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Abstract

:

Recently, fuel cell combined heat and power systems (FC-CGSs) for residential applications have received increasing attention. The International Electrotechnical Commission has issued a technical specification (TS 62282-9-101) for environmental impact assessment procedures of FC-CGSs based on the life cycle assessment, which considers global warming during the utilization stage and abiotic depletion during the manufacturing stage. In proton exchange membrane fuel cells (PEMFCs), platinum (Pt) used in the catalyst layer is a major contributor to abiotic depletion, and Pt loading affects power generation performance. In the present study, based on TS 62282-9-101, we evaluated the environmental impact of a 700 W scale PEMFC-CGS considering cathode catalyst degradation. Through Pt dissolution and Ostwald ripening modeling, the electrochemical surface area transition of the Pt catalyst was calculated. As a result of the 10-year evaluation, the daily power generation of the PEMFC-CGS decreased by 11% to 26%, and the annual global warming value increased by 5% due to the increased use of grid electricity. In addition, when Pt loading was varied between 0.2 mg/cm2 and 0.4 mg/cm2, the 10-year global warming values were reduced by 6.5% to 7.8% compared to the case without a FC-CGS.
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1. Introduction


Recently, the use of fuel cell combined heat and power systems (FC-CGSs) for residential applications has received increasing interest. In Japan, this system is known as “ENE-FARM”. As of fiscal year 2021, the cumulative sales of ENE-FARM reached 0.4 million units [1]. A FC-CGS is a fuel cell system that generates electricity and supplies hot water using exhaust heat from electricity generation [2]. Compared to conventional electrical supply grids, FC-CGSs have the potential to reduce the use of fossil resources and are expected to help reduce greenhouse gas emissions [3]. Although renewable energy sources such as solar/wind energy can reduce greenhouse gas emissions as well, they are unstable and intermittent during generation, and thus the valuable electric energies generated are hard to apply continuously and stably [4]. In comparison, as for FC-CGS for residential, for example in Japan, the mainstream type is the 700 W town gas reforming proton exchange membrane fuel cell (PEMFC)-CGS, which reforms town gas (mainly hydrocarbons) to supply hydrogen to the fuel cell [5]. This type of FC-CGS utilizes the existing gas infrastructure and can operate stable. Therefore, as one of the progressive approaches to take advantage of the stability, using multiple FC-CGSs coordinated via the Internet as a virtual power plant with connected solar cells and storage batteries is being considered [6,7]. Moreover, as a new model, PEMFC-CGS fueled by pure hydrogen has been marketed in recent years [8]. Pure hydrogen PEMFC-CGSs can be used as a destination for green hydrogen generated from surplus renewable energy [9]. Therefore, FC-CGSs will be important in building a sustainable system in terms of greenhouse gas reduction and stable electricity supply.



With the increased use of these systems, the International Electrotechnical Commission (IEC) released a technical specification (TS) of the environmental impact assessment procedure for small-scale FC-CGSs: IEC TS 62282-9-101 [10,11]. This impact assessment procedure was based on the life cycle assessment (LCA) methodology. One of the purposes of developing the TS is to help manufacturers pursue environmentally conscious designs about FC-CGS by taking a life cycle perspective. In the assessment procedure, energy demand profiles based on seasonality and 10 years of evaluation are required to consider the practical use of FC-CGSs. This procedure is a simplified evaluation method that focuses on global warming potential (GWP) and abiotic depletion potential (ADP), which are attributed to the operating performance and component elements, respectively. Regarding the PEMFC type currently sold in general, Sato et al. [12] reported that using platinum (Pt) as a catalyst in the cells had the most significant impact on ADP during the manufacturing stage. In addition, the New Energy and Industrial Technology Development Organization (NEDO) reported the environmental impact assessment of PEMFC-CGS in their annual report [13]. The results showed that, in the manufacturing stage, 38% of the GWP was related to fuel cell stack production, which was largely impacted by the catalyst manufacturing process that included the Pt mining, treatment, and transport. In addition, a large proportion in other impact categories was also caused by the Pt catalyst production process. Therefore, the amount of Pt and abiotic depletion (elements), an indicator that most remarkably reflects the environmental impact of Pt content, were emphasized in the manufacturing stage. In the utilization stage, almost all environmental impacts in any impact category depend on the consumption of fossil resources that emit greenhouse gases. Hence, abiotic depletion (fossil fuels) and global warming are representative indicators of the environmental impacts of the PEMFC-CGS in the utilization stage.



Because the PEMFC-CGS is characterized by abiotic depletion and global warming, factors other than the Pt catalyst were also investigated for abiotic depletion in the production stage of the PEMFC-CGS [14]. The results showed that the impact of gold on connectors and integrated circuits on circuit boards was also significant. However, when attempting to improve the environmental performance of a product, component specifications that directly affect product performance are considered to be a key factor in product differentiation. In addition, it was revealed that the inventory of gold in circuit boards varies greatly depending on the literature, making it difficult to quantify the environmental impact and link it to the power generation performance and durability of the FC-CGS. In this regard, the amount of Pt used in the catalyst layer is related to the durability and power generation performance [15]. In other words, because the amount of fossil resources used depends on the electrical efficiency of fuel cells, the amount of Pt catalyst is a factor related to global warming. Therefore, to evaluate the environmental impact over the life cycle and improve PEMFC applications, it is necessary to consider the relationship between Pt consumption and durability, including performance degradation.



Several studies have assessed the environmental impact of FC-CGSs. For example, Bachmann et al. [16] performed an LCA considering heating demands, total load hours, and electricity replacement mixes for residential fuel cell micro-combined heat and power (CHP). However, energy demand patterns by time of day during the utilization stage were not considered. Therefore, changes in the FC-CGS power output, electrical efficiency, and heat generation by the time of day were excluded from the evaluation. Ozawa and Kudoh [17] focused on the relationship between different energy profiles and FC-CHP in other houses and examined the impact of varying PEMFC and solid oxide fuel cell outputs on 10-year lifecycle greenhouse gas emissions. In this case, fuel cell degradation was not considered, and the performance degradation of the fuel cells over 10 years was not examined. Alternatively, Mlakar et al. [18] developed a semi-empirical model using PEMFC performance degradation data to perform a new lifecycle inventory analysis and impact assessment of the PEMFC manufacturing and operational stage, considering a dynamic operation, which assumed the voltage decreased at a rate of 0.88% per 1000 h. Consequently, compared to when degradation was not considered, the environmental impacts when degradation was considered were 7% and 66% greater when hydrogen derived from natural gas steam reforming process and hydrogen derived from wind power were used, respectively. They also performed sensitivity analyses to reduce Pt loading and improve environmental impacts, considering the 0.75 g/kW, 0.4 g/kW, and 0.125 g/kW cases. However, environmental impact assessments for practical FC-CGSs require an energy demand profile followed by a fuel cell because degradation and electrical efficiency differ depending on the operating output.



In different discussions, other issues have not been considered in the environmental impact assessments of the FC-CGS conducted in these previous studies. First, the fuel cell performance degradation effects were not reflected in the FC-CGS output and grid electricity usage. In addition, this was not reflected in the environmental impact values, even though the impacts of PEMFC degradation existed during its extended use. Another is whether environmental performance, including degradation, can be sustained when parameters related to power generation performance and durability, such as Pt loading and PEM characteristics, are changed. Therefore, it was challenging to justify proposals to improve environmental impacts.



Previous studies have not yet evaluated the environmental impacts of FC-CGS considering fuel cell degradation. Hence, in the present study, a comprehensive evaluation was conducted that included PEMFC degradation and an environmental impact assessment based on IEC TS 62282-9-101 of the abovementioned impact assessment procedure. Then, by combining parameters related to fuel cell degradation into the environmental impact assessment, the improvement can be studied through sensitivity analysis.



The Pt present in the catalyst layer is one of the important factors to consider in the power generation performance and degradation of PEMFCs. The loss of electrochemical surface area (ECSA) of the Pt catalyst is a serious issue in PEMFC durability [15]. The durability test protocols of electrocatalysts suggested by the Fuel Cell Commercialization Conference of Japan (FCCJ) include several durability evaluation protocols [19]. For the start/stop cycle durability tests, a triangular-wave potential cycle of 1.0–1.5 V vs. reversible hydrogen electrode (RHE) was chosen. Carbon corrosion and the ensuing Pt agglomeration and detachment are the primary degradation processes. This evaluates the carbon support corrosion under a high voltage associated with the start/stop of the PEMFC. Conversely, a square-wave potential cycle of 0.6–1.0 V vs. RHE was used to simulate the load cycle tests, and Pt degradation induced by carbon corrosion was minor in this case. However, Ostwald ripening and Pt dissolution, followed by re-precipitation, can lead to accelerated degradation. This load cycle simulates the continuous operation of the PEMFC and considers the long-term operation of the PEMFC-CGS. From a life cycle perspective, the impact of continuous operation can be particularly important.



In addition, for the degradation issue, the degradation of PEM is also serious, such as chemical, mechanical, and thermal degradation, which leads to membrane cracking, pinhole formation, membrane thinning, gas crossover, and local hotspot [20]. This is caused due to the fluorine element in perfluorinated sulfonic acid PEMs, which covers the most widely and commercially used membranes Nafion® [21]. However, given the importance of life cycle perspective in the technical specification of the environmental impact assessment procedure (IEC TS 62282-9-101), ADP (elements), which has a remarkable impact at the manufacturing stage, is also important. In this regard, since the amount of Pt is related to the ADP (elements) at the manufacturing stage and affects the power generation performance, we considered that the analysis on the Pt loading and Pt degradation were the priority to improve the environmental performance of PEMFC-CGS. In the present study, we focused on Pt catalyst degradation as one of the factors to express differences and incorporating the PEM degradation into environmental impact assessment was excluded as a future work.



Therefore, we first calculated the decrease in the ECSA of Pt particles resulting from Pt dissolution and Ostwald ripening [22], and the power output drop with such degradation using existing PEMFC models [22,23]. Next, an environmental impact assessment was conducted to evaluate the increase in the use of grid electricity due to the decrease in PEMFC-CGS output and the effects on GWP. Finally, a sensitivity analysis of the amount of Pt was conducted, and the relationship between the amount of Pt and the environmental impact values was calculated. The aims of the present study were to:




	
Conduct an environmental impact assessment of PEMFC-CGS considering catalyst degradation.



	
Show the relationship between the amount of Pt and the environmental impact, and to enable consideration for improvement.



	
Perform a practical evaluation based on IEC TS 62282-9-101, including demand patterns considering 10 years of use and seasonal changes.








The present study was conducted to develop an environmental impact assessment platform for PEMFC-CGS over a lifetime.




2. Materials and Methods


2.1. Approach to Degradation Modeling


The IEC TS 62282-9-101 considers GWP, ADP (elements), and ADP (fossil fuels) as environmental impact assessments for small-scale FC-CGS. A typical household small-scale FC-CGS is a PEMFC type, and the critical parameter related to GWP and ADP (elements) is the Pt catalyst. Therefore, the present study focuses on the catalyst layer of the PEMFC-CGS.



Considering the long-term relationship between the Pt catalyst and fuel cell degradation, carbon monoxide (CO) poisoning exists on the anode side [24]. In the case of the city gas-reforming type, this phenomenon is assumed to occur because the reformed gas, which contains CO, is supplied to the fuel cell. However, the CO concentration in the reformed gas was maintained below 10 ppm [25], and the effect of poisoning can be reduced by adding ruthenium to the Pt catalyst [26]. Therefore, catalyst degradation on the cathode side of the fuel cell was considered in the present study.



As for the most common factors causing Pt degradation on the cathode side of the fuel cell, four processes have been outlined as the possible Pt degradation mechanisms [15]: (i) Ostwald ripening on the carbon support [22,27]; (ii) Pt crystal migration and coalescence [28]; (iii) detachment and agglomeration of Pt nanoparticles induced by carbon corrosion [29]; and (iv) Pt dissolution, Pt ion transport in the ionomer phase, and subsequent re-precipitation by hydrogen crossover through the membrane [15,30]. Although the dominant degradation mechanisms under various PEMFC operating conditions are still under debate, the durability test protocols of electrocatalysts suggested by the FCCJ can provide some basic insight into the degradation mechanisms [19]. The FCCJ protocol considers start/stop cycle and load cycle tests. The start/stop cycle test focuses on carbon corrosion, the ensuing Pt agglomeration, and Pt detachment, while the load cycle test investigates Ostwald ripening and Pt dissolution, followed by re-precipitation. Pt re-precipitation leads to coarsening of the Pt particles, which reduces the ECSA of the catalyst [31]. Considering the long-term PEMFC-CGS operation, degradation under a continuous load is important.



Therefore, in the present study, a simulation was performed in which the decrease in ECSA due to Pt dissolution and Ostwald ripening in the cathode catalyst layer caused a drop in the power output of the PEMFC at the same operating voltage. The electrochemical reactions for Pt dissolution can be written as [22]:


  Pt  ↔   k 1      Pt   2 +   + 2  e −   



(1)






  Pt +  H 2  O  ↔   k 2    PtO + 2  H +  + 2  e −   



(2)






  PtO + 2  H +   ↔   k 3      Pt   2 +   +  H 2  O  



(3)







Moreover, in terms of oxygen transport resistance, the area of ECSA affects the oxygen concentration on the Pt surface, which influences the cathode overpotential [23].



PEMFC simulations were conducted considering these phenomena to evaluate the environmental impact of the PEMFC-CGS. This section describes the models used in the present study.




2.2. Pt Catalyst Degradation Model


Based on Ao et al. [22] regarding the degradation of Pt catalysts, we focused on individual Pt particles to calculate the dissolution and coarsening. It was assumed that the cathode catalyst layer had a number of Pt particles and each particle  i  has    n  i ,   0     Pt atoms in their initial state. The particle radius was    r  i ,   0     following a lognormal distribution [32]. In the present study, the number of Pt particles was set to 1400 owing to its computational complexity and accuracy. At time step  j , the Pt particle  i  releases or accepts    n  i ,   j     Pt atoms, and the reaction follows Equation (4) [22]:


   n  i ,   j   =  n  i ,   j − 1   + ∆ t  (  −  v 1   (   r  i ,   j    )  −  v 2   (   r  i ,   j    )  +  v  o r    (   r  i ,   j    )   )   



(4)




where     ∆ t   is the time step interval and 1 s was assumed.    v 1  ,    v 2  ,    and     v 3    correspond to the reaction rates in Equations (1)–(3), respectively. The electrochemical reactions of Pt particles also involve the formation of platinum oxide (PtO) molecules      m  i ,   j    , which are calculated using Equation (5) [22].


   m  i ,   j     =  m  i ,   j − 1   + ∆ t  (   v 2   (   r  i ,   j    )  −  v 3   (   r  i ,   j    )   )   



(5)







The reaction rates    v 1  ,    v 2  ,   and    v 3    for Pt particle dissolution were calculated using Equations (6)–(8), respectively [22]:


   v 1   (   r  i ,   j    )  =  (  1 −  θ  i ,   j − 1    )   k 1   (   r  i ,   j − 1    )  exp  (    F  (  E −  E 1   (   r  i ,   j − 1    )   )    2 R T    )   



(6)






   v 2   (   r  i ,   j    )  =  (  1 −  θ  i ,   j − 1    )   k 2   (   r  i ,   j − 1    )  exp  (    F  (  E −  E 2   (   r  i ,   j − 1    )   )    2 R T    )   



(7)






   v 3   (   r  i ,   j    )  =  θ  i ,   j − 1    k 3   (   r  i ,   j − 1    )  exp    c  H +      c  H +   r e f      



(8)




where    θ  i ,   j − 1     is the PtO coverage calculated at each time step and  E  is the electric potential imposed on the cathode. The equations for calculating the equilibrium reaction rate constant   k  (   r  i ,   j − 1    )      and the equilibrium potential   E  (   r  i ,   j − 1    )    in Equations (6)–(8) are described in Equations (9)–(13) [22]:


       k 1   (   r  i ,   j − 1    )  =  k 1 ∞  exp  (    β γ  V  p t     R T  r  i ,   j − 1      )         



(9)






       E 1   (   r  i ,   j − 1    )  =  E 1 ∞  −   2 β γ  V  p t     F  r  i ,   j − 1            



(10)






       k 2   (   r  i ,   j − 1    )  =  k 2 ∞  exp  (    β γ  V  p t     R T  r  i ,   j − 1      )         



(11)






       E 2   (   r  i ,   j − 1    )  =  E 2 ∞  −   2 β γ  V  p t     F  r  i ,   j − 1            



(12)






       k 3   (   r  i ,   j − 1    )  =  k 3 ∞  exp  (    β γ  V  p t     R T  r  i ,   j − 1      )         



(13)







Table 1 summarizes the parameters used in the Pt-catalyst degradation model. In addition,  β  is a proportionality constant between 0 and 1,  γ  is the interfacial surface tension of Pt, and   β γ   is the effective surface tension set as 1.2 J/m2 according to the calculation by [22].



In addition to the dissolution of Pt particles, Ostwald ripening causes coarsening of Pt particles. This phenomenon causes the Pt particles to move from minor to larger particles, as calculated using Equation (14) [22]:


   v  o r    (   r  i ,   j    )  = 4 π  D m   c  P t    α m   (     r  i ,   j        r j   ¯    − 1  )   



(14)




where    v  o r    (   r  i ,   j    )    is the reaction rate due to Ostwald ripening of the Pt particle  i  at time step  j .      r j   ¯    is the average radius of all Pt particles calculated for each time step.



The size distribution of the Pt particles assumed in the present study is shown in Figure 1. The particle diameters were supposed to follow a lognormal distribution with a mean of 2.5 nm and a standard deviation of 0.4 nm [32,34] (i.e., the logarithm of the particle diameter follows a normal distribution, with  μ  as the mean and    σ 2    as the variance, satisfying      log  μ = 0.90   and   log  σ 2  = 0.16  ). The 10-year simulation was performed considering these degradation modeling conditions.




2.3. Oxygen Transport Resistance Model


The ECSA decrease and subsequent higher oxygen fluxes through the ionomer film to the catalyst sites could increase oxygen transport resistance [23,35]. Considering the Pt loading effect, the transport resistance can be written as [23]:


   R T  =  (   k 2  + 1  )     δ  i o n      D   O 2  ,     i o n      1   (  1 −  θ  P t O    )   a  E C S A    L  P t     +  [   k 1     δ  i o n      D   O 2  ,     i o n     +  (   k 3  + 1  )     δ w     D   O 2  ,     w      ]   1   δ  C L    a c  m    



(15)




where the Pt-oxide coverage    θ  P t O     is based on the experimental data and can be calculated by Hao et al. [23]:


   θ  P t O   = 1 /  {  1 + exp  [  22.4  (  0.818 − V  )   ]   }   



(16)







In the oxygen reduction reaction (ORR), the oxygen balance equation in a single Pt/C catalyst particle can be calculated by considering the oxygen flux across the water and ionomer films to the local ORR rate. For example, this can be written as follows [35]:


   C   O 2   g  −  C   O 2    P t   =  R T   I  4 F   =  R T    −  j c   δ  C L     4 F        



(17)







From Equation (17), the oxygen concentration on the Pt surface,    C   O 2    P t    , is obtained. The cathode transfer current density for the ORR can be expressed based on the Butler–Volmer equation by Gwak et al. [35]:


   j c  = −  a  P t    i  0 , c   r e f      (     C   O 2    P t      C   O 2    r e f      )     γ c    exp  [  −    E c   R   (   1 T  −  1  353.15    )   ]  exp  (  −    α c    R T   F  η c   )   



(18)







From Equation (18), the cathode overpotential is calculated, and the voltage drop due to the decreasing ECSA and lower oxygen concentration on the Pt surface can be described using the oxygen transport resistance model in Section 2.2. The parameters of the oxygen transport resistance model are listed in Table 2.




2.4. PEMFC Model


2.4.1. Mathematical Model of PEMFC


A PEMFC simulation assuming a single cell was performed for the water content in the membrane and the ionomer, the ohmic loss through the membrane, and the oxygen transport resistance model in Section 2.2. PEMFC model was calculated to simulate the current–voltage (I-V) characteristics of the cell. The membrane resistance should be calculated to obtain the ohmic loss caused by the increase in current density. In addition, to calculate how catalyst degradation affects power generation performance, the oxygen concentration in the gas channel of the cell is necessary, which is determined by the gas composition, including water or vapor, in the gas channel. Therefore, the concentrations of hydrogen, water, vapor, and oxygen in the gas channel of the cell were calculated. Here, the  x  direction represents the direction parallel to the electrolyte membrane in the gas channel and   x = 0   at the channel inlet. The mass balances at the anode and cathode are described as follows [37,38]:



Anode;


    ∂  M   H 2     ( x )    ∂ x   = − d   I  ( x )    2 F    



(19)






    ∂  M   H 2  O , l , a n    ( x )    ∂ x   =   h d   R  {   T  a n    ( x )  + 273.15  }     {     M   H 2  O , g , a n    ( x )     M   H 2  O , g , a n    ( x )  +  M   H 2     ( x )     p a  −  p   H 2  O , a n   s a t    ( x )   }   



(20)






    ∂  M   H 2  O , g , a n    ( x )    ∂ x   = −   ∂  M   H 2  O , l , a n    ( x )    ∂ x   −   d α  ( x )   F  I  ( x )   



(21)







Cathode;


    ∂  M   O 2     ( x )    ∂ x   = − d   I  ( x )    4 F        



(22)






    ∂  M   H 2  O , l , c    ( x )    ∂ x   =   h d   R  {   T c   ( x )  + 273.15  }     {     M   H 2  O , g , c    ( x )     M   H 2  O , g , c    ( x )  +  M   H 2     ( x )  +  M  C  O 2     ( x )     p c  −  p   H 2  O , c   s a t    ( x )   }  +  d  2 F   I  ( x )   



(23)






    ∂  M   H 2  O , g , c    ( x )    ∂ x   = −   ∂  M   H 2  O , l , c    ( x )    ∂ x   +   d α  ( x )   F  I  ( x )   



(24)




where  h  and  d  are the gas flow channel height, 1.0 mm, and the gas flow channel width, 1.0 mm, respectively [39].   α  ( x )    is the net water molecule (vapor) fraction that can pass through the membrane per proton, and   α  ( x )    can be calculated by introducing electro-osmotic drag coefficient (number of water molecules carried per proton)    n d   , water content to the membrane  λ , and the activity of water  a . Here,    n d   ,  λ , and  a  were calculated as follows [37,40]:


   n d  =   2.5 λ   22    



(25)






   {      λ = 0.043 + 17.81 a − 39.85  a 2  + 36.0  a 3  ,                       a < 1       λ = 14.0 + 1.4  (  a − 1  )  ,                 1 ≤ a ≤ 3                                                       λ = 16.8 ,           3 < a                                                                                                                            



(26)






  a =  m w     p   H 2  O      p   H 2  O   s a t      



(27)







Then,   α  ( x )    was calculated as follows [34]:


  α  ( x )  =  n d   ( x )  −  F  I  ( x )     D w    ∂  c w    ∂ y    



(28)




where    D w    and    c w    are the diffusion coefficient of water and concentration of water in the membrane, respectively. The  y  direction represents the membrane depth direction.    D w    and    c w    were calculated as follows [37]:


   D w  =  {      3.1 ×   10   − 7   λ  {  exp  (  0.28 λ  )  − 1  }  e x p  (  −   2346    T  a n      )  ,         0 < λ ≤ 3       4.17 ×   10   − 8   λ  {  1 + 161 exp  (  − λ  )   }  e x p  (  −   2346    T  a n      )  ,         3 < λ        



(29)






   c w  =    ρ  m ,    dry       W  m ,    dry      λ  



(30)




where    ρ  m ,    dry      and    W  m ,    dry      are the density of a dry membrane, 1.9 g/cm3, and the equivalent weight of a dry membrane, 950 g/mol, respectively [23].



The membrane resistance    R  m e m     was calculated by introducing the membrane conductivity    σ T    and integrating its reciprocal in the direction of the membrane thickness. The membrane resistance can be written as in the study conducted by Ge and Yi [40]:


   R  m e m   =   ∫  0   δ m     1   σ T    d y      



(31)




where


   σ T  = exp  [  1268  (   1  303   −  1 T   )   ]  ×  (  0.5139 λ − 0.326  )  ,             for   λ > 1  



(32)




while  λ  was <1, the membrane conductivity was assumed to be constant.



The cell voltage was calculated using the Nernst Equation, membrane resistance, and cathode overpotential:


  V =  V 0  −   R T   2 F   ln    p   H 2       (   p   O 2     )    0.5      p   H 2  O     −  R  m e m   I −  η c       



(33)







Note, in the present study, the operating voltage of a single cell was approximately 0.7 V or more, and the current density was relatively low. Therefore, the fuel cell is not considered to generate power near the limited current density, and concentration overpotential was not included because the effect of that was negligible [41].




2.4.2. Comparison of the I-V Characteristics at Initial State


In the PEMFC model, the average cell current density is first set, and then the concentration of the species in each grid of the cell is obtained from the reaction volume. Using PEMFC and oxygen transport resistance models, mass balance in the gas channel in the cell, membrane resistance, and cathode overpotential were calculated, and initial values of I-V characteristics for single cells were simulated based on Equation (33). Next, the simulated I-V characteristics of the initial state using present study models were compared with Arai et al. [36] experimental data under 50 °C and 100% relative humidity (RH) conditions. The temperature in the present study model was also set at 50 °C and 100% RH. Good agreement with the experimental results was obtained in the operating voltage range of the stationary fuel cell (Figure 2). Therefore, the oxygen transport resistance and PEMFC models for calculating I-V characteristics were used to reflect Pt degradation.



In the present study, the upper limit of the cell current density was assumed to be the current density at the rated output (700 W at the sending end) in the initial state. Therefore, when the electrical efficiency of the fuel cell decreased, the fuel cell output decreased. Pt degradation, oxygen transport resistance, and PEMFC models were calculated with Visual Basic for Applications in Excel. First, using PEMFC and oxygen transport resistance models, mass balance in the gas channel in the cell, membrane resistance, and cathode overpotential were calculated, and initial values of I-V characteristics for single cells were simulated based on Equation (33). Then, Pt degradation was calculated according to the operational profile determined by household energy demand data using Pt degradation model, and the    a  E C S A     in Equation (15) was updated. Based on the updated    a  E C S A    , the cathode activation overvoltage was obtained from Equation (18), and together with the membrane resistance in the PEMFC model, the I-V characteristics after degradation were recalculated based on Equation (33). This update was repeated to simulate degradation and calculate I-V characteristics for 10 years. Note that the operating temperature of the fuel cell in the actual PEMFC-CGS (ENE-FARM) sold in the market is approximately 60~80 °C [42]. Considering this, in the 10-year simulation, the fuel cell operating temperature was assumed to be 80 °C with some assumptions, which are explained in the next section.





2.5. PEMFC-CGS Specification


The present study evaluated a 700 W power output town-gas reforming-type PEMFC-CGS. Table 3 lists the specifications of the PEMFC-CGS assessed in this study. The fuel cell stack specification was set based on Panasonic “ENE-FARM” rated electrical efficiency (lower heated value) at the sending end, which is 0.40 [43], and a PEMFC cell’s polarization curve data from Arai et al. [36].



In calculating the degradation and PEMFC models, several assumptions were made regarding humidity and temperature. First, Jeon et al. [44] reported that cell performance improves with increasing humidity through a computational fluid dynamics model of a 300 cm2 PEM fuel cell in different relative humidity of cathode from 0% (dry) to 100%. Wang et al. [45] showed that when the cell is sufficiently humidified, the power generation performance improves as the operating temperature increases. Therefore, considering that the operating temperature of ENEFARM is between 60 °C and 80 °C [42], the operating conditions of the PEMFC were assumed to be 80 °C and 100% RH. In addition, although flooding can cause a significant reduction in power generation performance when humidity is high, ENE-FARM currently on the market has shown a power generation durability of 90,000 h [42]. Therefore, it was assumed that flooding would not cause a significant reduction in power generation and was not included in the analysis. The electrical and thermal efficiencies of the PEMFC-CGS were calculated using Equations (34) and (35), respectively.


   η  e l e c t r i c i t y   =   r e f o r m e d    H 2  C a l o r i f i c   v a l u e   i n p u t   C  H 4  C a l o r i f i c   v a l u e   ÷  H 2    s t o i c h i o m e t r i c ×   ∆ G   ∆ H   ×   V   V 0    ×  η  i n v     



(34)






   η  h e a t   =   r e f o r m e d    H 2  C a l o r i f i c   v a l u e   i n p u t   C  H 4  C a l o r i f i c   v a l u e   ÷  H 2    s t o i c h i o m e t r i c ×   ∆ G   ∆ H   ×  (  1 −  V   V 0    ×  η  i n v    )   



(35)







The hydrogen supplied to the fuel cell was produced by reforming the town gas.      input   CH   4   Calorific   value    is the calorific value of the supplied town gas and      reformed   H   2   Calorific   value    is the calorific value of hydrogen obtained for      input   CH   4   Calorific   value   . Notably, the calorific value of the reformed town gas was almost the same as that of methane to simplify the analysis of the material balance and heat balance, because the main component of the town gas is methane. The value of      reformed   H   2     Calorific   value  /    input   CH   4   Calorific   value    was calculated as 0.98, considering the equilibrium condition. In addition, the stoichiometric value of hydrogen (   H 2     stoichiometric   ) was set to 1.1, so that the heat required for the reforming reaction could be covered by unreacted gas in the fuel cell.   ∆ G   and   ∆ H   are the Gibbs free energy change and enthalpy change when water is formed from hydrogen and oxygen (80 °C), and these values are −228 kJ/mol and −282 kJ/mol, respectively.     V 0    is the theoretical electromotive force of the fuel cell (80 °C), with a value of 1.18 V.    η  i n v     is the inverter efficiency that was set at 0.90.




2.6. Environmental Impact Assessment Methodology


The IEC TS 62282-9-101 introduces a simplified evaluation method for the life cycle environmental performance of FC-CGS for household use, with the aim of enhancing the environmental performance of products and communicating this to consumers to meet corporate requirements for environmental management in response to the recent escalation of global environmental problems [10]. To achieve this goal, an environmentally friendly design is needed in the development of new and improved products, and their efforts should be evaluated from a life cycle perspective. The procedure requires the FC-CGS evaluation period to be ten years and is based on energy demand profiles that consider seasonal variations. This section sets the conditions for conducting an environmental impact assessment including these requirements.



2.6.1. Environmental Impact Assessment Scope and PEMFC-CGS Operating Conditions


In the present study, the environmental impact of the 700 W-scale PEMFC-CGS was estimated. Figure 3 shows the system boundaries. The scope of the environmental impact assessment was the manufacturing and utilization stages. The functional unit is defined as the total demand for electricity and heat in a typical household for 10 years, including seasonal variations. The environmental impact indicators were GWP, ADP (elements), and ADP (fossil fuels). For the electricity and hot water demand data, we referred to JISC 8851 [47] (Figure 4). These data target a standard Japanese household (a family of four) for 121 days in winter, 152 days in spring and autumn, and 92 days in summer. The PEMFC-CGS operates according to the power demand and stops operation when the hot water storage tank is full. Once the system is shut down, it takes at least two hours to restart [48]. The operating temperature of the fuel cell was 80 °C and the hot water temperature was 60 °C [49]. The amount of hot water generated from waste heat was calculated using the following values: temperature of tap water, 9 °C in winter, 17 °C in spring and autumn, 24 °C in summer [47]; specific heat of water, 4.2 J/gK; density of water, 1.0 g/cm3. Shortages against the demands were compensated for by the grid electricity and supplementary boiler (fueled by the town gas).



The voltage per cell during power generation, corresponding to the demand data, is shown in Figure 5. The operating voltage is related to the reaction of Pt dissolution and is substituted into  E  in Equations (6) and (7). Notably, the cell voltage when not generating power was assumed to be the open circuit voltage [50]. As for voltage cycle, the catalyst layer degradation measurement protocol specified by the FCCJ includes carbon corrosion tests using startup/shutdown cycles and Pt catalyst degradation tests using continuous operation cycles [19]. Because present study focused on Pt catalyst degradation caused by long term utilization, startup/shutdown was not included, and Pt catalyst degradation due to continuous operation was considered.




2.6.2. Inventory Analysis


The inventory data for the PEMFC-CGS were based on the annual project report of NEDO [13]. A summary of the manufacturing-stage inventory data is presented in Table 4. Secondary data were based on Ecoinvent 3.7.1 [51], and the CML-IA baseline V3.06 was used as the impact assessment method. The LCA software SimaPro 9.2.0.1 [52] was used in the present study. The GWPs of grid power and city gas are 0.618 kg-CO2 eq/kWh and 0.0765 kg-CO2 eq/MJ, respectively, and they were calculated using the LCA software.






3. Results


In the present study, the manufacturing of a 700 W town gas reforming-type PEMFC-CGS and its use for 10 years were evaluated. The operating conditions of the PEMFC were 80 °C and 100% RH. First, we described the results of the degradation model of the cathode catalyst layer and showed the effect of degradation on power generation performance. Next, we indicated the value of environmental impact per functional unit (the total demand for electricity and heat in a typical household for 10 years, including seasonal variations) calculated based on the degradation model results.



3.1. ECSA Decreasing Simulation


The simulation results of the ECSA reduction and Pt particle coarsening are shown in Figure 6. Consequently, the ECSA decreased by 33% after a year and by 65% after 10 years. In the simulation, the decrease in the ECSA depended on the Pt particle diameter and operating voltage as Equations (6), (7), and (14) indicated. Figure 7 shows the degradation of the I-V characteristics owing to the reduction in ECSA. The decline was 54% in year 4 and 63% in year 8. For instance, the decrease in year 8 corresponded with approximately 0.12 V at a maximum current density. This phenomenon is based on the reduction in the ECSA, and the decline in the I-V characteristics is not linear. Figure 8 shows the relationship between the ECSA drop rate and PEMFC output power drop rate. The output power drop rate is the ratio of the power at the maximum current density each time to the initial rated power (the current cell density is maximum). In addition, Figure 8 shows the results of durability evaluation tests conducted by Hashimasa et al. [53] using the FCCJ load cycle tests protocol, which showed a power degradation rate of approximately 20% at an ECSA degradation rate of 50–60% for the Pt catalysts. By contrast, in the present study, the output degradation rate was 13% for an ECSA degradation rate of 58%. Therefore, although the power reduction effect in the present study was about 7 percentage points smaller than the results of the previous research, these results were in general agreement.



Figure 9 shows the decrease in the power generation efficiency and thermal efficiency of the PEMFC, calculated from the changes in the I-V characteristics shown in Figure 7 and Equations (34) and (35), respectively. The power generation efficiency at 600 W was 41% in year 1 and decreased by approximately 8% to 33% in the year 8. In contrast, the thermal efficiency at 600 W was 31% in year 1 and increased by approximately 8% to 39% in year 8. These efficiency changes affect the power generation of the PEMFC-CGS per day. Figure 10 shows the transition of the power generation amount of the PEMFC-CGS in one day. The amount of power generated per day decreased with PEMFC degradation. When comparing year 1 to year 10, the power generation decreased by 17%, 11%, and 26% in winter, spring and autumn, and summer, respectively. In particular, for the power generation amount in the summer, after year 5, the thermal efficiency increased owing to degradation, and the hot water supply increased. Hence, the hot water storage tank was full at 6 p.m., and power generation stopped for two hours. The amount of electricity that should have been generated during these two hours was approximately 1.2 kWh, which resulted in a more significant decrease in electricity generation than that in other seasons.




3.2. Results of Environmental Impact Assessment


Finally, the results of the environmental impact assessment are presented in this subsection. Based on the decrease in the ECSA, electrical efficiency, and power generation amount per day over 10 years, an environmental impact assessment at the utilization stage was conducted. Figure 11 and Figure 12a,b show ADP (elements) in the manufacturing stage and GWP and ADP (fossil fuels) in the manufacturing and utilization stage. In the ADP (elements) during the manufacturing stage, the proportion of the PEMFC stack was 34%, and that of the supplementary boiler was 50%. The significant impact of the PEMFC stack is due to the use of a Pt catalyst. However, the impact of the supplementary boiler was substantial because the gold contained in the circuit board had a significant impact [13].



The results of GWP and ADP (fossil fuels) during the manufacturing and utilization stages showed that the utilization stage impact accounted for a larger proportion than the manufacturing stage impact. For example, the manufacturing impact was 2% for GWP, which was negligible impact, and 15% for ADP (fossil fuels) and GWP. Alternatively, regarding GWP, town gas for the fuel cell contributed 50% and grid electricity contributed 39%. For ADP (fossil fuels), the influence of town gas on the fuel cell was 47%, and that of grid electricity was 31%. Therefore, reducing the impacts during the utilization phase is important to minimize the overall life-cycle impacts of these categories.



Figure 13 shows the results of the GWP transition in the use stage. As shown in Figure 10, the daily power generation of the PEMFC-CGS gradually decreased. Therefore, the grid power usage was increased to meet the power demand. GWP from the grid power increased by 22% in year 10 compared to year 1. Simultaneously, increased thermal efficiency leads to an increased hot water supply and reduced supplementary boiler usage. GWP from the supplementary boiler usage decreased by 36% in year 10 compared to year 1. In total, the impact of the increased use of grid electricity outweighed the benefits of the improved thermal efficiency and increased GWP by 5% in year 10 compared to year 1.



Consequently, this implies that a model of catalyst deterioration of the cathode catalyst layer is highly significant for incorporation into the environmental impact assessment of the PEMFC-CGS. Moreover, the results of Figure 6, Figure 7, Figure 8, Figure 9, Figure 10, Figure 11, Figure 12 and Figure 13 show that the degradation effects of the PEMFC could be reflected in the environmental impact assessment.





4. Discussion


In the Results section, by incorporating the Pt catalyst degradation model of the cathode catalyst layer into the environmental impact assessment of the PEMFC-CGS, scaling was performed from the level of a mathematical model of the PEMFC to the environmental impact assessment over the life cycle. Here, a sensitivity analysis of the Pt loading amount was performed because this is an important parameter for both ADP (elements) in the manufacturing stage and GWP in the entire life cycle. The baseline Pt loading amount on the cathode side of the fuel cell was 0.3 mg/cm2, while environmental impact assessments were conducted for 0.2 mg/cm2 and 0.4 mg/cm2. Simultaneously, a comparison was made with the case without introducing PEMFC-CGS.



Figure 14 shows the results of the sensitivity analysis of the amount of Pt. At the baseline value (0.3 mg/cm2), the GWP was reduced by 7.3% compared to that in the case without FC-CGS. In contrast, the reduction rates were 6.5% and 7.8% when the Pt loading was 0.2 mg/cm2 and 0.4 mg/cm2, respectively.



Because the supported amount of the Pt catalyst was changed, the value of    L  P t     in Equation (15) changed, and the results of the changes in the oxygen transport resistance and the cathode activation overpotential were reflected. When the amount of Pt was reduced from the baseline value to 0.2 mg/cm2, the oxygen transport resistance increased according to Equation (15). Then, according to Equation (17), the oxygen concentration on the Pt particle surface decreased. Therefore, according to Equation (18), the cathode activation overpotential increased, leading to a decrease in the PEMFC electrical efficiency, an increase in grid electricity consumption, and a decrease in the reduction of GWP. Such an analysis can show the relationship between Pt and environmental impact value. Therefore, it will be useful for proposing the optimum amount of Pt that matches the requirements for environmental problems.




5. Conclusions


In the present study, the comprehensive evaluation was conducted, including PEMFC degradation and environmental impact assessment of the 700 W-scale PEMFC-CGS based on the technical specifications (IEC TS 62282-9-101) released by the IEC. Through the Ostwald ripening and Pt dissolution model, the ECSA value decreased by 33% after a year and by 65% after 10 years because of the degradation simulation. Based on this simulation, the electrical efficiency and power output amount per day of the PEMFC-CGS were calculated based on the assumption of 10 years of operation. Then, the catalyst degradation model of the cathode catalyst layer was incorporated into the environmental impact assessment of the PEMFC-CGS for 10 years of operation. Consequently, the environmental impact assessment was more detailed than before. Based on these results, from the level of mathematical models, it became possible to reveal that the degradation of fuel cells increases the GWP and amount of grid electricity used. In addition, the sensitivity analysis indicated the relationship between the Pt loading amount and GWP. It was revealed that this evaluation methodology would help enhance the environmental performance of PEMFC-CGS for appropriate environmentally conscious design to deal with environmental problems. In other words, incorporating parameters that determine the environmental characteristics of PEMFC-CGS, such as Pt loading and operating profiles, into environmental impact assessment, as present study, would provide a practical assessment platform that contributes to environmentally conscious design. Furthermore, the present study’s evaluation methodology can be extended to outputs other than 700 W by setting up power and hot water demand profiles, designing fuel cell characteristics and stack size, and developing the inventory in the manufacturing stage. Hence, the evaluation for PEMFC-CGS beyond residential use will be also considered achievable.
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Glossary




	  A  
	Area of CCL, cm2



	  a  
	Activity of water



	    a c    
	Volumetric surface area of ionomer, cm2/cm3



	    a  P t     
	Active volumetric surface area of Pt, cm2/cm3



	    C k    
	Molar concentration of species k, mol/cm3



	  d  
	Channel width, cm



	  r  
	Pt particle radius, nm



	  F  
	Faraday’s constant, 96,485 C/mol



	  h  
	Channel height, cm



	  I  
	Operating current density, A/cm2



	    j c    
	Volumetric current density, A/cm3



	  m  
	Number fraction of Pt/C particles



	    M k    
	Mole flow of species k, mol/s



	    m w    
	Mole fraction of water



	  p  
	Pressure, Pa



	    p   H 2  O   s a t     
	Saturated water vapor pressure, Pa



	  R  
	Universal gas constant, 8.314 J/(mol K)



	    R  m e m     
	Membrane resistance, Ωcm2



	    R T    
	Oxygen transport resistance, S/cm2



	T
	Temperature, K



	  V  
	Cell operation voltage, V



	    V 0    
	Standard electromotive force of fuel cell, V



	  α  
	Net water molecule (vapor) fraction that can pass through the membrane per proton



	δk
	Thickness of k, cm



	    η c    
	Cathode overpotential, V



	θPtO
	Pt-oxide coverage



	  λ  
	Water content in the membrane



	   a n   
	Anode



	  c  
	Cathode



	   C L   
	Catalyst layer



	   i o n   
	Ionomer



	  g  
	Gas



	  l  
	Liquid



	   m e m   
	Membrane



	  w  
	Water



	   P t   
	Pt surface



	   r e f   
	Reference value



	   s a t   
	Saturated vapor
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Figure 1. Log-normal platinum particle radius distribution. 
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Figure 2. The comparison of I-V characteristics of initial state between simulated value using present study models and experimental value conducted by Arai et al. [36], under 50 °C and 100% RH conditions. 
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Figure 3. System boundary. 
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Figure 4. Energy demand considering seasonal variation [40]. 
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Figure 5. Operating single-cell voltage for the demand (initial). 






Figure 5. Operating single-cell voltage for the demand (initial).



[image: Energies 16 01985 g005]







[image: Energies 16 01985 g006 550] 





Figure 6. Simulated ECSA and average Pt particle radius transitions. 
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Figure 7. The I-V characteristics transition due to Pt catalyst degradation. 
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Figure 8. Effects of ECSA decrease rate on output power decrease rate [51]. 
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Figure 9. Electrical and heat efficiency transition of the PEMFC-CGS. 
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Figure 10. Transition of the PEMFC’s power generation amount per day. 
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Figure 11. Results of ADP (elements) during the manufacturing stage. 
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Figure 12. (a) Results of GWP in the manufacturing and utilization stage; (b) results of ADP (fossil fuels) in the manufacturing and utilization stage. 
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Figure 13. GWP transition per year in the utilization stage. 
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Figure 14. Relationship between GWP and Pt loading amount. 
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Table 1. The parameters used in the Pt degradation model.
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	Symbol
	Value
	Units
	Reference
	Description





	    k 1 ∞    
	     10   − 9     
	1/s
	[22]
	Equilibrium rate constant of Equation (1) for Pt bulk; tuning parameter



	    k 2 ∞    
	     10   − 10     
	1/s
	[22]
	Equilibrium rate constant of Equation (2) for Pt bulk; tuning parameter



	    k 3 ∞    
	     10   − 4     
	1/s
	[22]
	Equilibrium rate constant of Equation (3) for Pt bulk; tuning parameter



	    E 1 ∞    
	1.188
	V
	[22]
	Equilibrium potential of Equation (1) for Pt bulk



	    E 2 ∞    
	0.98
	V
	[22]
	Equilibrium potential of Equation (2) for Pt bulk



	    α m    
	1
	-
	[22]
	Material-dependent parameter (“capillary length”) typical of the order of 1 nm



	    V  p t     
	   9.09 ×   10   − 6     
	m3/mol
	[22]
	Molar volume of Pt



	Dm
	   1.5 ×   10  2    
	mol/L
	[22]
	Diffusion coefficient of Pt; tuning parameter



	cpt
	   1.0 ×   10   − 7     
	mol/L
	[33]
	Concentration of Pt atoms



	    c  H +     
	1
	mol/L
	[22]
	Concentration of H+ in the solution



	    c  H +   r e f     
	1
	mol/L
	[22]
	Reference value of    c  H +    
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Table 2. Parameter values of the oxygen transport resistance model.
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	Symbol
	Value
	Units
	Reference
	Description





	    k 1    
	8.5
	-
	[23]
	Transport resistance coefficient at the ionomer film surface



	    k 2    
	5.4
	-
	[23]
	Transport resistance coefficient at the Pt particle surface



	    k 3    
	6.5
	-
	[35]
	Transport resistance coefficient at the water film surface



	    D   O 2  , i o n     
	   5.8 ×   10   − 11     
	m2/s
	[35]
	O2 diffusivities through the ionomer film



	    D   O 2  , w     
	   5.8 ×   10   − 11     
	m2/g
	[35]
	O2 diffusivities through the water film



	    a  E C S A     
	112
	m2/g
	-
	The electrochemical surface area of Pt (initial)



	    L  P t     
	0.30
	mg/cm2
	[36]
	Pt loading



	    I  0 , c   r e f     
	   3.0 ×   10   − 5     
	A/cm2
	[35]
	Reference exchange current density of oxygen reduction reaction



	    C   O 2    r e f     
	   4.0 ×   10   − 5     
	mol/cm3
	[35]
	Reference O2 molar concentration



	    γ c    
	0.75
	-
	[35]
	Reaction order for cathode



	    E c    
	70
	kJ/mol
	[35]
	The activation energy in an oxygen reduction reaction



	    α c    
	0.5
	-
	[23]
	Transfer coefficient of an oxygen reduction reaction
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Table 3. The specifications of the PEMFC-CGS and the stack.
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	Parameter
	Value
	Units
	Reference





	Rated output
	700
	W
	[13]



	Rated shutdown output
	210
	W
	[13]



	Heat recovery efficiency of the supplementary heat generator
	0.95
	-
	[46]



	Inverter efficiency
	0.90
	-
	-



	Minimum cell voltage
	0.72
	V
	-



	Maximum cell current density
	435
	mA/cm2
	-



	Number of cells in the stack
	20
	-
	-



	Pt loading (cathode)
	0.30
	mg/cm2
	[36]










[image: Table] 





Table 4. The summary of the manufacturing stage inventory data of PEMFC-CGS [13].
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Components

	
Weight (kg)






	
Fuel cell units

	
Fuel cell stack

	
16.1




	
Reforming units

	
13.7




	
Other

	
Inverter

	
5.1




	
Pumps, blower

	
7.67




	
Heat exchanger

	
6.46




	
Heat recovery unit

	
6.46




	
Cables

	
8.07




	
Casing

	
24.2




	
Water treatment unit

	
2.91




	
Hot water storage unit

	
Hot water tank

	
50.0




	
Supplementary boiler

	
38.0




	
Total mass

	
178.67
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