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Abstract

:

High-temperature proton-exchange membrane fuel cells are a promising technology for distributed power generation thanks to their high-power density, high efficiency, low emissions, fast start-up, and excellent dynamic characteristics, together with their high tolerance to CO poisoning (i.e., CO in the feed up to 3%). In this paper, we present an innovative, simple, and efficient hybrid high-temperature proton-exchange membrane fuel cell gas turbine combined heat and power system whose fuel processor relies on partial oxidation. Moreover, we demonstrate that the state-of-the-art fuel processors based on steam reformation may not be the optimal choice for high-temperature proton-exchange membrane fuel cells’ power plants. Through steady-state modeling, we determine the optimal operating conditions and the performance of the proposed innovative power plant. The results show that the proposed hybrid combined heat and power system achieves an electrical efficiency close to   50 %   and total efficiency of over   85 %  , while a state-of-the-art system based on steam reformation has an electrical efficiency lower than   45 %  . The proposed innovative plant consists of a regenerative scheme with a limited power ratio between the turbine and fuel cell and limited optimal compression ratio. Therefore, micro-gas turbines are the most fitting type of turbomachinery for the hybrid system.
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1. Introduction


The development of high-efficiency distributed energy conversion systems is a major achievement towards the reduction in anthropic emissions of greenhouse gases and the increase in energy accessibility [1,2]. According to the Intergovernmental Panel on Climate Change [3], if the CO   2   concentration remains below 450 ppm, the average global temperature rise should remain below 2   °  C. Notably, a global temperature increase of over 2   °  C could significantly affect human life through sea level rises and more frequent extreme weather events [4]. In 2019, the atmospheric CO   2   concentration was to 410 ppm [5], while it was never higher than 300 ppm before the 20th century (in the past 420,000 years), clearly indicating the impact of recent human activities [6]. Energy generation is one of the major sources of CO   2   emissions, accounting, together with cement, for more than 35 billion tons in 2019 [7]. In the US, the percentage of CO   2   for electricity generation and energy-related uses is 61% of the total emissions [8], while in the European union, the share of CO   2   emitted by energy generation ranges from 10% to 70% [9].



Combined Heat and Power (CHP) systems dominate Distributed Generation (DG), ensuring a reliable energy conversion with relevant economic savings [10,11,12,13,14,15,16,17], while offering several other opportunities, such as: (i) Higher total efficiency compared to separate production [2,18]; (ii) Reduced pollutants and green-house gas emissions [1,2]; (iii) Reduced investments in large-capacity power plants [2], and transmission and distribution lines [1]; (iv) Reduced distribution losses [1]; (v) Grid-support and ancillary service [1], and (vi) local integration with Renewable Energy Sources (RES) [2,19,20,21,22,23,24]. Fuel Cells (FCs) particularly fit the application in distributed CHP plants [16,25,26,27,28,29] due to their high efficiency in a broad range of nominal power [30], favorable part-load characteristics [18,31,32,33], low pollutant emissions [34], and operation without noise and vibrations [35]. The positive technical characteristics of FCs result in a continuously developing market [36,37,38,39]. In 2020, the newly shipped FC systems accounted for 82,400 units, corresponding to more than 1.3GW of the nominal power, considering transportation, stationary, and portable systems. The figures were 72,500 units in 2019 for 1.2 GW, and 68,500 units for 0.8GW in 2018. In this context, the stationary systems alone accounted for 57,800 shipped units over the total 82,400 units (i.e., more than 70%) meaning that stationary power generation is one of the most relevant applications for FCs.



Proton Exchange Membrane Fuel Cells (PEMFCs) are the most commercially successful type, with more than 1GW of the nominal power of new shipped systems in 2020 (78% of the total) [39]. This commercial success compared to other types of FCs is due to their reliability, high-power density, fast start-up, and excellent dynamic characteristics [31,32,33]. However, the state-of-the-art Low Temperature-Proton Exchange Membrane Fuel Cells (LT-PEMFCs), that operate between 60    °  C and 90    °  C [40], need high-purity hydrogen (i.e., CO concentration lower than 10 ppm) and show large polarization losses at high current densities for limited oxygen mass transport [41]. When hydrogen is produced from hydrocarbons, the purification can significantly affect the overal CHP system efficiency [42,43], even considering efficient alternatives to state-of-the-art Pressure Swing Adsorption (PSA) systems, such as selective mebranes [43,44,45,46,47,48,49,50,51]. High-Temperature Proton-Exchange Membrane Fuel Cells (HT-PEMFCs) operate between 120   °  C and 250   °  C with several advantages compared to LT-PEMFCs, such as [41]: (i) improved reaction kinetics that can lead to lower Pt loading or even Pt-free designs; (ii) increased fuel impurity tolerance (CO up to 3% [25,41,52,53,54,55,56]); (iii) simplified plate design; (iv) easier thermal and water management; (v) easier integration in CHP systems. As a consequence, HT-PEMFCs are competitive on the market. Table 1 shows that several companies are commercially developing HT-PEMFCs components as well as complete systems for transportation (passenger cars, light and heavy-duty vehicles), stationary power generation (CHP systems, back-up power, and off-grid), portable power generation, maritime, and aviation (aircrafts, electric vertical takeoff and landing flying cars, and drones) applications.



However, HT-PEMFCs still need some improvements, such as [41] limiting the degradation of the catalysts and the proton exchange membrane, avoiding corrosion and mechanical failure of bipolar plates, and improving the design of the the system, so that it has better thermal integration. The research into catalysts has focused on improving platinum group material-based components by studying innovative alloys [62,63], improving carbon support with carbon doping [64,65,66,67] and polymer wrapping [68], and modifying the catalyst layer structure [69]. Moreover, alternative catalyst platinum-group materials have been studied, obtaining promising results [70,71,72,73,74]. Phosphoric Acid (PA)-doped polybenzimidazole (PBI) membranes represent the state-of-the-art material for HT-PEMFCs membranes, given their high conductivity and excellent thermal stability, and the low PA vapor pressure at high temperatures. The research on such membranes resulted in the development of PA-doped BI composite mebranes [75,76,77,78,79] with higher mechanical and thermal stability, along with improved conductivity. Moreover, innovative acid base membranes that implement non-aqueous solvents and alternative polymers have been developed [80,81,82,83]. Several bipolar plate materials such as graphite [84,85], and different types of stainless steel [86,87], have been investigated. Moreover, several techniques, such as coatings [88,89,90,91] and innovative manufacturing processes, have been studied to improve the performance of such components [86,92,93].



Modeling and experimental analyses of complete systems based on HT-PEMFCs are pivotal when evaluating the impact of the above-mentioned research on innovative materials and technological development. System-level studies found in the literature mostly focuses on a single cell or stack, which often do not consider fundamental aspects such as fuel-processing to produce hydrogen from hydrocarbons [41]. Only a few studies have explored the steady-state performance of an HT-PEMFCs CHP, including a steam reformation-based fuel processors with simplified or absent purification, considering Natural Gas (NG) [16,25,56], methanol [94], and glycerol [95] feeds. Other studies focus on the dynamic performance [96,97], control and operation [98,99], and long-term performance and degradation [55,100,101] of such systems. Steam reformation is the most efficient reaction when considering only the hydrogen yield of the reactor. However, when considering the whole fuel processor, the thermal power necessary to sustain such a reaction should also be taken into account. In this scenario, the exothermic Partial Oxidation (POX) is potentially more efficient [102], with a better dynamic performance than an endothermic steam-reformation reactor. The usage of POX-based fuel processors for HT-PEMFC’s stationary systems is almost untapped in the literature, with only a few applications for mobility and aviation systems [103].



The POX reactor has an optimal operation at 1000    °  C [32,102], producing syngas with a higher temperature and enthalpy than the requirements of HT-PEMFC (i.e., at a temperature between 160    °  C and 200    °  C). By increasing the operating pressure of the POX, this enthalpy difference can be converted into electrical power through a Gas Turbine (GT). Although the yield of the POX reaction decreases at high pressures, the overall CHP efficiency can increase, thanks to the additional electric power from the GT. Moreover, the fuel processor would not rely on FC power to run the auxiliary systems; therefore, the overall system would have a better dynamic. Notably, state-of-the-art turbines materials tolerate temperatures up to 1000    °  C without the need for special coatings or blade cooling. Therefore, the syngas produced athrough POX reaction can expand in GTs of any size, ranging from a few kW to multi-MW nominal power [104,105].



Several FC-GT hybrid systems have been studied, but only focusing on high-temperature fuel cells such as Solid Oxide Fuel Cells (SOFCs) [106,107] and Molten Carbonate Fuel Cells (MCFCs) [108,109,110,111,112]. Several working prototypes of such systems have been studied from Siemens-Westinghouse [113], Rolls-Royce Fuel Cell Systems [114], and Mitsubishi Hitachi Power Systems [115], etc. [106]. The most advanced and substantial of sthese prototypes is the Mitsubishi Hitachi Power Systems, which reached commercial readiness with the 250kW MEGAMIE system developed in collaboration with Toyota as supplier of the micro-turbine [39,116,117]. However, we note that none of the cited papers integrates the turbine in the fuel processor of an FC-based CHP plant. Only a few works consider hybrid systems with HT-PEMFCs, but these only concern the conversion of thermal power through organic Rankine cycles [118].



In this paper, we study the performance of a hybrid HT-PEMFC-GT CHP system whose fuel processor runs on the POX reaction to produce hydrogen. Specifically, we build a 0-D model for the fuel processor and a 1-D model for the HT-PEMFC to characterize the performance of the proposed innovative system while evaluating the optimal operating parameters. Moreover, we compare the results to those obtained with state-of-the-art systems, with HT-PEMFC CHP system implementing a steam-reformation-based fuel processor. The paper is organized as follows. Section 2 introduces the innovative analyzed CHP system. Section 3 describes the modeling methodology, while Section 4 and Section 5 present and discuss the results. Finally, Section 6 draws the conclusions of the work.




2. System Description


In this paper, we preliminarily design and dissect the performance of a hybrid CHP system, integrating a HT-PEMFC and a micro-Gas Turbine (Figure 1). Specifically, we consider: (i) a gas turbine made of state-of-the-art materials that can withstand 1000    °  C inlet temperature without blade cooling, and (ii) a state-of-the-art HT-PEMFC stack based on phosphoric-acid-doped PBI membranes. The FC operates in a temperature range from 160    °  C to 200    °  C, and at a pressure between 1 bar and 2 bar [103]. The tolerance to impurities in the feeding fuel can be increased by increasing both operating temperature and pressure [103]. However, one of the main degradation mechanisms for HT-PEMFC is phosphoric acid evaporation, which exponentially increases as a function of the operating temperature [103,119]. Therefore, we selected an operating temperature    T FC  = 180   °  C   as a trade-off between expected durability and impurity tolerance. Moreover, the FC operates at atmospheric pressure to avoid back-pressure downstream the gas turbine.



The fuel-processing section of the proposed CHP system derives from a regenerative gas turbine scheme with the addition of a Low-Temperature Water Gas Shift Reactor (LT-WGSR). Referring to Figure 1, the compressors NG-C and AIR-C increase the pressure of NG and air, respectively, according to the imposed pressure ratio (see Section 3.4). Herein, we conservatively consider the NG as being available at 1bar, as for small applications. However, we note that, for larger systems, the NG is usually available at a much higher pressure and the NG compressor is unnecessary. The compressed mix of NG and air (state 1) goes through the heat exchanger H-EX, increasing its temperature (state 2) by subtracting thermal power from the syngas expanded in the GT. The amount of thermal power exchanged in H-EX is determined to keep the oxidizer outlet temperature (state 3) at 1000   °  C, assuming that the oxidizer is an adiabatic reactor. This temperature is thermodynamically optimal for the POX reaction, as evidenced from the peak value of the fuel conversion and of the CO and H   2   reflectivities [102]. The main reaction occurring in the oxidizer is partial oxidation:


   C y   H z  +  y 2   O 2  → y CO +  z 2   H 2   ,  



(1)




which is exothermic (  Δ  h POX     = − 35.7  kJ / mol   for methane) and takes place at 1000    °  C [32,102]. Moreover, the produced carbon monoxide can react with water to produce hydrogen according to the Water Gas Shift (WGS) reaction:


  CO +  H 2  O ⇌  H 2  +  CO 2   .  



(2)







Depending on the ratio of oxygen to natural gas flow rate, complete oxidation can also occur:


   C y   H z  +   z 4  + y   O 2  →  z 2   H 2  O + y  CO 2   ,  



(3)




which is exothermic (  Δ  h SW     = − 890  kJ / mol   for methane) and does not produce hydrogen. After the Oxidator (state 3), the syngas expands in the GT (state 4), and then goes through the H-EX (state 5). The cooled syngas mixes with water before entering the WGSR (state 7). The water is pre-heated (state 6) with thermal power from the FC cooling system to keep the mixture temperature just above the dew point. This gas mixture proceeds through the WGSR, a cooled reactor that operates at the FC temperature (180    °  C). Thus, the WGSR also works as a pre-heater for the FC stack, simplifying its thermal management. The WGSR temperature complies with the operating range of state-of-the-art copper-based catalysts for low-temperature WGS [120,121].



Figure 1 represents a simplified conceptual system that might be modified for a detailed design, without affecting the presented conclusions. The simplifications mainly regard the mixing of air and NG, and the single driveshaft configuration for turbine and compressors. In state-of-the-art gas turbine systems, that work with a high level of air excess, NG is injected directly in the combustion chamber. However, in the proposed scheme, the NG and the air mass flow rates are comparable. Therefore, pre-heating the NG with air has a relevant impact on the performance of the overall system. For this reason, we mix air and NG before H-EX. We note that this mixture is rich (NG molar fraction   > 23 %  ) and should not generate unwanted spontaneous reactions in the H-EX. In any case (e.g., safety requirements), the pre-heating of air and NG could also take place in an ad-hoc-designed heat exchanger that keeps the reactants separated (i.e., concentric tubes). The single driveshaft configuration may not be practically realizable because the volumetric flow rates processed in the two compressors and the turbine are different. However, with an ad-hoc design (e.g., electrical power transmission or specific turbomachinery selection), a system that achieves the presented thermodynamic results can be realized.



Figure 2 represents a schematic overview of the HT-PEMFC stack with a balance of plant components. External air enters the cathode after being compressed to overcome FC pressure drops. Syngas from the fuel processor (state 8) enters the anode. The hot flue gases (180   °  C) are used for cogeneration. The thermal power extracted from the FC through the cooling fluid is used to pre-heat water in H-EXW and for cogeneration. We assume that the return temperature of cogenerative water is 70   °  C, and that it is incremented to 80   °  C. We define   W FC   as the net fuel cell electrical power. To obtain   W FC  , we subtract the power to run the compressor of the air feeding the fuel cell cathode, and the pumps to circulate the coolant fluids from the gross fuel cell power output.




3. Methodology


3.1. Fuel Processor Modeling


We study the performance of the proposed energy system through a steady-state lumped parameter approach in Aspen Plus [122] environment. We use the Peng Robinson equation [122] of state and the steamNBS tables [123] to compute the thermodynamic properties of the working fluids. The main submodels are: (i) oxidation reactor, (ii) water gas shift reactor, (iii) heat exchangers, and (iv) turbine, compressors and pumps.



The oxidizer and the water gas shift reactors are modeled as equilibrium reactors (called RGibbs in the modeling environment), calculating the equilibrium composition of the reaction products by minimizing the Gibbs free energy [122]. We assume that the POX reactor is adiabatic. Therefore, the produced thermal power increases the syngas temperature. The WGS is a constant temperature reactor, where the produced thermal power is both absorbed by the reactants to reach the operating temperature and available for cogeneration purposes.



We model the H-EX and the cogenerative heat exchangers in the FC plant through the logarithmic mean temperature difference approach. Conversely, only the cold side of the H-EXW is modelled because the thermal power is directly supplied by the FC stack and temperature crossover between water and the heat transfer fluid is not possible. In fact, the water at the outlet of H-EXW is changing phase at 104   °  C (i.e., 1.08bar pressure) with a steam quality between 0.2 and 0.55, whereas the FC stack thermal power is available at a constant temperature of 180   °  C (or, more practically, 160   °  C considering 10   °  C temperature difference for both the heat exchange in the FC and in H-EXW), and is almost 10 times larger than required. Since we do not perform any off-design analysis, we implicitly vary the heat exchangers size for every case, and consider the heat transfer coefficient constant.



Equation (4) defines the electrical power produced by the turbine:


   W T  =  η  m , T     h 3  −  h 4   ,  



(4)




where    η  m , T   = 0.9   is the mechanical efficiency of the turbine, while   h 3   and   h 4   are the input and output enthalpy of the fluid, calculated according to the Peng–Robinson equation of state [122] and assuming the polytropic efficiency of the turbine    η  p , T   = 0.825  . Similarly, the electrical power consumed by pumps and compressors is:


   W C  =    h out  −  h in    η  m , C    ,  



(5)




where    η  m , C   = 0.9   is the mechanical efficiency of the compressor or pump and the enthalpy values are calculated assuming the polytropic efficiency    η  p , C   = 0.85  . The values assumed for polytropic and mechanical efficiency are conservative, so that they are appropriate for small-scale systems as well [104,105].



We also consider the following relative pressure drops [52,104,105]: 1% in the inlet, 3% in both the cold and hot sides of H-EX, 3% in the oxidizer, 3% in WGSR, and finally 5% in the FC stack.




3.2. Fuel Cell Modeling


We study the performance of the HT-PEMFC stack through a 1D flux-based mathematical model [32,124,125,126,127,128,129,130], where the molar fraction of reactants and products vary according to the thickness of the anode and the cathode. Moreover, the temperature is homogeneous and the convective and diffusive transport phenomena are negligible. The catalyst layers are thin enough to act as interfaces [131]. At an operating temperature of 180   °  C, water exists only in the vapor-phase. The membrane only conducts protons and is impervious to gases and liquids. As a consequence, the back-diffusion of water is negligible [54,132,133]. Finally, the voltage loss due to carbon monoxide is discarded because the CO molar fraction in the anode feed is always lower than 1% (specifically, between 0.2% and 0.4% depending on the operating condition, as reported in Section 3.4 and Section 4) [53,95,134,135].



Equation (6) defines the fuel cell operating voltage


  V = E −  η Ω  −  η act  −  η conc  ,  



(6)




where   η Ω  ,   η act  , and   η conc   are the ohmic, activation, and concentration overpotentials, respectively. E is the thermodinamically predicted reversible FC voltage:


  E = −   Δ  g ^     n  H 2   F   ,  



(7)




where   Δ  g ^    is the Gibbs free energy variation for hydrogen oxidation    H 2  +  1 2   O 2  →  H 2  O   at the inlet reactants operating conditions,    n  H 2   = 2   is the number of electrons involved in the reaction, and F = 96,485   C / mol   is the Faraday’s constant.



Ohmic losses occur in the membrane and electrode and linearly vary with the current density j[2j]jFC current density:


   η Ω  = j    t m   σ m   +    t a  +  t c    σ el   +  r conc   ,  



(8)




where   r conc   is an additional resistance used as a fitting parameter for variable inlet hydrogen concentration,   t m  ,   t a  , and   t c   are the thickness of the membrane, the anode, and the cathode, respectively;   σ m   is the membrane proton conductivity, and   σ el   is the electron conductivity of the electrodes.



The proton conductivity of the PA-doped PBI membrane can be expressed in   S / m   with the following semi-empirical correlation based on Arrhenius Law and experimental data [134,135]


   σ m  =   A B   T FC   exp    −  E a    ℜ  T FC     ,  



(9)




where A and B are pre-exponential factors, and   E a   is the activation energy, expressed in   J / kmol  ,    T FC    [ K ]    is the FC temperature, and   ℜ = 8314  J / ( kmol  K )   is the universal gas constant. The activation energy varies as a function of the phosphoric acid doping level of PBI membranes:


   E a  = − 619.6 Θ +  21 , 750  ,  



(10)




where  Θ  is the doping level and is defined as the number of phosphoric acid molecules per PBI repeat unit. The pre-exponential factor A also considers the effect of the doping level:


  A = 168  Θ 3  − 6324  Θ 2  +  65 , 760  Θ + 8460 .  



(11)







The pre-exponential factor B if a function of the average relative humidity   ( ξ )   between anode and cathode) and of   T FC  :


  B =      1 +  0.01704  T FC  − 4.767  ξ         if  373  K ≤  T FC  ≤ 413  K       1 +  0.1432  T FC  − 56.89  ξ         if  413  K <  T FC  ≤ 453  K       1 +  0.7  T FC  − 309.2  ξ         if  453  K <  T FC  ≤ 473  K      .  



(12)







The mathematical formulation for   η act   derives from the Butler–Volmer equation for ideal gases in the simplified form for high-current densities (i.e., it only considers the reactants concentration):


   η act  =  η  act , c   +  η  act , a   =   ℜ  T FC     n  O 2    α c  F   ln  j   j  0 , c    p c   x   O 2  , c     +   ℜ  T FC     n  H 2    α a  F   ln  j   j  0 , a    p a   x   H 2  , a     ,  



(13)




where    n  O 2   = 4   is the number of electrons moles consumed per   O 2   mole. In Equation (13), the subscripts c and a refer to cathode and anode, respectively,  α  is the transfer coefficient,   j 0   is the exchange current density, p is the operating pressure,   x  O 2    and   x  H 2    are the oxygen and hydrogen molar fractions in the reacting gas mixtures. Specifically,   x  O 2    and   x  H 2    are computed through the following equations, derived from the Fick’s law of binary diffusion:


   x   O 2  , c   =  x   O 2  , cIN   −  t c    j ℜ  T FC     n  O 2   F  p c   D   O 2  −  H 2  O  eff   Δ D    ,  



(14)






   x   H 2  , a   =  x   H 2  , aIN   −  t a    j ℜ  T FC     n  H 2   F  p a   D   H 2  −  CO 2   eff   Δ D    ,  



(15)




where   x   O 2  , cIN    is the oxygen molar fraction at the cathode feed, and   x   H 2  , aIN    is the hydrogen molar fraction at the anode feed,   D   O 2  −  H 2  O  eff   is the effective diffusivity of oxygen in water, and   D   H 2  −  CO 2   eff   is the effective diffusivity of hydrogen in carbon dioxide,   Δ D   is a correction factor used to update the model for variable inlet hydrogen concentrations. The general relation for the effective binary diffusivity of species i through species j reads [136]:


   D  i − j  eff  =  ζ p      T FC     T  c i    T  c j       θ     p  c i    p  c j     1 / 3      T  c i    T  c j     5 / 12      1  M i   +  1  M j     1 / 2    ε τ  ,  



(16)




where   T c   is the critical temperature,   p c   is the critical pressure, M is the molecular weight, and  ε  and  τ  are the porosity and the tortuosity of the media through which diffusion occurs. For non-polar gases,   ζ = 2.745 ×  10  − 4     and   θ = 1.823  , while   ζ = 3.64 ×  10  − 4     and   θ = 2.334   for couples including polar gases [136]. We only consider binary diffusion because N   2   is a neutral gas and the molar fraction of components other than O   2  , H   2  O, H   2  , and CO   2   is lower than 1%.



The concentration overpotential is modeled through the Nernst equation:


   η conc  =  η  conc , c   +  η  conc , a   =   ℜ  T FC     n  O 2   F   ln   j  L , c     j  L , c   − j   +   ℜ  T FC     n  H 2   F   ln   j  L , a     j  L , a   − j   ,  



(17)




where   j  L , c    and   j  L , a    are the cathodic and anodic current densities at which the reactants concentrations in the catalyst layer is zero. They are determined through Equations (18) and (19):


   j  L , c   =  n  O 2   F  D   O 2  −  H 2  O  eff   Δ D    c   O 2  , cIN    t c   ,  



(18)






   j  L , a   =  n  H 2   F  D   H 2  −  CO 2   eff   Δ D    c   H 2  , aIN    t a   ,  



(19)




where   c   O 2  , cIN    and   c   H 2  , aIN    are the concentration of oxygen at the cathode feed, and of hydrogen at the anode feed.



Fuel Cell Model Validation


The proposed FC model is validated against experimental data from [52] for a PA-doped, PBI-based HT-PEM (BASF Celtec) operating at 180   °  C and 1bar, and with an anodic hydrogen fraction ranging from   30 %   to 100%. Table 2 and Table 3 report the model inputs, including the Utilization Factor (UF) of oxygen and of hydrogen [52,54]. The values of   r conc  ,   j  0 , a   , and   Δ D   are linearly interpolated for intermediate hydrogen fractions. The anodic exchange current density   j  0 , a    monotonically decreases as the H   2   fraction in the feeding fuel decreases, as expected from   j  0 , a    definition. Conversely, the additional resistance   r conc   has a threshold behavior, switching from pure hydrogen to syngas mixture operation. Finally, we note that   Δ D   is only relevant for very low H   2   fractions (i.e., ≤  30 %  ). To quantify the agreement between experiments and model, we use the overall mean absolute percentage error [137,138]:


  MAPE =  1 n   ∑  k = 1  n   100 ×    V m   ( k )  −  V e   ( k )     V m   ( k )     ,  



(20)




where n is the number of samples,   V m   is the model predicted voltage, and   V e   is the experimental value. Experimental and modeled polarization curves, reported in Figure 3, show a good qualitative agreement. Quantitatively,   MAPE = 1.31 %  , assuming the parameters of Table 3.



For the studied CHP power plant, the H   2   fraction in the feeding syngas ranges from 42% to 62%, depending on the fuel-processor operating conditions (see Section 3.4 and Section 4), and is within the experimental data range ([30–100%]). Therefore, the validated model is suitable for predicting the performance of the analyzed system. Since we never consider pure hydrogen operation and the H   2   fraction is higher than 30%   r conc  = 1.875 ×  10  − 2     cm 2  / S   and   Δ D   is close to 1. Finally, the HT-PEMFC operates between 0.5V and 0.7V (see Section 4.1), where the influence of the concentration losses and, therefore, of   Δ D   is negligible.





3.3. Performance Parameters


To evaluate the performance of the system, we first leverage the fuel processor efficiency, which reads:


   η fp  =     m ˙   H 2    LHV  H 2       m ˙  NG   LHV NG    ,  



(21)




where    m ˙   H 2    is the mass flow rate of the produced H   2   and    LHV  H 2   = 120  MJ / kg   is the lower heating value,    m ˙  NG   is the natural gas flow rate entering the fuel processor, and    LHV NG  = 46.7  MJ / kg   is the lower heating value of the natural gas. We consider an NG based on a UK composition that represents the average of all European compositions (Table 4) [139].



The power plant efficiency reads:


   η pp  =    W FC  +  W T  −  W C      m ˙  NG   LHV NG    .  



(22)







We also introduce the total, or first principle efficiency,


   η Ip  =    W FC  +  W T  −  W C  +  Q cog      m ˙  NG   LHV NG    ,  



(23)




where   Q cog   is the cogenerative thermal power.



Finally, we quantify the ratio between the net turbine power and the net fuel cell power:


  Π =    W T  −  W C    W FC   .  



(24)








3.4. Operating Parameters


The pressure ratio ( β ) and the air and water equivalence ratios ( ψ  and  ϕ ) impact the system performance by affecting the chemical reactions’ yield, the thermal balance of the CHP plant, and the net power of the turbine.


  β =   p 1   p atm    ,  ψ =    n ˙  air    n ˙   air , STO     ,  ϕ =    n ˙    H 2  O     n ˙    H 2  O , STO     .  



(25)







In Equation (25)   p atm   is the atmospheric pressure,    n ˙  air   and    n ˙    H 2  O    are the air and water molar flow rates, while    n ˙   air , STO    and    n ˙    H 2  O , STO    are their stoichiometric corresponding values for reactions of Equations (1) and (2).



We set the pressure ratio of the compressor and pumps; therefore, the expansion ratio of the turbine varies according to the pressure drops. In Section 4.2 and Section 5, we explore the range of   1.2 ≤ β ≤ 9  . Specifically,   β = 1.2   is the minimum value that compensates for the pressure drops in the CHP system without producing any useful expansion in the turbine. Conversely,   β = 9   is the upper limit for regernerative GT systems with a net electric power lower than 1MW [104,105], which is the expected power range for the presented system (see Section 5).





4. Results


4.1. HT-PEMFC Operating Point Design


The design operating point of fuel cell systems is ambiguous because the efficiency and the power density of the stack do not have a maximum value within the relevant operating range (i.e., excluding minimum and maximum voltage). Therefore, this was selected as a techno-economic trade-off between efficiency and power density. The efficiency determines the OPerational EXpense (OPEX) and the use of environmental resources associated with the operation of the system. The power density dominates the CAPital EXpense (CAPEX) and the use of environmental resources associated with the production of the system.



The power density monotonically decreases as the efficiency increases (Figure 4). The specific power density linearly decreases from 80% to 20% for   0.5  V ≤ V ≤ 0.7  V  , following the linear ohmic losses trend. In this range, the stack efficiency increases from 40% to 56%. Moreover, the specific power density decreases from 100% to 80% less than linearly as the voltage goes from around 0.35V (i.e., 28% stack efficiency) to around 0.5V. This trend results from the concentration losses that dominate the polarization curve at high current densities (i.e., low voltage). Finally, at about 0.7V, the specific power density curves show a concavity change following the activation losses trend that dominate in a high-voltage (i.e., low current densities) operation.



We select two operating points at the boundary of the linear regime. In fact, operating the cell at 0.5V is the compromise that favours the power density. Any further decrease in the operating voltage (and, therefore, in the efficiency) yields a minor power density gain. Conversely, 0.7V is the operating point that practically maximizes the efficiency if we exclude the activation losses’ operating region with a specific power density lower than 20%. Moreover, a higher operating voltage would reduce the utilization factor. Such operating points are frequently found in the relevant literature for HT-PEMFC-based CHP systems [25,56]. Finally, we note that the stack efficiency is 56% at 0.7V and meets the 2030 targets of the European Fuel Cells and Hydrogen Joint Undertaking [140]. Such targets require an electrical stack efficiency between 39% and 65% for residential micro-CHP systems (0.3–5 kW), and between 50% and 65% for mid-sized installations for commercial and larger buildings (5–400 kW). We also note that the 0.7V operating point presumably maximizes the expected stack life, thanks to the low operating current density [141]. Moreover, by assuming this operating point at the beginning of the stack life, it is possible to maintain a constant power output by increasing the current density as the stack degradates.



In Section 4.2 and Section 5, the fuel cell operates at a constant voltage to obtain the same efficiency for all the system configurations [25]. Therefore, the power density varies as a function of the H   2   fraction in the feeding fuel.




4.2. CHP System Performance and Optimal Parameter Selection


For   ψ > 1   there is excess air for partial oxidation (Equation (1)) and the fuel processor increasingly oxidizes the input NG through complete oxidation (Equation (3)), reducing the amount of produced H   2  . In particular, considering the selected NG composition, when   ψ = 3.9  , air quantity is sufficient to completely oxidize all the fuel. Therefore, we operate with the minimum possible excess air that guarantees a POX thermal equilibrium for every  β . This value is a function of  β  through the turbine discharge temperature. In fact, the thermal balance requires an increase in  ψ  as  β  increases (see Figure 5), since complete oxidation produces more thermal power than POX. In detail, the minimum  ψ  increases from 1.02 to 1.2 for  β  in the range 1.2 to 9 (Figure 5). Notably,   ψ = 1.20   is the minimum possible air equivalence ratio, given that complete oxidation is always required to a certain extent, even at atmospheric pressure. In fact, this value is constant for   β ≤ 2  .



Figure 6 shows that, for   β = 1.2  , the larger the water excess the larger the fuel processor efficiency. In fact, water excess shifts the WGS reaction towards the products. However, the marginal efficiency gain decreases as  ϕ  increases, given the limited CO content in the syngas. Specifically,    η fp   ϕ = 1.3    is only 0.31% higher than    η fp   ϕ = 1.2   . For   β > 1.2  , the system requires more complete oxidation and the CO content in the syngas is lower. Hence, the efficiency marginal gain is even lower. Therefore, we consider   ϕ = 1.3   as a reasonable trade-off. This value is also a compromise between power density and membrane conductivity. In fact, the excess water reduces the H   2   fraction, thus decreasing the FC power density (see Section 4.1). Conversely, the excess water increases the relative humidity of reactants, thus improving the membrane conductivity.



The power plant efficiency varies between 48% and 50% as a function of  β  (Figure 7a). The maximum   η fp   is for   β = 4   as a trade-off between the negative effects on the fuel processor efficiency and the positive effects on the power extracted from the turbine. According to Le Chatelier’s principle [32], by increasing  β , the equilibrium constant of the mole-preserving complete oxidation reaction (Equation (3)) does not change, while the equilibrium constant of the mole-augmenting POX reaction (Equation (1)) decreases. Moreover, higher  β  entails a higher degree of complete oxidation over the partial oxidation, as a consequence of the higher  ψ  that is required (see Figure 5), reducing both H   2   and CO, which, in turn, negatively impact the hydrogen generation in the water gas shift reactor. As a consequence,   η fp   monotonically decreases from 88.6% to 82.6% for  β  in the range [1.2, 9] (Figure 7b). We comment that, for   β ≥ 1.2  ,   η pp   is higher than    η fp  ×  η FC   , due to the turbine power.



The first principle efficiency varies between 85.6% and 87.4% as a function of  β  (Figure 7c). Overall,   η Ip   is inversely proportional to  β , except for a local minimum at   β = 2  . In fact, both the FC electrical and thermal power decrease by increasing  β  as a consequence of the reduction in   η fp  . Moreover, the thermal power to pre-heat water     Q ˙   H − EXW     increases by increasing  β  from   1.2   to 2 because the syngas leaves the turbine at a lower temperature. At higher  β , the higher  ψ  (see Figure 5) dominates with respect to the expansion ratio, thus increasing the syngas enthalpy and reducing    Q ˙   H − EXW   . Note that, at   β = 9  ,    Q ˙   H − EXW    is lower than at   β = 1.2  , as a consequence of the higher  ψ . The local minimum observed in Figure 7c) for   β = 2   is determined by the global maximum in    Q ˙   H − EXW   . The thermal power extracted from the WGS reactor decreases as a function of  β , mainly due to the lower fraction of CO in the syngas, due to the increased fuel complete combustion.





5. Discussion


5.1. Gas Turbine and Fuel Cell Integration


Figure 8 shows that the power ratio,  Π  increases from 2.7% to 8.2% with  β  rising from 2 to 9. This is mainly related to the net turbine power output growth and to the FC power output reduction, as functions of  β . At the optimal   β = 4  ,   Π = 6 %   and, as a consequence, showing that the GT is much smaller than the FC. Given the limited available size of FC stacks, only a Micro-Gas Turbine (MGT) can be considered. As most common commercial MGTs have a nominal power that ranges from 3kW to 200kW (Table 5),   Π = 6 %   requires FC systems with a nominal power in the range 50kW–3.3MW. This range is already partly compatible with the established industry standards and will fully comply these standards as the industry evolves to maturity. In more detail, the nominal power of HT-PEMFC commercial products (Table 1) is still limited to the range [1–100] kW, but we expect that the development of this market will increase their size. In fact, the power of low-temperature PEMFCs that share most of their system components with HT-PEMFCs ranges up to almost 3MW for commercial vehicles and maritime applications [36,37,38,39,142].



The regenerative scheme and operating conditions of the proposed fuel processor match the typical layout of the available commercial micro-gas turbines. We further note that micro-gas turbines, featuring a simple architecture without blade-cooling, work with turbine inlet temperatures of around 1000   °  C [104,105], which is the optimal operating temperature for POX reactions. Conversely, the mass flow balance between turbine and compressor is slightly different compared to traditional MGTs, due to the lower air excess. Therefore, minor modifications to the MGT design might be required.



Micro-gas turbine equipment (including heat recovery, the gas compression systems, and the installation) costs range from 2500   $ / kW   for systems with 1MW electric power to 3900   $ / kW   for 30kW systems [106]. The manufacturing rate significantly impacts the investment cost estimation of commercial HT-PEMFCs plants, in addition o system size [156]. Specifically, systems in the hundreds of kilowatts power range have an estimated cost that decreases from 2840   $ / kW   to 2020   $ / kW   as the manufacturing rate increases from 100 to 50,000 systems per year. This estimation includes the sales margin and the cost of the stack, fuel processor, power electronics, CHP heat exchangers, and installation [156]. Therefore, in the most conservative scenario (manufacturing rate of 100 systems per year), a hybrid system composed of a 30kW gas turbine and a 500kW HT-PEMFC stack would have a specific cost of   2900  $ / kW  , without considering possible economies of scale resulting from the hybridization. Assuming a complete substitution of the fuel processor with the MGT and a manufacturing rate of 50,000 systems per year, the cost reduces to   1960  $ / kW  . CHP systems based on established technologies such as internal combustion engines in the power range between 500kW and 1MW have a capital cost of   2840  $ / kW   and an electrical efficiency of 34.5% [157]. Therefore, the proposed hybrid system is competitive in terms of CAPEX and more convenient in terms of OPEX.




5.2. Comparison against State-of-the-Art HT-PEM Systems


We compare the results of the proposed hybrid CHP with a baseline system whose fuel processor represents the state-of-the-art by implementing Steam Reformer (SR), high- and low-temperature water gas shift reactors, and a catalytic combustor. This system, schematically represented in Figure 9, derives from the fuel processor presented in previous papers [42,44], appropriately modified eliminating syngas purification and adding an additional low-temperature water gas shift stage at 180   °  C for a fair comparison with the present POX-based fuel processor. The state-of-the-art power plant achieves fuel processor efficiency    η  fp , SR   = 82.4 %   and power plant efficiency    η  pp , SR   = 44.6 %   in optimal operating conditions.



We observe that the maximum fuel processor efficiency (   η pp  = 49.9 %  ) of the MGT HT-PEMFC hybrid system is 12% higher than the state-of-the-art. Moreover, the non-pressurized case outperforms the state-of-the-art system by 8%   η pp  = 48.2 %  ). When syngas purification is not necessary, as in the case of HT-PEMFCs, a POX-based fuel processor is more efficient than an SR-based one because a higher fraction of the reacted hydrocarbons take part in hydrogen production. In fact, the POX does not require an external source of thermal power that oxidizes additional fuel [102]. This also makes the system intrinsically faster to activate, and easier to operate. We note that these results are peculiar to HT-PEMFC and do not generalize to low-temperature PEM fuel cells or to SOFCs or MCFCs. In fact, the HT-PEMFCs operating temperature allows CO fractions to be tolerated up to 3%, but this is not high enough to produce the thermal power required by steam reformation. Therefore, steam reformation is still the most convenient fuel-processing system for low-temperature PEMFCs. The higher H   2   fraction in the produced syngas, in fact, allows for a more effective and smaller cleaning section (i.e., PSA or membrane unit). The purification process generally produces a tail gas with a relevant chemical energy content, which can be recovered in the burner.



From these results, we conclude that partial oxidation outperforms autothermal reforming. In fact, the latter reaction operates in the temperature range 600–900   °  C [32], which is not optimal for the integration of a gas turbine in the fuel processor. Moreover, autothermal reforming still requires the pre-heating of reactants and the production of steam with thermal power produced from an external source that oxidizes additional fuel, lowering   η fp  .



For constant voltage operation (  0.7   V), the HT-PEMFC power density decreases from 641   W /  m 2    to 594   W /  m 2    (with reference to the FC membrane surface) by increasing  β  from 1.2 to 9 (Figure 10), as a consequence of the lower hydrogen fraction in the syngas at higher  β . At   β = 4   the power density is 620   W /  m 2   , which is only 3% lower than the maximum value observed at   β = 1.2  . The power density of an HT-PEMFC stack connected to a state-of-the-art fuel processor (Figure 9) is 760   W /  m 2   , which is 21% higher compared to the hybrid system, due to the higher H   2   fraction in the syngas. This lower power density would result in a higher CAPEX. To overcome this limitation, it is possible to operate the HT-PEMFC at a lower voltage. To achieve a state-of-the-art power density, the HT-PEMFC voltage should be 0.683V. In this case, the system efficiency would be    η pp  = 48.7 %  , still 9.2% higher than the state-of-the-art (with   V = 0.7   V). Moreover, at 0.625V the proposed configuration has the same efficiency of the state-of-the-art (   η pp  = 44.6 %  ) and a 79% higher power density (1361   W /  m 2   ). Finally, operating at the maximum reasonable FC voltage of 0.5V, the POX-based system achieves    η pp  = 36.2 %   and 2880   W /  m 2    stack power density, which is 2.75 times higher than the baseline value. We also note that the proposed POX-based fuel processor is simpler, more compact, and presumably cheaper that a state-of-the-art fuel-processor based on SR and WGS.





6. Conclusions


Fuel-cell-based cogeneration systems are an efficient way to convert energy, which can help to reduce the CO   2   emissions while providing cheaper and more accessible energy, even in high-renewable-source-penetration scenarios. In particular, HT-PEMFCs implement fuel tolerance with the established advantages of low-temperature PEMFCs, besides being inherently more suitable for cogeneration, and, therefore, are a promising technology. However, HT-PEMFCs CHP systems require a specific fuel processor design, thanks to the increased fuel tolerance and the operating temperature. Specifically, endothermic steam-reformation-based fuel processors (which are optimal for low-temperature PEMFCs) are not the best choice for HT-PEMFC. Instead, a thermally self-sufficient, partial-oxidation-based fuel processor is a better alternative. Moreover, the enthalpy of the syngas that exits such a fuel processor at 1000   °  C can be converted into electrical power through a gas turbine by increasing the operating pressure of the reactor. To this end, this paper presents and dissects the concept of a partial-oxidation-based hybrid HT-PEMFC-gas turbine CHP plant. Specifically, we determine the performance and optimal operating parameters of such system using a steady-state modeling approach that combines a lumped parameters model of the fuel processor with a 1D model of the fuel cell.



The results show that the power plant electric efficiency of the proposed hybrid system is    η pp  = 49.9 %   and the overall first principle efficiency is    η Ip  = 86.6 %   when operating at   β = 4  , which is the optimal trade-off value. The efficiency of the hybrid system is 12% higher than a state-of-the-art HT-PEMFCs CHP whose fuel processor is based on steam reformation (   η  pp , SR   = 44.6 %  ). The results prove that partial oxidation by itself is more efficient than steam reformation when using HT-PEMFCs. Notably, the hybrid scheme is relevant because it outperforms the two composing systems (i.e., the non-pressurized HT-PEM and the gas turbine). Moreover, the GT produces more power than is required from the auxiliaries, further increasing the dynamic performance of the CHP. In fact, the turbine power output could also be used in the start-up phase to heat the HT-PEMFC, with the fuel processor eventually operating with higher air excess to further boost the available thermal and electrical power.



Under optimal operating conditions, the net electrical power produced from the gas turbine is 6% of the fuel cell electrical power. Therefore, micro-gas turbines appear to be the most fitting type of turbomachinery to select for the hybrid system. The proposed hybrid system is also competitive, with state-of-the-art high-temperature fuel cell systems. In fact, the best-performing commercial SOFC-based CHP systems have an electrical efficiency between 53% and 55%, with a first-principle efficiency of around 87% [39]. However, SOFCs and MCFCs have a poor dynamic performance and long start-up and shut-down times compared to the proposed scheme.



The partial-oxidation-based fuel processor, under optimal operating conditions, has a power density of 620   W /  m 2   , which is 21% lower than the value of a steam-reformation-based system. However, when operating at lower voltage, it is possible to achieve the same power density as the reference case, maintaining    η pp  = 48.7 %  . Moreover, considering the complete power plant, we expect that the volumetric power density of the hybrid HT-PEMFC-gas turbine CHP is higher than that of the state-of-the-art system. In fact, the proposed hybrid plant is composed of two heat exchangers, two reactors, a turbine, two compressors and a pump (Figure 1). Conversely, the state-of-the-art plant features four heat exchangers, four reactors, three compressors, and a pump (Figure 9). Hence, the lower number of elements of the hybrid system result in a more compact and presumably cheaper solution. Moreover, we expect that the hybrid system will have better dynamic characteristics and lower start-up time with respect to the state-of-the-art as a result of the exothermic partial oxidation reaction and the net power extracted from the turbine, which can be used to heat the cold stack in the start-up phase. However, a quantitative estimation of the volumetric power density and the dynamic performance of the proposed systems has to be addressed after a detailed design.



The detailed design should also focus on few components of the hybrid HT-PEMFC-gas turbine CHP that have peculiar characteristics. The proposed schemes inherits the majority of design elements from conventional micro-turbines, due to the limited optimal pressure ratio and the regenerative scheme. However, some dedicated considerations have to made regarding turbomachinery selection and driveshaft configuration, as the regenerative heat exchanger. In particular, the volume flow rates in the natural gas compressor, the air compressor, and the gas turbine are all different. This could require the ad-hoc selection of the turbomachinery, and/or a dedicate driveshaft configuration development. Finally, the regenerative heat-exchanger that processes a mix of air and natural gas could be realized with a specific design if the mixing of such elements is not possible for safety reasons.



We also note that the proposed hybrid system can effectively be integrated with renewable energy sources. In fact, the partial oxidation-based fuel processor can be fed with the oxygen produced from an electrolyzer to produce high-purity syngas that is not diluted from nitrogen carried with air. In this way, it is possible to valorize and potentially store the O   2   produced from the electrolyzers, which is generally dispersed in the atmosphere. Moreover, we underline that the fuel processor of the CHP scheme will be relevant for bio-methane and synthetic fuel conversion even if, in the future, the use of fossil natural gas is avoided.
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Figure 1. Schematic overview of the hybrid HT-PEMFC-GT CHP system. Natural gas (NG), air, and water are the input material streams and produce thermal power (Th. Power) and electrical power. The components of the system are: the natural gas compressor (NG-C), the air compressor (AIR-C), the oxidizer reactor, the gas turbine (GT), the low-temperature-water gas-shift reactor (LT-WGSR), the water pump, two heat exchangers (H-EX and H-EXW), and the HT-PEMFC stack. The table below the scheme reports the range of variation of tempreture, pressure, and vapor fraction in the most relevant points of the plant. 
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Figure 2. Schematic overview of the HT-PEMFC stack with plant balance. 
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Figure 3. Comparison between experimental and model polarization curves. 
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Figure 4. Specific power density of the HT-PEMFC for several H   2   fractions in the feeding fuel as a function of the cell voltage (primary x-axis) or, equivalently, of the corresponding efficiency (secondary x-axis). Specific power density and efficiency are dimensionless. 
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Figure 5. Minimum value of the air equivalence ratio  ψ  as a function of the pressure ratio  β  to operate the reactor in thermal equilibrium. 
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Figure 6. Fuel processor efficiency as a function of the water equivalence ratio  ϕ , considering   β = 1.2  . 
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Figure 7. Efficiency of the hybrid system as a function of the compression ratio  β : (a) power plant efficiency, (b) fuel processor efficiency, and (c) first principle efficiency. 
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Figure 8. Power ratio of the hybrid system as a function of the compression ratio  β . 
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Figure 9. Schematic overview of the state-of-the-art CHP system, implementing an HT-PEMFC stack as a prime mover. The fuel processor of this system is based on steam reformer (SR), high-temperature-water gas shift reactor (HT-WGSR), low-temperature-water gas shift reactor (LT-WGSR), and the oxidizer for complete combustion. Natural gas (NG), air, and water are the input material streams and produce thermal power (Th. Power) and electrical power (El. Power). 
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Figure 10. Power density of the HT-PEMFC stack in the hybrid system as a function of the compression ratio  β  for   V = 0.7   V. 
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Table 1. Companies producing HT-PEMFCs systems in the market or in a pre-commercial stage.
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	Company
	Power Range [kW]
	Membrane
	Application





	Serenergy [39,57]
	5
	BASF Celtec (PA-PBI)
	Stationary power generation



	SIQENS [58]
	0.8
	BASF Celtec (PA-PBI)
	Stationary power generation



	Advent Technologies [52,59]
	1–100
	TPS & BASF Celtec (PA-PBI)
	Components, transportation, stationary and portable power generation, aviation



	Blue World Technologies (pre-commercial) [39,60]
	/
	PBI
	Transportation, stationary power generation, maritime



	Hypoint (pre-commercial) [39,61]
	50–10,000
	/
	Aviation
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Table 2. HT-PEMFC model constant input parameters.
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	Parameter
	Value
	Measurement Unit





	   T FC   
	180
	     °  C   



	    p a  =  p c    
	1.05
	     bar    



	    α a  =  α a    
	0.5
	   /   



	   j  0 , c    
	   10  − 7    
	   A /  cm 2    



	  ε  
	0.4
	   /   



	  τ  
	3.55
	   /   



	   t m   
	65
	   μ m   



	    t a  =  t c    
	3405
	   μ m   



	  Θ  
	18.5
	   /   



	   σ el   
	2.2
	   S / cm   



	Oxygen UF
	0.667
	   /   



	Hydrogen UF
	1
	   /   
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Table 3. HT-PEMFC model variable input parameters. For intermediate hydrogen fractions, the variables are linearly interpolated.






Table 3. HT-PEMFC model variable input parameters. For intermediate hydrogen fractions, the variables are linearly interpolated.





	H    2    Fraction
	     r conc     cm 2  / S     
	     j  0 , a     A /  cm 2      
	    Δ D    





	30%
	1.875   ×   10  − 2    
	1.9   ×   10  − 10    
	0.6



	50%
	1.875   ×   10  − 2    
	2   ×   10  − 10    
	1



	80%
	1.875   ×   10  − 2    
	2.05   ×   10  − 10    
	1



	100%
	0
	2.25   ×   10  − 10    
	1
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Table 4. United Kingdom natural gas molar fraction composition [139].
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	Component
	Molecular Formula
	Molar Fraction [%]





	Methane
	CH   4  
	92.078



	Ethane
	C   2  H   6  
	3.405



	Propane
	C   3  H   8  
	0.761



	Normal butane
	C   4  H   10  
	0.177



	Isobutane
	C   4  H   10  
	0.14



	Normal pentane
	C   5  H   12  
	0.048



	Isopentane
	C   5  H   12  
	0.061



	Hexane and heavier
	C   6  H   14  +
	0.09



	Carbon dioxide
	CO   2  
	0.865



	Nitrogen
	N   2  
	2.375
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Table 5. Examples of micro-gas turbines available in the market or in a pre-commercial stage.
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	Model
	Power [kW]
	El. Eff.    %   
	Commercial





	MIT [143]
	0.05
	/
	No



	ONERA [144]
	0.1
	10
	No



	Power MEMS [145]
	1.2
	20
	No



	MTT Enertwin [105,146]
	3
	15
	Yes



	Ecojet [147]
	20
	/
	No



	Capstone C30 [105,148]
	30
	26
	Yes



	Toyota TPC-50R [39,116,117]
	50
	25.5
	Yes



	Capstone C65 [105,149]
	65
	29
	Yes



	IngersollRand MT70 [105,106,150]
	70
	29
	Yes



	Ansaldo Turbec AE-T100 [105,151]
	100
	30
	Yes



	Capstone C200S [105,152]
	200
	33
	Yes



	Capstone C600S [105,153]
	600
	33
	Yes



	Capstone C800S [105,154]
	800
	33
	Yes



	Capstone C1000S [105,155]
	1000
	33
	Yes
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
0495

04

0%

05

a) b) ©)
075
s
057
os6
E s
L 056
02, 085

o





media/file4.png
|
HT-PEMFC Ato H-EXW

Water Cooling Fluid

‘_4_________I

+ Thermal Power Electrical Power






media/file18.png
HT-PEMFC

LT-WGSR

-

Oxidator

NG

Water

HT-WGSR





media/file3.jpg
HT-PEMFC

o

Stack

Cooling Fluid

+ Thermal Power

rical Powe






media/file19.jpg
=)
2

a
[;u1/a] Ansuop somog

640
600

10

2






media/file7.jpg
Stack Efficiency [/]
032 04 0.48 0.56

—o—Exp. Hy 100%
—— Exp. H, 80%
—+— Exp. Hy 50%
—= Exp. H, 30%

e
>

e
=

3
<
8
z
2
g
2
o'

=
i

0.4 0.5 0.6 0.7
Voltage [V]





media/file10.png
1.2

1.05






media/file14.png
0.5

0.495

0.49

0.485

0.48
0

a)

10

b)

10

0.875

0.87

= 0.865

0.86

0.855

c)

10





media/file11.jpg
0.89

0.88

0.87

0.86

1.1

1.2

1.3

1.4

1.5





media/file6.png
Voltage [V]

0.8

0.7

0.6

0.5

0.4

0.3

/|

| |
0.2 04 0.6

|
0.8 1 1.2 14

Current density [A/cm?]

—o— Exp. Hy 100%
—s— Exp. Hy 80%
—s— Exp. Hy 50 %
—5- Exp. Hy 30%

Mod. Hs 100 %
—— Mod. Hy 80 %
—— Mod. Hy 50 %

—— Mod. Hs 30 %

1.6





media/file15.jpg
10

w





nav.xhtml


  sustainability-13-12515


  
    		
      sustainability-13-12515
    


  




  





media/file16.png
10






media/file2.png
|
|
|
|
HT-PEMFC | !
|
|
|

_____ — ’_
Th. Power
NG-C
>----»
Electrical Power
NG Air
State 1 2 3 4 5 §) 7 8
561;
T [OC] 35;287 |546;818| 1000 1000 192:325| 104 61;66 180
119, [1.15, | L.12;
P [bar] 8.91 8 64 8 38 1.12 1.08 1.08 1.08 1.05
Vap. 0.03;
Frac. 1 1 1 1 1 0.61 1 1






media/file20.png
640 |-

_
-
o\
Ne

[/ M| Kysuep Temog

600 |-

10





media/file5.jpg
02 04 06

0.8

1 12 14

Current density [A/cm?]

—o—Exp. Hz 100%
—s— Exp. Hy 80%
—— Exp. Hy 50%
—=— Exp. Hy 30%

Mod. Hy 100%
Mod. Ha 80%
Mod. Ha 50%
Mod. Ha 30%

1.6





media/file1.jpg
Water LT-WGSR

Pump

~]

T oxidizer ¥

H-EX []
-
. J OV t Th. Power 1
Ne-o| arcV [N T Her |
il '
el
- Electrical Power
NG AAir
State |1 2 3 4 5 6 T 8

561,
T[°C] | 35:287 |546:818] 1000 | To00 |192:325] 104 [ 61:66 | 180

T ;
pibed |51 ae |11z Jres [ros [1os [i0s

Vap. 0.03;
Frm |1 1 1 1 1 061 |1 1






media/file12.png
Nfp

0.89

0.88

1.5





media/file9.jpg
1.2

1.15

1.1

1.05






media/file0.png





media/file8.png
Specific power density [/]

o
o0

<
o

=
I

&
O

Stack Efficiency [/]
0.32ﬁ 0.4 0.48 0.56
| 1 ‘

—o— Exp. Hs 100%
s+ Exp. Hy 80%
—w— Exp. H, 50%
—=— Exp. Hy 30%

| |
0.4 0.5 0.6 0.7
Voltage [V]

0.8

0.6

0.4

0.2





media/file17.jpg
" Air

HT-WGSR

LT-WGSR
Wate

HT-PEMFC






