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In an energy landscape undergoing great change with regard to CO2 emissions, the evaluation of solutions allowing a drastic reduction of the anthropogenic emissions are carried out for more than a decade. Among them, CO2 capture and storage on coal power plants has been identified as a particularly promising solution but other options such as heat and electricity cogeneration and power plant hybridization with solar or biomass can also reduce the carbon footprint of electricity production.

However, the implementation of an external process on a power plant impacts its electric production.

Post-and oxy-combustion CO2 capture, cogeneration for industries or districts, or hybridization are all examples of processes either demanding thermal and electrical energy or providing heat valorization opportunities. To identify the true potential of those systems, the evaluation of the performance of the integrated system is necessary. Also, to compare different solutions, a common framework has to be adopted since the performance of those system are often highly dependent of the considered hypotheses.

This paper presents a full integration procedure suited for both new built and retrofit coal-fired power plants by means of easy-to-use correlations, which links heat demand to production loss and waste heat availability to production increase, taking their exergy content into account. This correlative approach provides an analytical tool allowing a quick and realistic evaluation of a given concept or process layout, without the need of a detailed full power plant model. Examples are given for CO2 capture, cogeneration and hybridization, illustrating the interest of the approach to evaluate and compare several technologies on a consistent manner. An Excel spreadsheet with the calculation procedure is available online (see supporting information).

Introduction

CO2 capture and storage is foreseen to play a significant role in greenhouse gas control reduction but the large-scale deployment of these technologies are limited by their high energy consumption leading to large loss of power plant efficiencies. These losses of efficiency lead to a significant cost of avoided CO2. Therefore, a proper evaluation of the power consumption related to the capture of the CO2, including heat integration opportunities, is critical for a correct assessment of a new technology since the impact of the capture system on the power plant is strongly technology dependent. Most of the capture processes dissipating large amount of heat, the evaluation of the valorization of the available heat sources by thermal integration is of a crucial importance since both their quantity and quality is largely case-dependent. The capture plant/power plant interface can be even more different within the large number of innovative new technologies described for CO2 capture such as vacuum or high pressure solvent regeneration, temperature swing adsorption, calcium looping or O2 transport membrane for example. Numerous solutions can be found in literature to evaluate a capture process. Among them, the most widely used indicators are: specific energy consumption, power plant efficiency and cost of avoided CO2. Specific energy consumptions, which can either be the specific reboiler duty in solvent based post-combustion (mostly expressed in GJ/tCO2) or separation power demand relative to air separation and flue gas purification (respectively expressed in kWh/tO2 and kWh/tCO2) are the most used one widespread. However, these figures are difficult to compare due to different units and different scopes. The power plant efficiency estimation allows direct, simple and uniform comparison between technologies but requires a detailed definition of the plant and fuel and additional calculations. Finally, the cost of avoided CO2 allows, also, a direct comparison between technologies but requires large amount of technical and financial hypotheses leading to significant difficulties when one wish to make the comparison between several studies. Since the loss of efficiency represents between 60 to 80 % of the cost of avoided CO2, comparing the power plant efficiency is a relevant tradeoff between comparison accuracy and number of hypothesis. On one hand, some studies propose methodologies to assess post-combustion solvent-based CO2 capture on a retrofitted power plant [START_REF] Liebenthal | Derivation of correlations to evaluate the impact of retrofitted postcombustion CO2 capture processes on steam power plant performance[END_REF][START_REF] Lucquiaud | On the integration of CO2 capture with coal-fired power plants: A methodology to assess and optimise solvent-based post-combustion capture systems[END_REF] or an ideal power plant [START_REF] Oyenekan | Alternative stripper configurations for CO2 capture by aqueous amines[END_REF] and offer simulation-based correlations. In both case, the waste heat valorization is not taken into account. On the other hand, some studies have assessed the interest of waste heat valorization [START_REF] Romeo | Designing a supercritical steam cycle to integrate the energy requirements of CO2 amine scrubbing[END_REF] but no correlation have been produced to help the evaluation of a given capture technology. To our knowledge, none of the approaches described in literature allows a simultaneous consideration of the stripper reboiler heat duty and waste heat valorization, which is of a crucial importance to properly assess the performance of a post-combustion CO2 capture process and perform reliable comparisons. Concerning the oxy-combustion application, while [START_REF] Fu | Optimal integration of compression heat with regenerative steam Rankine cycles[END_REF] and [START_REF] Soundararajan | Design of Steam Cycles for Oxy-combustion Coal based Power Plants with Emphasis on Heat Integration[END_REF] have proposed pinch based methodologies for the integration of waste heat into the steam cycle, those approaches are rather time-consuming to implement. An alternative approach for ensuring an efficient valorization of waste heat sources is the use of exergy. By definition, exergy is the measure of the useful work contained in a system in a reference environment. Based on both the first and the second law of thermodynamics, exergy allows to take into account both the quantity and the quality of a heat source. In contrast with energy, exergy is not conservative. Consequently any real transformation, such as a heat exchange between two flows at finite temperature difference, leads to thermodynamic irreversibilities, which correspond to exergy losses. In this study, a heuristic approach minimizing the exergy losses for heat integration has been adopted and correlations allowing the assessment of the plant energy performances has been derived. The correlation-based methodology presented in this paper offers a straightforward tool allowing a realistic assessment of the gains brought by heat integration on the power plant efficiency. This paper presents a full integration methodology suited for new built power plant or retrofit including waste heat valorization. Correlations, which link heat demand to production loss and waste heat availability to production increase, are also provided. Two examples are given as case studies for the two most mature CO2 capture technologies: amine-based postcombustion and cryogenic oxy-combustion. The main purpose of this work is not to compare different CO2 capture technologies but to provide a generic methodology for realizing such comparison. Based on a reference state-of-the-art airfired power plant, this methodology allows the accurate accounting of a production loss to fulfill a heat demand or a production increase brought by waste heat valorization. Initially developed for CCS applications, this methodology has been extended for the assessment of other energy systems such as heat and electricity cogeneration and solar hybridization of a coal-fired power plant. A turnkey Excel spreadsheet allowing users to assess the energetic performances of different integrated systems has been provided (see supporting information).

CO2 capture generalities

Regardless the employed process, capturing the CO2 produced by a coal-fired power plant leads to an efficiency decrease [START_REF] Goto | A review of efficiency penalty in a coal-fired power plant with post-combustion CO2 capture[END_REF]. Indeed, compared to a conventional air-fired power plant without carbon capture, the introduction of a capture system induces an electric production drop for a given coal input, the nature of this decrease depending on the adopted capture technology. In post-combustion capture, the power plant layout is preserved and the CO2 is separated in an end-of-pipe manner. This technology thus consists in installing a capture unit between the classical flue gas cleaning steps and the stack (see Figure 1). Since the boiler operates at near atmospheric pressure with air as oxidizer, the CO2 partial pressure in the flue gas is relatively low (around 13 %vol on a wet basis). Regardless the considered post-combustion process, the carbon dioxide separation unit requires either thermal power or electrical power or both, in addition to the compression work. In order to provide the thermal duty, a steam extraction can be performed on the steam cycle. After condensing in a heat exchanger to release its latent heat, the water is returned back to the steam cycle. The most common post-combustion process is based on reversible absorption of CO2 in an amine aqueous solution; the CO2 desorption from the solvent is carried out at high temperature and required a significant amount of heat. Consequently, amine-based capture requires an additional unit as well as steam extraction and water reinjection on the steam cycle.

Figure 1 Simplified block flow diagram of the power plant with a post-combustion capture system

Oxy-combustion consists in combusting the coal in a nitrogen depleted environment in order to facilitate the downstream capture step. The flame temperature is controlled by dilution of the oxygen provided by the air separation unit (ASU);to that end a portion of the flue gas, mainly composed of CO2 and water vapor, is recycled. Finally, in order to separate the impurities, mainly induced by air ingress occurring in the boiler and in the flue gas depollution train, a flue gas purification process has to be employed. Also ensuring the compression of the CO2 up to the transport specifications, this process is called compression and purification unit (CPU). Thus, capture by oxy-combustion requires two additional units, an oxygen separation process (ASU) upstream the boiler island and a downstream purification and compression process (CPU) and the structural modification of the boiler and flue gas depollution island by the introduction of a flue gas recycle (see Figure 2). 

CO2 capture process performance assessment

The overall performance of a power plant can be calculated by one the following equivalent expressions:  energy penalty (w) expressed in kWh per metric ton of captured CO2 (kWh/tCO2):

𝑤(𝑘𝑊ℎ/𝑡 𝐶𝑂 2 ) = 𝑊 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 -𝑊 𝑖𝑛𝑡𝑒𝑔 𝑚̇𝐶 𝑂2 𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 (1) 
 net plant efficiency (𝜂 𝐶𝐶𝑆 ) expressed in %LHV:

𝜂 𝐶𝐶𝑆 (% 𝐿𝐻𝑉 ) = 100 ( 𝑊 𝑛𝑒𝑡 𝑟𝑒𝑓 -𝑊 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 + 𝑊 𝑖𝑛𝑡𝑒𝑔 𝑄 ℎ𝑒𝑎𝑡 𝑏𝑜𝑖𝑙𝑒𝑟 ) (2)  loss of efficiency (∆𝜂 𝐶𝐶𝑆 ) expressed in %-ptsLHV: Δ𝜂 𝐶𝐶𝑆 (% -𝑝𝑡𝑠 𝐿𝐻𝑉 ) = 𝜂 𝑟𝑒𝑓 -𝜂 𝐶𝐶𝑆 (3) 
 specific energy cost of avoided CO2 (SPECCA) in kgCO2/kWh:

𝑆𝑃𝐸𝐶𝐶𝐴(𝑘𝑔 𝐶𝑂 2 /𝑘𝑊ℎ) = 1 𝜂 𝐶𝐶𝑆 ⁄ -1 𝜂 𝑟𝑒𝑓 ⁄ 𝑒 𝐶𝑂 2 ,𝑟𝑒𝑓 -𝑒 𝐶𝑂 2 ,𝐶𝐶𝑆 (4) 
In the next part of this article, both energy penalty and loss of efficiency are used as performance indicators.

Methodology

2.1. Reference air-fired power plant In order to properly assess the performance of a CO2 capture process, the setup of a reference air-fired power plant is mandatory. The lower the efficiency of the reference plant is, the higher the CO2 content of the power produced (gCO2/kWh), so the net plant efficiency decrease (energy penalty) induced by the capture is naturally more important for a given process. It is also important to have consistency in the modeling approach and in the adopted set of hypotheses when comparing several capture technologies. This section describes the adopted referential proposed in this study. It has to be stressed out that the plant modeled in this study is a generic standard high efficiency plant, neither referring to a specific site nor representing an actual power plant project.

Figure 3 Simplified PFD of the reference air-fired power plant

The commercial simulation software Aspen Plus® 7.2 is used to model the performance of the reference air-fired power plant; base-load and steady-state operation are supposed. For the sake of consistency with other European studies, such as [START_REF] Manzolini | Economic assessment of novel amine based CO2 capture technologies integrated in power plants based on European Benchmarking Task Force methodology[END_REF], the recommendations stated by the European Benchmarking Task Force [START_REF]European Benchmarking Task Force. European best practice guidelines for assessment of CO2 capture technologies, public report from CAESAR, CESAR and DECARBit European Union Projects[END_REF] are adopted: high quality Douglas Premium coal with a lower heater value (LHV) of 25.2 MJ/kg is considered and ISO conditions for an inland construction are applied for ambient pressure (1.013 bar), temperature (15 °C) and relative humidity (60 %).The net plant output of the considered plant is 975 MWe. The power plant is represented in Figure 3 and the main operating points of the process are displayed in Table 1. 

Boiler island

The boiler, operating in slight vacuum to ensure safe operation, is modeled as a Gibbs reactor operating at the furnace average temperature (1250 °C) and six heat exchangers. Heat released by the combustion is transferred to the steam cycle in the heat exchangers representing the waterwall tubes, three feedwater (FW) superheaters and the two steam resuperheaters. The temperature difference between the preheated feedwater and the flue gas exiting the boiler is 25 K and the reheater pinch temperature is 30 K. An oxygen excess at boiler outlet of 3.2 %mol, an air ingress in the boiler of 1.5 %wt and an unconverted carbon ratio of 0.01 are considered. Flue gas depollution island Flue gas exiting the boiler successively undergoes denitrification in a selective catalytic reduction unit (SCR), cooling down against the inlet air in a regenerative heater (RH), particles removal in an electrostatic precipitator (ESP) and desulfurization in a wet flue gas desulfurization unit (wFGD). The depolluted flue gas is reheated in a regenerative heater against sulphur rich flue gas and sent to the stack. For safety issues, a portion of the primary air bypasses the RH to reduce the temperature of the flow heading the coal preparation section down to 110 °C.

Steam cycle island

A state-of-the-art ultra-supercritical single reheat Hirn steam cycle with steam conditions of 300 bar / 600 °C / 620 °C is considered. The reheat pressure is 60 bar and the vapor fraction at the outlet of the low-pressure turbine is 0.89. The preheating of the feedwater is realized by steam bleedings in seven indirect heat exchangers and a direct contact heat exchanger also playing the role of deaerator. The first bleeding after the reheat (bleeding 6 in Figure 3) is desuperheated at the top of the FW preheating train. Regarding heat rejection, a natural draught cooling tower providing a cold source of 18.2 °C, which corresponds to a 48 mbar saturation pressure, is employed. The isentropic efficiencies of the high-pressure (outlet pressure >50 bar) and intermediate pressure (outlet pressure >5 bar) steam turbines are respectively 92 % and 94 % according to the EBTF. Concerning the low-pressure turbines, an efficiency of 90 % has been assessed when no condensation occurs and 88 % otherwise. A FW preheater pinch temperature of 5 K (at saturation) has been assessed. The overall performances of the reference power plant are shown in Table 2. With this defined reference power plant without capture process, calculation can be carried out to assess the impact of steam extraction and heat insertion in the steam cycle. The heat integration methodology is described in the next section followed by the methodology used for the steam extraction.

Evaluation methodology for heat production

Several capture processes need low to medium temperature heat duties. Since, the steam cycle of a power plant can be considered as a potential high efficiency cogeneration plant; it is convenient to provide the needed heat duty through steam extraction from this power cycle. The resulting loss of production is often named parasitic load. It is quite straightforward to express this parasitic load with generic process variables such as flow rates, temperature, heat duty or pressure. Since this term can be complex to estimate only using information focused on the capture process, the objective of this paper is to provide a method to evaluate the energy penalty using the main process parameters of the capture unit as inputs. The parasitic load being the reflection of the integration between the capture unit and the steam cycle, its value will strongly depend on the chosen integration strategy. In this work, two different strategies are investigated: a retrofit case and a newbuild case (displayed in Figure 4). For both cases, the steam is extracted on the crossover pipe (allowing a maximal temperature of approximately 170 °C) and its pressure is adapted to fit with capture unit requirements; the expansion is performed with a valve for the retrofit and a turbine for the new-build. The steam de-superheating can be performed by mixing with a fraction of the condensate (retrofit) or by introducing an additional heat exchanger (new-build) as proposed by [START_REF] Jovanovic | Techno-economic analysis of 550 MWe subcritical PC power plant with CO2capture. Submitted under funding opportunity announcement[END_REF]. The steam condensate can be subcooled as proposed in some process flow schemes patented by MHI [START_REF] Iijima | Carbon dioxide recovery system[END_REF]. Finally, the condensate is sent back to the feedwater preheating train at the most appropriate temperature level. It should be stressed out that for a new-build case, the turbines could be designed so that the crossover pipe pressure is equal to the required pressure for capture unit taking into account the pressure drop in the transport pipe. In fact, if the additional turbine represents an adaptation of the IP turbine, its isentropic efficiency should be the same than the previous IP turbine, if the additional turbine represents a new equipment, its isentropic efficiency should be significantly lower (i.e. from75 to 85 %). Using these two different integration strategies, a complete design of experiment has then been carried out under AspenPlus to cover a wide range of capture process parameters in order to propose simple correlations. For all points used for regression and validation, the correlations represent the energy penalty with a mean absolute deviation of 0.8 kWh/t, which represents 0.02 %-pts in terms of energy penalty. The parasitic load is expressed as the sum of three terms: 𝑤 𝑠𝑡𝑒𝑎𝑚 related to the condensation of steam (e.g. a reboiler heat duty); 𝑤 𝑠𝑢𝑏𝑐𝑜𝑜𝑙 relative to the subcooling of the condensate; and 𝑤 𝑡𝑢𝑟𝑏 referring to the power recovered by the expansion of the steam in a turbine:

𝑤 𝑃𝑎𝑟𝑎𝑠𝑡𝑖𝑐 = 𝑤 𝑠𝑡𝑒𝑎𝑚 + 𝑤 𝑠𝑢𝑏𝑐𝑜𝑜𝑙 -𝑤 𝑡𝑢𝑟𝑏 (5) The parasitic load is consequently a function of the steam temperature 𝑇 𝑠𝑡𝑒𝑎𝑚 ; the heat quantity 𝑞 𝑠𝑡𝑒𝑎𝑚 ; the temperature variation Δ𝑇 𝑠𝑢𝑏 due to condensate subcooling; and the turbine isentropic and mechanicalefficiencies (respectively 𝜂 𝑡𝑢𝑟𝑏 and 𝜂 𝑚𝑒𝑐ℎ ). In equation ( 6), the temperature is the steam temperature and not the reboiler temperature. For process involving a reboiler, a pinch must be added for a proper use of these correlations, this choice permits the determination of the optimal pinch temperature for each process.

These correlations are valid in the range of 0.1 to 5.0 GJ/tCO2for 𝑞 𝑠𝑡𝑒𝑎𝑚 ; 50 to 170 °C for 𝑇 𝑠𝑡𝑒𝑎𝑚 ; and 0 to 40 K for Δ𝑇 𝑠𝑢𝑏𝑐𝑜𝑜𝑙 . A constant pressure drop of 0.3 bar has been considered between the turbine and the capture unit. The retained correlations are as follows and the corresponding coefficients are reported in Table 3 ). 1000 3.6

With 𝑇 𝑠𝑡𝑒𝑎𝑚 in °C, 𝑄 𝑠𝑡𝑒𝑎𝑚 in MWth and 𝑞 𝑠𝑡𝑒𝑎𝑚 in GJ/tCO2. The coefficients of equations( 6) and ( 7) are reported in Table 3 for three cases according to the steam expansion (valve of turbine) and desuperheating (direct or indirect) strategies.

The Figure 5 shows the evolution of parasitic load as function of 𝑞 𝑠𝑡𝑒𝑎𝑚 and 𝑇 𝑠𝑡𝑒𝑎𝑚 without subcooling and for the retrofit case. As expected, the loss of electric production increases strongly with both the steam quantity and quality. As already stressed by many authors, the consideration of both of this two aspects -and not only the reboiler heat duty -is of a crucial importance to properly evaluate the energy performance of a given capture unit. Table 3 Coefficients of equations ( 6) and ( 7) 

Expansion

Evaluation methodology for heat integration

When heat sources and heat sinks are available in a given process, the adopted integration pattern has a direct impact on the global system performance increase. Indeed, heat exchanges between two fluxes inducing unavoidable exergy losses due to finite temperature differences, rational integration methodology allows the minimization of those irreversibilities. In this section, a methodology allowing the evaluation of the power recovery potential of a given process layout in a straightforward manner is presented. In this study, a systematic heat integration methodology using boiler feedwater of the steam cycle is proposed. As illustrated in Figure 6, FW is available in large quantity at liquid state in a broad range of temperature (from 32 to 310 °C) and the introduction of heat exchangers in parallel of the FW preheaters allows an efficient valorization of the excess heat available elsewhere in the system. Indeed, this solution allows the adjustment of the feedwater flowrate heading the parallel heat exchanger (noted PHX) so that the temperature difference between the hot flow and the FW is maintained as close as possible to the pinch temperature along the heat exchanger. In addition to that, the physical state of the FW allows minimized pinch temperature at fixed heat exchanger area compared to the integration of the heat in a gaseous flow.

Figure 6 Simplified flow scheme of the steam cycle with the parallel heat exchangers for excess heat valorization

Heat integration in a parallel heat exchanger leads to the decrease of the heat demand in the associated FW preheater. Since the heating demands of those preheaters are provided by steam bleedings, heat integration in a parallel heat exchanger leads to an increased flowrate though the turbines placed downstream the associated FW preheater, increasing the electricity production. Thus, the higher the temperature at which a given amount of heat is available, the higher the amount of recovered electricity is.

In the approach proposed in this paper, each of the 8 parallel heat exchangers PHX-i is considered as the heat source of a sub-cycle with an associated marginal efficiency (i). A sensitivity analysis has been performed in order to evaluate the influence of the integrated heat duty on the marginal efficiency for each of the parallel heat exchanger. The average absolute relative difference deviations (AARD) to the mean marginal efficiency of each parallel heat exchanger being below 0.1 % for the low pressure section of the preheating train (PHX-1 to 5) and respectively 0.4 %, 0.7 % and 1.7 % for PHX-6, PHX-7 and PHX-8, the marginal efficiencies of the 8 parallel heat exchangers are assumed to be constant and equal to the mean values reported in Table 4. When heat is required in the capture process, the parallel heat exchangers can also provide the duty at the desired temperature to the heat sink with the same marginal efficiency. .439 Each heat source identified in the capture process has to be subdivided into several heat sources according to their temperature in order to determine the duty available for integration in each PHX. A pinch temperature, fixed at 10 K in this study according to common sizing heuristics related to gas-liquid heat exchanges, has to be considered during this step for realistic evaluation. The same goes for the heat sinks. Once this step completed, the heat duties to be integrated in each PHX are summed (positive for the heat integrated into the steam cycle and negative for the duty provided to a heat sink) in order to obtain the total amount of heat available in each temperature range (QPHX-I,available) and the total additional work recovered by heat integration (Winteg) can be assessed using:

𝑊 𝑖𝑛𝑡𝑒𝑔 [MW e ] = ∑ 𝜂 𝑖 . 𝑄 𝑃𝐻𝑋-𝑖,𝑖𝑛𝑡𝑒𝑔 [MW th ] 8 𝑖=1 (8)
where the integrated heat duty in parallel heat exchanger i 𝑄 𝑃𝐻𝑋-𝑖,𝑖𝑛𝑡𝑒𝑔 (in MWth) depends on the heat duty available at the corresponding temperature range and maximum heat duty that can be integrated. While the FW flow is important, each parallel heat exchanger has a maximum heat duty that can be integrated (Qmax, PHX-i). The identification of this value is of a crucial importance in order to respect the feasibility of a heat integration pattern. Qmax, PHX-i varies within the amount of heat integrated in the upstream parallel heat exchangers and simulations have been carried out to determine the nature of this dependency. It appears that the maximum amount of heat that can be integrated in a parallel heat exchanger increases linearly with the duty integrated upstream and the contributions of each of the 8-i parallel heat exchangers are independent. In addition, if a steam extraction is performed, the feedwater flowrate across the first preheaters (before the condensate reinjection point) is reduced, leading to a decrease of the maximum heat. The fraction of water extracted can be estimated using the following correlation:

𝑥 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 𝑄 𝑠𝑡𝑒𝑎𝑚 (𝛼 + 𝛽𝑇 𝑠𝑡𝑒𝑎𝑚 ) (9) Where 𝑄 𝑠𝑡𝑒𝑎𝑚 is in MWth and 𝑇 𝑠𝑡𝑒𝑎𝑚 in °C. Thecoefficients for retrofit and new-build cases are reported in Table 5. And the reinjection location point is the point between feedwater preheaters whose temperature is the closest of the water reinjected, i.e. the temperature difference 𝑇 𝑠𝑡𝑒𝑎𝑚 -Δ𝑇 𝑠𝑢𝑏𝑐𝑜𝑜𝑙 . Consequently, the following equation can be formulated to sequentially calculate the maximum and actual heat duties integrated in parallel heat exchangers:

𝑄 𝑃𝐻𝑋-𝑖,𝑖𝑛𝑡𝑒𝑔 = min (𝑄 𝑃𝐻𝑋-𝑖,𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 , 𝑄 𝑃𝐻𝑋-𝑖,𝑚𝑎𝑥 ) (10) Where the maximum heat that can be valorized is calculated as follows:

𝑄 𝑃𝐻𝑋-𝑖,𝑚𝑎𝑥 = 𝑥 𝑙𝑖𝑞 (𝑄 𝑚𝑎𝑥,𝑃𝐻𝑋-𝑖 0 + ∑ 𝑎 𝑖,𝑗 . (𝑄 𝑃𝐻𝑋-𝑗,𝑖𝑛𝑡𝑒𝑔 ) 8 𝑗=1 ) (11) 
In this equation, 𝑄 𝑚𝑎𝑥,𝑃𝐻𝑋-𝑖 0 is the maximum amount of heat that can be integrated in the parallel heat exchanger i when no heat is integrated in the other parallel heat exchangers (reported in Table 6), ai,j a coefficient associated to the parallel heat exchanger j and 𝑄 𝑃𝐻𝑋-𝑗,𝑖𝑛𝑡𝑒𝑔 thetotal heat duty integrated in the upstream parallel heat exchanger j. The values of 𝑄 𝑚𝑎𝑥,𝑃𝐻𝑋-𝑖 0 and 𝑎 𝑖,𝑗 coefficients have been gathered in Table 6. 𝑥 𝑙𝑖𝑞 is equal to 1 by default. In the case of steam extraction on the steam cycle, for example for solvent regeneration in post-combustion, the water flowrate is reduced before the reinjection point of steam condensate. In this case, 𝑥 𝑙𝑖𝑞 = 1 -𝑥 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 for the preheaters located downstream the reinjection point, and 𝑥 𝑙𝑖𝑞 = 1 upstream. 115.98 -0.0141 -0.0151 When a parallel heat exchanger is saturated (i.e. the heat available at a given temperature is higher than the maximum amount of heat that can be integrated in the corresponding PHX), the excess heat is valorized in the PHX situated right downstream. In the case of heat integration into the preheaters 7 and 8, attention should be paid on the evaluation of 𝑄 𝑃𝐻𝑋-𝑖,𝑚𝑎𝑥 since this value depends on heat integrated into downstream preheaters. Indeed, if heat is integrated in preheaters >6, the steam flowrate to be reheated is modified. Eventually, the procedure for heat integrated can be summarized as follows:

1. List all heat sources and sinks and sort them out according to temperature ranges of pre-heaters (and considered pinch) in order to obtain the values of 𝑄 𝑃𝐻𝑋-𝑖,𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 , the remaining heat has to be evacuated into cooling water. 2. Evaluation of the maximum amount of heat that can be integrated into each preheaters a. In the case of steam extraction (e.g. post-combustion), identify the reinjection point of steam condensate and calculate the extraction fraction using equation ( 9) b. Calculate 𝑄 𝑃𝐻𝑋-𝑖,𝑚𝑎𝑥 using equation [START_REF] Iijima | Carbon dioxide recovery system[END_REF] and 𝑄 𝑃𝐻𝑋-𝑖,𝑖𝑛𝑡𝑒𝑔 using equation [START_REF] Jovanovic | Techno-economic analysis of 550 MWe subcritical PC power plant with CO2capture. Submitted under funding opportunity announcement[END_REF], starting from the 8 th preheater down to the 1 st preheater. c. If one of several preheaters are saturated (i.e. 𝑄 𝑃𝐻𝑋-𝑖,𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 > 𝑄 𝑃𝐻𝑋-𝑖,𝑚𝑎𝑥 ), report the surplus available heat into the downstream preheaters (if possible). 3. Calculate the equivalent electric power with equation [START_REF] Manzolini | Economic assessment of novel amine based CO2 capture technologies integrated in power plants based on European Benchmarking Task Force methodology[END_REF] In the case of CO2 capture, the specific energy penalty (in kWh/tCO2) can be retrieved by dividing the equivalent electric power by the amount of captured CO2.

Evaluation of CO2compression work and compression waste heat duty

In this study, the CO2 transport pressure considered in 110 bar. The number of compression stages is adjusted during the sensitivity analysis to keep the compression ratio close to 2. The intercooling temperature can be either 42 °C so that the heat can be integrated in the first two preheaters of the steam cycle without using cooling water, or 28 °C to perform an advanced cooling using cooling water. In a similar manner, the compression work and compression heat duty (which could be integrated in the feedwater preheaters) can be expressed as a function of the CO2 exiting the capture unit 𝑃 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 :

{ 𝑤 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 [kWh/t CO2 ] = 𝑑 0 + 𝑑 1 ln 𝑃 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 𝑞 𝐹𝑊𝐻-𝑖 [GJ/t CO2 ] = 𝑒 𝑖 + 𝑓 𝑖 𝑃 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 + 𝑔 𝑖 𝑃 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 2 𝑖 = 1,2 (12) 
Where 𝑃 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 is in bar. The coefficients are also reported in Table 7 and the Figure 7 compares the compression work of both intercooling temperatures. 

Evaluation of miscellaneous auxiliaries consumption

The auxiliaries work includes the electric consumption of compressors, fans and pumps. Theses work can be easily calculated from process parameters. Regarding the cooling water pumps, a rough evaluation of the pumps consumption can be performed using the expression proposed by [START_REF] Liebenthal | Derivation of correlations to evaluate the impact of retrofitted postcombustion CO2 capture processes on steam power plant performance[END_REF] based on the heat duty to be evacuated into cooling water:

𝑤 𝑝𝑢𝑚𝑝𝑠,𝐶𝑊 [kWh/t CO2 ] = 𝑄 𝐶𝑊 [GJ/t CO2 ]
𝜑 𝐶𝑊 𝐶 𝑃,𝐶𝑊 Δ𝑇 𝐶𝑊 [START_REF]Final Front-End Engineering and Design Study Report[END_REF] where 𝑤 𝑝𝑢𝑚𝑝𝑠,𝐶𝑊 is the electric consumption of cooling water pumps in kWh/tCO2, 𝑄 𝐶𝑊 the cooling heat duty (in GJ/tCO2), 𝐶 𝑃,𝐶𝑊 the heat capacity of water (𝐶 𝑃,𝐶𝑊 = 4.184 10 -3 GJ. t CW -1 . K -1 ).), Δ𝑇 𝐶𝑊 the temperature increase of cooling water (e.g. 10 K) and 𝜑 𝐶𝑊 the specific work of cooling water pumps (𝜑 𝐶𝑊 = 107.83 kWh/t CW ). The cooling duty 𝑄 𝐶𝑊 is the remaining heat that cannot be integrated into the feedwater preheaters, either due to low temperature levels, saturation of preheaters or by conception choice.

Case study

The presented procedure can be used to study the implementation of several technologies on the reference power plant. Illustrating examples are given in this section for post-combustion and oxy-combustion capture, heat and electricity cogeneration and hybridization.

Post-combustion

In this section, concrete examples are given to illustrate the use of the methodology presented herein and associated correlations in order to evaluate the full-scale impact of a post-combustion capture process on the electric production. Post-combustion capture requires both thermal and electric energy to separate CO2 from the flue gas. In order to consider those different terms, the most practical way is to express the energy penalty in terms of equivalent work (in kWh/tCO2), i.e. the production loss of the power plant, considering all energy consumptions. This energy penalty can be decomposed into four terms:

𝑤 𝐶𝑎𝑝𝑡𝑢𝑟𝑒_𝑃𝑜𝑠𝑡 = 𝑤 𝑃𝑎𝑟𝑎𝑠𝑡𝑖𝑐 + 𝑤 𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 + 𝑤 𝐴𝑢𝑥 -𝑤 𝑖𝑛𝑡𝑒𝑔 (14) Where 𝑤 𝐶𝑎𝑝𝑡𝑢𝑟𝑒_𝑃𝑜𝑠𝑡 is the energy penalty due to capture unit; 𝑤 𝑃𝑎𝑟𝑎𝑠𝑡𝑖𝑐 is the parasitic load, representing the production loss due to the steam extraction, which consider both vapor quantity (heat duty) and quality (vapor temperature); 𝑤 𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 is the compression work to increase the CO2 from the capture pressure to the transport pressure; 𝑤 𝐴𝑢𝑥 is the electrical work of the capture unit auxiliaries (e.g. fans, pumps, compressors); 𝑤 𝑖𝑛𝑡𝑒𝑔 is the energy saved by integration of residual heat of capture unit in the feedwater (see section 2.3). Figure 9 shows the simplified flowsheet of the power plant equipped with post-combustion CO2 capture considered in this study, modeled using the same set of hypotheses as the air-fired power plant described in Section 2.1. In this process, a conventional amine process equipped with a flue gas polisher and a treated gas reheater is considered. The compression equipment in order to deliver the CO2 at 110 bar is also included. A 90 % CO2 capture efficiency has been considered. Table 8 shows the major hypotheses adopted for the post-combustion models. 8 Simplified PFD of the base-case post-fired coal power plant Study of post-combustion processes With the developed correlations, a preliminary comparison of the pre-commercial CO2 capture processes available in open literature for both retrofit and new build power plant is made possible. Indeed, except for the auxiliaries work which strongly depends on the chosen capture process layout, all post combustion process can be mainly described in term of stripper condenser pressure, boiler temperature and quantity of needed steam; most of these information being available in open literature. However, whilst the specific reboiler duty is reported in all communications but the reboiler operating temperature and/or pressure is frequently overlooked.

The purpose of this section is not to compare processes but rather to illustrate the use of the correlations developed in the frame of the assessment methodology. Consequently, assumptions have been made to fill in the blanks in literature data. Regarding the stripper operating pressure, it is assumed that this pressure is directly linked to the quantity of produced CO2 and the stripper diameter; alternatively if the steam temperature or pressure is available a pinch of 10 K is assumed in the reboiler. The condenser inlet temperature has been set to 80 % of the reboiler temperature and the condenser duty has been set to 180 kWh/tCO2 for MEA and adapted proportionally to the reboiler duty and condenser inlet temperature. The amount of cooling duty has been set as the sum of half the reboiler duty, the duty needed to cool the flue gas from 50 to 40 °C and the cooling duty of the CO2 compressor (i.e. adding 0.5 GJ/t to half of the reboiler duty) is not integrated. These assumptions, despite not being representative of a real unit behavior, provide satisfactory first-order estimation for missing data for a proper use of the correlations.

For auxiliaries, a power consumption of 20 kWh/tCO2 is assumed for a 50 meter high column for fan consumption; solvent circulation pumps power consumption is theoretically linked to columns height, column operating pressure and solvent flow rate. Without any information, a power consumption of 5 kWh/tCO2 is assumed for MEA and this figure has been adjusted proportionally for each process with respect to the L/G ratio. If the process features a lean vapor compression (LVC), for the base MEA case of CESAR project and the Fluor capture process, 25 kWh/tCO2 is added, a typical value near the optimum performance of LVC.

The Table 9 summarizes the data gathered in literature as well as the values extrapolated from the data for the power plant performance assessment. Investigated integration configurations Several integration strategies can be considered to couple an amine post-combustion process to a power plant. Five different power plant / capture plant integration options have been evaluated ranking from a basic retrofit to an advanced integration for newly built power plant. The five options are:

 Case 1, retrofit with minimal integration: the steam is extracted at the crossover pipe at 8.9 bar, a throttle valve reduced its pressure in order to have the right condensation temperature, the steam is desuperheated by mixing with the reboiler condensate. This condensate is sent back to the feedwater preheaters train at the right temperature. No capture plant waste heat is integrated in the steam cycle. A conservative pinch of 10 K is assumed for both reboiler and condenser.



Case 2, retrofit with heat integration: as for the case 1 but the capture plant waste heat, from the stripper condenser and the compression train, is integrated at the appropriate level in the steam cycle.

 Case 3, retrofit with heat integration and additional expansion turbine: as for the case 2 but the pressure of the extracted steam is adjusted by expansion through an additional steam turbine (with 75 % isentropic efficiency).

 Case 4, new build with heat integration: the steam is extracted at the crossover pipe directly at the appropriate pressure for the reboiler the steam is desuperheated by direct mixing with the reboiler condensate. This condensate is sent back to the feedwater preheaters train at the most appropriated temperature. The capture plant waste heat, from the stripper condenser and the compression train, is integrated at the appropriate level in the steam cycle. A conservative pinch of 10 K is assumed for both reboiler and condenser.



Case 5, new build with advanced heat integration: similar to case 4 but the extracted steam is desuperheated by indirect heat exchange with the reboiler condensate and a pinch of 5 K is assumed for both reboiler and condenser.

The power plant integration results are presented in Table 10 for the different processes detailed in Table 9 and for the five integration strategies. Once again, the sole purpose is to illustrate the generic assessment methodology instead of ranking different processes. For each process and integration strategy are reported the contribution of total energy penalty: parasitic, compression, auxiliaries and cooling water pumps works as well as the heat integration savings.

Case 1 to case 2: it can be seen that integrating the residual heat of capture unit into the feedwater preheaters has a significant effect on energy penalty, reducing the efficiency loss by approximately 0.6 %-pts. Case 2 to case 3: the use of an expansion turbine instead of a valve for the pressure adaptation of steam considerably reduces the energy penalty by 0.5 to 1.2 %-pts due to the electric production of the turbine. Case 3 to case 4: similarly for the new build case, the design of expansion turbines so that the crossover pipe is at the proper pressure allows benefiting from the high IP turbine efficiency, increasing again the energy savings by 0.3 to 0.5 %-pts (compared to expansion turbine with 75 % efficiency). Case 4 to case 5: additionally, the indirect steam desuperheating instead of direct mixing reduces the efficiency loss by approximately 0.2 %-pts.

The major improvement is obviously the steam expansion in a turbine instead of a valve but this comparison has stressed out that heat integration and desuperheating strategy can also significantly improve the overall performance.

The parasitic load is mainly a function of the reboiler temperature (heat quality) and heat duty (heat quantity) and its value increases with both variables. An increase of stripper pressure, and consequently of reboiler temperature, leading to a decrease of reboiler heat duty, the parasitic load allows a rigorous comparison of energy demand, including both heat quality and quantity. An interesting aspect of thermal integration with power plant is the relative impact of temperature and heat duty according to the chosen integration strategy. For a basic integration with an expansion valve (e.g. cases 1 and 2), the temperature effect has a small influence on parasitic load, whereas the significance is higher with an expansion turbine (e.g. case 3). For example, the 'MHI' and 'Doosan-HTC' processes have respectively reboiler heat duties of 2.45 and 2.40 GJ/t and reboiler temperatures of 120 °C and 135 °C. For the cases 1 and 2, the 'MHI' parasitic load (187 kWh/t) is higher than the 'Doosan-HTC' one (183 kWh/t) due to a higher heat duty despite a lower temperature. While the situation is inverted for the case 3 (respectively 149 and 159 kWh/t for 'MHI' and 'Doosan-HTC' processes), a lower temperature is preferable with a better heat integration between reboiler and power plant.

As outlined above, the reboiler heat duty is not a proper indicator since the corresponding temperature plays an important role on parasitic load, especially for new-build cases. Furthermore, this value can be decreased using vapor recompressor (e.g. Lean Vapor Compression) but at the cost of additional mechanical work, hence a need for an overall estimation at powerplant scale.

Finally, the first key message of this basis comparison is the importance of considering all process parameters for a conclusive evaluation of energy performance, including all thermal (quality as well as quantity) and electric requirements. Also, an advanced integration strategy between capture unit and steam cycle is as important as the development of new processes and solvents. This point is illustrated in Table 10, shifting the process and solvent allows a gain between 5 and 80 kWh/t (0.2 to 2.7 %-pts) whereas using an advanced integration reduces the energy penalty by 55 to 80 kWh/t (1.7 to 2.6 %-pts).

Table 10 Results of reference power plant efficiency losses for the investigated post-combustion processes and the 5 integration cases

Supplier -CESAR project

CESAR project

Fluor MHI Alstom-Dow

Babcock-Hitachi

Doosan-HTC

Oxy-combustion

Unlike post-combustion capture, oxy-combustion implies structural changes of the boiler island: flue gas and oxidant flows compositions, temperatures and flowrates are modified which directly impacts the heat transfer characteristics to the steam cycle and the auxiliaries' consumptions. Indeed, for a given coal input and combustive flows boiler inlet temperatures, the reduced flue gas flowrate in oxy-firing compared to air-firing and the composition differences lead to a different amount of total distribution between radiative and convective heat inducing a modification in the gross turbine production. Concerning the auxiliaries consumption in oxy-combustion, in addition to the power consumption associated to the ASU, the CPU and some units required for operation in oxy-combustion such as a direct contact cooler polishing scrubber (DCCPS) and a flue gas reheater (FG reheater), the structural modification of the flue gas train induces variation of several auxiliaries consumption. For instance, the flue gas flowrate reduction results in a decrease of the fan consumption (-60 %). The wet FGD consumption, strongly linked to the slurry pumping power requirement, is also modified due to the reduction of the flowrate to be treated and the increased inlet SO2 concentration. The additional consumption induced by the capture of the CO2 in oxy-combustion (WCapture_Oxy) is expressed as followings:

𝑊 𝐶𝑎𝑝𝑡𝑢𝑟𝑒_𝑂𝑥𝑦 = Δ𝑊 𝑇𝑢𝑟𝑏𝑖𝑛𝑒 + Δ𝑊 𝐴𝑢𝑥 + 𝑊 𝐴𝑆𝑈 + 𝑊 𝐶𝑃𝑈 [START_REF] Edvardsson | Recent developments on advanced amine process technology & demonstration unit operations[END_REF] where ΔWturbine and ΔWaux are respectively the gross turbine output and the auxiliaries consumption differences between aircombustion and oxy-combustion; WASU the ASU power consumption and WCPU the CPU one which includes the CO2 compression work up to pipeline specifications.

Figure 9 Simplified PFD of the base-case oxy-fired coal power plant

Figure 9 shows the simplified flowsheet of the base-case oxy-fired power plant considered in this study, modeled using the same set of hypotheses as the air-fired power plant described in Section 2.1. In this process, a conventional cryogenic doublecolumn air separation process providing an 95 %mol oxygen flow at 1.2 bar is considered and the CO2 enriched flue gas is purified by partial condensation up to 96 %mol in a double-flash process and compressed up to 110 bar for further pipeline transportation. The recovery rate of the CPU is 90 %. Table 11 summarizes the major hypotheses adopted for the oxycombustion models. kg/Nm 3 17 / 29 Concerning the flue gas treatment, the same layout as air combustion is employed, to which is added a DCCPS further reducing the SOx concentration and the moisture content of the flue gas by saturating at 18.5 °C. The flue gas is then slightly reheated in an electric heater (up to 40 °C) in order to avoid any downstream condensation. In oxy-combustion, the flue gas regenerative heater outlet temperature being higher than air-combustion, a flue gas cooler is placed to reduce the temperature down to 130 °C. Study of oxy-combustion processes Oxy-combustion power plant required new equipments such as ASU and CPU but also a major revamp of the air and flue gas paths. In this study, two flue gas recycle options and three different ASU processes have been considered. As highlighted by [START_REF] Hu | Effects of flue gas recycle on oxy-coal power generation systems[END_REF], oxy-combustion offers different flue gas recycle options. In this study, the two most common layouts are considered: cold-recycle in which both the primary and secondary recycles are fully depolluted and warm-recycle in which the secondary recycle is realized before desulfurization and therefore at higher temperature. The modification of the position of the secondary recycle also impacts the recycle rate since the oxygen partial pressure at boiler inlet has to be reduced from 0.35 down to 0.28 to obtain air-like combustion characteristics with a higher moisture content due to the recycling before the DCCPS. Otherwise, warm-recycle allows reducing the flue gas flowrate heading the downstream depollution equipments. Two advanced ASU architectures have been considered in addition of the conventional ASU considered in the base-case. These ASU, proposed by technology providers 'Air Liquide' [START_REF] Davidian | Process and unit for the separation of air by cryogenic distillation[END_REF] and 'Air Products' [START_REF] Dillon | Oxy-combustion processes for CO2 capture from power plant[END_REF] aim at reducing specific consumptions. The power consumption of an ASU being due to the compression of air, the advanced ASU with improved energy performances all have lower air compression ratio, which also implies a reduced amount of compression heat available for integration. Thus, the gains brought by the heat integration have to be assessed independently for each ASU architecture. Indeed, for a given ASU or CPU architecture, if standalone minimization of the energy consumption is desired, stagedcompression with intermediate cooling with cooling water leads to the best performance due to the lack of sufficient heat sink in the process. However, if those processes are considered as part of the power plant, the valorization of the compression heat becomes possible and the resort to adiabatic compression needs to be assessed. The integration of the ASU, for both intercooled and adiabatic compression, is realized for the warm-recycle scheme with the integration of the FG bypass surplus heat and the preheating of the oxygen flow (Case 4 defined below). Investigated integration configurations Several heat integration strategies can be considered for an oxy-fired power plant, in this study four are investigated:



Case 1, retrofit with minimal integration: no waste heat integration, electric flue gas reheating.



Case 2, retrofit with heat integration: waste heat integration in the steam cycle, steam flue gas reheating and flue gas heat valorization through a standard regenerative heat exchanger followed by another heat exchanger.



Case 3, new build with heat integration: waste heat integration in the steam cycle, steam flue gas reheating and flue gas heat valorization through a standard regenerative heat exchanger and a flue gas bypass heat exchanger.

 Case 4 : similar to case 3 with steam oxygen preheating

In order to quantify the amount of heat to be integrated for cases 2 to 4,a detailed inventory of heat sources needs to be carried out. First of all, large amounts of heat are dissipated during the intercooling steps of the ASU and CPU staged compressions. However, the heat being available at low temperature, the efficient valorization of the thermal exergy is impossible due to the saturation of the first parallel heat exchanger (PHX-1). Thus, in order to maximize the overall exergy efficiency, adiabatic compression is adopted instead of staged compression because despite the additional compression power requirement, the increase of the compressor outlet temperature allows the valorization of the totality of the heat duty. The flue gas compressor at the CPU inlet has been modeled as two adiabatic compressors in order to keep a realistic pressure ratio and moderate the temperature increase. In the base-case plant, the CPU offgas flow is reheated during expansion by the compression heat. Assuming the integration of the compression heat into the steam cycle, heat has to be provided by the steam cycle in order to ensure that no CO2 freezing occurs. The reheat of the flue gas after the DCCPS, realized in an electric heater in the base-case, can be realized using a material flow at the adequate temperature level in order to minimize the exergy losses. Last but not least, the flue gas heat (QFG) dissipated in the flue gas cooler in case 1 can be used as a heat source. Indeed, the higher temperature of the recycle flows at the regenerative heater cold-end in oxy-combustion induces a significant increase of the flue gas cold-end temperature. In case 2, this additional heat is recovered in the FG cooler. However, in cases 3 and 4, in order to reduce the irreversibilities induced by the large temperature difference in the heat exchanger, it is possible to bypass a portion of the hot flue gas upstream the regenerative heater to recover a high temperature heat in a dedicated heat exchanger so called "FG bypass surplus heat recovery exchanger". Finally, for the cases 1 to 3, the oxygen flow from the ASU, delivered at 23 °C, is mixed to the recycle flows without preheating, which induces a temperature drop. The case 4 includes the preheating of the oxygen flow at the adequate temperature before mixing to the recycle flows in order to avoid this exergy destruction and further reduce the exergy losses in the regenerative heater.

In oxy-combustion, the modification of the boiler section leads to a slight variation of the heat transfer to the steam cycle. Thus, a verification of the validity of the marginal efficiencies derived from the air-fired plant is necessary and for that matter, the NPE obtained by the calculation and the ones provided by the simulation have been compared. Those values lead to relative deviations of 0.02 % and 0.01 % respectively for cold-recycle and warm-recycle cases, which is satisfactory. The oxy-fired power plant integration results are presented in Table 12 for the standard double-column ASU considered in the base-case and the two alternative low-consumptions proposed by 'Air Liquide' and 'Air Products', cold-recycle and warmrecycle and for the four integration cases described above. For each case, the contribution of the ASU and the CPU along with the gross power output difference with the air-fired case due to oxy-firing (ΔTurbine) as well as the auxiliaries consumption difference (ΔAuxiliaries). This last figure takes into account: the main power consumption difference between air and oxyfiring, naming the flue gas fan and the FGD slurry pump; the consumption of additional auxiliaries such as the DCCPS circulation pump and the electric heater; and finally the additional pumping power requirement related to the increased cooling water demand necessary to evacuate the process waste heat (intercooling of the compressions and flue gas heat evaluation for case 1). For clarification purpose, it has to be stressed that the ASU specific energy figures displayed in Table 12 are relative to the captured CO2 (kWh/tCO2) and not to the produced oxygen (kWh/tO2). Case 1: in this retrofit case, staged compression with intercooling have been considered for the CPU compression steps since it minimizes the standalone power consumption. This effect is also reflected when the comparison of the ASU consumption between the adiabatic case and the intercooled case is made. Indeed, for all the three considered ASU, staged compression with intercooling systematically leads to the lower energy penalty. When no thermal integration is performed, the 'Air Products' ASU leads to the lowest energy penalty, reducing the energy penalty by approximately 1.9 %-pts compared to the standard double-column ASU. Case 2 to case 4: for those three cases, the auxiliaries' consumption difference, which had positive value for Case 1, is negative after integration because of the use of heat from PHX-1 as heat source instead of electricity for the reheating of the flue gas after the DCCPS. Another factor contributing to the reduction of the auxiliaries' consumption, to a lesser extent, is the reduction of the cooling water pumping power resulting of the valorization of heat sources into the steam cycle. The increase in the CPU contribution to the energy penalty is due to the substitution of staged compressions by adiabatic compressions to increase the overall system efficiency. The comparison of the energy penalties of the three integration cases at constant ASU configuration shows that Case 4 systematically leads to the best performances. For both cold and warm recycle, the flue gas heat duty is better valorized by the means of a bypass and the preheating of the oxygen flows coming from the ASU further increases this gain because of both the increased temperature level at which the heat source is integrated and the reduced exergy losses in the regenerative heater. Additionally, the shifting of the flue gas duty recovery temperature towards higher temperature (Case 3 and 4) allows not downgrading heat to lower levels. This is observed for the warm-recycle scheme involving the 'Air Liquide' ASU's adiabatic compression heat integration. In Case 2, PHX-3 is saturated due to the large share of the flue gas heat available at this temperature level, leading to the necessity to downgrade 4.8 MWth from PHX-3 to PHX-2, leading to a slight reduction of the integration gain. While not being particularly relevant in that particular case, this example highlights the importance of the simultaneous consideration of all the heat sources and the available heat sinks when the assessment of the improvement potential of global system energy by thermal integration is targeted. When heat integration is performed, adiabatic compression shows better performance than intercooled compression. This is due to the fact that, for the low-consumption ASU, the temperatures of the heat duties available at the compressors' intercoolers (when staged compression is performed) are not high enough to be integrated in the steam cycle. Concerning the standard ASU, despite the temperature being compatible for integration in PHX-1, the valorization of the compression heat is limited by the saturation of PHX-1. Another interesting point is that, because of the compression layout differences, the 'Air Liquide' ASU leads to slightly better performances than 'Air Products' one when thermal integration is performed. This difference is due to both the difference in available heat duty (quantity) and their temperature level (quality).

As for the post-combustion capture case studies, the aim of this paper is not to state whether the technology provided by a vendor is better than another or not but to compare on a consistent basis, using process parameters, different technologies and process layouts in order to identify the improvement potential of the oxy-combustion CO2 capture system. Finally, for more detailed descriptions and discussions about the flue gas recycle schemes, flue gas heat integration or advanced ASUs flow-schemes, please refer to [START_REF] Hagi | Performance assessment of first generation oxy-coal power plantsthrough an exergy-based process integration methodology[END_REF]. 

Extension to cogeneration and hybridization

In a context of reducing the carbon footprint of energy, heat and electricity cogeneration [START_REF] Lund | Large combined heat and power plants in sustainable energy systems[END_REF][START_REF] Kelly | An energy and carbon life cycle assessment of industrial CHP (combined heat and power) in the context of a low carbon UK[END_REF][START_REF] Liao | Energetic and exergetic efficiencies of coal-fired CHP (combined heat and power) plants used in district heating systems of China[END_REF][START_REF] Nixon | The feasibility of hybrid solar-biomass power plants in India[END_REF] and solar hybridization [START_REF] Nixon | The feasibility of hybrid solar-biomass power plants in India[END_REF][START_REF] Hong-Juan H, Zhen-Yue | Performance evaluation of solar aided feedwater heating of coal-fired power generation (SAFHCPG) system under different operating conditions[END_REF][START_REF] Zhao | Mid and low-temperature solar-coal hybridization mechanism and validation[END_REF] have been identified as particularly promising solutions. The capability of the proposed methodology to be extended to those applications, to assess the performance of various scenarios, is illustrated below.

Heat and electricity cogeneration

The methodology described for evaluating the power plant loss of efficiency due to steam extraction can also be used to assess an order of magnitude of the tradeoff in overall efficiency between electricity and heat generation for poly-generation plant. Three case studies have been defined regarding three different heat usages: -Local Industrial steam network: saturated LP steam is generated at the power plant by steam condensation with a 10 K pinch. The process steam is condensed at 4 bar and sent back to the power plant at saturation temperature. Heat losses are estimated at 5 % of the transported enthalpy, a 2 bar pressure drop is considered for the condensate return. -Local district heating: saturated LP steam is generated at the power plant by steam condensation with a 10 K pinch. The process steam is condensed at 2 bar and sent back to the power plant at saturation temperature. Heat losses are estimated at 5 % of the transported enthalpy, a 2 bar pressure drop is considered for the condensate return. -Distant district heating: hot water is generated at the power plant by steam condensation with a 10 K pinch. The hot water is produced at saturation temperature at 1.5 bar and sent back to the power plant at 60 °C. Heat losses are estimated at 10 % of the transported enthalpy, a 5 bar pressure drop is considered for the hot water loop. For each test case, 4 sub-cases have been defined for 100 MWth and 500 MWth extracted and for a new build and retrofit cases. The overall efficiency is defined as the ratio of energy production (thermal and electricity) over coal LHV, hence values superior to the reference power plant net efficiency. Solar hybridization Another potential application of the proposed methodology is the assessment of the low to medium temperature solar power plant hybridization. For this application, two major technologies can be considered: Fresnel collectors and parabolic trough collectors [START_REF] Zhao | Mid and low-temperature solar-coal hybridization mechanism and validation[END_REF]. Linear Fresnel collectors or parabolic troughs can produce hot thermal oil at 350 °C. Alternatively, linear Fresnel collector can produce directly saturated medium pressure steam. Finally, evacuated tube solar collectors are able to produce pressurized water at 150 °C or low pressure steam. With the heat integration correlation, a preliminary evaluation of the solar marginal efficiency and solar share can be performed. Four case studies have been defined regarding two types of solar collectors: linear Fresnel collectors and evacuated tube collectors, with two different integration strategies for both technologies:

- 

Discussion and perspective

As seen in the previous sections, the developed correlations can be used to evaluate retrofit as well as new built cases. In fact, these correlations can be adapted for different studies. For example, the isentropic efficiency of the auxiliary expansion turbine for the steam extraction can be adapted to represent a retrofit with a value between 75 and 85 % or the extension of the IP turbine with a value between 90 to 94 %. Other examples are the pinches considered both for heat generation or heat valorisation or the fraction of waste heat considered for valorisation. This framework can be refined with more detailed heat losses and pressure drops in pipes to fit a specific project. In particular, these energetic performance calculations can be enhanced by technical-economic evaluation.Whilst for newbuilt studies, where typical economic hypotheses considered for cost analysis in power plant applications lead to a tradeoff between capital expenditure and operational expenditure largely leaning towards the minimization of the latter, the approximation consisting in realizing the comparison between different plant layouts solely on an energetic basis can be valid, other frameworks could lead to the necessity to consider economic criterion. In order to assess the plant lifetime benefit of a given integration option, technical-economic evaluation need to be carried out. Especially with respect to heat exchangers pinches (cost), piping lengths (pressure drop and cost) and main equipment modifications (such as adiabatic compressor vs intercooled compressor). Moreover, the impact of tight heat integration on plant availability and flexibility can be a concern, especially for loadfollowing power plant. The waste heat valorization detailed in this study is not detrimental to the power plant availability since it is built in parallel to the existing feedwater preheating train. If the integration is lost for any reason; the feedwater preheating is mechanically ensured by an increased steam bleeding in the next preheater, driven by the equilibrium vapor pressure. Thus, a heat integration loss induces an efficiency drop of the power plant but the overall plant availability decrease is modest. The core hypothesis of this work is that all heat is extracted or integrated within the steam cycle; other integration options can be considered, such as air preheating, flue gases cooling, coal drying or direct heat integration in the CO2 capture process. While these integration options are not foreseen to be more efficient than the steam cycle integration, they can increase the maximal amount of waste heat which can be integrated. Therefore, these correlations does not represent the maximal integration which can be expected between the power plant and the capture plant but represent a 'not so' conservative point of view for heat integration with respect to the standard practice in large size power plant. Also, it has to be stressed that the heat integration methodology proposed within this article is only valid for the considered steam cycle (steam conditions, turbines isentropic efficiencies, condensing pressure, number of feedwater preheaters, …). Indeed, the proposed correlations, marginal efficiencies as well as the established coefficients are cycle specific. However, the methodology could fairly easily be adapted if an integration study on, for instance, a specific existing power plant or a conceptual advanced ultrasupercritical cycle was targeted. It should be reminded that the method proposed in this paper is specific to an integration with the supercritical coal-fired power plant defined earlier. However, the calculation procedure and associated equations are not restricted to a specific case and a more generic approach could be adopted by considering steam cycle dependant coefficients. Consequently, other sets of coefficients could be derived for other cases (such as subcritical or advanced ultra-supercritical coal plants, natural gas or nuclear power plants) by carrying out a design of experiments using a process simulator and regressing new coefficients using the equations described in this paper. Finally, the performance assessment for retrofit cases could be further refined by considering the steam turbines performance maps. Indeed, since the integration of waste heat induces steam bleedings reductions, the volume flowrate across the turbines are modified, impacting the isentropic efficiencies. High temperature heat valorization (integration in PHX-7 and 8), for retrofit case, could also be slightly improved. The surface area of the steam resuperheater being fixed, a steam flowrate reduction induces an increase of the tubes surface temperature since the tube-side heat capacity is reduced. Thus, a maximum allowable thermal stress on the boiler material could be considered to realistically assess the integrated system efficiency for a retrofit case.

Conclusion

A set of correlations has been derived from rigorous calculations on a state of the art pulverized bituminous coal-fired power plant.These correlations can be used to evaluate retrofit as well as new build cases; and both steam extractions (up to 700 MWth from 50 to 170°C) and waste heat integration (up to 310°C in the limit of preheater saturation)have been considered. Additionally, estimation of the cooling water pump work and CO2 compression work are provided.While initially developed for CO2 capture applications, the proposed methodology can conveniently be used to evaluate other technologies.

In this paper, the potential use of the developed methodology has been highlighted through several comprehensive case studies. Different process layouts and scenario have been compared on a consistent basis for both post-and oxy-combustion CO2 capture, showing how different cases could be conveniently assessed with relatively few input data. For instance, this approach could easily be applied to assess innovative concepts such as the staged pressurized oxy-combustion system described by [START_REF] Gopan | Process design and performance analysis of a Staged Pressurized Oxy-Combustion power plant for carbon capture[END_REF] and compare the integrated process performance with other technologies, as carried out in [START_REF] Hagi | Towards Second Generation Oxy-pulverized Coal Power Plants: Energy Penalty Reduction Potential of Pressurized Oxy-combustion Systems[END_REF]. To illustrate the capability of the approach to tackle other applications, several case studies have been proposed for the realistic assessment of the influence of heat and electricity cogeneration (local industrial steam network, local district heating and distant district heating) as well as low to medium temperature solar energy hybridization (linear Fresnel collectors and evacuated tube collectors) on the coal-fired power plant efficiency. While not considered within this study, other systems such as biomass hybridization (auxiliary boiler), high temperature solar hybridization and industrial waste heat valorization in the frame of industrial ecology studies are few examples of potential application that can be assessed within the framework defined in this work. Finally, a turnkey Microsoft Excel spreadsheet is provided for users that are willing to quickly obtain a realistic figure depicting the influence of thermal integration of a given system on the energetic performance of a state-of-the-art coal-fired power plant.

Supporting information

The spreadsheet (Microsoft Excel 2010) is publically available online, the authors and EDF do not engage on results obtained by the user. 
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Table 1 Operating parameters of the reference plant major streams pictured in Figure 3
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		Flowrate (t/h)	T (°C)	P (bar)
	I	301	15	1.01
	II	693	28	1.13
	III	624	110	1.12
	IV	2519	18	1.04
	V	2463	310	1.03
	VI	3428	340	0.99
	VII	3555	121	0.96
	VIII	3695	129	1.06
	IX	3695	90	1.06
	X	3789	88	1.02
	XI	2148	32	19.0
	XII	2873	315	325
	XIII	2873	600	300
	XIV	2401	354	66.1
	XV	2401	620	60.0
	XVI	83774	18	3.30

Table 2 Reference plant performances

 2 

	Steam turbine generator output (gross)	MW	1082.2
	Power block auxiliary power	MW	48.6
	Other auxiliaries power and transformer losses	MW	58.7
	Total auxiliary power	MW	107.3
	Heat input	MWth	2112.7
	Emissions	gCO2/kWh	749
	Steam generator fuel efficiency	%LHV	98.6
	Gross plant efficiency	%LHV	51.2
	Net plant efficiency	%LHV	46.1

Table 4 Constant marginal efficiencies relative to the 8 parallel heat exchangers considered for heat integration Tcold
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	PHX -1	32	67	0.091
	PHX -2	67	102	0.161
	PHX -3	102	137	0.225
	PHX -4	137	172	0.277
	PHX -5	172	205	0.330
	PHX -6	213	240	0.363
	PHX -7	240	280	0.403
	PHX -8	280	310	0

in (°C) Tcold out(°C) i (MWe/MWth)

Table 5 Coefficients of equation 9 for calculation of fraction of steam extracted
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	Expansion	Unit	Valve	Turbine	Turbine
	Desuperheating		Direct	Direct	Indirect
	𝛼	MWth -1	2.9612 10 -4	4.1553 10 -4	3.7880 10 -4
	𝛽	MWth -1 .°C -1	5.8149 10 -7	7.5731 10 -8	4.4321 10 -7

Table 6

 6 

			𝑸 𝒎𝒂𝒙,𝑷𝑯𝑿-𝒊 𝟎	and the ai,j coefficients determined by simulation	
		𝑄 𝑚𝑎𝑥,𝑃-𝑖 0	(MW)	a i,2 (-)	a i,3 (-)	a i,4 (-)	a i,5 (-)	a i,6 (-)	a i,7 (-)	a i,8 (-)
	PHX-1	71.47	0.0595	0.0548	0.0510	0.0464	0.0442	0.0413	0.0389
	PHX-2	77.38		0.0594	0.0553	0.0502	0.0479	0.0446	0.0421
	PHX-3	83.27			0.0596	0.0541	0.0514	0.0480	0.0452
	PHX-4	90.24				0.0586	0.0556	0.0519	0.0489
	PHX-5	82.16					0.0878	0.0839	0.0787
	PHX-6	79.42						0.0523	0.0482
	PHX-7	132.51					-0.0164		0.0840
	PHX-8								

Table 7 Coefficients of equations (11)(12)

 7 

		Unit	Intercooling	Intercooling
			at 42 °C	at 28 °C
	𝑑 0	kWh/tCO2	101.283	95.824
	𝑑 1	kWh/tCO2	-26.389	-26.135
	𝑒 1	GJ/tCO2	0.47041	0.35785
	𝑓 1 GJ/tCO2.bar -1	-0.13405	-0.06517
	𝑔 1 GJ/tCO2.bar -2	0.01569	0.00619
	𝑒 2	GJ/tCO2	0.23404	0.11218
	𝑓 2 GJ/tCO2.bar -1	-0.08260	-0.06168
	𝑔 2 GJ/tCO2.bar -2	0.01148	0.00995

Table 8 Major modeling hypotheses specific to the post-combustion power plant
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	Flue gas fan isentropic efficiency	-	0.85
	Flue gas path pressure drop	mbar	150

Table 9 Data of the different post-combustion process evaluated (in black: value taken from reference 1: [12], 2: [13], 3: [14], 4: [15], 5: [16], 6: [17], 7: [10]; in italic grey: estimated value)
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	Supplier	-	CESAR	CESAR	Fluor	MHI	Alstom-	Babcock	Doosan-	Linde-
			project	project			Dow	-Hitachi	HTC	BASF
	Solvent	-	MEA	AMP/PZ	MEA	KS-1	UCARSOL 3000	H3	RS-2	OASE-Blue
	Process	-	LVC	ICA	LVC, ICA	Prop.	Prop.	Prop.	Prop.	Prop.
	Capacity	t/h	1.0	1.0	-	-	1.04	-	4.2	-
	Stripper D.	m	0.75	0.75	-	-	0.60	-	1.1	-
	Stripper P.	bar	1.85	1.85	2.0	1.6	3.0	1.8	3.6	3.5
	Reboiler T.	°C	120	120	125	120	130	120	135	135
	L/G	-	3.0	2.0	3.0	1.0	3.0	2.0	3.0	3.0
	Aux. Pump	kWh/t	5	3.2	5	1.6	5	3.2	5	5
	Aux. Process	kWh/t	25	0	25	0	0	0	0	0
	Aux. Fan	kWh/t	20	20	20	20	20	20	20	20
	Reboiler duty	GJ/t	2.90	2.80	2.85	2.45	2.30	2.60	2.40	2.40
	Cooling duty	GJ/t	1.95	1.90	1.93	1.73	1.65	1.80	1.70	1.70
	Reference	-	1	1	2	3	4	5	6	7

Table 11 Major modeling hypotheses specific to the oxy-combustion power plant
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	Air compressor isentropic efficiency (ASU)	-	0.87
	Flue gas/CO2 compressor isentropic efficiency (CPU)	-	0.85
	Compressor mechanical efficiency	-	0.98
	ASU and CPU cryogenic heat exchanger pinch	K	1.5
	ASU condenser-reboiler pinch	K	1
	Total air infiltration	%wt	3
	Wet FGD L/G ratio (cold-recycle/warm-recycle)		

Table 12 Results of the investigated oxy-combustion processes layouts and the 4 integration cases
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	Recycle		Cold	Cold	Warm	Warm	Warm	Warm	Warm	Warm
	ASU		Standard	Standard	Standard	Standard	Air Liquide	Air Liquide	Air Products	Air Products
	ASU compressor		Adiabatic	Intercooled	Adiabatic	Intercooled	Adiabatic	Intercooled	Adiabatic	Intercooled
	Case 1: Retrofit, no heat integration, no O2 preheating					
	ASU	kWh/t	215.7	189.3	216.7	190.3	178.4	162.9	172.0	160.6
	CPU	kWh/t	113.1	113.1	115.5	115.5	115.5	115.5	115.5	115.5
	∆Turbine	kWh/t	-7.4	-7.4	-2.3	-2.3	-2.3	-2.3	-2.3	-2.3
	∆Auxiliaries	kWh/t	16.6	16.4	9.1	8.9	8.6	8.6	8.7	8.6
	∆Fan	kWh/t	-11.0	-11.0	-11.0	-11.0	-11.0	-11.0	-11.0	-11.0
	∆FGD	kWh/t	-0.7	-0.7	1.0	1.0	1.0	1.0	1.0	1.0
	DCCPS	kWh/t	5.8	5.8	4.1	4.1	4.1	4.1	4.1	4.1
	FG reheater	kWh/t	19.5	19.5	11.5	11.5	11.5	11.5	11.5	11.5
	Cooling	kWh/t	3.0	2.8	3.5	3.3	3.0	3.0	3.1	3.0
	Total	kWh/t	338.0	311.4	339.0	312.4	297.2	281.7	290.8	279.4
	Efficiency loss	%-pts	10.5	9.6	10.5	9.7	9.2	8.7	9.0	8.6
	Net efficiency	%LHV	35.6	36.5	35.6	36.4	36.9	37.4	37.1	37.5
	Case 2: Retrofit, flue gas cooler, heat integration, no O2 preheating				
	ASU	kWh/t	215.7	189.3	216.7	190.3	178.4	162.9	172.0	160.6
	CPU	kWh/t	132.3	132.3	134.7	134.7	134.7	134.7	134.7	134.7
	∆Turbine	kWh/t	-7.4	-7.4	-2.3	-2.3	-2.3	-2.3	-2.3	-2.3
	∆Auxiliaries	kWh/t	-3.5	-3.2	-6.5	-6.1	-6.3	-5.6	-6.2	-5.6
	Integration	kWh/t	-71.6	-44.2	-89.0	-56.8	-69.3	-47.1	-62.2	-47.1
	Total	kWh/t	265.6	266.9	253.6	259.8	235.2	242.6	236.0	240.3
	Efficiency loss	%-pts	8.2	8.3	7.9	8.0	7.3	7.5	7.3	7.4
	Net efficiency	%LHV	37.9	37.8	38.2	38.1	38.8	38.6	38.8	38.7
	Case 3:									

New build, flue gas bypass, heat integration, no O2 preheating

  

	ASU	kWh/t	215.7	189.3	216.7	190.3	178.4	162.9	172.0	160.6
	CPU	kWh/t	132.3	132.3	132.3	134.7	134.7	134.7	134.7	134.7
	∆Turbine	kWh/t	-7.4	-7.4	-2.3	-2.3	-2.3	-2.3	-2.3	-2.3
	∆Auxiliaries	kWh/t	-3.5	-3.2	-6.5	-6.1	-6.3	-5.6	-6.2	-5.6
	Integration	kWh/t	-79.1	-50.9	-95.7	-67.5	-81.1	-58.4	-73.8	-58.4
	Total	kWh/t	257.9	260.1	244.6	249.1	223.4	231.3	224.4	229.0
	Efficiency loss	%-pts	8.0	8.0	7.6	7.7	6.9	7.1	6.9	7.1
	Net efficiency	%LHV	38.1	38.1	38.5	38.4	39.2	39.0	39.2	39.0
	Case 4: New build, flue gas bypass, heat integration, O2 preheating					
	ASU	kWh/t	215.7	189.3	216.7	190.3	178.4	162.9	172.0	160.6
	CPU	kWh/t	132.3	132.3	132.3	134.7	134.7	134.7	134.7	134.7
	∆Turbine	kWh/t	-7.4	-7.4	-2.3	-2.3	-2.3	-2.3	-2.3	-2.3
	∆Auxiliaries	kWh/t	-3.6	-3.2	-6.6	-6.2	-6.1	-5.7	-6.0	-5.6
	Integration	kWh/t	-82.8	-54.6	-101.1	-73.7	-86.6	-63.8	-79.2	-63.8
	Total	kWh/t	254.2	256.4	239.0	242.7	218.1	225.7	219.2	223.6
	Efficiency loss	%-pts	7.9	7.9	7.4	7.5	6.7	7.0	6.8	6.9
	Net efficiency	%LHV	38.2	38.2	38.7	38.6	39.4	39.1	39.3	39.2

Table 13 Results of the investigated heat and electricity cogeneration cases Industrial steam network Local district heating Distant district heating
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	Heat demand	MWth	100	500	100	500	100	500
	Fluid		sat. steam	sat. steam	sat. steam	sat. steam	bub. water	bub. water
	Temperature	°C	144	144	120	120	111	111
	Pressure	bar	4	4	2	2	1.5	1.5
	Heat losses	%	5	5	5	5	10	10
	Pressure drop	bar	2	2	2	2	5	5
	Heat extracted	MWth	105	525	105	525	110	550
	Liquid flow rate kg/s	49	246	48	238	530	2630
	Pump power	MWe	0.013	0.066	0.013	0.064	0.35	1.75
	Retrofit case							
	Parasitic loss	MWe	28.8	144.2	28.8	144.0	32.0	159.8
	Net electric eff. %LHV	44.8	39.3	44.8	39.3	44.6	38.5
	Overall eff.	%LHV	49.5	63.0	49.5	63.0	49.3	62.2
	New build case							
	Parasitic loss	MWe	25.4	127.1	21.0	105.2	22.3	111.3
	Net electric eff. %LHV	44.9	40.1	45.1	41.2	45.1	40.8
	Overall eff.	%LHV	49.7	63.8	49.9	64.8	49.8	64.5

Table 14 Results of the investigated solar hybridization cases

 14 Production of 2 bar saturated steam by evacuated tube collectors from 2 bar bubbling water at the same pressure. The heat is integrated in the appropriate feedwater preheater. A 3 bar pressure drop is considered in this heat exchanger/solar collector loop. -Production of hot water at 120 °C by evacuated tube collectors from 50 °C feedwater. The heat is integrated in the steam cycle feedwater preheater from 120 to 50 °C.A 5 bar pressure drop is considered in this heat exchanger/solar collector loop. For each test case, 2 sub-cases have been defined for 50 MWth and, a maximum of, 200 MWth heat generated by solar collectors.

				Linear Fresnel collectors			Evacuated tubes collectors	
			One preheater	Multiple preheaters	One preheater	Multiple preheaters
	Solar heat	MWth	50	79*	50	200	50	77*	50	153*
	Fluid		sat. steam sat. steam sat. steam sat. steam sat. steam sat. steam	bub. water	bub. water
	Pressure	bar	40	40	40	40	2	2	2	2
	Temperature	°C	250	250	250	250	120	120	120	120
	Return Temp.	°C	250	250	50	50	120	120	50	50
	Pressure drop	bar	5	5	10	10	3	3	5	5
	Liquid flow rate kg/s	29.3	46.3	19.3	77.3	23.8	36.6	170	520
	Pump power	MWe	0.020	0.031	0.026	0.10	0.010	0.014	0.11	0.35
	Latent heat frac. %	100	100	66	66	100	100	0	0
	Net efficiency	%LHV	47.0	47.5	46.9	49.1	46.5	46.7	46.5	47.1
	Solar efficiency %	36.3	36.3	32.3	31.2	16.1	16.1	13.2	12.4
	Solar production MWe	18.1	28.7	16.1	62.4	8.0	12.4	6.6	19.0
	Solar share	%	1.86	2.94	1.65	6.40	0.82	1.27	0.68	1.95
	* heat limited due to the saturation of preheaters						

Production of 40 bar saturated steam by linear Fresnel collector from 50 °C feedwater. The heat is integrated in the steam cycle feedwater preheater from 250 to 50 °C. A 10 bar pressure drop is considered in this heat exchanger/solar collector loop. -Production of 40 bar saturated steam by linear Fresnel collectors from bubbling water at the same pressure. The heat is integrated in the appropriate feedwater preheater. A 5 bar pressure drop is considered in this heat exchanger/solar collector loop.

-