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Abstract

:

In this study, thermodynamic modeling and simulations were used to optimize the design point performance of the Allam cycle. The topic fits perfectly with the strategies for power sector decarbonization toward net zero emission. In fact, it offers an environmentally friendlier alternative to natural gas combined cycle (NGCC) plants. The focus is on oxyfuel combustion that, combined with supercritical CO2 (sCO2) stream as working fluid, produces high-purity CO2, electricity, and water by means of a highly recuperated Brayton cycle. The former is ready for sequestration, pipeline injection, or other applications, such as enhanced oil recovery or industrial processes. Being designed within the last decade, large-scale plants are poorly documented in the published literature and not yet ready for operation. Accordingly, a thermodynamic model was developed for a net power (Pn) output of 300 MW. After validation against the little data available from academic studies, simulation sets were conceived to assess the impact of main process parameters on cycle efficiency. To that end, operating conditions of the compressor, turbine, and air separation unit (ASU) were varied in a parametric analysis, preparatory to performance optimization. For the chosen layout, the maximum net electric efficiency (ηel,n) was found to be 50.4%, without thermal recovery from ASU.
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1. Introduction


According to a recent report from the International Energy Agency, the largest growth in CO2 emissions by sector in 2021 took place in electricity and heat production, thus accounting for 46% of the global rise in emissions [1]. That is because the rapid surge in global electricity demand after the pandemic was met mainly by fossil fuels: in particular, more coal was burned despite the largest ever annual increase in renewable power generation, thanks to solar and wind technology. Additionally, natural gas (NG) demand increased in all sectors [2]. Coal and gas covered about 60% of the global electricity generation in 2021, whereas total clean sources stood at the remaining fraction of 40%, including nuclear source [3]. There has been insufficient progress in decarbonizing the energy sector: the transition process is still too slow to put global emissions into sustained decline towards net zero. As long as the increase in renewable generation capacity is less than the augmentation in global energy demand, fossil fuels will not be phased out anytime soon. Holechek et al. [4] sought to identify the conditions for a complete replacement of fossil fuels with renewable energy by 2050. They set up a long list in which key points are the following: worldwide energy demand should not exceed by more than 25% the current level, renewable energy should be exploited at six to eight times the present rate, nuclear power should be increased by at least 30%, and carbon capture and storage (CCS) should be widely applied. However, the penultimate point brings several issues dealing with high costs and long time for plant construction, large needs of water for cooling purposes, hazardous waste disposal, and safety and public confidence [5]. As regards CCS, the main challenges relate to high capital investment and lack of both financial incentives for CO2 geological storage and consistent regulations, besides low public acceptance [6]. Even in the most optimistic scenario by 2050, traditional fuels are essential as a backup when renewables inevitably fail, in order to ensure reliable energy services. NG, being the cleanest, has strong medium-to-long-term future as balancing fuel; nonetheless, the issue of intermittency is expected to dissipate in time as the system evolves through the development of large-scale battery storage and distributed generation deployment. If methane is decarbonized, then its contribution to electricity generation will remain significant in the coming decades [7]. On the one hand, post-combustion technology is considered the most viable method for CO2 reduction in existing power plants [8]. On the other hand, the development of unconventional thermodynamic cycles for clean power generation from NG would constitute an alternative approach. Research areas of potential interest include land-based gas turbine cycles with inherent carbon capture ability, by means of oxyfuel combustion [9].



Among the oxyfuel power cycles, the Allam cycle [10] is one of the most promising due to its high efficiency combined with zero greenhouse gas emissions [11] and capability to produce pipeline-ready CO2 [12]. In short, it is a semi-closed, intercooled, and highly regenerative oxy-combustion Brayton cycle that uses sCO2 as working fluid. The base project was developed by 8 Rivers Capital and commercialized by NET Power, LLC, in partnership with Toshiba Corporation, Exelon Corporation, and CB&I [13]. The original design of the cycle fed by NG included a fuel compressor, combustor, ASU, turbine, multistream recuperator, oxidant pump, water separator, two-stage CO2 compressor with intercooling, and recycled CO2 flow pump. The first-of-a-kind plant in La Porte, Texas, is a 50 MWth (25-MWel) unit where testing campaigns with NG have been ongoing since May 2018. The design for a 300 MW NG-fired power plant is under development: construction near Odessa (Texas) is slated to begin in the third quarter of 2024, and NET Power is targeting commissioning in the third quarter of 2026, according to the latest reports [14]. In one of the earliest studies, which dates back to 2013, Allam et al. [15] declared a net efficiency of ηel,n = 58.9% based on the lower heating value (LHV) of the fuel, i.e., NG. This value is actually comparable to that of the current NGCC technology. They also stated that the cost of electricity with 100% capture of emissions can be highly competitive with the best solutions available that do not employ carbon capture. Mancuso et al. [16] conducted an independent cost analysis that brought a specific cost of 1068 €/kW for a system with full CO2 capture at pipeline conditions, which is in close agreement with NET Power’s estimated value of 992 €/kW. They pointed out that the Allam cycle requires fewer and smaller turbines compared with NGCC, without the complexity of the heat recovery steam generator: a single turbine per train can be used, instead of two gas turbines and three steam turbines. A year later, Allam et al. [17] provided a detailed explanation of the cycle thermodynamic characteristics, pointing out how and why it is distinct from other carbon dioxide cycles.



The following efforts were devoted to designing the most critical components, such as compressor [18], combustor [19,20], cooled turbine [20], and heat exchangers [21]. At the same time, methods of modelling were proposed to properly simulate the Allam cycle in various aspects. White and Weiland [22] compared 10 different physical property methods for modeling direct fired sCO2 cycles in Aspen Plus®: REFPROP was found to grant the highest level of accuracy over a wide range of streams, including saturated liquid and vapor states of pure CO2, superheated CO2 vapor, and vapor/liquid equilibria of CO2–H2O mixtures. Thermodynamic investigations were carried out by Haseli [23,24,25] with the twofold aim of better understanding the physics of the Allam cycle and optimizing its efficiency under simplifying assumptions. Note that neither intercooling for fuel and CO2 compressors nor turbine cooling was accounted for. Furthermore, all components were operated adiabatically. An analytical expression for Pn was derived in [23], where turbine inlet temperature (TIT), turbine inlet pressure (TIP), and turbine outlet pressure (TOP) were selected as the most relevant parameters affecting cycle performance. The calculation algorithm presented in [24] unveiled that cycle efficiency shows a global maximum if it is optimized with respect to both TIP and TOP at a given combustor temperature. Algebraic relations for determining the optimal values of TIT, TIP, and TOP, which attain the maximum ηel,n, were reviewed in [25]. An optimized cycle design was outlined, with TIT = 1306 K, TIP = 300 bar, and TOP = 39.4, thus reaching an impressive ηel,n of 66.4%, albeit with some ideal features. Similarly, both sensitivity analysis and design optimization were implemented by Scaccabarozzi et al. [26]: the resulting maximum ηel,n of 54.8% reaffirms the outstanding performance of the Allam cycle with 100% CO2 capture but prompts questions as regards the ability to estimate the realistic limits of ηel,n. Indeed, hypotheses held in [26] are closer to reality compared with [23,24,25], especially because of a cooled turbine model. The same is valid for [27], in which a stage-by-stage approach was adopted to compute the amount of cooling flow needed by the turbine. Moreover, attention was paid in detail, thus considering isentropic efficiency (ηis) of turbines and compressors, additional losses for generator and transformer, and pressure losses. All this translated into a lower ηel,n value (52.4%) than in [26].



Modifications to the first version of the cycle were introduced and simulated for various purposes. Mitchell et al. [28] focused on a flexible operation of Allam power plants when included in the Great Britain electricity system. A liquid oxygen storage was added to the cycle with the aim of decoupling power generation from oxygen production, thus removing the dynamic constraints of ASU (which has, in fact, the lowest ramp rate). The impact of ASU on ηel,n was addressed in [29]: a genetic algorithm optimization was used to maximize ηel,n with and without the heat transfer from the ASU compressors to the recuperator. It was found that ηel,n increases by 6 percentage points (pp) with full heat integration, thus showing the potential of an on-site ASU.



With the goal of pursuing the highest efficiency and the lowest emission level, the Allam cycle was compared against other power cycles with CO2 recirculation, such as a semi-closed oxyfuel combustion combined cycle and the E-MATIANT cycle [30]. After a parametric optimization of each cycle, the Allam cycle proved to be the most effective oxyfuel technology in terms of ηel,n. This was also confirmed when the comparison was extended to other solutions, such as the Graz cycle and CES cycle [31]. The best efficiency is combined with a CO2 emission of only 4 g/kWh.



From literature review, it appears clear that the reported ηel,n for the NG-fired Allam cycle covers a wide range of values. In most studies, the optimized ηel,n is lower than that declared by developers. It is also true that modelling assumptions have a deep impact on ηel,n, so the discrepancies in cycle layout, target power output, and equation of state calculations may provide sufficient reasoning. The main goal of this work is to predict the steady-state operation of the NG-fired Allam cycle in view of upcoming applications. Hence, the original project [21] has been tailored to the next “serial number one” installation, citing NET power [14], thus considering flexible options for heat recovery and oxygen supply, commercially available components, and realistic energy losses with a target of 300 MW power output. This practical approach may provide a more realistic assessment of the Allam cycle potential than the abovementioned studies, although the methodology applied is drawn from the literature. A fair comparison with NGCC would be established based on operational reality.



With the help of a simulation tool, a base case was conceived in accordance with the guidelines contained in [21] by integrating supplemental information from [26,28]. The model outcomes were verified against the results obtained in previous studies by varying the most significant thermodynamic parameters within an acceptable range. This was the base for the optimized case, in which the maximum ηel,n is searched as dependent on a list of decision variables including TIP, TIT, and TOP.




2. Thermodynamic Model and Assumptions


This section aims to retrace the steps taken to simulate the nominal operation of the Allam cycle, starting from information made public by the developers. The model was built in Thermoflex® (Version 30, Thermoflow Inc., Jacksonville, FL, USA) by connecting components in a graphic interface. Heat and mass balances were solved on the basis of input parameters for each component; outputs, such as pressure, temperature, enthalpy, and mass flow rate, were iteratively computed until their values converged on a final solution with a tolerance of 5 × 10−5. The number of computed loops varied between 30 and 500. An additional convergence check, with a tolerance of 0.01%, was made on plant gross power. The NIST Reference Fluid Thermodynamic and Transport Properties Database (REFPROP) provided accurate thermophysical properties for CO2 streams.



The process flow diagram reported in [21] and here shown in Figure 1 for convenience was taken as a reference. A single turbine generates power, with a TIP of about 300 bar and a pressure ratio of 10. Pressurized NG (14) is burned under lean conditions in the presence of a high-temperature oxidizing mixture consisting of the following: CO2; pure oxygen (13), produced by a co-located ASU; an additional flow of recirculated CO2 (9) at high temperature and pressure, acting as a diluent to reduce combustion temperature and hence TIT down to 1150 °C. The exhaust flow exiting the combustor is expanded through the turbine, thus lowering its pressure and temperature to about 30 bar and 700 °C, respectively (1). Turbine outlet flow is conveyed to the recuperator, where it transfers heat to oxidant flow and recycle stream. It is then cooled near ambient temperature, and water deriving from the combustion process is separated (3). The resulting stream, which is mainly composed of CO2, is then recompressed (4), cooled (7), and pumped to 300 bar so as to re-enter the cold end of the recuperator. Upstream of the recuperator, part of the recirculating CO2 is combined with O2 (11) to form an oxidizing mixture (12), which is sent separately to both the heat exchanger and the turbine. Inside the recuperator, the recycle flows are preheated in countercurrent by the exhaust of the turbine, thus returning to the combustor at temperatures above 700 °C. In order to ensure mass balance, a part of the pure CO2 is exported for sequestration or downstream usage. It accounts for roughly 5% of overall recycle stream, thus meaning that the process is almost closed. For the sake of clarity, the operating conditions indicated in [21] are collected in Table A1 in terms of pressure and temperature. The key aspects of the modeled power cycle are hereafter described with reference to Figure 2, in which the final layout is depicted.



2.1. Turbine


Scaccabarozzi et al. [26] used a modified version of El-Masri’s continuous expansion model [32]. Similarly, the cooled (gas) turbine icon available in Thermoflex relies on El-Masri’s code, known as GASCAN [33]. Entropy production in gas expansion contains contributions from:




	
Friction and aerodynamic losses in the main gas path, quantified by turbine polytropic efficiency (ηy,t);



	
Throttling of cooling air from its supply pressure to the local pressure;



	
Irreversible heat transfer from gas to coolant, followed by mixing of coolant and gas: this mixing process causes further heat transfer irreversibility in bringing the mixture to a common temperature, as well as an irreversible loss of stagnation pressure to accelerate the coolant to the main flow velocity.








Therefore, despite the lack of accessible knowledge about the cooling flow rate, the coolant flow interaction with the mainstream must be considered for accuracy. In this specific case, CO2 is an excellent coolant fluid, having very high heat transfer capability because of its high pressure and its own physical properties. In particular, the cooled turbine stage behavior assumed here is illustrated in Figure 3. The total enthalpy drop is due to cooling (see A−B and C−D) and work extraction (B−C), as qualitatively presented in Figure 3a and clearly indicated in Figure 3b. The latter was computed as shown by the solid line B−C: the effective total pressure ratio is reduced because of upstream and downstream coolant mixing with the main flow, but the stage total-to-total efficiency (ηTT) is unaltered, i.e., the same as that without film cooling; thus:


   T B  −  T C  =  η  TT        T   B     [  1 −    p C     p B     ]      γ − 1  γ     



(1)







Seven cooled turbine stages were used to model the turbine designed by Toshiba [20], the first four being cooled (see turbine block in Figure 2). This is valid for both rotational and stationary parts. Each stage consists of four cooled elements: stator row, rotor row, forward wheelspace, and aft wheelspace. The endwall cooling flows are included with their associated blade rows. Transition piece leakage flows are included with the first-stage nozzle flow. The cooling flows to each blade row are calculated from a semiempirical cooling effectiveness relation available in [33]:


       (    mc  p   )    cf        (    mc  p   )   g    =    α     (   ϕ   ϕ ∞  − ϕ    )   z   



(2)




where the expression on the left is the coolant-to-mainstream heat capacity ratio, and ϕ denotes the cooling effectiveness:


  ϕ =    T g  −  T w     T g  −  T  cf      



(3)







Tg is the adiabatic wall temperature of the hot gas, taken as the incoming gas stagnation temperature for the stator and the incoming gas rotor-relative stagnation temperature for the rotor. Tw and Tcf are the blade surface temperature and the coolant temperature, respectively. The maximum cooling effectiveness ϕ∞ refers to infinitely large coolant flow rates, whereas α and z are correlation coefficient and exponent, respectively. Values of ϕ∞, α, and z can be adapted to match experimental curves, if available.



Thermal barrier coating (TBC) was also included for both stator and rotor blade rows. The right-hand side of Equation (2) is modified by the addition of a correction factor μ as follows:


       (    mc  p   )    cf        (    mc  p   )   g    =    μ α     (   ϕ   ϕ ∞  − ϕ    )   z   



(4)







It mainly depends on the square root of the coating thickness parameter (Th):


  Th =  (    th   cs    )   (     λ g     λ  TBC      )   



(5)




where th/cs is the dimensionless coating thickness, defined as the ratio of the coating thickness (th) to the length of cooled surface interval (cs), and λg/λTBC is the ratio between the thermal conductivity of gas flow (λg) and that of coating (λTBC). Cooling parameters were chosen on the basis of F class gas turbines (Table 1). The design metal temperature was set at 860 and 843 °C for stator and rotor, respectively.



Stage uncooled adiabatic efficiency was assumed to progressively increase from the first to the seventh stage in the range between 90% and 93%. This differs from the hypothesis of equal ηis for all stages made by Mitchell et al. [28].




2.2. Recuperator


The transfer of heat between the turbine exhaust (hot side) and the recirculated stream (cold side) is deeply affected by the nonlinear variation of the CO2 working fluid’s heat capacity with pressure and temperature, with the latter ranging from 700 to 40 °C (Figure 4). On the hot side, flue gas, at a pressure of approximately 30 bar, contains 93% vol of CO2 and 7% vol of H2O: specific heat capacity (cp) slightly declines with temperature from 1.2 to 1 kJ/(kg °C). On the cold side, pure CO2 at 300 bar heats up with a greater change in cp, which drops from about 2 to 1.3 kJ/(kg °C). Specific solutions were suggested to model the recuperator, taking into consideration streams with variable cp: two multiflow heat exchangers in series were designed in [26], whereas Mitchell et al. [28] divided the heat exchange system into a pair of two-stream and a pair of multiflow heat exchangers. Each of the four heat exchangers was then discretized in a finite number of ideal heat exchange steps. Furthermore, the condensation of water below the dew point of the exhaust flow should be kept in mind.



In this study, the approach proposed in [28] was adapted to comply with Thermoflex configuration. Specifically, three (two-stream) heat exchangers were arranged in series, as shown in Figure 2, to achieve the correct values of temperature difference on each side, consistent with [21,26,28]. The recirculated CO2 enters the recuperator at heat exchanger #31, where the outlet temperature of exhaust gas is set at 40 °C with a minimum pinch of 2 °C. For the remaining heat exchangers (#35 and #36), thermal effectiveness is set at 98%. Pressure drop across each heat exchanger, on both sides, was assumed equal to dp/p = 2% according to the following:


    dp  p  =    p  in      p  out     − 1  



(6)




where pin and pout are the pressure values before and after the loss, respectively.



Thermal recovery from ASU’s main air compressor and booster compressor was not considered, since a devoted co-located ASU might not be available. Indeed, oxygen can be supplied by a pipeline from an adjacent air separation plant, as in the case of the demonstration plant [21]. In addition, the first commercial 300 MW power plant by NET Power will include a “commercially available” ASU, with multistage compression and water intercooling [35].



Downstream of the heat recovery process, flue gas undergoes a further cooling step, thus reducing its temperature from about 40 to 17 °C through the heat removal icon (10) with an additional pressure drop of dp/p = 2%. The cold source is not mentioned in [21], but chilled water can be a reasonable assumption. A moisture separator (11) removes liquid water from gas flow: condensed water and pure CO2 are sent to separate sinks: (13) and (12), respectively. It is worth noting that pressure drops across heat exchangers #36, 35, 31, and 10 make the flue gas pressure decrease from 31.4 bar at the turbine outlet to 29 bar at the inlet of the compression section.




2.3. CO2 Compression


Recirculated CO2 compression was divided in the following steps according to the guidelines provided in [21]:




	
Intercooled two-stage compression up to 80 bar, i.e., above the critical point;



	
Export of excess CO2 amounting to 3% of the total recycle flow (please note that sink (12) and source (14) ensure compliance with the mass balance);



	
Cooling of the sCO2 stream to near ambient temperature, so density is raised by a factor of 5, thus reaching approximately 850 kg/m3 at the inlet of the dense phase pump;



	
Final compression to about 300 bar by means of two pumps connected in parallel to mimic the “recycle pump” and the “oxidant pump” of Figure 1.








Nevertheless, in Figure 2, oxygen is fed directly to the combustor.



A pressure drop of dp/p = 2% was set across intercooler and aftercooler.




2.4. ASU and Combustor


The task of ASU is to supply the combustor with a stable flow of high-pressure, high-purity (99.5%) oxygen. Although a conventional double distillation column system can be used, operating data are not available. Thus, the cryogenic distillation process was modelled as a black box: conditions related to air/oxygen compression and distillation column were tuned to attain an ASU consumption in line with the literature. This is consistent with the approach taken in [26,27,28]. Specifically, a multistage intercooled compression configuration was chosen for both ambient air and oxygen with a compressor polytropic efficiency of ηy,c = 90%. In the former case, two stages are required to increase air pressure from ambient level to that of the distillation column, set at 4.4 bar. In the latter case, five stages are needed to raise oxygen pressure from 4.4 to slightly above 300 bar. The pressure ratio of each stage is between 2.2 and 2.5 so that the discharge temperature for all stages does not exceed 120 °C. Water cooling applies to all inter-/aftercoolers: cooling water is available at 15 °C, and its temperature increases by 10 °C. The resulting specific power consumption of 1326 kJ/kgO2 is reasonable in the light of the values reported in [26,28], equal to 1391 and 1354 kJ/kgO2, respectively.



Pure oxygen from ASU enters the combustor together with fuel and recirculating CO2. At the outlet, a gas stream with almost zero oxygen content was obtained at the assigned exit temperature. The amount of oxygen required from the ASU depends on the minimum oxygen concentration in flue gas, set to zero.





3. Model Validation and Sensitivity Analysis


Validation of the base-case model presented in Section 2 was carried out with the twofold purpose of assessing the simulation outputs against the expected cycle performance and evaluating the impact of main cycle parameters on ηel,n.



3.1. Base-Case Model Validation


Table 2 contains the information available for verifying the accuracy of the proposed Thermoflex model (indicated hereafter as TFX). Values of pressure, temperature, and mass flow rate were found to match those taken from [6] very closely. The largest deviation between predicted and reference parameters is less than 4%. This discrepancy is acceptable to consider the cycle simulation reliable, even considering that turbomachinery efficiency was estimated on the basis of both engineering practices and theoretical studies [26,28]. This is especially true for turbine outlet temperature (TOT), which depends on the assessment of several unknown parameters related to the cooled expansion, as explained in Section 2.1. For a full characterization of the base-case cycle operation, the reader is referred to the left column of Table A2.



As regards the power production, the computed Pn of 281 MW was lower than the reference value of 300 MW. However, developers did not disclose generator and transformer losses that were nevertheless included in the model. The predicted ηel,n of 49% was also underestimated compared with the expected level of 58.9% [15]. Indeed, to the authors’ knowledge, none of the studies in the published literature delivered ηel,n as high as that declared by NET Power. Moreover, ηel,n of 48.4% was computed in [29] for a system without thermal recovery from ASU under the conditions reported in [21], thus reinforcing the validity of this study.




3.2. Sensitivity Analysis


The key cycle parameters were varied while searching for the maximum ηel,n. One parameter was varied at a time, everything else being equal. Specifically, attention was drawn to TIT, TIP, TOP, and ηis of turbomachinery and ASU-specific consumption. Results from this study were compared with those computed by Scaccabarozzi et al. [26], despite the difference in size, main design parameters, and heat recovery mode across the recuperator. In fact, they modelled a larger power plant with heat recovery from ASU to produce a Pn of 419 MW in the base case. Consequently, it was necessary to adopt a dimensionless representation of data for a proper validation. As shown in Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9, each decision variable reported on the x-axis was divided by its optimal value, i.e., that attaining the highest ηel,n. The corresponding values of the objective function (ηel,n), shown on the y-axis, were divided by the maximum ηel,n. The same was performed when plotting the net specific work (Wn). A good match between the reported curves suggests that the thermodynamic behavior has been accurately simulated in this work, although the absolute value of the parameters involved is different from that in [26].



3.2.1. Turbine Inlet Temperature


The effects of varying TIT from 1160 to 1255 °C on cycle performance can be inferred from Figure 5. Simulation results match very well those from [26]. The trend in ηel,n showing an optimal value of TIT is confirmed (Figure 5a), unlike for Joule–Brayton cycles, where ηel,n increases monotonically with TIT. According to [21,25,26], TITopt lies between 1150 and 1200 °C; in this study, it was found at 1200 °C.



The declining ηel,n profile at TIT > TITopt can be attributed to a combination of the following factors:




	
Increase in the heat transfer irreversibility in the recuperator: the heat transfer through the heat exchanger (36), i.e., the first through which exhaust gases pass, is reduced, thus lowering ηel,n, in accordance with [26].



	
Increase of the turbine cooling flow rate: different from what is specified in [26], TIT augmentation was achieved by increasing the fuel mass flow rate at a constant recycling flow rate. Consequently, TIT grows with TOT and with coolant and recirculated CO2 temperature. Although this latter effect could be beneficial to cycle efficiency, a higher amount of coolant is required to maintain the desired metal temperature. As discussed by El-Masri [30,31,32], the larger the coolant flow, the higher the thermo-fluid dynamic losses during the expansion phase, with consequent reduction in ηel,n.








Looking at Figure 5b, it seems that the Allam cycle behaves like traditional gas and steam cycles. Wn increases almost linearly with TIT, thanks to augmented expansion work. At TIT = 1200 °C, Wn equals 352 kJ/kg.




3.2.2. Turbine Inlet Pressure


TIP was varied from 220 to 340 bar, everything else being equal. In particular, both TIT and TOP were kept constant at 1158 °C and 31 bar, respectively. It is evident from Figure 6a that TIP is characterized by an optimal range where dimensionless ηel,n curves reach a plateau. Indeed, ηel,n is almost unchanged when TIP falls between 260 and 320 bar, consistent with [26]. In that range, the reduction in Wn caused by lowered TIP (Figure 6b) is somewhat compensated by an increase in TOT, thus enhancing heat recovery inside the recuperator. Improved regeneration has a beneficial effect on cycle efficiency, as recirculating CO2 is fed into the combustor at higher temperature, and therefore, at a fixed TIT, a lower fuel input is required.



For TIP < 280 bar—especially below 260 bar—there is a strong drop in ηel,n that might be explained through the heat transfer process in the recuperator. Specifically, reference is made to the heat exchangers labeled as (31) and (35) in Figure 2. Recirculating sCO2, being compressed above its critical pressure (even for TIP below 260 bar) is affected by an increase in cp at low temperatures, which causes a thermal power deficit in the low-temperature section of the recuperator. This translates into an increase in pinch point and a reduction in heat transfer effectiveness with a negative impact on ηel,n.



Above 300–310 bar, TOT is reduced excessively, thus preventing the turbine exhaust from adequately preheating the recirculating CO2, with consequent efficiency penalty. Moreover, an increase in flue gas temperature at the recuperator outlet was detected. What is described above agrees with the observations made in [26].




3.2.3. Turbine Outlet Pressure


TOP was varied between 20 and 35 bar: simulation outputs are depicted in Figure 7. An increase in TOP causes a linear reduction in turbine power output, hence in Wn (Figure 7b). Moreover, a decrease in the power absorbed by vapor phase compressors can be noticed because the pressure of the inlet recirculating CO2 is closer to critical value. However, unlike what is reported in [26], the compression power of the dense phase pumps remained unchanged. The same is valid for pump inlet pressure, which in turns depends on CO2 extraction pressure. This investigation also revealed the presence of an optimal TOP, around which the dimensionless curves are quite flat.




3.2.4. Turbomachinery Efficiency


For turbine stages, ηis,t was varied from 80% to 95%, whereas the investigated range of ηis,c for CO2 compressors was between 78% and 95%. Raising ηis,t by 1 percentage point led to an increase in ηel,n by about 0.4 pp, which is much less than for a Brayton cycle (Figure 8a). This happens because boosting ηis,t enhances the turbine power but decreases TOT. Therefore, there is less available thermal power for preheating recirculating CO2 in the recuperator. Similarly, ηis,c has a limited influence on ηel,n, compared with the Brayton cycle (Figure 8b), but the beneficial effect of raising ηis,c on ηel,n is confirmed. The reason why the Allam cycle is much less sensitive to compressors’ performance can be found in the properties of the recirculating stream, which behaves like a real gas [26].




3.2.5. ASU Consumption


ASU specific work was varied between 972 and 1622 kJ/kgO2. This is a fairly wide range, chosen for validation purposes. Figure 9 shows the strong negative impact of increasing ASU consumption on ηel,n. The linear declining trend is consistent with [26].






4. Cycle Optimization


The sensitivity analysis not only made it possible to validate the base-case model but also provided useful insight into the operating conditions of the simulated power plant. Based on the knowledge acquired, in order to improve the cycle performance at full load, multiple simulation sets were run for different levels of TIP, TIT, and TOP. In fact, these were selected as varying input parameters to maximize ηel,n, given the characteristics of ASU, compressors, and turbine described in the base case. Their mutual interaction was assessed with the help of “control loop” and “searcher” algorithms available in Thermoflex. The former tool was instructed to achieve the desired Pn of 300 MW within the tolerance of 0.25% by adjusting TIP and TOP. The specified range for turbine stage pressure ratio was [1.3; 1.5], whereas the pressure level for sink (12) and source (14) was set to change between 25 and 35 bar. Contextually, the latter was used as a support tool to optimization: a series of complete simulations were invoked using prospective values of TIT, set as the “adjuster” variable, in order to cause ηel,n, designated as the “target” output, to be maximized. The “searcher” uses the successive computed values of the target to guide further iterations in its search for the maximum target value. Two search processes were performed with a wide (first search) and narrow (second search) range for TIT variation (Figure 10).



The procedure led to the establishment of a maximum ηel,n of 50.4%, with Pn = 300.8 MW. This represents a modest but significant improvement compared with the base case, meaning that the operating parameters reported in [21,26] are already representative of a performance-driven configuration. Additional key parameters of the optimized cycle are reported in Table 3 for comparison with the base case. The optimization led to an approximately 3% increase in TIP, TIT, and TOT. Conversely, TOP was reduced by almost the same amount. This caused a rise in the power required by CO2 compressors and pumps, although more than offset by the augmented turbine output. This grew by 6%, thanks to higher TIT and TIP, hence inlet enthalpy (1403 vs. 1352 kJ/kg), despite a slight increase in turbine outlet enthalpy (778 vs. 751 kJ/kg). In fact, the change in the turbine flow rate is negligible. The point is that turbine power grew more than fuel input, thanks to enhanced regeneration, because of higher TOT. Figure 11 shows the temperature-heat transfer diagram of the recuperator by putting in series heat exchangers 31, 35, and 36 (see Figure 2). Temperature differences at opposite ends are very small (2–5 °C), as it should be, whereas the value in between heat exchangers 35 and 36 is larger (49 °C). The burden of ASU remained practically unchanged, thus covering 87% of the total auxiliary consumption. Remaining fractions pertain to fuel compressor (5.5%), transformer losses (2.5%), and miscellaneous (5%).



It is important to emphasize that Pn reached the target value of 300 MW with a 7% increase with respect to the base case. The same applies to Wn. The goal was achieved within the constraints of maximum allowable temperature at the hot end of the recuperator and at the turbine inlet, which is equal to 750 and 1200 °C, respectively [21].




5. Conclusions


A model of the NG-fired Allam cycle was conceived at full load for a power production of around 300 MWel, consistent with the short-term construction of the first commercial unit by NET Power. This is a novel CO2 oxyfuel power cycle that can inherently capture nearly all CO2 emissions despite using a hydrocarbon fuel. A basic layout was designed as faithfully as possible to the information made public by the developers, with inclusion of data taken from published literature or engineering practice. Predictions deriving from a sensitivity analysis were successfully validated against previous theoretical studies, thus illustrating distinctive features of the Allam cycle, with respect to the Brayton cycle. An optimal value of TIT can be determined in the attempt of achieving the highest ηel,n, whereas profiles of ηel,n as a function of TIP and TOP are quite flat around the maximum. As regards turbomachinery, the higher ηis, the greater the efficiency, albeit with a smaller impact compared with conventional gas turbine cycles.



The interdependence of these key thermodynamic parameters was assessed with the aim of enhancing the cycle performance at the design point. The objective function to be maximized is ηel,n, whereas the independent decision variables are TIT, TIP, and TOP. A gain in ηel,n of 1.4 pp (from 49% to 50.4%) was achieved by raising TIT, TIP, and TOT by about 3%, thus taking advantage of increased turbine power and heat recovery through the recuperator.



This study lays the foundations for part load investigation of the Allam cycle behavior, given its role of zero-emission dispatchable technology. Without heat recovery from ASU, flexible options for oxygen supply could also be investigated from a technoeconomic perspective.
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Abbreviations








	ASU
	air separation unit



	CCS
	carbon capture and storage



	cp
	specific heat capacity at constant pressure



	cs
	cooled surface interval



	h
	enthalpy



	HX
	heat exchanger



	LHV
	lower heating value



	m
	mass flow rate



	NG
	natural gas



	NGCC
	natural gas combined cycle



	P
	power



	p
	pressure



	pp
	percentage points



	s
	supercritical



	T
	temperature



	Th
	thickness parameter



	th
	coating thickness



	TBC
	thermal barrier coating



	TFX
	Thermoflex predictions



	TIP
	turbine inlet pressure



	TIT
	turbine inlet temperature



	TOP
	turbine outlet pressure



	TOT
	turbine outlet temperature



	W
	specific work



	z
	exponent



	α
	coefficient



	ϕ
	cooling effectiveness



	γ
	ratio of specific heat



	η
	efficiency



	λ
	thermal conductivity



	μ
	coefficient



	Subscripts
	



	c
	compressor



	cf
	coolant flow



	el
	electric



	g
	gas



	in
	inlet



	is
	isentropic



	max
	maximum



	n
	net



	opt
	optimal



	out
	outlet



	t
	turbine



	th
	thermal



	TT
	total-to-total



	w
	wall



	y
	polytropic








Appendix A




[image: Table] 





Table A1. Operating conditions related to numbered points in Figure 1 [21].
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	Stream Number
	Temperature (°C)
	Pressure (bar)





	1
	727
	30



	2
	43
	29



	3
	17
	29



	4
	23
	100



	5
	23
	100



	6
	23
	100



	7
	16
	100



	8
	16
	100



	9
	717
	312



	10
	16
	100



	11
	16
	100



	12
	2
	99



	13
	717
	310



	14
	266
	330
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Table A2. Operating conditions related to stream numbers (see red and orange boxes) in Figure 2: base vs. optimized case.
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Base Case

	
Optimized Case




	
Stream Number

	
p

(bar)

	
T

(°C)

	
h

(kJ/kg)

	
m

(kg/s)

	
p

(bar)

	
T

(°C)

	
h

(kJ/kg)

	
m

(kg/s)






	
1

	
212.1

	
1056.1

	
1209.8

	
882

	
218.1

	
1099.4

	
1270.3

	
873.6




	
2

	
154.3

	
974.3

	
1099.4

	
911.7

	
155.8

	
1009.1

	
1147.3

	
909.4




	
3

	
112.2

	
907.3

	
1009.9

	
930

	
110.5

	
935.5

	
1048.2

	
930.8




	
4

	
81.6

	
849.7

	
934.3

	
939.2

	
78.34

	
872.5

	
965

	
941.5




	
5

	
59.35

	
800.2

	
870.4

	
939.2

	
55.56

	
818.3

	
894.7

	
941.5




	
6

	
43.16

	
752.5

	
809.6

	
939.2

	
39.4

	
766.2

	
828

	
941.5




	
7

	
291.7

	
1158

	
1351.7

	
838.5

	
303.2

	
1193.8

	
1402.7

	
839.9




	
8

	
297.5

	
144

	
−27.81

	
881.7

	
309.2

	
204

	
68.34

	
881.7




	
9

	
297.5

	
144

	
−27.81

	
781.1

	
309.2

	
204

	
68.34

	
780.1




	
10

	
29

	
17

	
−103

	
939.2

	
28

	
17

	
−104.2

	
941.5




	
11

	
29

	
17

	
−39.52

	
913.7

	
28

	
17

	
−38.1

	
915




	
13

	
29

	
17

	
−39.58

	
909

	
28

	
17

	
−38.16

	
909




	
14

	
57.13

	
72.33

	
−2.908

	
909

	
49.45

	
62.82

	
−7.55

	
909




	
15

	
56.01

	
19.54

	
−94

	
909

	
48.48

	
19.54

	
−70.72

	
909




	
16

	
80

	
45.68

	
−81.39

	
909

	
78

	
57.13

	
−50.37

	
909




	
17

	
80

	
45.68

	
−81.39

	
27.27

	
78

	
57.13

	
−50.37

	
27.27




	
18

	
80

	
45.68

	
−81.39

	
881.7

	
78

	
57.13

	
−50.37

	
881.7




	
20

	
78.43

	
16

	
−270

	
690.7

	
76.47

	
16

	
−269.6

	
690.7




	
21

	
78.43

	
16

	
−270

	
191.1

	
76.47

	
16

	
−269.6

	
191.1




	
22

	
297.5

	
97.59

	
32.62

	
46.01

	
309.2

	
97.15

	
31.34

	
47.88




	
23

	
291.7

	
700.2

	
714.8

	
781.1

	
303.2

	
722.2

	
742.8

	
780.1




	
27

	
303.5

	
38.6

	
−238.5

	
881.7

	
315.4

	
116.9

	
−83.47

	
881.7




	
28

	
309.5

	
37.26

	
−241.3

	
881.7

	
321.7

	
38.54

	
−239.2

	
881.7




	
30

	
309.5

	
37.26

	
−241.3

	
690.7

	
321.7

	
38.54

	
−239.2

	
690.7




	
31

	
70

	
25

	
11.46

	
49,976

	
70

	
25

	
11.93

	
49,976




	
32

	
297.5

	
139

	
11.46

	
50,205

	
309.2

	
141.8

	
11.93

	
50,212




	
33

	
297.5

	
144

	
−27.81

	
21.65

	
309.2

	
204

	
68.34

	
18.55




	
34

	
31.39

	
706.1

	
750.9

	
939.2

	
30.31

	
727.5

	
778.8

	
941.5




	
35

	
309.5

	
37.26

	
−241.3

	
191.1

	
321.7

	
38.54

	
−239.2

	
191.1




	
36

	
297.5

	
144

	
−27.81

	
21.85

	
309.2

	
204

	
68.34

	
15.17




	
37

	
297.5

	
144

	
−27.81

	
13.39

	
309.2

	
204

	
68.34

	
17.86




	
38

	
29.58

	
39.26

	
−75.3

	
939.2

	
28.56

	
40.54

	
−74.98

	
941.5




	
39

	
297.5

	
144

	
−27.81

	
16.25

	
309.2

	
204

	
68.34

	
17.97




	
40

	
30.17

	
41.75

	
−72.68

	
939.2

	
29.13

	
118.9

	
70.83

	
941.5




	
41

	
30.78

	
172.3

	
127.1

	
939.2

	
29.71

	
253

	
214.4

	
941.5




	
42

	
297.5

	
144

	
−27.81

	
11.09

	
309.2

	
204

	
68.34

	
11.17




	
43

	
297.5

	
144

	
−27.81

	
16.45

	
309.2

	
204

	
68.34

	
20.95




	
44

	
297.5

	
144

	
−27.81

	
7.215

	
309.2

	
204

	
68.34

	
10.2




	
45

	
297.5

	
144

	
−27.81

	
6.174

	
309.2

	
204

	
68.34

	
5.976




	
46

	
297.5

	
144

	
−27.81

	
3.058

	
309.2

	
204

	
68.34

	
4.776




	
48

	
297.5

	
144

	
−27.81

	
40.92

	
309.2

	
204

	
68.34

	
49.98




	
49

	
297.5

	
144

	
−27.81

	
59.75

	
309.2

	
204

	
68.34

	
51.7
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Figure 1. Layout of a simplified commercial-scale natural gas Allam cycle [21], with stream numbers. 






Figure 1. Layout of a simplified commercial-scale natural gas Allam cycle [21], with stream numbers.



[image: Energies 16 02597 g001]







[image: Energies 16 02597 g002 550] 





Figure 2. Schematic diagram of the natural gas-fired Allam cycle (component numbers are written in black; stream numbers are indicated in red/orange boxes). 






Figure 2. Schematic diagram of the natural gas-fired Allam cycle (component numbers are written in black; stream numbers are indicated in red/orange boxes).



[image: Energies 16 02597 g002]







[image: Energies 16 02597 g003 550] 





Figure 3. Cooled turbine stage model [34]: (a) graphical representation of the expansion line; (b) total and static states. 
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Figure 4. Variation of CO2 heat capacity with pressure and temperature across the recuperator. 
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Figure 5. Allam cycle performance as a function of turbine inlet temperature: (a) net electric efficiency; (b) net specific work. Validation against Scaccabarozzi et al., thermodynamic analysis, and numerical optimization of the NET Power oxy-combustion cycle [26]. 
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Figure 6. Allam cycle performance as a function of turbine inlet pressure: (a) net electric efficiency; (b) net specific work. Validation against Scaccabarozzi et al., thermodynamic analysis, and numerical optimization of the NET Power oxy-combustion cycle [26]. 
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Figure 7. Allam cycle performance as a function of turbine outlet pressure: (a) net electric efficiency; (b) net specific work. Validation against Scaccabarozzi et al., thermodynamic analysis, and numerical optimization of the NET Power oxy-combustion cycle [26]. 
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Figure 8. Net electric efficiency of the Allam cycle as a function of turbomachinery efficiency: (a) isentropic efficiency of turbine stages; (b) isentropic efficiency of CO2 compressors. Validation against Scaccabarozzi et al., thermodynamic analysis, and numerical optimization of the NET Power oxy-combustion cycle [26]. 
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Figure 9. Net electric efficiency of the Allam cycle as a function of ASU-specific work. Validation against Scaccabarozzi et al., thermodynamic analysis, and numerical optimization of the NET Power oxy-combustion cycle [26]. 
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Figure 10. Search process of the maximum net electric efficiency of the Allam cycle as a function of turbine inlet temperature. 
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Figure 11. Temperature-heat exchanger diagram of the recuperator in the optimized case. 
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Table 1. Cooling parameters chosen for the turbine model.
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	α
	z
	     ϕ ∞     
	th/cs
	λTBC (kW/(m °C))





	Stator-convective cooling
	0.064
	1.25
	0.85
	0.008
	0.002



	Rotor-convective cooling
	0.0576
	1.25
	0.85
	0.008
	0.002



	Stator-film cooling
	0.05
	0.9
	1
	0.008
	0.002



	Rotor-film cooling
	0.04
	0.9
	1
	0.008
	0.002
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Table 2. Validation of the base-case model.
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	Parameter
	TFX
	Data from [6]
	∆%





	Turbine inlet pressure (bar)
	292
	300
	2.67



	Turbine inlet temperature (°C)
	1158
	1158
	-



	Turbine outlet pressure (bar)
	31
	30
	3.30



	Turbine outlet temperature (°C)
	706
	727
	2.89



	Minimum cycle temperature (°C)
	17
	17
	-



	Turbine coolant mass fraction (%)
	11
	11.3
	0.30



	Turbine exhaust flow (kg/s)
	939
	923
	1.73



	ASU penalty (%LHV)
	10.64
	10.95
	0.31
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Table 3. Comparison between Allam cycle configurations: base case vs. optimized case.
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	Parameter
	Base Case
	Optimized Case
	∆%





	Turbine inlet pressure (bar)
	292
	303
	3.8



	Turbine inlet temperature (°C)
	1158
	1194
	3.1



	Turbine outlet pressure (bar)
	31
	30
	−3.2



	Turbine outlet temperature (°C)
	706
	728
	3.1



	Turbine coolant mass fraction (%)
	11
	12
	--



	Turbine exhaust flow (kg/s)
	939
	942
	0.3



	Expansion power (MW)
	421
	447
	6.2



	CO2 compression power (MW)
	70
	73
	4.3



	Fuel input (MW)
	574
	597
	4.0



	Recuperator heat transfer (MW)
	768
	797
	3.8



	ASU penalty (%LHV)
	10.64
	10.66
	0.2



	Fuel compressor power (MW)
	3.6
	3.9
	8.3



	Net electric efficiency (%)
	49
	50.4
	--



	Net power output (MW)
	281
	301
	7.1



	Net specific work (kJ/kg)
	335
	358
	6.9



	Minimum cycle temperature (°C)
	17
	17
	-
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