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a b s t r a c t A model is developed for an existing organic Rankine cycle (ORC) utilizing a low-temperature geothermal brine including the performance characteristics of the components. The model is validated with a set of 7200 operation data collected in one-year. The operation of the ORC is optimized allowing for variable number of working turbines. The developed model is retroﬁtted with a low-temperature solar trough system. A new hybridization strategy is developed that achieves a signiﬁcant boost in the net output power of the system compared to the geothermal ORC. This hybridization approach enables better extraction of geothermal energy. The hybrid system shows higher second-law efﬁciency (up to 3.4% difference) compared to combined individual geothermal and solar systems. With this hybridization approach, the hybrid system is a better option than individual geothermal and solar system at all ambient temperatures. Ó 2014 Elsevier Ltd. All rights reserved.



1. Introduction Access to clean, affordable and reliable energy has been a cornerstone of the world’s increasing prosperity and economic growth since the beginning of the industrial revolution. Our use of energy in the twenty-ﬁrst century must also be sustainable [1]. The renewable energy resources have received enormous interest in the last ⇑ Corresponding author at: RWTH Aachen University, AVT Process Systems Engineering (SVT), 52056 Aachen, Germany. Tel.: +492418094704. E-mail addresses: [email protected] (H. Ghasemi), [email protected]. edu (A. Mitsos). http://dx.doi.org/10.1016/j.apenergy.2014.06.010 0306-2619/Ó 2014 Elsevier Ltd. All rights reserved.
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decade due to their potential of sustainability. Of particular interest are the medium and low temperature resources due to their ubiquitous availability. The organic Rankine cycle (ORC) is one of the promising cycles used to obtain electricity from various thermal energy resources such as solar, biomass and geothermal [2–14]. Among these energy resources, geothermal energy is an important component for transition to renewable energy sources. This source of energy is cheap, sustainable, and dispatchable. Furthermore, it has the same potential as the global energy need [15–21]. Each energy resource has its own strengths and weaknesses. Hybridization of renewable energy resources is an approach to compensate
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Nomenclature Latin _ m q_ sol V_ _ W e1 e2 e3 e4 e5 e6 ff fp hfg rg w x ACC DNI GB ORC P s T WF



mass ﬂow rate (kg/s) thermal energy input by the solar trough to ORC volumetric ﬂow rate (m3/s) power (kW) shadowing parameter tracking error geometry error dirt on mirror dirt on receiver random error drive frequency of fan (rpm) drive frequency of pump (rpm) speciﬁc enthalpy of vaporization (J/kg) ratio of mass ﬂow rate in the geothermal vaporizer speciﬁc work (J/kg) speciﬁc exergy (J/kg) air-cooled condenser direct normal insolation geothermal brine organic Rankine cycle pressure (kPa) speciﬁc entropy (J/(kg K)) temperature ( C) working ﬂuid



DgII DP pump DT p DT tu



gs gII;g gII-H gI qm s



the incremental second-law efﬁciency pressure rise by the pump (kPa) pinch at the vaporizer ( C) superheat at inlet of turbine ( C) isentropic efﬁciency of turbine geothermal efﬁciency (modiﬁed second law efﬁciency of cycle) second-law efﬁciency of the hybrid system thermal efﬁciency (ﬁrst law efﬁciency of cycle) clean mirror reﬂectance transmittance of glass



Superscript GB geothermal brine L liquid sat saturation V vapor WF working ﬂuid air air Subscripts max maximum min minimum amb ambient pa parasitic tu turbine
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absorptance of pipe additional energy extracted from the geothermal source



the drawbacks of an individual system with the other one. The optimal hybridization strategy depends on the type of the energy resources combined [22]. The critical question in any hybridization approach is: Does hybrid system perform better than the linear combination of the involved individual systems? Here, we focus on an existing ORC power plant utilizing a low-temperature geothermal brine and we hybridize this ORC with a low-temperature solar trough system. The solar system can be incorporated into the system into two ways: (1) heating conﬁguration to provide more thermal energy in heating section of working ﬂuid of ORC and/or (2) cooling conﬁguration to be incorporated in an absorption chiller system to boost the condensation capacity of the ORC [23–25]. Here, we incorporated the solar trough system in the heating conﬁguration. Hybridization of solar thermal and geothermal energy has been considered in the literature [5,26,27]. Astolﬁ et al. [26] have studied a hybrid binary geothermal–solar system utilizing an intermediate enthalpy geothermal source. The ORC in [26] is of supercritical type and has Isobutane as its working ﬂuid (WF) with geothermal brine at 150  C. The considered system employs an aircooled condensation system (ACC). The solar source is employed in series with the geothermal brine to increase the mass ﬂow rate and/or maximum temperature of the WF. The authors have analyzed the performance of the system at ambient temperature of 15  C. To obtain the output power as a function of ambient temperature for ﬁxed direct normal irradiation (DNI), the authors have offered a correction function that correlates the output power linearly to the ambient temperature. They suggested that the slope of the function depends on the maximum temperature of the cycle. The authors have determined the ﬁrst law-efﬁciency of the hybrid geothermal–solar system. With thermal energy input by the solar source from 0% to 80% of that of geothermal source, the ﬁrst



law-efﬁciency increases almost linearly from 13.5% to 17.2%. Lentz and Almanza [28] have studied three conﬁgurations for hybridization of a ﬂash geothermal power plant with a solar trough system. The hybridization is aimed to boost the mass ﬂow rate of the WF. They have suggested that incorporation of solar system to reheat the condensed ﬂuid after the condenser is the winner option. The heated ﬂuid is combined with the brine coming out of the well. This hybridization approach leads to less salinity of mixture of vapor and the brine and reduces the scaling problem which results into longer lifetime of the system. Mir et al. [29] have investigated the hybridization of a ﬂash geothermal system with a solar system. Two scenarios were considered: (1) utilization of solar system to boost the electricity of the hybrid system and (2) utilization of solar system to reduce the ﬂow rate of the geothermal brine by keeping a constant electricity generation. Greenhut [27] has studied various conﬁgurations for hybridization of a solar trough system with a binary geothermal power plant. The geothermal system utilizes a geothermal source with _ GB = 47.31 kg/s and has Isothe temperature of T GB = 132.2  C and m pentane as its WF. In the ﬁrst conﬁguration, the author employed the thermal energy by the solar system to increase the superheat of the vapor after the vaporizer (superheat concept). In the second conﬁguration, he used the trough system to preheat the brine before entering to the ORC (brine preheat concept). In the third conﬁguration, he utilized thermal energy by the solar system to reheat the outgoing brine and reinject it to the system (brine recirculation concept). In the fourth conﬁguration, he combined the second and third conﬁgurations and formed a brine preheatrecirculation conﬁguration. A portion of solar energy is used for preheating and the other portion is used in the recirculation heating. In the ﬁfth conﬁguration, he introduced brine cascade reheat concept in which a portion of outlet brine from a unit of the power
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plant is reheated and is combined with the inlet brine of the next unit of the power plant. Various conﬁgurations are compared with the base-case geothermal system at ambient temperature of 34.4  C. The ﬁrst-law efﬁciency of the base-case geothermal cycle is 4.5% and the hybrid conﬁgurations offer the efﬁciencies in the range of 5.5–6.2% between which the preheat-recirculation concept is the winner. In conclusion, the open literature provides a groundwork for further development of hybrid geothermal–solar systems. In the literature, the solar system is only considered as a source of additional thermal energy with no effect on the performance of the geothermal ORC. In a hybrid system, the strength of one individual system should be used to mitigate the weakness of the other system. Furthermore, the conclusions in the literature are based on some assumptions and simpliﬁcations that may not be valid in an operating condition. Limitations on the isentropic efﬁciency of turbine (gs ) and limitations of ACC systems are among these assumptions. Here, we focus on retroﬁtting a subcritical ORC with a solar trough system. The design and operation of the hybrid system is optimized to boost the net power output independent of operation of each original system. We develop a new approach for a hybrid geothermal–solar heating system that has signiﬁcantly better performance than individual geothermal and solar components of the hybrid system. The solar system in this conﬁguration is not considered only as an additional thermal energy source, but also it is utilized to overcome a weakness of the geothermal system. To optimize and evaluate the new approach, a detailed model is developed for an existing ORC functioning in a binary geothermal power plant. The model is implemented in Aspen PlusÒ. This ORC has Isobutane as its working ﬂuid. The condensation system is of ACC type. The model includes actual characteristics of all the components including pumps, heat exchangers (preheater and vaporizer), turbines and ACCs. The heat transfer coefﬁcient and pressure drop across each component are determined by correlations from the literature and validated using Aspen Exchanger Design & Rating (EDR) models of heat exchangers. The operation _ net ). Since of the ORC is optimized maximizing net output power (W the ORC is over-designed for the available geothermal source, the ﬂowsheet is reconﬁgured with different number of operating turbines. At a given ambient temperature, T amb , the conﬁguration with _ net is chosen to simulate the operation of the existing maximum W ORC. The model is validated with a set of 7200 data collected during one-year operation of the power plant. The operation of the _ net of the ORC. The validated model is optimized to maximize W optimization of the ORC is performed by a shortcut approach developed in our previous study [30]. The binary geothermal system is hybridized with a solar system, low-temperature trough, in solar heating conﬁguration. The thermal energy by the solar system is utilized in parallel with the geothermal system in the vaporization process. A new hybridization strategy is developed that offers signiﬁcant better performance than the original geothermal ORC and trough system. Models with different number of turbines are developed and implemented in Aspen Plus. The optimal performance of various conﬁgurations are compared with the optimized geothermal system. The solar insolation and weather data of the site of the power plant are extracted. The annual performance of the hybrid system in this location is determined and compared with the current geothermal ORC.



2. Binary geothermal power plant 2.1. Model development A detailed schematic of the geothermal system is shown in Fig. 1. The geothermal process presents an existing geothermal



power plant operated by ENEL GREEN POWER. Compared to ORC reported in [30], in this ORC the geothermal source is at higher temperature. The studied ORC in this work is distinguished from [30] in three aspects: (1) the system is over-designed for the available geothermal energy, (2) there is a possibility of operation with lower number of turbines, and (3) there is no recuperation in this cycle. As we have shown below, these differences lead to different optimal operation for this system. The T–s diagram of this ORC is shown in Appendix A. The developed model is implemented in Aspen Plus, a sequential modular ﬂowsheet software. The built-in unit operations in Aspen Plus are used to represent the components of the actual cycle. Moving from left to right in Fig. 1, WF stored in the accumulator tank is split in equal portions into three lines and guided to the inlet of three pumps. Two of these pumps are constant-frequency drive and one is variable-frequency drive (VFD). Before each pump a control valve is placed to adjust the mass ﬂow rate through the pump. These control valves along with the VFD pump allow to control the outlet pressure of the pumps and the total mass ﬂow rate of WF independently, as discussed later. The pressurized WFs from the pumps merge together and are then split into two streams. The geothermal power plant is composed of two units. Each stream is allocated to one unit. These units are working in parallel. In each unit, the pressurized WF passes through a preheater and a vaporizer on the shell sides before entering to the turbines. On the tube side of the preheaters and the vaporizers, the geothermal brine (GB) ﬂows. The inlet state of the GB to the ORC is T BRS1 = 145  C, PBRS1 = 703.3 kPa. The GB is _ GB = 667.8 kg/s. The inlet geopumped with the mass ﬂow rate of m thermal brine is split into two equal streams each assigned to one unit. Each stream of geothermal brine passes through a vaporizer and a preheater and is reinjected to the wells. The WF absorbs thermal energy from the geothermal brine, evaporates and superheated. In each unit, the superheated vapor leaves the vaporizer and is split into two equal streams. Each stream expands in one turbine. The isentropic efﬁciency is a strong function of ambient temperature and is given in Appendix B. As will be discussed, the maximum output power of turbines is achieved at a speciﬁc outlet volumetric ﬂow rate and enthalpy drop of WF across the turbine. The deviation from this maximum is discussed below. In each unit, the two expanded streams of WF merge together to go through the condensation system. The ACC system for each unit is composed of banks of 42 bays with three fans in each bay. In each bay, the last fan is equipped with a constant-frequency drive and the two ﬁrst are VFD. In other words, each bank includes two rows of VFD fans and one row of constant-frequency drive fans. The effect of ordering of the fans on the efﬁciency of the cycle is examined and no measurable effect is found [30]. In each bank, the frequency of VFD fans in each row can be adjusted independent of the other row of VFD fans. The frequency of the VFD fans and consequently the mass ﬂow rates of air can be adjusted to keep the outlet pressure of the turbines constant. The WF stream ﬂows through the tubes of ACC system to undergo the phase change process, superheated vapor to sub-cooled liquid. Ambient air is used as the cooling medium and therefore, ﬂuctuations of ambient temperature, T amb , substantially affect the efﬁciency of the cycle. The condensed WFs from the two units merge together and are stored in the accumulator tank. The current ORC is over-designed for the available geothermal brine. Consequently, it is optimal to adjust the number of working turbines as a function of the ambient temperature. In the case of three turbines, two turbines from one unit and one turbine from another unit are operating. In the case of two turbines, one turbine from each unit is functioning. The operation of the power plant with one unit with one turbine is not attractive due _ WF . For each to low efﬁciency of the turbines at high values of m conﬁguration, a model is developed and implemented in Aspen Plus.
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Fig. 1. A schematic of the existing ORC in the power plant utilizing a low temperature GB is shown. The inlet state of the GB is: T BRS1 = 145  C, P BRS1 = 703.3 kPa. The GB is _ GB = 667.8 kg/s. This power plant is composed of two units working in parallel. The WF, the GB and the air streams are depicted in blue pumped with the mass ﬂow rate of m (Solid line), red (Dotted line) and black (Vertical Arrow), respectively. The GB ﬂows through two heat exchangers, vaporizer and preheater, to provide the thermal energy to the ORC. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)



2.1.1. Performance of the pumps As discussed earlier, two of the pumps are equipped with constant-frequency drive and one of them is VFD. The dependence of pressure rise of a pump on mass ﬂow rate is given by a performance curve. A constant frequency drive pump has one degree of _ WF ). A VFD pump has two degrees of freedom freedom (DP pump or m _ WF ). However, once the pumps get connected to a (DPpump and m system, they lose one degree of freedom since they also have to follow the performance curve of the system. Thus, in the pump arrangement herein the only degree of freedom is the frequency of the VFD pump. To obtain another degree of freedom, a ﬂow control valve is placed before each pump to control the mass ﬂow rate. We did not account for any pressure drops in the control valves. The VFD system uses approximately 5% more electricity than the constant frequency drive systems. Although the isentropic efﬁciency of each pump is affected by the mass ﬂow rate and the drive frequency of the pump, considering the low parasitic work of the pumps in this system, this effect can be ignored. 2.1.2. Isentropic efﬁciency of turbine If the stage pitch diameter and turbine rotational speed of a turbine are ﬁxed, the isentropic efﬁciency (gs ) is a function of outlet volumetric ﬂow rate of WF and enthalpy drop through the turbine [15]. This function is given in the Appendix B. For these turbines, the maximum value of gs is 86%. As discussed in [30], deviations of operation from the condition that provides this maximum (see Appendix B) adversely affects the performance of the turbine and consequently gs . If for a turbine, inlet and outlet states are ﬁxed during operation, the assumption of constant gs is valid. However, for most of the operating turbines in ORCs, condensation systems are of ACC and thus the outlet state of turbine is signiﬁcantly affected by T amb and consequently the performance of the turbine changes. Hence, the assumption of constant gs does not resemble real performance of turbine in these systems. Furthermore, the time-variation of solar insolation in the hybrid system may push for non-constant operation of turbines. A constant isentropic efﬁciency is not only quantitatively wrong, but gives qualitatively different results; to simulate the actual performance of a turbine, the correlation of isentropic efﬁciency should be implemented in the model.



2.1.3. Air-cooled condensers (ACC) As pointed out earlier, the ACC system consists of two parallel banks. The ACC fans are designed as combinations of constant and VFD systems. The exhaust WF from each unit is split between bays and passes through three fans in series. At the outlet of the ACC system, the WF must be in a sub-cooled liquid state. A value of 0.625  C sub-cooling is speciﬁed to safely satisfy this requirement. The heat transfer coefﬁcients and the pressure drop across the ACC is determined as given in [30]. The ACC system is modeled with two sets of three condensers that each represent a row of 42 fans. 2.1.4. Implementation of the design and operation For the given design in Fig. 1, the characteristics of the components of the system are obtained and implemented in the model. The states numbers are shown in a T–s diagram of the ORC given in Fig. A.11. These characteristics along with the operation strate_ WF ; T 5 and P 5 . Two operation strategies will be gies determine m considered: the base case (i.e., the current operation) and the optimal operation. The implementation of the design and operation are described in Section 1 of the supplementary information. As discussed above for the conﬁguration with 4 turbines, the ﬂowsheet is same as the one shown schematically in Fig. 1. For the conﬁguration of 3 turbines, turbine 400 is removed from the ﬂowsheet and for conﬁguration of 2 turbines, turbines 200 and 400 are removed from the model. 2.2. Geothermal model validation and analysis of the operation _ GB ; P 2 The input values to the systems are: T amb ; T BRS1 ; P BRS1 ; m and DT tu . The model determines the thermodynamic state of WF _ net and the efﬁciencies based on the operation through the ORC, W strategy selected. Note that the parasitic power of brine production and reinjection pumps are also included. A set of 7200 measured data points from the power plant is obtained. These data are measured throughout a year of operation of the ORC. This set of data is used to validate the developed model. For all three cases, (4 tur_ net as a function of T amb is bines, 3 turbines and 2 turbines) the W determined and shown in Fig. 2. The measured data are included to validate the developed model.
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The values of gI and gII;g for a range of T amb are shown in Section 2 of the supplementary information for two conﬁgurations. The comparison of the prediction of the developed model with the measured data of an existing ORC validates the developed model. In the next section, the operation of the studied ORC is optimized to maximize _ net at a given T amb . The shortcut approach developed in the value of W
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[30] is used to optimize the operation of this ORC. 16



2.3. Optimization of the operation of geothermal ORC 12



The validated model is used to optimize the operation of the ORC. In the current system, the mass ﬂow rate of brine is assumed constant. The net output power of system is the objective function and the optimization problem is deﬁned to maximize this function. The net output power of the ORC is the gross power of turbines subtracted by the parasitic work of the system. The parasitic work of the system is calculated as
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_ net (line) are compared with the measured ones Fig. 2. The simulated values of W (dots) in three conﬁgurations. In each conﬁguration, there is a plateau region in _ net is not affected by T amb . In these regions, the VFD fans in the ACC system which W _ net of the system would drop due to low are used to keep P 5 constant. Otherwise, W values of isentropic efﬁciency of turbines.



For each conﬁguration, one can distinguish two regions of ambient temperature for the net output power. Lower than a threshold ambient temperature, the output power is approximately constant. In this region, the ff of VFD fans are adjusted to keep P5 constant. At higher ambient temperatures than the threshold temperatures, all the fans in the ACC system are working at the full load and the condensation capacity of the system governs P 5 . In the studied ORC, the operation is adjusted to utilize different number of turbines as a function of T amb . As shown, the operation of the system in 3 turbines conﬁguration is only justiﬁed for a small range of T amb (i.e., 17–18.5  C) with a slight advantage to other conﬁgurations. For simplicity, in the rest of the study, this conﬁguration will not be considered. To validate the models with the measured data, at _ net a given T amb , the conﬁguration that provides the maximum W is chosen at each value of T amb . At high values of T amb , by switching the operation from 4 turbines conﬁguration to 2 turbines conﬁguration, high values of isentropic efﬁciency can be recovered. Due to low condensation capability of the ACC system at high values of T amb , WF enters to the pumps at high temperature. This means that in the preheater and vaporizer, extraction of thermal energy from the geothermal brine is reduced. This low extraction of thermal _ WF through the turbines. The energy results into to low value of m _ WF and isentropic efﬁciency of the turbines is a function of m _ WF drops this efﬁciency. Thus, at high values of T amb , reduced m working with lower number of turbines results in a better performance of the ORC. The performance of the cycle is evaluated based on thermal and geothermal efﬁciencies (ﬁrst law and modiﬁed second law efﬁciencies) are deﬁned as



gI ¼ gII;g



_ W  net ; GB _ GB  hGB m in  hout



_ W  net ; ¼ GB _ GB  X GB m in  X min



_ f the parwhere denotes the parasitic power of the pumps, W _ GB the parasitic power of the pumps for asitic power of the fans, W p _ mis the miscellaneous parasitic pumping and reinjection of GB and W _ GB is power requirements of the power plant. For the studied ORC, m _ GB equal to assumed constant resulting into a constant value of W p _ mis is equal to 0.62 MW. Thus, 4.47 MW. Also, W



_ net ¼ W _ tu ðm _ pa ðm _ WF ; T 4 ; P4 ; T 5 ; P 5 Þ  W _ WF ; V_ air ; ff Þ W



ð2Þ



GB where X GB in and X min denote the inlet exergy and minimum outlet exergy of GB before reinjection to the wells, respectively. The X GB min is determined based on the outlet pressure of GB and minimum allowed outlet temperature of brine which is 58  C (to avoid scaling).



ð4Þ



The constraint on the ORC are the same as the ones reported in [30] (see Appendix C) plus one additional constraint on the outlet temperature of brine. In a geothermal binary plant, the brine provides thermal energy to the ORC and it is reinjected to the wells afterwards. Recall that for the considered system, the outlet   temperature of GB T GB should not be less than 58  C before disout charging to the wells. In the considered ORC in [30], this condition was always satisﬁed and was not explicitly included. Also, to prevent the presence of liquid phase in the turbine, the manufacturer recommends to keep the minimum value of superheat at 3.25  C. Thus, the optimization problem may be written as



max



_ WF ;T 4 ;P 2 ;T 5 ;P 5 m



_ net ðT amb ; m _ WF ; T 4 ; P2 ; T 5 ; P5 ; V_ air ; ff Þ W



s:t: f 1 ðP5 ; T amb ; ff Þ ¼ 0 _ WF ; T 4 ; P 2 Þ ¼ 0 f 2 ðm _ WF ; T 4 ; P4 ; T 5 ; P5 Þ ¼ 0 gðm f ðV_ air ; T amb ; ff Þ ¼ 0 3



T 4 P T sat ðP 4 Þ þ 3:25  C _ WF ; P 2 Þ ¼ 0 f 4 ðP4 ; m _ WF ; DT tu ; P2 Þ P 58  C T GB out ðm By a change of optimization variables similar to [30] (see Appendix C) and considering constant V_ air and ff , the optimization problem can be reformulated as a box-constrained optimization problem
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DT tu ;P 2



W_net ðT amb ; DT tu ; P2 Þ



s:t: DT tu P 3:25  C f 5 ðT amb Þ 6 P2 6 2757 kPa  2068 : T amb P 10  C f 5 ðT amb Þ ¼ 2206 : T amb  10  C



ð5Þ



where DT tu denotes the superheat at the inlet of turbine. Function f5 is deﬁned to satisfy the constraint on the outlet temperature of  brine (T GB out P 58 C). Two approaches can be used to solve this optimization problem as discussed in [30], EES or Aspen Plus SQP. The second optimization approach developed in EES is used to ﬁnd
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Tamb ( C) _ net of the studied ORC is compared with the base-case Fig. 3. The optimal W operation as a function of T amb . The optimal value of P 2 is labeled at different values of T amb .



the optimal operation as a function of T amb . The optimization problem is solved for a range of T amb and the results are presented in Fig. 3. Optimal value of superheat (DT tu ) is 3.25  C at all ambient temperatures. The optimal values of P 2 as a function of ambient temperature is shown in Fig. 3. In the previous study [30] in which the ORC was well-designed for the available geothermal energy, the optimum value of P 2 was the maximum feasible one and optimal DT tu was an increasing function of ambient temperature. In contrast, in this ORC which is over-designed, the optimal value of DT tu is the minimum feasible one and optimal P2 is a function of ambient temperature. Brieﬂy, [30] provided the optimal operation for a well-designed ORC while this work provides optimal operation for ORCs in which either the system is over-designed or the geothermal source is depleted over the time. The optimal values of thermodynamic properties at both sides of turbine in a range of T amb are tabulated in Section 3 of the supplementary information. For comparison, these values for the base-case operation are also included. The developed model is used as a basis model to develop a hybrid geothermal–solar system. 2.4. Incorporation of recuperators Since in the hybrid system we need to incorporate a recuperator, we investigate the role of a recuperator in a geothermal system here to have a comparison afterwards. Two recuperators are included in the geothermal model that absorb thermal energy between states 5 and 6 (Fig. A.11) and preheat the WF between states 2 and 3. The design criteria for the recuperators is hot/cold streams approach temperature = 1  C (same as the other recuperators will be used in the hybrid geothermal–solar system). The operation of the geothermal systems with the recuperators are _ net as a function of T amb is shown in Section 4 optimized and the W of the supplementary information. The operation demonstrates that applied recuperators directly to the geothermal system would _ net . have a negligible effect on the W 3. Hybrid geothermal–solar system 3.1. Model development and analysis The focus of this section is to hybridize the existing binary geothermal power plant with a solar trough system. A schematic of the
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hybrid system for the solar heating conﬁguration is shown in Fig. 4. As will be discussed in detail below, in this new conﬁguration, the thermal energy from the solar system is utilized in parallel with the geothermal system to vaporize WF (i.e., the WF is split into two streams: one heated by the solar system and one heated by the geothermal brine). This new hybrid conﬁguration provides a better performance than each individual system. The solar system is of trough type located at the latitude of 39.37 N aligned on north–south axis. Annual solar irradiation and weather data of this site was provided by ENEL GREEN POWER for 11 months of 2010 and 2011. These data for representative times during the year are given in Tables 4 and 5 (Section 7) of the supplementary information. The 1-D tilting tracking system is used in this solar-trough system. The tilting angle (b) is the adjusting parameter to minimize the angle between the normal to the solar trough and irradiation beam (h). This tilting maximizes solar irradiation collection. The detailed procedure for determination of b and corresponding h as a function of time is given in the Appendix D. The heat transfer ﬂuid herein is Therminol-VP-1. Based on the design of the solar trough system, maximum allowable temperature in the trough is 182  C. The temperature of Therminol-VP-1 at the outlet of solar trough system is always kept at the maximum by adjusting the ﬂow rate of Therminol-VP-1 in the trough. The size of solar trough is chosen to provide 17.6 MW thermal energy in the nominal condition (DNI = 1000 W/m2 and incidence angle of 1 and T amb = 15  C). This limit of thermal energy supplied by the solar trough system is considered to avoid any design change in the current geothermal ORC. The trough system consists of 300 units in parallel of the given trough in Table 1. For the case of nominal solar irradiation, the total outlet mass ﬂow rate of Therminol-VP-1 is 141 kg/s. The input values to the hybrid system is divided into two sets. For _ GB ; P 2 the geothermal part, these inputs are: T amb ; T BRS1 ; P BRS1 ; m and DT tu . For the solar system, we used a solar trough model [31] implemented in Aspen Custom Modeler (ACM) and based on the NREL trough model [32]. The model is given in Section 5 of the supplementary information. The input values to the ACM solar models are divided in three categories: environmental parameters, trough parameters and optical parameters. These parameters are tabulated in Table 1. In this new hybrid system, two HX are used (one for each unit) to transfer thermal energy from the solar system to the WF. Furthermore, one other adjustment to the ORC is required to utilize the solar system efﬁciently. This adjustment is introduction of two recuperators in the system. Furthermore, the minimum feasible value of P2 is a function of solar share to the hybrid system. Low values of P2 at high share of solar system leads to low values of T GB out . These two modiﬁcations will be discussed later. The pressurized WF after the pumps divides into two streams and ﬂows through two recuperators. Liquid WF absorbs thermal energy from the superheated WF that ﬂows in the tube side of the recuperator. Then, WF ﬂows on the shell side of the preheater to absorb thermal energy from the GB. The preheated WF is divided into two streams. One stream is vaporized by the thermal energy from the solar trough and the other stream is vaporized by the thermal energy from the geothermal brine. The ratio of the split between these two streams (mass ﬂow rate through geothermal vaporizer divided by the total mass ﬂow rate), r g , depends on the provided thermal energy by the solar source and DT tu . The two streams of superheated vapors merge together and then split into two equal streams to go through the turbines. The superheated WF at the outlet of turbines ﬂow through the recuperator and then enters to the condensation system. The incorporation of solar system boosts the thermal energy input to the system which boosts the power generation of the turbines. Additionally, the incorporation of the solar system allows to
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Table 1 The parameters of solar trough model implemented in ACM. T amb ( C)
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Fig. 5. Pinch diagrams of the preheater + geothermal vaporizer in the (a) geothermal system and (b) hybrid geothermal–solar system at T amb = 1.11  C P 2 = 2482 kPa, _ WF is vaporized in the geothermal DNI = 1000 W/m2, and h = 0 are shown. The slope of preheating section is labeled in the ﬁgure. In subﬁgure (b) only r g fraction of m vaporizer. Note that in the hybrid system the pinch is mitigated allowing for higher utilization of the geothermal brine.
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Fig. 6. Pinch diagrams of the preheater + geothermal vaporizer in the (a) geothermal system and (b) hybrid geothermal–solar system at T amb = 37.77  C P 2 = 2757 kPa, _ WF is vaporized in the geothermal DNI = 1000 W/m2, and h = 0 are shown. The slope of preheating section is labeled in the ﬁgure. In subﬁgure (b) only r g fraction of m vaporizer and T GB is higher than the minimum feasible one. Note that in the hybrid system the pinch is mitigated allowing for higher utilization of the geothermal brine. out



extract more thermal energy from the brine stream. This is achieved by mitigating the pinch condition at the preheater + geothermal vaporizer. To clarify the mitigation of pinch point, the pinch diagram at the preheater + geothermal vaporizer in the binary geothermal system (with recuperator) and the hybrid system are studied. For the geothermal system and the hybrid system at P 2 = 2482 kPa/T amb = 1.11  C and at P 2 = 2757 kPa/T amb = 37.77  C these pinch diagrams are shown in Figs. 5 and 6, respectively. These T amb are chosen as representatives of low and high values of T amb . The values of P 2 are the optimal values in the hybrid system as will be discussed later. In each pinch diagram, one can divide the graph of WF into two sections: before the pinch point (preheating) and after the pinch point. If a single thermal energy source is utilized to preheat and vaporize the WF, the mass ﬂow rates in these two regions are the same. For a given thermal energy source (ﬁxed curve of the source) and a ﬁxed value of DT tu , once pressure is ﬁxed, the pinch condition limits the total mass ﬂow rate of WF. In other words, f2   _ WF ; P 4 = 0. T4; m



    GB _ GB hGB _ WF h4  hWF m ¼m in  hp p



ð6Þ



where subscript p denotes the pinch point. As P4 increases, the mass ﬂow rate needs to be reduced due to pinch condition. This drop in _ WF affects the slope of preheating section in the pinch diagram m _ WF cp Þ. Thus, for a given inlet temperature of WF to which is 1=ðm the preheater (T 2 ), the T GB out increases. In other words, the amount of thermal energy supplied by the geothermal source to the ORC decreases. Thus, utilization of thermal energy from the geothermal source is limited due to pinch condition in the preheater + vaporizer. However, decoupling the ﬁrst section (preheating) from the second section (vaporizing) allows to extract more thermal energy from the geothermal source. This is a result of the slope of the preheating section is not affected by the mass ﬂow rate in the vaporizing section. In the hybrid case, these two sections are decoupled. Extraction of more thermal energy from the geothermal source is limited by the minimum temperature of outlet brine    T GB out P 58 C . If the solar system is utilized (in the maximum irradiation) with no recuperation and adjustment in value of P2 , the T GB out would violate the minimum temperature constraint. For example, in the considered hybrid system in nominal solar insolation, if no adjustment is performed, at T amb = 35  C, T GB out is minimum feasible one and at lower values of T amb , this constraint would be violated.
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To avoid this problem and meet the minimum requirement on T GB out , two factors should be taken into account: increase in inlet temperature and pressure of preheater, T 2 and P2 . To do so, two recuperators should be added to the system and the minimum feasible value of P2 should be elevated (min P2 = 2482 kPa at nominal solar insolation), respectively. Lower values of P 2 lead to violation of the con-
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Once these adjustments to the design and operation of the hybrid system are performed, the performance of the hybrid system is compared with the basic geothermal system. For the conﬁguration of 4 and 2 turbines in the nominal solar _ net is shown as a function of T amb in condition, the values of W _ net of the base-case operation of the geotherFig. 7. The values of W mal ORC is also included for comparison. As shown in Fig. 7, the hybrid system signiﬁcantly boosts the power output of the system (10–40%). The values of T GB out as a function of T amb in the hybrid



straint on T GB out . The feasible set of DT tu is not affected. By considering these two adjustments, the constraint on T GB out is met for all values of T amb . By implementing this approach at a given value of P4 , the additional energy extracted from the geothermal source is expressed as
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Fig. 9. The annual performance of the hybrid system is compared with the optimized geothermal system at representative times in (Section 6 of the supplementary _ net of the hybrid system is always greater than the optimized geothermal system. information) in the site of the power plant. W
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system are shown in Fig. 8. As shown, the hybrid system meets the constraint on the minimum outlet temperature of brine.



drop in recuperators and the solar HX; minimum feasible P 2 (function f5 ) is a function of solar share in the hybrid system. Thus, by reformulating the optimization problem, the box-constrained optimization problem is written as



3.2. Optimization of the hybrid operation
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The operation of the developed hybrid geothermal–solar system is optimized to maximize the net output power of the hybrid system. The objective function in the hybrid case has dependence on _ s ). m _ s denotes the the solar trough system (i.e., on T amb , DNI, h and m mass ﬂow rate of thermal oil in the trough system affecting the functions f2 ; f 4 and f5 in the constraints: f2 changes as discussed due to mitigation in pinch condition; f4 is modiﬁed by the pressure
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f 5 ðT amb ; DNI; hÞ 6 P2 6 2757 kPa The optimization problem has three independent variables: _ s . Since the geothermal ORC is overdesigned and DT tu ; P 2 , and m the contributing thermal energy by the solar trough system is
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Fig. 10. The incremental second-law efﬁciency of the hybrid system is shown for the representative points in time. The results suggest better performance of the hybrid system over the year.
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small, by solving optimization problem at selective (T amb ; P 2 , and _ s ) combinations, we found that minimum feasible value of DT tu m is always optimal. Thus, the optimization problem is simpliﬁed to two variables. The feasible domain is discretized (intervals of _ s ) and the global optimum value 1 kPa for P 2 and 0.0005 kg/s for m of objective function is determined by brute-force method. At nominal condition, the optimal parameters are tabulated in Section 6 of the supplementary information. For assessment of annual operation of the hybrid system, the DNI and weather data of the site of the studied power system is obtained from ENEL GREEN POWER for 11 months operation of the power plant in 2010 and 2011. No data was available for the month of March. In each month, the 10th day of the month is chosen as a representative of the month and the DNI and T amb are extracted for 10 h (6 point) of sun light illumination. The angle of incidence for each data point was determined by the procedure given in Appendix D. These data are given in Section 7 of the sup_ net in plementary information. After optimization, the values of W each month at the representative time for geothermal system and hybrid system are shown in Fig. 9. As shown, the optimal _ net of the geothermal ORC is only a function of T amb . However, W _ net of the hybrid system is a function of both T amb the optimal W and DNI. The net power varies by the ﬂuctuations of solar irradiation during a day. For example in Fig. 9(g), at noon 2.8 MW boost in _ net is achieved while at 6:00 pm no boost is predicted. Another W interesting case is Fig. 9(i) presenting performance of hybrid system in December. Since the solar irradiation is only available in the noon, there is a peak in power generation at noon while at other times, hybrid system performs same as the geothermal ORC. The values of q_ sol (thermal energy input by the solar system to the ORC) and (1-rg ) (portion of WF vaporized by the solar system) are tabulated in Tables 4 and 5 (supplementary information). _ net at these 66 time points, the hybrid sysBy comparison of W tem offers 5.5% more annual power output compared to the geothermal system. Note that most of the power boost is in the hot days when the electricity is more valuable. 3.3. Metric for hybrid system There are a range of metric to assess the performance of a hybrid system [33]. These metrics are divided into two categories: instantaneous and annual metrics. To emphasize on the role of solar energy in better utilization of the geothermal source, we have selected the instantaneous second-law efﬁciency deﬁned as



ﬁrst-law efﬁciencies were multiplied by the Q_ solar of the hybrid sys_ Solar values. Also, the optimal values of the W _ Geo tem to determine W net



net



for the geothermal system at these points are shown in Fig. 9. Then the second-law efﬁciency of the hybrid system is compared with the individual geothermal + solar systems. The hybrid system demonstrates higher second-law efﬁciency at all points (up to 3.4% difference). The incremental ﬁrst-law efﬁciency is deﬁned as



ginc ¼ I



_ hybrid  W _ Geo W net net  100 _ S Q



ð11Þ



The values of the solar incremental efﬁciency is shown in Fig. 10. The maximum incremental efﬁciency of the hybrid system is 17.9%. Throughout the year it is quite high, especially considering that the trough is of low-temperature type. 4. Conclusions A model is developed for an existing ORC utilizing a lowtemperature geothermal source and validated by 7200 measured data for operation of the ORC in a year. The optimization of the operation of the ORC shows 1–11% boost in power generation as a function of ambient temperature. The optimal operation for this over-sized ORC is achieved by variable value of pump pressure and minimum value of superheat at the inlet of the turbine in contrast to [30] where limitations of the ACC resulted in an optimal superheat as a function of ambient temperature. The ORC is hybridized by a low-temperature solar trough: the thermal energy by the solar system is utilized in parallel with the geothermal system to vaporize part of the WF. This hybridization approach enables higher extraction of thermal energy from the geothermal source by mitigating the pinch condition in the preheater and geothermal vaporizer. The annual performance of the hybrid system is examined by the given solar data of the considered site and shows 5.5% boost in annual power generation compared to optimized geothermal system. Furthermore, the hybrid system demonstrates higher second-law efﬁciency (up to 3.4% difference) compared to the case of separate geothermal and solar system at all ambient temperatures. The hybrid system show up to 17.9% solar incremental efﬁciency. The outcome of this work shows this hybridization approach provides a better performance than individual geothermal and solar systems. Acknowledgments
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gII-H ¼ _ GB net _ S X þX
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where X_ GB and X_ S denote the exergy rate of the geothermal and the solar system, respectively. The exergy of the solar system is deﬁned as



  T amb X_ S ¼ DNI  As  1  T sun



ð10Þ



where As denotes the surface area of the trough and T sun surface temperature of sun (5527  C). If the solar system is utilized individually, it can be incorporated in an ORC to generate power. We need to couple the solar system with an optimized ORC. Since the geothermal ORC model in [30] is a well-designed for the available _ Solar calculations. geothermal source, this ORC model is used for W
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We replaced the geothermal system in this ORC with the solar trough system and increased the number of troughs in the solar sys_ net of the solar ORC. Higher number of tem to reach the maximum W



Appendix B. Isentropic equation of turbine



troughs leads to higher mass ﬂow rate in the turbines and lower values of gs . We determined the ﬁst-law efﬁciency of these solar ORCs at the representative data points in time. Then, these



The isentropic efﬁciency of the turbine is a function of enthalpy drop and volumetric ﬂow rate at the outlet of turbine. For a turbine with given stage pitch diameter and rotational speed, gs is
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proportional to two coefﬁcients r h and rv . For the turbine considered herein,



cos h ¼ cos bðsin d sin / þ cos d cos / cos xÞ þ cos d sin x sin b sin c  sin b cos cðsin d cos /



qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ max r T ¼ ðh4  h5 Þ=ðh4  h5 Þ



 cos d cos x sin /Þ



r h ¼ ð½ð1:398r T  5:425Þ  r T þ 6:274  r T  1:866Þ  r T þ 0:619;



ðB:1Þ



where hI , (I = 1..6) denotes the enthalpy of the states shown in Fig. A.11 and max denotes the calculated value at maximum isentropic efﬁciency and _ VÞ _ max r VT ¼ ðVÞ=ð r v ¼ ð½ð0:21r VT þ 1:117Þ  rVT  2:533  r VT þ 2:588Þ  r VT þ 0:038; ðB:2Þ
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where h denotes the angle between the normal of the tough and the direct solar ray, b the tilt angle (chosen by operation to minimize h), / the latitude of the trough location, x the hour angle and d the declination angle. The value of / and x are determined as discussed below. Then, a corresponding value of b is chosen to minimize h. The hour angel (x) converts the local solar time (LST) into the number of degree which suns moves across the sky.



where V_ denotes the volumetric ﬂow rate at the outlet of turbine. Then, the isentropic efﬁciency of the turbine can be expressed as



x ¼ 15o ðLST  12Þ



gs ¼ 0:86  rh  rv



The local solar time is a function of local time (LT) and a time correction factor (TC) and is written as



ðB:3Þ



Also by its deﬁnition, gs can be expressed as



h  h5 gs ¼ 4 s h4  h5



LST ¼ LT þ ðB:4Þ



TC 60



ðD:2Þ



ðD:3Þ



where



_ max are 59.62 kJ/kg For the considered turbine, ðh4  h5 Þ and ðVÞ 3 and 18.88 m /s, respectively. For a given inlet state of turbine (ﬁxed _ WF ), h5 ðT 5 ; P5 Þ is determined by T amb h4 ) and mass ﬂow rate (m (through P5) and gs (through T5). max



Appendix C. Optimization constraints



TC ¼ 4  ðLSTM  LongitudeÞ þ EoT



LSTM denotes Local Standard Time Meridian, Longitude refers to the site location and EoT (Equation of Time) an empirical correction for the eccentricity of the earth’s orbit and the earth’s axial tilt. These parameters are determined as following



LSTM ¼ 15o :DT GMT Six constraints are applied by the current design of the ORC. First, P 5 is limited by the design of the ACC system, P5 ¼ P5 ðT amb ; ff Þ. Secondly, the isentropic efﬁciency of the turbine correlates the inlet _ WF ; T 4 ; P 4 ; T 5 ; P 5 Þ ¼ 0. Thirdly, and outlet states of the turbine, gðm the pinch at the vaporizer correlates the mass ﬂow rate of WF and _ WF ¼ m _ WF ðT 4 ; P 2 Þ. Fourthly, the superheat after the vaporizer, m volumetric ﬂow rate of air through the ACC system depends on the ambient temperature and the drive frequency of the fans, V_ air ¼ V_ air ðT amb ; ff Þ. Fifthly, the value of P 4 is determined by P2 and pressure drop through the components which is a function of _ WF . Finally, the WF at the inlet of turbine should be in a superm heated state. As described in [30], the optimization problem is reformulated by redeﬁning the feasible set and including some constraints as design speciﬁcations.



ðD:4Þ



ðD:5Þ



DT GMT denotes the difference between local time (LT) and the Greenwich mean time in hours.



EoT ¼ 9:87 sin 2B  7:53 cos B  1:5 sin B



ðD:6Þ



where



B¼



360  ðd  81Þ 365



ðD:7Þ



where d is the number of days since the start of the year. The declination angle (d) is written as



d ¼ 23:45  sinðBÞ



ðD:8Þ



Appendix E. Supplementary material Appendix D. Procedure for determination of irradiance angle (h) The incidence angle for 1-D tracking system (trough) is determined by the standard method given in [31,34]



Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/j.apenergy.2014. 06.010. References



Fig. A.11. The T–s diagram of the studied ORC is shown. The state numbers and the pressures are labeled.
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