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Abstract

:

The concentrating solar spectrums splitter (CSSS)-driven solid oxide electrolysis cell (SOEC) is an attractive technology for green hydrogen production. The CSSS mainly comprises a concentrating photovoltaic (CPV), which converts sunlight with shorter wavelengths into electricity, and a concentrating solar collector (CSC), which converts the remaining sunlight into heat. However, the optimal splitting of the solar spectrums is a critical challenge that directly impacts the efficiency and normal operation of the SOEC. To address this challenge, a mathematical model integrating the CSSS with the SOEC is developed based on principles from thermodynamics and electrochemistry. By analyzing the requirements of electricity and heat for the SOEC, the model determines the optimal configuration and operational parameters. The results show that the anode-supported type, higher operating temperature, larger inlet flow rate of water, higher operating pressure of the SOEC, higher operating temperature of the CSC, and larger electric current of the CPV contribute to allocating more solar spectrums to the CSC for heat generation. However, the greater effectiveness of the heat exchangers, higher operating temperature, and larger optical concentration ratio of the CPV exhibit contrasting effects on the spectrum allocation. The obtained results provide valuable theoretical guidance for designing and running the CSSS for hydrogen production through SOEC.
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1. Introduction


Due to swift economic growth and global population expansion, there has been a substantial surge in the consumption of fossil fuels. Unfortunately, this trend has resulted in adverse consequences, such as global warming [1], environmental pollution [2], and resource scarcity [3], thereby impeding the progress of social sustainability. Consequently, it has become exceedingly urgent to develop low-carbon, clean, and efficient renewable energy sources. Hydrogen can be regarded as a feasible solution to address environmental disruption and energy challenges [4]. It possesses excellent combustion properties and a high energy density, and it does not produce emissions of greenhouse gases, such as carbon dioxide, nitrogen oxides, and sulfur oxides, making it a safe and reliable energy option [5,6]. Moreover, hydrogen is easy to store and transport, making it highly versatile and applicable in various fields [7,8]. These inherent characteristics position hydrogen as a pivotal component in the development of sustainable energy carriers [9].



Currently, there are several technologies available for hydrogen production from water decomposition, including electrolysis, photocatalytic processes, and thermochemical processes [10]. Among them, water electrolysis has gained significant attention as a hydrogen production method due to its high purity and environmentally friendly nature [11]. However, due to the large amount of electricity required, it is relatively expensive in terms of cost-effectiveness [12,13]. Solar energy, as the most plentiful and environmentally friendly renewable energy source, presents a promising solution for hydrogen production by integrating photovoltaic conversion and electrolysis [14,15]. This approach not only reduces the cost of hydrogen production but also enables the storage of intermittent and fluctuating solar energy in the form of hydrogen fuel. Compared to low-temperature electrolysis, such as proton exchange membrane electrolysis cells and alkaline water electrolysis cells, solid oxide electrolysis cell (SOEC) has a notable cost advantage [16]. This is primarily attributed to the utilization of a high operating temperature, which minimizes the electrical energy requirement, enhances electrode activity, and reduces overpotentials during the electrochemical processes [17,18,19,20]. The fundamental principle behind the use of solar-driven SOEC for hydrogen production involves the efficient utilization and splitting of the solar spectrums using a concentrating solar spectrums splitter (CSSS). The CSSS effectively directs sunlight to a concentrating photovoltaic (CPV) system and a concentrating solar collector (CSC) [21,22,23,24]. The CPV system converts the shorter wavelengths of solar energy into electricity, while the CSC collects and converts the remaining wavelengths of solar energy into heat. The electricity and heat generated by the CPV and CSC are then supplied to the SOEC for hydrogen production [25,26,27]. Consequently, the hybrid system combining CSSS and SOEC technologies holds great promise for efficient and sustainable hydrogen production.



Given the compatibility and feasibility between the CSSS and SOEC, numerous studies have been conducted to advance this technology, including efficiency evaluation, the influential mechanism, protype demonstration, economic assessment, and deficiencies. For example, Edwards et al. [28] proposed a scheme to use CSSS to provide electricity and heat to SOEC for hydrogen production, which could achieve a theoretical efficiency of approximately 50%. However, due to energy losses or mismatches between the provided electrical and thermal energy, a practical efficiency of 30% or more was obtained. Mittelman et al. [29] presented a concept for the production of solar fuels based on CSSS and SOEC, achieving peak hydrogen production efficiencies of 23.0% and 33.1% using mono-Si and GaAs/Si photovoltaic component materials with cutoff wavelengths of 1200   nm  . Once the electrical and thermal energy provided by the CSSS changed, it inevitably led to a decrease in the efficiency of the CSSS-SOEC system. Daneshpour et al. [30] introduced a novel device that combined solar thermophotovoltaic with SOEC to efficiently harness solar energy by using CSSS for hydrogen production, achieving a hydrogen production efficiency of up to 34% with the   InGaAsSb   photovoltaic cell. However, the assignment of thermal and electrical energy required by SOEC was limited by the cutoff wavelength of the photovoltaic cell. Kaleibari et al. [31] conducted a study on a CSSS-driven SOEC for hydrogen production, reaching a hydrogen production efficiency of 36.5% under optimal conditions of a direct normal irradiance of 899      W   m    − 2     and a concentration of 1000 suns. Although three single-junction cells expanded the range of cutoff wavelengths, the assignment of thermal and electrical energy required by the SOEC was still limited by the cutoff wavelengths of the solar cells. Gopalan et al. [32] investigated the influence of various operational parameters on the hydrogen production efficiency in a CSSS-SOEC hybrid system, showing that operating above the thermal-neutral voltage could enhance hydrogen production efficiency. Nevertheless, a detailed analysis of the thermal and electrical energy required by SOEC was not discussed. Lin et al. [33] performed a techno-economic analysis and found that a SOEC driven by thermal and electrical energy from a CSSS achieved the highest hydrogen production efficiency and lowest cost, while ignoring the thermal and electrical energy requirements of the SOEC. Thompson et al. [34] conducted a cost analysis of CSSS-SOEC while the thermal and electrical energy requirements of CSSS-SOEC were not discussed.



However, the heat and electricity provided by the CSSS are not always well-matched with the real requirements of the SOEC, which may lead to chemical/electrochemical degradation [35], fragile component fractures [36], mechanical failures [37], and energy losses [38]. To address this issue, some scholars have introduced various new methods and system configurations to balance the supply of heat and electricity, aiming to efficiently utilize the inlet solar spectrums. For example, Liu et al. [38] optimized the supply-and-demand matching of electrical and thermal energy in a CSSS-SOEC system, achieving a hydrogen production efficiency of 39.0% under optimal conditions with a cutoff wavelength of 1000   nm   and a reaction temperature of 950 °C. However, this electrical and thermal energy matching method had strict conditional limitations. Baniasadi [39] introduced a new process for the high-efficiency production of a hydrogen system and saltwater desalination based on CSSS, achieving maximum energy and exergy efficiencies of about 45%. While this method of matching electrical and thermal energy improves the efficiency of the hybrid system, it also restricts the efficiency of CSSS-SOEC. Fang et al. [40] proposed a system integrating CSSS with thermochemical methane steam reforming and the Rankine cycle to balance the electricity and heat supply for SOEC hydrogen production. This new concept helps balance the supply of heat and electricity. However, this method may lead to greater system complexity and higher manufacturing costs. Therefore, it is quite important to optimally split the solar spectrums by using the CSSS to meet the electricity and heat requirements of the SOEC, which may not only reduce the manufacturing cost and system complexity, but also improve energy efficiency and operation durability.



In this work, a hybrid-system model incorporating CSSS and SOEC is formulated to discuss how to optimally split the solar spectrums according to the requirements of heat and electricity of SOEC. Firstly, the SOEC electrochemical model is described, and the requirements of electricity and heat are determined, deriving the balance parameter to guide the CSSS to allocate the solar spectrums. Later, the CSSS model is described to determine how much electric power can be delivered. Subsequently, the models of the SOEC and the CPV within the CSSS are validated using the experimental data. Finally, the dependences of the balance parameter and the cut-off wavelength splitting the solar spectrums on various design or operating parameters are discussed, providing fresh perspectives on the design and operation of a real-world solar–hydrogen system.




2. System Descriptions


Figure 1 shows the schematic diagram of a concentrating solar spectrums splitter (CSSS)-powered solid oxide electrolysis cell (SOEC) for the eco-friendly production of hydrogen. The system consists of several components, including a CSSS with a concentrating photovoltaic (CPV) and a concentrating solar collector (CSC), an SOEC, a separator, two heat exchangers, and two product tanks. The solar energy is converted into both electricity and heat by the CSSS, which is then utilized by the SOEC for hydrogen production. Because the products exiting the SOEC contain a considerable quantity of waste heat, most of the waste heat can be reclaimed by utilizing heat exchanger #1 to warm the incoming water. Once it passes through heat exchanger #1, the oxygen undergoes a cooling process and is subsequently stored. The      H 2   /   H 2  O     mixture is then channeled into the separator, where it undergoes an efficient separation process. The hydrogen is subjected to cooling and subsequently stored as a source of fuel, while the hot water from the separator is blended with the incoming water for use in the subsequent hydrogen production cycle. The feeding steam needs to be further heated when passing across heat exchanger #2 to attain the temperature required for the SOEC reaction [41].



To simplify the subsequent analyses, several basic model assumptions are made:




	(1)

	
The hybrid system operates continuously under stable and consistent conditions;




	(2)

	
All wavelengths of sunlight entering the system are utilized [42];




	(3)

	
Ideal gas properties are assumed for all the working gases [43];




	(4)

	
The working fluids are considered homogeneous and continuous, and effects such as viscous heat dissipation, pressure drop, kinetic energy, and potential energy are neglected [44];




	(5)

	
Negligible heat losses occur in the pipelines [45];




	(6)

	
All electrochemical reactions in thermochemical cycles occur at the reaction temperature and with a pressure of 1 atm [46];




	(7)

	
The increases in thermal conductance and electrical resistance resulting from the operation of the coupling system are negligible;




	(8)

	
SOEC operates in isothermal mode [47];




	(9)

	
Contact resistances are ignored [48].









2.1. Solid Oxide Electrolysis Cell


As illustrated in Figure 1, CSSS is utilized to supply high-temperature heat and electricity for driving the electrochemical reaction of SOEC, resulting in the decomposition of    H 2  O   into    H 2    and    O 2    [49,50,51,52]:


     2 H   2  O + heat + electricity →    2 H   2     + O   2   



(1)







The total energy requirement can be expressed as follows:


  Δ H  ( T )  = Δ G  ( T )  + Q  ( T )   



(2)




where   Δ G  ( T )   ,   Q  ( T )  = T Δ S  ( T )   , and   Δ S  ( T )    are the Gibbs energy change, heat requirement, and entropy change, respectively, and  T  is the SOEC’s operating temperature. These thermodynamic parameters can be derived through the computations detailed in [53].



The equilibrium potential of the SOEC can be determined by the Nernst equation, which calculates the lowest electric potential required to facilitate the splitting at a specified temperature and gas concentration [50,54]:


  E =  E 0  +   R T   2 F   ln (    P   H 2     P   O 2     1 / 2       P   H 2  O     )  



(3)




where    E 0  = 1.253 − 2.4516 ×   10   − 4   T  .



Extra voltage is required to overcome the irreversible overpotentials and ensure normal operation in SOEC, where the irreversible potentials include activation overpotential, concentration overpotential, and ohmic overpotential [50,54,55].



	(1)

	
Activation overpotential







According to the Butler–Volmer equation, the activation overpotential    V  a c t , k     can be expressed as [50,54,56]


   V  a c t , k   =   R T  F    sinh   − 1   (  J  2  J  0 , k     ) =   R T  F   [   J  2  J  0 , k     +      (   J  2  J  0 , k      )   2  + 1    ]  ,   k = a , c  



(4)




where    J  0 , k   =  γ k   e    −  E  a c t , k     R T       and subscript  k  represents the letters of  a  or  c  for anode or cathode, respectively.



	(2)

	
Concentration overpotential







The cathode and anode concentration overpotentials can be, respectively, calculated by [54,57,58,59]


   V  c o n , a   =   R T   4 F   ln (       (  P   O 2    )  2  +   J R T μ   2 F  B g     L a       P   O 2      )  



(5)




and


   V  c o n , c   =   R T   2 F   ln  [    1 + ( J R T  L c  / 2 F  D   H 2  O   e f f    P   H 2    )   1 − ( J R T  L c  / 2 F  D   H 2  O   e f f    P   H 2  O   )    ]   



(6)







	(3)

	
Ohmic overpotential







According to Ohm’s law, the ohmic overpotential can be expressed as [17,49,60,61]


   V  o h m   = J  R  o h m   = J (    L a     σ a    +    L e     σ e    +    L c     σ c    )  



(7)







The input potential of an SOEC to drive the SOEC for hydrogen production can be expressed as the sum of the equilibrium potential  E  and the extra voltage attributed to all the irreversible losses, as follows:


  V = E +  V  a c t , a   +  V  a c t , c   +  V  c o n , a   +  V  c o n , c   +  V  o h m    



(8)







The electrical power    P  S O E C     required by a single SOEC can be calculated as follows:


   P  S O E C   = V I  



(9)




where   I = J  A  S O E C    .



Furthermore, the rate of entropy generation  δ  resulting from irreversible overpotentials involved in the operation of SOEC can be calculated as follows:


  δ = 2 F  (   V  a c t , a   +  V  a c t , c   +  V  c o n , a   +  V  c o n , c   +  V  o h m    )   



(10)







Additionally, according to Faraday’s law, the rate of electrochemical reaction    ν  S O E C     in the SOEC is dependent on the operating electric current  I  [62,63]:


   ν  S O E C   = ±   d n   d t   =  I  2 F    



(11)







According to Equation (11), the outlet flow rate of    H 2  O   is given by


     N ·     H 2  , o u t   = 2    N ·     O 2  , o u t   =    N ·     H 2  O , r e a c t e d   =  I  2 F    



(12)




and


     N ·     H 2  O , o u t   =    N ·     H 2  O , i n   −    N ·     H 2  O , r e a c t e d   =    N ·     H 2  O , i n   −  I  2 F    



(13)







So, the heat input to the SOEC can be expressed as [57]


   Q  S O E C   =    N ·     H 2  O , r e a c t e d    [  T Δ S − δ  ]   



(14)







The heat required for heating the supplementary water per unit time    Q   H 2  O     can be formulated as [64,65]


   Q   H 2  O   =  [     N ·     H 2  O , i n   (  1 ε  − 1 ) +  I  2 F    ]   (     ∫   T 0     T b      C   H 2  O ( l )   d T +  L v  +    ∫   T b   T    C   H 2  O ( g )   d T        )  −  I  2 F      ∫   T 0   T   (  C  P ,  H 2    +  1 2   C  P ,  O 2    d T )     



(15)




where    C  p , m     (m =    H 2  O  ,    H 2   , or    O 2   ).



So, a balance parameter χ defined as the ratio of electricity to the total exergy of the SOEC can be introduced [53] to find out exergy requirement of the SOEC under different conditions:


  χ =    P  S O E C      P  S O E C   +  Q  S O E C    (  1 −    T 0     T X     )  +  Q   H 2  O    (  1 −    T 0     T  C S C      )     



(16)




where    T  C S C     is temperature of the heat provided by the CSC;    T X    may be equal to    T  C S C     or  T , which depends on the value of    Q  S O E C    .



When    Q  S O E C   > 0  , the heat produced from irreversible losses in the SOEC is not enough to meet the heat requirement for the desired reaction. This indicates that the SOEC alone cannot generate enough heat to meet the exergy demand required for the reaction; heat from the CSC is necessary to achieve the required exergy balance. As a result, Equation (16) should be modified to Equation (17), indicating that the electrolysis reaction process must be effectively carried out with the help of heat input from the CSC.


  χ =    P  S O E C      P  S O E C   +  Q  S O E C    (  1 −    T 0     T  C S C      )  +  Q   H 2  O    (  1 −    T 0     T  C S C      )     



(17)







When    Q  S O E C   ≤ 0   and    Q  S O E C    (  1 −    T 0    T    )  +  Q   H 2  O    (  1 −    T 0     T  C S C      )  > 0  , the heat generated by the irreversible losses in the SOEC equals or exceeds the heat demanded by the water electrolysis reaction. This indicates that there is no supplementary heat input to supply the SOEC during the hydrogen production process. Furthermore, to optimize the utilization of excess heat generated by the SOEC, it is directed into heat exchanger #2, where it preheats    H 2  O   and reduces the heat supply burden on CSC, thereby improving the thermal exergy utilization in the hybrid system. In this case, Equation (16) can be modified as follows:


  χ =    P  S O E C      P  S O E C   +  Q  S O E C    (  1 −    T 0    T    )  +  Q   H 2  O    (  1 −    T 0     T  C S C      )     



(18)







When    Q  S O E C    (  1 −    T 0    T    )  +  Q   H 2  O    (  1 −    T 0     T  C S C      )  ≤ 0  , the irreversible heat losses generated in SOEC are greater than or equal to the heat requirement of the water electrolysis process for hydrogen production, including the heat required by the SOEC itself and the heat provided by the CSC. To maintain SOEC in steady operation, redundant heat is simultaneously released into the atmosphere. In this case, Equation (16) can be modified into


  χ =    P  S O E C      P  S O E C      



(19)







This indicates that the balance parameter is constant at 100% throughout, and the hybrid system only requires electrical exergy to operate.




2.2. Concentrating Solar Spectrums Splitter


According to the interference principle of sunlight caused by the multilayer film, in the CSSS, sunlight is concentrated by the concentrator onto the spectral filter and split by the filter into two parts: one part, with relatively short wavelengths, is assigned to CPV, and the other part, with relatively long wavelengths, is assigned to CSC.



The total solar radiation energy    Q  S O L A R     includes the energy received by the CPV of    Q  C P V    , the CSC of    Q  C S C    , and optical loss [66,67], i.e.,


   Q  S O L A R   =  A C  D N  I  A M 1.5   =  A C     ∫   0   nm    + ∞    nm      E  A M 1.5   ( λ )      d λ  



(20)






   Q  C P V   =  η  o p t    C  C P V    A  C P V    G  C P V   =  η  opt    A C     ∫   0   nm     x c     nm      E  A M 1.5   ( λ )      d λ  



(21)




and


   Q  C S C   =  η  o p t    Q  S O L A R   −  Q  C P V   =  η  o p t    A C     ∫   x c     nm    + ∞    nm      E  A M 1.5   ( λ )      d λ  



(22)







2.2.1. Concentrating Photovoltaic


Once the solar spectrums pass through the CSSS, the part of solar energy containing shorter wavelengths,    Q  C P V    , is transmitted to the CPV and converted into electricity. The correlation between the output electric current    I  C P V     and output voltage    V  C P V     of CPV is given by [68,69]


   I  C P V   =  n p   I L  −  n p   I 0  =  n p   I L  −  n p   I S   {  exp  [    q  (   V  C P V   +  I  C P V    R S   )    A  K b   T  C P V    n S     ]  − 1  }   



(23)







The photocurrent    I L    can be expressed as [49,60]


   I L  =    G  C P V      G r     [   C  C P V    I  S C   +  K  S C    (   T  C P V   −  T 0   )   ]   



(24)







The diode reverse saturation current    I S    is given by [68]


   I S  =  C  C P V    I r    (    T  C P V      T 0    )  3  exp  [     E g  q    K b     (   1   T 0    −  1   T  C P V      )   ]   



(25)







The mathematical expression of    V  C P V    , obtained by rearranging Equation (24), is given by [70,71]


    V  C P V   =   A  K B   T  C P V    n S   q  ln (    n P   I L  − 1    n P   I S    + 1 ) −  I  C P V    R S    



(26)







The power    P  C P V    , the energy efficiency ηCPV, and the exergy efficiency    ψ  C P V     of CPV can be, respectively, calculated by


   P  C P V   =  V  C P V    I  C P V    



(27)






   η  C P V   =    P  C P V      η  o p t    C  C P V    A  C P V    G  C P V      



(28)




and


   ψ  C P V   =    P  C P V      η  o p t    C  C P V    A  C P V    G  C P V   ( 1 −   4  T 0    3  T  s u n     +  1 3    (    T 0     T  s u n     )  4  )    



(29)








2.2.2. Concentrating Solar Collector


The CSC is a thermodynamic device that collects solar energy    Q  C S C     and then radiates it to the absorber surface area. The absorber converts solar energy into heat and transfers it to the flowing fluid (usually air, water, or oil). Subsequently, the heat is transferred to the SOEC or heat exchangers through the flowing fluid as an intermediary medium, meeting the high-temperature heat requirements of both the SOEC and the heat exchangers [30,72].





2.3. Solar Spectrums Splitting in the Hybrid System


In order to effectively utilize CSSS to allocate solar spectrums for CPV electricity generation and CSC heat generation to meet the electricity and heat requirements of SOEC, the indirect coupling method (DC-DC) [73,74,75] is employed to achieve a perfect match between Equation (16) and the ratio of electricity generated by CPV to the sum of electricity generated by CPV and exergy gained from CSC, i.e.,


  χ =    P  S O E C      P  S O E C   +  Q  S O E C    (  1 −    T 0     T X     )  +  Q   H 2  O    (  1 −    T 0     T  C S C      )    =    P  C P V      P  C P V   +  Q  C S C   ( 1 −    T 0     T  C S C     )    



(30)







Equation (30) can be rewritten as


  χ =    P  S O E C      P  S O E C   +  Q  S O E C    (  1 −    T 0     T X     )  +  Q   H 2  O    (  1 −    T 0     T  C S C      )    =    ψ  C P V      ∫   0   nm     x c     nm      E  A M 1.5   ( λ )      d λ    ψ  C P V      ∫   0   nm     x c     nm      E  A M 1.5   ( λ )      d λ +    ∫   x c     nm    + ∞    nm      E  A M 1.5   ( λ )      d λ ( 1 −    T 0     T  C S C     )    



(31)




where    x c    is the cut-off wavelength splitting the solar spectrum. Above this point, the solar spectrum is harnessed for heat generation, while below it, the solar spectrum is utilized for electricity generation.



From Equation (31), it can be observed that the balancing parameter of the hybrid system depends not only on the thermodynamic and electrochemical parameters of the SOEC, but also on the operation temperature of CSC. By utilizing the aforementioned equations, it is possible to analyze and optimize the CSSS to split solar spectrums for CPV generation electricity and for CSC generation heat to meet the requirements for the operating of SOEC. This helps achieve perfect matching between subsystems, enabling the efficient operation of the hybrid system [76,77].





3. Model Validation


Currently, there is a lack of experimental research on the solar spectrums split by CSSS for CPV electricity generation and CSC heat generation to drive SOEC hydrogen production. Consequently, the models of SOEC and CPV are validated independently. Figure 2a shows the potential of an SOEC  V  varying with steam molar fraction (SMF) under   J      = 2000   A   m    − 2    ,    L e  = 1.0 ×   10   − 3      m   , and   T =  1273   K   . The input parameters of the electrochemical model, along with their numerical values utilized in the calculations, are provided in Table 1 [78,79]. As the SMF increases, the SOEC potential decreases. This decrease is due to the application of the Nernst equation, which states that the potential decreases as the SMF increases. The modeling results demonstrate a strong concurrence with the experimental data collected by Momma et al. [80].



Figure 2b shows the CPV energy efficiency    η  C P V     varying with the operating temperature    T  C P V     under a band-gap energy of 1.12 eV, where    G  C P V   = 800   W    m  − 2    ,    G r  = 1000   W    m  − 2    , and    T  C P V    = 300   K   . The values of the input parameters specific to the CPV are documented in Table 2 [68]. It is shown that    η  C P V     decreases as the operating temperature increases, and the modeling outcomes exhibit a notable congruence with the experimental findings detailed in [81].



In order to quantitatively assess the disparity between the modeling results and the experimental data, the average relative error can be computed following the methodology delineated in [82], i.e.,


  A r e =  1 n    ∑  i = 1  n    |     X  c a l , i   −  X  exp , i      X  exp , i      |    × 100 %  



(32)




where    X  c a l , i     signifies the modeling results, while    X  e x p , i     designates the experimental data. The average relative errors of the SOEC and CPV models are 2.4% and 1.95%, respectively. Consequently, the models for both the SOEC and the CPV are deemed to be trustworthy. The proposed hybrid system model is highly accurate, and its reliability can be guaranteed to a satisfactory degree.




4. Results and Discussion


In this section, the influences of some critical operational conditions and design parameters, including the support types, the operating temperature, the inlet flow rate of the water, the operating pressure of the SOEC, the effectiveness of the heat exchangers, the operating temperature, optical concentration ratio, the electric current of the CPV, and the operating temperature of the CSC, on the balance parameter ( χ ) and the cut-off wavelength splitting the solar spectrum (   x c   ) are discussed. Thus, some useful suggestions on how to operate the CSSS for SOEC hydrogen production are given. Unless explicitly specified, the default parameters detailed in Table 1 and Table 2 are assumed for the calculations. The model of the CSSS-SOEC is solved using the iterative method by MATLAB R2018b software, and the detailed flow chart can be found in Figure 3.



4.1. Influences of the SOEC Support Types


The support types of the SOEC have a significant impact on the requirements of the electricity and heat, which not only affects the balance parameter  χ , but also has a significant impact on the cut-off wavelength    x c   . The effects of the different support types of SOEC on  χ  and    x c    are illustrated in Figure 4. It is evident that  χ  sharply increases to attain 100% and that    x c    sharply increases to the upmost wavelength with the increase in  J . Additionally, the growth rates of  χ  and    x c    for the electrolyte-supported SOEC are the largest, followed by those for the cathode-supported type and the anode-supported type. The situation of   χ =  100  %   means that all the inlet solar spectrums are assigned to the CPV by the CSSS for electricity generation. It is evident that the anode-supported type is the most optimal selection for the SOEC because it has the lowest electricity requirement. In the case of the anode-supported type, the porous structure does not pose an impediment to the transport of    O 2    at the anode. Even for a thicker anode, there is no current limitation. Therefore, more solar spectrums can be assigned to the CSC by the CSSS for heat generation, which improves the hydrogen production efficiency. The cathode-supported SOEC maintains a consistent electricity requirement with the anode-supported SOEC at a small  J . However, as  J  approaches the limiting current density of the cathode-supported SOEC, the electricity requirement increases sharply. The main reason for this is that the cathode concentration overpotential increases rapidly as the  J  of the cathode-supported SOEC approaches the limiting current density, leading to a sharp increase in the electricity requirement. In this regard, all the solar spectrums are assigned to the CPV by the CSSS for electricity generation. Additionally, the electrolyte-supported SOEC requires the highest amount of electricity to overcome the ohmic overpotential to drive    O  2 −     through the dense electrolyte layer. Almost all the solar spectrums need to be assigned to the CPV by the CSSS for electricity generation to sustain the normal operation of the system, even when operating at a small  J . Therefore, the anode-supported SOEC is adopted for subsequent analyses.




4.2. Influences of the SOEC Operating Temperature


The operating temperature of the SOEC  T  significantly affects the electricity and heat requirements, which in turn affects the balance parameter  χ  and the cut-off wavelength    x c   . As shown in Figure 5,  χ  increases to attain    100 %    and    x c    increases to the upmost wavelength with the increase in  J . The growth rates of  χ  and    x c    for   T  = 973   K    are the largest, followed by those of   T  = 1073   K    and   T  = 1173   K   . However,    x c    exhibits non-linear and fluctuating growth as  J  increases. Notably, sharp increases in the spectrums are observed in the regions of 1350~1450 nm, 1800~1950 nm, and 2500 nm~infinity compared to the other regions of the spectrums, which is mainly due to the fact that the spectrums in these three regions have the lowest energy. These observation results are consistent with the spectral irradiance of the AM1.5 D. These effects of the operating temperature can be explained as follows. A higher  T  promotes electrochemical reactions and reduces irreversible overpotentials during the reaction process, which leads to a reduction in the requirement for electricity, along with an increase in the requirement for heat. In this regard, more solar spectrums need to be assigned to the CSC by the CSSS for heat generation.




4.3. Influences of the SOEC Inlet Flow Rate of Water


The inlet flow rate of the water in the SOEC    N   H 2  O     is a crucial operational condition that affects the amount of heat used to preheat the water, thereby affecting the electricity and heat requirements of the SOEC. This, in turn, impacts the balance parameter  χ  and the cut-off wavelength    x c   . As shown in Figure 6,  χ  increases to attain 100% and    x c    increases to the upmost wavelength with the increase in  J . The growth rates of  χ  and    x c    decrease as    N   H 2  O     increases. This phenomenon suggests that a larger    N   H 2  O     increases the heat requirement of the SOEC. Consequently, more solar spectrums need to be assigned to the CSC by the CSSS for heat generation.




4.4. Influences of the SOEC Operating Pressure


The operating pressure of the SOEC  P  is another operating condition that affects the input voltage, thereby affecting the electricity and heat requirements of the SOEC. This, in turn, impacts the balance parameter  χ  and cut-off wavelength    x c   . As shown in Figure 7,  χ  increases to attain 100% and    x c    increases to the upmost wavelength with the increase in  J . The growth rates of  χ  and    x c    for   P =  1   atm    are the largest, followed by those for   P =  3   atm    and   P =  5   atm   . The effects of the operating pressure on  χ  and    x c    first grow and then diminish as  J  gradually increases. This is because a higher  P  reduces the concentration overpotentials during the reaction process. Consequently, there is a reduction in the requirement for electricity, along with an increase in the requirement for heat. As a result, more solar spectrums need to be assigned to the CSC by the CSSS for heat generation. If the electricity consumption of the compressing reactants is considered, the impacts of the operating pressure are weakened.




4.5. Influences of the Effectiveness of Heat Exchangers


The effectiveness of the heat exchangers  ε  is an important parameter that affects the heat transfer within the hybrid system, thereby affecting the electricity and heat balance of the hybrid system. This, in turn, impacts the balance parameter  χ  and cut-off wavelength    x c   . As shown in Figure 8,  χ  non-linearly increases to attain 100% and    x c    increases to the upmost wavelength with the increase in  J . The growth rates of  χ  and    x c    for   ε  = 0.8    are the largest, followed by those for   ε  = 0.7    and   ε  = 0.6   . From the thermodynamic perspective, a larger  ε  reduces the heat loss during heat transfer. In order to adapt the more efficient heat exchangers, more solar spectrums can be assigned to the CPV by the CSSS for electricity generation for higher hydrogen production efficiency.




4.6. Influences of the CSC Operating Temperature


The operating temperature of the CSC    T  C S C     affects the heat transfer from    Q  C S C     to the SOEC or the heat exchangers, thereby influencing the balance parameter  χ  and the cut-off wavelength    x c   . As shown in Figure 9,  χ  increases to attain 100% and    x c    increases to the upmost wavelength with the increase in  J . The growth rates of  χ  and    x c    for    T  C S C    = 1100   K    are the largest, followed by those for    T  C S C    = 1200   K    and    T  C S C    = 1300   K   . From the thermodynamic perspective, a higher    T  C S C     increases the heat losses during heat transfer, and more solar spectrums need to be assigned to the CSC by the CSSS for heat generation.




4.7. Influences of the CPV Operating Temperature


The operating temperature of the CPV    T  C P V     is an important operational condition that affects the CPV output power and then significantly impacts the cut-off wavelength    x c   . However, the    T  C P V     of the CPV does not affect the balance parameter  χ . This is because  χ  is determined by the exergy requirements of the SOEC. The    x c    alters to meet the electricity and heat demands of the SOEC under different CPV operating temperatures. As shown in Figure 10,    x c    increases to the upmost wavelength with the increase in  J . The growth rates of    x c    for    T  C P V   =  380   K    are initially the largest, and then they gradually become the lowest as  J  increases, followed by those for    T  C P V   =  370   K    and    T  C P V   =  360   K   . However,    x c    sharply grows to the upmost wavelength when  J  approaches    J S    regardless of    T  C P V    . The influence of    T  C P V     on    x c    becomes insensitive as the sunlight wavelength increases. This is because short wavelengths have higher solar radiation, and long wavelengths have lower solar radiation. In addition, a higher    T  C P V     decreases the output power and efficiency of CPV [83], and more solar spectrums should be assigned to the CPV by the CSSS for electricity generation.




4.8. Influences of the CPV Optical Concentration Ratio


The optical concentration ratio of the CPV    C  C P V     is a pivotal design parameter that influences the performance of the CPV and subsequently affects the cut-off wavelength    x c   . A larger value of    C  C P V     indicates that a higher amount of solar energy is incident upon the CPV per unit time, thereby contributing to the enhancement of the CPV performance. The    C  C P V     does not affect the balance parameter  χ , but    x c    alters to meet the electricity and heat demands of SOEC under different levels of    C  C P V    . As shown in Figure 11,    x c    increases to the upmost wavelength with the increase in  J . The growth rates of    x c    for    C  C P V   = 7   are initially the largest, and then they gradually become the lowest as  J  increases, followed by those for    C  C P V   = 6   and    C  C P V   = 5  . However,    x c    sharply grows to the upmost wavelength when  J  approaches    J S    regardless of    C  C P V    . When    C  C P V     increases from 5 to 7, the available ranges of spectrums for splitting in the CSSS expand from 673 nm~infinity to 529 nm~infinity. However, the electricity generation efficiency of the CPV is much lower than the heat efficiency of the CSC during the energy conversion process [84,85]. With a higher    C  C P V     in the CPV, more solar spectrums are assigned to the CPV by the CSSS for electricity generation.




4.9. Influences of the CPV Electric Current


The electric current of the CPV    I  C P V     is the primary operating parameter that directly influences both the CPV performance and the output power, subsequently resulting in an impact on the cut-off wavelength    x c   . The    I  C P V     of the CPV also does not affect the balance parameter  χ , and    x c    alters to meet the electricity and heat demands of the SOEC under different CPV electric currents. As shown in Figure 12,    x c    increases to the upmost wavelength with the increase in  J . The growth rate of    x c    for    I  C P V    = 8   A    is initially the largest, and then it gradually becomes the lowest as  J  increases, followed by those for    I  C P V    = 10   A    and    I  C P V    = 12   A   . The    x c    sharply grows to the upmost wavelength when  J  approaches    J S    regardless of    I  C P V    . When the    I  C P V     in the CPV increases from    8   A    to    12   A   , the available ranges of spectrums split by the CSSS narrow from 619 nm~infinity to 787 nm~infinity, but the power output of the CPV increases [84]. Therefore, with a higher    I  C P V     in the CPV, more solar spectrums are assigned to the CSC by the CSSS for heat generation.





5. Conclusions


In this paper, a mathematical model coupling an SOEC to a CSSS was established to further understand how to effectively split the solar spectrums to the CPV for electricity generation and to the CSC for heat generation by the CSSS to ensure the normal operation and efficient hydrogen production of the SOEC. Based on the theories of electrochemistry and thermodynamics, the requirements of electricity and heat for the SOEC were predicted. Accordingly, the effects of the structural parameters and operational conditions on the electricity requirements and cut-off wavelength splitting solar spectrums by the CSSS were discussed. The anode-supported type, higher operating temperature, larger inlet flow rate of water, higher SOEC operating pressure, higher CSC operating temperature, and larger electric current of the CPV result in the assignment of more solar spectrums to the CSC by the CSSS for heat generation. However, the greater effectiveness of the heat exchangers, higher operating temperature, and larger optical concentration ratio of the CPV exhibit contrasting effects on the spectrum allocation. The research results provide theoretical guidance for the allocation of solar spectrums by the CSSS to the SOEC for hydrogen production.
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Nomenclature




	
  A  

	
Diode ideality factor




	
    A C    

	
Area of the concentrator      ( m   2  )  




	
    A  C P V     

	
Effective area of the CPV      ( m   2  )  




	
    A  S O E C     

	
Effective surface area of the SOEC (   m 2   )




	
    B g    

	
Permeability (   m 2       Pa    − 1        s    − 1    )




	
    C  C P V     

	
Optical concentration ratio of CPV




	
    C  p , m     

	
Molar heat capacities of reactant/products (     J   mol    − 1        K    − 1    )




	
    D   H 2  O   e f f     

	
Effective diffusion coefficient of    H 2  O   (     m   s    − 1    )




	
   D N  I  A M 1.5   ( λ )   

	
Solar irradiance of AM1.5 direct spectrums (     W   m    − 2    )




	
    E  A M 1.5   ( λ )   

	
Solar irradiance of AM1.5 direct spectrum at  λ  (     W   m    − 2    )




	
  E  

	
Equilibrium potential ( V )




	
    E 0    

	
Standard potential ( V )




	
    E  a c t     

	
Activation energy (     J   mol    − 1    )




	
    E g    

	
Band-gap energy of semiconductor materials (  eV  )




	
  F  

	
Faraday constant (     C   mol    − 1    )




	
  G  

	
Gibbs energy (  J     mol   − 1    )




	
    G  C P V     

	
Solar radiation (  W    m  − 2    )




	
    G r    

	
Reference solar radiation (  W    m   − 2     )




	
  H  

	
Enthalpy (  J     mol   − 1    )




	
  I  

	
Electric current through the SOEC ( A )




	
    I 0    

	
Diode reverse current ( A )




	
    I  C P V     

	
Output electric current of the CPV ( A )




	
    I L    

	
Photocurrent of the CPV ( A )




	
    I r    

	
Reverse saturation current at reference temperature ( A )




	
    I  S C     

	
Short-circuit current of the CPV at reference temperature and solar radiation ( A )




	
  J  

	
Current density (  A    m  − 2    )




	
    J 0    

	
Exchange current density (  A    m  − 2    )




	
    K b    

	
Boltzmann constant (  J    K  − 1    )




	
    K  s c     

	
Short-circuit current temperature coefficient




	
  L  

	
Thickness ( m )




	
    L v    

	
Latent heat of water under 1 bar (     J   mol    − 1    )




	
  n  

	
Number of moles




	
    n p    

	
Number of cells in parallel




	
    n s    

	
Number of cells in series




	
    P  C P V     

	
Power output of CPV ( W )




	
    P   H 2      

	
Partial pressure of hydrogen (  bar  )




	
    P   H 2  O     

	
Partial pressure of steam (  bar  )




	
    P   O 2      

	
Partial pressure of oxygen (  bar  )




	
    P  S O E C     

	
Input electric power of the SOEC ( W )




	
  q  

	
Charge of an electron ( C )




	
  Q  

	
Heat (  J     mol   − 1    )




	
    Q  C P V     

	
Energy received by the CPV (     W   m    − 2    )




	
    Q  C S C     

	
Energy received by the CSC (     W   m    − 2    )




	
    Q   H 2  O     

	
Heat required for heating water per unit time ( W )




	
    Q  S O E C     

	
Heat required for the SOSE per unit time ( W )




	
    Q  S O L A R     

	
Total solar radiation energy (     W   m    − 2    )




	
  R  

	
Gas constant (     J   mol    − 1        K    − 1    )




	
    R S    

	
Intrinsic series resistance of the CPV ( Ω )




	
  S  

	
Entropy (  J     mol   − 1        K    − 1    )




	
  T  

	
Operating temperature of SOEC ( K )




	
    T 0    

	
Environment temperature ( K )




	
    T b    

	
Boiling temperature of water ( K )




	
    T  C P V     

	
operating temperature of CPV ( K )




	
    T  C S C     

	
Temperature of the heat supplied by CSC ( K )




	
    T  s u n     

	
Surface temperature of the sun ( K )




	
    T X    

	
Temperature of the heat supplied by the CSC or the SOEC ( K )




	
  V  

	
Potential ( V )




	
    V  C P V     

	
Output electric voltage of the CPV ( V )




	
    x c    

	
Cut-off wavelength (  nm  )




	
    X  c a l , i     

	
Modeling results




	
    X  e x p , i     

	
Experimental data




	
Acronyms




	
CPV

	
Concentrated photovoltaic




	
CSC

	
Concentrating solar collector




	
CSSS

	
Concentrating solar spectrums splitter




	
SMF

	
Steam molar fraction




	
SOEC

	
Solid oxide electrolysis cell




	
Greek symbols




	
  χ  

	
Balance parameter




	
  δ  

	
Rate of entropy (     J   mol    − 1        s    − 1    )




	
  γ  

	
Pre-exponential factors (     A   m    − 2    )




	
    η  C P V     

	
Energy efficiency




	
    η  o p t     

	
Optical efficiency of the concentrator and filter




	
  λ  

	
Wavelength of sunlight (  nm  )




	
  μ  

	
Dynamic viscosity (   μ P   )




	
  ν  

	
Rate of electrochemical reaction (     mol   s    − 1    )




	
  σ  

	
Electric conductivity (   Ω  − 1        m    − 1    )




	
    ψ  C P V     

	
Exergy efficiency




	
Superscripts and subscripts




	
  a  

	
Anode




	
   a c t   

	
Activation




	
  c  

	
Cathode




	
   c o n   

	
Concentration




	
  e  

	
Electrolyte




	
   o h m   

	
Ohmic
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Figure 1. Schematic diagram of a CSSS-powered SOEC for hydrogen production. 
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Figure 2. (a) The modeling and the experimental results of the potential of an SOEC  V  varying with a steam molar fraction (SMF). The experimental data are from [80]. (b) The modeling and the experimental results of the CPV energy efficiency    η  C P V     varying with the operating temperature    T  C P V    . The experimental data are from [81]. 
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Figure 3. Flow chart of the CSSS-SOEC hybrid system model solution. 
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Figure 4. The balance parameter χ and the cut-off wavelength    x c    varying with the current density  J  using different SOEC support types. 
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Figure 5. The balance parameter  χ  and the cut-off wavelength    x c    varying with the current density  J  under different SOEC operating temperatures SOEC  T . 
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Figure 6. The balance parameter  χ  and the cut-off wavelength    x c    varying with the current density  J  under different the inlet flow rates of water in the SOEC    N   H 2  O    . 
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Figure 7. The balance parameter  χ  and the cut-off wavelength    x c    varying with the current density  J  under different SOEC operating pressures  P . 
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Figure 8. The balance parameter  χ  and the cut-off wavelength    x c    varying with the current density  J  under different levels of effectiveness of heat exchangers  ε . 
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Figure 9. The balance parameter  χ  and the cut-off wavelength    x c    varying with the current density  J  under different CSC temperatures    T  C S C    . 
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Figure 10. The cut-off wavelength    x c    varying with the current density  J  under different CPV operating temperatures    T  C P V    . 
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Figure 11. The cut-off wavelength    x c    varying with the current density  J  under the different optical concentration ratios in the CPV    C  C P V    . 
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Figure 12. The cut-off wavelength    x c    varying with the current density  J  under different electric currents in the CPV    I  C P V    . 
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Table 1. Parameters used in SOEC modeling.
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	Parameter
	Symbol
	Value





	Operating pressure
	  P  
	   1.0   bar   



	Partial pressure of hydrogen
	    P   H 2      
	   0.4   bar   



	Partial pressure of steam
	    P   H 2  O     
	   0.6   bar   



	Partial pressure of oxygen
	    P   O 2      
	    1   bar    



	Preexponential factor for anode exchanger current density
	    γ a    
	   2.051 ×   10  9       A   m    − 2     



	Preexponential factor for cathode exchanger current density
	    γ c    
	   1.344 ×   10   10        A   m    − 2     



	Activation energy for anode
	    E  a c t , a     
	   1.2 ×   10  5       J   mol    − 1     



	Activation energy for cathode
	    E  a c t , c     
	   1.0 ×   10  5       J   mol    − 1     



	Electrode porosity
	  ω  
	   0.48   



	Electrode tortuosity
	  ξ  
	   5.4   



	Average pore radius
	  r  
	   1.07 ×   10   − 5      m    



	Electrolyte thickness
	    L e    
	   5.0 ×   10   − 5      m    



	Electrolyte ionic conductivity
	    σ e    
	   3.34 ×   10  4   exp     (  − 1.03 ×   10  4   T  − 1    )       (   Ω · m   )    − 1     



	Cathode thickness
	    L c    
	   5.0 ×   10   − 5      m    



	Cathode electric conductivity
	    σ c    
	   8.0 ×   10  4       (   Ω · m   )    − 1     



	Anode thickness
	    L a    
	   5.0 ×   10   − 4      m    



	Anode electric conductivity
	    σ a    
	   8.4 ×   10  3       (   Ω · m   )    − 1     



	Efficiency of the heat exchangers
	  ε  
	   0.7   



	Operating temperature
	  T  
	        973   1073   1173   K        



	Temperature of the CSC
	    T  C S C     
	    1300   K    



	Temperature of the environment
	    T 0    
	    298   K    



	Flow rate of    H 2  O   at SOEC inlet
	    N   H 2  O ,   i n     
	   6.63 ×   10   − 4        mol   s    − 1     



	Area of single-cell bipolar plates
	    A  S O E C     
	   6.4 ×   10   − 3        m   2    










 





Table 2. Parameters used in the CPV modeling.
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	Parameter
	Symbol
	Value





	Short-circuit current
	    I  S C     
	   4.8   A   



	Diode ideality factor
	  A  
	   1.5   



	Short-circuit current temperature coefficient
	    K  S C     
	   2.06 ×   10   − 3     A    K  − 1     



	Reverse saturation current at reference temperature
	    I r    
	   0.118 ×   10   − 6     A   



	Area of CPV
	    A  C P V     
	   0.6    m 2    



	Number of strings in parallel
	    n P    
	  1  



	Number of cells in series
	    n S    
	   36   



	Intrinsic series resistance of the CPV
	    R S    
	   1.8 ×   10   − 3     Ω   



	Reference temperature of CPV
	    T 0    
	   298   K   



	Reference solar irradiation
	    G r    
	   900   W    m  − 2     



	Electric current
	    I  C P V     
	    10   A    



	Optical concentration ratio
	    C  C P V     
	  5  



	Operating temperature of CPV
	    T  C P V     
	   360   K   



	Surface temperature of the sun
	    T  s u n     
	   5700   K   



	Elementary electron charge
	  q  
	   1.60218 ×   10   − 19     C   



	Boltzmann constant
	    K b    
	   1.38066 ×   10   − 23     J    K  − 1     
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