analysis are presented in [44].



The exergetic efficiency (%) of a component or a process, ε, is defined as:


  ε =     E ˙  P      E ˙  F     



(1)







The exergy of the product (    E ˙  P   ) is the desired outcome from the operation of the specific component or system. The exergy of the fuel (    E ˙  F   ) is the input required to generate the final product.



The exergy of solar power in the case of thermosolar plants is calculated applying the following equation [45]:


    E ˙  S  =   Q ˙  S  ·  Ψ S  =    A  R e f l   · D N I   ·  Ψ S   



(2)




where,     Q ˙  S      is the heat flow rate (W) that reaches the solar field, defined by the DNI    (   W   m 2     )    and the heliostats reflective surface    A  R e f l     (  m 2  )  .    Ψ S    is the ratio between exergy and energy calculated as:


   Ψ S  =    [  1 −  4 3     (     T a     T s     )  +  1 3       (     T a     T s     )   4   ]   



(3)




where,    T a    is the ambient temperature and    T s    is the apparent black body temperature of the sun (5600 K).




2.2. Economic Analysis


The economic analysis is realized using the method of the Total Revenue Requirement (TRR). First, the Fixed Capital Investment (FCI) of the plant is estimated and specific assumptions for the analyzed scenario are taken from [11,46]. To calculate the cost of a component based on a reference component of a different capacity, we use Equation 4. The calculation is based on a scaling exponent, α, which remains constant within a given size range and takes values lower than unity [44].


   C  P E , 1   =  C  P E , 2   ·    (     X 1     X 2     )       α     



(4)







The calculated costs are scaled to the reference year (2018) by means of the chemical engineering plant cost index (CEPCI), as published in the Chemical Engineering Magazine [46].


   C  r e f   =  C  c a l c   ·   I n d e  x  r e f     I n d e  x  c a l c      



(5)







The Levelized Cost of Electricity (LCOE) compares unitary costs over the economic life of energy systems. The LCOE is calculated in    €  k W h       using Equation (6) and includes the TRR over the 20 years of the plant life and the total energy generation (   E  g e n    ). The TRR contains the required initial investment (   C  c a p i t a l    ), the cost of fuel (   C  f u e l    ) and the operation and maintenance costs (   C  O & M    ) in current euros. For its part, the total energy generated is calculated taking into account the capacity factor of the plant (   C f   ), the working hours (  t )  , and the total amount of power generated over this period of time (   P  g e n   )   [47].


  L C O E =   T R R    E  g e n     =    C  c a p i t a l   +  C  O & M   +  C  f u e l        C f  · t ·  P  g e n      



(6)







Currently, no reliable approaches for the calculation of the costs of wastewater treatment systems have been published in the literature. A mathematical model based on the Levenberg-Marquardt algorithm and the SigmaPlot Version 12.0 software has been used here to synthesize cost results for general applicability [48]. In this way, we can establish a relationship between the treatment technologies and the costs within the water reclamation facility. To fit the available cost data adequately over several orders of scale of systems, a logarithmic variant of Williams’ law has been applied [49].




2.3. Sensitivity Analysis


For the purpose of this work, we realize a sensitivity analysis to determine the level of feasibility of the proposed project. Equation (7) is used as an indicator of the maximum required price of water that will make the proposed advanced plant economically viable.


  P r i c  e w  ≥   P r i c  e e   (   €  k W h    )  · E n e r g  y  n e t      (  k W h  )    M a s  s w     (   m 3   )     



(7)







To carry out this analysis, several parameters are required, including the net amount of energy generated and the part of electricity required to purify sewage. The energy requirements for each advanced treatment by volume of water is calculated by means of equations published [50]. The aim of the plant is to supply potable water to the same amount of people it provides electricity to. The net energy is calculated then by the difference between the total amount of energy generated within the HPP and the total amount of energy required to treat the wastewater. The price of electricity assumed for this analysis is that of Spain with an average current value of 0.13 €/kWh [51]. Thus, the final price of water depends on the treated water capacity of the reclamation plant and the resulting energy required to carry out the purification process.





3. Simulations


3.1. CSP-Biomass Power Plant


The CSP-biomass HPP is modelled using the commercial software EBSILON® Professional. This tool is designed for power plant and thermodynamic process analysis. The software allows access to a large set of component libraries and input variables to describe in detail the working characteristics of the modelled system.



The system simulation flow diagram is shown in Figure 1. The solar energy system includes the central receiver, the solar tower and the heliostats field. The solar field uses 110 ha and it is composed of 1458 mirrors made of high reflective glass. The heliostats have a rectangular design of 120 m2 and an average reflectivity of 0.9 that lead to a total reflective area of 174,960 m2 [11]. The solar plant requires specific meteorological data, such as the Direct Normal Irradiance (DNI) and the ambient temperature. These data are obtained from previous studies that report an average irradiance in Seville of 850 W/m2 and an ambient temperature of 20 °C [52].



The cylindrical receiver is located at an optical height of 127 m and has a thermal power of 100 MWth at the design point. A mixture of 60% sodium nitrate (NaNO3) and 40% potassium nitrate (KNO3) molten salts is used as the working fluid to capture and transfer heat from the solar receiver [10]. The salts work as a high-temperature fluid and as a cooling fluid for the receiver. The inlet and outlet temperatures of the molten salts are 290 and 565 °C, respectively. This results in a mean wall temperature of the receiver of 480 °C. The thermal storage system consists of two tanks of different temperatures from where the molten salts are pumped either towards the steam generator or the receiver. The thermal storage has a total capacity of 600 MWh, providing an autonomy of up to 4 hours.



Once heated, the molten salts are led from the hot storage tank to the power block. There, it flows through different heat exchangers to generate steam and passes through the turbine of the plant. The steam turbine turns thermal energy into mechanical energy driving a generator that converts mechanical energy into electricity. The steam leaving the turbine goes through a condenser to be converted to its initial liquid state and complete the cycle.



The supporting biomass system consists of a biomass boiler fired with olive pomace, which enables plant operation during periods of solar absence or low levels of thermal energy in the storage tanks. In this work, it is assumed that olive pomace is instantly available, already dry with about 10% moisture and is ready to be introduced into the boiler at any point in time. Selected operating parameters for the power block can be seen in Table 1. These values are based on existing reference plants and technical reports concerning similar hybridization projects [51,52,53].




3.2. Wastewater Treatment Plant


Part of the electricity generated in the HPP is used to run the proposed WWTP that aims to provide the region with drinking water. The wastewater treatment train is shown in Figure 2. Wastewater is collected and guided towards the treatment plant, where it undergoes a series of physical, biological and chemical procedures during the first stage of the purification process. First, primary settling takes place eliminating any suspended solids using gravity, enhanced by the action of coagulants and flocculants [32]. Then, a membrane bioreactor removes organic and nitrogen constituents of wastewater [50]. On the completion of these treatments, the water is put in waste stabilization ponds for about 3–4 days, where pathogenic microorganisms and certain nutrients are removed by means of natural procedures.



After these conventional procedures, more advanced operations are required to fulfill the established water quality requirements suitable for human consumption. These include ozone disinfection for bacteria and viruses inactivation, as well as algae control [53]. In the next step, Biological and Granular Activated Carbon (BAC & GAC) polish water by means of several filters that remove as much organic load as possible [54]. Then, reverse osmosis (RO) reduces disinfection byproducts, salt concentration and removal of dissolved organic carbon [55]. Ultraviolet radiation constitutes an effective key stage against multiple pathogens and other bacterial illnesses. Chlorination dosage is the final disinfection barrier for the ultimate inactivation of pathogens [56]. Finally, the purified water is returned to the potable supply system without the need for an environmental buffer. It is assumed that the plant is operated and closely monitored to avoid failures within the different disinfection stages. In the event of an error, the water is rejected or recirculated to the beginning of the treatment train.





4. Results


4.1. Exergetic Analysis


Having assumed 850 W/m2 of DNI at Fuentes de Andalucía and an ambient temperature of 20 °C, the solar exergy received at the solar field is 138 MW. For the system under consideration, the exergetic efficiencies of the plant components are shown in Table 2. Specific properties for each stream of the power plant simulation can be found in Table A1 and Table A2 of the appendix of the paper. According to the data obtained, it is noticed that the exergetic efficiencies of the majority of the power plant components generally exceed 80%.



The highest exergy destruction is calculated in the biomass combustor, mainly due to the chemical reaction taking place there. Part of this exergy destruction can be avoided by preheating the reactants and by reducing the excess air. Another significant source of irreversibilities is the heat transfer between streams with high temperature differences. Such is the case of feedwater preheaters which tend to have lower exergy efficiencies, as a result of the high temperature difference between the steam turbine extractions and the water streams. Although the condenser is characterized by a relatively high exergy destruction, it is required to increase the total performance of the remaining plant components and allow lower pressures at the exit of the turbine.



The overall solar efficiency of the power plant reaches a value of 15%, a value slightly lower when compared to other concentration technologies [57]. However, this value is enhanced by the use of thermal storage which provides autonomy to the plant and guarantees robust operation. Although a large part of the irreversibilities cannot be avoided, as in the case of the combustion process, actions can be incorporated to mitigate these effects. Further improvements can be achieved with the development of solar technology. In the coming years, advances within components and working fluids are expected to increase the total efficiency of power plants.




4.2. Economic Analysis


The total net capital investment of the proposed project including the hybrid solar/biomass and wastewater plants reaches the 211,526,743.00 €. Adjusting the calculations require the use of scaling exponents ranging from 0.8 to 0.9 depending on the component. The estimated costs are shown in Table 3. Required investment for other projects of the same magnitude, such as the Gemasolar power plant at the same location and with similar operational characteristics, are of a comparable scale [58]. The final investment calculated here is somewhat higher as a consequence of the hybridization of the plant and the implementation of the water reuse technologies [50].



The solar plant is responsible for an important part of the total investment of the power plant. This is mainly due to the heliostat field and the solar tracking system of the mirrors. To ensure good tracing of the solar position and adequate rigidity of the components, a solar tracker and a metal structure are needed for each heliostat. Conditioning tasks to accommodate the plant, as well as required foundations for its proper assembly are also included in the cost calculations.



Another subsystem with great impact on the final investment of the power plant is the system converting the solar radiation into thermal energy. The solar tower presents significant particularities when compared to other technologies. The solar receiver constitutes an essential element of the system and it must be placed at a considerable height from the ground. This leads to higher investment costs on both materials and construction, when compared to other solar technologies. Furthermore, the pumping of the molten salts to reach the height of the receiver requires powerful equipment within the salts mechanical system.



Despite the great number of additional operational hours achieved with the thermal storage, its incorporation into the plant causes a significant increase in the investment cost. Thermal energy is stored within two insolated storage tanks with different temperatures. Vertical pumps are also required for each tank to drive the fluid towards the fixed receiver and steam generator. These costs are included in the cost calculations of the mechanical system of the solar energy conversion system.



To calculate the required investment for the wastewater treatment train, the equations presented in the methodology are applied. The calculated costs for the facility are significant, due to the application of expensive wastewater treatment methods with relatively new purification techniques.



The LCOE shows the relation between the TRR and the total amount of generated electricity over the assumed 20 years of the plant economic life. Using Equation 6, a LCOE of 0.25 €/kWh is calculated for the plant with a TRR of 738,740,000 € and a capacity factor of 85%. This cost is found to be comparable with reported levelized cost of CSP technologies with a thermal storage of up to 4 hours (0.22 €/kWh) [59]. The slightly higher calculated LCOE in this work is associated with the additional use of biomass. It should finally be mentioned that the calculatedd LCOE does not include the gain from selling the water generated in the water reclamation plant, which strongly depends on regional and water-availability issues.




4.3. Sensitivity Analysis


The final acceptable price of water that constitutes out plant economically viable depends on the treated water capacity of the reclamation plant and the resulting energy required to carry out the whole purification process.



We seek to supply with potable water the same amount of people we provide electricity to, i.e., 27,500 homes. At present, the average daily water consumption in Spain is 132 liters/inhabitant/day. In the view of the above, a total treated water capacity of 3,630 m3/day is assumed at the reclamation plant. In accordance to the aforementioned specific treatment train and the total water capacity, a final value of 1.84 MWh/day is required. Another significant data point for the correct calculation of this analysis is the price of electricity. Here, we assume that of Spain, with a value of 0.13 €/kWh. If part of the generated electricity in the HPP is used to run the water reclamation plant, the selling price of drinking water is finally found to be 14.61 €/m3.



To be regarded as a viable proposal under current conditions, either the necessary energy for water production or the price of electricity should be reduced, since the actual price of water in Spain is 1.66 €/m3 [60]. Despite this, future water scarcity and climate change are expected to considerably increase the value of water, especially in arid areas with low reserves of water resources. Consequently, although this calculated price seems high today, it might become more realistic in the future.





5. Conclusions


The management of water and energy resources will face new challenges in the future due to increasing demand, the depletion of traditional energy sources and their environmental consequences, and increasing water scarcity. Within this context of great pressure on vital resources, climate change adds an additional level of complexity. The introduction of renewable solutions is thus essential for the achievement of short and mid-term sustainable objectives.



This work presented the simulation and analysis of a 20 MW hybrid solar/biomass power plant combined with an advanced wastewater facility for a region in the province of Seville, Spain. The plant used molten salts as the working fluid and included two thermal storage tanks of a total capacity of 600 MWh for operational autonomy of up to 4 hours. The biomass combustor was used as an auxiliary system, in the event of limited solar radiation or inadequate thermal energy in the storage tanks. The water treatment plant consisted of a direct potable reuse system with the objective of treating urban sewage and producing clean water for the selected region. The specific treatment train consisted of physical, biological and chemical procedures including membrane bioreactors, ozonization, biological and granular activated carbon, reverse osmosis, ultraviolet radiation and chlorination.



We found that the biomass combustor had the highest exergy destruction among all plant components due to the chemical reaction taking place there. Some heat exchangers, such as the feedwater preheaters, also display relatively low exergetic efficiencies due to the mixing of streams with great temperature differences. The full-load global exergetic efficiency of the power plant is found to be 15% when the solar part is used and 34% when the biomass support system is required. The net capital investment required for the construction and implementation of the plant was found to be 211,526,000 €. This cost included both the hybrid power plant with thermal storage and the required advanced treatment technologies used to supply the region with potable water. The levelized cost of electricity of the combined plant was found to be 0.25 €/kWh, a value somewhat higher than existing solar tower power plants. Lastly, a sensitivity analysis of the water reclamation plant was conducted in order to evaluate the feasibility and viability of the project. The required selling price of the generated potable water was found to be 14.61 €/m3. Accounting for present conditions, this cost is considered relatively high. However, foreseen future water limitations are expected to drive water prices up, especially in arid regions with intense lack of water resources. In essence, the combination of renewable energy plants with water generation processes will provide a valuable and profitable alternative for local communities to create environmentally safe facilities with continuous and stable power supply and the additional sustainable management of fresh water resources.
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Nomenclature




	BAC
	Biological Activated Carbon



	CEPCI
	Chemical Engineering Plant Cost Index



	CSP
	Concentrated Solar Power



	DPR
	Direct Potable Reuse



	DNI
	Direct Normal Irradiance



	FCI
	Fixed Capital Investment



	GAC
	Granular Activated Carbon



	HPP
	Hybrid Power Plant



	IPR
	Indirect Potable Reuse



	LCOE
	Levelized Cost of Electricity



	RES
	Renewable Energy Sources



	RO
	Reverse Osmosis



	TRR
	Total Revenue Requirement



	UV
	Ultraviolet Radiation



	WWTP
	Wastewater Treatment Plant
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Table A1. Solar plant stream results.






Table A1. Solar plant stream results.





	Stream Number
	Mass Flow (kg/s)
	Temperature (°C)
	Pressure (bar)
	Enthalpy (kJ/kg)
	Entropy (kJ/kg·K)
	Quality (x)





	5
	119.53
	565.00
	1.00
	845.22
	1.67
	0



	6
	119.53
	565.00
	1.00
	845.22
	1.67
	0



	7
	119.53
	565.00
	1.01
	845.23
	1.67
	0



	8
	59.77
	565.00
	1.01
	845.23
	1.67
	0



	9
	59.77
	565.00
	1.01
	845.23
	1.67
	0



	10
	59.77
	428.29
	1.01
	635.67
	1.39
	0



	11
	59.77
	493.70
	1.01
	735.53
	1.53
	0



	12
	119.53
	461.07
	1.01
	685.60
	1.46
	0



	13
	119.53
	337.80
	1.01
	498.73
	1.19
	0



	14
	119.53
	290.00
	1.01
	426.96
	1.06
	0



	15
	119.53
	290.00
	1.00
	429.96
	1.06
	0



	16
	119.53
	290.92
	21.99
	428.34
	1.06
	0



	17
	15.51
	155.00
	136.00
	661.83
	1.88
	0



	18
	15.51
	276.37
	133.28
	1,214.91
	3.01
	0



	19
	15.51
	332.80
	133.28
	2,655.01
	5.41
	1



	20
	15.51
	545.00
	126.00
	3,462.47
	6.61
	1



	21
	15.38
	545.00
	33.25
	3,555.23
	7.31
	1



	22
	15.38
	360.01
	35.00
	3,128.95
	6.70
	1



	26
	15.51
	545.00
	126.00
	3,462.47
	6.61
	1



	27
	15.38
	360.01
	35.00
	3,128.95
	6.70
	1



	28
	0.13
	360.01
	35.00
	3,128.95
	6.70
	1



	29
	15.38
	360.01
	30.00
	3,555.23
	7.36
	1



	30
	13.63
	298.07
	4.50
	3,061.88
	7.50
	1



	31
	1.75
	298.07
	4.50
	3,061.88
	7.50
	1



	32
	12.97
	81.04
	0.40
	2,646.38
	7.70
	1



	33
	0.66
	81.04
	0.40
	2,646.38
	7.70
	1



	34
	12.97
	45.81
	0.10
	2,477.29
	7.81
	0.96



	35
	341.13
	20.00
	1.01
	84.01
	0.30
	0



	36
	341.13
	40.81
	0.51
	170.95
	0.58
	0



	37
	13.63
	45.81
	0.10
	191.81
	0.65
	0



	38
	13.63
	45.85
	4.60
	192.38
	0.65
	0



	39
	0.66
	45.81
	0.10
	204.55
	0.69
	0.01



	40
	0.66
	48.85
	0.40
	204.55
	0.69
	0



	41
	13.63
	47.16
	4.55
	197.86
	0.67
	0



	42
	0.66
	75.86
	0.40
	317.57
	1.03
	0



	43
	13.63
	74.16
	4.50
	310.77
	1.01
	0



	44
	15.51
	147.91
	4.50
	623.22
	1.82
	0



	45
	15.51
	150.14
	136.10
	641.07
	1.83
	0



	46
	0.13
	147.91
	4.50
	647.65
	1.88
	0.01



	47
	0.13
	153.14
	35.00
	647.65
	1.87
	0



	48
	0.13
	242.56
	35.00
	1,049.76
	2.73
	0



	49
	15.51
	150.93
	136.05
	644.43
	1.84
	0



	50
	15.51
	155.00
	136.00
	661.83
	1.88
	0
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Table A2. Biomass stream results.






Table A2. Biomass stream results.





	Stream Number
	Mass Flow (kg/s)
	Temperature (°C)
	Pressure (bar)
	Enthalpy (kJ/kg)
	Entropy (kJ/kg·K)
	Quality (x)





	1
	46.74
	20.00
	1.00
	20.30
	6.92
	1



	2
	46.74
	22.82
	1.03
	23.16
	6.92
	1



	3
	3.52
	20.00
	1.03
	21.35
	0.43
	0



	4
	49.96
	170.00
	1.03
	178.98
	7.41
	1



	23
	14.65
	390.00
	35.00
	3,199.80
	6.81
	1



	24
	14.77
	580.00
	126.00
	3,552.96
	6.72
	1



	25
	14.65
	580.00
	30.00
	3,637.42
	7.46
	1



	28
	0.12
	390.01
	35.00
	3,199.80
	6.81
	1



	30
	13.02
	326.05
	4.50
	3,119.54
	7.60
	1



	31
	1.63
	326.05
	4.50
	3,119.54
	7.60
	1



	32
	12.40
	100.18
	0.40
	2,684.03
	7.80
	1



	33
	0.62
	100.18
	0.40
	2,684.03
	7.80
	1



	34
	12.40
	45.81
	0.10
	2,511.16
	7.92
	0.97



	35
	330.89
	20.00
	1.01
	84.01
	0.30
	0



	36
	330.89
	40.81
	0.51
	170.95
	0.58
	0



	37
	13.02
	45.81
	0.10
	191.81
	0.65
	0



	38
	13.02
	45.85
	4.60
	192.38
	0.65
	0



	39
	0.62
	45.81
	0.10
	204.55
	0.69
	0.01



	40
	0.62
	48.85
	0.40
	204.55
	0.69
	0



	41
	13.02
	47.14
	4.55
	197.78
	0.67
	0



	42
	0.62
	75.86
	0.40
	317.57
	1.03
	0



	43
	13.02
	74.16
	4.50
	310.77
	1.01
	0



	44
	14.77
	147.91
	4.50
	623.22
	1.82
	0



	45
	14.77
	150.14
	136.10
	641.07
	1.83
	0



	46
	0.12
	147.91
	4.50
	647.65
	1.88
	0.01



	47
	0.12
	153.14
	35.00
	647.65
	1.87
	0



	48
	0.12
	242.56
	35.00
	1,049.78
	2.73
	0



	49
	14.77
	150.91
	136.05
	644.34
	1.84
	0



	51
	14.77
	155.00
	136.05
	661.83
	1.88
	0



	52
	0.30
	850.00
	1.03
	898.00
	1.42
	0
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Figure 1. Diagram of the reference HPP. 
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Figure 2. Wastewater treatment train. 






Figure 2. Wastewater treatment train.



[image: Applsci 09 04989 g002]







[image: Table] 





Table 1. Power block operational parameters.






Table 1. Power block operational parameters.





	Ambient Air



	20 °C, 1 bar, 80% relative humidity

Composition (mol%): N2 (77.3), O2 (20.73), CO2 (0.03), H2O (1.01), Ar (0.93)



	Fuel



	3.52 kg/s, 20 °C, 1.029 bar, LHV=16.4 MJ/kg

Olive pomace composition (mol%): C (52.5), O (39.53), H (7.1), N (0.8), S (0.07)



	Biomass Auxiliary System



	Compressor: isentropic efficiency: 85.0%, mechanical efficiency: 99.0%, pressure ratio: 1.03



	Steam Cycle



	HRSG: 1 reheat stage, 1-pressure-level: 1.007 bar

HRSG pressure drop: hot side: 7 mbar, cold side: 2%

SH, ECON: ∆Tmin: 20 °C, SH steam pressure: 126 bar

EVAP: approach temperature: 276 °C, ∆Tpinch-point: 5 K, saturation pressure: 133.28 bar

Live steam temperature: 545 °C

Steam turbine isentropic efficiency: HP (86.0%), IP (86.0%), LP (82.0%)

Condenser operating pressure: 0.1 bar

Pumps: efficiency 80.0% (incl. motors and mechanical efficiency: 99.8%)

Cooling water temperature: 20 °C
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Table 2. Exergetic efficiencies of power plant components.






Table 2. Exergetic efficiencies of power plant components.





	

	
Stream Balances

	
Stream Values (kW)

	




	
Component

	
    E P    

	
    E F    

	
    E P    

	
    E F    

	
ε (%)






	
Air Compressor

	
     E ˙  2  −   E ˙  1    

	
   W ˙   

	
114.98

	
139.58

	
82.38




	
Biomass Combustor

	
     E ˙   24   −   E ˙   51   −   E ˙   25   −   E ˙   23     

	
     E ˙   B i o m a s s     

	
26,979.72

	
63,536.00

	
42.46




	
Pump 1

	
     E ˙   38   −   E ˙   37     

	
   W ˙   

	
6.41

	
8.02

	
79.89




	
Pump 2

	
     E ˙   45   −   E ˙   44     

	
   W ˙   

	
240.87

	
286.45

	
84.09




	
HPST

	
   W ˙   

	
     E ˙   26   −   E ˙   28   −   E ˙   27     

	
5,200.00

	
5,542.65

	
93.82




	
IPST 1

	
   W ˙   

	
     E ˙   29   −   E ˙   31   −   E ˙   30     

	
7,600.00

	
8,199.54

	
92.69




	
IPST 2

	
   W ˙   

	
     E ˙   30   −   E ˙   33   −   E ˙   32     

	
5,600.00

	
6,384.02

	
87.72




	
LPST

	
   W ˙   

	
     E ˙   32   −   E ˙   34     

	
2,100.00

	
2,605.15

	
80.61




	
FWH 1

	
     E ˙   43   −   E ˙   38     

	
     E ˙   33   −   E ˙   40     

	
289.91

	
347.95

	
83.32




	
FWH 2

	
     E ˙   50   −   E ˙   45     

	
     E ˙   28   −   E ˙   47     

	
115.39

	
151.13

	
76.35




	
Economizer

	
     E ˙   18   −   E ˙   17     

	
     E ˙   13   −   E ˙   14     

	
3,421.20

	
4,024.58

	
85.01




	
Evaporator

	
     E ˙   19   −   E ˙   18     

	
     E ˙   12   −   E ˙   13     

	
11,414.47

	
12,880.55

	
88.62




	
Superheater

	
     E ˙   20   −   E ˙   19     

	
     E ˙  8  −   E ˙   10     

	
7,080.78

	
7,621.87

	
92.90




	
Reheater

	
     E ˙   21   −   E ˙   22     

	
     E ˙  9  −   E ˙   11     

	
3,787.17

	
4,105.00

	
92.26




	
Cold Pump

	
     E ˙   16   −   E ˙   15     

	
   W ˙   

	
163.76

	
170.45

	
96.07




	
Hot Pump

	
     E ˙   7   −   E ˙   6     

	
   W ˙   

	
0.1195

	
0.125

	
95.62











[image: Table] 





Table 3. Purchased equipment costs.






Table 3. Purchased equipment costs.





	
Component

	
Investment (€)






	
Solar Energy Capture System




	
Mirrors

	
1,995,924.00




	
Metal Structure

	
13,971,469.00




	
Solar Tracker

	
9,702,409.00




	
Land Movement

	
1,746,434.00




	
Foundations

	
1,164,289.00




	
Assembly

	
3,326,540.00




	
Assembly Unit

	
831,635.00




	
Solar Energy Conversion System




	
Working Fluid (Molten Salts)

	
82.00




	
Solar Tower Receiver

	
21,361,270.00




	
Mechanical System

	
2,967,182.00




	
Fire Protection

	
513,355.00




	
Inertisation System

	
285,197.00




	
Solar Tower Construction

	
3,497,735.00




	
Thermal Energy Storage System




	
Transfer System: Tanks & Pipes

	
2,813,946.00




	
Initial Filling System

	
268,085.00




	
Construction

	
671,164.00




	
Power Block




	
Air Compressor

	
970,173.00




	
Biomass Combustor

	
1,196,008.00




	
Economizer

	
414,050.00




	
Evaporator

	
2,947,812.00




	
Superheater

	
482,861.00




	
Reheater

	
1,021,964.00




	
Deaerator

	
14,728.00




	
Condenser

	
487,326.00




	
Pump 1

	
8,890.00




	
Pump 2

	
60,934.00




	
HSPT

	
1,365,160.00




	
IPST

	
5,237,489.00




	
LPST

	
1,102,629.00




	
FWH 1

	
650,061.00




	
FWH 2

	
26,197.00




	
Water Reuse Technologies




	
Membrane Bioreactor

	
10,446,739.00




	
Ozonization

	
78,849.00




	
BAC & GAC

	
1,810,718.00




	
Reverse Osmosis (RO)

	
1,931,911.00




	
Ultraviolet Radiation (UV)

	
112,469.00




	
Chlorination

	
20,731.00












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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