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Abstract

:

Combined heat and power (CHP) systems with an integrated solid oxide fuel cell (SOFC) is a promising technology to increase overall efficiency of traditional residential combustion systems. One potential system is gas tank hot water heaters where partial oxidation of the fuel serves as a means of fuel reforming for SOFCs while producing thermal energy for heating water. In this study, a residential hybrid gas tank hot water heater with an integrated SOFC model was developed and a thorough techno-economic analysis was performed. Fuel-rich combustion characterization was performed at equivalence ratios 1.1 to 1.6 to assess synthesis gas production for the SOFC. The effect of fuel utilization and operating voltage of the model SOFC stack were analyzed to provide an in-depth characterization of the potential of the system. CHP and electrical efficiencies over >90% and >16% were achieved, respectively. The techno-economic analysis considers the four major census regions of the United States to evaluate regional savings based on respective utility costs and hot water demand. The results show the hybrid system is economically feasible for replacement of an electrical water heater with the longest payback period being approximately six years.
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1. Introduction


The use of combined heat and power (CHP) systems is expected to increase in popularity worldwide with an estimated global capacity increase from 864.2 GWe in 2018 to 1051 GWe by 2025 [1]. In the United States alone, there are over 4650 commercial and industrial installations with a total capacity of 80.8 GWe [2]. Additionally known as co-generation systems, CHP systems produce electricity while supplying thermal energy for heating purposes. The combined electrical and thermal energy generation in a CHP system results in an overall efficiency of 65–85% compared to 45–55% when the two devices are separated [3]. CHP systems benefit from the ability to provide greater energy independence and lower energy costs, making them more economically competitive compared to stand-alone systems. The capacity of these installations varies depending on the industry sector implemented in, from kilowatts up to a gigawatt [2]. Some of the most common CHP installations in the United States are in tandem with wastewater treatment plants, educational buildings (universities and schools), and chemical plants [3,4,5]. In addition to the commercial and industrial sector, installation of CHP systems in residential buildings has become an important technology for energy savings and environmental conservation [6,7,8,9].



Additionally known as micro-combined heat and power (mCHP) systems, residential CHP systems normally have a capacity of no more than 15 kWe [10,11]. Due to their smaller volumetric footprint, mCHP systems have a great market potential to be installed in apartments, houses, and duplexes across the world. The five major prime movers utilized in the majority of CHP systems include: reciprocating engines, gas turbines, steam turbines, fuel cells and microturbines [3]. Unfortunately, heat engine technologies tend to have lower electrical efficiency at smaller scales [5,6]. Fuel cells, in contrast, can achieve high electrical efficiency at smaller scales, are quiet due to no moving parts, and have low to zero emissions [6,8,12]. These features make fuel cells ideal prime movers for mCHP systems. Several manufactures have successfully commercialized residential fuel cell-based mCHP systems with thousands of mCHP installations performed in Japan, South Korea and Europe [8,9,13,14].



Fuel cells are electrochemical prime movers that convert chemical energy into electrical energy directly, bypassing the chemical-mechanical-electrical energy conversion processes needed by other prime movers (i.e., internal combustion engine and gas turbine systems) [15]. The two main fuel cell technologies in mCHP systems include proton exchange membrane fuel cells (PEMFCs) and solid oxide fuel cells (SOFCs). In contrast with other fuel cell technologies, SOFCs are considered fuel flexible with the ability to utilize hydrogen, carbon monoxide, and methane as fuel with the byproducts of water and carbon dioxide. These devices consist of two cermet electrodes and a solid ceramic electrolyte. At high operating temperatures (500–1000 °C), the electrolyte permits oxygen ion diffusion to occur across the electrolyte via oxygen vacancies. Although they can use other fuels, hydrogen is the optimal fuel choice for SOFCs due to its faster electrochemical oxidation rate at the triple phase boundary while also eliminating the risk of carbon deposition from occurring [16]. The reforming of fuel to hydrogen, however, is expensive and usually requires complex fuel reformers to be installed in mCHP systems.



Two technologies that have shown promise for mCHP applications are the direct flame SOFC (DFFCs [17,18,19,20]) and flame-assisted SOFC (FFCs [21,22]). These SOFCs utilize partial oxidation as a method to provide the thermal energy needed for operation while reforming the hydrocarbon fuel into hydrogen and carbon monoxide. By utilizing this method for fuel reformation, virtually any hydrocarbon could be used directly in a DFFC/FFC system without the need of any additional reformer or catalysts [17,19,23]. This drastically simplifies SOFC integration into traditional balance of plant systems and removes the extended volume footprint required with current SOFC-based mCHP setups. Previous work with FFC systems utilizing common hydrocarbons found in natural gas (i.e., methane, ethane, propane, and n-butane) have shown promising results with high power densities and fuel utilizations while maintaining stable performance over time [24,25,26,27].



Although there has been numerous studies and advancements in SOFC-based mCHP systems, research into the integration of FFCs into mCHP systems has been limited. Recent work investigating DFFC and FFC based mCHP systems have primarily utilized fuel cell experiments to investigate the potential of the technology in mCHP applications [28,29,30,31,32,33,34] with only one study modeling the entire system and exploring the techno-economics [29]. In 2020, Milcarek et al. integrated micro-tubular FFCs into a residential furnace and investigated the startup, performance and cycling of the mCHP system [35]. The SOFCs demonstrated the ability to withstand 200 thermal cycles while providing quick response times, stable performance, and high CHP efficiency. However, it was concluded that hot water heaters and boilers would have greater benefit with this technology due to a larger market and longer annual operation, providing greater power generation without startup/cooldown losses. Additionally, with only one economic assessment performed focused in China [29], questions regarding the feasibility of this technology in mCHP systems globally linger. Numerous economic assessments have been conducted with traditional SOFC mCHP systems but have yet to be analyzed for a FFC mCHP system.



In this work, a novel hybrid hot water system with an integrated FFC stack model was developed and a detailed techno-economic assessment was performed for various regions in the United States. Using experimental FFC performance data, the power generation of the model was analyzed at various operating conditions and the resulting effects on hot water generation were investigated. The CHP efficiency was calculated and reported. A thorough techno-economic analysis of the hybrid hot water heater was conducted based on four regions in the United States with varying pricing of natural gas and electricity. An estimated payback period using the net present value (NPV) of the hybrid hot water heater savings is reported for various operating conditions and hot water demands for each region considered. This work serves as the first look into incorporating FFCs into gas tank hot water heaters (creating a mCHP system without increasing the volume footprint of the system) and the first work to investigates the economic viability of a hybrid hot water heater in different geographical regions where natural gas prices, electricity prices, and hot water demands vary.




2. Methods


The mCHP model was separated into 5 sections: (1) fuel-rich combustion, (2) heating air for the cathode, (3) SOFC characterization, (4) fuel-lean combustion and (5) hot water heat exchanger. A model of the hybrid hot water heater is shown in Figure 1. In this section, each stage of the hybrid hot water model is presented in depth and the overall contribution to the model is assessed. Utilizing the results achieved in the model, a detailed techno-economic assessment was performed.



2.1. Fuel-Rich Combustion


In this work, the fuel was modeled with pure methane as natural gas is primarily (>90%) methane. The amount of fuel entering the system was held constant at a gas input of 11.72 kWth aligned with commercially available residential gas tank hot water heaters while adjusting the incoming flow rate of air to various fuel/air equivalence ratios. The fuel-air equivalence ratio, Φ, is defined in Equation (1) below where     m ˙   f u e l   /   m ˙   a i r     is the mass fuel/air ratio and     m ˙   f u e l  S  /   m ˙   a i r  S    is the mass fuel/air ratio for the stoichiometric reaction. Using the average heat content of natural gas in the U.S. of 39.98 MJ.m−3 [36], the volumetric flow rate and mass flow rate were calculated. To achieve significant synthesis gas (hydrogen and carbon monoxide) generation for the FFC, fuel-rich equivalence ratios were investigated ranging from 1.1 to 1.6. The mass flow rate of the methane/air mixture at these fuel-rich equivalence ratios are shown in Table 1 below. Equivalence ratios greater than 1.6 were not possible due to the upper flammability limit of methane which is 1.63 at standard temperature and pressure [37]. Ideal gas behavior was assumed throughout the model.


  Φ =     m ˙   f u e l   /   m ˙   a i r       m ˙   f u e l  S  /   m ˙   a i r  S     



(1)







NASA Chemical Equilibrium with Application software (National Aeronautics and Space Administration (NASA), Cleveland, OH, USA, version: rev3a) was used to model the combustion exhaust products by minimizing the Gibbs free energy [38]. It has been shown in previous works that chemical equilibrium is a good approximation for estimating the exhaust species of fuel-rich combustion for FFC systems [27]. The mass flow rate of each species    (   m i   )    was calculated using the molecular weight of the mixture    (  M  W  m i x    )   , molecular weight of the individual gas species    (  M  W i   )   , molar concentration of each species    (   X i   )   , and mass fraction of each species in the exhaust    (   Y i   )    as shown in Equations (2)–(4). The first law of thermodynamics was used to calculate the heat transfer leaving the system, assuming no heat loss and isobaric conditions during the combustion process, as shown below in Equation (5) where hf is the enthalpy of formation, h0 is the enthalpy at standard temperature and pressure for the ith reactant and jth product. The combustion exhaust was modeled at a temperature of 800 °C to prevent damage to the FFC. Any additional thermal energy was transferred to the cathode air or used to heat the water. The thermodynamic properties utilized in this work were from NASA Thermo Build [39,40].


  M  W  m i x   =   ∑ i    X i  M  W i     



(2)






   Y i  =  X i  ∗   M  W i    M  W  m i x        



(3)






    m ˙  i  =  Y i   (    m ˙   f u e l   +   m ˙   a i r    )   



(4)






    Q ˙   o u t   =   ∑ i     m ˙  i     (   h  f , i   −  h i  −  h i 0   )   r  −   ∑ j     m ˙  j     (   h  f , j   −  h j  −  h j 0   )   p         



(5)








2.2. Heating Air for Cathode


The heat released from the fuel-rich combustion must provide sufficient energy to preheat the incoming air utilized by the cathode. The SOFC was modeled to operate at 800 °C, therefore, the air must be heated to a similar temperature to prevent thermal shock. The amount of air flow rate fed to the SOFC is dependent on the fuel/air equivalence ratio of the entire combustion system. In a typical hot water heater, the operating equivalence ratio is below stoichiometric conditions (Φ = 0.6–0.8) to limit the formation of CO, NOx and hydrocarbons in the exhaust.



The equivalence ratios investigated for the fuel-lean combustion ranged from 0.7 to 0.95 by increments of 0.05, maximizing the amount of heat available to be transferred to the water via the heat exchanger while ensuring the oxidation of the hydrocarbons and carbon monoxide in the exhaust. The mass flow rate of the entire system is the mass flow rate of the fuel/air mixture at these fuel-lean conditions and values at each equivalence ratio are shown in Table 2. To calculate the mass flow rate of air that is needed to be preheated for the cathode side of the FFC, Equation (6) was used where ΦL and ΦR are the fuel-lean combustion and fuel-rich combustion equivalence ratios, respectively. The results of these calculations are shown in Table 3 below. Equation (2) was used to determine the amount of energy transfer required to increase the air temperature to 800 °C. A heat transfer efficiency of 0.90 was used to account for any losses that might occur during the heat transfer process. Any additional heat release was sent to the heat exchanger.


    m ˙   a i r   =     m ˙   f u e l      (    m ˙   f u e l  S  /   m ˙   a i r  S   )       ∗   (   1   Φ L    −  1   Φ R     )   



(6)








2.3. Flame-Assisted Fuel Cell


The fuel-rich combustion exhaust and the preheated air for the cathode were both fed to the FFC chamber for power generation. H2 and CO in the combustion exhaust are electrochemically oxidized by the FFC while the other exhaust species are inert during the process. Electrochemical reactions of H2 and CO are shown in Equations (7) and (8) below as a reference. Combining the two reactions, the overall fuel cell reaction is shown in Equation (9). The exhaust species that were inert or did not participate in the electrochemical reaction were not included. To make the fuel cell reaction for 1 mole of syngas, the reaction coefficients for stoichiometric conditions were reduced to reach unity as shown in Equation (10) where a is the moles of CO and b is the number of moles of H2 in the exhaust determined from chemical equilibrium. The reaction coefficients of CO and H2 were determined from chemical equilibrium calculations of the fuel-rich combustion.


   H 2  +  O  2 −   →  H 2  O + 2  e −   



(7)






  C O +  O  2 −   → C  O 2  + 2  e −     



(8)






  C O +  H 2  +  O 2  → C  O 2  +  H 2  O    



(9)






   a  a + b   C O +  b  a + b    H 2  +  1 2   O 2  →  a  a + b   C  O 2  +  b  a + b    H 2  O    



(10)







The reversible voltage of the FFC (E0) is calculated in Equation (11) using the Gibbs free energy of the reaction at the operating temperature and one atmosphere (  Δ  g  r x n  0   ) divided by the number of moles of electrons available to be transferred in syngas (n = 2 e−·mol−1) and the Faraday’s constant (F = 96,485 C·mol−1). However, this does not account for the dilution of the syngas by the inert exhaust species that were in the exhaust. To account for this dilution, the Nernst equation is used as shown in Equation (12) where R is the universal gas constant and K is the equilibrium constant. The equilibrium constant (K) is defined in Equation (13) as the products of activities of the reactants and products    (   a i   )    raised to their stoichiometric coefficient (   v i  )  . For an ideal gas, the activity of species      a i    equals the unitless partial pressure of the said species,    P i    (   a i  =    P i     P 0      w h e r e    P 0  = 1   a t m )  . The partial pressures also can be expressed as mole fractions (   X i  )   by the same ideal gas assumption. For the overall fuel cell reaction in Equation (10), the equilibrium constant is defined in Equation (14). Combining equation Equations (11), (12), and (14), the reversible potential of the FFC can be modeled using Equation (15).


   E 0  =   Δ  g  r x n  0    n F    



(11)






  E =  E 0  +   R T   n F   ln  ( K )   



(12)






  K =    ∏     a  r e a c t a n t s    v i       ∏     a  p r o d u c t s    v i      =    ∏     P i  v i      r e a c t a n t s      ∏     P i  v i      p r o d u c t s     =    ∏     X i  v i      r e a c t a n t s      ∏     X i  v i      p r o d u c t s      



(13)






  K =  X  C O    a  a + b      ∗     X   H 2     b  a + b      ∗     X   O 2     1 2     ∗     X  C  O 2      − a   a + b      ∗     X   H 2  O     − b   a + b      



(14)






  E =   Δ  g  r x n  0    n F   +   R T   n F   ln  (   X  C O    a  a + b      ∗     X   H 2     b  a + b      ∗     X   O 2     1 2     ∗     X  C  O 2      − a   a + b      ∗     X   H 2  O     − b   a + b      )   



(15)







The FFC cannot electrochemically convert all the syngas available in the exhaust to electrical energy. Some of the energy is converted into heat while some of the syngas passes through the FFC without being converted. The fuel utilization of the FFC quantifies how well the FFC can convert the energy into current at a given operating voltage as defined in Equation (16). The fuel utilization varies with equivalence ratio, flow rate and operating voltage [24,25]. Therefore, to illustrate the full range of the hybrid systems potential, the fuel utilization was a dependent variable, ranging from 0.4 to 0.9. By using the thermoneutral voltage, defined in Equation (17), operating voltage (V), and current generated (i), the heat generated (Ph) from the FFC can be calculated using Equation (18). Current generated can be related to the molar flow rate of syngas supplied to the FFC ( v ), moles of electrons available to transfer and Faraday’s constant as shown in Equation (19). The thermoneutral voltage (EH) of the FFC is calculated using the change of enthalpy of the fuel cell reaction (in Equation (10)) divided by the number of moles of electrons and the Faraday’s constant.


   ε  F . U .   =    H 2    a n d   C O   c o n s u m e d   i n   F F C   T o t a l    H 2    a n d   C O   a v a i l a b l e   i n   e x h a u s t    



(16)






   E H  =   Δ  h  r x n  0    n F    



(17)






   P h  =  (   E H  − V  )  ∗ i  



(18)






  i = n F  (  v ∗  ε  F . U .    )   



(19)







The molar flow rate of CO2 and H2O generated by the electrochemical process is calculated using the fuel utilization and the molar flow rate of CO and H2 following Equations (7) and (8), respectively. The amount of oxygen consumed is calculated using the definition of current shown in Equation (20) below and the number of moles of electrons equaling 4.


  v =  i  n F    



(20)








2.4. Fuel-Lean Combustion


The syngas not electrochemically oxidized by the FFC with the air supplied to the cathode is then combusted at fuel-lean conditions to ensure maximum exhaust temperature is achieved for the hot water heat exchanger. The chemical reaction of the oxidation process is shown in Equation (21) where: a and b are the moles of CO and H2 after fuel-combustion and a1 and b1 are the moles of CO and H2 that were consumed by the fuel cell. The temperature of the products of the combustion process in Equation (21) was calculated using Equation (22), assuming isobaric and adiabatic conditions. The reactants were modeled to be at 800 °C, using the assumption that the thermal energy generated by the FFC is transferred to the hot water via the heat exchanger and not to the temperature of the reactants. The products of the fuel-lean combustion are afterwards sent to the heat exchanger where the thermal energy of the flue gas is transferred to the water.


     (  a − a 1  )  C O   +  (  b − b 1  )   H 2  + c  O 2  + d  N 2  + e A r + f C  O 2  + g  H 2  O      →  (  a − a 1 + f  )  C  O 2  +  (  b − b 1 + g  )   H 2  O +  (  c −    (  a − a 1  )  +  (  b − b 1  )  + y  2   )   O 2  + d  N 2  + e A r    



(21)






    ∑  i    m ˙  i     (   h  f , i   −  h i  −  h i 0   )   r  =   ∑  i    m ˙  i     (   h  f , j   −  h j  −  h j 0   )   p       



(22)








2.5. Heat Exchanger


A typical residential building with 3 people uses 0.2434 m3 of water a day with a temperature increase of 42.8 °C as defined by the US Department of Energy [41]. Using Equation (23), the daily energy consumption to heat the hot water to temperature at the given flow rate was calculated to be 43.3 MJ. To create a baseline to compare the hybrid hot water against, a commercially available residential model was used. Residential hot water heaters come in a variety of sizes, efficiencies, and burner/heat exchanger technologies. In this study, a typical residential natural gas tank hot water heater with a thermal heat input of 11.72 kWth was chosen. The baseline hot water heater was modeled to operate at a fuel-lean equivalence ratio of 0.7 and have a Uniform Energy Factor (UEF) of 0.63 which is typical in the United States [42,43]. The flue gas temperature exiting the hybrid system and the baseline system was assumed to be 70 °C to prevent any of the water vapor in the exhaust from condensing.


    Q ˙   i n   = ρ  V ˙   C  p , a v g    (   T  h o t   −  T  c o l d    )   



(23)







The thermal, electrical, and combined CHP efficiencies were calculated using Equations (25)–(27) for FFC hybrid hot water heater at various operating conditions including variations in operating fuel-rich, fuel-lean, voltage, and fuel utilization conditions. Fuel-rich (partial oxidation) was varied from an equivalence ratio of 1.1 to 1.6, the fuel-lean combustion was varied between an equivalence ratio of 0.7 to 0.95, operating voltage from 0.5 to 0.7, and fuel utilization from 0.4 to 0.9.


   ε  t h   =   H e a t   t r a n s f e r r e d   t o   w a t e r   T o t a l   c h e m i c a l   e n e r g y   e n t e r i n g   s y s t e m          



(24)






   ε e  =   E l e c t r i c a l   p o w e r   g e n e r a t e d   T o t a l   c h e m i c a l   e n e r g y   e n t e r i n g   s y s t e m        



(25)






   ε  C H P   =  ε  t h   +  ε e       



(26)








2.6. Techno-Economic Methodology


The techno-economics of the residential mCHP hot water heater are next evaluated for the census regions of the United States, including the West, South, Midwest, and Northeast, divided as described in literature [44]. The average price of electricity [45] and average price of natural gas [46] in 2019 of states in these regions are tabulated in Table 4.



The residential annual increase rate from 2015 to 2019 for electricity usage (ie) [45] and natural gas (ing) [46] between states in these regions are tabulated in Table 5.



Table 6 shows the annual energy usage for water heating based on the census region using the annual energy usage per household in each region [47] and the U.S. average consumption share of water heating (19%).



2.6.1. Baseline Scenario One (Electric Water Heater)


Two baselines are established for comparison in the techno-economic model. The first baseline scenario is of an electric hot water heater without CHP. This system was selected for analysis due to its popularity, although replacement of an electric water heating system with the hybrid system may not be possible (i.e., without additional costs) if there is not natural gas plumbed to the residential area. The 2020 typical electric water heater described in [42] has an average installed capital cost of $850, a uniform energy factor (UEF) of 0.93, and an average lifetime (T) of 13 years.



The net present cost (NPC) of operational costs is found for each region using Equation (27) to determine the total cost of water heating over the water heater’s lifetime in today’s dollars. In this equation, UC denotes the electricity usage cost for each region—dependent on the water heating energy, UEF of the water heater, and bundled usage cost for that region. Recall ie is the annual increase rate in the cost of electricity usage in the respective region and r is the discount rate, or the rate of return of investments with similar risk in financial markets. Since water heating is necessary, this discount rate is simply taken as the inflation rate from 2018 to 2019 of 1.76% [48].


  N P  C  b a s e l i n e , e   =   ∑  t = 0  T     U C    (  1 +  i e   )   t       (  1 + r  )   t         



(27)








2.6.2. Baseline Scenario Two (Natural Gas Water Heater)


The other baseline scenario considered is of natural gas hot water heater without CHP. This baseline scenario considers the 2020 typical gas-fired water heater described in [42] with an average installed capital cost of $1925, a uniform energy factor (UEF) of 0.63, and an average lifetime (T) of 13 years.



The net present cost (NPC) of natural gas water heating operational costs is found for each region using Equation (28) to determine the total cost of water heating over the water heater’s lifetime in today’s dollars. In this equation, NGC denotes the natural gas usage cost for each region—dependent on the water heating energy, UEF of the water heater, heating value of the natural gas (39.98 MJ·m−3) and bundled natural gas usage cost for that region. Recall ing is the annual increase rate in the cost of natural gas usage in the respective region and r is simply taken as the inflation rate from 2018 to 2019 of 1.76% [48].


  N P  C  b a s e l i n e , n g   =   ∑  t = 0  T     N G C    (  1 +  i  n g    )   t       (  1 + r  )   t           



(28)







2.6.3. mCHP Hybrid Water Heater Cost


Before savings occur, the capital cost of the mCHP hot water heater is paid in full up front. Based on the heating energy supplied to the water shown in Table 6, the natural gas input (NGI) to the mCHP system and resulting electricity generation are calculated and shown in Table 7 for a system with fuel-rich and fuel-lean equivalence ratios of 1.6 and 0.8, respectively. Note that based on a typical residential unit with 3 people using 0.243 m3 of water per day with a temperature increase of 42.8 °C, this equals an average annual mass of water heated of 88,784 kg/year. Since the average number of occupants in a U.S. household in 2020 is 2.53 [49], the values reported in Table 7 are reasonable.



Recall the mCHP water heater operates on natural gas and generates electricity. Therefore, the NPC of operation is described by Equation (29), where NGUC is the natural gas usage cost to heat the same amount of water as the baseline case and UGC is the annual cost of electricity generated by the system while heating the water. The same lifetime (T) of 13 years is considered, however the discount rate for CHP replacements is typically 7% [50]. Throughout the 13-year lifetime, the fuel cell is calculated to only operate for a maximum of 6842 h in the Northeast and Midwest regions. Noticeable degradation for some state-of-the-art SOFC mCHP systems is not observed until 20,000 h [14] so degradation in the fuel cell performance is not considered. The installed capital cost is assumed to be the same as the natural gas baseline scenario with an additional $1253 cost of the fuel cell and installation.


  N P  C  m C H P   =   ∑  t = 0  T     N G U C    (  1 +  i  n g    )   t  − U G C    (  1 +  i e   )   t       (  1 + r  )   t     



(29)







The total savings (TSe) associated with replacing a typical electric water heater with the proposed mCHP water heater is described by Equation (30). This formulation is simply the new cost of water heating subtracted from the original cost.


  T  S e  =   ∑  t = 0  T     U C    (  1 +  i e   )   t       (  1 + r  )   t    −   N G U C    (  1 +  i  n g    )   t  − U G C    (  1 +  i e   )   t       (  1 + r  )   t     



(30)







Similarly, the total savings (TSng) associated with replacing a typical natural gas water heater with the proposed mCHP water heater is described by Equation (31).


  T  S  n g   =   ∑  t = 0  T     N G C    (  1 +  i  n g    )   t       (  1 + r  )   t    −   N G U C    (  1 +  i  n g    )   t  − U G C    (  1 +  i e   )   t       (  1 + r  )   t     



(31)











3. Results


3.1. Fuel-Rich Reforming Characterization


The adiabatic flame temperature and exhaust gas composition of the fuel-rich combustion were calculated using NASA CEA and results are shown in Figure 2. As suspected, the flame temperature decreases as the equivalence ratio increases as shown in Figure 2A. This occurs because the chemical energy in the excess fuel is not converted to thermal energy. Instead, the excess fuel requires energy to increase the temperature from ambient to the adiabatic temperature. Notwithstanding this decrease in available thermal energy as equivalence ratio increases, there was sufficient thermal energy available in the exhaust to preheat the incoming air for the cathode at heat exchanger efficiency of 90% while maintaining the temperature of the exhaust species above 800 °C. The amount of energy available after preheating the cathode air is shown in Table 8 below. This excess heat is directed to the fuel-lean combustion products to increase the temperature prior to entering the heat exchanger.



With the decrease in complete combustion, which occurs at or above stoichiometry, the formation of H2 and CO becomes more favorable as the equivalence ratio increases, as shown in Figure 2B. As a result, the CO2 and H2O concentration decreases as the equivalence ratio increases. The maximum synthesis gas production occurred at an equivalence ratio of 1.6 with an H2 molar concentration of 10.1% and CO molar concentration of 9.3%. As a result, the power generation from the FFCs is expected to be the highest at an equivalence ratio of 1.6. Although higher H2 and CO concentrations can be achieved at equivalence ratios greater than 1.6 according to NASA CEA, the risk of soot formation is significant as the equivalence ratio increases above 1.7 for methane [51]. In addition, the mixture needs to be pre-heated in order to have sufficient thermal energy to prevent flame quenching (i.e., above the upper flammability limit) observed in conventional burners at equivalence ratios greater than 1.64 [37].




3.2. FFC Performance


The fuel cell performance at various fuel utilizations for an operating voltage of 0.5, 0.6 and 0.7 are shown in Table 9, Table 10 and Table 11, respectively. For a given fuel-rich equivalence ratio, the electrical power generated is constant for all fuel-lean equivalence ratios. This is due to the fact that the fuel-lean combustion process occurs after the FFC and does not influence the FFC in any manner. As the fuel utilization increased for a given operating voltage, the power generated increased as expected. In comparing the power generated between operating voltages at the same fuel utilization, the higher operating voltage results in a higher power output. However, in physical applications of FFCs, as the operating voltage increases, the fuel utilization of the FFC decreases [24]. Nevertheless, results from the hybrid model illustrates the potential power generation if the operating condition and fuel utilization are optimized for the given system.




3.3. Fuel-Lean Combustion Characterization


After the fuel containing exhaust mixture exits the FFC, it is modeled to undergo complete oxidization at fuel-lean conditions to ensure no H2 or CO are present in the exhaust. The fuel-lean combustion equivalence ratio was varied from 0.7 to 0.95. The temperature of the fuel-lean exhaust is dependent on four variables: operating voltage of the FFCs, the fuel utilization of the FFCs, operating fuel-rich equivalence ratio and fuel-lean equivalence ratio. Therefore, to prevent data saturation in this work, only two conditions are shown for reference. The exhaust temperature of the fuel-lean combustion process as a function of fuel-rich and fuel-lean equivalence ratios at an operating voltage of 0.6 and fuel utilization of 0.5 and 0.7 are shown in Table 12 and Table 13 below, respectively. As the fuel-rich equivalence ratio increases, the temperature of the exhaust decreases for a given fuel-lean equivalence ratio. This is a result of more fuel being electrochemically converted to electrical power rather than thermal energy. For a given fuel-rich equivalence ratio however, the temperature increases as the fuel-lean equivalence ratio increases closer to stoichiometry. The excess air at extreme fuel-lean conditions acts such as a heat sink in the combustion exhaust due to the significant amount of excess O2 and N2 that is heated to the same final temperature. The increase in mass of O2 and N2 is demonstrated in Table 2 where a change from ΦL = 0.95 to ΦL = 0.70 increased the air mass flow rate by 35.7%. In the same manner, the change from ΦL = 0.95 to ΦL = 0.70 decreased the exhaust temperature by 20% as demonstrated in Table 12 and Table 13. Similar to the increase in fuel-rich equivalence ratio, the increase in fuel utilization has an adverse effect on the exhaust temperature as shown by comparing and Table 13 below. As shown in Equation (16), the fuel utilization of the FFC is the percentage of fuel converted to electrical power divided by the total amount of energy available to be converted in the fuel. By increasing the fuel utilization, the amount of fuel available to be combusted decreases, thus decreasing the exhaust temperature.




3.4. Hybrid Hot Water Heater Performance Characterization


As discussed previously, the temperature of the exhaust is dependent on the fuel utilization, operating voltage, fuel-rich equivalence ratio and fuel-lean equivalence ratio. This, as a result, affects the amount of heat that can be transferred to the water. As stated in the Section 2, to perform a comparison between the baseline hot water heater and the hybrid hot water heater for all variables, the final exhaust temperature was held constant at 70 °C. For an operating voltage of 0.6 and fuel utilization of 0.7, the amount of heat transferred to the water as a function of fuel-rich/fuel-lean equivalence ratios is shown in Table 14 below as a reference.



One key finding in this work is that for a given fuel-rich equivalence ratio, fuel utilization, and operating voltage, the heat transferred as function of fuel-lean equivalence ratio is nearly constant. This occurs notwithstanding the temperature decrease at lower fuel-lean equivalence ratios. With the heat transfer relatively constant at different fuel-lean equivalence ratios, the calculated thermal efficiency is relatively constant by extension. Additionally, as stated in Section 3.2, the power generation (and by addendum, electrical efficiency) is only a function of fuel-rich equivalence ratios, operating voltage, and fuel utilization. Therefore, the combined heat and power efficiency is constant for all fuel-lean conditions for the given operating conditions. This is shown in Figure 3A below. The cause of the near constant heat transfer for each fuel-lean equivalence ratio is due to the increasing mass flow rate as the temperature of the exhaust decreases, as demonstrated in Figure 3B. The increase in mass flow rate counteracts the decrease in temperature to provide similar total heat transfer to the water via the heat exchanger using Equation (5). While this thermodynamic model indicates that fuel-lean equivalence ratio will have limited impact on the efficiency, it is well known that a higher temperature gradient across the heat exchanger improves the rate of heat transfer. As a result, practical applications may observe slight differences and the size of the heat exchanger may be impacted.



In holding the fuel-lean equivalence ratio constant and varying the fuel-rich equivalence ratio at a fuel utilization of 0.7 and operating voltage of 0.6, the thermal, electrical and CHP efficiencies were calculated, and results are shown in Figure 4 below. As the fuel-rich equivalence ratio increased, the electrical efficiency increased. This is to be expected due to the increase in synthesis gas concentration in the exhaust as seen in Figure 2B. With the increased amount of fuel in the exhaust, the FFC was able to convert a greater amount of chemical energy to electrical power even though the fuel utilization was held constant. In a similar manner, the thermal efficiency decreased as the fuel-rich equivalence ratio increased due to the same principle. However, the increase in electrical efficiency is greater than the decrease in thermal efficiency as a function of fuel-rich equivalence ratio, resulting in an increase in CHP efficiency. The maximum CHP efficiency calculated for these operating conditions is 91.0% at a fuel-rich equivalence ratio of 1.6 with thermal and electrical efficiencies of 78.2% and 12.8%, respectively.



In addition to fuel-lean/rich equivalence ratios, the effects that fuel utilization and operating voltage have on the hybrid hot water system were investigated. Both operating conditions affect the performance of the FFC which in turn affects the thermal and electrical efficiency of the system. The fuel utilization was varied from 0.4 to 0.9 at a constant operating voltage, fuel-rich equivalence ratio and fuel-lean equivalence ratio of 0.6, 1.6, and 0.8, respectively. The thermal and electrical efficiencies of the hybrid system at these conditions are shown in Figure 5A,B. As the fuel utilization increases, the thermal efficiency decreases while the electrical efficiency increases. The difference between the electrical and thermal efficiency increased as the fuel-rich equivalence ratio increased at different fuel utilizations. At an equivalence ratio of 1.6, thermal efficiencies decreased by ~1% with a 10% increase in fuel utilization. In contrast, electrical efficiencies increased by ~1.8% with a 10% increase in fuel utilization. The highest electrical efficiency and lowest thermal efficiency occurred at the highest fuel utilization for the given fuel-rich equivalence ratio. However, high fuel utilization (>70%) can be difficult to achieve in actual systems. Further research is warranted to optimize the active surface area necessary to achieve these higher efficiencies for FFCs.



After investigating fuel utilization effects, the effects of operating voltage of the FFC on the efficiencies of the hybrid system were explored. The operating voltage of an FFC typically ranges from 0.5 V to 0.7 V. At lower operating voltages, more current density can be achieved, resulting in greater fuel utilization and power generation. This can be demonstrated in a polarization curve of a fuel cell. However, operating at lower voltages for an extended period of time can damage the fuel cell. In contrast, at higher operating voltages, the current density achieved is much lower, but the fuel cell is at less risk of irreversible damage and operates more efficiently. Therefore, in this analysis, the operating voltage was investigated from 0.5 to 0.7 V at two fuel utilizations, 50% and 80% to provide a broad characterization of how the operating voltage affects the performance of the system. The thermal and electrical efficiencies as a function of fuel-rich equivalence ratio at a fixed fuel-lean equivalence ratio of 0.8 are shown in Figure 5C,D. As the operating voltage increases, the power generation increases which results in a greater electrical efficiency. The increase in electrical efficiency adversely affects the thermal efficiency. As shown in Equation (18), increasing the operating voltage decreases the heat released by the FFC. This lack of heat generation affects the exhaust temperature of the combustion process which directly affects the thermal efficiency. While operating voltage and fuel utilization are dependent on each other as shown in fuel cell polarization curves, additional work is warranted to develop FFCs that operate at higher operating voltages while producing significant current to achieve high fuel utilization.




3.5. Techno-Economic Analysis


The cost of water heating for the electric water heater baseline scenario is first analyzed with consideration of the $850 capital investment cost paid up front using Equation (27). The NPC of the operational costs throughout the water heater’s lifetime and the total cost of the system for each region is tabulated in Table 15.



The cost of water heating for the natural gas water heater baseline scenario is next analyzed with consideration of the $1925 electric water heater’s capital investment cost paid up front using Equation (28). The NPC of the lifetime electric water heater operation is tabulated in Table 16.



Next, the cost of water heating for the mCHP hybrid water heater is analyzed using Equation (29). The results shown in Table 17 are intriguing, as the cost of water heating with mCHP is very close in the West and Midwest even though these region’s demands are significantly different. The reason for this is the difference in utility costs, where the Midwest is the lowest price for both electricity and natural gas usage. All of these regions see a reduced annual cost of water heating from either baseline tested.



Figure 6 shows the total savings from using a mCHP water heater compared to the electric water heater (TSe) for each year t and for each region, deduced from Equation (30). It is observed that all regions experience negative savings in the first year (year 0) due to higher capital costs, but all regions have positive savings within the first 6 years of operation (i.e., additional capital costs are recovered within six years of operation). The payback period is the fastest in the Northeast between 1–2 years, then the Midwest between 2–3 years, the West between 4–5 years, and the South between 5–6 years.



Figure 7 shows the total savings from using an mCHP water heater compared to a natural gas water heater (TSng) for each year t and for each region, deduced from Equation (31). Similar to the electric water heater case, all regions experience negative savings in the first year (year 0) due to higher capital costs for the mCHP system. However, since the capital cost of the natural gas water heater is greater than the electric water heater, the difference in capital investment is not as large. Although the difference in capital investment is less, the payback period is longer for each region. For example, the Northeast has a payback period of approximately 4 years, the Midwest of approximately 7 years, the South between 7–8 years, and the West between 9–10 years.



Replacement of a natural gas water heater with the mCHP water heater is not as attractive as replacement of an electric water heater. Resulting from lower utility costs, the annual cost of natural gas input is much less than the annual cost of electricity input to achieve the same water heating even though the UEF of the electric water heater is greater than the natural gas water heater. In addition, it is important to remember that replacement of an electric system with the hybrid system may not be feasible depending on natural gas plumbing.



Due to the Northeast having one of the largest hot water demands, highest electricity usage cost, highest natural gas usage cost, and highest annual increase rate in both of these utility costs, the hybrid hot water heater is most attractive in this region when compared to both baseline scenarios. The Midwest, having a hot water demand equal to the Northeast, has the second fastest payback period when replacing either baseline water heater with the hybrid system. However, the payback period is longer when replacing a natural gas water heater since this region has the lowest natural gas usage costs and they are considered to be decreasing based on annual trends. The South has the next highest hot water demand and the lowest electrical usage cost, so it has the longest payback when replacing an electric water heater. The West, having the lowest hot water demand and a decreasing natural gas usage cost, has the longest payback period when replacing a natural gas water heater.





4. Conclusions


In this work, a hybrid hot water heater with an integrated FFC model was developed and a techno-economic analysis was performed. The performance of the hot water heater was dependent on the operating conditions including the fuel-rich combustion equivalence ratio, the operating voltage of the FFC, and the fuel utilization of the FFC. The dependence of the fuel-lean combustion equivalence ratio after the FFC was investigated and was determined to provide minimal effect on the overall performance of the system. The temperature of the exhaust leaving the hybrid combustion system was determined to be dependent on the mass flow rate of the system while operating at a set fuel-rich equivalence ratio, operating voltage, and fuel utilization. The hybrid hot water heater model demonstrated that CHP efficiencies greater than >90% with electrical efficiencies as high as 16% are possible. As the fuel-rich equivalence increases, the electrical and thermal efficiencies vary more at different fuel utilizations, providing greater performance increase for each increase in fuel-rich equivalence ratio. To obtain optimal performance, high fuel utilization coupled with higher operating voltages are desirable. With practical FFC operating conditions, (   ε  F U     = 70% and V = 0.6 V) the CHP efficiency was 91.0% with an electrical efficiency of 12.8%.



The hybrid hot water heater replacement of electric hot water heaters proves to be economically feasible in all regions of the United States with the longest payback period being less than 6 years in the South region. However, this may not be feasible depending on natural gas availability. A maximum cost savings of $10,868 in the Northeast region of the United States is achieved and a minimum cost savings of $2696 is achieved in the South. Replacement of natural gas hot water heaters with the hybrid system is less economically viable with payback periods spanning from approximately 4 years in the Northeast to between 9–10 years in the west. These savings only consider a 13 year lifetime, however the mCHP system may also achieve replacement cost savings if the FFC does not see noticeable degradation within this 13 year time period. Future work in this techno-economic analysis will consider these replacement savings and the degradation of the FFC throughout its lifetime.
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Figure 1. (A) The proposed model of the hybrid hot water heater with the FFCs integrated into the combustion chamber and (B) the 5 sections of the mCHP model. 
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Figure 2. The (A) adiabatic flame temperature and (B) the exhaust composition of the fuel-rich methane/air combustion as a function of fuel-rich equivalence ratio. 
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Figure 3. (A) The thermal, electrical, and combined heat and power (CHP) efficiencies of the hybrid hot water heater as a function of fuel-lean equivalence ratio with an operating voltage of 0.6, fuel-rich equivalence ratio of 0.8, and fuel utilization of 0.7 and (B) the temperature and mass flow rate as a function of fuel-lean equivalence ratio. 
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Figure 4. The thermal, electrical, and combined heat and power (CHP) efficiencies of the hybrid hot water heater as a function of fuel-rich equivalence ratio with an operating voltage of 0.6, fuel-lean equivalence ratio of 0.8, and fuel utilization of 0.7. 
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Figure 5. Thermal and electrical efficiencies of the hybrid hot water heater as a function of fuel-rich equivalence ratio at various fuel utilizations and operating voltages at fuel-lean equivalence ratio of 0.8., (A)    ε  t h     when    ε  F U     = 40–90%, operating voltage 0.6 V, (B)    ε e    when    ε  F U     = 40–90%, operating voltage 0.6 V, (C)    ε  t h     at 0.5–0.7 V,    ε  F U     = 50%/80% and (D)    ε e    at 0.5–0.7 V,    ε  F U     = 50%/80%. 
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Figure 6. Total Savings vs. Year of Operation for mCHP Water Heater replacement of electric water heater. 
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Figure 7. Total Savings vs. Year of Operation for mCHP Water Heater replacement of natural gas water heater. 
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Table 1. Mass flow rates of CH4 and air at various fuel-rich equivalence ratios.






Table 1. Mass flow rates of CH4 and air at various fuel-rich equivalence ratios.





	Equivalence Ratio

(Fuel-Rich)
	CH4

(g/s)
	Air

(g/s)
	CH4/Air Flow Rate

(g/s)





	ΦR = 1.1
	0.199
	3.109
	3.308



	ΦR = 1.2
	0.199
	2.850
	3.049



	ΦR = 1.3
	0.199
	2.630
	2.829



	ΦR = 1.4
	0.199
	2.443
	2.642



	ΦR = 1.5
	0.199
	2.280
	2.479



	ΦR = 1.6
	0.199
	2.137
	2.336
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Table 2. Mass flow rates of CH4 and air at various fuel-lean equivalence ratios.






Table 2. Mass flow rates of CH4 and air at various fuel-lean equivalence ratios.





	Equivalence Ratio

(Fuel-Lean)
	CH4

(g/s)
	Air

(g/s)
	Total Flow Rate

(g/s)





	ΦL = 0.70
	0.199
	4.885
	5.084



	ΦL = 0.75
	0.199
	4.559
	4.758



	ΦL = 0.80
	0.199
	4.275
	4.474



	ΦL = 0.85
	0.199
	4.023
	4.222



	ΦL = 0.90
	0.199
	3.800
	3.999



	ΦL = 0.95
	0.199
	3.600
	3.799
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Table 3. Mass flow rate of air that is sent to the cathode at various fuel-rich/fuel-lean conditions.






Table 3. Mass flow rate of air that is sent to the cathode at various fuel-rich/fuel-lean conditions.





	Equivalence Ratio
	ΦR = 1.1

(g/s)
	ΦR = 1.2 (g/s)
	ΦR = 1.3 (g/s)
	ΦR = 1.4 (g/s)
	ΦR = 1.5 (g/s)
	ΦR = 1.6 (g/s)





	ΦL = 0.70
	1.776
	2.035
	2.255
	2.443
	2.605
	2.748



	ΦL = 0.75
	1.451
	1.710
	1.929
	2.117
	2.280
	2.422



	ΦL = 0.80
	1.166
	1.425
	1.644
	1.832
	1.995
	2.137



	ΦL = 0.85
	0.914
	1.173
	1.393
	1.580
	1.743
	1.886



	ΦL = 0.90
	0.691
	0.950
	1.169
	1.357
	1.520
	1.662



	ΦL = 0.95
	0.491
	0.750
	0.969
	1.157
	1.320
	1.462
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Table 4. Electricity usage (calculated from [45]) and natural gas usage (calculated from [46]) 2019 average pricing based on census regions in the United States.






Table 4. Electricity usage (calculated from [45]) and natural gas usage (calculated from [46]) 2019 average pricing based on census regions in the United States.










	
	Electricity Usage Cost (USD/kWh)
	Natural Gas Usage Cost (USD/m3)





	West
	0.144
	0.420



	South
	0.115
	0.439



	Midwest
	0.125
	0.295



	Northeast
	0.188
	0.485
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Table 5. Annual residential electricity usage (calculated from [45]) and natural gas usage (calculated from [46]) average increase rates from 2015 to 2019 for different regions in the United States.
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	Electricity Usage Cost Increase (%)
	Natural Gas Usage Cost Increase (%)





	West
	0.8
	−3.2



	South
	0.6
	0.7



	Midwest
	1.0
	−1.9



	Northeast
	1.4
	1.4
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Table 6. Annual residential hot water usage for U.S. regions.






Table 6. Annual residential hot water usage for U.S. regions.









	
	Water Heating Energy (kWh)





	West
	3341.0



	South
	3839.2



	Midwest
	5246.0



	Northeast
	5246.0
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Table 7. Annual mass of water heated, mCHP natural gas consumption and electricity generation for different regions in the United States.






Table 7. Annual mass of water heated, mCHP natural gas consumption and electricity generation for different regions in the United States.





	Region
	Water Heated (kg)
	NGI (m3)
	EUG (kWh)





	West
	61,783
	366.1
	504



	South
	70,996
	420.7
	579



	Midwest
	97,010
	574.8
	791



	Northeast
	97,010
	574.8
	791
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Table 8. The amount of heat that is left over to be sent to the water from the fuel-rich combustion.






Table 8. The amount of heat that is left over to be sent to the water from the fuel-rich combustion.





	Equivalence Ratio
	ΦR = 1.1 (Wth)
	ΦR = 1.2 (Wth)
	ΦR = 1.3 (Wth)
	ΦR = 1.4 (Wth)
	ΦR = 1.5 (Wth)
	ΦR = 1.6 (Wth)





	ΦL = 0.70
	3461.4
	2586.6
	1826.0
	1175.4
	614.6
	126.4



	ΦL = 0.75
	3732.3
	2857.5
	2096.9
	1446.3
	885.5
	397.3



	ΦL = 0.80
	3969.3
	3094.5
	2334.0
	1683.4
	1122.6
	634.4



	ΦL = 0.85
	4178.5
	3303.7
	2543.2
	1892.6
	1331.7
	843.5



	ΦL = 0.90
	4364.4
	3489.6
	2729.1
	2078.5
	1517.7
	1029.5



	ΦL = 0.95
	4530.8
	3656.0
	2895.4
	2244.8
	1684.0
	1195.8
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Table 9. Power generated (W) by the FFCs as a function of fuel utilization at an operating voltage of 0.5 V.






Table 9. Power generated (W) by the FFCs as a function of fuel utilization at an operating voltage of 0.5 V.





	Equivalence Ratio
	     ε  F . U .   =   0.4   ( W )    
	     ε  F . U .   =   0.5   ( W )    
	     ε  F . U .   =   0.6   ( W )    
	     ε  F . U .   =   0.7   ( W )    
	     ε  F . U .   =   0.8   ( W )    
	     ε  F . U .   =   0.9   ( W )    





	ΦR = 1.1
	181.7
	227.2
	272.6
	318.0
	363.4
	408.9



	ΦR = 1.2
	319.2
	399.0
	478.8
	558.6
	638.4
	718.1



	ΦR = 1.3
	440.4
	550.5
	660.6
	770.7
	880.8
	990.9



	ΦR = 1.4
	545.1
	681.4
	817.7
	954.0
	1090.3
	1226.6



	ΦR = 1.5
	636.1
	795.2
	954.2
	1113.2
	1272.3
	1431.3



	ΦR = 1.6
	715.8
	894.8
	1073.7
	1252.7
	1431.6
	1610.6
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Table 10. Power generated (W) by the FFCs as a function of fuel utilization at an operating voltage of 0.6 V.






Table 10. Power generated (W) by the FFCs as a function of fuel utilization at an operating voltage of 0.6 V.





	Equivalence Ratio
	     ε  F . U .   =   0.4   ( W )    
	     ε  F . U .   =   0.5   ( W )    
	     ε  F . U .   =   0.6   ( W )    
	     ε  F . U .   =   0.7   ( W )    
	     ε  F . U .   =   0.8   ( W )    
	     ε  F . U .   =   0.9   ( W )    





	ΦR = 1.1
	218.1
	272.6
	327.1
	381.6
	436.1
	490.7



	ΦR = 1.2
	383.0
	478.8
	574.5
	670.3
	766.0
	861.8



	ΦR = 1.3
	528.5
	660.6
	792.7
	924.8
	1056.9
	1189.0



	ΦR = 1.4
	654.2
	817.7
	981.2
	1144.8
	1308.3
	1471.9



	ΦR = 1.5
	763.4
	954.2
	1145.0
	1335.9
	1526.7
	1717.6



	ΦR = 1.6
	859.0
	1073.7
	1288.4
	1503.2
	1717.9
	1932.7
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Table 11. Power generated (W) by the FFCs as a function of fuel utilization at an operating voltage of 0.7 V.






Table 11. Power generated (W) by the FFCs as a function of fuel utilization at an operating voltage of 0.7 V.





	Equivalence Ratio
	     ε  F . U .   =   0.4   ( W )    
	     ε  F . U .   =   0.5   ( W )    
	     ε  F . U .   =   0.6   ( W )    
	     ε  F . U .   =   0.7   ( W )    
	     ε  F . U .   =   0.8   ( W )    
	     ε  F . U .   =   0.9   ( W )    





	ΦR = 1.1
	254.4
	318.0
	381.6
	445.2
	508.8
	572.4



	ΦR = 1.2
	446.8
	558.6
	670.3
	782.0
	893.7
	1005.4



	ΦR = 1.3
	616.5
	770.7
	924.8
	1078.9
	1233.1
	1387.2



	ΦR = 1.4
	763.2
	954.0
	1144.8
	1335.6
	1526.4
	1717.2



	ΦR = 1.5
	890.6
	1113.2
	1335.9
	1558.5
	1781.2
	2003.8



	ΦR = 1.6
	1002.1
	1252.7
	1503.2
	1753.7
	2004.2
	2254.8
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Table 12. Exhaust temperature after the fuel-lean combustor as a function of fuel-rich and fuel-lean equivalence ratios at an operating voltage of 0.6 V and fuel utilization of 0.5.






Table 12. Exhaust temperature after the fuel-lean combustor as a function of fuel-rich and fuel-lean equivalence ratios at an operating voltage of 0.6 V and fuel utilization of 0.5.





	Equivalence Ratio
	ΦR = 1.1 (°C)
	ΦR = 1.2 (°C)
	ΦR = 1.3 (°C)
	ΦR = 1.4 (°C)
	ΦR = 1.5 (°C)
	ΦR = 1.6 (°C)





	ΦL = 0.70
	1554.0
	1549.4
	1545.4
	1541.7
	1538.4
	1535.5



	ΦL = 0.75
	1636.0
	1631.2
	1626.9
	1623.1
	1619.6
	1616.5



	ΦL = 0.80
	1715.8
	1710.8
	1706.3
	1702.2
	1698.6
	1695.3



	ΦL = 0.85
	1793.6
	1788.3
	1783.5
	1779.3
	1775.5
	1772.1



	ΦL = 0.90
	1869.4
	1863.8
	1858.9
	1854.5
	1850.5
	1846.9



	ΦL = 0.95
	1943.2
	1937.4
	1932.3
	1927.7
	1923.6
	1919.9










[image: Table] 





Table 13. Exhaust temperature after the fuel-lean combustor as a function of fuel-rich and fuel-lean equivalence ratios at an operating voltage of 0.6 V and fuel utilization of 0.7.






Table 13. Exhaust temperature after the fuel-lean combustor as a function of fuel-rich and fuel-lean equivalence ratios at an operating voltage of 0.6 V and fuel utilization of 0.7.





	Equivalence Ratio
	ΦR = 1.1 (°C)
	ΦR = 1.2 (°C)
	ΦR = 1.3 (°C)
	ΦR = 1.4 (°C)
	ΦR = 1.5 (°C)
	ΦR = 1.6 (°C)





	ΦL = 0.70
	1545.3
	1534.2
	1524.3
	1515.7
	1508.1
	1501.3



	ΦL = 0.75
	1626.8
	1615.1
	1604.7
	1595.6
	1587.6
	1580.5



	ΦL = 0.80
	1706.2
	1693.9
	1683.0
	1673.4
	1665.0
	1657.6



	ΦL = 0.85
	1783.5
	1770.6
	1759.2
	1749.2
	1740.4
	1732.6



	ΦL = 0.90
	1858.9
	1845.4
	1833.5
	1823.0
	1813.9
	1805.7



	ΦL = 0.95
	1932.3
	1918.3
	1905.9
	1895.0
	1885.5
	1877.0
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Table 14. Heat transferred to the hot water via a heat exchanger as a function of fuel-rich and fuel-lean equivalence ratios at an operating voltage of 0.6 V and fuel utilization of 0.7.






Table 14. Heat transferred to the hot water via a heat exchanger as a function of fuel-rich and fuel-lean equivalence ratios at an operating voltage of 0.6 V and fuel utilization of 0.7.





	Equivalence Ratio
	ΦR = 1.1 (Wth)
	ΦR = 1.2 (Wth)
	ΦR = 1.3 (Wth)
	ΦR = 1.4 (Wth)
	ΦR = 1.5 (Wth)
	ΦR = 1.6 (Wth)





	ΦL = 0.70
	9532.2
	9500.8
	9472.6
	9447.1
	9424.2
	9403.5



	ΦL = 0.75
	9532.6
	9501.2
	9472.9
	9447.5
	9424.6
	9403.8



	ΦL = 0.80
	9532.9
	9501.4
	9473.2
	9447.8
	9424.8
	9404.1



	ΦL = 0.85
	9533.1
	9501.7
	9473.5
	9448.0
	9425.1
	9404.4



	ΦL = 0.90
	9533.4
	9501.9
	9473.7
	9448.3
	9425.4
	9404.6



	ΦL = 0.95
	9533.6
	9502.1
	9473.9
	9448.5
	9425.6
	9404.8
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Table 15. Net present cost of water heating over 13 years (electric).






Table 15. Net present cost of water heating over 13 years (electric).





	Region
	Lifetime Costs ($)





	West
	7665



	South
	7026



	Midwest
	10,256



	Northeast
	15,360
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Table 16. Net present cost of water heating over 13 years (natural gas).






Table 16. Net present cost of water heating over 13 years (natural gas).





	Region
	Lifetime Costs ($)





	West
	4067



	South
	5188



	Midwest
	4478



	Northeast
	7074
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Table 17. Net present cost of mCHP water heater over 13 years.






Table 17. Net present cost of mCHP water heater over 13 years.





	Region
	Costs ($)





	West
	3684



	South
	4330



	Midwest
	3635



	Northeast
	4492
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