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A novel configuration of a coal-fired cogeneration plant is proposed in this paper. This novel system is composed of combustion chamber, Rankine cycle, absorption chiller, alkaline electrolyzer, and methanation plant. In the proposed configuration, the heat of exhaust gas from the combustion chamber can be used in a Rankine cycle to produce electricity. The heat of exhaust gas also powers the absorption chiller to provide cooling. The exhaust gas flows through a sulfur extraction unit to separate sulfur from CO 2 gas. To supply electrical power, wind turbines alongside the Rankine cycle are considered. A part of the produced electricity from both the Rankine cycle and the wind turbines can be used by an alkaline electrolyzer to produce hydrogen and oxygen. The CO 2 gas from sulfur unit and hydrogen gas (H 2 ) provided by the electrolyzer can be delivered to a methanation unit to produce syngas (CH 4 ) for different applications. The oxygen from the electrolyzer is injected into the combustion chamber to improve the combustion process. Results show that by using 80 units of 1 MW Nordic wind turbine to generate electricity, all of the CO 2 in the exhaust gas is converted to syngas. The whole system energy and exergy efficiencies are equal to 16.6% and 16.2%. The highest and lowest energy efficiencies of 85% and 30.1% are related to compressor and steam power plants. The energy and exergy efficiencies of the wind turbine are 30.7 % and 11.9 %. The system can produce 40920.4 MWh of electricity and 180.5 MWh of cooling. As CO 2 is consumed to produce syngas, the proposed system is capable of avoiding a significant amount of 2776 t CO 2 emissions while producing 1009.4 t syngas annually. Based on economic analysis, the payback period of the system is 11.2 y, and internal rate of return is found to be 10%, which can prove the viability of the proposed configuration.

Introduction

The worldwide energy demand for electricity generation is growing steadily. Fossil fuel is playing a major role to fulfill this demand. The excessive use of fossil fuel within the current energy infrastructure is causing natural disasters and health issues. The continuous CO 2 emissions are at least partially responsible for global warming [START_REF] Atabi | Calculation of CH4 and CO2 emission rate in Kahrizak landfill site with LandGEM mathematical model[END_REF][START_REF] Mozafari | Effects of Regeneration Heat Exchanger on Entropy, Electricity Cost, and Environmental Pollution Produced by Micro Gas Turbine System[END_REF]. In 2016, coal-based power plants and other carbon-intensive sectors for electricity and heat generation contributed to 42% of global emissions [START_REF] Shirmohammadi | Thermoeconomic analysis and optimization of post-combustion CO2 recovery unit utilizing absorption refrigeration system for a natural-gasfired power plant[END_REF]. By 2040, it is expected that global energy-related carbon dioxide emissions may reach around 43.2 billion t [START_REF] Conti | International energy outlook 2016 with projections to 2040: USDOE Energy Information Administration (EIA)[END_REF]. These considerable global emissions are forcing policymakers to adopt an eco-friendly and sustainable alternative option for power generation in the entire world. Renewable Energy (RE) sources may play a key role to achieve this target because of their environmentally-friendly nature. Solar and wind energy resources are playing a crucial role in electricity generation while shifting fossil fuel consumption towards cleaner energy sources [START_REF] Dorotić | Integration of transport and energy sectors in island communities with 100% intermittent renewable energy sources[END_REF][START_REF] Shaygan | Energy, exergy, advanced exergy and economic analyses of hybrid polymer electrolyte membrane (PEM) fuel cell and photovoltaic cells to produce hydrogen and electricity[END_REF]. According to an estimate, RE sources contribution to power supply was estimated to be more than 30% during [START_REF] Verma | Intelligent prediction of heating value of coal[END_REF][START_REF] Anderson | Coal Fired Boiler-Principle 2[END_REF][START_REF] Bejan | Advanced engineering thermodynamics[END_REF]. The impact of implementing RE sources in the heat and transportation sector is attracting more attention due to the dependency of this sector on fossil fuels [START_REF] Dorotić | Integration of transport and energy sectors in island communities with 100% intermittent renewable energy sources[END_REF]. The European Commission target included 20% of RE contribution in its 2021 energy roadmap [START_REF] Roadmap | Mapping renewable energy pathways towards 2020[END_REF]. Amongst various RE resources, the wind power promises a great potential in electricity generation and it reached up to 539 GW in 2017 globally. Hydrogen is also a promising viable option to replace fossil fuels for reliable power generation and for being used as vehicles fuel. The main advantage of hydrogen as an energy carrier is its flexible conversion into other energy forms in an efficient way in comparison to fossil fuels [START_REF] Castaneda | Sizing optimization, dynamic modeling and energy management strategies of a stand-alone PV/hydrogen/battery-based hybrid system[END_REF][START_REF] Li | Thermodynamic modeling of a novel solar powered quad generation system to meet electrical and thermal loads of residential building and syngas production[END_REF].

Due to rapid growth in gas-fired based electricity generation, the integration of electricity, district heating and RE resources are attracting research towards clean energy generation in recent years.

Researchers are also focusing on wind-solar hybrid power plants and trying to integrate different energy carriers in an energy hub [START_REF] Gholizadeh | Enhancement of demand supply's security using power to gas technology in networked energy hubs[END_REF][START_REF] Yang | Operation optimization strategy for wind-concentrated solar power hybrid power generation system[END_REF]. It has been proven that multi-products system can significantly enhance the performance of the system in comparison to singleproduct system [START_REF] Jamali | Optimization of a novel solar-based multi-generation system for waste heat recovery in a cement plant[END_REF][START_REF] Li | Thermodynamic modeling of a novel solar powered quad generation system to meet electrical and thermal loads of residential building and syngas production[END_REF]. The rules and regulations set by international organizations to mitigate climate changes are forcing the nations to promote clean energy [START_REF] Lisbona | Power-to-Gas: Analysis of potential decarbonization of Spanish electrical system in long-term prospective[END_REF].

The search for innovative technologies framework for sustainable development is getting more importance in the energy sector in recent years. Power-to-gas (PtG) technique is a viable option for the storage of surplus electricity generated by RE sources. It is a rising technology in the future energy sector to compete with existing technologies used for power generation [START_REF] Walker | Greenhouse gas emissions reductions from applications of Power-to-Gas in power generation[END_REF][START_REF] Weidner | Feasibility study of large scale hydrogen power-to-gas applications and cost of the systems evolving with scaling up in Germany, Belgium and Iceland[END_REF]. In PtG, gas fuel is produced and long-term stored using electricity. The main advantage of this technology is that the surplus electricity is absorbed from the grid. Wind and solar power have great potential for the long term PtG operation [START_REF] Guandalini | Long-term power-to-gas potential from wind and solar power: A country analysis for Italy[END_REF]. The use of an electrolyzer provides hydrogen from the electricity [START_REF] Kreuter | Electrolysis: the important energy transformer in a world of sustainable energy[END_REF]. There are various types of electrolysis technologies such as high-temperature electrolysis, alkaline water electrolysis, and polymer electrolyte electrolysis that are developed worldwide at large, laboratory and small scale [START_REF] Buttler | Current status of water electrolysis for energy storage, grid balancing and sector coupling via power-to-gas and power-to-liquids: A review[END_REF]. The separated pure hydrogen along with captured CO 2 can be used directly in the methanation process to produce Synthetic Natural Gas (SNG) [START_REF] Ghaib | Power-to-Methane: A state-of-the-art review[END_REF]. This gas can be used as a carbon-neutral fuel in the transport sector to reduce the level of CO 2 emissions. Another research was carried out to compare different catalysts usually used for CO 2 methanation. The catalysts were tested to determine the most suitable operating temperature and pressure, which turned out to be 673 K and 10 bar [START_REF] García-García | Power-to-Gas: Storing surplus electrical energy. Study of catalyst synthesis and operating conditions[END_REF].

PtG systems proved to be suitable for sustainable energy storage using renewable energy sources [START_REF] Lewandowska-Bernat | Opportunities of power-to-gas technology in different energy systems architectures[END_REF][START_REF] Llera | Exploring the integration of the power to gas technologies and the sustainable transport[END_REF]. Several studies on PtG plant have also been performed in recent years. PtG projects in Europe have been reviewed and discussed in detail [START_REF] Wulf | Review of power-to-gas projects in Europe[END_REF]. PtG and Power to liquid (PtL) were identified as promising concepts to avoid source fluctuations when renewable energies are considered as primary energy sources. The CO 2 reduction trends were predicted in the case of using these technologies, and biomass gasification with subsequent hydrogenation could have great performance in integration with PtG systems [START_REF] Bejan | Advanced engineering thermodynamics[END_REF]. [START_REF] Schaaf | Methanation of CO 2 -storage of renewable energy in a gas distribution system[END_REF] proposed a system to store excess electricity produced from renewable sources such as solar and wind power plants and to use this electricity to provide hydrogen for the methanation with CO 2 . In another study, a retrofit unit was integrated into a gas turbine plant for methanation purposes.

In that system, the CO 2 was extracted from flue gas of the gas turbine plant, and hydrogen was provided from water electrolysis to produce methane [START_REF] Boubenia | Carbone dioxide capture and utilization in gas turbine plants via the integration of power to gas[END_REF]. Direct methanation of flue gas was proposed using renewable hydrogen production by Laquaniello et al.(2018). The integration of hydrogen in PtG networks was assessed to find out its effect on the natural gas pipelines infrastructure [START_REF] Gondal | Hydrogen integration in power-to-gas networks[END_REF]. A study focused on efficiency enhancement of a Sabatier-based PtG system by pinch analysis method, which revealed the significant potential of this concept. By thermoeconomic and sensitivity analysis, the critical components of the plant were highlighted [START_REF] Toro | Sabatier based power-to-gas system: Heat exchange network design and thermoeconomic analysis[END_REF]. A system to integrate biogas plant to a membrane-based PtG system was also proposed. Two different processes for methanation were compared to study their feasibility [START_REF] Kirchbacher | A new methanation and membrane based power-to-gas process for the direct integration of raw biogas-Feasability and comparison[END_REF]. Applications of PtG were studied by retrofit plants in building energy systems through three different configurations [START_REF] De Santoli | The potential of hydrogen enriched natural gas deriving from power-to-gas option in building energy retrofitting[END_REF]. The impact of curtailment of wind-based generation on PtG was performed and the results showed that the impact of the activity was positive [START_REF] Gholizadeh | Enhancement of demand supply's security using power to gas technology in networked energy hubs[END_REF]. A hybrid technology using PtG-biomass was reported to be most suitable in process industries [START_REF] Bailera | Power to Gas-biomass oxycombustion hybrid system: Energy integration and potential applications[END_REF]. Several studies have shown substantial cost reduction for methanation process and electrolysis, and this trend should continue until 2050 [START_REF] Thema | Power-to-Gas: Electrolysis and methanation status review[END_REF]. Thermo-economic analysis of Sabatier based PtG plant was achieved to enhance plant efficiency [START_REF] Toro | Sabatier based power-to-gas system: Heat exchange network design and thermoeconomic analysis[END_REF]. Thermodynamic, economic and environmental analyses were performed and showed promising results considering that water electrolysis will experience investment cost reduction [START_REF] Boubenia | Carbone dioxide capture and utilization in gas turbine plants via the integration of power to gas[END_REF]. In another research, a 100 MW PtG was proposed and analyzed from an economic point of view, in which the system used solid oxide cell to both produce hydrogen and to use it reversibly for electricity generation when power is lacking [START_REF] Miao | The economic feasibility study of a 100-MW Power-to-Gas plant[END_REF]. In a study, a gas turbine, an air bottoming cycle and a steam reforming unit were integrated for electricity and hydrogen production [START_REF] Ahmadi | Energy, Exergy, Economic and Exergoenvironmental analyses of gas and air bottoming cycles for production of electricity and hydrogen with gas reformer[END_REF]. They found that adding steam reforming unit to the integrated gas and air bottoming cycles could enhance the energy and exergy efficiencies, and this combination would be advantagous from economic and environmental aspects.

The previous studies conclude that the utilization of carbon dioxide in syngas production is highly required because of the lower impact during combustion. In the present study, an integrated new system configuration using electricity from steam cycle and wind power plant along with gas through oxy-fuel combustion unit to produce syngas has been investigated. Thermal performance analysis of the plant has been performed in this study. The entire plant is a complex system due to the number of components working simultaneously in parallel and in series combination. This new system with such configuration has never been proposed so far. In this novel configuration, in the burner, coal is burned with air to produce hot gas. Hot gas energy is recovered in the Rankine cycle and absorption chiller to produce electricity and cooling. Sulfur components are removed from the exhaust gas and CO 2 is reacted with hydrogen in the methanation plant to produce syngas (CH ସ ). This syngas is pressurized with compressor and stored in the pressure vessel. The syngas produced at the outlet of the plant can be compressed and utilized for vehicles as a fuel. Energy and exergy analyses of individual components of the proposed plant have been proposed. The electrical power consumption of the system components matches the electricity produced by both the Rankine cycle and wind turbine. The novelties of this study are the proposal of an integrated new configuration of power to gas cycle with energy recovery of exhaust hot gas from the boiler. The reduction of a large portion of CO 2 emissions via conversion to syngas by using wind energy is an important aspect, which is highly desirable to reduce environmental pollution in present situation. Sensitivity analysis of the main parameters of this system is performed to evaluate the impact of several decision variables on the system performance.

Mathematical modeling

Process description

The schematic diagram of the system is shown in Figure 1. In this system, coal (point 1) is reacted with air (point 2) and oxygen produced in the electrolyzer (point 15) to produce hot flue gas (FG) (point 3). Hot flue gas supplies the energy needs (points 3 and 4) of the evaporator of the Rankine Cycle (RC) to produce electricity by superheat organic working fluid (points 5 and 6). It is passed through absorber of absorption chiller (points 4 and 9) to produce cooling. After removing sulfur compounds (point 10), the flue gas is reacted with hydrogen supplied by the electrolyzer (point 12) to produce syngas (CH ସ ) point 13. Produced syngas (point 13) is pressurized in the compressor (point 14) and it is stored in the pressure vessel for various applications. The electricity needs of compressor and electrolyzer are supplied by the electrical production of the wind turbine and Rankine cycle (steam power plant).

Extra electrical power production can be used by the user. The fuel of this system is coal and the outputs are cooling produced by absorption chiller, electrical power produced by both Rankine cycle and wind turbine, and syngas product.

Figure1. Schematic diagram of the system

The considered assumptions in this model are as follows: 1-The system is at steady state.

2-Initial state condition is 15 o C and 1 atm.

3-Combustion boiler efficiency is 0.92. 4-The process in the pump and turbine is polytropic. 5-For the wind speed, the Weibull distribution density function is considered to calculate the power production by the wind turbine.

6-The polytropic efficiencies of the pump, turbine, and compressor are 0.85. 7-Pressure loss is assumed to be 2%. 8-Flue gas loss is assumed to be 3%. 9-Evaporator and condenser heat transfer efficiencies are assumed to be 90%.

Mass and energy balances

Based on the ultimate analysis of coal, the needs of oxygen and air mass flow rate for coal combustion are calculated by [START_REF] Bailera | Power to gas-oxyfuel boiler hybrid systems[END_REF]:

ṁ ଶ = ṁ େ୭ୟ୪ r ୟ (2.667x େ + (8x ୌ -x ) + x ୗ ) (1) 
ṁ ୟ୧୰ = 4.32ṁ େ୭ୟ୪ r ୟ (2.667x େ + (8x ୌ -x ) + x ୗ ) (2) 
In equation 1, the parameter x is the weight fraction, C, H, O and S denote carbon, hydrogen, oxygen and sulfur, r a represents air fuel ratio.

The alkaline electrolyzer is used to split water into hydrogen and oxygen. In general, the reaction presented by equation 3 takes place in the electrolyzer [START_REF] Tijani | Mathematical Modelling and Simulation Analysis of Advanced Alkaline Electrolyzer System for Hydrogen Production[END_REF][START_REF] Ulleberg | Modeling of advanced alkaline electrolyzers: a system simulation approach[END_REF]:

H 2 O (l) + electrical energy → H ଶ (g) + O ଶ (g) (3) 
The operating voltage in each cell of the electrolyzer is calculated by [START_REF] Tijani | Mathematical Modelling and Simulation Analysis of Advanced Alkaline Electrolyzer System for Hydrogen Production[END_REF][START_REF] Ulleberg | Modeling of advanced alkaline electrolyzers: a system simulation approach[END_REF]:

V ୡୣ୪୪ = V ୰ୣ୴ + V ୟୡ୲ + V ୭୦୫ (4) 
In equation 4, subscripts rev, act and ohm denote reversible, activation and ohmic. The calculation equations for V ୰ୣ୴ V ୟୡ୲ and V ୭୦୫ are presented in Table 1 [START_REF] Tijani | Mathematical Modelling and Simulation Analysis of Advanced Alkaline Electrolyzer System for Hydrogen Production[END_REF][START_REF] Ulleberg | Modeling of advanced alkaline electrolyzers: a system simulation approach[END_REF].

Table 1. Calculation equations for V rev , V act and V ohm

No Parameter Equation

1 V ୰ୣ୴ ΔG 2F 2 V ୟୡ୲ S log ( (t ଵ + t ଶ T ୣ୪ୣୡ + t ଷ T ୣ୪ୣୡ A I + 1) 3 V ୭୦୫ (୰ భ ା୰ మ ) ౢౙ
In Table 1, ΔG is the Gibbs energy (237.2 kJ/mol), F is the Faraday`s constant (96495 C/mol), A is the area of the electrode, I is the current, r ଵ and r ଶ are the ohmic resistance parameters, t 1 , t 2 , and t 3 are the electrode overvoltage coefficients.

The current efficiency of alkaline electrolyzer can be expressed as follows [START_REF] Tijani | Mathematical Modelling and Simulation Analysis of Advanced Alkaline Electrolyzer System for Hydrogen Production[END_REF][START_REF] Ulleberg | Modeling of advanced alkaline electrolyzers: a system simulation approach[END_REF]:

η = ቀ I A ቁ ଶ f ଵ + ቀ I A ቁ ଶ f ଶ (5) 
In equation 5, f 1 and f 2 are the parameters related to electrolyzer and Faraday efficiencies.

Hydrogen production mass flow rate in alkaline electrolyzer is calculated by [START_REF] Tijani | Mathematical Modelling and Simulation Analysis of Advanced Alkaline Electrolyzer System for Hydrogen Production[END_REF][START_REF] Ulleberg | Modeling of advanced alkaline electrolyzers: a system simulation approach[END_REF]:

ṁ H2 = η N ୡୣ୪୪ ୍ (6) 
In equation 6, N cell is the number of cells.

The power consumption in alkaline electrolyzer is calculated by [START_REF] Tijani | Mathematical Modelling and Simulation Analysis of Advanced Alkaline Electrolyzer System for Hydrogen Production[END_REF][START_REF] Ulleberg | Modeling of advanced alkaline electrolyzers: a system simulation approach[END_REF]:

Ẇ elec = N cell V cell (7)
In the methanation plant, the reaction presented by equation 8 takes place [START_REF] Bailera | Power to gas-oxyfuel boiler hybrid systems[END_REF]:

CO 2 + 4H 2 ↔ CH 4 + 2H 2 O (8)
The purity of CO2 has a significant impact on methanation efficiency. The considered CO2 capture technology is chemical absorption using amines (mono-ethanolamine, MEA).

For the wind turbine, the average electrical generated power is obtained by [START_REF] Powell | An analytical expression for the average output power of a wind machine[END_REF]:

W ሶ ୵୧୬ୢ,ୟ୴ୣ = W ሶ ୵୧୬ୢ,ୣ୰ exp (-( u ୡ C )) -exp (-( u ୰ C )) ( u ୰ C ) -( u ୡ C ) -exp (-( u C )) (9) 
In equation 9, P ୣ୰ is the rated power, u ୡ , u ୰ and u are cut-in rated and furling speeds. K, C are parameters which are calculated by [START_REF] Johnson | Wind energy systems[END_REF]Justus, 1978):

K = ቀ σ ū ቁ ିଵ.଼ (10) 
C = ū Γ ቀ1 + 1 k ቁ (11) 
In equation 11, ū denotes the average wind speed, Г is the Gamma function and σ is the standard deviation.

The system component energy and mass balances, as well as energy efficiency equations, are shown in Table S1 in appendix section.

The number of wind turbines required to meet the system power consumption can be calculated by:

KK = ቈ W ሶ ୣ୪ୣୡ + W ሶ ୡ + W ሶ ୮ -W ሶ W ሶ ୵୧୬ୢ୲୳୰ୠ୧୬ୣ,ୟ୴ୣ + 1 (12)
The brackets ([]) mean integer function.

System energy efficiency can be calculated by: energy efficiency=

୫ ሶ భయ ୌ ిౄ ర ା * ሶ ౭ౚ౪౫౨ౘ,౬ ା ሶ ౘ౩ ା ሶ ି ሶ ి ି ሶ ౌ ୫ ሶ భ ୌ ిౄర ା ሶ ౭ౚ౪౫౨ౘ,౨ (13) 

Exergy balance

Exergy is defined as the amount of work obtainable when some matter is brought to thermodynamic equilibrium with its surroundings. The total exergy consists of four components including kinetic exergy, potential exergy, physical exergy and chemical exergy [START_REF] Bejan | Advanced engineering thermodynamics[END_REF].

ex is the total specific exergy, calculated as [START_REF] Bejan | Advanced engineering thermodynamics[END_REF]:

ex = (h -h ) -T (s -s ) + T x ୧ R Lny ୧ + x ୧ ex ୡ୦୧ + V ଶ 2 + gz (14) 
In equation 14, h is the enthalpy, s is the specific entropy, R is the specific gas constant, ex ୡ୦୧ is the component specific chemical exergy, xi is the mass fraction, yi is the molar fraction. V is the velocity; g is the gravitational acceleration and z is the height. The notation "0" is the reference state condition (1atm, 288K).

For each component of the system, equations of exergy destruction rate and exergy efficiency are shown in Table S2 in appendix section.

System exergy efficiency can be calculated as:

exergy efficiency= ୫ ሶ భయ ୣ୶ ౙ,ిర ା * ሶ ౭ౚ౪౫౨ౘ,౬ ା ሶ ౘ౩ ൬ଵି బ ౘ౩ ൰ା ሶ ି ሶ ి ି ሶ ౌ ୫ ሶ భ ୣ୶ భ ା ఴ మళ మ య (15)
System exergy destruction is calculated by the summation of system component exergy destructions.

Economic analysis

The total investment cost represented as C 0 is obtained by the equation 16 [START_REF] Bellos | Parametric analysis and yearly performance of a trigeneration system driven by solar-dish collectors[END_REF][START_REF] Tzivanidis | Energetic and financial investigation of a stand-alone solar-thermal Organic Rankine Cycle power plant[END_REF]:

C = K ୧୬ୢ ୲୳୰ୠ୧୬ୣ + K ୠୱ୭୰୮୲୧୭୬ ୡ୦୧୪୪ୣ୰ + K ୣ୲୦ୟ୬ୟ୲୧୭୬ + K ୪ୣୡ + K ୖେ + K େ୭୫୮୰ୣୱୱ୭୰ (16) 
In equation 16, subscripts elec defines electrolyzer component, and K denotes the investment cost of a component. The operation and maintenance costs are considered at 3% of the initial cost. For the proposed system, yearly income cash flow denoted as CF is expressed as follows [START_REF] Bellos | Parametric analysis and yearly performance of a trigeneration system driven by solar-dish collectors[END_REF][START_REF] Tzivanidis | Energetic and financial investigation of a stand-alone solar-thermal Organic Rankine Cycle power plant[END_REF]:

CF = Y ୣ୪ୣୡ୲୰୧ୡୟ୪ k ୣ୪ୣୡ୲୰୧ୡୟ୪ + Y ୡ୭୭୪୧୬ k ୡ୭୭୪୧୬ + Y େୌସ k େୌସ -Y େଶ k େଶ -Y େ୭ୟ୪ k େ୭ୟ୪ (17) 
In equation 17, Y ୣ୪ୣୡ୲୰୧ୡୟ୪ , Y ୡ୭୭୪୧୬ , Y େୌସ are productions of electrical,cooling,and syngas for a year .

Y େଶ is carbon dioxide consumption in methanation plant for a year. Y େ୭ୟ୪ is coal consumption in a year.

k ୣ୪ୣୡ୲୰୧ୡୟ୪ , k ୡ୭୭୪୧୬ , k େୌସ , k େ୭ୟ୪ are the prices of electrical, cooling, syngas and coal, k େଶ is a carbon tax.

For the investment, the Internal Rate of Return (IRR) is determined by [START_REF] Bellos | Parametric analysis and yearly performance of a trigeneration system driven by solar-dish collectors[END_REF]Tzivanidis et al., 2016):

IRR = CF C 1 - 1 (1 + IRR) ൨ (18)
Net Present Value (NPV) represents the total investment gain during the life time of the project that can be expressed as [START_REF] Bellos | Parametric analysis and yearly performance of a trigeneration system driven by solar-dish collectors[END_REF][START_REF] Tzivanidis | Energetic and financial investigation of a stand-alone solar-thermal Organic Rankine Cycle power plant[END_REF]:

NPV = -C + CF (1 + r) -1 r(1 + r) (19) 
In equation 19, r and N denote discount factor and project lifetime that are considered to be 3% and 25 y. The Simple Payback Period (SPP) is calculated as follows [START_REF] Bellos | Parametric analysis and yearly performance of a trigeneration system driven by solar-dish collectors[END_REF][START_REF] Tzivanidis | Energetic and financial investigation of a stand-alone solar-thermal Organic Rankine Cycle power plant[END_REF]:

SPP = C CF (20) 
The Payback Period (PP) equation is as follows [START_REF] Bellos | Parametric analysis and yearly performance of a trigeneration system driven by solar-dish collectors[END_REF][START_REF] Tzivanidis | Energetic and financial investigation of a stand-alone solar-thermal Organic Rankine Cycle power plant[END_REF]:

PP = ln( C CF -r. C ) ln(1 + r) (21)
Each index is independent of another one, which makes them significant individually. The initial cost functions and values are presented in Table S3 in appendix section.

Results and discussion

For mathematical modeling, a computational program was written in MATLAB software. This program is divided into one main program and two functions for calculating the fluid properties and wind turbine power production.

System specification

The ultimate analysis of coal is shown in Table 2 [START_REF] Verma | Intelligent prediction of heating value of coal[END_REF]. The type of wind turbine is Nordic wind turbine with 1000 kW rated power. Specification of this wind turbine is shown in Table 3. In Tables 3 &4, r ୟ is the air-fuel ratio (mass basis), T ୮୧୬ୡ୦ is the temperature difference between hot gas and superheated steam, η େେ represents the combustion chamber efficiency. η , η , and η େ are turbine, pump and compressor polytrophic efficiencies, COP defines the absorption chiller coefficient of performance, r ୡ is the compression factor of compressor, W ሶ ୵୧୬ୢ୲୳୰ୠ୧୬ୣ,ୣ୰ is the rated power of wind turbine, u ୡ , u ୰ and u are cut-in, rated and furling speeds of the wind turbine, h is the tower height of the wind turbine and A is the swept area wind turbine.

Figure 2 shows the monthly average wind turbine electrical power production during one year. to 80. Since the conversion of all the carbon dioxide in flue gas is guaranteed by this system, the total number of 80 of 1 MW Nordic wind turbine units is selected. For the other months of a year, the extra electrical power production can be delivered to electrical network.

Figure 3. Required number of the Nordic wind turbine units Table 6 shows the system comparison with and without syngas production during a year. Power for syngas production system is required in electrolyzer, compressor, and methanation plant. The consumption of electrical power to produce syngas is calculated to be equal to 25.6 MWh/t. 

Validation of theoretical model

Since a similar complex system has not been investigated yet, the validation of the whole system is impossible. Each of the main components is validated individually. The average power production of the Nordic wind turbine is compared with the manufacturer power curve shown in Ref. [START_REF] Pierrot | The wind power database[END_REF].

Regarding wind velocity information of Tehran (province of Iran) shown in Table S4, the annual average power produced by the Nordic model wind turbine is calculated to be 103.1 kW by equation 9 while it is 94.3 kW by power curve. The error is around 8%, which can be due to the following reasons:

1) Equation 9 uses the statistical data of the wind turbine while the power curve is based on production power versus wind velocity.

2) The height of the tower is not determined in Ref. [START_REF] Pierrot | The wind power database[END_REF] and it is between 60 to 70 m, which has an effect on the power produced by the wind turbine.

3) For the power curve, the air density is considered to be 1.225 kg⁄m 3 , while this value may differ for Tehran For the alkaline electrolyzer, the theoretical model used in this study was validated before [START_REF] Ulleberg | Modeling of advanced alkaline electrolyzers: a system simulation approach[END_REF]. Figures 6 to 10 of this reference were compared to the simulation and experimental data. For example, in Figure 7 of this reference, the root means square (RMS) error for hydrogen production is 0.053 Nm 3 ⁄hr (in the range of 1 to 3 Nm 3 ⁄hr hydrogen production).

For validation of the combustion chamber, the exhaust gas temperature was compared with Ref. (Anderson). In this reference, the process flow diagram (PFD) of one real coal-fired steam power plant is given. The hot exhaust gas temperature is determined to be 1259.2 C. By inserting the fuel and air ratios to computational code, this temperature is calculated to be 1324.6 C. The error is about 4.9%.

The main reasons for this error are as follows:

1) The coal composition is not specified and may be different

2) The distribution of the coal and air is different in the combustion chamber and the combustion is not uniform in real conditions

The plant energy efficiency in that reference is about 35.2%, while it is about 30.1% in this study and the mean error is about 14% because of the lack of information about the main parameters in that reference. The steam turbine used in that reference has three stages (i.e., high, medium and low pressure steam), while the one stage steam turbine is considered in this study. The pure oxygen produced by the electrolyzer is injected to the burner, which brings another different feature between the two systems. The steam power plant energy efficiency is in a reasonable range. For further evaluation, the Ref [START_REF] Suresh | Thermodynamic analysis of a coal-fired power plant repowered with pressurized pulverized coal combustion[END_REF] is considered. The main configuration is modeled in the code.

The plant energy efficiency is calculated at around 29.1%, which is consistent with the plant energy efficiency shown in that ref (29.3%).

System energy and exergy analyses

Figure 4 shows the annual average energy efficiency of various components of the system. The highest and lowest energy efficiencies are related to the compressor and steam power plant.

Figure 4. Annual average energy efficiencies of various system components.

Figure 5 shows the annual average exergy efficiency of various components of the system. Compared with Figure 4, although the highest exergy efficiency is still related to the compressor, the lowest exergy efficiency is here related to the wind turbine.

Exergy efficiency of the burner is lower than its energy efficiency. From the exergy viewpoint, this phenomenon is due to the fact that chemical reactions usually reduce exergy efficiency and increase the exergy destruction rate. This phenomenon is also true for the electrolyzer and the methanation plant.

Wind turbine exergy efficiency is usually lower than wind turbine energy efficiency. The difference between energy and exergy efficiencies is because power rate of wind turbine is considered for thermal efficiency. For exergy efficiency, the exergy of wind velocity is considered (numerator of wind turbine exergy efficiency). Exergy efficiency (%)

Figure 6. Annual average exergy destruction rate for various components of steam power plant Figure 7 shows the annual average exergy destruction rate for various components of the system. The maximum exergy destruction rate is related to the steam power plant which is equal to 1174.5 kW.

Since the steam cycle includes four components (evaporator, pump, steam turbine, and condenser) and all of them have significant exergy destruction rates, their summation is considerable.

The exergy destruction rate in electrolyzer is also high (1086.4 kW) due to chemical reaction. Exergy destruction in methanation and burner are considerable due to the same reason of electrolyzer.

The exergy destruction in one wind turbine is equal to 501.2 kW. It can be concluded that the main part of wind velocity exergy is wasted in the wind turbine. Figure 8 illustrates the system energy and exergy efficiencies. Energy efficiency is slightly higher than exergy efficiency. In comparison to Figure 4, it is clear that system thermal efficiency is lower than all of the energy efficiencies of system components. In comparison to Figure 5, exergy efficiency of the system is higher than wind turbine exergy efficiency and lower than exergy efficiency of other system components. 
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System economic analysis

Regarding the system economic analysis, the costs of coal as well as electricity, cooling, syngas and carbon tax are considered according to Table 7. 

Efficiency (%)

Table 8 shows the economic investigation results for the system with and without syngas production system. Syngas production system is including electrolyzer, methanation and compressor. The PP for the system with or without syngas production are calculated to be 11.2 and 7.4 y, and this difference could be justified by considering the components required for syngas production. The NVP for the system with or without syngas production is respectively 1.6 and 8.45 US$. The IRR index for the system with or without syngas production is 10 and 15 %. 

System sensitivity analysis

Figure 9 presents the relation between coal mass flow rate consumed by the system and syngas production. This relation is semi-linear. By changing the coal mass flow rate in the range of 0.01 to 0.1 kg/s, the syngas production mass flow rate is increased from 0.009 to 0.088 kg/s. This is because CO 2 production increases linearly with mass flow rate of coal and syngas production shows the same trend as CO 2 production.

Figure 10 shows the evolution of electrical consumption of alkaline electrolyzer as a function of coal mass flow rate burned in the burner. Similar to Figure 9, the relation is semi-linear. This is because hydrogen need increases linearly with CO 2 production as well as coal consumption. The power consumption of electrolyzer exhibits a semi-linear relationship with hydrogen production in this system.

It can be concluded that the electrical consumption of alkaline electrolyzer represents the highest portion of system electrical consumption. The effect of coal mass flow rate on variation of cooling produced in absorption chiller is reported in Figure 11. By increasing the coal mass flow rate in the range of 0.01 to o.1 kg/s , the cooling produced in the absorption chiller is varied from 5.6 to 56.4 kW. Increasing the coal mass flow rate generates additional exhaust gas from the combustion chamber, thereby increasing the energy content of exhaust gas, which in turn enhances (linear dependency) the cooling produced in the absorption chiller (according to equation of absorption chiller shown in Table S1). Figure 12 shows the system energy efficiency variation with the coal mass flow rate. The maximum system energy efficiency is reached for coal mass flow rate of 0.1 kg/s. The effect of coal mass flow rate on system energy efficiency is not considerable.

The following impacts on the system can be observed by increasing the coal mass flow rate:

1) According to the equation 12, by increasing the coal mass flow rate the number of wind turbines is increased to meet the electrical energy needs of electrolyzer. According to equation 13, this increase has an effect on system energy efficiency (wind turbine power production and rated power.). The system energy efficiency is decreased as a result (negative effect) due to low potential of wind in Tehran.

2) The increase of the coal mass flow rate results in the increase of the electrical power production in steam power plant and cooling production in the absorption chiller as well as syngas production in methanation plant. According to equation 13, these phenomena lead to the increase of system energy efficiency (positive effect).

3) The increase of the coal mass flow rate causes the increase of electrolyzer power consumption (negative effect), since more oxygen should be produced to burn the coal in the combustion chamber.

From the whole contribution of these effects, the optimum coal mass flow rate is identified at 0.1 kg/s.

Figure 13 shows the system exergy efficiency variation with changes in the coal mass flow rate. Similar to Figure 12, the trend of the curve is wavy due to the same reason as for the system energy efficiency behavior. The changes of system exergy destruction rate with variation of coal mass flow rate are presented in Figure 14. In contrast to the system energy and exergy efficiency evolutions, the trend of this curve is linear. This phenomenon is due to the fact that increasing the number of wind turbines only increases the exergy destruction rate. In contrast, for the system energy and exergy efficiencies, increasing the number of wind turbines has an impact on both denominator and numerator of equations 13 and 15.

Figure 15 reveals the effect of air fuel ratio on burner energy and exergy efficiencies. By increasing air fuel ratio, both the energy and exergy efficiencies of the burner are reduced. By increasing air fuel ratio, the exhaust gas temperature is decreased. Regarding equations in Tables S1 &S2, energy and exergy efficiencies are reduced. Increasing the exhaust mass flow rate also causes an increase of the number of wind turbines. This increase has a direct effect on the energy and exergy efficiencies of the system so that the trend of this curve is semi linear. Figure 16 shows the exergy destruction rate of the burner with variation of air fuel ratio. As expected, by increasing air fuel ratio, air mass flow rate increases. The differences between inlet and outlet exergy flow rates is increased too. Since the exergy destruction is calculated based on the subtraction of inlet and outlet exergy rates, the trend of this curve is semi linear. The impact of air fuel ratio on the steam power plant (Rankine cycle) energy and exergy efficiencies is shown in Figure 17. When increasing air fuel ratio, the temperature of hot exhaust gas is decreased, the heat source temperature of the steam power plant is decreased. This decrease causes a reduction in energy and exergy efficiencies of the steam power plant.

Figure 17. Variation of steam power plant (Rankine cycle) energy and exergy efficiencies with air fuel ratio The variation of the steam power plant exergy destruction rate with changes in air fuel ratio is illustrated in Figure 18. By increasing air fuel ratio, the exhaust gas temperature is decreased. The power produced in the steam power plant as well as exergy destruction rate is decreased too.

Figure 19 reports the effect of air fuel ratio on absorption chiller exergy destruction rate. By increasing air fuel ratio, two opposing effects can be observed:

1) Decreasing gas temperature in points 3 and 4 Figure 20. Variation of system energy and exergy efficiencies with air fuel ratio

Conclusion

In this study, a cogeneration system powered by the coal combustion chamber and wind turbines is applied to produce electricity, cooling load and syngas from the CO2 emission of exhaust gas of the coal combustion chamber. By this way, the heat of exhaust gas of the combustion chamber runs both a Rankine cycle and an absorption chiller to generate electricity and cooling load. The exhaust gas of the combustion chamber finally flows through a sulfur extraction unit to separate sulfur from CO2. Then, the purified CO2 of exhaust gas reacts with hydrogen (H2), which is produced from electrolysis of water in an electrolyzer unit. Meanwhile, the produced oxygen (O2) from the water electrolysis process is injected into the combustion chamber to increase the efficiency of the combustion. The energy, exergy and economic analyses of this cogeneration system have been performed.

The results of this study can be summarized as follows:

The proposed system is capable of producing 1009.4 metric ton of syngas annually and it can generate 

Energy Exergy

The energy efficiencies of main components consisting of methanation unit, steam power plant and wind turbine are about 85%, 30.1% and 30.7%. In the meanwhile, the exergy efficiencies for these components are 84.2%, 38.4% and 11.9%, respectively.

The results of this study show that the energy and exergy efficiencies of this hybrid system are 16.6% and 16.2%, respectively.

The economic analysis reveals that the costs of electricity generation, cooling and syngas production are 0.22, 0.074, and 0.12 $/kWh, respectively.

The payback periods for this hybrid system with or without syngas production are 11.2 and 7.4 years, respectively.

Moreover, the internal rate of return (IRR) and net present value (NPV) for this cogeneration system with syngas production unit are 10% and 1.6 US$, respectively whereas these economic parameters for the hybrid system without syngas production unit are 15% and 8.45 US$.

For further study, the application of other renewable energy resources such as solar collector or geothermal energy instead of wind turbine is suggested for this cogeneration system. This configuration can be employed to capture more CO2 emissions from other hydrocarbon fuel combustion chambers as a future work of this study. 
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 2 Figure 2. Monthly average wind turbine electrical power production during various months of a year

Figure 2 ,

 2 the required number of Nordic wind turbine units is shown in Figure3. According to Figure3, the maximum number of wind turbines needed in September is equal

Figure 5 .

 5 Figure 5. Annual exergy efficiency of various system components
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 7 Figure 7. Annual average exergy destruction rate for various components of the system
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 8 Figure 8. System energy and exergy efficiencies
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 910 Figure 9. System syngas production versus coal mass flow rate consumption

Figure 11 .

 11 Figure 11. Variation of absorption chiller cooling production with coal mass flow rate

Figure 12 .Figure 13 .

 1213 Figure 12. System energy efficiency variation with coal mass flow rate

Figure 14 .

 14 Figure 14. Effect of coal mass flow rate on system exergy destruction rate

Table 2 .

 2 Ultimate analysis of coal (weight based)

	x େ	x ୌ	x	x	x ୗ	x	x
	65.72 5.27 7.1 1.29 1.69 8.09 10.84

Table 3 .

 3 Nordic wind turbine specificationThe system specification is shown in Table4. The wind velocity value at a certain speed for Tehran is 246shown in TableS4in the appendix section[START_REF] Atabi | Calculation of CH4 and CO2 emission rate in Kahrizak landfill site with LandGEM mathematical model[END_REF]. 247

	No	Parameter	Unit	Value
	1 W ሶ ୵୧୬ୢ୲୳୰ୠ୧୬ୣ,ୣ୰	kW	1000
	2	u େ	m/s	4
	3	u ୰	m/s	16

Table 4 .

 4 System specification 248

	No Parameter	Unit	Value
	1	mሶ ଵ	kg/s	0.04
	2	r ୟ	Molar basis	2.34
	3	LHV ୡ୭ୟ୪	kJ/kg	27213
	4	T ୣ୪ୣୡ	K	353.15
	5	T ଵ	K	288.15
	6	T ଶ	K	288.15
	7	T ସ	K	368.15
	8	T	K	1324.1
	8	T ଽ	K	338.15
	9	P ହ	kPa	8104
	10	P	kPa	8104
	11	P	kPa	40.5
	11	P ଼	kPa	40.5
	11	T ୮୧୬ୡ୦	oC	30

Table 5

 5 shows the main system parameters calculated by the program.

Table 5 .

 5 Results of the main parameters

	No. Parameter	Unit	Value
	1 2 3 4 5	W ሶ ୣ୪ୣୡ W ሶ W ሶ W ሶ େ Q ሶ ୟୠୱ	kW kW kW kW kW	3214.2 1.65 243.4 16.2 22.6
	Based on equation 12, Table 3, and			

Table 6 .

 6 System comparison with and without syngas production

					Value
	No.	Parameter	Unit		
				With syngas	Without syngas
	1	mሶ େଶ consumption	t/y	2776	0
	2	mሶ ୌଶ consumption	t/y	504.7	0

Apr May Jun Jul Aug Sep Oct Nov Dec Number of wind turbines

  

	3	mሶ େ୭ୟ୪ consumption	t/y	1152	1152
	4	mሶ ୱ୷୬ୟୱ production	t/y	1009.4	0
	5	Q ሶ ୟୠୱ cooling production	MWh	180.5	180.5
	6	electrical power production	MWh	40920.4	66763.1
			18		

Table 8 .

 8 Economic investigation results for the system with and without syngas production

	No. Parameter Unit		Values
				With	Without
				syngas	syngas
	1	SPP	y	9.4	6.6
	2	PP	y	11.2	7.4
	3	IRR	%	0.1	0.15
	4	NPV	US$	1.6 x10 8	8.45 x10 7
	5	C0	US$	1.03x10 8	9.83x10 7
	6	CF	US$	1.09x10 7	1.49x10 7
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  Figure 19. Variation of absorption chiller exergy destruction rate with air fuel ratio Figure 20 presents the changes of systems energy and exergy efficiencies with variation of air fuel ratio.By increasing air fuel ratio, the temperature of exhaust gas is decreased too. The power production in Rankine cycle is decreased as a result. By increasing the power production in Rankine cycle, the system energy and exergy efficiencies are decreased, but this reduction is not considerable.
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Research highlights

• A novel configuration of coal-fired cogeneration hybrid plant is proposed

• The system is powered by both the coal combustion chamber and wind turbines

• The process uses wind energy and co-produces electricity, cooling load and syngas

• CO 2 emissions in exhaust gas are reduced by conversion to syngas in methanation unit

• Energy, exergy and economic analyses of this hybrid generation system are performed
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