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 วิศวะ ชาลี : การวิเคราะห์ประสิทธิภาพของเซลลอิ์เลก็โทรไลซิสชนิดออกไซดข์องแขง็แบบน าโปรตอนร่วมกบั

กระบวนการรีฟอร์มมิงของมีเทนแบบแหง้. ( PERFORMANCE ANALYSIS OF THE 
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COUPLING WITH DRY METHANE REFORMING) อ.ท่ีปรึกษาหลกั : ผศ. ดร.
อมรชยั อาภรณ์วิชานพ 

  

เซลลอิ์เล็กโทรไลซิสชนิดออกไซด์ของแข็งแบบน าโปรตอน (H-SOEC) เป็นเทคโนโลยีสะอาดส าหรับผลิต
แก๊สสังเคราะห์จากน ้าและคาร์บอนไดออกไซดผ์า่นปฏิกิริยาไฟฟ้าเคมีและปฏิกิริยาเคมี อยา่งไรก็ตามเทคโนโลยดีงักล่าวมกัใหค้่า
การเปล่ียนแปลงคาร์บอนไดออกไซด์ท่ีต ่าและมีน ้ าปนออกมากบัผลิตภณัฑแ์ก๊สสังเคราะห์ในปริมาณท่ีสูง เพราะฉะนั้นเซลลอิ์
เล็กโทรไลซิสชนิดออกไซด์ของแข็งแบบน าโปรตอนร่วมกับกระบวนการรีฟอร์มมิงของมี เทนแบบแห้ง (H-

SOEC/DMR) จึงถูกเสนอข้ึนเพื่อเป็นการปรับปรุงประสิทธิภาพของกระบวนการดงักล่าว แผนผงัแบบจ าลองของ H-

SOEC/DMR ถูกพฒันาข้ึนโดยใชโ้ปรแกรม Aspen Plus และใชแ้บบจ าลองดงักล่าวส าหรับประเมินประสิทธิภาพ
ของ H-SOEC/DMR จากการวิเคราะห์ประสิทธิภาพของ H-SOEC/DMR แสดงให้เห็นว่าภายใตช่้วงอุณหภูมิ
ตั้งแต่ 1073 K ถึง 1273 K กระบวนการดงักล่าวให้ค่าการเปล่ียนแปลงของคาร์บอนไดออกไซด์และมีเทนท่ีสูงมากกว่า 
90% และ 80% ตามล าดบัและมีปริมาณของน ้ าในผลิตภณัฑแ์ก๊สสังเคราะห์ท่ีต ่า ทั้งยงัพบอีกว่าปริมาณของผลิตภณัฑแ์ก๊ส
สังเคราะห์มีค่าเพิ่มสูงข้ึนตามการเพิ่มข้ึนของความหนาแน่นกระแสและจ านวนเซลล์ จากการวิเคราะห์ทางพลังงานของ
กระบวนการแสดงให้เห็นว่า H-SOEC/DMR (500 เซลล)์ ให้ประสิทธิภาพทางพลงังานสูงสุดอยู่ท่ี 72.80% เม่ือ
ด าเนินการภายใต้สภาวะท่ีมีอุณหภูมิ 1123 K, ความดัน 1 atm, และความหนาแน่นกระแส 2500 A m-2 การ
ออกแบบเครือข่ายแลกเปล่ียนความร้อนดว้ยการวิเคราะห์จุดพินซ์ไดถู้กน ามาประยุกต์ใชก้บั H-SOEC/DMR ซ่ึงท าให้
ประสิทธิภาพทางพลงังานเพิ่มข้ึนไปท่ี 81.46% และจากการวิเคราะห์ทางเอ็กเซอร์จีพบว่าหน่วย H-SOEC/DMR 

เป็นหน่วยท่ีมีค่าประสิทธิภาพทางเอก็เซอร์จีต ่าท่ีสุดเน่ืองจากมีการปล่อยไอแก๊สอุณหภูมิสูงออกมาจากหน่วยดงักล่าว 
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WITH DRY METHANE REFORMING. Advisor: Asst. Prof. Dr. 

AMORNCHAI ARPORNWICHANOP, D.Eng. 

  

The proton-conducting solid oxide electrolysis cell (H-SOEC) is a clean 

technology for syngas production from H2O and CO2 through electrochemical and 

chemical reactions. However, it gives low CO2 conversion and produces syngas 

product with high H2O content. Therefore, the H-SOEC coupling with a dry methane 

reforming process (H-SOEC/DMR) is proposed to improve its performance. The 

process flowsheet of the H-SOEC/DMR is developed by using Aspen Plus and used 

to evaluate the performance of H-SOEC/DMR. The performance analysis of the H-

SOEC/DMR shows that under the temperature range of 1073-1273 K, the %CO2 and 

%CH4 conversions of higher than 90% and 80% are observed, and the syngas product 

with low H2O content is obtained. The amount of syngas product increases with an 

increase in operating current density and the number of cells. The energy analysis is 

also performed, and the result indicates that the H-SOEC/DMR (500 cells) gives the 

highest energy efficiency of 72.80% when it is operated at temperature of 1123 K, 

pressure of 1 atm, and current density of 2500 A m–2. Based on a pinch analysis, the 

heat exchanger network is applied to the H-SOEC/DMR process, and its energy 

efficiency is increased to 81.46%. The exergy analysis shows that the H-SOEC/DMR 

unit gives the lowest exergy efficiency as high-temperature exhaust gas is released. 
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CHAPTER I 

INTRODUCTION 

 

1.1 Background 

 Nowadays, the world consumption rate of fossil fuels (e.g., oil, coal, and natural 

gas) extremely increases, especially in developing countries (Gurney, 2018; Gurney, 

2019), resulting in high greenhouse gas emissions. To relieve such an environmental 

problem, the utilize of greenhouse gas (e.g., carbon dioxide and methane) to produce 

high value-added products is considered an effective way, apart from reducing emitted 

gases (Arvidsson et al., 2015; Dominguez et al., 2015; Zhang et al., 2015). Among the 

various products that can be produced from greenhouse gases, a synthesis gas (syngas), 

a mixture of hydrogen and carbon monoxide is interest because it is an important 

intermediate that can be used to synthesize various hydrocarbons such as long-chain 

hydrocarbons, methanol, ethanol, and synthetic diesel. 

 In general, conventional syngas production processes involve hydrogenation, 

steam reforming process as well as the gasification process. In addition, a dry methane 

reforming (DMR) process using CO2 and CH4 as reactants can be applied to the syngas 

production that given a high CO2 and CH4 conversion values (Muradov and Smith, 

2008). A proton-conducting solid oxide electrolysis cell (H-SOEC) is another 

promising technology for syngas production using electricity. When water and CO2 are 

introduced to the H-SOEC, syngas can be produced via an electrochemical process.  

 In the proton-conducting solid oxide electrolysis cell, electrochemical reactions 

proceed by electrical and thermal energies to generate hydrogen and syngas. The 

electrochemical conversion is of interest in terms of energy efficiency, compared with 

other CO2 conversion processes. The higher energy efficiency of the SOEC can be 

achieved when electrical energy is supplied from renewable sources. Currently, the 

growth of green electricity generated via renewable energy technologies has motivated 

research towards chemical industry electrification. From the power-to-chemical 

concepts of the SOEC process, cheap resources could be converted into base chemicals 

and fuels. The operation temperature of H-SOEC is in a range of 800-1000 C  (high 
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temperature) However, H-SOEC still has some limitations regarding low CO2 

conversion, around 65% (Xie et al., 2010) due to without of catalyst used for the 

reversible water gas shift reaction (RWGS) that is a reaction to consumed CO2 and 

produce CO for syngas production. In addition, the occurrence of H2O from RWGS is 

usually produced by H2O cooperate with CO influence low of syngas selectivity 

obtained from H-SOEC. 

 One of another promising technology is the dry methane reforming (DMR) that 

is an oxidation process of CH4 for syngas production by using CO2 as an oxidizing 

agent. It is carried out in a fixed-bed reactor with a heterogeneous catalyst consisting 

of active metal site, supporter, and the promoter such as NiO/SiO2, NiO/TiO2, and 

NiO/Al2O3 (Aramouni et al., 2018). The DMR is of interest in terms of syngas 

production, which high CO2 and CH4 conversions and syngas selectivity can be 

obtained from this process. The CH4 conversion of 94% can be obtained when using 

Ni-based/mixed oxide supported heterogeneous catalysts at 700 C and CO2/CH4 molar 

ratio of 1 as reported by Tungkamani et al. (2013). Moreover, Hamzehlouia et al. (2018) 

reported that the CO2 and CH4 conversions of 95% and 85% were achieved with the H2 

and CO selectivity of 90% and 85% at the operating temperature of 800 C  and 

equivalent ratio of reactant (CO2/CH4 = 1) using nickel-based alumina supported 

catalyst. Although DMR is the high conversion and selectivity process, it is an 

extremely endothermic reaction (
K298H = 247 kJ mol-1), which needs high heat energy 

demand to carry out the reaction. Moreover, the syngas product of DMR is obtained at 

the equivalent ratio (H2/CO = 1), but sometimes this molar ratio is lower than 1 due to 

the presence of a reversible water gas shift reaction which consumes H2 (Lavoie, 2014). 

 For improvement term, Chen et al. (2018) investigated the DMR in the proton-

conducting solid oxide fuel cell reactor (H-SOFC) in which a catalyst layer of DMR is 

added to the anode of H-SOFC then CO2 and CH4 were introduced to the anode side of 

the SOFC. The DMR occurred at the anode side of the H-SOFC to produce syngas 

production and hydrogen product was used to generate electricity through H-SOFC. 

The results showed that the conversion of CO2 raised higher than 90%. Moreover, the 

selectivity of syngas was increased due to the use of H2O that was generated by the side 

reaction (RWGS), through steam methane reforming (SMR) reaction with CH4. From 
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the above concept, it could be adapted to the H-SOEC process in order to improve the 

low syngas production of this process.  

 

 

 

Figure 1.1 The schematics of (a) H-SOEC and (b) H-SOEC combine with a novel 

layer catalyst of DMR (H-SOEC/DMR) for syngas production. 

 

 The H-SOEC coupling with a dry methane reforming process (H-SOEC/DMR) 

is performed by adding a catalyst layer of DMR to the cathode of H-SOEC and 

changing the feed from CO2 to CH4 and CO2 mixture on the cathode side (Figure 1.1). 

The advantage of this process are: (i) high CO2 and CH4 conversion, (ii) high syngas 

selectivity, (iii) energy storage route to store renewable energy (wind or solar) as a 

power-to-gas process by using CO2 and CH4 with heat, (iv) highly energy efficiency 

process due to using electrical energy (supplied from renewable sources) with heat 

energy (exhaust heat from exothermic or nuclear plants processes), and (v) 

environmental friendly because using CO2 and CH4 as feeds and without exhaust gas 

emission (vi) highly H/C ratio in syngas product (H/C ratio   2), which suitable for 

methanol and long-chain hydrocarbon synthesis. However, this process is an extremely 

endothermic process that needs higher energy to sufficient, thus the energy analysis and 

improvement of the process are necessary to aim to achieve the process that has high in 

both syngas production and energy efficiency terms. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 4 

  

 

 

Figure 1.2 The designed reactor of H-SOEC and dry methane reforming layer. 

 

 This work aims to design and evaluate the performance of the H-SOEC coupling 

with a dry methane reforming process (H-SOEC/DMR) in order to receive the process 

that has high in both syngas production and efficiency terms. The reactor design of this 

process is illustrated in Figure 1.2. The electrochemical model and flowsheet simulation 

model are used to evaluate the performance of the process. Energy analysis is also 

performed to determine the effect of the operating condition on the energy efficiency 

of the process and the operating condition that given the highest energy efficiency is 

selected as the optimum condition of the process. Then, to improve the energy 

efficiency, the heat exchanger network design (HEN) is performed to achieve the 

maximum heat recovery of the process. Additionally, the exergy analysis of the process 

is performed to determine the exergy efficiency and exergy destruction that can indicate 

which part of the process is inefficient, leading to the decision for the modification of 

the process for improving the efficiency of the process. 
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1.2 Objective 

 This study aims to design and evaluate the performance of the H-SOEC 

coupling with a dry methane reforming process (H-SOEC/DMR) process for syngas 

production. 

 

1.3 Scopes of work 

 1.3.1 To develop the electrochemical model of the H-SOEC/DMR process. 

 1.3.2 To propose the H-SOEC/DMR flowsheet simulation model by using the 

existing function and unit operation of the Aspen Plus software. 

 1.3.3 To evaluate the effect of structural parameters of H-SOEC/DMR on 

performance in cell voltage term that the study conditions consist of (i) thickness of 

anode, cathode, and electrolyte in the range of 50 to 500 (µm) and support structures; 

(ii) pore size of 0.3, 0.4, and 0.5 (µm); (iii) porosity of 0.3, 0.4, and 0.5 (-); and (iv) 

tortuosity of 1.12, 1.14, and 1.16 (-)  

 1.3.4 To evaluate the effect of operational parameters of H-SOEC/DMR on 

performance in both cell voltage and syngas production terms. The studied conditions 

consisted of (i) S/C ratio in the range of 0.5 to 2 (-); (ii) temperature in the range of 

1073 to 1273 (K); (iii) pressure in the range of 1 to 5 (atm); (iv) current density in the 

range of 500 to 2500 (A m-2); and (v) number of cells in the range of 100 to 500 (cell). 

 1.3.5 To analyze the energy efficiency of H-SOEC/DMR process and to 

evaluate the effect of key operational parameters on the energy efficiency. The studied 

conditions consist of (i) temperature; (ii) pressure; (iii) current density; and (iv) number 

of cells. 

 1.3.6 To determine the optimal condition of the H-SOEC/DMR process that the 

highest energy efficiency was obtained. 

 1.3.7 To perform the heat exchanger network design of the H-SOEC/DMR 

process. 
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 1.3.8 To analyze the exergy efficiency of the H-SOEC/DMR process and to 

evaluate the effect of key operational parameters on the exergy efficiency. The studied 

conditions consist of (i) temperature; (ii) pressure; (iii) current density; and (iv) number 

of cells. 

 

1.4 Research methodology 

 For this work, the research methodology consists of several steps as described 

below: 

 1.4.1 Study the problems of H-SOEC for syngas production, which given low 

CO2 conversion and syngas selectivity. 

 1.4.2 The H-SOEC process is improved by adding the catalyst layer of DMR 

into the electrode of H-SOEC (H-SOEC/DMR) and changing feedstock to water, CO2, 

and CH4, as shown in Figure 1.2, to improve the conversion and selectivity of syngas 

production. 

 1.4.3 The electrochemical model is developed by using the Fick’s model and 

permeation model, to evaluate process performance in cell voltage term. 

 1.4.4 The flowsheet model simulation of the H-SOEC/DMR process is 

performed by using the Aspen Plus software. The reactor modules, which consist of 

RStoic, RGibbs, and separator, are used to simulate the H-SOEC/DMR process and 

used to evaluate process performance in terms of syngas production.  

 1.4.5 The developed electrochemical model is used to analyze the effect of the 

structural parameters (i.e., pore size, porosity, tortuosity, and thickness of cell) on 

process performance, then choose the promised value of structural parameters that 

minimize the cell voltage to use as constant variables for the next step. 

 1.4.6 The developed model of the H-SOEC/DMR process is used to analyze the 

effect of operating parameters (i.e., S/C molar ratio, current density, temperature, 

pressure, and a number of cells) on process performance. 
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 1.4.7 Perform the energy efficiency analysis of the H-SOEC/DMR process. The 

influence of changes in operational parameters on energy efficiency is investigated. 

 1.4.8 The optimum operating condition is selected based on the highest value of 

the energy efficiency 

 1.4.9 Under the optimum conditions of the H-SOEC/DMR process, the heat 

exchanger network is performed based on the pinch design method. 

 1.4.10 The exergy efficiency analysis of the H-SOEC/DMR process under the 

optimum conditions is performed and investigated the influence of changes in 

operational parameters on exergy efficiency. 

 1.4.11 Discuss and conclude the simulation result. 

 1.4.12 Perform the thesis writing. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER II 

THEORY 

 

2.1 Proton-conducting solid oxide electrolysis cell (H-SOEC) technology 

 High-temperature solid oxide electrolysis cell (SOEC) is a technology to 

produced synthesis gas (H2 + CO) by converting water and carbon dioxide. This 

technology is carried on by using both electrical energy and thermal energy for 

electrochemical reactions. When compared with the different type of CO2 conversion, 

electrochemical conversions are interesting technology in both energy efficiency and 

cost terms as described below: 

 - It can be achieved transportation fuel by CO2, water, and renewable energy for 

hydrocarbon fuel production. 

 - The process is more accurate and is easier to control by controlling the 

temperature process and electrode potentials.  

 - These systems are highly efficient, clean, compact, modular, on-demand, and 

scalable. 

 - The process can utilize clean electrical energy sources such as wind, solar, 

tidal, geothermal, etc., as well as surplus electricity from hydroelectric and nuclear 

sources (Whipple and Kenis, 2010). 

 - The integration of the system with exothermic reforming processes can utilize 

waste heat from reforming reactions to improve energy efficiency. 

 - This technology is compatibility (environmentally compatible with reduced 

CO2 emissions), flexibility (fuel flexible and suitable for integration with various 

energy sources, especially sustainable energies), capability (can be used for different 

functions), adaptability (suitable for a variety of applications or different local energy 

needs), and affordability (competitiveness in cost). 
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2.1.1 Principle of SOEC 

 At present, SOEC can be divided into two types, depending on solid electrolyte 

property that allows oxygen ions (O2-) and proton (H+) transfer as shown in Figure 2.1. 

Comparing with the oxygen ion-conducting SOEC (O-SOEC), the proton-conducting 

SOEC (H-SOEC) has a higher ionic conductivity, especially at intermediate operating 

temperature (300-700oC). In addition, syngas obtained from O-SOEC has more 

concentration than H-SOEC, which is often diluted by steam produced from reversible 

water gas shift reaction (RWGS) (CO2 + H2 = CO + H2O). For O-SOEC, both H2O and 

CO2 together flow into SOCE cathode and receive the electrons supplied by the external 

electricity to associate into H2, O2-, and CO on the cathode side, afterward O2- ions 

permeate through the electrolyte and evolve as O2 on the anode side as shown below. 

 

Cathode: 
−− ++→++ 2

222 O2HCOe4OHCO      (2.1) 

Anode: 
−− +→ e4OO2 2

2
        (2.2) 

Overall: 2222 OHCOOHCO ++→+       (2.3) 

 

 For H-SOEC, water that is fed into the SOEC becomes steam due to the high-

temperature operation and flows through the anode side. The products that occur at the 

anode side is O2, H+, and electrons, and then H+ permeates through the electrolyte and 

accepts the electrons into H2 at the triple-phase boundary on the cathode side, afterward 

H2 reacts with CO2 that is fed into the cathode by RWGS reaction converts into CO and 

H2O as shown below. 

 

Cathode: OHHCOe4H4CO 222 ++→++ −+
     (2.4) 

Anode: 
−+ ++→ e4OH4OH2 22        (2.5) 

Overall: 2222 OHCOOHCO ++→+       (2.6) 
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Figure 2.1 SOEC schematics for CO2/H2O electrolysis based on (a) oxygen ion 

conducting electrolyte and (b) proton conducting electrolyte (Xiaomin et al., 2017).  

 

 The material and microstructure of SOEC play an important role to achieve high 

electronic efficiency. The porosity, microstructure, and active area of cell materials 

should be considered. It is generally recognized that electronic conduction (EC), ionic 

conduction (IC), and catalytic activation are the three essential functionalities for SOCE 

electrodes. The EC and IC can also be provided by mixing electronic and ionic 

conductor as materials such as metal, fluorite, perovskites, double perovskites, and 

Ruddlesden-Popper (RP). Porous fuel electrode is used as active sites to provided 

reactions for the decomposition of H2O and CO2. The nickel-Yttria-stabilized zirconia 

(Ni-YSZ) as known as cermet is wildly used as a fuel electrode due to its reasonable 

electrode catalytic activity, excellence chemical stability, suitable thermal expansion 

coefficient, and low cost. The properties of material of SOCE consist of: (i) the 

electrolyte must be chemically stable and can bring ions well, but must not conduct 

electricity well because both this value will have a reversal of each other, (ii) the 

electrolyte must be wide enough to prevent the recombination of hydrogen and oxygen, 

but must not be too wide in order to minimize an ohmic overpotential, (iii) both 

electrodes must have the appropriate porosity and pore size, (iv) the materials used to 

make both the electrodes and the electrolyte should similar thermal expansion 

coefficient, in order to prevent the occurrence of material failure of the electrolyte due 

to the high mechanical stress due to the difference in the thermal expansion coefficient 

and (v) low cost. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 11 

 The high-temperature electrolysis reductions of CO2 and H2O are both 

endothermic with their proportional electrochemical reactions. As the thermodynamic 

parameters (i.e., the enthalpy change ( H ), the Gibbs free energy change ( G ), and 

the entropy change ( S )) are a function of temperature. The parameter's value of 

reactions at 298.15 K can be calculated as Eqs. (2.7) - (2.9) (Wang et al., 2015). 

 ( ) ( ) =
B

BfB K15.298HK15.298H      (2.7) 

 ( ) ( )=
B

BB K15.298SK15.298S       (2.8) 

 STHG −=         (2.9) 

 The thermodynamic parameters of reactions at various temperatures can be 

calculated according to Eqs. (2.9) - (2.12) (Wang et al., 2015). 

 ( ) ( ) +=

T

K15.298

PdTCK15.298HTH     (2.10) 

 ( ) ( ) +=

T

K15.298

PdTCK15.298STS      (2.11) 

 ( )BCC
B

PBP =        (2.12) 

 Both H and G are related to cell voltage as shown in the relationship below 

(Eqs. (2.13) and (2.14)) (Wang et al., 2015). 

 
nF

G
E* 

−=         (2.13) 

 
nF

H
E n 

−=         (2.14) 

where H  is the enthalpy change (kJ mol-1), B is one of the reactants or products in the 

reaction, B  is the stoichiometric number of reactants ( B > 0) or products ( B > 0) in 

the reaction, Bf H  is the enthalpy of formation of B, S is the entropy (kJ mol-1 K-1), 

S  is the entropy change (kJ mol-1 K-1), T is the electrolysis temperature (K), G  is 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 12 

the Gibbs free energy change (kJ mol-1), PC  is the heat capacity (J mol-1 K-1), PC  is 

the heat capacity change (J mol-1 K-1), *E  is the Nernst potential (equilibrium potential) 

(V), nE  is the thermo-neutral potential (V), n is the number of electrons involved per 

reaction for the electrolysis reaction (n is equal to 2 for CO2/H2O electrolysis), and F is 

the Faraday constant (96,485 A s mol-1). 

 Figure 2.2 illustrates the energy demands of the electrochemical reactions. It is 

well known that enthalpy is made up of entropy and a Gibbs free energy terms as shown 

in Eq. (2.9). As indicates in this figure, H , G , and ST  represent the total energy 

demand, electrical energy demand, and heat energy demand, respectively. With 

increasing temperature, the total energy demand is almost invariant, but the decreasing 

electrical energy demand and the increasing heat energy demand are shown for 

reactions due to positive entropy change ( S  > 0). The decrease of electrical energy 

demand is almost equal to the increase in heat energy demand with increasing 

temperature. The energy efficiency of the process can be improved by using industrial 

waste heat or electricity from renewable energy. 

 

 

Figure 2.2 Relationships between thermodynamic parameters of electrolysis reaction 

(Wang et al., 2015). 
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2.1.2 Configuration of SOEC 

 In general, SOEC consists of stacking multiple layers in order to achieve syngas 

production efficiency. When focus at a single unit, the smallest unit of SOEC can be 

divided into 2 configurations such as (1) tubular and (2) planar as demonstrates in 

Figure 2.3. The tubular type provides better mechanical strength and facilitates sealing 

values than planar configuration, while the planar provides better syngas production 

efficiency due to the better dispersion ability of the gas in planar form and their much 

shorter current collection paths and significantly higher volumetric density.  

 

 

 

Figure 2.3 SOEC configurations: (a) Tubular and (b) Planar (Ni et al., 2008b).  

 

2.1.3 SOEC stack design 

 In order to improve the product output of a single cell SOEC system, the cell 

active area much be enlarged. An increasing of the active area of single cell is 

restriction. Firstly, it is hard to control the temperature across a large cell area. 

Secondary, it is challenging to manufacture large and low-cost ceramic films. In order 
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to treat these issues, a stack consisting of multiple cells is necessary, the structure of 

the SOECs stack system both tubular and planar configurations are shown in Figure 

2.4. In addition, interconnects must be added in a stack, in order to provide adequate 

electrical connections between the oxygen electrode of one single cell to the fuel 

electrode of the adjacent one without gas permeation.  

 

 

Figure 2.4 Schematic diagram of the (a) planar (Ebbesen et al., 2011) and (b) tubular 

(Spacil and Tedmon, 1969) SOECs stacking systems. 

 

2.2 Dry methane reforming technology 

 In current, the production of syngas by the methane oxidation process used 

many oxidizing agents such as oxygen (partial oxidation of methane (POX) and auto-

thermal reforming (ATR)) or water (steam methane reforming (SMR)). Carbon dioxide 

is considered as an oxidizing agent via a reaction called dry methane reforming (DMR) 
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(Eq. 2.15). This equation involves the most oxidized form of carbon (CO2) that interacts 

with the most reduced form (CH4) (Wang and Lu, 1996). 

 224 H2CO2COCH ++   (
K298H  = +247 kJ/mol) (2.15) 

Thermodynamics for the DMR reaction is not as popular as the ATR, POX, and 

SMR reactions. However, according to DMR (Eq. 2.15), consumption of one mole of 

CO2 per mole of CH4 could reduce the carbon impact, which could lead to the 

consumption of natural gas that is environmentally friendly. The thermodynamic 

limitation is a big challenge that would rely simply on heat to convert the two molecules 

with high conversion values. Moreover, DMR also requires a steady and pure carbon 

dioxide source which may not available in all industrial processes. The used of catalytic 

systems could lead to the energy consumption reduction of the process which would 

promote the dry methane reforming to get closer to a conventional process. 

 

2.2.1 Principle of DMR  

 The dry methane reforming is a chemical process that involves the conversion 

of CO2 and CH4, which identified as the most abundant greenhouse gases in the world 

to syngas product with an H2/CO molar ratio of 1. As a result, this process has the 

performance to relieve the environmental challenge. Moreover, the low H2/CO molar 

ratio of syngas products can be adjusted by integrating with another process to achieve 

a higher molar ratio (H2/CO > 1) that favorable for the long-chain hydrocarbon 

production through Fischer-Tropsch synthesis process and methanol through the 

methanol synthesis process. 

 The DMR is an extremely endothermic process, which needs a high-

temperature range to operation. The operating temperature of DMR usually in the range 

of 900-1273 K, in order to obtain the high conversion value. In addition, this reaction 

is favored at low pressures (atmospheric pressure). Moreover, kindly be noted that a 

CO2/CH4 molar ratio higher than the stoichiometric of 1 can also lead to high syngas 

produced but it reduces an H2/CO molar ratio of syngas product. The advantage effects 

of high operating temperatures, low operating pressures and high CO2/CH4 molar ratios 
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of feed on the CO2 and CH4 conversion values were investigated and reported in many 

researches. Although the DMR is considered as an environmental performance process, 

it is not considered as an industrial favor process. The extremely high endothermic 

reaction coupling with high carbon composition can also lead to the catalyst 

deactivation. Moreover, the high reaction time and the pure and steady CO2 source 

requirement, result in the DMR is an unappropriated process that needs further 

development. The heat integration of exothermic with DMR processes is one of an 

effective way that can improve the DMR energy efficiency.   

 

2.2.2 Thermodynamics of DMR 

 The dry methane reforming is the high extremely endothermic reaction, 

compared to ATR and SMR. This can be reminded of the fact that CO2, the oxidizing 

agent used in DMR, is the most stable compared to steam and O2, which oxidizing 

agents used in SMR and ATR, respectively. Although DMR is consisted by the reaction 

between CO2 and CH4 (Eq. 2.15), several side reactions can also occur during the 

operation. Table 2.1 summarizes these reactions occur from DMR, equilibrium 

constants as a function of temperature and enthalpy of reactions. The equilibrium 

composition of the reaction system was analyzed based on the minimize Gibbs free 

energy method. 

 According to Table 2.1, the reversible water gas shift, RWGS (Eq. 2.16), which 

is the reaction that leads H2/CO ratio less than unity, is dependent on the equilibrium at 

an operating temperature range and is usually present during DMR. On the other hand, 

the RWGS reactions will not occur at temperatures higher than 1093 K. Finally, due to 

their exothermic nature and negative ln(K) values, Eqs. 2.17 and 2.18 have the 

possibility of occurring at temperatures lower than 800 K For the syngas production 

process, it should be operated at high temperature to prevent the presence of Eqs. 2.17 

and 2.18. 
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Table 2.1 Possible gas-phase reactions in the dry methane reforming process (Nikoo 

and Amin, 2011; Wang and Lu, 1996). 

Eqs 

NO. 
Reactions 

K298H

(kJ mol-1) 

Ln (Keq) 

at 573 K 

Ln (Keq) 

at 1373 K 

2.15 224 H2CO2COCH ++  247 -20 13 

2.16 OHCOHCO 222 ++  41 -5 2 

2.17 OH2CHH4CO 2422 ++  -165 14 -10 

2.18 OHCHH3CO 242 ++  -206.2 14 -11 

 

2.3 Electrochemical model 

 The electrochemical model explains the relationship between the current 

density and cell voltage that depend on the operation parameters (e.g., current density, 

temperature, and pressure) and structural parameters (e.g., pore size, porosity, and 

thickness of cell). The aim of this study is to analyze the effect of parameters on process 

performance by using an electrochemical model that calculates under isothermal 

conditions. Although the model seems quite simplistic, it can accurately predict the 

effect of parameters on the cell performance and advantage to use for design and 

evaluate the process. 

  

2.3.1 Modelling assumptions 

 The electrochemical model is calculated under the main assumptions that are 

described as below: 

 1. Steady state calculation 

 2. One dimension calculation 

 3. All of the gases follow ideal gas behavior 

 4. No heat loss and pressure drop 

 5. The exchange current density does not depend on electrolyte materials 
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2.3.2 The voltage of H-SOEC 

 The cell voltage or cell potential of H-SOEC is depended on both operational 

and structural parameters due to the electrochemical model that uses to calculate cell 

voltage is included both equilibrium voltage and overpotential terms, which are 

functions of condition parameters. The overpotential can be called as voltage losses, 

cell polarizations or irreversible losses, it mainly consists of activation, ohmic, and 

concentration overpotentials at anode and cathode sides. Therefore, the cell voltage of 

H-SOEC can be calculated by Eq. 2.19 (Stempien et al., 2013b). 

 

 
c,conca,concohmc,acta,actEV +++++=     (2.19) 

 

where V is the cell voltage (V), E is the equilibrium voltage (V), 
i,act  is the activation 

overpotentials at the anode (i = a) and cathode (i = c) (V), ohm  is the ohmic 

overpotential (V), and 
i,conc  is the concentration overpotentials at the anode (i = a) and 

cathode (i = c) (V). 

 

 Equilibrium voltage 

 For the equilibrium voltage or open circuit voltage or electrochemical potential, 

the electrochemical potential is the minimum potential required to split steam, or in 

SOFC mode as the maximum electromotive force obtained from converting fuel gases. 

For the control volume operating at steady state, it can be calculated by considering the 

minimum work (Wmin) concept of thermodynamic, which represent minimum work 

required for the electrochemical reaction, the energy balance can be written as below 

(Stempien et al., 2013b). 

 

 ( ) mini00i WSSTHH0 −−+−=      (2.20) 
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 The concept of minimum work the assumption of reversible operation is 

necessary that for the reversible system requires minimum work input to operate. The 

minimum work can be definition by using the Gibbs free energy change ( G ) as shown 

in Eq. 2.21. In addition, from the basic electrochemistry relation, the Gibbs free energy 

change also relates to equilibrium voltage that can be written as Eq. 2.22 (Stempien et 

al., 2013b).  

 

 GWmin −=         (2.21) 

 zFEG =−         (2.22) 

 

where z is the number of the electron for electrochemical reaction (For electrolysis, z 

is 2 electrons) and F is the Faraday constant (96,487 C mol-1). 

 The Gibbs free energy change for ideal gas mixtures assumption can be 

calculated using Eq. 2.23, which it can be express in partial pressure terms for the 

gaseous case (Stempien et al., 2013b). 

 

 

















+=





i

i

reacts

products0

P

P
lnRTGG       (2.23) 

 

where 0G  is the standard Gibbs free energy, R is the gas constant (8.314 J mol-1 K-1), 

T is the reaction temperature (K), Pi is the partial pressure of component i, and i  is the 

stoichiometric coefficient of component i. 

 From the relationship between the Gibbs free energy change and equilibrium 

voltage, to calculate equilibrium voltage can be using Eqs. 2.24 and 2.25 that 

equilibrium voltage depends on temperature and partial pressure of components. 
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where E0 is the standard potential (V) 

 From the steam electrolysis reaction (Eq. 2.26), the Eq. 2.25 can be rearranged 

to Eq. 2.27 that called Nernst equation. The partial pressure of reactant is steam and the 

partial pressure of products is hydrogen and oxygen. In addition, the number of 

electrons transfer of electrolysis reaction (z) is two. This equation is used to calculate 

the electrical energy demand of steam electrolysis reaction. The standard potential, 

which calculated by thermochemical (ΔG/(2F)) can be calculated by using Eq. 2.28. At 

600 K and 1200 K, the values of standard potential are 1.109017 V and 0.940172 V, 

respectively (reported by NIST-JANAF thermochemical tables). Assuming linear 

variation of standard potential between 600 K and 1200 K, the linear equation was 

received, as reported by (Ni, 2012; Ni et al., 2007a). In addition, the CO2 was not 

involved in the electrochemical reaction. It is assumed that the CO2 was converted 

through the RWGS reaction (Namwong et al., 2016). 

 

 222 O
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1
HOH +→        (2.26) 
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 ( )0E 1.253 0.00024516 T= −       (2.28) 

 

where 
OH2

P , 
2HP , and 

2OP  are the partial pressure of steam, hydrogen, and oxygen 

(atm), respectively. 

 

 Activation overpotential 

 The activation overpotential is the energy loss due to the chemical kinetics of 

the electrochemical reaction, which depend on two phenomena on both electrodes. The 

first is chemical (i.e., the chemical equilibrium state of ions at the triple-phase 

boundary). The second is electrical (i.e., transfer of charged particles through the 

interface by ions influent overcoming of the electric field). So, the free energy of 

activation has two complements consist of the chemical energy of activation and the 

electrical contribution. The activation overpotentials on both electrodes occur when 

operating at low current density follow the relationship as shown in Figure 2.5. This 

overpotential can calculate by using the Butler-Volmer equation (Eq. 2.29) (Guan et 

al., 2006; Stempien et al., 2013b). 
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i,0    (2.29) 

 

where J is the current density (A m-2), J0,i is the exchange current density at the anode 

(i = a) and the cathode (i = c) (A m-2), and   is the charge transfer coefficient (-). 
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Figure 2.5 The effect of overpotentials on the cell voltage due to the increase of 

current density (Stempien et al., 2013b). 

 

 The charge transfer coefficient is usually assumed to be 0.5. In order to simplify, 

the equation can be derived into natural logarithm form and called as Tafel equation, 

which good approximation of Butler-Volmer, then the equation is derived into sin 

hyperbolic form as Eq. 2.30. and Eq. 2.31. In addition, the exchange current density can 

be calculated using Eq. 2.32, which is linked to the kinetics of the reaction of the 

electrode. It has been similar to the Arrhenius exponential equation that depends on 

temperature. 
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where ki is the pre-exponential factor at the anode (i = a) and cathode (i = c) (A m-2) 

and Eact,i is the activation energy at the anode (i = a) and cathode (i = c) (J mol-1). 

 

 Ohmic overpotential 

 The ohmic overpotential is the loss due to the ionic, electronic, and contact 

resistance of the cell, which can be described by Ohm’s law as Eq. 2.33. Commonly, 

only ionic resistance of electrolyte layer is considered, other resistances are assumed to 

be negligible due to lower of magnitude; therefore, the equation can be derived into Eq. 

2.34 (Menon et al., 2014). 

 

 ( )caieohm RRRRJ +++=      (2.33) 

 

 
e

e

eohm

l
JRJ

==        (2.34) 

 

where Re, Ri, Ra, and Rc are the resistances of the electrolyte, interface, anode, and 

cathode, respectively (m2 S-1), le is the electrolyte thickness (m), and e  is the 

conductivity of electrolyte (S m-1). 

 The conductivity of electrolyte can be calculated by Eq. 2.35. 
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RT
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expT elec1
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      (2.35) 

 

where 0  is the pre-exponential factor (S m-1) and Eelec is the activation energy of ions 

transport (J mol-1). 

 

 Concentration overpotential 

 The concentration overpotential is caused due to the mass transfer between the 

electrode and electrolyte, which especially at a high current density (see Figure 2.5). 

For this overpotential, it is follows the principle of the mass transfer limitations of the 

porous electrodes. In case that no current is passing through the cell, the concentration 

of gas species in the electrodes is the same as the free steam concentration. However, 

when the current starts to pass through the electrodes, the concentration of gas species 

at the interface decrease influent voltage drop is present. In order to calculate 

concentration overpotential, the Nernst equation is applying with the concentration of 

gas species at the interface and can write as Eqs. 2.36 and 2.37 (Namwong et al., 2016; 

Stempien et al., 2013b). 
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where 
TPB

OH2
P , 

TPB

O2
P , and 

TPB

H2
P  are the partial pressures (Pa) of steam, oxygen, and 

hydrogen , respectively, at the triple-phase boundary. 

 At the anode side, only steam and oxygen are gas species that present at this 

side. The partial pressures at the triple-phase boundary can be calculated by using the 

diffusion models such as Fick’s model (FM), Stefan-Maxwell’s model (SMM), and 

Dusty Gas Model (DGM). FM is selected to be used because it can describe gas 

transport effectively and non-complicate model. For the Fick’s model, the diffusion 

process, which is driven by concentration gradient or partial pressure gradient, can be 

determined by Eq. 2.38. At the anode-electrolyte interface, the diffusion rate of steam 

towards the interface is equal to steam consumption rate under steady state condition, 

under the assumption that steam consumption is governed by the current density; 

therefore, the mass transfer rate can be written as Eq. 2.39 (Ni et al., 2006). 
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−= ,  i = 1, 2, ....  (2.38) 

 

 
F2

J
N OH2

=         (2.39) 

 

where Ni and 
OH2

N  are the rates of mass transfer of species i and steam, P is the 

operating pressure (Pa), x is the depth measured from the electrode surface (m), Pi, yi, 

and 
eff

iD  are the partial pressure, molar fraction, and effective diffusion coefficient of 

species i, respectively. 

 To obtain the partial pressure of steam at the anode-electrolyte interface, the 

boundary condition method is performed, thus the equation that derived as Eq. 2.40. 
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 aeff

OH
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OH d
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PP
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22
−=       (2.40) 

 

where 
eff

OH2
D  is the effective diffusion coefficient of steam (m2 s-1) and da is the thickness 

of anode (m). 

 The partial pressure of oxygen at the anode-electrolyte interface can be 

calculated using the Dalton’s law of anode total pressure (Eq. 2.41), which can be 

derived into Eq. 2.42 (Dale et al., 2008). 

 

 OHO 22
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 The effective diffusion coefficient of steam (
eff

OH2
D ) can be expressed by 

combining the Molecular diffusion and the Knudsen diffusion mechanisms using the 

Bosanquet formula as Eq. 2.43 (Hernández et al., 2004; Veldsink et al., 1995). 
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where   is the anode tortuosity (-), n is the anode porosity (-), 
( )

22 OOHDn −


 is the 

reciprocal of the effective molecular diffusion coefficient for an H2O – O2 binary 

system, and 
( )k,OH2
Dn


 is the reciprocal of the effective Knudsen diffusion coefficient 

for steam. 

 For the Knudsen diffusion, it is diffusion occurs when the scale length of system 

(pore size) is comparable to or smaller than mean free path of molecules that make gas 

molecules frequently collide with the walls of the pores. The transport of molecules can 

be modeled using the kinetic theory express by Knudsen’s equation (Eq. 2.44). 
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=        (2.44) 

 

where r is the mean pore radius (m) and 
OH2

M  is the steam molar weight (18 g mol-1). 

 The molecular binary diffusion coefficient can be obtained from the Chapman-

Enskog theory of ideal gas (Eq. 2.45). 
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where 
2OM  is the molar weight of oxygen (32 g mol-1), 

22 OOH −  is the mean 

characteristic length of species H2O and O2 ( A ), and D  is the dimensionless diffusion 

collision integral. 
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 The analytical values of dimensionless diffusion collision integral and mean 

characteristic length of species H2O and O2 can be calculated by Eqs. 2.46 – 2.49. 

 

 
2

22

22

OOH

OOH
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= −       (2.46) 
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where 
OH2

  and 
2O  are the collision diameter of steam and oxygen ( A ), T  is the 

dimensionless temperature (-), kB is the Boltzmann’s constant, and 
B

OH

k

2


 and 
B

O

k

2


 are 

the Lennard-Jones Potentials of steam and oxygen (K) (C. Reid et al., 1959). 

 For the cathode side, H2 is just one type of gas that is located at this electrode. 

TPB

H2
P  can be calculated by using Darcy’s model (Eq. 2.50), which also governed by the 

current density (Eq. 2.51), then the boundary method is performed so the equation is 

derived as Eq. 2.52. 
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where 
2HN  is the mass transfer of hydrogen,   is the dynamic viscosity of hydrogen 

(kg m-1 s-1), dc is the thickness of cathode (m), and Bg is the flow permeability (m2). 

 The flow permeability can be determined by the Kozeny-Carman relationship 

as Eq. 2.53 (Zhu et al., 2005). 
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 For the dynamic viscosity, Sutherland’s model is appropriate due to the 

accuracy at the intermediate temperature that is the operating temperature of H-SOEC; 

therefore, the dynamic viscosity can be calculated by Eqs. 2.54 – 2.56 (Crane, 1988). 
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 CTb +=         (2.56) 

 

where 0  is the reference dynamic viscosity at T0 (cP), T0 is the reference temperature 

( R ), and C is the Sutherland’s constant (-). 

 The electrical current, a theoretical current based on a steam utilization factor 

(Us), can be calculated by Eq. 2.57. It is noted that the steam utilization factor is defined 

as a ratio of the molar flow rate of steam uses to produce hydrogen to that of the steam 

feed or conversion of steam to produce hydrogen. The current density can be calculated 

by electrical current and cell area from Eq. 2.58. Moreover, the electrical power 

required for the operation can be calculated according to Eq. 2.59. 

 

 
s

cell
in,OH
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JAN
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       (2.57) 

 

 JA=I          (2.58) 

 

 cellIVNW =         (2.59) 

 

where I is the electrical current (A), Us is the steam utilization factor (-), in,OH2
N


 is the 

molar flow rate of the steam feed (mol s-1), Ncell is the number of cells (cell), A is the 

cell area (m2), and W is the electrical power (W). 

 The energy efficiency of process can be calculated by Eq. 2.60, which considers 

the heating value of syngas, power, thermal energy input, and heating value of reactant. 
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en

heating valueof syngas

Q W heating valueof feed
 =

+ +
     (2.60) 

 

where en  is the energy efficiency of process (-), Q is the total thermal energy input 

rate of process (W), and W is the total electrical power (W). 

 For the thermal energy demand, the overpotentials (irreversibilities) involved in 

process operation will result in heat production due to entropy generation, which called 

as Joule heat or heat of overpotential that can be supported to be thermal energy for 

process. The heat of overpotential can be determined by Eq. 2.61. The thermal energy 

supported from heat of overpotential can be separated into three cases based on 

relationship of thermal energy demand (TΔS), heat of overpotential (Qovp), and external 

heat demand (QE), as shown in Eq. 2.62. In the first case, the thermal energy demand 

for occurrence of the reactions is larger than heat of overpotential produced (Qovp < 

TΔS); as a result, the system can be operated as the endothermic mode. In this mode, 

the heat coming from the external heat source is needed to support heat of system 

sufficiency for occurrence of the reaction. The external heat demand can be calculated 

by Eq. 2.62. In the second case, the thermal energy demand is less than the heat of 

overpotential produced (Qovp > TΔS), hence the system can be operated as the 

exothermic mode. In this case, the external heat for the system is not required and the 

excess heat can be utilization, so that the efficiency of the system is enhanced. In the 

final case, the thermal energy demand is equal to heat generation due to overpotentials 

irreversibilities (Qovp = TΔS). Moreover, this case is such ideal case (Ni et al., 2007a; 

Udagawa et al., 2007; Zhang et al., 2010). 

 

 ( )ovp act,a act,c ohm conc,a conc,c cellQ JAN=  + + + +    (2.61) 

 

 ( )E ovpQ T S Q=  −        (2.62) 

 

where Qovp is the heat of overpotential (W) and QE is the external heat demand (W). 
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2.4 Gibbs free energy minimization method 

 The Gibbs free energy, which is one of the thermodynamic properties, is usually 

used to identify the equilibrium state of the system. The Gibbs free energy can be 

calculated by  Eq. 2.63 

 

 G H TS= −         (2.63) 

 

where G is the Gibbs free energy of the system (J), H is the enthalpy of the system (J 

mol-1), and T is the temperature of the system (K). 

 At the equilibrium condition, the thermodynamic analysis of the process can be 

performed by using the Gibbs free energy minimization method. Under defined 

temperature (T) and pressure (P) of the system, the total Gibbs free energy ( tG ) of N 

species in the system can be calculated by Eq. 2.64. 

 

 
N N N

t o i
i i i i i i i o

i 1 i 1 i 1 i

f
G n G n (n G n RT ln )

f= = =

= =  = +    at T, P  (2.64) 

 

where Gi is the Gibbs free energy of species i (J mol-1), 
o

iG  is the Gibbs free energy of 

species i at standard condition (273 K, 1 atm) (J mol-1), N is the number of species, ni 

is the mole of species i, i  is the chemical potential of species i, R is the universal gas 

constant (J mol-1 K-1), fi is the fugacity of species i (atm), and 
o

if  is the fugacity of 

species i at standard condition (atm). 

 At the standard state, the 
o

iG  of each element is equal to zero, while at any 

conditions the 
o

iG  is set equal to the Gibbs free energy change of formation for species 
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i at standard condition (
o

fiG ) and can be calculated by Eq. 2.65. Under the gas phase 

condition, fi is determined by Eq. 2.66 and 
o

if  is equal to 1 bar, which is standard state 

pressure. 

 

 

0 0

T To o oo o o

f 0i f 0i f 0ifi Pi Pi

0 T T

G H HG C C1 dT
dT

RT RT RT T R R T

 −   
= + + −    (2.65) 

 

 i i if y P=          (2.66) 

 

where o

f0iΔH  and o

f0iΔG  are the enthalpy and Gibbs free energy change of formation for 

species i at reference condition, respectively (J mol-1), o

PiΔC  is the heat capacity change 

of reaction to form species i (J mol-1 K -1), T0 is the reference temperature (K), yi is the 

mole fraction of species i, and i  is the fugacity coefficient of species i. 

 As the process operation, the total Gibbs free energy of the process is decreased 

until the process reaches the equilibrium and the total Gibbs free energy is minimum. 

Thus, the equilibrium components and the thermodynamic value of the system can be 

determined by the minimization of the Gibbs free energy as shown in Eq. 2.67. 

 

 ( )
i

t

T,Pn
min G         (2.67) 

 

 In order to follow the conservation of atomic species, the constraints of ni should 

be performed as Eq. 2.68 
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N

ji i j

i 1

a n b
=

=  for 1 j M        (2.68) 

 

where aij is the number of atoms of element j in component i, jb  is the total number of 

atoms of element j, and M is the total number of elements. 

 To perform the optimization, Eqs. 2.65 and 2.66 are substitution into Eq. 2.64, 

then the objective function equation has become as shown below. 

 

 
i

N
t o i i

T,P i fi i on
i 1

y P
min(G ) (n G n RTln )

P=


=  +  

 

 subject to 
N

ji i j

i 1

a n b 0
=

− =  

 

 The aim of this objective function problem is to find ni that minimization the 

tG  value in order to defined T and P of the system following the given constraints. The 

Lagrange multiplier method is basically used to solve the optimization problem. For 

example, the problem of the single-phase reaction under the ideal gas condition at high 

temperature and 1 bar, the i  and 0P P  are unity. Therefore, the optimization problem 

can be reduced as shown below 

 

 
i

N N
t o o i

T,P i fi i i i fi i N
n

i 1 i 1
i

i

n
min(G ) (n G n RT ln y ) (n G n RT ln )

n= =

=  + =  + 
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 subject to 
N

ji i j

i 1

a n b 0
=

− =  

 

 This objective function problem was solved using the Lagrange multiplier 

method by defining the value of the quantity Lagrange multiplier ( i ) and applied it 

into the constraint to obtain the Lagrange function (L) according to Eq. 2.69. 

 

N M N
o i

1 2 N 1 2 M i fi i j ji i jN
i 1 1 i 1

i

i

n
L(n ,n ,..., n , , ,..., ) (n G n RT ln ) ( ( a n b ))

n= =

   =  + +  −  


 

          (2.69) 

 

 This optimization problem is performed in order to find the value of in  and i

, which are obtained from the minimization of the problem. To solve this problem, the 

necessary conditions of each equation are shown below 

 

 
1 2 N

1 2 M

L L L
0, 0,..., 0

n n n

L L L
0, 0,..., 0

  
= = =

  

  
= = =

  

 

 

 In the optimization problem, the results in  and i  can be solve following the 

above procedure. But, the Lagrange multiplier method that is used to solve the problem 

is very complicated when applied to real gas complicated process because of the 

complex step for the Gibbs free energy minimization to calculated o

f0iΔG  and i  

(Bonilla et al., 2011). Therefore, the use of simulation software such as Aspen Plus to 
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solve this minimization problem in order to perform the thermodynamic analysis of the 

complicated process is useful. The reactor module in Aspen Plus can calculate 

equilibrium composition and thermodynamic value following the Gibbs free energy 

minimization method by using RGibbs reactor module. 
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2.5 Energy analysis 

2.5.1 Energy efficiency 

 The energy analysis is the quantitative analysis of energy methods, based on the 

first law of thermodynamics that can be used to evaluate the thermal efficiency of the 

process. The energy efficiency can be determined by calculating the energy demand 

and energy release through the energy balance. All form of energy is treated as an 

equivalence for energy analysis. The H-SOEC/DMR process is involved in the 

electrochemical and chemical reactions that electrical energy, heat energy, and reactant 

feed need to carry out a process for syngas production. Thus, the energy efficiency of 

the process can be calculated by Eq. 2.70 (Dinh et al., 2018; Zhang et al., 2010). 

 

 ( ) syngasproductstream

en

Energy
% 100

Totalenergy tosystem
 =     

 

              
22

2 2 4 4

H COH CO

total total H ,in H CH ,in CH

N LHV N LHV

100

Q W N LHV N LHV

   
 +    

   = 
   

+ +  +    
   

 

          (2.70)  

 

where 
2H

N , 
CO

N are the molar flow rates of H2 and CO in the product stream (mol s-

1), respectively, 
2H ,in

N  and 
4CH ,inN  are the molar flow rates of H2 and CH4 in the feed 

stream (mol s-1), respectively, 
2HLHV , COLHV , and 

4CHLHV  are the lower heating 

values of H2, CO, and CH4 (J mol-1), respectively, Qtotal is the total thermal energy input 

to the process (W), and Wtotal is the total electrical energy input to the process (W). 
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2.5.2 Pinch analysis 

 In order to achieve maximum energy recovery of process, the pinch point 

analysis or pinch technology is a one of wildly used method to energy management of 

process. The pinch analysis is the method to determine the optimal structure of the heat 

exchanger and aims to receive the maximum energy recovery and minimum utility 

requirement based on the thermodynamic. The advantage of this method is that it no 

need of advanced or complex unit operating in order to process efficiency improvement 

but it just generates the heat integration system based on concept of finding the 

minimum energy requirement and the maximum energy recovery of the operating 

process by matching hot and cold streams in process. The pinch technology can be 

achieved by two methods that consist of a graphical method and problem table 

algorithm. 

 

 2.5.2.1 Graphical method 

 A graphical method is the fundamental and basic method for analysis of pinch. 

The concept of this method is composite curves that illustrate the flow of heat from heat 

integration between the hot and cold streams of a process. A composite curve can be 

achieved by plotting the enthalpy change accumulated of the hot or cold stream with 

temperature. The minimum temperature difference (ΔTmin) which set in the appropriate 

value is involve to the position of the hot and cold composite curves. This is the setting 

of the pinch area to the place that the transfer of heat between hot and cold streams are 

the most restrictive. The hot and cold composite curves are used to determine the 

minimum energy requirements from the data stream with no need of heat exchanger 

design. In order to performed the heat exchanger network design, the minimum energy 

requirements are consist of the minimum hot (Qh) and cold (Qc) utilities requirement 

with ΔTmin, which represent as driving force at pinch point. From the principle of pinch 

point, the heat must not transfer across the pinch due to a higher of energy demand was 

received. Therefore, the pinch point analysis to perform the HEN can be divided the 

system into 2 parts included above pinch and below pinch. 
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 The construction of the composite curve is explained according to the below 

example. The stream data that are presented in Table 2.2 are choose to display the 

structure of the composite curve. The necessary pinch analysis data consists of stream 

or segment temperature, the heat capacity of each stream or segment, and the enthalpy 

change of the stream or segment. Those data can be received by the mass and energy 

balance from the simulation of the process or the measurement from the real process. 

The enthalpy change can be calculated according to Eq. 2.71.  

 

 ( ) ( )p t s t sH m C T T CP T T = − = −      (2.71) 

 

where ΔH is the enthalpy change over the temperature interval (kW), m  is the mass 

flow rate (kg s-1), Cp is the mass heat capacity (kW s kg-1 1C− ), Tt and Ts are the target 

and supply temperatures ( C ), and CP is the heat capacity flow rate (kW 1C− )  

 

Table 2.2 Information of stream data for composite curve construction 

Stream Name Ts ( C ) Tt ( C ) CP (kW 
1C− ) ΔH (kW) 

1 hot 1 220 60 100 -16,000 

2 hot 2 180 90 200 -18,000 

3 cold 1 50 150 150 15,000 

4 cold 2 130 180 400 20,000 

 

 In this study, the value of CP of each stream is assumed to be the constant value, 

thus the value of enthalpy change is the amount of heat for changing the supply into 

target temperature (sensible heat) and phase (latent heat) of streams. The illustration of 

hot composite curve construction is shown in Figure 2.6. The hot 1 and hot 2 streams 

(hot stream) are illustrated by the ad and cd segments with the value of CP1 and CP2 

are equal to 100 and 200 kW/ C , respectively. In addition, the total enthalpy change is 
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equal to 34,000 kW (ΔHh = ΔH1 + ΔH2 = 16,000 + 18,000 = 34,000 kW). The interval 

between the supply and target temperature can be divided into 3 subintervals (e.g., 60 

– 90, 90 – 180, and 180 – 220 C ). In each interval, the calculation of overall CP 

performed by adding the CP of the streams in each interval. For the first and third 

intervals, there is only hot 1 is the activity stream so that CP is equal to 100 kW/ C . 

For the second interval, active stream are hot 1 and 2 streams, therefore total CP is equal 

to the summation of CP1 and CP2, which equal to 300 kW/ C . Thus, the slope in the 

second interval is changed depending on the new CP value. In the case of phase 

transitions, if the slope close to zero (horizontal position) that means CP is very high. 

 

 

Figure 2.6 Construction of a hot composite curve (Dimian et al., 2014). 

 

 The construction of the cold composite curve can be performed using the 

graphical method as shown in Figure 2.7. The 3 temperature intervals are illustrate: 50 

– 130, 130 – 150, and 150 – 180 C , where CP3 = 150, CP4 = 400, and CP3 + CP4 = 

550 kW/ C  and the total enthalpy variation is 35,000 kW (ΔHc = ΔH3 + ΔH4 = 15,000 

+ 20,000 = 35,000 kW). 
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 The hot and cold composite curves are showed on the same graph as illustrated 

in Figure 2.8. The hot composite curve is fixed at the old position, while the cold 

composite curve is shifted until achieving the ΔTmin by given a hot utility. The result 

shows that for ΔTmin is equal to 10 C , Qh is equal to 7,000 kW and Qc is equal to 6,000 

kW with the pinch point is located between 130 and 140 C . 

 

 

Figure 2.7 construction of a cold composite curve (Dimian et al., 2014). 

 

 

Figure 2.8 Composite curve (Dimian et al., 2014). 
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 2.5.2.2 Problem table algorithm 

 The problem table algorithm is the other method and is used to find the 

minimum energy target. This method is simple and accurate more than the graphical 

method because without drawn of the composition curve. The steps of this method are 

given below: 

 In the first step, the ΔTmin value of the process is set and the hot and cold streams 

of the process are identified. For example, the four process streams are chosen for hot 

or cold streams according to the data that are shown in Table 2.3 and the ΔTmin is set of 

10 C . For the next step, the target and supply temperature of both hot and cold streams 

are shifted by half of the ΔTmin. For the hot streams, the temperature is shifted below 

the normal temperature (or 5 C ). For the cold streams, the temperature is shifted above 

the normal temperature as shown in Table 2.4. And then, the value of normal and shift 

temperature change of each hot and cold streams are put to the schematic form in 

vertical scale as shown in Figure 2.9. The temperature shift is performed in this way to 

ensure that each temperature interval is possible to exchange heat between hot and cold 

streams. According to Figure 3.3, the temperature interval 2 shows the range of shift 

temperature between 145 C  and 140 C . In this interval, the hot streams are consist of 

2 and 4 stream with the range of temperature between 150 C  and 145 C  with the cold 

stream is 3 stream with the range of temperature between 135 C  and 140 C . Therefore, 

the hot stream temperature is higher than the cold stream temperature through this 

interval. In addition, the net enthalpy change in each interval temperature can be 

calculated by Eq. 2.72. The results of each interval calculation are shown in Table 2.5. 

 

 ( )( )i i i 1 H C i
H S S CP CP+ = − −       (2.72) 

 

where Si and Si+1 are the shift temperatures of intervals i and i+1 ( C ), HCP  is the 

summation of the heat capacity flow rate of hot stream in interval i (kW C -1), and 

CCP  is the summation of the heat capacity flow rate of cold stream in interval i (kW 

C -1). 
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Table 2.3 The information data of process streams example (Kemp, 2007). 

Stream 

number 

Type 

of 

stream 

Heat 

capacity 

flow rate 

(kW C -1) 

Supply 

temperature 

( C ) 

Target 

temperature 

( C ) 

Stream heat 

load (kW) 

(positive for 

heat release) 

1 cold 2.0 20 135 2.0(20-135) =   

-230 

2 hot 3.0 170 60 3.0(170-60) = 

330 

3 cold 4.0 80 140 4.0(80-140) =   

-240 

4 hot 1.5 150 30 1.5(150-30) = 

180 

 

 

Table 2.4 The information data of process streams example with shifted temperature 

(Kemp, 2007). 

Stream number 

and type 

CP (kW 

C -1) 

Actual temperature Shift temperature 

Ts ( C ) Tt ( C ) Ss ( C ) St ( C ) 

1. cold 2 20 135 25 140 

2. hot 3 170 60 165 55 

3. cold 4 80 140 85 145 

4. hot 1.5 150 30 145 25 
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Figure 2.9 Streams and temperature interval (Kemp, 2007). 

 

Table 2.5 The temperature intervals and heat loads for process streams (Kemp, 2007). 

Shift 

temperature 

( C ) 

Interval 

number 

i i 1S S +−  

( C ) 

H CCP CP−   

(kW C -1) 
iH  (kW) 

Surplus or 

deficit 

S1 = 165      

 1 20 +3.0 +60 Surplus 

S2 = 145      

 2 5 +0.5 +2.5 Surplus 

S3 = 140      

 3 55 -1.5 -82.5 Deficit 

S4 = 85      

 4 30 +2.5 +75 Surplus 

S5 = 55      

 5 30 -0.5 -15 Deficit 

S6 = 25      
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 For the next step, the cascade calculation is performed under the assumption 

that is the temperature of temperature interval i + 1 with enthalpy change is lower than 

temperature interval i. Therefore, the heat can be transferred from interval i to i+1. 

Figure 2.10 shows a calculation of transfer between intervals 1 and 2. According to 

cascade, a 60 kW surplus heat of interval 1 is transfer to interval 2 that has 2.5 kW 

surplus heat and accumulated to 62.5 kW. Then, an accumulated heat is transfer to 

interval 3 that has 82.5 kW deficit heat and accumulated to 20 kW deficit heat. 

Additionally, a 20 kW deficit heat is transfer to temperature interval 4 and 5, 

respectively. The net heat transfer at the end of interval 5 is 40 kW surplus that need 

the cold utility to transfer out of system. According to the cascade calculation is 

illustrated in Figure 2.11(a), between the temperature interval of 3 and 4 are given a 

negative value that is call as thermodynamically infeasible, which represent as heat 

from cold stream is transfer to hot stream that is impossible for thermodynamics. 

Therefore, to solve this problem, the hot utility of 20 kW is adding to this system as 

shown in Figure 2.11(b). In this method, the pinch point temperature is located at the 

point that given zero net heat transfer. The minimum of hot and cold utilities is 20 kW 

and 60 kW. In this example, the pinch point has been located at the interval boundary 

with a shifted temperature of 85 C  (i.e. hot streams at 90 C  and cold streams at 80 C

). The calculation results from both graphical and problem table algorithm methods 

must be the same. However, the problem table algorithm is suitable for large scale and 

complicate process because it no need of composite curve drawing and can be used 

through computational calculation. 
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Figure 2.10 Use of heat surplus from an interval (Kemp, 2007). 

 

 

 

Figure 2.11 Infeasible and feasible heat cascades (Kemp, 2007). 
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 2.5.2.3 Heat exchanger network design 

 The graphical and problem table algorithm methods are used to find the 

minimum energy target of the process. Then, the heat exchanger network is performed 

to obtain that energy target. In the first step, the grid diagram of the process stream is 

drawn. For this example, the grid diagram of the process stream according to Table 2.3 

is performed as shown in Figure 2.12. Basically, the grid diagram is divided into 2 parts 

include the above pinch and the below pinch. For the above pinch consideration, only 

the hot utility is needed. In the below pinch, only the cold utility can be used. Thus, it 

is possible to cool the hot streams by using cold streams with a heat exchanger to obtain 

temperature at the pinch temperature. Then, the hot utility is used to reach a remaining 

cold stream to the target temperature. Therefore, the matches of hot and cold streams 

must find aim to receive heat recovery. 

 

 

 

Figure 2.12 Initial grid diagram for example problem (Kemp, 2007). 

 

 According to the example problem in Table 2.3, the pinch temperatures of hot 

and cold streams are 90 C  and 80 C  with the energy target of 80 kW (i.e., the hot 

utility of 20 kW and cold utility of 60 kW) and setting ΔTmin of 10 C . In the case of 

the above pinch temperature, the criteria to matching stream is the hot stream heat 

capacity flow rate must lower than or equal to cold stream (Eq. 2.73). This criterion is 

performed to prevent the different hot and cold streams temperatures in the exchanger 
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more than ΔTmin. The hot stream 2 and cold stream 3 are considered by the following 

of criterion (CP2 < CP3), thus the hot and cold streams are matched. In order to reach 

the pinch temperature, the heat of 240 kW ((90 - 170)3 = 240 kW) must be transfer 

from hot stream 2. In order to increase the temperature from pinch to target temperature, 

the heat of 240 kW ((140-80)4 = 240 kW) must be transfer to cold stream 3. Thus, the 

matching between both streams results in an offer the full fills heat for both streams. In 

addition, the hot stream 4 and the cold stream 1 are considered by the following criterion 

(CP4 < CP1). For heat exchange, the hot stream 4 needs to discharge of 90 kW ((90 - 

150)1.5 = 90 kW) to cooling. While 90 kW of heat can be driven the cold stream 1 

temperature just 125 C  from the target of 135 C  that means this match can’t fulfill 

heat demand. Therefore, the external heat utility of 20 kW is needed to heat cold stream 

1 to the target temperature of 135 C . The construction of matching hot and cold 

streams is illustrated in Figure 2.13. It should be noted that the heat utility of 20 kW 

from the above pinch analysis is equal to the result of the target energy calculation. 

 

 HOT COLDCP CP        (2.73) 

 

 

Figure 2.13 Above pinch network design for example problem (Kemp, 2007). 
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 In the case of the below pinch point temperature, the heat exchanger network 

design can be calculated follow the criteria that difference from above pinch. For the 

below pinch temperature, the criterion that used in this part is the hot stream heat 

capacity flow rate must be more than or equal to the cold streams (Eq. 2.74). The below 

pinch design is performed and aims to guarantee that the cold streams are sufficiently 

heated to the pinch temperature by using a heat exchanger and heat streams and only 

the cold utility is used. For example, as shown in Figure 2.12, only the cold stream 1 is 

considered due to below the pinch temperature and matching with hot stream 2 (CP1 < 

CP2). The hot stream 2 is discharged only 90 kW to reach the target temperature of 60

C  ((60 - 90)3 = 90 kW), which does not satisfy for the cold stream 1 that reaches just 

65 C  from the target temperature of 80 C . The 30 kW of remaining cold stream 1 is 

supplied from the hot stream, while the hot stream 4 is the opposite. According to the 

CP criterion, the CP value of cold stream 1 and hot stream 4 are not following the CP 

criterion that means heat cannot be exchanged between these streams, but in this case, 

can be possible due to it is away from pinch that the cold stream 1 only heated by 90 

kW to the point, which far from the pinch temperature. The promising of this match can 

be checked using the balance of energy transfer by heat exchange according to Figure 

2.14. When the match is a success, the cold stream 1 reaches the target temperature of 

80 C  while the hot stream 4 does not satisfy and it needs an external cold utility of 60 

kW to reach the target temperature of 30 C . The value of cold utility that needs in 

below pinch is equal to the calculation of target energy. 

 

 HOT COLDCP CP        (2.74) 

 

 The final step of the heat exchanger network design is shown the grid of above 

and below pinch design on the same grid diagram as illustrates in Figure 2.15. The grid 

diagram shows the promising design of heat recovery when setting ΔTmin of 10 C  and 

this process consists of 6 heat exchangers (4 heat exchangers, 1 heater, and 1 cooler). 
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Figure 2.14 Below pinch network design for example problem (Kemp, 2007). 

 

 

Figure 2.15 Heat exchanger network design achieving energy targets (Kemp, 2007). 
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2.6 Exergy analysis 

 Energy analysis is the quantity analyzer tool based on the first law of 

thermodynamics (FLT). The first law of thermodynamics is the law of the conservation 

of energy, which describes that although energy can change into another form, it cannot 

be created or destroyed. Energy analysis is only analyzing the input and output energy 

from the process, but it does not offer that how much useful work of energy is destroyed 

when transforms. Exergy is the difference from energy, it is based on both the first and 

second laws of thermodynamics. Exergy is the maximum theoretical useful work that 

can be received when the control volume system is operated under initial state (T, P) is 

brought to equilibrium at reference environment state (T0, P0). In this thesis, the 

reference environment state is T0 = 298 K and P0 = 1 atm (Dincer and Rosen, 2013; 

Zhu et al., 2018). 

 

 

Figure 2.16 The energy, entropy, and exergy balances through the system (Çengel et 

al., 2019). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 52 

 Figure 2.16 gives information about the energy, entropy, and exergy balances, 

in which the wall is represented as the system. According to the energy balance, it is 

can be transformed but cannot be generated or lost. The entropy and exergy balances 

are different from the energy, the entropy must always be generated through the system, 

while the exergy is always destroyed by the system. The cause of exergy destroy can 

be divided into two different ways. The first is the external losses, exhaust or the exergy 

content in the matter streams, which are not utilized (e.g., cooling water, and purge 

stream or smoke). The second is the internal destruction or losses due to the 

irreversibility of the system (e.g., reactions and heat transfer). Therefore, the analysis 

of exergy of the process can indicate which parts of the process that are using energy 

inefficient and help to decide what design of process should be and retrofit plant 

modification. 

 The important parameter to evaluate the exergy efficiency is the exergy 

destruction, which can be calculated by the exergy balance at steady-state under the 

constant volume system operated with input and output stream as performed in Eq. 2.75 

(Dincer and Rosen, 2013; Kasemanand et al., 2017). 

 

 ( ) ( ) din out
Ex Ex Ex= +        (2.75) 

 

where ( )
in

Ex  and ( )
out

Ex  are the summation of exergy inlet and exergy outlet, 

respectively (W) and dEx  is the exergy destruction (W). 

 The exergy transfer is the summation of three types of exergy included the 

exergy transfer by mass (flow exergy), exergy transfer by heat, and exergy transfer by 

work. In this study, the exergy transfer by potential and kinetic energies are negligible 

doe to those are few when compared with the other exergy transfer in the thermal 

chemical process. Additionally, the calculation of the total exergy transfer is following 

Eq. 2.76 (Dincer and Rosen, 2013). 
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S Q WEx Ex Ex Ex= + +         (2.76) 

 

where SEx , 
QEx , and WEx  are the total exergy transfers by mass, heat, and 

work, respectively (W). 

 The exergy transfer by heat is a quality of the thermal energy that is depended 

on heat and operating temperature of system and can be calculated by Eq. 2.77 (Dincer 

and Rosen, 2013). 

 

 0
Q S

S

T
Ex 1 Q

T

 
= − 
 

       (2.77) 

 

where 
QEx  is the exergy transfer by heat (W), T0 is the reference environment 

temperature (K), TS is the temperature of the system (K), and QS is the heat transfer 

through the process (W). 

 The exergy transfer by work is involve with shaft work done by the process. 

The shaft work consist of all terms of work (e.g., mechanical and electrical works), but 

it not involve with work done from the system that without control volume. The 

calculation of exergy transfer by work is following Eq. 2.78, which is equal to work 

that transfers through each system (Dincer and Rosen, 2013). 

 

 WEx W=         (2.78) 

 

where WEx  is the exergy transfer by work (W) and W is the work transfer through the 

process (W). 
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 When heat and work transfer to the process, the exergy transfer by het and work 

are considered as the exergy transfer to the process term. Inversely, when the heat and 

work out from the process, those are considered as the exergy transfer out the process 

term. This thesis, the source of heat supply to the process is not regardation. Therefore, 

the heat of QS of process operation at TS, the source of heat is also assumed to supply 

the heat at TS. 

 The exergy transfer by mass can be calculated by Eq. 2.79. 

 

 
S, j j S, jEx F ex=         (2.79) 

 

where 
S, jEx  is the flow exergy of stream j (W), Fj is the molar flow rate of stream j 

(mol s-1), and 
S, jex  is the specific molar flow exergy of stream j (J mol-1). 

 The specific molar flow exergy is a summation of specific physical exergy and 

specific chemical, as shown in Eq. 2.80 (Ghannadzadeh et al., 2012). 

 

 
S, j ph, j ch, jex ex ex= +        (2.80) 

 

where 
ph, jex  is the physical exergy of stream j (J mol-1) and 

ch, jex  is the chemical exergy 

of stream j (J mol-1). 

 The physical exergy is the maximum useful work received by passing a matter 

stream at the general state (T, P) to the reference environment state (T0, P0) through 

physical process and can be calculated by Eq. 2.81; moreover, it can be transformed to 

the molar specific heat capacity (Cp) form (Cp constant) as shown in Eq. 2.82. 

 

 ( ) ( )ph, j j 0, j 0 j 0, jex h h T s s= − − −      (2.81) 
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 ( ) j j

ph, j j j 0 0 j

0 0

T P
ex Cp T T T Cp ln R ln

T P

    
= − − −    

    
   (2.82) 

 

where hj and sj are the specific molar enthalpy (J mol-1) and specific molar entropy (J 

mol-1 K-1) of stream j at T and P, respectively, h0,j, and s0,j are the specific molar enthalpy 

(J mol-1) and specific molar entropy (J mol-1 K-1) of stream j at T0 and P0, respectively, 

Cpj is the molar specific heat capacity of stream j (J mol-1 K-1), Tj is the temperature of 

stream j (K), and Pj is the pressure of stream j (atm). 

 The chemical exergy is the maximum of useful exergy that could be received 

via passing the substance to the equilibrium under the reference environment condition 

(dead state) from the reference environment condition (T0, P0). The calculation of the 

chemical exergy is according to Eq. 2.83 (Dincer and Rosen, 2013; Xiang et al., 2004). 

 

 

( ) ( ) ( )V L S

ch, j j i, j ch,i 0 i, j i, j j i, j ch,i j i, j ch,iex f y ex RT y ln y f x ex f z ex= + + +     

          (2.83) 

 

where fj
V , fj

L, and fj
S are the mole fractions of gas, liquid, and solid contained in stream 

j (-), respectively. yi.j, xi.j, and zi.j are the mole fractions of component i in gas, liquid, 

and solid phase contained in stream j (-), respectively. ch,iex  is the standard specific 

molar chemical exergy of component i at T0 and P0 (J mol-1). ch,iex  of the all 

components at the reference environment in the H-SOEC/DMR process are shown in 

Table 2.6.  

 Finally, the overall process ( ex ) and the exergy efficiency of a single unit in 

the process (
ex,k ) and is determined the exergy destruction of each unit in the process 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 56 

are calculated to performed the exergy analysis. The exergy efficiency and exergy 

destruction are the helpful tool that can be indicate which part of process is inefficiency. 

The exergy destruction is represent the evaluation of energy potential that is used in 

every single unit that this value is a positive value. The explanation of the exergy 

efficiency of the H-SOEC/DMR process for syngas production is the syngas product 

exergy output process divided by the overall input exergy of the process and can be 

calculated by Eq. 2.84 that involve to the energy efficiency of the process. In addition, 

the calculation of exergy efficiency of a single unit is according to Eq. 2.85 (Dincer and 

Rosen, 2013; Ni et al., 2007a; Yan et al., 2019). 

 

 ( )
( )
syngasproductstream

ex

in

Ex
% 100

Ex
 = 


     (2.84) 

 

 ( )
( )
( ) ( )

out d
ex,k

in in

Ex Ex
% 100 1 100

Ex Ex

 
  =  = − 
 
 


 

   (2.85) 

 

Table 2.6 Standard chemical exergy value for selected substances at the reference 

environment (T0 = 298 K, P0 = 1 atm) (Dincer and Rosen, 2013; Evgeny, 2006). 

Substance Phase Standard chemical exergy (J mol-1) 

CO2 g 19870 

CH4 g 831600 

H2O g 9500 

H2 g 236100 

CO g 275100 

O2 g 3970 

H2O l 900 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER III 

LITERATURE REVIEW 

 

 In this chapter, the kinds of literature that related to the H-SOEC/DMR process 

are summarized. The topics of this chapter are categorized the interesting literature into 

three major parts included the performance improvement of a solid oxide electrolysis 

cell for syngas production, the proton-conducting solid oxide electrolysis cell process, 

and the dry methane reforming process. 

 

3.1 Performance improvement of a solid oxide electrolysis cell for syngas 

production 

 For syngas production via the H-SOEC process, it is facing the problems of low 

CO2 conversion and high content of H2O in syngas product due to production of water 

as a by-product, which should be receiving an improvement. Xie et al. (2010) studied 

syngas production though proton-conducting solid oxide electrolysis cell. The 

experimental carry out by steam is feed into the anode and carbon dioxide is feed into 

cathode under conditions that applied a current of 1.5 A cm-2 at 614 ˚C. The results 

show the maximum 65% CO2 conversion is received and water is present as a by-

product in this process. 

 In order to achieve a higher performance of solid oxide electrolysis cell (SOEC), 

improvement of material and structure of cell compositions become an interesting way. 

Shin et al. (2015) was design the novel layer catalyst of H-SOEC for syngas production 

aims to avoid the coking formation at the cathode side of H-SOEC. The experimental 

is carried out by adding a Ce(Mn, Fe)O2–(La,Sr)(Fe,Mn)O3 (CMF–LSFM) into the 

cathode side as shown in Figure 3.1. The results show 65% CO2 conversion with 61% 

CO selectivity are collect and no carbon deposition was evident after the CO2 reduction 

with reducing polarization resistance. 
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Figure 3.1 (a) Schematic diagram of CO2 reduction in proton conductor. (b) Cell 

configuration using a single cathode layer, LSCF+GDC and (c) double cathode layers, 

LSCF+GDC/CMF+LSFM (Shin et al., 2015). 

 

 Moreover, the performance improvement by combined the reforming reaction 

with SOEC is an attractive way to improve product concentration and CO2 conversion. 

Lu et al. (2018) were demonstrated and perform experimental regarding a highly 

efficient electrochemical reforming of CH4/CO2 through dry methane reforming 

reaction in a perovskite O-SOEC as illustrated in Figure 3.2 with exceptionally high 

performance and stability. This research used a redox-stable perovskite base-type 

La0.75Sr0.25Cr0.5Mn0.5O3-δ (LSCM) as both cathode and anode to assemble symmetric 

cell for electrochemical reforming of CH4/CO2. The results indicate exsolved 

metal/oxide interfaces at nanoscale show strong interactions that deliver enhanced 

coking resistance and stability. This metal/oxide interface results in an increase of both 

carbon formation removal performance and high-temperature chemical CO2 adsorption 

and activation. In addition, high-temperature stability is obtained for 300 hours, 

providing the tool to improve and an alternative route for CO2/CH4 conversion for 

energy conversion and storage. 
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Figure 3.2 The schematic of the CO2/CH4 reforming process (Lu et al., 2018). 

 

 For a proton-conducting electrolyte process, the CH4 co-feeding with CO2 in 

order to receive highly syngas production is performed in the H-SOFC process as 

reported by Chen et al. (2018). This research is designed highly syngas coproduction 

with electricity through the H-SOFC by adding novel layer catalyst into the anode side 

of the cell for dry methane reforming reaction as call as DMR-SOFC system. Figure 

3.3 shown a design of the DMR-SOFC system that SSC/BCZY, BCZY, and Ni-BCZY 

are used as air-electrode, electrolyte, and hydrogen-electrode, respectively and NiCo-

CeO2/ZrO2 is used as novel layer catalyst to perform dry methane reforming reaction. 

The results showed a higher 4.8% improvement for CO2 conversion and 21.6% for CH4 

conversion with higher electrical output. In addition, this process achieves the CO2 

conversion that higher more than 90% with the CH4 conversion higher of 80% at 800

C . Moreover, syngas selectivity is increased by removing water due to the steam 

methane reforming reaction, which presents s side reaction of this process. 
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Figure 3.3 The geometrical parameters of the designed reactor with SOFC and dry 

methane reforming layer (Chen et al., 2018). 

 

 From the concepts of DMR-SOFC and double layers cathode of H-SOEC, it is 

interesting to combine H-SOEC with DMR by adding a novel layer catalyst of DMR 

into the cathode side of H-SOEC in order to improve the CO2 conversion and syngas 

selectivity problems of the H-SOEC process. 

 

3.2 Proton-conducting solid oxide electrolysis cell 

 Currently, several of H-SOEC researches are a report about the configuration, 

parametric analysis, and modeling by simulation method. Moreover, it has also reported 

about an improvement of the H-SOEC process aim to achieve the high energy 

efficiency process (Ni et al., 2008b; Udagawa et al., 2007; Udagawa et al., 2008). 

 For the structural parametric analysis of H-SOEC, the configuration of the cell 

can be divided into electrolyte supported, anode supported, and cathode supported. 

From the design of H-SOEC cell, it is important to know which a support type that has 

more advantage than the other. Therefore, the three types of support are evaluated in 

terms of the H-SOEC electrochemical performance by varying the thickness of cells for 

each support type (Ni et al., 2008a). Namwong et al. (2016) studied the effect of 

configuration on the electrochemical performance of H-SOEC for syngas production. 
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In their study, the thickest side was set at 200 µm and the other sides were set at 100 

µm. Under the same operating condition, the results show the cathode-supported is the 

best configuration due to it requires the lowest cell potential. Therefore, the cathode-

supported should be selected as the support structure for H-SOEC. Ni et al. (2008a) 

reported the same results, they studied the effect of supporting structure on the J-V 

characteristics of H-SOEC. In their results, the cathode-supported exhibits the best 

performance as it has the lowest electrical energy requirement. 

 Moreover, the other structural parameters such as pore size, porosity, and 

tortuosity have a significant effect on electrochemical performance and should be 

evaluated. Ni et al. (2007b) studied the effect of electrode porosity and pore size on the 

process performance of SOEC. The results show that increasing the pore size and 

porosity is reduced the cell potential, which reduces electrical energy demand that can 

increase the process performance. In addition, Tsai and Schmidt (2011) studied 

tortuosity in the proton-conducting solid oxide fuel cell (H-SOFC). They found 

tortuosity is independent of the cell temperature and electrodes thickness, which is 

consistent with the fact that tortuosity is a geometric factor of electrodes structure and 

tortuosity is depend on the porosity of electrodes (as reported by Riazat et al. (2015)). 

Thus, for H-SOEC, the tortuosity of electrodes should be studied regarding the effect 

on cell performance. Therefore, the structural parameters study in this thesis is the 

thickness of cell and support-structure, pore size, porosity, and tortuosity. 

 For evaluate of the operational parameters term, there are many researches that 

studied regard operational parametric of solid oxide cell. Ni et al. (2007b) studied the 

effect of operating temperature on the performance of the process. The results show 

increases in temperature can improve the SOEC performance. Especially, the operating 

temperature was a significant parameter that affects performance. In addition, Udagawa 

et al. (2007) studied the effect of operating temperature on SOEC performance. The 

results are confirmed that their SOEC performance can improve when operated at high 

operating temperatures (in range of 873 – 1273 K). Moreover, Im-orb et al. (2018) 

studied the effect of operating temperature on the energy efficiency of SOEC. The 

results show the operating temperature has an effect on the cell voltage and energy 

efficiency of the process. The effect of temperature on the syngas production via H-
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SOEC was reported by Namwong et al.  (2016). The temperature was studied between 

550 to 650 ˚C. The results revealed that an increase in the temperature leads to a 

decrease in the cell potential due to both the equilibrium voltage and all overpotentials 

are strongly affected by the operating temperature. Moreover, the operating temperature 

has an effect on the carbon dioxide conversion of process. It was found that carbon 

dioxide conversion increased with increasing temperature due to the RWGS reaction, 

which is the carbon dioxide converse reaction is endothermic.  

 The pressure is one of the parameters that affect the performance of the process, 

Namwong et al. (2016) studied regard to the effect of pressure on the performance of 

H-SOEC for syngas production. The results show that pressure was not effecting the 

cell voltage. In general, an increase in the pressure leads to an increase in the 

equilibrium voltage but it reduces the concentration overpotentials because the gases 

can easily transfer through the electrodes. However, reduce the concentration 

overpotentials was almost equal to the increase in the equilibrium voltage. In addition, 

pressure has an impact on the carbon dioxide conversion rate. It was found that carbon 

dioxide conversion was reduced with the pressure. The carbon dioxide conversion 

decreased with an increase in pressure lead to the reduction of carbon monoxide 

products in the outlet stream. In general, the best operating pressure should be 1 atm 

due to there is no need for a pump or vacuum the pressure during operation. Moreover, 

they also studied regard steam to carbon ratio (S/C ratio) on the syngas production 

performance of the H-SOEC process. The S/C molar ratio was varied from 1 to 4, and 

the other parameters ware constantly. The effect on cell voltage shows that no effect 

from S/C molar ratio on cell voltage when the carbon dioxide stream was varied. In 

addition, the S/C molar ratio has an effect on a stoichiometric number of syngas 

production (hydrogen to carbon monoxide molar ratio or H/C molar ratio). 

 For the effect of a number of the cell on the performance of SOEC, Li et al. 

(2014) achieve high-efficiency using planar solid-oxide electrolysis stacks. They 

fabricate SOEC and use it under the condition of 800 ˚C up to 500 hours. The results 

show they can be achieved a maximum efficiency of 52.7% when using 30 cell stack 

of SOEC. Moreover, Ebbesen et al. (2011) studied the durable stack cell of SOEC for 

both hydrogen production and syngas production. The 6-cells stack of hydrogen 
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production and a 10-cells stack of syngas production tests a long time at 850 ˚C. The 

results revealed cleaning gas feeds (water and carbon dioxide) to the SOEC cell of stack 

cells resulted in operation without any long-term degradation. In addition, Im-orb et al. 

(2018) studied the influence of number cell stack on the energy efficiency of SOEC. 

They varying the number of cells in the range of 100 – 500 cells. The results show the 

energy efficiency increase with an increase in the number of cells at 1273 K. The 

maximum energy efficiency of 78.45 % is achieved in the 500-cell stack. Furthermore, 

they studied the effect of current density on SOEC performance. The current density is 

investigated by varying in the range of 500 – 2,500 A m-2 at a constant temperature of 

1273 K. They found the current density had an effect on energy efficiency, a maximum 

energy efficiency of 78.45 % is found when the current density is operated at 2500 A 

m-2. In addition, Xiaoyu et al. (2013) analyze the durability of SOEC. The experiment 

was test under condition, temperature of 800 ˚C and current density of 0.175 A cm-2. 

The result shows that degradation rate was 6.3 kh-1 after 200-hour operation and high 

degradation was found when it was operated at double of current density. From the 

effect of operational parameters described above, it indicates that important to evaluate 

those operational parameters on the performance of H-SOEC for syngas production in 

this thesis. Therefore, the operational parameters (i.e., temperature, pressure, S/C ratio, 

number of cells, and current density) are chosen to evaluate the effect on process 

performance. 

 In order to simulation and optimization of the H-SOEC process, the 

electrochemical model and flowsheet model simulation were the favorite tools used to 

evaluate the performance of the process. The several researches studied the simulation 

of SOEC using simulation tools such as Matlab, gPROMS Model builder, C+, and 

FORTRAN language aim to calculate the mathematic model. In addition, a few 

researches were studied about flowsheet model simulation through the Ansys, Comsol, 

and Aspen Plus. The Ansys and Comsol is a simulation program, which used the 

Computational Fluid Dynamic (CFD) method to evaluate flow and thermal distribution 

of the process. Hawkes et al. (2007) studied simulation of hydrogen production via 

planar SOEC using a three-dimensional CFD and show the result of operating 

temperature, current density, and hydrogen production to evaluate the performance of 
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the process. Moreover, the Aspen software is one tool used to simulate the SOEC 

system. Im-orb et al. (2018) using the electrochemical model and flowsheet model via 

the Aspen Plus software in order to study the effect of operational parameters on the 

performance of SOEC for hydrogen production. In addition, Namwong et al. (2016) 

simulate the H-SOEC process for syngas production and using the electrochemical 

model with the flowsheet model via Aspen Plus to evaluate the effect of parameters on 

the performance of the process. The electrochemical model used to evaluate the 

performance of the process in the cell voltage term and the flowsheet model used to 

evaluate the performance of the process in the syngas production term. 

 Finally, the analysis of the energy efficiency of the H-SOEC system is 

important. The energy and exergy analysis has been more interesting at this time. These 

analyses can assist to evaluate and determine the efficiency of energy and maximum 

useful work that can be achieved from an amount of energy usage (Hajjaji et al., 2012). 

Mingyi et al. (2008) evaluate the efficiency and thermodynamic analysis of SOEC. The 

results revealed that increase operating temperature to 1,000 ̊ C, which increases overall 

efficiency from 33 % to 59 %. Furthermore, Ni et al. (2007a) perform the energy and 

exergy analysis of the SOEC plant. The result showed that the difference between 

energy and exergy efficiency was a few at high operating temperatures. Moreover, the 

result can indicate which part of the SOEC plant is inefficient. Stempien et al. (2013a) 

revealed the energy and exergy efficiencies of 70 % and 80%, respectively were 

obtained when using conditions at the operating temperature of 1073 K and a current 

density of 5,000 A m-2. In addition, Im-orb et al. (2018) perform electrochemical and 

flowsheet model analysis of operating parameters (e.g., temperature, current density, 

and a number of cell) on the energy and exergy efficiencies of SOEC. The results show 

the operating parameters effect on both energy and exergy efficiencies. The energy and 

exergy efficiencies of 78.45% and 92.20% were achieved when operation at an 

operating temperature of 1273 K, operating pressure of 5 atm, current density of 2500 

A m-2, and the number of cell of 500 cells. 

 The literature reviews described above can be summarizing that both structural 

and operational parameters are an important parameter that affects the performance of 

the H-SOEC process. Thus, the analysis of parameters on performance is necessary. 
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The simulation method using the electrochemical model and flowsheet simulation via 

Aspen Plus is a suitable choice to predict the effect of parameters on the performance 

of the process. Moreover, the energy and exergy analysis should be performed in order 

to evaluate and determine the efficiency of energy and inefficiency part of the process, 

which can be lead to an improvement of the process. 

 

3.3 Dry methane reforming process 

 The dry methane reforming (DMR) is a chemical process used to convert 

methane to produce syngas by using carbon dioxide as an oxidizing agent. The use of 

CH4 and CO2 in the DMR reaction can reduce a higher emission of greenhouse gases, 

when compared to other fuel utilization processes such as the steam methane reforming 

or partial oxidation of biogas and natural gas. Moreover, landfill gas generally has a 

promising composition (CO2/CH4 = 1 in volume) for DMR that promotes the potential 

of DMR in the waste solid treatment process (Muradov and Smith, 2008). However, 

the DMR process facing some problem that H2/CO molar ratio of syngas product, which 

usually equal or below 1, result in a limit usage application of syngas product. 

Delikonstantis et al. (2017) designed the DMR combined with another process to adjust 

the H/C molar ratio of syngas product. They tandem combine the DMR reactor with 

WGS and SMR reactor in order to raise the H/C ratio of more than 2, which usually 

used as feedstock for FT-process to methanol, long-chain hydrocarbon, and diesel fuel 

production (Er-rbib et al., 2012). In addition, Stroud et al. (2018) studied dry and bi 

reforming of methane over various catalysts. They mention that the presence of steam 

in DMR simultaneously drives SMR that can rise the selectivity of H2 and CO and the 

advantage to adjust the stoichiometric of H/C molar ratio above of 2. Moreover, the 

nickel base catalyst used in their experimental can be driven by both DMR and SMR 

reactions. Therefore, combine of the DMR with another process that produces steam as 

a by-product such as H-SOEC for syngas production, result in an advantage of increase 

the CH4 conversion and H/C molar ratio of syngas product above of 2. 

 According to H-SOEC/DMR process, the CO2/CH4 stream is feeding into the 

cathode side. At this side hydrogen, which produced via electrochemical reaction is 
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considers as co-reactant. Thus, the influence of hydrogen on a DMR has become 

interested. Herrera Delgado et al. (2015) studied the influence of hydrogen and water 

on carbon composite of DMR. In their experiment, the fixed-bed reactor was used at 

atmospheric pressure, temperatures between 373 and 1173 K and inlet mixture of CH4, 

CO2, and H2 diluted in N2. The result shown, the hydrogen co-fed led to an increase of 

water at low temperatures, which produced through the RWGS. Then, as the increase 

of temperature, the water was consumed with unconverted methane via SMR, which 

increased the amount of syngas product with high hydrogen content. In addition, 

hydrogen act as a coke deposition inhibitor that reveals reduce in surface carbon 

deposition during conditions where hydrogen was represented as co-reactant. 

 In operation term, CO2/CH4 molar ratio of feedstock is an important parameter 

that effect on the performance of the process. Dinh et al. (2018) studied the effect of 

the CH4/CO2 molar ratio on the conversion and syngas selectivity of the DMR process. 

The results indicated that an increase in the CH4/CO2 molar ratio leads to an increase 

in CO2 conversion. A high CO2 conversion is achieved over a wild range ratio (from 

3.7 to 1). In addition, a decrease in the CO2 conversion was observed at ratios higher 

than 1, due to an excessive amount of methane, resulting in a larger amount of carbon. 

For the syngas selectivity, an increase of methane response the selectivity of H2 

increases quickly. A decrease of H2 selectivity at CH4/CO2 molar ratios greater than 1 

occurs for the reason as the reduction of CO2 conversion. Moreover, a lower energy 

cost production and higher energy efficiency in the range of CH4/CO2 molar ratio from 

3/7 to 1. In addition, Cao et al. (2017) studied the effect of the CH4/CO2 molar ratio on 

the carbon formation of the DMR process. The results revealed a carbon formation 

decreased with decreasing of CH4/CO2 molar ratio. Thus, the CO2/CH4 molar ratio of 

1 is the suggested operating condition in this thesis because of it a higher in CO2 

conversion and H2 selectivity and lower in carbon formation. 

 For the simulation and parameters analysis terms of the DMR process, Gopaul 

and Dutta (2015) simulation the dry reforming of multiple biogas types by using the 

Aspen Plus software and evaluate the effect of temperature and pressure on syngas 

production performance. The Aspen Plus software used to model the DMR reactor is 

RGibbs, which is an equilibrium reactor module that calculates its chemical equilibrium 
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output using the method of Gibbs free energy minimization at the specified temperature, 

pressure, and component inlet flow rates. The results show syngas molar flow rate 

increased with increasing temperature but decreased with increasing pressure. 

Additionally, the optimal operating condition is at 950 ˚C and 1 atm. In addition, Chein 

et al. (2015) studied thermodynamic analysis of dry methane reforming focusing on the 

high-pressure operation. They using the RGibbs reactor provided in the Aspen Plus to 

predict the chemical equilibrium and vary the temperature in the range of 300 to 1200 

˚C at high pressure. The CO2/CH4 molar ratio is varied in the range of 0.5 to 5. The 

pressure varies from 1 to 30 bar to examine its effect on DMR performance. The results 

show higher pressures have a negative effect on DMR and to obtain a suitable H2/CO 

ratio at high pressure it is suggested that DMR be carried out at a lower CO2/CH4 ratio 

and high temperature. Moreover, Cao et al. (2017) studied thermodynamic equilibrium 

analysis of DMR in order to inhibit carbon deposition and adjust of H2/CO ratio. They 

simulate process via FactSage software using minimize Gibbs free energy method. 

From their results, an increase in temperature decrease carbon deposition of the process 

but a carbon deposition increased with increasing pressure. Moreover, both temperature 

and pressure effect on H2/CO molar ratio of syngas product. In addition, Dinh et al. 

(2018) studied the regard energy efficiency of dry methane reforming. The results 

revealed a temperature and CO2/CH4 effect on the energy efficiency of the DMR 

process. 

 The literature reviews in the previous indication that the CO2/CH4 molar ratio 

of 1 is promised for DMR operation. Moreover, the operating parameters such as 

temperature and pressure are the effect on the performance of the process. The 

simulation method using the minimum Gibbs free energy method is one of the suitable 

choices to predict the effect of parameters on performance for syngas production aim 

to analyze and design process using conditions that receive optimum performance.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER IV 

MODELING AND VALIDATION 

 

 In this chapter, the procedure of H-SOEC/DMR simulation is shown. The major 

topics of this work are H-SOEC, DMR, and H-SOEC/DMR simulations based on 

Aspen Plus software simulation. Moreover, the results simulated from simulation 

model are validated with published experimental results to check the prediction 

efficiency.  

 

4.1 H-SOEC for syngas production 

 The simulation of H-SOEC for syngas production is simulated by using Aspen 

Plus program. The H-SOEC flowsheet illustrates in Figure 4.1, which includes existing 

unit of Aspen Plus modules (e.g., RStoic, RGibbs, separator, and mixer) and other 

functions of program (e.g., calculator block and design spec) for simulation. The 

simulation of each modules are described as below and the italic words are represented 

the terminology from Aspen Plus flowsheet simulation 

 

4.1.1 MIXER module 

 The major reactant for electrolysis reaction is steam but hydrogen is usually 

used as co-reactant, as was reported by several researches (Namwong et al., 2016; Ni 

et al., 2007a; Ni et al., 2012), in order to prevent oxidation reaction on the anode and 

reduce partial pressure of steam because the use of pure steam has an effect on the 

electrical energy demand. According to Figure 4.1, the steam in feed stream (named 

“STEAM”) is mixed with a hydrogen feed stream (named “HYDROGEN”) at the Mixer 

module (named “MIXER”). The hydrogen feed do not take place in the electrochemical 

reaction and the flow rate of this stream is adjust by using calculator block function in 

order to obtained the steam to hydrogen ratio of 95% in stream STEAMH (Namwong 

et al., 2016). 
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Figure 4.1 Process flowsheet of the H-SOEC for syngas production. 

 

4.1.2 Electrochemical reaction in ANODE module 

 The steam and hydrogen mixture (Stream “STEAMH”) are flowed into the 

anode, which the electrochemical reaction occurs in order to produce hydrogen and 

oxygen. The anode channel is simulated by using the RStoic module (named 

“ANODE”) because of the irreversible and non-spontaneous reaction. In addition, the 

conversion (X) of this module can be defined by the steam utilization factor (Us), which 

depends on inlet steam molar flow rate and current density as shown in Eq. 4.1. In this 

thesis, the utilization factor of 80% was selected in order to reduce the investment cost 

of the process (Namwong et al., 2016; Udagawa et al., 2007). 
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 The electrochemical reaction use both thermal and electrical energies to perform 

the reaction. In this simulation, the electrical energy used in this reaction can by 

calculated by using electrochemical model. The electrical energy is calculated in the 

calculator block function of Aspen Plus and represent as the stream “POWER” supplied 

to the system. For the thermal energy, it can be provided from the external heat stream 

(named “QE”) and the heat of overpotential stream (named “QOVP”). For the 
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simulation, the ANODE block can be specified temperature for any operating condition, 

which the energy demand of system are change. The thermal energy can be adjusted by 

design-spec function in order to receive the POWER stream value as calculated by 

electrochemical model according to overall energy balance of system. 

 

4.1.3 Proton and oxygen separation in ELECTROL module 

 According to the electrochemical reaction, proton and oxygen are produced. In 

terms of simulation, the proton produced is represent by the hydrogen product from the 

ANODE block. For H-SOEC, the proton-conducting electrolyte is simulated by Sep 

module (named “ELECTROL”) and aims to separate proton, oxygen, and unreacted 

steam. The unreacted steam and oxygen are flowed out of the system (Stream 

“OXYGEN”) and the separated hydrogen will permeate to cathode channel. For the 

simulation, the hydrogen split fraction of ELECTROL module is specified as 1 in order 

to split only hydrogen (Stream “PROTON”) and represents the proton-conducting 

electrolyte. 

 

4.1.4 Chemical reaction in CATHODE module 

 At the cathode channel, protons are reacted with electrons and converted into 

hydrogen, then hydrogen interaction with carbon dioxide, which feed into cathode side 

through the reversible water gas shift reaction (RWGS) and is converted to syngas. For 

the simulation, the RGibbs module (named “CATHODE”) represents the cathode 

channel, which is simulated based on a chemical equilibrium. The carbon dioxide feed 

is represented by stream “CARBON”. The molar flow rate of this stream is adjust 

following the steam/carbon ratio and the syngas product is represented by stream 

“SYNGAS”. The RWGS is endothermic reaction, which needs the thermal energy to 

carry out reaction. The stream “QR” is represented the consumed energy at any 

conditions of the CATHODE module. This stream is transferred to the ANODE module 

and shown as the total energy demand of system. Then, the external heat energy is 

adjusted to provide the total energy demand of system. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 71 

4.1.5 Cell voltage, power, and overpotentials calculation 

 The cell voltage and overpotentials used for H-SOEC operation can be 

calculated according to Table 4.1. The cell voltage can be calculated by the Nernst 

equation, the activation overpotential can be calculated by  the Butler-Volmer equation, 

the ohmic overpotential can be calculated by the Ohm’s law, and the concentration 

overpotential can be calculated by Fick’s model and Permeation’s model of hydrogen 

permeates in cathode channel based on the hydrogen permeates through the porous 

ceramic electrode as illustrates by Figure 4.2 and the partial pressure used in the model 

were estimated by Aspen Plus simulation (Stempien et al., 2013b). 

 

 

Figure 4.2 A schematic of the hydrogen permeation through the porous ceramic 

electrode (C. Reid et al., 1959). 
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Table 4.1 Cell voltage and overpotentials calculation equations 

Type Equation Eqn. NO. 

 

Cell voltage 
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 Moreover, the other equations that are used to calculate the inlet steam molar 

flow rate, electrical power, current, and heat of overpotential and calculate for the 

operation and evaluation of system are summarized in Table 4.2 
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Table 4.2 Calculation equation for system operation and evaluation 

Type Equations Eqn. NO. 

 

Inlet steam 

molar flow rate 

 

s

cell
in,OH

FU2

JAN
N

2
=



 

 

(2.57) 

 

Electrical 

current 

 

 

JA=I  

 

 

(2.58) 

 

Electrical power 

 

cellIVNW =  

 

(2.59) 

 

Heat of  

overpotentail 

 

( )ovp act,a act,c ohm conc,a conc,c cellQ JAN=  + + + +  

 

(2.61) 

 

4.1.6 Energy balance 

 The electrical energy used in system can be calculated by using electrochemical 

model and the calculator block function of Aspen Plus program. For the electrochemical 

system, both electrical and thermal energies must be used to provide the total energy 

demand of system in which thermal energy increases and electrical energy will be 

decreased following the thermodynamic relationship. Thus, the energy balance of 

system is required for simulation. The total energy for system operation (QT) can be 

calculated by Eq. 4.2, which included heat for the reaction, heat of overpotential, and 

external heat. These thermal energies are represented the energy used to carry out the 

reactions and keep the cell temperature at a stable point because the electrochemical 

reaction is a highly endothermic reaction. Hence, the energy balance equation can be 

derived into Eq. 4.3. In this thesis, the heat loss term is assumed to be negligible. Then, 

the energy balance can be derived into Eq. 4.4, which uses for energy balance of system 

and uses design spec function to adjust QE (Im-orb et al., 2018; Zhang, 2004).  
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 T r E ovpQ Q Q Q= − −        (4.2) 

 

 T loss elecQ Q W 0− + =        (4.3) 

 

 T elecQ W 0+ =         (4.4) 

 

where Qr is the energy for all of the reactions in system (W), QE is the external heat 

(W), Qovp is the heat of overpotential (W), Qloss is the energy losses of system (W), and 

Welec is the power used of system (W). 

 

4.1.7 H-SOEC validation 

 To estimate the prediction efficient of simulation model, the J-V characteristics 

results from simulation model are validated with the experimental data reported by 

Ruiz-Trejo and Irvine (2012), which investigated the J-V characteristics of syngas 

production via planar H-SOEC. In their experiment, the electrolysis cell consists of 2 

electrodes and electrolyte, and made from 2 electrode 100 µm thick porous Pt layers 

and 200 µm thick dense BCZYZ electrolyte. The inlet gas introduced at the anode side 

used steam to hydrogen ratio of 95 to 5. The experiment is operated at a constant 

pressure of 1 atm and operating temperature of 550, 600, and 650 C . The model input 

parameters are summarized in Table 4.3. For the activation overpotentials calculation, 

the kinetic parameters are used following Table 4.4. In addition, the parameters of 

effective diffusion coefficient calculation are used according to Table 4.5. The results 

show that it is a good agreement with the experimental data as shown in Figure 4.3. The 

results indicate that carbon dioxide is not involved in the electrochemical for syngas 

production. It is assumed the RWGS reaction is the reaction that carbon dioxide 

converted into carbon monoxide (Namwong et al., 2016). 
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Table 4.3 Input parameters and operating conditions. 

Operating temperature, T ( C ) 550, 600, and 650 

Operating pressure, P (atm) 1 

Anode stream inlet composition 95 mol% H2O/5 mol% H2 

Cathode stream inlet composition 100 mol% CO2 

Steam utilization factor, Us (%) 80 

Electrolyte conductivity, e  (S m-1) ( )4 33.14 10 / T exp 3.86 10 / T  −   

Active cell area, A (m2) 0.04 

Number of cell, Ncell (cell) 500 

Electrode pore radius, r (µm) 0.5 

Electrode porosity, n  0.3 

Electrode tortuosity, ξ ( )
1 2

1.5 0.5n−  

Cell thickness  

     Anode thickness, da (µm) 100 

     Cathode thickness, dc (µm) 100 

     Electrolyte thickness, le (µm) 200 

 

 

Figure 4.3 Comparison between the experimental data and simulation results. 
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Table 4.4 Pre-exponential factor and activation energy values. 

ka (Ω-1 m-2) 62.802 10  Eact,a (J mol-1) 53,123 

kc (Ω-1 m-2) 68.569 10  Eact,c (J mol-1) 56,739 

 

Table 4.5 Parameters for effective diffusion coefficient calculations (C. Reid et al., 

1959). 

 H2O H2 O2 CO CO2 

i (A)  2.641 2.827 3.467 3.690 3.941 

i Bk (K)  809.1 59.7 106.7 91.7 195.2 

 

 

4.2 Dry methane reforming catalyst layer 

 A dry methane reforming can be simulated through Aspen Plus software via 

RGibbs module (named “DMR”) as shows in Figure 4.4. The RGibbs reactor can 

calculate phase equilibrium and chemical equilibrium composition of each temperature 

based on Gibbs free energy minimization method. For experiment data validation, the 

chemical composition reported by Herrera Delgado et al. (2015) was used. They studied 

regarding syngas production through catalytic dry methane reforming reaction with 

hydrogen co-reactant over Ni-based catalysts using fixed-bed reactor.  

 

 

Figure 4.4 Dry methane reforming flowsheet simulation. 
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 Figure 4.5 shows a schematic drawing of their reactor, the reactor consists of a 

quartz tube with an inner diameter of 10 mm filled with 20 mg of a Ni-based catalyst 

with a reaction zone of 27 mm length surrounded by a quartz frit and glass wool. The 

experiments were carried out at 1 bar total pressure, 4 slpm inlet flow rate (standard 

liters per minute, T = 298.15 K, and 1 bar), residence time of 0.013 s, reaction 

temperature between 373 and 1173 K at a rate of 15 K/min, and inlet mixture of 1.6% 

CH4, 2.1% CO2, and 1.8% H2 dilute in N2. 

 

 

Figure 4.5 Schematic drawing of the packed-bed reactor (Herrera Delgado et al., 

2015). 

 

 The validation result between experimental data and simulation is shown in 

Figure 4.6. The experimental data were found good correspond with simulation results 

in the high temperature regimes. For both experimental and simulation results, CO2 and 

CH4 were suddenly decreased between 700 and 1000 K for the steady state operation 

of the system, while H2 and CO show opposite trends. The experimental results show 

that the water was produced through RWGS and received a maximum water 

concentration at 400 C  (673 K). The water was used with unconverted methane via 
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SMR reaction (Eq. 2.17) with an increasing of temperature influence increase of syngas 

product (Abdullah et al., 2017; Herrera Delgado et al., 2015). For the simulation results, 

the water and methane are found to increase at low temperature due to present of RWGS 

and reversible of SMR. At low operating temperatures, the simulation result has more 

deviation compared to high operating temperatures due to low temperature, low 

residence time, and limited time of experiment led to kinetic limitations. The operating 

temperature is observed to be a controlling factor leading to kinetic limitation, as can 

be seen, at low temperatures the concentration approach to equilibrium condition is 

much deviate compared to higher temperatures which shows that the process is 

kinetically limited. In general, kinetic limitations are always present to effect at low 

temperatures typically below 500 C  (Challiwala et al., 2017; Chein et al., 2015). 
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(b) 

 

(c) 

Figure 4.6 Comparison between the simulation results and experiment data of (a) 

carbon dioxide, (b) methane, and (c) hydrogen, carbon monoxide, and water 

concentration. 
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4.3 H-SOEC/DMR for syngas production 

 The H-SOEC/DMR simulation can be performed by substitute the DMR 

simulation (Figure 4.4) into a cathode side of the H-SOEC simulation (Figure 4.1). The 

H-SOEC/DMR flowsheet simulation is shown in Figure 4.7. The component in 

“CARBON” feed stream was changed from only CO2 to CH4 and CO2 mixture and the 

“QR” heat stream was represented the heat energy used to sufficient the energy 

consumed by DMR, SMR, and RWGS reactions occur in the process. 

 

 

Figure 4.7 Process flowsheet of the H-SOEC/DMR for syngas production. 

 

4.4 Other units in H-SOEC/DMR 

 The steam generator (SG) and syngas compressor (SC) are perform and connect 

with the H-SOEC/DMR process in order to evaluate the efficiency of process since 

water liquid feed until receive compressed syngas product.  

 

4.4.1 Steam generator 

 Steam generator unit is used to produce a steam from liquid water. The 

simulation of this unit is shown in Figure 4.8 that include of Pump module (named 

“PUMP”) and Heater module (named “HEATER1”) in order to pressurizing and 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 81 

heating water feed. This unit uses both thermal and electrical energies for steam 

production. According to steam table, the temperature increases with an increasing of 

pressure that at the pressure of 5 bar, water has a boiling point of 425 K. In this thesis, 

the water feed is pressurized at 5 bar and boiled at 427 K, which is higher temperature 

than boiling point, and aims to change all of water into steam. 

 

 

 

 

Figure 4.8 Flowsheet simulation of the steam generator unit. 

 

4.4.2 Syngas compressor 

 Syngas product from the H-SOEC/DMR process always has high temperature 

due to a high of operating temperature, which needs high capacity to storage this 

product because gas has high expansion at a high temperature,. In order to reduce the 

storage capacity, the syngas compressor unit is perform to pressurize and cool syngas 

product. In this thesis, the 2 stages compressor is used as a syngas compressor. The 2 

stages compressor simulation can be performed as shown in Figure 4.9 that the 2 

compressor module (named “COMP1” and “COMP2”) are connected in series with 

cooler module (named “COOLER2”) between them. The pre and after coolers are 

simulation via cooler module (named “COOLER1” and “COOLER3”, respectively) 

and the flash separators are simulation via flash drum module (named “FLASH1”, 

“FLASH2”, and “FLASH3”). In order to minimum work done for multiple stages 

compressor, pressure drop between stages is negligible, the syngas compressor unit 

should be operated following conditions: (i) the work at each stages are equal (ii) the 

pressure ratio between stages are equal and (iii) the syngas temperature in the 

intercooler is cooled equal to the first compressor inlet temperature (also known as 
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“Perfect intercooler”). To receive the equal work and pressure ratio at each stages, the 

intermediate pressure can be calculated by Eq. 4.5. 

 

 int er in outP P P=         (4.5) 

 

when Pinter is the intermediate pressure (atm), Pin is the syngas compressor inlet pressure 

(atm), and Pout is the syngas compressor outlet pressure (atm). 

 

 In this thesis, the condition of syngas compressor operation is pressure of 30 

atm and temperature of 318 K with the isentropic type compressor. The isentropic is 

performed to be negligible the heat loss of process. For pressure, it has no effects on 

the syngas composition when storage (Yang et al., 2009), but it has effects on the 

volumetric. The volumetric is reduced with an increasing of pressure. The pressure of 

30 atm is chosen because it is high pressure that reduces the high storage volume and it 

is an operating pressure for methanol synthesis process. The H/C molar ratio of syngas 

product from H-SOEC/DMR process is suitable to be feedstock for methanol synthesis 

process (H/C molar ratio   2). Syngas storage at the same pressure as methanol 

synthesis condition influent reduced of energy demand because no further compressor 

need to compress syngas, when storage syngas used as feed for methanol synthesis 

process. For temperature, it has no effects on the syngas composition when storage in 

range of 258 K to 318 K (Yang et al., 2009), but it has effects on the volumetric. The 

volumetric is reduced with a decreasing of temperature. The temperature of 318 K is 

chosen because it in the range that recommend. The highest temperature of 

recommendation range is chosen in order to minimize the cold utility requirement. In 

addition, it is not a temperature value that is too high to make a high volumetric of 

syngas storage tank and too low to make a high tar formation on surface of syngas 

storage tank. 
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Figure 4.9 Flowsheet simulation of the 2 stages syngas compressor unit. 

 

4.5 Performance analysis 

  The steam generator (Figure 4.8) and the syngas compressor (Figure 4.9) are 

connected with the H-SOEC/DMR process (Figure 4.7) and become the overall process 

as shown in Figure 4.10 under the main assumptions that are described as below: 

 1. Steady state calculation 

 2. Zero dimension calculation 

 3. All of the gases follow ideal gas behavior 

 4. No heat loss and pressure drop 

 5. The exchange current density does not depend on electrolyte materials 

 For energy efficiency calculation of overall H-SOEC/DMR process that is used 

as performance indicator in this thesis, it can be calculated according to Eq. 2.70. To 

evaluate performance of overall H-SOEC/DMR process, S/C molar ratio, H/C molar 

ratio, %CO2 conversion, %CH4 conversion, and %Syngas in product can be calculated 

following Eqs 4.6 – 4.10. 

 

 S/C molar ratio 2

2 4

H O,in

CO ,in CH ,in
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N N
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 H/C molar ratio 2H

CO

N

N

 
 =
  
 

      (4.7) 

 

 %CO2 conversion 2 2

2

CO ,in CO

CO ,in

N N
100

N

 
− = 

  
 

    (4.8) 

 

 %CH4 conversion 4 4

4

CH ,in CH

CH ,in

N N
100

N

 
− = 

  
 

    (4.9) 

 

 %Syngas in product 2

2 2 4 2

H CO

H CO CO CH H O

N N
100

N N N N N

 
+ = 

  + + + + 

 (4.10) 

 

when 
2CON , 

4CHN , and 
2H ON  are the molar flow rates of CO2, CH4, and H2O in 

product stream, respectively (mol s-1) and 
2CO ,inN  is the molar flow rate of CO2 in feed 

stream (mol s-1). 
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CHAPTER V 

SENSITIVITY ANALYSIS  

 

 This chapter presents the effect of parameters on the performance of the H-

SOEC/DMR process. The structural parameters analyzed in this work are thickness of 

cell, support structure, electrode pore size, electrode porosity, and tortuosity. The 

operational parameters analyzed in this work are temperature, pressure, current density, 

steam to carbon ratio, and number of cell. In terms of electrochemical performance, it 

is analyzed with cell voltage, equilibrium voltage, and overpotentials. Additionally, the 

performance will be analyzed with electrical power, external heat, and heat of 

overpotential. Syngas production term is analyzed by product molar flow rates, 

hydrogen to carbon ratio, carbon dioxide and methane conversion, and amount of 

syngas in products.  

 

5.1 Effect of structural parameters 

 The structural parameters effect will be investigated only electrochemical term, 

under the operating conditions (i.e., temperature of 1273 K, pressure of 1 atm, steam to 

carbon ratio of 1, and number of cell of 500 cells), to find the structural value that 

receives the minimum of the electrical energy required for the system. In this section, 

the key parameters are thickness of cell, support structure, electrode pore size, electrode 

porosity, and tortuosity. The sensitivity analysis and cell voltage calculation are 

performed in order to find the structural value that minimize the electrical energy 

demand. The indicator of this section is cell voltage. At current density constant, if cell 

voltage reduces, it means that decreasing in the required electrical energy is obtained 

following Eq. 2.59. Additionally, the effective structural value will be used as constant 

parameters for the operational parameters analysis section. 
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5.1.1 Effect of thickness of cell and support structure 

 The effect of thickness of cell (anode, cathode, and electrolyte) is studied in 

range of 50 to 500 µm. The analyzed side was varied, while the other sides were set at 

50 µm, under the operating conditions (i.e., temperature of 1273 K, pressure of 1 atm, 

current density of 11000 A m-2, steam to carbon ratio of 1, and number of cell of 500 

cells. Figure 5.1 shows the result of calculated cell voltage when varying the thickness 

of each side of cell. The cell voltage increases with increasing of anode, cathode, and 

electrolyte sides because the increase of transfer length in each side increases the ohmic 

overpotential for electrolyte side and also increases the concentration overpotential for 

anode and cathode sides. It can be seen that the thickness of electrolyte gives the most 

cell voltage while the thickness of cathode gives the lowest value. From results, the 

thickness of electrolyte should be low in order to minimize the electrical energy demand 

of system but it has covenant that the electrolyte must be wide enough to prevent the 

recombination of hydrogen and oxygen, but it must not be too wide in order to minimize 

an ohmic overpotential. 

 

 

Figure 5.1 Effect of thickness of anode, cathode, and electrolyte on the performance 

of system. 
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 For the support structure, it can be either anode supported, cathode supported, 

or electrolyte supported. From the design point of view, it is important to know that a 

particular support type is more helpful than the others. In this part, the three types of 

support are analyzed in terms of electrochemical performance. The thickness of 

supported side was set at 500 µm and the other sides were set at 50 µm. 

 The J-V characteristics of system with different support structures are shown in 

Figure 5.2. The best performance is the cathode-supported as it has the lowest electrical 

energy requirement (Figure 5.2a). At the cathode side, the transport of proton (H+) is 

not limited by the porous media structure. Thus, there is no limiting current for the 

cathode, even the cathode has large thickness. Additionally, the small molecular weight 

of the product (H2) promotes its transport. As a result, the resistance of the porous 

cathode to the gas transport is very low, and influent low concentration overpotential 

(Figure 5.2d). Same to the cathode-supported configuration, the anode-supported has 

extremely lower voltage than the electrolyte-supported due to the reduction of ohmic 

overpotential (Figure 5.2b). However, the cell voltage of the anode-supported increases 

sharply at a current density of about 11000 A m-2, which is the limiting current density 

for the thick anode (Figure 5.2a). The limit of thick anode due to the transport of the 

reactant at the anode (H2O) has reached the anode-concentration overpotential that its 

limit (Figure 5.2c). Unlike the cathode, the steam reactant at the anode is transported 

through the pores; thus, its transport depends on the porous structure of the electrode. 

The consumption of H2O can result in a lower pressure inside the porous anode than 

the anode surface (pressure gradient). This pressure gradient increases with increasing 

current density and promotes the transport of steam from the anode surface to the 

anode-electrolyte interface. However, the transport of oxygen (product) from the 

anode-electrolyte interface to the anode surface is resisted by this pressure gradient. 

Regarding the small pressure difference between the anode-electrolyte interface and 

anode surface (less than 10%) at low current density, the effect of pressure gradient on 

the transport of steam and oxygen is small. The high molecular weights of steam and 

oxygen result in low effective diffusion coefficient of steam (
eff

OH2
D ), lead to high 

concentration overpotential. 
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(a) 

 

 

(b) 
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(c) 

 

 

(d) 

Figure 5.2 Evaluation of anode-supported, cathode-supported, and electrolyte-

supported for system (a) J-V characteristics, (b) ohmic overpotential of electrolyte-

supported and electrod-suppoerted, (c) concentration overpotentials in an anode-

supported, and (d) concentration overpotentials in a cathode-supported. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 91 

5.1.2 Effect of electrode pore size 

 A pore size is the one of an important parameter for the gas transport 

characteristics in the porous media electrode layer. The J-V curves of a system with 

electrode pore radius of 0.3, 0.4, and 0.5 µm are shown in Figure 5.3. The pore size 

increases with decreasing of the cell voltage. As increase of pore size, the gas transport 

within porous media structures becomes easier, lead to lower concentration 

overpotentials as well as higher anode limiting current density. The pore size effect 

would be more pronounced for an anode-supported configuration because the resistance 

to gas transport in the porous anode is the dominant factor of overpotential. However, 

the pore size value should not be too much because the increase in pore size has effect 

on the reducing in active area of electrodes. 

 

 

Figure 5.3 Effect of electrode pore size on J-V characteristics of cathode-supported 

configuration. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 92 

5.1.3 Effect of electrode porosity 

 The electrode porosity effect on anode and cathode concentration overpotentials 

were combined, the porosity effect on J-V curve was shown as Figure 5.4. A high 

porosity is advantageous, as more space is available for gas transport, lead to smaller 

concentration overpotential and higher anode limiting current density. However, recent 

experimental research have revealed that too high porosity (around 0.76) is harmful as 

the electrolyte becomes non-gas tight, led to reducing of Nernst potential (Zhao and 

Virkar, 2005). In addition, as a porosity of 0.57 did not reveal any reducing of Nernst 

potential in Zhao and Virkar’s experiments, thus a recommend optimal porosity is 

between 0.5 and 0.6. Additionally, the current paper assumes that electrochemical 

reaction performed only at the electrode-electrolyte interface. However, in an advance 

composite electrode, a reaction area is extended from the interface to inside of 

electrode. The increase in porosity reduces concentration overpotential, but it can 

increase activation overpotential because of less active surface area available (Chan et 

al., 2004; Chan and Xia, 2001). Thus, the system performance cannot be further 

increased when the porosity exceeds a certain value. 

 

 

Figure 5.4 Effect of electrode porosity on J-V characteristics of cathode-supported 

configuration. 
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5.1.4 Effect of electrode tortuosity 

 In geometrical terms, tortuosity is defined as the fraction of the shortest pathway 

flow through a porous structure and the Euclidean distance between the starting and 

end point of that pathway, thus the tortuosity value is always equal to or greater than 

unity. For a porous structure, there only one shortest pathway and one tortuosity value 

are exist. The tortuosity plays as an essential role in the transport of mass and charge in 

electrochemical devices to determine the concentration overpotential losses at high 

current densities due to mass transport limitations. As tortuosity is notoriously difficult 

to ascertain, a many of method has been developed to find the tortuosity of a structure. 

The tortuosity-porosity relationship is one of the most fundamental and simply to derive 

a tortuosity. The Maxwell and Bruggeman relation (Eq. 5.1) is used as the tortuosity-

porosity relation to calculated tortuosity (Matyka et al., 2008). When the increase in 

porosity (n) decreases the tortuosity (  ). 

 

 
1

2(1.5 0.5n) = −        (5.1) 

 

 

Figure 5.5 Effect of electrode tortuosity on J-V characteristics of cathode-supported 

configuration. 
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 Figure 5.5 shows J-V characteristics of tortuosity effect that contrast with the 

results from porosity effect (Figure 5.4), which follow the porosity-tortuosity relation. 

A high tortuosity is disadvantageous, as less space is available for gas transport, lead to 

larger concentration overpotential and lower anode limiting current density. 

 The structural parametric analysis indicates that the ohmic overpotential and the 

anode concentration overpotential are sensitive to the electrolyte and the anode 

thicknesses, respectively. As a result, the cathode-supported cell configuration is most 

favorable for H-SOEC/DMR in order to achieve the lowest overpotentials. For the 

cathode-supported configuration, the thickest side is cathode and is set of 500 µm thick, 

when other sides are set of 50 µm thick. Furthermore, to improve the performance, thin 

anode and electrolyte should be used. Although, the typical thicknesses of anode and 

electrolyte of a cathode-supported cell are 50 µm, thinner layers around 10 µm thick 

are possible (Zhao and Virkar, 2005). However, it is noteworthy that the thermal and 

mechanical stresses should be carefully considered when very thin cell thicknesses are 

used. Additionally, it is found that large electrode pore side and porosity are desirable 

to reduce resistance of gas transport. In this thesis, the pore size of 0.5 µm and porosity 

of 0.5 are selected. Moreover, the tortuosity analysis indicates that it has effect on cell 

performance and it depends on porosity-tortuosity relation. From the structural analyze, 

all of favorable parameter values are used as constant parameters in the operational 

analyze section to achieve the most performance process. 

 

5.2 Effect of operational parameters 

 The operational parameters effect will be investigated both electrochemical and 

syngas production terms, aims to evaluate the influent of operational parameters change 

on the cell performance. In this section, the key parameters are S/C ratio, current 

density, temperature, pressure, and number of cell. The sensitivity analysis and cell 

voltage calculation are performed in order to indicate the effect of parameters on cell 

performance. The performance of the process is expressed in terms of cell voltage, heat 

and electrical energies demand, CO2 and CH4 conversions, and amount of syngas in 
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products. Additionally, the effective structural value from the previous section will be 

used as constant parameters for the operational parameters analysis and the input 

parameters of this section are summary in Table 5.1 based on simulation flowsheet as 

Figure 4.10. 

 

Table 5.1 Input parameters and operating conditions for operational parameters 

analysis. 

Operating temperature, T (K) 1073 to 1273 

Operating pressure, P (atm) 1 to 5 

Current density, J (A m-2) 500 to 2500 

S/C ratio 0.5 to 2 

Number of cell, Ncell (cell) 100 to 500 

Anode stream inlet composition 95 mol% H2O/5 mol% H2 

Cathode stream inlet composition 50 mol% CO2/50 mol% CH4 

Steam utilization factor, Us (%) 80 

Electrolyte conductivity, e  (S m-1) ( )4 33.14 10 / T exp 3.86 10 / T  −   

Active cell area, A (m2) 0.04 

Electrode pore radius, r (µm) 0.5 

Electrode porosity, n  0.5 

Electrode tortuosity, ξ ( )
1 2

1.5 0.5n−  

Cell thickness  

     Anode thickness, da (µm) 50 

     Cathode thickness, dc (µm) 500 

     Electrolyte thickness, le (µm) 50 
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5.2.1 Effect of S/C molar ratio 

 This section have focused the influence of the S/C molar ratio on the cell voltage 

and the H/C molar ratio of syngas product stream. The S/C molar ratio was varied from 

0.5 to 2, under the operating conditions (temperature of 1073 K, pressure of 1 atm, and 

number of cell of 500 cells). To determine the variations in S/C ratio, the 2 methods are 

used in this study: (i) the steam molar flow rate is specified in order to find the carbon 

stream molar flow rate, and (ii) the carbon stream molar flow rate is specified in order 

to find the steam molar flow rate. For simulation term, the steam (or carbon stream) 

molar flow rate is set at 1 kmol hr-1 and varied the carbon stream (or steam) until 

reached the desired S/C molar ratio. 

 The effect of S/C molar ratio on cell voltage is shown in Figure 5.6a. The results 

indicates that the S/C molar ratio do not affect the cell voltage when the carbon stream 

molar flow rate is varied. In contrast, the increase in steam molar flow rate increases 

the cell voltage. According the Eq. 4.1, only the steam molar flow rate has a significant 

effect on the current density calculation for a given steam utilization load, result in a 

current density constant, when the carbon stream molar flow rate is varied. 

Additionally, it can be explained that the carbon stream molar flow rate do not have an 

effect on the cell voltage because the conversion of carbon dioxide and methane are not 

involve in the electrochemical reaction. This is in contrast to increasing the steam molar 

flow rate that the current density is increased for achieving 80% of steam utilization. 

Moreover, a higher of current density has effect on a higher in cell voltage and electrical 

power. 

 For the H/C molar ratio term, the result shows that the H/C molar ratio increases 

with an increasing steam flow rate or a decreasing carbon stream flow rate, as shown 

in Figure 5.6b. At high S/C molar ratio, less in the carbon stream molar flow rate that 

is appearance as carbon source decreases amount of carbon monoxide produce, result 

in a higher of H/C molar ratio. In this study, the favorable H/C molar ratio is molar ratio 

that equal to or higher than 2, which is suitable for methanol and long-chain 

hydrocarbon synthesis applications. In conclusion, the S/C molar ratio of 2 is selected 
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because it shows the highest of H/C molar ratio and higher than 2. In order to adjust the 

S/C molar ratio, the carbon stream is varied to minimize the cell voltage of system. 

 

 

(a) 

 

(b) 

Figure 5.6 Effect of the S/C molar ratio (a) on the cell voltage and (b) on the H/C 

molar ratio.  
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5.2.2 Effect of temperature 

 The effect of operating temperature on the cell performance is investigated in 

both electrochemical and syngas production terms by varying the temperature in the 

range of 1073 to 1273 K because it is the operating temperature of both H-SOEC and 

DMR processes, under operating conditions (pressure of 1 atm, S/C ratio of 2, current 

density of 2500 A m-2, and number of cell of 500 cells). The variations in cell voltage, 

equilibrium voltage, and overpotentials are shown in Figures 5.7a and 5.7b. 

 The simulation results indicates that an increase in the temperature decreases 

the equilibrium voltage and cell voltage. For the equilibrium voltage, according to the 

thermodynamic relation that increasing of temperature can reduce electrical energy 

demand, but it increases the thermal energy demand of system. When the operating 

temperature increases, the increase in electrochemical kinetic energy of steam 

electrochemical reaction increases the electrochemical rate in both electrodes and 

decreases the activation overpotentials in both anode and cathode sides. For the ohmic 

overpotential, the resistance of ionic conductivity in the electrolyte layer, it is reduced 

by increasing temperature because the increase in conductivity of electrolyte decreases 

the resistance of ionic conductivity. On the other hand, the concentration overpotentials 

has opposite result with other overpotentials, it increases with the operating temperature 

because the increase in steam effective diffusion coefficient, which decrease molar 

diffusion rate, lead to the increase in the mass transfer resistance between the electrodes 

and electrolyte. The value of activation and ohmic overpotentials is more significant 

than concentration overpotentials. Thus, the results of the effect of temperature on the 

cell voltage show the same trend as the activation and ohmic overpotentials that 

increasing temperature can be reduce the cell voltage of system. 

 Figure 5.7c, shows the results regarding the energy demand. For the total energy 

demand, overall energy for all of the reactions, slightly increases with the operating 

temperature due to the system need more energy to sufficient the electrochemical and 

chemical reactions when temperature increased. At the current density constant, 

reduced in cell voltage when increases temperature result decreased electrical energy 

demand of system, while the thermal energy demand increased in order to sufficient the 
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total energy demand of system. Additionally, the heat of overpotential, heat generated 

from overpotential, which depend on value of the overpotential, was decreases with an 

increasing of temperature. The heat of overpotential is a heat that can be supplied to 

system that decreases in it led to increases the thermal energy demand.   

 

(a) 

 

(b) 
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(c) 

Figure 5.7 Effect of operating temperature on (a) the cell voltage, equilibrium 

voltage, activation and ohmic overpotentials, (b) the concentration overpotentials, and 

(c) the energy demand of system. 

 

 For the syngas production term, Figures 5.8a and 5.8b indicates that changing 

in operating temperature has effect on syngas production. The molar flow rate of H2 

and CO in product stream are found to increase with increasing of operating 

temperature because of the endothermic reactions that produced syngas are favorable 

at the high temperature. The content of H2 shows higher value than CO in every single 

point of temperature because the further constant H2 is produced via electrolysis 

reaction, result in the H/C ratio of syngas in product stream always higher than 2 that 

is favorable value. On the other hand, the molar flow rates of CO2, CH4, and water in 

product stream are found to decrease with increasing of operating temperature due to 

increase of reforming reaction rates at high temperature, lead to increase of CO2, CH4, 

and water consumption. For the CO2, %CO2 conversion increases with increasing 

temperature because CO2 is consumed with both CH4 and H2 via DMR (Eq. 2.15) and 
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RWGS (Eq. 2.16) reactions, respectively, which are the endothermic reactions that are 

favorable at the high temperature. The presence of RWGS results in generated of water 

in product stream. For the CH4, as the temperature increases, the CH4 is consumed with 

both CO2 and water via DMR and SMR, respectively, result in the increase of the %CH4 

conversion. The presence of SMR decreases water molar flow rate in product stream 

with increasing temperature. As the operating temperature increases, the CO2, CH4, and 

water consumption are increased, lead to higher %Syngas in product. However, the H/C 

ratio of syngas in product stream seems to be slightly decreased with increasing 

temperature because higher of carbon content consumption leads to higher in CO molar 

flow rate. 
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(b) 

Figure 5.8 Effect of operating temperature on (a) product stream molar flow rate and 

(b) %CO2 and CH4 conversions, %Syngas in product, and H/C molar ratio. 

 

 In conclusion, the operating temperature has significant effect on both 

electrochemical and syngas production terms. For the electrochemical term, as the 

temperature increases, the cell voltage was decreased result in a decreasing of electrical 

energy demand of system, which is the major cost in electrolysis process. As decrease 

in electrical energy demand and heat of overpotential, the thermal energy demand of 

increases and is advantageous as it provides more opportunities to utilize industrial 

waste heat or to utilize alternative heat sources. For syngas production term, as 

temperature increases, higher consumptions of CO2, CH4, and water are achieved and 

results in higher of %CO2 (higher than 90%) and %CH4 conversions (higher than 80%), 

%Syngas in product, and H2 and CO productions. Additionally, the H/C ratio was 

higher than 2 due to a constant H2 further produced from electrochemical, which is not 

affect by temperature. 
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5.2.3 Effect of pressure 

 Pressure is the one of operating parameter that has effect on both H-SOEC and 

DMR processes. For this reason, the H-SOEC/DMR process should be performed the 

pressure analysis on performance of system. The effect of operating pressure is 

investigated by varying the temperature in the range of 1 to 5 atm in order to find the 

effect of pressure change on process performance, under the operating conditions 

(temperature of 1073 K, current density of 2500 A m-2, number of cell of 500 cells, and 

S/C molar ratio of 2). The simulation results are discuss as below. 

 Figure 5.9a and 5.9b show the effect of pressure on the electrochemical value 

of process. The pressure has not effect on the activation and ohmic overpotentials 

because pressure has not effect on the electrochemical kinetic energy and ionic 

conductivity of system, respectively, thus the activation and ohmic overpotentials are 

constant in every single point of pressure values. For the equilibrium voltage term, 

increasing the operating pressure slightly increases the equilibrium voltage; as a result, 

the Nernst equation depends on the partial pressure. For the concentration 

overpotentials, both anode and cathode concentration overpotentials decrease with 

increasing of operating pressure. According to previous research, the molecular 

diffusion coefficient (
2 2H O OD −

), was inversely proportional to the pressure, but the 

Knudsen diffusion coefficient (
2H O,kD ) was not depend on pressure. Therefore, the 

effective diffusion coefficient (
2

eff

H OD ), was less sensitivity to pressure. On the other 

hand, the gas density increased with pressure (Ni et al., 2007b). The combined effect 

results in an increase in molar diffusion rate and a decrease in concentration 

overpotentials at high pressure. The increase of equilibrium voltage increase is higher 

than the decrease of concentration overpotentials, lead to an increase of cell voltage.  

 For the energy term, the simulation results are shown in Figure 5.9c. An increase 

in operating pressure results in the total energy demand decreases because the chemical 

reaction rates in cathode are reduced and that makes the process needs a lower energy 

to sufficient. At the current density constant, the electrical energy demand slightly 

increases because of an increasing of cell voltage. In contrast, the heat of overpotential 
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slightly decreases due to a decrease in concentration overpotentials. At a higher 

operating pressure, the process is operated as an exothermal system that results in the 

process does not need the external thermal energy demand. For the exothermal 

operation, it is achieved at a higher operating pressure because of a decrease in total 

energy demand of process and an increase in electrical energy of process. Additionally, 

the electrical energy is combined with heat of overpotential, which represents a heat 

energy produced from overpotential and supplied to process. The energy supply value 

is higher than the total energy demand of process and that makes the process is operated 

in the exothermal system. Although, the heat of overpotential supplied decreases with 

an increasing of operating pressure, but it is smaller than a decreasing in total energy 

demand, result in an increase of the exothermal energy of process.  
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(b) 

 

(c) 

Figure 5.9 Effect of operating pressure on (a) the cell voltage, equilibrium voltage, 

activation and ohmic overpotentials, (b) the concentration overpotentials, and (c) the 

energy demand of system. 
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 For the syngas production term, the simulation result of pressure changed are 

shown in Figure 5.10a and 5.10b. As the operating pressure increase, the amounts of 

CO2 and CH4 in the product stream are found to increase, result in the calculated %CO2 

and %CH4 conversions are found to decrease. For the CO2, it can be consumed with 

CH4 and H2 via the DMR and RWGS, respectively, thus the conversion of CO2 was 

higher than CH4. The presence of RWGS result in part of the H2, which was produced, 

was being consumed to produce water, result in appearance of water in product stream. 

For the CH4, it can be further consumed with water through the SMR. As reported from 

previous research (Gopaul and Dutta, 2015), the suitable operating pressure of DMR 

and SMR was the atmospheric pressure and when the increase in pressure increased 

reduced the CO2, CH4, and water consumptions and increased the amount of those in 

product stream. The H2 and CO are found to decrease with increasing of operating 

pressure because of decrease in DMR and SMR. As H2 and CO reduce with increase of 

CO2, CH4, and water in product stream, result in reducing of %Syngas in product, when 

operating pressure is increased. However, the H/C ratio is still higher than 2 due to the 

further H2 produced from electrolysis reaction. The H2 produced from electrolysis is 

constant with increasing of the operating pressure, it indicates that operating pressure 

has not effect on the production term of electrolysis reaction. Additionally, H/C ratio 

slightly increases because of reducing in carbon content consumption. 

 In conclusion, the operating pressure has effect on performance of H-

SOEC/DMR process. For electrochemical term, the operating pressure has not affect 

the activation and ohmic overpotentials. As the operating pressure increases, the cell 

voltage increases because of an increasing of equilibrium voltage, while the 

concentration overpotentials decreases. For energy term, process should be operated as 

exothermal system at a high pressure operation due to a decrease of total energy demand 

and increase of electrical energy. For syngas production term, an increase of pressure 

results in a decreasing of %CO2 and %CH4 conversions and %Syngas in product and 

that makes decreasing of H2 and CO in product stream. However, the H/C ratio is higher 

than 2 because further H2 produced from electrolysis, which does not affect by pressure 

change. 
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(a) 

 

(b) 

Figure 5.10 Effect of operating pressure on (a) product stream molar flow rate and (b) 

%CO2 and CH4 conversions, %Syngas in product, and H/C molar ratio. 
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5.2.4 Effect of current density 

 Current density is operating parameter that has effect on the process 

performance. According to previous research (Im-orb et al., 2018), the current density 

should be controlled in the range of 1000 to 3000 A m-2 to prevent SOEC electrode 

deterioration. In this study, the effect of current density is investigated in the range of 

500 to 2500 A m-2 in order to analyze effect of lower and in the range that 

recommendation, under the operating conditions (temperature of 1073 K, pressure of 1 

atm, S/C ratio of 2, and number of cell of 500 cells). 

 The effect of current density on the electrochemical value are shown in Figure 

5.11a and 5.11b. As the current density increases, the equilibrium voltage is constant, 

while all of the overpotentials increase. The equilibrium voltage does not depend on 

current density because it is based on the Nernst equation, which depends on 

temperature and pressure. The equilibrium voltage is the minimum electrical voltage 

and used to split water. A presence of current density in process results in the voltage 

loss (overpotential) of process. For the overpotentials, the ohmic and concentration 

overpotentials are steadily increased with an increasing of current density, while the 

activation overpotentials have reduced in an increase rate at higher current density. The 

cell voltage increases with current density due to an increasing of overpotentials and it 

has a same trend as activation overpotential, which shows the highest overpotential.  

 For the energy term, the simulation results are shown in Figure 5.11c. The total 

energy demand steadily increase with an increasing of current density. The total energy 

demand depends on amount of water, CO2, and CH4 consumed. As current density 

increases, the amount of water, CO2, and CH4 feeds are increased in order to reach the 

80% steam utilization factor. A rate of current density steadily increases, resulting in 

increasing of total energy demand. For the electrical energy demand, it depends on cell 

voltage, current density, and number of cell. At the constant number of cell condition 

and current density increase, the electrical energy shows an opposite increase rate with 

cell voltage, it indicates that the electrical energy is sensitive with current density more 

than cell voltage. In addition, the heat of overpotential increases with an increasing of 

current density because of an increase in overpotential and it also has a same trend as 
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electrical energy. For the thermal energy, at current density of 500 to 1000 A m-2, 

thermal energy increases because of a low in electrical energy and heat of overpotential. 

Inversely, at current density of 1000 to 2500 A m-2, thermal energy reduces because of 

a high in electrical energy and heat of overpotential  and it indicates that the system 

should be operated with reducing a deterioration. 
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(b) 

 

(c) 

Figure 5.11 Effect of current density on (a) the cell voltage, equilibrium voltage, 

activation and ohmic overpotentials, (b) the concentration overpotentials, and (c) the 

energy demand of system. 
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 For the syngas production term, the influence of current density are shown in 

Figure 5.12a and 5.12b. As the current density steadily increases, all components in 

product stream increase steady too. It is the same reason that is described for total 

energy demand, according to Eq. 2.57, an increase of current density, resulting in an 

increase of water, CO2, and CH4 feed streams in order to achieve 80% steam utilization 

factor. While, the %CO2 and %CH4 conversions are constant with an increasing of 

current density because those did not depend on current density, resulting in the same 

ratio of components in every single point of current density. According previous reason, 

%Syngas in product and H/C molar ratio are constant. From all results, it indicates that 

the current density has effect on the quantity term, but it has not effect on the quality 

term of syngas production. 
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(b) 

Figure 5.12 Effect of current density on (a) product stream molar flow rate and (b) 

%CO2 and CH4 conversions, %Syngas in product, and H/C molar ratio. 

 

 In conclusion, the current density has effect on the H-SOEC/DMR process. For 

the electrochemical term, the equilibrium voltage is constant but all the overpotentials 

increase with an increasing of current density, resulting in an increase of cell voltage. 

In energy term, total energy, electrical energy, and heat of overpotential increase with 

current density. At current density of 500 to 1000 A m-2, thermal energy increases, but 

it decreases at current density of 1000 to 2500 A m-2. For the syngas production term, 

current density has effect on the quantity term, but it has not effect on the quality term. 
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5.2.5 Effect of number of cell 

 The effect of number of cell stack on the performance of process is investigated 

in order to find that how scale up is effect on the process performance. In this study, 

the number of cell is varied in the range of 100 to 500 cells, under conditions 

(temperature of 1073 K, pressure of 1 atm, current density of 2500 A m-2, and S/C ratio 

of 2). The simulation results of number of cell effect are discussed as below. 

 In electrochemical value term, an increasing of number of cell has not effect on 

the cell voltage, equilibrium voltage, and all overpotentials, as shown in Figure 5.13a 

and 5.13b. Those electrochemical values are the values that are calculated for each cell 

at any condition. At the constant condition, the increase number of cell does not affect 

those values, thus those values are constant. For energy term, result of the number of 

cell effect is shown in Figure 5.13c. As the number of cell increases, all energies 

steadily increase. As the same reason as current density, the total energy demand  

depends on amount of water, CO2, and CH4 consumed and when number of cell 

increases, the amount of water, CO2, and CH4 feeds are increase in order to reach the 

80% steam utilization factor. A rate of number of cell steadily increases, resulting in a 

steadily increase rate of water, CO2, and CH4 feeds and total energy demand. For the 

electrical energy, it can be calculated by Joule’s law (Eq. 2.59), which is calculated for 

1 cell that when the number of cell increases, resulting in an increasing of electrical 

energy. The heat of overpotential increases with number of cell, as the same reason as 

electrical energy. The total energy demand increases with an increasing of number of 

cell, resulting in an increasing of thermal energy demand in order to sufficient the total 

energy demand of process. 
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(a) 

 

(b) 
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(c) 

Figure 5.13 Effect of number of cell on (a) the cell voltage, equilibrium voltage, 

activation and ohmic overpotentials, (b) the concentration overpotentials, and (c) the 

energy demand of system. 

 

 For the syngas production term, the number of cell has effect on the quantity 

term, but it has not effect on the quality term of syngas production as same as current 

density effect (see Figure 5.14a and 5.14b). As the number of cell steadily increases, all 

components in product stream increase steady too. It is the same reason that is described 

for current density section, an increase of number of cell results in an increase of water, 

CO2, and CH4 feed streams in order to achieve 80% steam utilization factor. 

Additionally, an increase of number of cell has not effect on the %CO2 and %CH4 

conversions because those do not depend on number of cell, resulting in the same ratio 

of components in every single point of number of cell. According previous reason, 

%Syngas in product and H/C molar ratio are constant. 
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(a) 

 

(b) 

Figure 5.14 Effect of number of cell on (a) product stream molar flow rate and (b) 

%CO2 and CH4 conversions, %Syngas in product, and H/C molar ratio. 
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 In conclusion, the number of cell has effect on the H-SOEC/DMR process. For 

electrochemical value term, the number of cell has not effect on those values. However, 

in the energy term, an increase of number of cell results in an increasing of all energy 

values. For the syngas production and energy terms, the number of cell has effect on 

the quantity term, but it has not effect on the quality term. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER VI 

ENERGY ANALYSIS AND OPTIMUM CONDITION 

 

  In this chapter, the effect of the operating parameters on the energy efficiency 

of H-SOEC/DMR process are present. The key operating parameters analyzed in this 

chapter consist of temperature, pressure, current density, and number of cell. In order 

to evaluate the energy efficiency, the results of both energy demand and syngas 

production terms are presented when changing the operating parameters. In terms of 

energy demand, it is analyzed with total, electrical, and thermal energies demand and 

heat of overpotential of H-SOEC/DMR unit, power (SG power) and hot utility (SG hot 

utility) demands of steam generator unit, and power (SC power) and cold utility (SC 

cold utility) demands of syngas compressor unit. For syngas production term, it is 

analyzed by molar flow rate of hydrogen and carbon monoxide products and carbon 

dioxide, methane, and hydrogen feeds. Additionally, the optimum condition that give 

the highest energy efficiency is find to obtain the suitable operating condition of the H-

SOEC/DMR process. 

 

6.1 Energy analysis 

 The energy efficiency, which is performance indicator in this thesis, is analyzed 

based on thermal efficiency of H-SOEC/DMR process. The energy efficiency can be 

calculated following Eq. 2.70 based on flowsheet simulation of the overall H-

SOEC/DMR process, as shown in Figure 4.10. According to energy efficiency 

calculation from Eq. 2.70, Qtotal includes the external heat demand of H-SOEC/DMR 

unit, hot utility demand of SG unit, and cold utility demand of SC unit and Wtotal 

includes the electrical demand of H-SOEC/DMR, SG, and SC units and the lower 

heating value (LHV) of H2, CO, and CH4 are 244, 283.24, and 802.34 MJ/kmol, 

respectively (Perry and Green, 2008), which is also popularly used for calculation of 

thermal energy efficiency in previous studies. 
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6.1.1 Effect of temperature on energy efficiency 

 Temperature is an important operating parameter that has effect on performance 

of H-SOEC/DMR process both electrochemical and syngas production terms. For 

energy efficiency analysis, temperature is varied in the range of 1073 to 1273 K, under 

operating conditions (pressure of 1 atm, S/C ratio of 2, current density of 2500 A m-2, 

and number of cell of 500 cells). The influence of temperature change on the energy 

efficiency are described as below. 

 Figure 6.1 shows the effect of temperature on the energy efficiency of process. 

The energy efficiency increases when increasing temperature from 1073 to 1123 K, 

then it decreases when temperature is increased in range of 1123 to 1273 K. The highest 

energy efficiency is received at 1123 K. The results of energy flow are shown in Figure 

6.2a and 6.2b. The total energy demand of H-SOEC/DMR unit increases with an 

increasing of temperature. As temperature increases, the electrical energy demand and 

heat of overpotential decrease, while the thermal energy demand increases in order to 

sufficient the total energy demand of H-SOEC/DMR unit. For the SG unit, the power 

and hot utility demand are constant with an increasing of temperature because 

temperature has not effect on the inlet molar flow rate of water that made amount of 

water feed into SG unit was constant. For the SC unit, the cold utility steadily increases 

with a steadily increase of temperature because a higher of heat at a high temperature 

needs a higher of cold utility to cool down. For the SC power, it has the same trend with 

product molar flow rate (see Figure 6.3) that indicates the power demand of SC unit 

depends on the amount of product. The effect of temperature on the syngas production 

are show in Figure 6.3. As temperature increases, the molar flow rate of CO2, CH4, and 

H2 feeds are constant because temperature has not effect on the inlet flow rate of feed. 

For H2 and CO products, those increase with an increasing of temperature. An increase 

rate of product in temperature range of 1073 to 1123 K is higher than range of 1123 to 

1273 K. As total energy demand steadily increases, the molar flow rate of products in 

range of 1123 to 1273 K are not worth and reduces the energy efficiency of the system. 

 In conclusion, the energy efficiency increases in the temperature range of 1073 

to 1123 K, but it decreases in the range of 1123 to 1273 K. For H-SOEC/DMR unit, the 
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total energy increase with an increasing of temperature. The electrical demand and heat 

of overpotential decrease with an increasing temperature, while the thermal energy 

demand increases in order to sufficient the total energy demand. For SG unit, the power 

and hot utility demand are constant with an increasing of temperature. For SC unit, the 

cold utility demand increases with increasing temperature. As temperature increases, 

the power demand of SC unit increases and has the same trend as product molar flow 

rates. For syngas production term, the molar flow rate of feeds are constant with an 

increasing of temperature, while the molar flow rates of products increase. The rate of 

product molar flow rates increase in range of 1073 to 1123 K and show higher than 

range of 1123 to 1273 K. The highest energy efficiency is achieved at 1123 K. 

 

 

Figure 6.1 Effect of temperature on energy efficiency of process. 
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(a) 

 

(b) 

Figure 6.2 Effect of temperature on (a) energy demand of H-SOEC/DMR unit and (b) 

energy demand of SG and SC units. 
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Figure 6.3 Effect of temperature on syngas production term. 

 

6.1.2 Effect of pressure on energy efficiency 

 According to previous chapter, pressure is the major parameter that has effect 

on performance of H-SOEC/DMR process. In term of energy efficiency analysis, 

pressure is varying in range of 1 to 5 atm, under operating conditions (temperature of 

1073 K, S/C molar ratio of 2, current density of 2500 A m-2, and number of cell of 500 

cells). The simulation results are discuss as below. 

 As operating pressure increases, the energy efficiency decreases as shown in 

Figure 6.4. The highest energy efficiency is achieved at the atmospheric pressure (1 

atm). In the energy term, the energy demand simulation results of overall H-

SOEC/DMR process are shown in Figures 6.5a and 6.5b. For H-SOEC/DMR unit, the 

total energy demand decreases with an increasing of pressure because the decrease in 
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chemical reactions in cathode side leads to a lower need of energy. As the pressure 

increases, the electrical energy demand slightly increases, while the heat of 

overpotential slightly decreases. At higher pressure more than 2, process should be 

operated in the exothermal system because of a lower in total energy demand of process. 

The electrical energy and heat of overpotential are combined and supplied to process. 

The supply energy is higher than total energy demand and that makes the system has 

energy excess and does not need the external heat demand at high operating pressure. 

The exothermal energy increases with an increasing of pressure because of a decrease 

of total energy demand. For SG unit, the power and hot utility demands are constant 

with an increasing of pressure because pressure has not effect on the molar flow rate of 

water feed and that makes the amount of input water feed into the SG unit is constant. 

For SC unit, the power and cold utility demands decrease with an increasing of pressure. 

As operating pressure increases, the molar flow rate of product decreases (Figure 6.6) 

and that makes the compressors of SC unit needs lower power to compress product 

stream. In addition, at the temperature of SC unit (318 K), an increase of pressure leads 

to part of product is condensed to liquid phase, and then it can be separated by flash 

drum and has effect on product stream molar flow rates. A decrease of product stream 

molar flow rates results in a decreasing in power demand of compressor and cold utility 

demand of cooler in SC unit. For syngas production term, the simulation results are 

shown in Figure 6.6. The CO2, CH4, and H2 molar ratio feeds are constant with an 

increasing of pressure because pressure has not effect on the inlet molar flow rate of 

process. As the operating pressure increases, the H2 and CO molar flow rates are 

increased because of the decease of chemical reactions in cathode side. Although, the 

total energy demand of H-SOEC/DMR and SC units decrease with an increasing of 

pressure but syngas product decreases, leading to a decreasing in energy efficiency of 

process. 

 In conclusion, the increase in operating pressure, resulting in a decreasing of 

energy efficiency of process. For energy term, the total energy of H-SOEC/DMR unit 

decreases with an increasing pressure. The H-SOEC/DMR unit should be operated as 

exothermal system when operating pressure higher than 2. The power and hot utility 

demand of SG unit are constant with increasing pressure, while power and cold utility 
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demand of SC unit decrease. For syngas production term, all of the feed molar flow 

rates are constant with an increasing of pressure, while the syngas product molar flow 

rate decrease. As operating pressure increases, the molar flow rate of syngas product 

decrease, leading to a decreasing in energy efficiency of process. The highest energy 

efficiency is achieved at operating pressure of 1 atm. 

 

 

Figure 6.4 Effect of pressure on energy efficiency of process. 
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(a) 

 

(b) 

Figure 6.5 Effect of pressure on (a) energy demand of H-SOEC/DMR unit and (b) 

energy demand of SG and SC units. 
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Figure 6.6 Effect of pressure on syngas production term. 

 

6.1.3 Effect of current density on energy efficiency 

 Current density has effect on the energy demand and syngas production quantity 

of H-SOEC/DMR process as described in previous chapter. In this chapter, the current 

density effect is analyzed in range of 500 to 2500 A m-2, under operating conditions 

(temperature of 1073 K, pressure of 1 atm, S/C molar ratio of 2, and number of cell of 

500 cells). The influence of current density on the energy efficiency of overall H-

SOEC/DMR process are described as below. 

 Figure 6.7 shows the effect of current density on the energy efficiency. It is 

found that energy efficiency increases with an increasing of current density. The 

operation under the current density of 2500 A m-2 gives the highest energy efficiency. 

For energy term, effect of current density are shown in Figures 6.8a and 6.8b. For H-
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SOEC/DMR unit, the total energy demand increases with an increasing of current 

density because of an increase of water and carbon feeds, resulting in need of higher 

energy to sufficient. As current density increases, the electrical energy demand and heat 

of overpotential increase, while the thermal energy demand decreases. The heat of 

overpotential increases with an increasing current density and can be sufficient the total 

energy demand of process, resulting in the decreasing of thermal energy demand. For 

SG and SC units, the energy demand of both units steadily increase with a steadily 

increasing of current density. According to previous chapter, current density has effect 

on quantity term of feeds and products, resulting in an increasing of feed and product 

molar flow rates. From this reason, as the current density increases, the SG and SC 

energy demand increase. For syngas production term, the simulation results are shown 

in Figure 6.9. As the current density steadily increases, the steam molar flow rate is 

steadily increased in order to achieve 80% steam utilization factor. The CO2 and CH4 

molar flow rates increase with an increasing of steam molar flow rate in order to achieve 

the S/C molar ratio of 2. As the steam molar flow rate increases, the H2 feed molar flow 

rate is increased in order to achieve the steam feed concentration of 95%. The current 

density has effect on the quantity term of syngas production, but it has not effect on the 

quality term. Thus, the H2 and CO product molar flow rates steadily increase when the 

current density steadily increases. As the current density increases, the heat of 

overpotential and syngas molar flow rate increase, while the thermal energy demand 

decreases, resulting in an increase of energy efficiency of process. 

 In conclusion, the energy efficiency increases with an increasing of current 

density. In term of energy, the energy demand of SG and SC units steadily increase 

with a steadily increase of current density. For H-SOEC/DMR unit, the total and 

electrical energy demand and heat of overpotential increase with an increasing of 

current density, while the thermal energy demand decreases. In term of syngas 

production, the current density has effect on quantity term, but it has not effect on 

quality term. The highest energy efficiency is achieved at current density of 2500 A m-

2. 
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Figure 6.7 Effect of current density on energy efficiency of process. 

 

 

(a) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 129 

 

(b) 

Figure 6.8 Effect of current density on (a) energy demand of H-SOEC/DMR unit and 

(b) energy demand of SG and SC units. 
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Figure 6.9 Effect of current density on syngas production term. 

 

6.1.4 Effect of number of cell on energy efficiency 

 According to previous chapter, the results indicate that the number of cell has 

only effect on quantity term of process performance. In this chapter, the effect of 

number of cell on energy efficiency is investigated in range of 100 to 500 cells, under 

operating conditions (temperature of 1073 K, pressure of 1 atm, S/C molar ratio of 2, 

and current density of 2500 A m-2). The simulation results are discussed as below. 

 The effect of number of cell on the energy efficiency of overall H-SOEC/DMR 

process is shown in Figure 6.10. The energy efficiency are constant with an increasing 

of number of cell. It indicates that the number of cell has not effect on the energy 

efficiency. For energy demand term, the effect of number of cell on energy demand are 

shown in Figure 6.11a and 6.11b. For H-SOEC/DMR unit, all of energy demand 

steadily increases with a steadily increasing of number of cell and the same results are 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 131 

shown for the SG and SC units. As the result reported in previous chapter, the number 

of cell has only effect on quantity term of both electrochemical and syngas production 

terms, when the number of cell is steadily increased, resulting in a steadily increasing 

of water, CO2, CH4, and H2 inlet molar flow rates in order to reach the 80% steam 

utilization factor, S/C molar ratio of 2, and steam concentration feed of 95%, 

respectively. As the all of inlet molar flow rates are steadily increased, the all product 

molar flow rates steadily increase, resulting in an increase of energy demand of H-

SOEC/DMR, SG, and SC units in order to sufficient an operating energy for each units. 

For the syngas production term, the effect of number of cell on energy efficiency is 

shown in Figure 6.12. All feed and product molar flow rates steadily increase with a 

steadily increasing of number of cell, it indicates that the number of cell has only effect 

on quantity term, but it has not effect on quality term of syngas production. As the 

energy demands and the syngas molar flow rate steadily increase with a steadily 

increasing of number of cell, resulting in a constant of energy efficiency value in every 

single point of number of cell. 

 In conclusion, the energy efficiency is constant with an increasing of number of 

cell. All of energy demands and component molar flow rates steadily increase with a 

steadily increasing of number of cell, it indicates that the number of cell has only effect 

on quantity term of energy and syngas production terms. Although, the energy 

efficiency is constant with an increasing number of cell but the amount of syngas 

product increases. However, the number of cell is increased, leading to an increasing in 

syngas product, but it increases the initial and maintain costs too. 
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Figure 6.10 Effect of number of cell on energy efficiency of process. 
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(b) 

Figure 6.11 Effect of number of cell on (a) energy demand of H-SOEC/DMR unit 

and (b) energy demand of SG and SC units. 

 

Figure 6.12 Effect of number of cell on syngas production term. 
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6.2 Optimum condition 

 In order to choose condition to perform the heat exchanger network design, the 

optimum condition that gives high energy efficiency is suitable because it indicates that 

the energy efficiency is improved or not improved after performing heat exchanger 

network and how much the most energy efficiency of this process is found. In this 

thesis, the simple method is used to find the optimum condition by measuring the 

energy efficiency of each parameter. The value of previous parameter that gives the 

highest energy efficiency is used to be the condition for the next parameter analysis. 
Based on each point of parameter values, the values of parameters are used in sensitivity 

and energy efficiency analysis sections. Temperature is used as the main parameter on 

this section.  

 For temperature analysis, the values of temperature used are 1073, 1123, 1173, 

1223, and 1273 K, under operating conditions (pressure of 1 atm, current density of 

2500 A m-2, and number of cell of 500 cells). The summary of the energy efficiency 

results are shown in Table 6.1. The energy efficiency does not depend on temperature. 

The highest energy efficiency is received at temperature of 1123 K, which is value that 

will used as optimal condition for next parameter analysis. For pressure analysis, the 

values used are 1, 2, 3, 4, and 5 atm, under operating conditions (temperature of 1123 

K, current density of 2500 A m-2, and number of cell of 500 cells). The results indicate 

that the energy efficiency has inverse variation with pressure. The energy efficiency 

decreases with an increasing of pressure because of the decreasing of syngas 

production. The highest energy efficiency is obtained at pressure of 1 atm. For current 

density, the analysis is perform by using the values of 500, 1000, 1500, 2000, and 2500 

A m-2, under operating conditions (temperature of 1123 K, pressure of 1 atm, and 

number of cell of 500 cells). According to the energy analysis section, current density 

has only effect quantity term for syngas production term. However, for energy term, 

the heat of overpotential increases with an increasing of current density, resulting in an 

increasing of energy efficiency. Current density of 2500 A m-2 is given for the highest 

energy efficiency. For number of cell analysis, the values used are 100, 200, 300, 400, 

and 500 cells, under operating conditions (temperature of 1123 K, pressure of 1 atm, 

and current density of 2500 A m-2). The energy efficiency is constant with an increasing 
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of number of cell, as shown in Table 6.1. According to the results in energy efficiency 

analysis section, number of cell has only effect on quantity term for both energy and 

syngas production terms, resulting in a constant of energy efficiency when number of 

cell was increased. The number of cell of 500 cells is chosen because this condition 

gives higher amount of syngas production and carbon usage. 

 

Table 6.1 Summary of effect of parameters on the energy efficiency. 

Temperature (K) 1073 1123 1173 1223 1273 

en  (%) 72.14 72.80 72.50 71.74 70.79 

Pressure (atm) 1 2 3 4 5 

en  (%) 72.80 71.24 69.24 67.27 65.37 

Current density  

(A m-2) 

500 1000 1500 2000 2500 

en  (%) 67.50 69.00 70.37 71.63 72.80 

Number of cell 

(cells) 
100 200 300 400 500 

en  (%) 72.80 72.80 72.80 72.80 72.80 
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 In conclusion, based on the operating temperature of 1123 K of the H-

SOEC/DMR process, a pressure of 1 atm, current density of 2500 A m-2, and number 

of cell of 500 cells are used as optimum conditions in order to achieve the highest 

energy efficiency of 72.80% and highest amount of syngas production and carbon 

usage. These conditions are selected as the optimum conditions in this thesis, even it 

may not be the real optimum condition of this process. Furthermore, these conditions 

are used as optimum conditions for this thesis, to perform heat exchanger network 

design and exergy analysis in the next chapters.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER VII 

HEAT EXCHANGER NETWORK DESIGN 

 

 Previous chapter, the energy efficiency of the H-SOEC/DMR process is 

analyzed in order to evaluate effect of operating parameters on the energy efficiency 

and selects the optimum conditions based on the highest energy efficiency. In addition, 

the energy efficiency of the H-SOEC/DMR process can be improved through the heat 

exchanger network design method by using heat recovery of process, to achieved higher 

energy efficiency. In this chapter, the heat exchanger network design is performed 

based on a pinch analysis method in order to improve the energy efficiency of the H-

SOEC/DMR process. The aim of this method is to minimize energy requirement (hot 

and cold utilities requirement) by maximizing energy recovery in the process.  

 

7.1 Data extraction 

 In order to perform heat exchanger network design, the first step is to select 

the hot and cold streams from process under the optimum operating conditions. The 

optimum operating conditions and the design of process flowsheet simulation for this 

chapter are shown in Table 7.1 and Figure 7.1, respectively. According to Figure 7.1, a 

liquid water that represents by WATER stream is vaporized to become a steam through 

the steam generator unit by using HEATER1. The steam (“STEAM” stream) is mixed 

with hydrogen feed (“HYDROGEN” stream) and becomes a mixing stream feed 

(“STEAMH” stream), then it is heated into 1103 K by HEATER2 and fed into anode 

side of the H-SOEC/DMR. For carbon feed stream (“CARBON” stream), it is heated 

from 298 K into 1103 K by HEATER3, then is fed into cathode side of the H-

SOEC/DMR. The syngas product stream (“SYNGAS” stream) is cooled from 1123 K 

into 318 K by COOLER1 and fed into syngas compressor unit. The syngas product is 

compressed by COMP1, resulting in an increases of pressure and temperature of 

product stream and represents by SCOMP1 stream. The SCOMP1 stream is cooled into 

318 K by intercooler (named “COOLER2”) and compressed by COMP2 for a higher 
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pressure and temperature stream (“SCOMP2” stream). The SCOMP2 stream is cooled 

into 318 K by after cooler (named “COOLER3”) and sent to the storage. 

 The cold streams, which want to increase temperature of this process, are 

WATERP, STEAMH, and CARBON streams. The hot streams, which want to decrease 

temperature of this process, are SYNGAS, SCOMP1, and SCOMP2 streams. The 

WATERP and SCOMP1 streams are not considered for heat recovery. The WATERP 

stream is not considered because it is steam that has a phase change and high energetic 

potential stream that not suitable for heat recovery method. For the SCOMP1 stream, it 

is not considered because of a limitation of instrument. The process streams information 

from energy and mass balance by simulation using Aspen Plus software are summarize 

in Table 7.2. The heat capacity flow rate (CP) of each stream can be calculated 

according to Eq. 2.71 ( ( ) ( )p t s t sH m C T T CP T T = − = − ). 

 

Table 7.1 Input parameters and operating conditions for heat exchanger network 

design. 

Operating temperature, T (K) 1123 

Operating pressure, P (atm) 1 

Current density, J (A m-2) 2500 

S/C ratio 2 

Number of cell, Ncell (cell) 500 

Anode stream inlet composition 95 mol% H2O/5 mol% H2 

Cathode stream inlet composition 50 mol% CO2/50 mol% CH4 

Steam utilization factor, Us (%) 80 

Electrolyte conductivity, e  (S m-1) ( )4 33.14 10 / T exp 3.86 10 / T  −   

Active cell area, A (m2) 0.04 

Electrode pore radius, r (µm) 0.5 

Electrode porosity, n  0.5 

Electrode tortuosity, ξ ( )
1 2

1.5 0.5n−  
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Cell thickness  

     Anode thickness, da (µm) 50 

     Cathode thickness, dc (µm) 500 

     Electrolyte thickness, le (µm) 50 

 

Table 7.2 The information data of process streams. 

Stream 

Type 

of 

stream 

Heat 

capacity 

flow rate 

(W K-1) 

Supply 

temperature, 

Ts (K) 

Target 

temperature, 

Tt (K) 

Enthalpy 

change 

(W) 

1. STEAMH cold 12.93 415.12 1103 8897.31 

 

2. CARBON cold 8.57 298 1103 6902.51 

 

3. SYNGAS hot 17.86 1123 318 -14376.09 

 

4. SCOMP2 hot 18.16 588.52 318 -4911.41 
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7.2 Pinch and energy target calculation 

 In this section, the pinch point and minimum energy target are calculated. This 

thesis, the problem table algorithm method is performed in order to calculate minimum 

energy target or maximum heat recovery, under the assumptions (i.e., (i) heat capacity 

(Cp) of each stream are constant (ii) no heat loss and (iii) no pressure drop). In the first 

step, the minimum temperature approach ( minT ), which represents as driving force of 

energy exchange, is selected. It is noted that the hot stream temperature must be equal 

to or higher than the cold stream temperature in order to perform heat exchange. The 

minT  of 10 to 20 K are recommended for petrochemical process. In this thesis, the 

minT  of 20 K is selected to perform the minimum energy target calculation. In the next 

step, the temperature shifted of streams data from Table 7.2 are performed by setting 

the shifted temperature at min1 2 T  below hot stream temperatures and min1 2 T  above 

cold stream temperature. The aim of temperature shifted is to ensure that within any 

interval, hot streams and cold streams are apart at least minT . The shifted temperatures 

of stream data from Table 7.2 are showed in Table 7.3. 

 

Table 7.3 The information data of process streams with shifted temperature. 

Stream and type CP (W K-1) 
Actual temperature Shifted temperature 

Ts (K) Tt (K) Ss (K) St (K) 

STEAMH (cold) 

 

12.93 415.12 1103 425.12 1113 

CARBON (cold) 

 

8.57 298 1103 308 1113 

SYNGAS (hot) 

 

17.86 1123 318 1113 308 

SCOMP2 (hot) 18.16 588.52 318 578.52 308 
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 Then, the temperature interval diagram is performed as shows in Figure 7.2. The 

streams in a diagram represent with a vertical scale and interval boundaries 

superimposed (as shifted temperatures). For example in interval number 2, streams 1 

and 2 (cold streams) run from 415.12 K to 568.52 K, and streams 3 and 4 (hot streams) 

run from 588.52 K to 435.12 K in the shifted temperatures range between 425.12 K and 

578.52 K. It is noticed that the temperature difference between hot and cold streams are 

equal to minT  of 20 K. In order to guarantees that full heat interchange within any 

intervals was possible, the temperature interval was setting up. In the next step, the net 

enthalpy of each temperature intervals are performed. Each interval will have either a 

net surplus or net deficit of heat as dictated by enthalpy balance. The energy balances 

of each interval can be calculated according to Eq. 2.72 (

( )( )i i i 1 H C i
H S S CP CP+ = − −  ). The results of any interval are shown in Table 

7.4. The results indicates that an interval is in heat surplus or heat deficit. Thus, it would 

be possible to produce a feasible network design based on the assumption that all 

surplus interval rejects heat to cold utility, and all deficit intervals need heat from hot 

utility. The next step, in order to evaluate the minimum energy target, the cascade 

diagram was performed. This step was carry out under the condition that any heat 

available in interval i is hot enough to supply any duty in interval i+1. Instead of sending 

the surplus heat from interval i into cold utility, it can be send down into interval i+1. 

The result of cascade diagram is shown in Figure 7.3. Figure 7.3a is performed under 

the assumption that no heat from hot utility is supplied into interval 1. This result 

indicates that the heat flows between interval 1 and 2 has negative flow of 1945.51 W, 

which is thermodynamically infeasible. To solve this problem, the heat of 1945.51 W 

must be added from hot utility as shown in Figure 7.3b, and cascaded right through the 

system. By enthalpy balance, all energy flows are increased by 1945.51 W. The results 

of this cascade are shown that the minimum utilities require have been predicted. The 

minimum hot utility requirement is 1945.51 W and the minimum cold utility 

requirement is 5442.31 W. Moreover, the position of pinch has been located at the 

interval boundary with a shifted temperature of 578.52 K (i.e., hot streams at 588.52 K 

and cold streams at 568.52 K) where the heat flow is zero. 
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Figure 7.2 Streams and temperature intervals 

 

 

Table 7.4 The temperature intervals and heat loads for process streams. 

Shift 

temperature 

(K) 

Interval 

number, 

i 

i i 1S S +−  

(K) 

H CCP CP−   

(W K-1) 
iH  (W) 

Surplus or 

deficit 

S1 = 1113      

 1 534.48 -3.64 -1945.51 Deficit 

S2 = 578.52      

 2 153.40 +14.52 +2227.37 Surplus 

S3 = 425.12      

 3 117.12 +27.45 +3214.94 Surplus 

S4 = 308      
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Figure 7.3 The cascade diagram of (a) infeasible heat flow and (b) feasible heat flow. 

 

7.3 Heat exchanger network design 

 For designing a heat exchanger network, the most helpful tool that uses for this 

method is grid diagram. In this work, the grid diagram of the H-SOEC/DMR process is 

shown in Figure 7.4. In Figure 7.4, the streams are drawn as horizontal lines with hot 

streams at the top and high temperatures on the left. The grid represents the 

countercurrent nature of the heat exchange, making easier to check exchanger 

temperature feasible. The pinch temperature of 588.52 K for hot streams and 568.52 K 

for cold streams are presented in the grid diagram according to result from section 7.2. 

The pinch can be divided the grid diagram into 2 parts included above pinch and below 

pinch. Additionally, according to section 7.2, when minT  is specified and the minimum 

energy targets are calculated, then the minimum number of heat exchangers that will 

be used to perform heat exchanger network design should be calculated in order to reach 

the effective target of this process. The minimum number of heat exchangers can be 
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calculated according to Eq. 7.1. For this process, the minimum number of heat 

exchanger units is 7 units. 

 

 ( ) ( )U above above below belowN N U 1 N U 1= + − + + −    (7.1) 

 

when NU is the minimum number of heat exchanger units, Nabove and Nbelow are the 

number of streams above and below the pinch temperature, respectively, and Uabove and 

Ubelow are the number of utility above and below the pinch temperature, respectively. 

 

 

 

Figure 7.4 Grid diagram of the H-SOEC/DMR process. 

 

 In order to design heat exchanger network, the design is performed separately 

at above pinch and below pinch. The heat exchanger network design is carry out 

following 2 criteria included the stream number criteria and the CP inequality criteria. 

If streams of above pinch or below pinch are not satisfied, the streams splitting is 

required. The algorithms for the overall approach for stream splitting of both above 

pinch and below pinch are shown in Figure 7.5. For above pinch, in order to matching 

hot and cold streams, the stream number criteria and CP inequality criteria must be 

satisfied, which is the number and the heat capacity flow rate of the hot streams must 

be less than the cold streams. If the number the hot streams, or the capacity flow rate of 

the hot streams are more than the cold streams, the hot stream splitting is required. 

According to the pinch design rules, the cold utility cannot be used at the above pinch, 
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thus if the number or CP of the hot streams are more than the cold streams, result in 

some hot streams are remain from the match and need cold utility to eliminate that 

remain heat, which break the pinch design rules. For the below pinch, it is inversely 

with above pinch. In order to splitting stream, it is performed by splitting the streams 

flow rate, under assumption that Cp is constant, when the ratio of flow rate decreases, 

resulting in a decreased of CP. 

 

 

 

Figure 7.5 Stream splitting algorithm for (a) above and (b) below the pinch (Smith, 

2016). 
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 The grid diagram of above pinch and below pinch are shown in Figures 7.6 and 

7.7, respectively. For above pinch, the hot SYNGAS stream is split into two streams 

with the CP value of 9.29 and 8.57. The SYNGAS stream that has the CP value of 8.57 

is exchanged with cold CARBON stream with 4850.49 W. The SYNGAS stream that 

has the CP value of 9.29 is exchanged with cold STEAMH stream with 4969.55 W, 

then the hot utility of 1945.51 W is used to heat the STEAMH stream in order to reach 

the target temperature. For below pinch, the hot SYNGAS stream is exchanged with 

cold STEAMH stream with 1982.25 W, then the cold utility of 2848.03 W is used to 

cool the SYNGAS stream to reach the temperature target. The hot SCOMP2 stream is 

exchanged with cold CARBON stream with 2317.13 W, then the cold utility of 2594.28 

W is used to cool the SCOMP2 stream in order to reach the target temperature. The 

overall of grid diagram is shown in Figure 7.8. It is indicated that the hot utility of 

1945.51 W and cold utility of 5442.31 W are used in this process, which it is agreed to 

the minimum energy target that calculated in section 7.2. Moreover, from the matching 

of hot and cold streams, the 7 heat exchanger units are used, which is agreed to the 

minimum number of heat exchanger units calculation. The process flowsheet of the H-

SOEC/DMR process with heat exchanger network design is illustrated in Figure 7.9. In 

summary, a perform of heat exchanger network design for the H-SOEC/DMR process, 

resulting in an increases of the energy efficiency from 72.80 % to 81.46 % 

 

 

 

Figure 7.6 Above pinch network design. 
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Figure 7.7 Below pinch network design. 

 

 

 

 

Figure 7.8 Overall network design achieving energy target. 
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CHAPTER VIII 

EXERGY ANALYSIS 

 

 According to the previous chapters, the energy analysis of the H-SOEC/DMR 

process is performed in order to evaluate the effect of the operating parameters on the 

energy efficiency, then the operating condition that gives the highest of the energy 

efficiency is selected as the optimum condition of the process. The energy efficiency is 

further improved by the heat exchanger network design through the pinch analysis 

method in order to achieve maximum heat recovery and minimum utilities requirement 

of the process. The energy analysis and heat exchanger network design are based on 

only the quantity of energy following the first law of thermodynamics. The exergy 

analysis is difference from those, it is can be evaluated the quality of energy usage of 

the process. Exergy is the maximum theoretical useful work received from the system. 

Exergy can be lost (or exergy destruction), which account to the loss of the potential of 

work due to the irreversibility of the system. Thus, the exergy analysis is a useful tool 

that can be indicated that which part is inefficiency energy usage of the process. In this 

chapter, the exergy analysis of the H-SOEC/DMR at the optimum condition is 

performed in order to determine the exergy efficiency and exergy destruction, which 

can be indicated that which part of the process is inefficient, leading to decision for the 

plant modification of the process for improvement of efficiency of the process. 

Additionally, the effect of operating parameters on the exergy efficiency is also 

presented in this chapter. 

 

8.1 Exergy analysis of the optimum condition 

 In this section, the exergy analysis of the process is performed under the 

optimum operating conditions, which are shown in Table 7.1. The process flowsheet 

simulation with heat exchanger network design for exergy analysis is shown in Figure 

7.9. The exergy efficiency of the overall process ( ex ) and exergy efficiency of each 

unit (
ex,k ) can be calculated according to Eqs. 2.84 and 2.85, respectively. For the 
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exergy destruction, it is can be calculated through the exergy balance according to Eq. 

2.75. The considered units for exergy analysis of each unit, such as steam generator 

(SG), HX1, HX2, HX3, HX4, HEATER2, H-SOEC/DMR, COOLER1, syngas 

compressor (SC), and COOLER3 units, because the irreversibility (e.g., reaction, heat 

and work transfer) can be archived from these units and the changes of state (changes 

of composition or temperature of input and output streams), which can be generated the 

entropy and exergy destruction of the streams that flow through these units. In addition, 

the mixing, splitting, and flash units are not considered for the exergy analysis of each 

unit because these units do not generate the entropy, resulting in zero of exergy 

destruction of these units. Additionally, the exothermic heat that is achieved from the 

H-SOEC/DMR unit is considered as the waste heat released from the process, which 

does not provides to the exergy output of the process. Moreover, the heat of 

overpotential that is generated due to the entropy change is considered as the 

irreversibility of the process. 

 For the exergy analysis result of the process, the exergy destruction value of 

each unit is shown in Figure 8.1 and the exergy efficiency of each unit is shown in 

Figure 8.2. The result shows that H-SOEC/DMR unit is a unit that has the highest 

exergy destruction value of 73.50% of the total exergy destruction value because this 

unit is the unit that several reactions are taking place, resulting in a high irreversibility 

and destruction of exergy. The high in exergy destruction of this unit can be explained 

by following reasons. This unit uses both electrical and thermal energy for 

electrochemical and chemical reactions. The large electrical energy is used, resulting in 

a high exergy input of a unit. Although, this unit has a heat supply by the heat of 

overpotential, but this heat energy is generated via the entropy generation, which is 

considered as the irreversibility, resulting in exergy destruction of this unit. In addition, 

the one of the main reactant is used in this unit is CH4, which gives a high chemical 

exergy compared with CO and H2 products, which give a lower chemical exergy than 

CH4. Moreover, this unit is operated as an exothermic process, which gives a heat as 

by-product. The heat released from this unit is considered as a waste heat that is useless 

and the exergy of this heat is zero, resulting in a high exergy destruction of this unit, 
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leading to the lowest of exergy efficiency of this unit when compared with another 

units. The exergy efficiency of 90.39% is achieved from the H-SOEC/DMR unit. 

 A steam generator (SG) unit is a second order of the lowest exergy efficiency, 

which given the exergy efficiency of 92.08%. This unit has a low exergy efficiency 

because the objective of this unit was a change of liquid into gas phases. A water feed 

through this process was changed into steam, which consume a large of heat. Although, 

this process was consume an exergy flow of water, exergy of heat , and exergy of work, 

but a product out of this process was an exergy flow of steam, which given a low 

chemical exergy, result in a low exergy efficiency and high exergy destruction. 

However, this process was given a low exergy destruction value of 1.79% of total 

exergy destruction value of process. A low exergy destruction value of this unit because 

a low of exergy value of both exergy of this unit, result in a low exergy destruction 

value compared with another units. 

 The second order of exergy destruction value is a syngas compressor (SC) unit, 

which gives an exergy destruction value of 12.24% of total exergy destruction value of 

process. The work that supplies to the compressors are lost because gas will always 

experience friction which result in some of work will be converted into heat, result in 

energy loss from compressors and exergy destruction of this unit. In addition, a high in 

the exergy value of this unit results in a high of exergy destruction value compared with 

another units. However, this unit is given a high exergy efficiency of 98.24% because 

it is given a high physical exergy of output stream and this unit is operated under the 

multi stages with perfect intercooling compressor, which minimum work demand, 

resulting in a high exergy efficiency of this unit. 

 For heater and cooler units, all of these units have a low exergy destruction due 

to low difference temperature exchange, resulting in a low heat transfer through these 

units. The exergy efficiencies of HEATER2, COOLER1, and COOLER3 units are 

99.40%, 99.62%, and 99.67%, respectively, with exergy destruction value of 0.34%, 

2.49%, and 2.21% of total exergy destruction value of process, respectively. For heat 

exchanger units, all of these units have a low exergy destruction because low difference 

temperature exchange between hot and cold streams and calculate through heat 
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exchanger network design. Moreover, when the chemical exergy of input and output 

streams are constant, the summation of physical exergies output is almost equal to input 

of these units, resulting in a high exergy efficiency. The exergy efficiency of HX1, 

HX2, HX3, and HX4 are 99.92%, 99.42%, 99.83%, and 99.54%, respectively, with 

exergy destruction value of 0.56%, 2.29%, 1.65%, and 2.93%, of total exergy 

destruction value of process, respectively. 

 

 

 

Figure 8.1 %Exergy destruction value of each unit in the H-SOEC/DMR process. 
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Figure 8.2 Exergy efficiency of each unit in the H-SOEC/DMR process. 

 

 For the overall exergy efficiency of the H-SOEC/DME process, the energy and 

exergy efficiencies and the exergy destruction of process are summarized in Table 8.1. 

The energy efficiency of 81.46% and the exergy efficiency of 82.64% with exergy 

destruction of 30031.77 W can be achieved, when the system is operated under 

optimum conditions (temperature of 1123 K, pressure of 1 atm, current density of 2500 

A m-2, and number of cell of 500 cells) with 0.3239 mol s-1 of water, 0.0170 mol s-1 of 

hydrogen, and 0.1619 mol s-1 of carbon (CO2 and CH4 mixture) are used to produce 

0.5773 mol s-1 of syngas product. The energy and exergy efficiencies can be further 

improved by analyzing the exergy efficiency of each unit in process. According to 

Figure 8.2, the H-SOEC/DMR unit gives the lowest exergy efficiency. The one reason 

that this unit gives low exergy efficiency because of an exothermic heat released from 

this unit, which is used as waste heat, resulting in a high exergy destruction of this unit. 

In order to improvement, exothermic heat should be supplied to the steam generator 

(SG) unit, as shown in Figure 8.3, and can reduce the exergy destruction and increase 

the exergy efficiency (from 90.39% to 92.84%) of the H-SOEC/DMR unit and also 
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increase the energy and exergy efficiencies of the overall process. The efficiencies 

value after improvement are summarize in Table 8.1, energy efficiency of 84.18% and 

exergy efficiency of 83.47% with exergy destruction of 28315.58 W are achieved, when 

the system is operated under optimum conditions. 

 

Table 8.1 Energy and exergy efficiencies of the optimal H-SOEC/DMR process. 

Before improvement After improvement 

Parameters Value Parameters Value 

en  (%) 81.46 en  (%) 84.18 

ex  (%) 82.64 ex  (%) 83.47 

Exd (W) 30031.77 Exd (W) 28315.58 
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8.2 Effect of operating parameters on exergy efficiency and destruction 

 In this section, effect of operating parameters on the exergy efficiency and 

destruction are analyzed in order to characterize that how operating parameters are 

effect on the exergy of the H-SOEC/DMR process. The operating parameters are 

considered in this section consist of temperature, pressure, current density, and number 

of cell. The simulation results and discussion are described as below. 

 The effect of operating temperature is investigated by varying the temperature 

in the range of 1123 to 1273 K, under operating conditions (pressure of 1 atm, current 

density of 2500 A m-2, and number of cell of 500 cells). The exergy efficiency and 

destruction value result are shown in Figure 8.4. The exergy efficiency increases with 

an increasing of temperature because of the decreasing of exergy destruction from 

electrical energy used, which reduces when temperature increases. Although, an 

increase of temperature results in an increasing of reaction occur from process, which 

increases an irreversibility, but heat of overpotential, which relates to irreversibility, 

decreases, resulting in decreasing of exergy destruction and increasing of exergy 

efficiency. Moreover, syngas product  increases with an increasing of temperature, 

resulting in high of chemical exergy output of process; therefore, exergy efficiency 

increases. For the effect of pressure, it is investigated in the range of 1 to 5 atm, under 

operating conditions (temperature of 1123 K, current density of 2500 A m-2, and 

number of cell of 500 cells). The exergy efficiency and destruction results are shown in 

Figure 8.5. The exergy efficiency decreases, while exergy destruction increases with an 

increasing of pressure because of an increase of electrical usage and heat of 

overpotential. In addition, syngas product decreases with an increasing of pressure, 

resulting in low of chemical exergy output; thus, exergy efficiency decreases. 

 For the effect of current density, results are shown in Figure 8.6, which current 

density are varied from 500 to 2500 A m-2, under operating condition (1123 K, 1 atm, 

and 500 cells). The exergy efficiency decreases with an increasing of current density 

because of an increase of exergy destruction from electrical energy demand and heat of 

overpotential, which increase with an increasing of current density. It is clearly that the 

exergy destruction value shows the same trend as electrical energy demand and heat of 
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overpotential (according to chapters V and VI). In addition, exergy destruction 

increases when current density increases due to an increase of substance input and 

output of process. In case of the effect of number, exergy efficiency is constant with an 

increasing of number of cell as shown in Figure 8.7, when number of cell is varied from 

100 to 500 cells, under operating conditions (1123 K, 1 atm, and 2500 A m-2). 

According to chapters V and VI, number of cell has only effect on quantity term for 

both energy and syngas production. Thus, the increasing of number of cell, result in an 

overall input feed increases proportionally with an overall output product of process 

influent a constant exergy destruction and exergy efficiency. Moreover, exergy 

destruction steadily increases with an increasing of number of cell because of an 

increasing proportionally of overall input and output of process.  

 

 

Figure 8.4 Effect of temperature on exergy efficiency and destruction value. 
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Figure 8.5 Effect of pressure on exergy efficiency and destruction value. 

 

 

Figure 8.6 Effect of current density on exergy efficiency and destruction value. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 160 

 

Figure 8.7 Effect of number of cell on exergy efficiency and destruction value.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER IX 

CONCLUSION AND RECOMMENDATIONS 

 

 This chapter, the summary results of this thesis and the recommendation of 

future works are presented. In this thesis, the proton-conducting solid oxide electrolysis 

cell coupling with a dry methane reforming (H-SOEC/DMR) process for syngas 

production was designed and studied. The effect of structural and operational 

parameters on the process performance in both electrochemical and syngas production 

terms were investigated using an electrochemical model and flowsheet simulation via 

Aspen Plus under steady-state condition. In order to obtain the process that given a high 

of both syngas production and efficiency terms, the energy analysis was performed. 

The effect of operating parameters on energy efficiency was investigated, then the 

condition that the highest energy efficiency achieved was selected to be the optimum 

condition of this process. Additionally, the energy efficiency was further improved 

through the heat exchanger network design of the H-SOEC/DMR process at optimum 

condition aim to achieve maximum heat recovery. Moreover, the exergy analysis was 

also performed at the optimum condition of the process to determine which part of the 

process was inefficient, leading to the decision for the plant modification of the process 

for improvement of efficiency of the process. Then, the effect of operational parameters 

on the exergy was performed in order to evaluate the effect of operating parameters on 

the exergy of the H-SOEC/DMR process. 

 

9.1 Conclusion 

 The H-SOEC/DMR process was designed by adding the catalyst layer of DMR 

into a cathode side of H-SOEC in order to improve the problem in the syngas production 

term of the H-SOEC process. For the H-SOEC/DMR process, the water, CO2, and CH4 

were used as main feedstock to produce syngas product. For the simulation term, the 

electrochemical model and flowsheet simulation model using Aspen Plus were used to 

investigate the performance of the H-SOEC/DMR process. The simulation results in 
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both cell voltage and syngas production terms were first validated with experimental 

data that result showed a good agreement. The effect of structural parameters (i.e., the 

thickness of cell and supported-structure, pore size, porosity, and tortuosity) on cell 

voltage was investigated. The results show that the thickness of cell effect on the cell 

voltage. The cell voltage increase with an increase of thickness of cell. In addition, the 

lowest cell voltage value was received when operated under the cathode-supported 

configuration. Moreover, the cell voltage decreases with an increase of pore size and 

porosity, while the tortuosity showed an opposite trend. According to the simulation 

result, the pore size of 0.5, porosity of 0.5, and cathode-supported configuration with 

anode, electrolyte, and cathode thickness of 50, 50, and 500 µm, respectively, were 

selected as constant structural parameters value in this thesis because the lowest cell 

voltage can be achieved, which can be minimize an electrical energy of this process. 

 The effect of operating parameters (i.e., S/C molar ratio, temperature, pressure, 

current density, and the number of cell) on both electrochemical and syngas production 

terms were investigated. For the S/C molar ratio, the value of 2 by adjusting a carbon 

stream was selected as a suitable ratio because this condition is given a low of cell 

voltage value and high of H/C molar ratio of syngas product, which higher than 2. In 

term of temperature effect, in the range of 1073 to 1273 K, the %CO2 and %CH4 

conversions higher than of 90% and 80%, respectively, with a reduce of H2O content 

in product stream were achieved from this process and those increased with 

temperature, while the pressure effect has given an opposite trend. In addition, the H/C 

molar ratio of syngas product higher than 2 was achieved from this process. Moreover, 

the amount of products increased with an increase in current density and number of 

cells. The result indicates that this process is given a high performance in term of syngas 

production. On the other hand, in term of energy demand, it needed high energy to 

sufficient both electrochemical and chemical reactions. The result shows that the total 

energy demand increase with an increase of syngas production to sufficient an energy 

demand of process. Therefore, the energy analysis of this process should be performed 

in order to evaluate the energy efficiency of this process. Moreover, the design of the 

process should be performed to improve the energy efficiency of the process, aim to 
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achieve the process that given a high in both syngas production and energy efficiency 

terms. 

 The energy analysis was performed by evaluating the effect of operating 

parameters on the energy efficiency of the process. The result shows that the operating 

parameters were the effect on energy efficiency. The temperature of 1123 K, pressure 

of 1 atm, current density of 2500 A m-2, and number of cell of 500 cells was selected 

as optimum condition, which given the highest energy efficiency of 72.80% and amount 

of syngas production of 0.5773 mol s-1 with %CO2 and %CH4 conversions of 97.18% 

and 88.77%, respectively. The energy efficiency can be further improved through heat 

exchanger network design by heat integration to achieve a maximum heat recovery of 

process. The pinch analysis of the H-SOEC/DMR process under the optimum condition 

with minT of 20 K was performed. The result indicated that the pinch temperature was 

represented in the grid diagram, which 588.52 K for hot streams and 568.52 K for cold 

streams with minimum hot and cold utility requirements of 1945.51 W and 5442.31 W, 

respectively. The number of the heat exchanger of the optimal H-SOEC/DMR process 

consisted of 7 heat exchangers. In addition, after heat integration, the energy efficiency 

of the optimal H-SOEC/DMR process was improved from 72.80% to 81.46%. 

 Moreover, in order to realize which part of the process was inefficient and 

guideline to improvement, the exergy analysis was performed and the effect of 

operating parameters on exergy efficiency was investigated. The result shows that, at 

optimum condition, the lowest exergy efficiency of 90.39% and highest exergy 

destruction were achieved from the H-SOEC/DMR unit because of the high electrical 

energy usage and occurrence of several reactions taking place, which leads to the high 

irreversibility. Additionally, exothermic heat, which treated as waste heat released, 

resulting in the high of exergy destruction of this unit. In terms of overall exergy 

efficiency, at optimum condition, the exergy efficiency of 82.64% was achieved. The 

exergy efficiency of the process could be improved by utilizing waste heat released 

from the H-SOEC/DMR unit to the steam generator (SG) unit in order to reduce the 

exergy destruction of this unit. After an improvement, at optimum condition, the result 

shows that the exergy efficiency of the H-SOEC/DMR unit was increased from 90.39% 
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to 92.84% and the exergy of the overall process was increased from 82.64% to 83.47%. 

Moreover, after an improvement, the energy efficiency also increase from 81.46% to 

84.18%, when 0.3239 mol s-1 of water, 0.0170 mol s-1 of hydrogen, and 0.1619 mol s-1 

of carbon (CO2 and CH4 mixture) were used to produce 0.5773 mol s-1 of syngas 

product with %CO2 and %CH4 conversions of 97.18% and 88.77%, respectively, under 

the optimum condition with heat exchanger network design. Additionally, the result of 

the effect of the operational parameters on exergy efficiency indicated that the exergy 

efficiency increase with temperature, but decrease with pressure and current density, 

while constant with the number of cell. 

 

9.2 Recommendations 

 9.2.1 The optimization of the H-SOEC/DMR process should be performed in 

order to find the operating condition that the highest energy efficiency and %CO2 and 

%CH4 conversions are achieved.  

 9.2.2 Currently, the experimental data of the H-SOEC/DMR process is limited, 

thus in the future, the aim to improve the reliability of the simulation, the experimental 

should be performed to obtain experimental data, which used as a simulation tool. 

 9.2.3 The economic analysis should be performed in order to determine the 

economically feasible and cost estimation of the H-SOEC/DMR process.
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