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Abstract

:

This paper presents thermodynamic and improvement potential analyses of a helium closed-cycle gas turbine power plant (Oberhausen II) and dominant plant components at four loads. DESIGN LOAD represents optimal operating conditions that cannot be obtained in exploitation but can be used as a guideline for further improvements. In real plant exploitation, the highest plant efficiency is obtained at NOMINAL LOAD (31.27%). Considering all observed components, the regenerator (helium-helium heat exchanger) is the most sensitive to the ambient temperature change. An exact comparison shows that the efficiency decrease of an open-cycle gas turbine power plant during load decrease is approximately two and a half or more times higher in comparison to a closed-cycle gas turbine power plant. Plant improvement potential related to all turbomachines leads to the conclusion that further improvement of the most efficient turbomachine (High Pressure Turbine—HPT) will increase whole plant efficiency more than improvement of any other turbomachine. An increase in the HPT isentropic efficiency of 1% will result in an average increase in whole plant efficiency of more than 0.35% at all loads during plant exploitation. In the final part of this research, it is investigated whether the additional heater involvement in the plant operation results in a satisfactory increase in power plant efficiency. It is concluded that in real exploitation conditions (by assuming a reasonable helium pressure drop of 5% in the additional heater), an additional heating process cannot be an improvement possibility for the Oberhausen II power plant.
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1. Introduction


Gas turbine power plants are nowadays widely used in various practical applications. Its dominant usage is evident in mechanical power production, where they operate as independent mechanical power producers [1,2] or as a part of various complex systems for mechanical power and/or heat production [3,4,5]. The high combustion gas temperature at the gas turbine power plant outlet allows heat utilization and efficiency increases for the entire system in which they operate [6,7]. In marine propulsion, gas turbine power plants can be found inside many complex systems [8,9], but due to their high costs, they are rarely found as independent propulsion elements [10]. Gas turbine power plants are also the base elements of aircraft jet engines, regardless of jet engine type (turbojet, turbofan, turboshaft, or turboprop) [11,12,13,14,15,16]. Therefore, the wide usage of gas turbine power plants is obvious in many practical engineering applications.



Open-cycle and closed-cycle are the two main types of gas turbine power plants. Open-cycle gas turbine power plants use air from the atmosphere and release combustion gases into the atmosphere; therefore, their connection to the environment is essential for operation [17]. The majority of gas turbine power plants mentioned above in various applications are open-cycle.



In relation to open-cycle gas turbine power plants, closed-cycle gas turbine power plants did not require any connection to the environment. Inside closed-cycle gas turbine power plants, the same gas (operating fluid) is always circulated, which is compressed in a turbocompressor, heated in the main heater, expanded in the gas turbine, and finally cooled before another compression [18]. The same procedure is constantly repeated during closed-cycle gas turbine power plant operations. Operating fluids used in closed-cycle gas turbine power plants are helium, neon, argon, CO2, nitrogen, or other similar gases that are inert to metal parts and have satisfactory thermophysical properties. Selected operating fluid characteristics substantially widen the list of metals suitable for making turbomachinery blades and other plant components [19]. Closed-cycle gas turbine power plants can also be used in nuclear power systems where a nuclear reactor is used as the main heater [20,21].



There are many advantages to closed-cycle gas turbine power plants in comparison to open-cycle gas turbine power plants, but at the same time, there are also several disadvantages. The main disadvantage is that the main heat exchangers (coolers and heaters) in closed-cycle gas turbine power plants have huge dimensions (comparable to steam generators and condensers in steam power plants) due to the large surfaces required for efficient heat transfer [22]. Also, the majority of the mentioned operating fluids in closed-cycle gas turbine power plants have a high fluidity (which results in sealing problems), are expensive, and are not always achievable in the market [23].



Closed-cycle gas turbine power plants are dominantly used for mechanical power production, as confirmed by Olumayegun et al. in a review [24]. The best characteristics of all operating fluids used in closed-cycle gas turbine power plants show helium, so McDonald [25] performed a review of helium turbomachinery operating experience from gas turbine power plants and test facilities. Kunniyoor et al. presented many designs and improvements for closed-cycle gas turbine power plants at various operating conditions [26]. Al-attab and Zainal [27] concluded that the main heater in a closed-cycle gas turbine power plant is the key element whose operation has the most notable influence on the plant’s operation and efficiency.



Closed-cycle gas turbine power plants found application also in marine systems. Hou et al. [28] presented an analysis of supercritical CO2 recompression and the regenerative cycle used in waste heat recovery in marine gas turbine power plants. Similar research related to supercritical CO2 closed-cycle gas turbine power plants used in marine waste heat recovery systems can be found in [29,30]. It can be concluded that in marine applications, closed-cycle gas turbine power plants are dominantly used for additional mechanical power production from waste heat. A favorable marine closed-cycle gas turbine process is a supercritical CO2 process.



Recently, closed-cycle gas turbine power plants operated as a part of various complex systems for mechanical power production or as a part of various Combined Heat and Power (CHP) systems [31,32,33,34]. Also, researchers nowadays investigate the usage of various mixtures (instead of only one gas) as operating fluids in closed-cycle gas turbine power plants [35]. Finally, from the literature review, it can be concluded that closed-cycle gas turbine power plants are important elements in the research community.



In the literature, there are several studies and reviews that, among others, deal with Oberhausen II (a helium closed cycle gas turbine power plant), its characteristics, specifications, and operating parameters [19,25,36,37,38,39]. This paper will fill the literature gap because plant operating parameters at several loads will be arranged in one place (at the moment they can be partially composed from various literature sources, while the details require additional calculations). Isentropic, energy, and exergy analyses of this power plant and its dominant components have not been performed so far at any plant load. It is unknown which component is most influenced by the ambient temperature change. In the literature, there is no exact comparison between closed-cycle and open-cycle gas turbine power plants related to the plant efficiency decrease intensity at partial loads. Moreover, it is investigated the influence of each observed component isentropic (or energy) efficiency increase on the whole plant efficiency. In that way, components are detected whose improvement will be the most influential to the whole plant process. Finally, for the Oberhausen II power plant, improvement potential is investigated by involving additional heaters in the plant’s operation.




2. Description and Operating Characteristics of the Oberhausen II Power Plant


2.1. Power Plant Background


The Oberhausen II helium closed cycle gas turbine power plant was designed and built with the aim of satisfying two major functions:




	-

	
To operate as a commercial power plant that will deliver electrical power and heat to the city of Oberhausen,




	-

	
To provide data applicable for the further nuclear gas turbine project, especially considering the dynamic behavior of the entire power plant. Also, it was important to obtain long-term operation experience for the major plant components in the helium environment (especially turbomachines).









In the further planned nuclear gas turbine project, the design values of the helium temperature and pressure at the turbine inlet were 850 °C and 60 bar, respectively. So high a helium temperature cannot be achieved in the Oberhausen II plant, and a helium temperature at the turbine inlet of 750 °C was selected due to tube material stress considerations in the external coke oven burner. At design load, a maximum system pressure of only 28.5 bar was selected so that the helium volumetric flow corresponded to a much larger helium turbomachine. This would result in representative stress loadings and allow a reasonable extrapolation to the larger machine size (of approximately 300 MW) planned for the nuclear helium power plant.




2.2. Base Part of the Oberhausen II Power Plant


The general scheme of the Oberhausen II power plant is presented in Figure 1. As can be seen from Figure 1, a power plant is composed of two parts: the base and the auxiliary part.



The base part of the Oberhausen II power plant consists of four turbomachines: a low-pressure turbocompressor (LPTC), a high-pressure turbocompressor (HPTC), a high-pressure turbine (HPT), and a low-pressure turbine (LPT). Both turbocompressors are axial types; LPTC has 10 stages, while HPTC has 15 stages. The main function of an axial, 7-stage HPT is to produce sufficient mechanical power for both turbocompressor drives, so the HPT and turbocompressors are connected to the same shaft, whose rotational speed is 5500 rpm. Any mechanical power surplus produced in HPT is delivered to the electric generator through the gearbox. LPT is an axial, 11-stage turbine mounted on an independent shaft, and its rotational speed is 3000 rpm. The entire mechanical power produced by the LPT is used for the electric generator drive. At both turbocompressors and LPT, helium leakage occurs through inlet and outlet gland seals, while at HPT, a certain helium mass flow rate is added for sealing and blade cooling purposes. Mentioned helium leakages and additions are incorporated in the presented data at each plant load. The lost helium mass flow rate in turbomachines is added from the auxiliary part of the plant to the main helium flow stream after the regenerator (Figure 1). Finally, it should be stated that each turbomachine is placed in a spherical housing, which notably reduces helium leakage. More details related to each turbomachine can be found in [25,38]. The regenerator is a counter-flow helium-helium heat exchanger where colder helium is preheated (before its entrance to the burner) by using higher-temperature helium, which exits from LPT. The high-pressure (and low-temperature) regenerator part is composed of more than 17,000 horizontal pipes. The precooler (main cooler) is a cross-flow heat exchanger where the helium is cooled to the desired temperature at the LPTC inlet by using cooling water. The precooler is divided into two parts: in the first part (the helium entrance from the regenerator), the cooling water temperature at the precooler outlet is around 120 °C, while in the second part (before LPTC), the cooling water temperature at the precooler outlet is around 40 °C. The cooling water outlet from the first precooler part is used for urban heating purposes, so the observed power plant actually operates as a CHP plant. The intercooler is similar to the second precooler part (helium after compression in LPTC is cooled by using cooling water, whose outlet temperature is around 40 °C). The last component of the base power plant part is the burner (main heater), which uses coke oven gas. In the burner, heat from combustion gases is transferred to helium, which, at the burner outlet, has the highest temperature in the plant (around 750 °C). More details related to the Oberhausen II heat exchangers can be found in the literature [38,39].




2.3. Auxiliary Part of the Oberhausen II Power Plant


The auxiliary part of the power plant is actually the regulation part used for helium mass flow rate delivery to the base plant part or its extraction from the base plant part. In closed-cycle gas turbine power plants, mechanical power is produced by changing the fluid pressure (and consequently the fluid mass flow rate).



The daily fluctuations in heat and power demand are adjusted by using a multi-compartment storage system, which consists of three regulating reservoirs. This system is designed to operate without using transfer compressors. If the helium pressure in the base part of the process has to be reduced, a certain quantity of helium flows from the tapping point downstream of the HPTC into the regulating reservoirs. The regulating reservoirs are filled one after another until the desired equilibrium pressure is obtained. If the helium pressure in the base part of the process has to be raised again, stored helium is allowed to leave the regulating reservoirs and re-enter the base part of the plant before the precooler. Each regulating reservoir has a volume of 120 m3. It should be highlighted that the number and volume of each regulating reservoir are the results of the optimization calculation. Regulating reservoirs allows a power change rate of approximately 60% per hour.



Two storage reservoirs (each storage reservoir also has a volume of 120 m3) are used for the long-term storage of the helium when the plant is operating at partial loads for a long period of time. The operation of the transfer compressors is required only for the storage reservoirs’ filling [37].



Due to the complete lack of exact data related to the auxiliary part of the Oberhausen II power plant, this paper will analyze only the base plant part. The mechanical power used by the transfer compressors can be neglected in the calculations because they operate for a very short period of time and are not in use during daily helium fluctuations.




2.4. Design Load and Data Availability


In the literature, there are many data points related to the Oberhausen II power plant [19,25,36,37,38,39]. However, most of the presented data is related to the DESIGN LOAD. Most of the data used in this analysis is found in [39]. However, many operating parameters at various loads (especially low loads) are not known and are obtained mathematically using various realistic assumptions derived from the literature or experience. Oberhausen II general data at the DESIGN LOAD are presented in Table 1.



The limited available data related to the Oberhausen II power plant, especially at various plant loads, resulted in some necessary simplifications.



Thermodynamic analysis performed in this paper involves isentropic and exergy analyses of each turbomachine (LPTC, HPTC, HPT, and LPT), as well as energy and exergy analyses of the regenerator and whole plant. For the cooling water in both precooler parts as well as in the intercooler, mass flow rates and exact inlet/outlet pressures and temperatures are not known at any observed plant load. The pressure and temperature of the helium between the two precooler parts are also unknown. For burners, there are unknown combustion gas operating parameters, exact coke-oven gas composition, and other elements required for performing complete burner energy and exergy analyses at any plant load.



Due to the mentioned lack of data, for the precooler and intercooler, cumulative heat can be calculated from helium to cooling water, while for the burner, heat can be calculated from combustion gases to helium at each plant load. Heat transferred from combustion gases to helium in the burner at each plant load is one of the essential parameters for the investigation of improvement possibilities. Moreover, in the thermodynamic analysis performed at each of the four observed plant loads, Oberhausen II is considered a plant that produces electricity only (urban heating is neglected due to unknown cooling water exact data from the first precooler part).



In the available literature, which also deals with the Oberhausen II power plant, the same simplifications are adopted [38,39].





3. Equations for the Thermodynamic Analysis


In this paper, isentropic, energy, and exergy analyses will be used for the performance research of each observed plant component and for the whole plant.



The isentropic analysis will be used for the performance observation of each turbomachine inside the Oberhausen II power plant (LPTC, HPTC, HPT, and LPT). The isentropic analysis is based on a comparison between ideal (isentropic) and real (polytropic) expansion processes in any turbine or compression processes in any turbocompressor [40]. Data for the real (polytropic) compression or expansion processes are obtained from the measurements during the plant operation, while the data for ideal (isentropic) compression or expansion are numerically obtained for the process without any losses.



Energy analysis will be used for the performance analysis of the regenerator and the whole power plant. The results of this analysis will be used as a baseline in the investigation of whole plant improvement possibilities. Energy analysis is based on the first law of thermodynamics and does not consider the conditions of the ambient environment in which the analyzed system or component operates [41].



In contrast to energy analysis, exergy analysis is based on the second law of thermodynamics and considers ambient conditions [42]. Exergy analysis will be used for the performance evaluation of all components observed in this power plant as well as for the whole plant. Moreover, exergy analysis will be used in the investigation of the ambient temperature change’s influence on each observed plant component’s efficiency.



In the recent literature, it can be found that due to some limitations related to isentropic and energy analyses [43], exergy analysis is more widely used in the observation of various energy systems and components [44,45,46]. Also, exergy analysis can be a baseline for further, more complex analyses [47,48,49,50,51].



3.1. General Equations and Balances


The isentropic analysis used for the turbomachine’s operation observation is based on the comparison of real (polytropic) and ideal (isentropic) mechanical power used or produced by the turbomachine. The real (polytropic) mechanical power calculation is based on the fluid operating parameters measured in the power plant (at each turbomachine inlet and outlet). For mechanical power producers and consumers, real (polytropic) mechanical power can be calculated as:


    P   P T , p r o d u c e r   =   m  ˙  · (   h   i n   −   h   o u t   ) ,  



(1)






    P   P T , c o n s u m e r   =   m  ˙  · (   h   o u t   −   h   i n   ) .  



(2)







The ideal (isentropic) process is the process between the same pressures; it uses the same mass flow rates as the real (polytropic) process, but this process always assumes the same specific entropy during compression or expansion. Produced and consumed mechanical power in the ideal (isentropic) process can be calculated as:


    P   I S , p r o d u c e r   =   m  ˙  · (   h   i n   −   h   o u t , I S   ) ,  



(3)






    P   I S , c o n s u m e r   =   m  ˙  · (   h   o u t , I S   −   h   i n   ) .  



(4)







For mechanical power producers, isentropic loss is the difference between ideal and real mechanical power, while isentropic efficiency is the ratio between real and ideal mechanical power (for any mechanical power producer, ideal mechanical power is higher than the real one). For mechanical power consumers, isentropic loss is the difference between real and ideal mechanical power, while isentropic efficiency is the ratio between ideal and real mechanical power (for any mechanical power consumer, ideal mechanical power is lower than the real one).



Energy analysis is used for the performance analysis of the regenerator and the whole power plant. The main energy balance equation for any component in a steady state, with negligible potential and kinetic energy changes, is [52,53]:


    Q  ˙  − P =  ∑      m  ˙    o u t     ·   h   o u t   −  ∑      m  ˙    i n     ·   h   i n   .  



(5)







For any heat exchanger, the general energy efficiency equation is [54]:


    η   e n , H E   =   c u m u l a t i v e   e n e r g y   o u t p u t   c u m u l a t i v e   e n e r g y   i n p u t   ,  



(6)







While for the whole power plant, energy efficiency can be calculated as a ratio of real useful mechanical power produced in the plant and cumulative heat transferred from fuel to operating fluid:


    η   e n , W P   =     P   P T , U S E F U L         Q  ˙    F U E L     .  



(7)







Exergy analysis is used for the performance evaluation of the whole plant and each observed plant component. The main exergy balance equation for any component in steady state, with negligible potential and kinetic energy changes, is [53,55]:


      X  ˙    h e a t   − P =  ∑      m  ˙    o u t     ·   ε   o u t   −  ∑      m  ˙    i n     ·   ε   i n   +     E  ˙  x   D   .  



(8)







The specific exergy (  ε  ) of any fluid stream can be calculated as [56,57]:


  ε =   h −   h   0     −   T   0   ·   s −   s   0     ,  



(9)







While exergy heat transfer (      X  ˙    h e a t    ) at the temperature T can be calculated, according to [53,56], by an equation:


      X  ˙    h e a t   =  ∑  ( 1 −     T   0     T   ) ·   Q  ˙    .  



(10)







The exergy efficiency of any mechanical power producer and consumer is [58]:


    η   e x , p r o d u c e r   =     P   P T , p r o d u c e r      ∑      m  ˙    i n     ·   ε   i n   −  ∑      m  ˙    o u t     ·   ε   o u t     ,  



(11)






    η   e x , c o n s u m e r   =    ∑      m  ˙    o u t     ·   ε   o u t   −  ∑      m  ˙    i n     ·   ε   i n       P   P T , c o n s u m e r     .  



(12)







General equation for the exergy efficiency calculation of any heat exchanger is [56]:


    η   e x , H E   =   c u m u l a t i v e   e x e r g y   o u t p u t   c u m u l a t i v e   e x e r g y   i n p u t   .  



(13)







The whole power plant’s exergy efficiency can be calculated by an equation [52]:


    η   e x , W P   =     P   P T , U S E F U L         Q  ˙    F U E L   · E C   ,  



(14)




where   E C   is an exergy coefficient based on the fuel type used in the plant. The mass flow rate balance of any component in each of the observed analyses, which includes all fluid leakages and additions, is [53]:


   ∑      m  ˙    i n     =  ∑      m  ˙    o u t     .  



(15)








3.2. Equations for the Isentropic, Energy and Exergy Analyses of Oberhausen II Power Plant and Its Observed Components


For each component and whole power plant, isentropic, energy, and exergy analysis equations are defined according to recommendations from the literature [59,60,61]. All equations remain identical at any observed power plant load. Markings used in the equations and figures throughout this subsection are related to the operating points from Figure 1.



The isentropic analysis of each turbocompressor (LPTC and HPTC) and each turbine (HPT and LPT) is based on the comparison of real (polytropic) and ideal (isentropic) mechanical power (used by the turbocompressors or produced by the turbines). Specific enthalpy-specific entropy (h-s) diagrams of both ideal and real compression and expansion processes for each turbocompressor and turbine are presented in Figure 2 (operating points of the real processes are marked in accordance with Figure 1).



It should be highlighted that in both analyses related to the turbomachines (isentropic and exergy), relevant helium mass flow rates are inlet mass flow rates to each turbomachine. This simplification must be adopted because LPTC, HPTC, and LPT have helium leakages through both front and rear gland seals, while HPT, which operates with the highest helium pressures and temperatures, has helium additions for sealing and blade cooling purposes. The exact operating parameters of all the mentioned helium leakages and additions are unknown at any plant load, so they must be neglected. However, all leaked or added helium mass flow rates are incorporated in the outlet mass flow rate from each turbomachine (according to the presented data at each load, Appendix A). Standard calculations cannot be applied because they will result in unrealistic results. For example, in the HPT exergy analysis, if the presented outlet mass flow rate is considered (operating point 7, Appendix A), then HPT exergy efficiency will be higher than 100% at each plant load.



Table 2 presents equations for used (turbocompressors), produced (turbines), and useful ideal and real mechanical power. In the Oberhausen II power plant, useful mechanical power is the difference between the cumulative mechanical power produced by both turbines and the cumulative mechanical power used by both turbocompressors. Real (polytropic) useful mechanical power is actually produced in the power plant and used for the electric generator drive. Ideal (isentropic) useful mechanical power is the highest possible mechanical power (at each plant load) that can be used for the electric generator drive in an ideal case (when all the losses in each turbomachine are neglected). Markings in the equations presented in Table 2 are related to operating points from Figure 1 and Figure 2.



HPT and LPT isentropic losses are the difference between ideal and real mechanical power, while the isentropic efficiency of each turbine is the ratio of real and ideal mechanical power. The isentropic loss of LPTC and HPTC is the difference between real and ideal mechanical power, while the isentropic efficiency of each turbocompressor is the ratio of ideal and real mechanical power.



Although the Oberhausen II power plant burner and both coolers (precooler and intercooler) cannot be analyzed in detail due to a lack of complete data, for those components, heat is transferred to helium by fuel (in the burner) and heat is transferred from helium to cooling water (in both coolers). Especially important is the heat transferred to helium by fuel in the burner because its reduction will notably increase whole plant efficiency (Equations (7) and (14)). Moreover, in the research related to plant improvement potential, the burner does not have to be the only component that uses fuel, so in Equations (7) and (14) the denominator actually represents cumulative heat transferred to helium by fuel in the whole power plant (considering all components that use fuel).



Heat transferred to helium by fuel in the burner can be calculated by an equation:


      Q  ˙    F U E L   =     m  ˙    5   · (   h   6   −   h   5   ) ,  



(26)







While heat transferred from helium to cooling water in the precooler and intercooler is:


      Q  ˙    P R E C O O L E R   =     m  ˙    1   · (   h   9   −   h   1   ) ,  



(27)






      Q  ˙    I N T E R C O O L E R   =     m  ˙    2   · (   h   2   −   h   3   ) .  



(28)







The energy analysis includes the regenerator and the whole power plant. Regenerator energy efficiency at each plant load will also be an important variable in the potential plant improvement investigation. According to Figure 1, regenerator energy loss (heat loss) and energy efficiency can be calculated using the following equations:


      E  ˙  n   L , R E G   =     m  ˙    8   ·   h   8   +     m  ˙    4   ·   h   4   −     m  ˙    8   ·   h   9   −     m  ˙    4   ·   h   5   ,  



(29)






    η   e n , R E G   =       m  ˙    5   ·   h   5   −     m  ˙    4   ·   h   4         m  ˙    8   ·   h   8   −     m  ˙    9   ·   h   9     =       m  ˙    4   ·     h   5   −   h   4           m  ˙    8   ·     h   8   −   h   9       ,  



(30)







While whole plant energy efficiency is calculated using Equation (7), the variables required in Equation (7) are defined in Equations (25) and (26). Equations for the exergy analysis of each observed plant component are presented in Table 3.



Whole plant exergy efficiency is calculated by using Equation (14), where the required variables are defined in Equations (25) and (26). The last undefined variable from Equation (14) is EC (an exergy coefficient related to heat transfer in the burner), whose value depends on the fuel type used in the combustion process. As mentioned in [38], in the burner of the Oberhausen II power plant is used coke-oven gas, whose EC is equal to 1 (based on the fuel’s lower heating value) [62]. Therefore, for the whole analyzed plant, energy efficiency calculated using Equation (7) and exergy efficiency calculated using Equation (14) will be identical.



It should also be highlighted that, during whole plant efficiency calculations, the product of fuel mass flow rate and lower heating value should be placed in the denominator of Equations (7) and (14) (instead of transferred heat). For the Oberhausen II power plant, the coke-oven gas’s exact composition (and consequentially lower heating value) unknown, as is the mass flow rate at any observed plant load. In the performed analyses, the product of the coke-oven gas mass flow rate and lower heating value is approximated with heat transferred to helium in the burner; therefore, heat losses in the burner are neglected.





4. Operating Parameters Required for the Oberhausen II Power Plant (and Plant Components) Isentropic, Energy and Exergy Analyses


Thermodynamic analysis of the Oberhausen II power plant and each observed plant component requires knowledge of helium temperature, pressure, and mass flow rate at each operating point from Figure 1 at each plant load. Helium temperature and pressure at each operating point allow the calculation of specific enthalpy and specific entropy using NIST-REFPROP 9.0 software [63]. Helium-specific exergy is calculated using Equation (9).



The exergy analysis of any system or component requires the definition of the base (dead) ambient state. In this analysis, the base ambient state is defined by the ambient pressure of 1 bar and the ambient temperature of 25 °C. The change in the ambient parameters is dominantly related to the temperature; the ambient pressure has small deviations [64].



Helium temperatures, pressures, and mass flow rates at each operating point in Figure 1 are partially derived from the literature [25,38,39] (along with my, own calculations) at each plant load. The first plant load is DESIGN LOAD—helium operating parameters at this load (Table A1, Appendix A) are not measured in the plant; they are obtained from calculations. DESIGN LOAD represents optimal power plant operating parameters that could be obtained at the nominal operating regime when all expected losses are minimal. In this load, the highest plant efficiency is expected, much higher than in the plant exploitation loads.



The other three loads of the Oberhausen II power plant are under real exploitation conditions, and helium operating parameters (pressures, temperatures, and mass flow rates) are obtained mainly from the measurements. In Table A2 (Appendix A), helium operating parameters are presented at the NOMINAL LOAD (NL), while Table A3 and Table A4 (Appendix A) show helium operating parameters at two partial loads—65% of NL and 45% of NL, respectively.




5. Results of Thermodynamic Analysis and Discussion


In the Oberhausen II power plant, operating fluid (helium) leakage occurs through the gland seals of both turbocompressors (LPTC and HPTC) as well as through the gland seals of the LPT. At HPT, due to high pressures and temperatures, a certain helium mass flow rate is added to reduce leakages as well as for HPT blade cooling (Figure 3).



Considering both turbocompressors, it is expected that at any load, cumulative helium leakage through HPTC gland seals is higher in comparison to LPTC due to higher pressures. LPT has lower cumulative helium mass flow rate leakages at all observed loads in comparison to both turbocompressors. At any plant load, cumulative helium addition in the HPT is higher than cumulative helium loss in any other turbomachine (Figure 3).



From Figure 3, it can be clearly seen that all helium leakages and helium additions are notably underestimated at the plant DESIGN LOAD even in comparison to partial loads. This fact confirms that DESIGN LOAD is actually an optimal load where the losses are minimal. It should be highlighted that, for the plant exploitation loads, cumulative helium mass flow rate losses and additions decrease during the decrease in plant load.



The DIFFERENCE shown in Figure 3 represents a helium mass flow rate that must be added to the process before the precooler at each load, Figure 1. The added mass flow rate is actually a difference between the cumulative helium mass flow rate lost at both turbocompressors and LPT and the cumulative helium mass flow rate added at HPT.



The used and produced real mechanical power of all Oberhausen II turbomachines, as well as the real useful plant mechanical power, are presented in Figure 4. At any load, it can be seen that HPTC uses almost two times more real mechanical power in comparison to LPTC. Regardless of the fact that both turbocompressors have higher helium leakage at NOMINAL LOAD in comparison to DESIGN LOAD, Figure 3), both of them use higher real mechanical power at NOMINAL LOAD. The reason for that occurrence can be seen in Appendix A, Table A1 and Table A2: at NOMINAL LOAD helium mass flow rate at the entrance of each turbocompressor is notably higher than at DESIGN LOAD.



HPT develops higher real mechanical power at NOMINAL LOAD in comparison to DESIGN LOAD due to prolonged expansion (lower helium temperature and pressure at the HPT outlet). Unlike HPT, LPT develops the highest real mechanical power at DESIGN LOAD (in comparison to NOMINAL LOAD) due to its much longer expansion at DESIGN LOAD regardless of the fact that at NOMINAL LOAD LPT passes a higher helium mass flow rate. At any observed plant load in exploitation, HPT produces almost two times more real mechanical power in comparison to LPT.



Useful real mechanical power is applied to the electric generator drive and is obtained when the real mechanical power produced by both turbines is subtracted from the real mechanical power used by both turbocompressors. Useful real mechanical power is the highest at DESIGN LOAD and equals almost 56 MW (Figure 4). At each observed load, the HPT produces sufficient mechanical power for both turbocompressor drives (the remaining real mechanical power produced by the HPT is delivered to an electric generator through the gearbox, Figure 1).



The isentropic efficiency of each Oberhausen II turbomachine, at all analyzed plant loads, is presented in Figure 5.



At each load, LPTC has higher isentropic efficiency in comparison to HPTC due to lower isentropic losses. At plant loads in exploitation, HPTC isentropic efficiency did not exceed 78% and is lower in comparison to all other turbomachines. For both turbocompressors, isentropic efficiency is notably higher at DESIGN LOAD in comparison to all exploitation loads (for the HPTC mentioned, the difference is 7% or higher), which confirms underestimation of isentropic losses and overestimation of isentropic efficiencies in design conditions. Both turbines (HPT and LPT) have higher isentropic efficiencies in comparison to turbocompressors at each load. HPT has the highest isentropic efficiency of all turbomachines at all plant loads (around 90% or higher).



For many heat exchangers, energy analysis is not recommended because it can be highly dependable in terms of measurement accuracy and precision. In such heat exchangers, a slight measurement error can lead to unreasonable energy analysis variables (negative energy loss and energy efficiency higher than 100%) [43].



The regenerator used in the Oberhausen II power plant is not highly sensitive to measurement accuracy and precision, but as for other heat exchangers, high energy efficiencies and low energy losses (low heat losses) can be expected. The regenerator has the highest energy efficiency, equal to 98.25%, at the DESIGN LOAD, while in exploitation its energy efficiency did not exceed 98% (the highest regenerator energy efficiency in plant exploitation can be seen at NOMINAL LOAD, equal to 97.80%), Figure 6.



Heat transferred to helium by fuel in the burner at all observed power plant loads is presented in Figure 7. As can be seen from Figure 7, heat transferred to helium by fuel in the burner is the highest at the DESIGN LOAD (almost 146 MW), while observing exploitation loads, the highest value of this variable is detected at NOMINAL LOAD.



Heat transferred to helium by fuel in the burner is an important variable for the whole plant efficiency calculation. As evident from Equations (7) and (14), heat transferred to helium by fuel in the burner is placed in the denominator of both equations; therefore, the reduction of this variable can notably increase the whole plant’s efficiency.



The Exergy destruction of each observed power plant component at all analyzed loads is presented in Figure 8. Considering all turbomachines, it can be concluded from Figure 8 that both turbines (HPT and LPT) have lower exergy destruction in comparison to both turbocompressors (LPTC and HPTC) at each plant load. At almost all plant loads (an exception can be seen at 45% of NL), LPT has lower exergy destruction than HPT, while HPTC at all plant loads has notably higher exergy destruction than LPTC. LPT has the lowest, while HPTC has the highest exergy destruction of all turbomachines. At all observed loads, regenerator exergy destruction is higher in comparison to any turbomachine.



The exergy efficiency of each observed Oberhausen II component at all loads is presented in Figure 9. At DESIGN LOAD exergy efficiencies of all observed components are notably overestimated in comparison to real exploitation conditions. That overestimation is the highest for turbocompressors, especially HPTC, whose exergy efficiency at DESIGN LOAD is 5.5% higher than the highest exergy efficiency in exploitation.



Considering all plant loads in exploitation (NL, 65% of NL, and 45% of NL), it is clear that LPTC has higher exergy efficiencies in comparison to HPTC due to lower exergy destruction, Figure 8 and Figure 9. Both turbines (HPT and LPT) have notably higher exergy efficiency in comparison to turbocompressors (higher than 93%) at any plant load. HPT has the highest, while HPTC has the lowest exergy efficiency of all turbomachines, at all observed exploitation loads.



Due to additional losses related to the ambient, regenerator exergy efficiencies are not as high as energy efficiencies (Figure 6 and Figure 9); however, the obtained regenerator exergy efficiencies are still acceptable (higher than 82% at all plant loads).



For all observed Oberhausen II power plant components, analysis is performed related to the ambient temperature change’s influence on exergy variables. During the ambient temperature variation, the ambient pressure remains constant and the same as at the base ambient state (1 bar). Ambient temperature varies from 5 °C up to 45 °C.



Figure 10 presents the energy efficiency change of all analyzed power plant components during the ambient temperature variation at two observed loads: NL and 45% of NL. The obtained trends and conclusions are valid also for other power plant loads.



The ambient temperature change has a low, almost negligible influence on the exergy destruction and exergy efficiency of both turbines. The ambient temperature change of 10 °C results in an exergy efficiency change of both turbines equal to 0.2% or lower, regardless of the observed load. The same trends can be found in [65] for a steam turbine and in [17] for an open-cycle gas turbine, so for all turbines it can be concluded that they are less influenced by the ambient temperature change.



Turbocompressors are more influenced by ambient temperature changes in comparison to turbines. The ambient temperature change of 10 °C results in both turbocompressors’ energy efficiency changing by between 0.5% and 0.6%, regardless of the observed load. Therefore, turbocompressors are around three times more sensitive to ambient temperature changes in comparison to turbines.



The regenerator is a component (of all observed components) whose exergy variables are the most sensitive to ambient temperature changes (Figure 10). Such an occurrence can be expected not only for the regenerator but also for heat exchangers in general [65]. The ambient temperature change of 10 °C results in a regenerator exergy efficiency change of around 0.8% or more, regardless of the observed load.



According to Equations (7) and (14) and considering that for coke-oven gas used in the burner, the exergy coefficient (EC) is equal to 1, the results of the whole plant energy and exergy efficiency will be the same at each analyzed plant load (Figure 11). Due to this fact, both efficiencies will be called simply "plant efficiency." The whole plant efficiency is calculated on the basis of electric power production only (due to unknown cooling water operating parameters).



As highlighted before for the power plant components, DESIGN LOAD represents optimal operating conditions, and the whole plant efficiency is expected to be much higher in comparison to any exploitation load. Whole plant efficiency at DESIGN LOAD is equal to 38.38%, and it can be used as a guideline during plant improvement or optimization.



Considering exploitation loads (connected with the line in Figure 11), the highest efficiency of the whole plant is calculated at NOMINAL LOAD (31.27%), and it continuously decreases during the decrease in plant load (and vice versa). In the literature [38], it can be found that for Oberhausen II NOMINAL LOAD in exploitation, the obtained plant efficiency is equal to 31.3% (heat flow transferred to consumers is not considered); therefore, it can be concluded that the adopted assumptions and simplifications did not notably ruin general power plant performance data.



The literature [19] offers theoretical considerations that highlight that closed-cycle gas turbine power plants have a much lower efficiency drop at partial loads in comparison to open cycle gas turbine power plants. So far, the existing literature has not offered exact confirmation of these considerations. An efficiency comparison of a closed-cycle gas turbine power plant (Oberhausen II) and three different open-cycle gas turbine power plants at various loads is presented in Figure 12.



Figure 12 exactly confirms theoretical considerations from the literature—the decrease in efficiency of a closed-cycle gas turbine power plant at partial loads is much lower in comparison to any open-cycle gas turbine power plant. A decrease in load from NOMINAL LOAD to 45% of NL results in an Oberhausen II closed-cycle gas turbine power plant efficiency decrease of only 2.67%, while between the same loads, the efficiency decrease of the Siemens SGT6-500F open-cycle gas turbine power plant [66] is 9.6%, that of the Siemens SGT5-2000E open-cycle gas turbine power plant [67,68] is 6.4%, and that of the General Electric LM 2500 open-cycle gas turbine power plant [69] is 7%. It can be concluded that the efficiency decrease of an open-cycle gas turbine power plant during load decrease is approximately two and a half or more times higher in comparison to a closed-cycle gas turbine power plant. Therefore, closed-cycle gas turbine power plants can be recommended for the application at partial loads.




6. Improvement Potential of Oberhausen II Power Plant by Increasing Components Isentropic or Energy Efficiency


In this part of the research, the influence of each observed Oberhausen II power plant component is isentropic or energy efficiency increase, in relation to the whole plant efficiency increase. The main aim of this investigation was to detect the component (or more of them) whose improvement would result in the highest increase in whole plant efficiency at all observed plant loads.



The whole plant efficiency is calculated according to the following equation:


    η   W P   =     P   P T , U S E F U L         Q  ˙    F U E L     =     P   P T , H P T   +   P   P T , L P T   −   P   P T , H P T C   −   P   P T , L P T C         Q  ˙    B U R N E R     .  



(41)







It should be highlighted that during any observed plant component isentropic or energy efficiency increase, the change in operating parameters is simultaneously considered, which will influence any variable from Equation (41).



The influence of each turbomachine isentropic efficiency increase on the whole plant efficiency at all observed plant loads is presented in Figure 13.



From Figure 13, it can be seen that the increase in isentropic efficiency of any turbomachine will increase whole plant efficiency, but the intensity of the increase is not the same for all turbomachines. Turbomachines whose slope of the curve is the steepest during the increase in isentropic efficiency will increase the whole plant’s efficiency the most (and vice versa). Figure 13 shows that HPT has the steepest slope of the curve at all plant loads; therefore, the increase in HPT isentropic efficiency will increase the whole plant efficiency more than any other turbomachine. Simultaneously, at all observed plant loads, LPTC has the least steep slope of the curve.



Isentropic and exergy analyses show that HPT has notably higher efficiencies in comparison to all other turbomachines from the observed plant (Figure 5 and Figure 9), so it is interesting that a further increase in HPT isentropic efficiency will be the most beneficial to the whole plant efficiency increase at all loads. An increase in HPTC isentropic efficiency, which is the component with the lowest efficiencies (Figure 5 and Figure 9), will not be the most beneficial to the whole plant’s efficiency at any load.



The final conclusion derived from this part of the analysis is that improvements to turbomachines, which have the lowest efficiencies, do not have to be the most influential on the whole plant’s efficiency (for turbomachines from the Oberhausen II power plant, this is a totally opposite conclusion).



A clearer presentation of each observed Oberhausen II component improvement influence on the whole plant efficiency is presented in Figure 14 through the average values.



Previously derived conclusions related to the turbomachines are clearly visible in Figure 14a. HPT isentropic efficiency increases of 1% will result in an average increase in whole plant efficiency of more than 0.35% at all loads in exploitation. Also, the HPTC isentropic efficiency increase of 1% will result in a slightly higher whole plant average efficiency increase in comparison to the increase in LPT isentropic efficiency of 1% at all plant loads in exploitation (NL, 65% of NL, and 45% of NL). Figure 14b shows the average increase in whole plant efficiency at all observed loads during the increase in regenerator energy efficiency. An increase in the regenerator energy efficiency of 1% will result in a whole plant average efficiency increase of 0.31% or more at all observed loads.




7. Improvement Potential of Oberhausen II Power Plant by Involving an Additional Heater (AH) in the Plant Operation


In this paper, the possibility of additional heater (AH) implementation in the Oberhausen II power plant operation is also analyzed. It will be analyzed how the AH implementation influences the whole plant’s efficiency in the ideal scenario (without helium pressure drop in the AH) and in the real scenario (with helium pressure drop in the AH). The general scheme of the Oberhausen II plant with its implemented AH is shown in Figure 15.



The helium heating process in the AH and expansion through both turbines (HPT and LPT) in h-s diagrams are presented in Figure 16a for an ideal scenario without helium pressure drop in the AH (operating point 7a has the same pressure as operating point 7) and in Figure 16b for a real scenario with helium pressure drop in the AH (operating point 7a has a lower pressure than operating point 7). At all observed Oberhausen II loads, the helium average pressure drop in the burner between the inlet and outlet is equal to 5.5% (close to 6% if only the exploitation loads are observed). So, it is reasonable to expect that the helium pressure drop in a real AH operation will be around 5% (however, the whole range of helium pressure drop in the AH from 3% up to 5% has been investigated). It is assumed that the AH uses the same fuel as the burner (coke-oven gas), and the helium outlet temperatures from the AH vary between 630 °C and 750 °C (in steps of 10 °C). As the helium temperature at the burner outlet (operating point 6, Figure 15) did not exceed 750 °C at any observed load, it will not be reasonable to expect higher helium temperatures at the AH outlet.



As the AH uses fuel, the whole plant efficiency with an implemented AH can be calculated by the following equation:


    η   W P   =     P   P T , U S E F U L         Q  ˙    F U E L     =     P   P T , H P T   +   P   P T , L P T   −   P   P T , H P T C   −   P   P T , L P T C         Q  ˙    B U R N E R   +     Q  ˙    A H     .  



(42)







In the above equation, the real mechanical power of each component is calculated by using equations from Table 2 (the only modification is related to the LPT, where the difference in helium specific enthalpies is related to operating points 7a and 8a, according to markings from Figure 15 and Figure 16). The heat transferred to helium by fuel in the burner (      Q  ˙    B U R N E R    ) is calculated by using Equation (26), while the heat transferred to helium by fuel in the AH (      Q  ˙    A H    ) is calculated according to the following equation (markings are related to Figure 15 and Figure 16):


      Q  ˙    A H   =     m  ˙    7   · (   h   7 a   −   h   7   ) .  



(43)







7.1. Involving an Additional Heater (AH) in the Plant Operation—Ideal Scenario


Figure 17 shows an increase in whole plant efficiency if the ideal AH process is implemented in the plant (for a selected range of helium temperatures at the AH outlet). Figure 17a presents the increase in plant efficiency at DESIGN LOAD and NOMINAL LOAD, while Figure 17b shows the increase in plant efficiency at 65% of NL and 45% of NL after the ideal AH implementation. For all helium temperatures at the AH outlet, at each load, implementation of the ideal AH process increases overall plant efficiency (the plant efficiency increase is higher as the helium temperature at the AH outlet increases).



In an ideal AH process without helium pressure drop, an increase in the helium temperature at the AH outlet from 630 °C up to 750 °C will increase whole plant efficiency between 1.11% and 3.75% at DESIGN LOAD, between 1.29% and 3.58% at NL, between 1.07% and 3.12% at 65% of NL, and between 1.17% and 3.13% at 45% of NL, respectively, in comparison to the base process (base plant), Figure 17.



The presented results lead to the conclusion that, if the helium pressure drop in the AH is neglected, the additional heating process can be notably beneficial to the whole plant’s efficiency, especially with as high a helium temperature as possible at the AH outlet.




7.2. Involving an Additional Heater (AH) in the Plant Operation—Real Scenario


Figure 18 presents the whole plant efficiency change when the helium pressure drop in AH is equal to 3%, 4%, or 5% at all observed plant loads. The change in plant efficiency with AH implemented in real operation is compared to the base process at each load.



Only at DESIGN LOAD, which represents an optimal plant operating regime, can the whole plant’s efficiency be higher in comparison to the base process for all observed helium pressure drops in the AH. However, even at the lowest DESIGN LOAD possible, helium temperatures will be required at the AH outlet to achieve a reasonable whole plant efficiency increase (in comparison to the base process).



In real operating conditions, by assuming a reasonable helium pressure drop in the AH of 5%, additional heating processes will not be able to achieve a power plant efficiency increase in comparison to the base process for all observed exploitation loads. Even if the helium pressure drop in the AH is equal to 4%, in plant exploitation, a reasonable plant efficiency increase (in comparison to the base process) cannot be achieved for the highest observed helium temperatures at the AH outlet. Additional heating processes can be beneficial for unreasonably low helium pressure drops in the AH or for unreasonably high helium temperatures at the AH outlet. Finally, it can be concluded that Oberhausen II power plant in real operating conditions cannot be improved by the implementation of additional heating processes at all observed exploitation loads.





8. Conclusions


In this research, isentropic, energy, and exergy analyses are performed on Oberhausen II (a helium closed cycle gas turbine power plant) and the dominant plant components at four loads (the design load and three loads during the plant’s exploitation). All loads are considered helium leakages and additions to each turbomachine. Obtained efficiencies, losses, and destructions present a good insight into the operation of each observed component and the whole power plant at various loads. The influence of the ambient temperature change on exergy analysis variables is presented for all observed plant components. Oberhausen II power plant efficiencies at various loads are directly compared to those of three open-cycle gas turbine power plants. It is investigated the improvement potential of the Oberhausen II power plant (potential of the whole plant efficiency increase) in two different ways: by increasing each observed component isentropic or energy efficiency and by involving an additional heater in the plant operation. The most important conclusions are:




	-

	
In the observed plant, HPT is the dominant mechanical power producer, while HPTC is the dominant mechanical power consumer, regardless of the observed load.




	-

	
Both turbines (HPT and LPT) have notably higher isentropic and exergy efficiencies (around 85% or higher) in comparison to both turbocompressors (LPTC and HPTC) at each plant load.




	-

	
HPT has the highest isentropic and exergy efficiencies of all turbomachines, while HPTC is detected as the most problematic turbomachine with the lowest isentropic and exergy efficiencies at all loads.




	-

	
Regenerator shows very good operation performance (its energy efficiency is higher than 94% and exergy efficiency is higher than 82%) at all plant loads. Considering all observed power plant components, the exergy variables of the regenerator are the most sensitive to ambient temperature change.




	-

	
DESIGN LOAD represents optimal operating conditions at which the whole plant efficiency is equal to 38.38%. Considering power plant loads in real exploitation, the highest efficiency of the whole plant is obtained at NOMINAL LOAD (31.27%).




	-

	
The decrease in open cycle gas turbine power plant efficiency at partial loads is approximately two and a half or more times higher than for the closed cycle gas turbine power plant.




	-

	
Regardless of the fact that HPTC has the lowest efficiencies of all turbomachines, a further increase in HPT isentropic efficiency (HPT has the highest efficiencies of all turbomachines) will be the most beneficial to the whole plant at all observed loads.




	-

	
An increase in the HPT isentropic efficiency of 1% will result in an average increase in whole plant efficiency of more than 0.35% at all loads in the plant’s exploitation. Regenerator improvement will also have a notable influence on the observed power plant performance—an increase in the regenerator energy efficiency of 1% will result in an average increase in whole plant efficiency of 0.31% or more at all plant loads.




	-

	
In real operating conditions, by assuming a reasonable helium pressure drop of 5% in the additional heater, the additional heating process will not be able to increase plant efficiency at all loads in exploitation (in comparison to the process without additional heating). Therefore, the Oberhausen II power plant cannot be improved by the implementation of the additional heating process.









Further research related to the Oberhausen II power plant will be based on optimization possibilities investigated using artificial intelligence methods and techniques. In addition, the results presented in this analysis will serve as a baseline for further research on closed-cycle gas turbine power plants, their processes, performances, and characteristics.
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Nomenclature




	
Abbreviations




	
AH

	
Additional Heater




	
CHP

	
Combined Heat and Power




	
CO2

	
Carbon Dioxide




	
EC

	
Exergy Coefficient




	
HPT

	
High Pressure Turbine




	
HPTC

	
High Pressure Turbocompressor




	
LPT

	
Low Pressure Turbine




	
LPTC

	
Low Pressure Turbocompressor




	
NL

	
Nominal Load




	
Latin symbols




	
   h   

	
specific enthalpy, kJ/kg




	
     m  ˙    

	
mass flow rate, kg/s




	
   P   

	
mechanical power, kW




	
     Q  ˙    

	
heat energy transfer, kW




	
   s   

	
specific entropy, kJ/kg∙K




	
   T   

	
temperature, K or °C




	
       X  ˙    h e a t     

	
heat exergy transfer, kW




	
Greek symbols




	
   ε   

	
specific exergy, kJ/kg




	
   η   

	
efficiency, %




	
Subscripts




	
0

	
base (dead) ambient state




	
D

	
destruction




	
en

	
energy




	
ex

	
exergy




	
HE

	
Heat Exchanger




	
in

	
inlet (input)




	
IS

	
isentropic




	
L

	
loss (heat loss)




	
out

	
outlet (output)




	
PT

	
polytropic




	
REG

	
regenerator




	
WP

	
Whole Plant









Appendix A


Helium operating parameters at each observed plant load (operating point numeration refers to Figure 1) are calculated for the base ambient state.
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Table A1. Oberhausen II operating parameters at DESIGN LOAD.






Table A1. Oberhausen II operating parameters at DESIGN LOAD.





	Operating Point
	Mass Flow Rate (kg/s)
	Temperature (°C)
	Pressure (bar)
	Specific Enthalpy (kJ/kg)
	Specific Entropy (kJ/kg∙K)
	Specific Exergy (kJ/kg)
	Isentropic Specific Enthalpy (kJ/kg)





	1
	86.50
	25.0
	10.49
	1556.9
	23.152
	1458.4
	-



	2
	85.87
	83.3
	15.48
	1861.2
	23.272
	1727.1
	1818.9



	3
	85.87
	25.0
	15.38
	1558.4
	22.358
	1696.8
	-



	4
	84.40
	124.9
	28.76
	2081.4
	22.560
	2159.7
	2002.7



	5
	84.40
	417.0
	28.16
	3597.8
	25.461
	2811.1
	-



	6
	84.40
	750.0
	27.00
	5326.4
	27.592
	3904.2
	-



	7
	86.02
	583.8
	16.52
	4460.5
	27.692
	3008.6
	4375.7



	8
	85.60
	463.0
	10.80
	3831.1
	27.785
	2351.5
	3763.3



	9
	85.60
	169.9
	10.66
	2309.4
	25.176
	1607.7
	-
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Table A2. Oberhausen II operating parameters at NOMINAL LOAD (NL).






Table A2. Oberhausen II operating parameters at NOMINAL LOAD (NL).





	Operating Point
	Mass Flow Rate (kg/s)
	Temperature (°C)
	Pressure (bar)
	Specific Enthalpy (kJ/kg)
	Specific Entropy (kJ/kg∙K)
	Specific Exergy (kJ/kg)
	Isentropic Specific Enthalpy (kJ/kg)





	1
	91.69
	24.3
	10.79
	1553.3
	23.082
	1476.0
	-



	2
	89.46
	83.8
	15.83
	1863.9
	23.233
	1741.5
	1810.8



	3
	89.46
	23.8
	15.73
	1552.3
	22.290
	1710.9
	-



	4
	84.26
	123.5
	28.11
	2073.9
	22.589
	2143.5
	1958.8



	5
	84.26
	435.5
	27.43
	3693.6
	25.652
	2849.8
	-



	6
	84.26
	743.6
	25.92
	5292.8
	27.644
	3855.1
	-



	7
	89.74
	568.3
	15.20
	4379.5
	27.770
	2904.3
	4274.8



	8
	88.84
	482.0
	11.13
	3930.2
	27.855
	2429.5
	3866.4



	9
	88.84
	179.5
	11.02
	2359.4
	25.218
	1645.0
	-
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Table A3. Oberhausen II operating parameters at 65% of NL.






Table A3. Oberhausen II operating parameters at 65% of NL.





	Operating Point
	Mass Flow Rate (kg/s)
	Temperature (°C)
	Pressure (bar)
	Specific Enthalpy (kJ/kg)
	Specific Entropy (kJ/kg∙K)
	Specific Exergy (kJ/kg)
	Isentropic Specific Enthalpy (kJ/kg)





	1
	63.66
	24.8
	7.51
	1554.9
	23.843
	1250.6
	-



	2
	62.11
	85.1
	10.97
	1869.1
	24.013
	1514.1
	1809.2



	3
	62.11
	24.3
	10.95
	1553.4
	23.051
	1485.2
	-



	4
	58.50
	124.1
	19.57
	2074.3
	23.348
	1917.6
	1959.7



	5
	58.50
	436.1
	19.23
	3694.3
	26.394
	2629.3
	-



	6
	58.50
	745.9
	18.04
	5302.5
	28.409
	3636.9
	-



	7
	62.30
	573.8
	10.70
	4406.9
	28.533
	2704.1
	4303.2



	8
	61.48
	488.8
	7.80
	3964.4
	28.640
	2229.9
	3883.7



	9
	61.48
	178.3
	7.75
	2352.1
	25.935
	1423.9
	-
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Table A4. Oberhausen II operating parameters at 45% of NL.






Table A4. Oberhausen II operating parameters at 45% of NL.





	Operating Point
	Mass Flow Rate (kg/s)
	Temperature (°C)
	Pressure (bar)
	Specific Enthalpy (kJ/kg)
	Specific Entropy (kJ/kg∙K)
	Specific Exergy (kJ/kg)
	Isentropic Specific Enthalpy (kJ/kg)





	1
	44.73
	24.0
	5.15
	1550.0
	24.612
	1016.3
	-



	2
	43.64
	85.7
	7.58
	1871.2
	24.789
	1284.7
	1808.6



	3
	43.64
	24.0
	7.55
	1550.7
	23.818
	1253.9
	-



	4
	41.10
	127.8
	13.74
	2091.6
	24.130
	1701.7
	1970.2



	5
	41.10
	432.5
	13.46
	3673.8
	27.108
	2395.9
	-



	6
	41.10
	742.8
	12.68
	5285.0
	29.125
	3405.8
	-



	7
	43.69
	564.9
	7.45
	4359.8
	29.230
	2449.3
	4272.6



	8
	43.18
	481.8
	5.46
	3927.5
	29.333
	1986.3
	3850.5



	9
	43.18
	175.5
	5.31
	2336.8
	26.688
	1184.1
	-
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Figure 1. General scheme of the Oberhausen II (helium closed-cycle gas turbine power plant) along with operating points required for the thermodynamic analysis. 
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Figure 2. Specific enthalpy—specific entropy (h-s) diagrams for the isentropic analysis of both turbocompressors and turbines. 
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Figure 3. Cumulative helium mass flow rate loss and addition of each turbomachine at all observed power plant loads. 
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Figure 4. Used (turbocompressors), produced (turbines), and useful real mechanical power at all observed power plant loads. 
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Figure 5. Isentropic efficiency of each turbomachine (turbocompressor and turbine) at all observed power plant loads. 
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Figure 6. The regenerator energy efficiency at all observed power plant loads. 
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Figure 7. Heat transferred to helium by fuel in the burner at all observed power plant loads. 
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Figure 8. Exergy destruction of the analyzed power plant components at all observed loads. 
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Figure 9. Exergy efficiency of the analyzed power plant components at all observed loads. 
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Figure 10. The energy efficiency change of all analyzed power plant components during the ambient temperature variation for (a) NOMINAL LOAD and (b) 45% of NL. 
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Figure 11. Whole plant efficiency at all observed loads. 






Figure 11. Whole plant efficiency at all observed loads.



[image: Energies 16 05589 g011]







[image: Energies 16 05589 g012 550] 





Figure 12. Efficiency comparison of several gas turbine power plants at various loads—only Oberhausen II is a closed-cycle gas turbine power plant; others are open cycle gas turbine power plants. 
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Figure 13. The influence of each turbomachine isentropic efficiency increase on the whole plant efficiency at: (a) DESIGN LOAD; (b) NOMINAL LOAD; (c) 65% of NL; (d) 45% of NL. 
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Figure 14. Whole plant average efficiency increase at all observed loads during the increase in (a) each turbomachine isentropic efficiency of 1% and (b) regenerator energy efficiency of 1%. 
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Figure 15. General scheme of the Oberhausen II power plant with implemented additional heater (AH) along with marked operating points required for the improvement potential analysis. 
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Figure 16. Specific enthalpy—specific entropy (h-s) diagrams for a process with AH included: (a) ideal scenario without helium pressure drop in the AH; (b) real scenario with helium pressure drop in the AH. 
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Figure 17. The AH involvement in the power plant structure—ideal scenario: (a) Increase in power plant efficiency at DESIGN LOAD and NOMINAL LOAD; (b) Increase in power plant efficiency at 65% of NL and 45% of NL. 
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Figure 18. The AH involvement in the power plant structure—real scenario—increase in power plant efficiency at: (a) DESIGN LOAD; (b) NOMINAL LOAD; (c) 65% of NL; (d) 45% of NL. 
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Table 1. Oberhausen II general data at the DESIGN LOAD [25,38,39].
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	Shaft Power Capacity
	52.3 MW





	Overall pressure ratio
	2.7



	Helium mass flow rate at the HPT inlet
	84.4 kg/s



	HPT efficiency
	88.3%



	LPT efficiency
	90.0%



	HPTC efficiency
	85.5%



	LPTC efficiency
	87.0%



	HPT/HPTC/LPTC inlet temperatures
	750 °C/25 °C/25 °C



	LPT outlet temperature
	460 °C



	System pressure loss
	10.2%



	Plant electric efficiency
	~36%
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Table 2. Equations for the calculation of ideal and real mechanical power (used by turbocompressors, produced by turbines, and useful mechanical power).
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	Ideal (Isentropic) Mechanical Power
	Equation
	Real (Polytropic)

Mechanical Power
	Equation





	LPTC
	     P   I S , L P T C   =     m  ˙    1   · (   h   2 I S   −   h   1   )   
	(16)
	     P   P T , L P T C   =     m  ˙    1   · (   h   2   −   h   1   )   
	(17)



	HPTC
	     P   I S , H P T C   =     m  ˙    3   · (   h   4 I S   −   h   3   )   
	(18)
	     P   P T , H P T C   =     m  ˙    3   · (   h   4   −   h   3   )   
	(19)



	HPT
	     P   I S , H P T   =     m  ˙    6   · (   h   6   −   h   7 I S   )   
	(20)
	     P   P T , H P T   =     m  ˙    6   · (   h   6   −   h   7   )   
	(21)



	LPT
	     P   I S , L P T   =     m  ˙    7   · (   h   7   −   h   8 I S   )   
	(22)
	     P   P T , L P T   =     m  ˙    7   · (   h   7   −   h   8   )   
	(23)



	USEFUL
	     P   I S , U S E F U L   =   P   I S , H P T   +   P   I S , L P T   −   P   I S , H P T C   −   P   I S , L P T C     
	(24)
	     P   P T , U S E F U L   =   P   P T , H P T   +   P   P T , L P T   −   P   P T , H P T C   −   P   P T , L P T C     
	(25)
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Table 3. Exergy analysis equations of each observed plant component.
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	Component
	Exergy Destruction
	Equation





	LPTC
	       E  ˙  x   D , L P T C   =       m  ˙    1   ·   ε   1   + P   P T , L P T C   −     m  ˙    1   ·   ε   2     
	(31)



	HPTC
	       E  ˙  x   D , H P T C   =       m  ˙    3   ·   ε   3   + P   P T , H P T C   −     m  ˙    3   ·   ε   4     
	(32)



	HPT
	       E  ˙  x   D , H P T   =       m  ˙    6   ·   ε   6   −     m  ˙    6   ·   ε   7   − P   P T , H P T     
	(33)



	LPT
	       E  ˙  x   D , L P T   =       m  ˙    7   ·   ε   7   −     m  ˙    7   ·   ε   8   − P   P T , L P T     
	(34)



	REGENERATOR
	       E  ˙  x   D , R E G   =     m  ˙    8   ·   ε   8   +     m  ˙    4   ·   ε   4   −     m  ˙    8   ·   ε   9   −     m  ˙    4   ·   ε   5     
	(35)



	Component
	Exergy Efficiency
	Equation



	LPTC
	     η   e x , L P T C   =       m  ˙    1   ·     ε   2   −   ε   1         P   P T , L P T C       
	(36)



	HPTC
	     η   e x , H P T C   =       m  ˙    3   ·     ε   4   −   ε   3         P   P T , H P T C       
	(37)



	HPT
	     η   e x , H P T   =     P   P T , H P T         m  ˙    6   ·     ε   6   −   ε   7         
	(38)



	LPT
	     η   e x , L P T   =     P   P T , L P T         m  ˙    7   ·     ε   7   −   ε   8         
	(39)



	REGENERATOR
	     η   e x , R E G   =       m  ˙    4   ·     ε   5   −   ε   4           m  ˙    8   ·     ε   8   −   ε   9         
	(40)
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