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ABSTRACT: Worldwide economic growth and rising urban population, along with rapidly growing 

urbanization and industrialization, have led to the unrelenting production of Municipal Solid Wastes (MSW). 

The concerns of rapid increase of energy demand consumption also concentrate the scientific 

attention on how to reuse the solid residues for generating bioenergy. The purpose of this article is 

to develop and introduce a novel MSW-driven plasma gasification system coupled with a carbon 

dioxide power cycle, organic Rankine cycle, and Solid Oxide Fuel Cell (SOFC), aimed at simultaneous waste 

management and power generation through an efficient and eco-friendly manner. The output of  

the MSW gasification process was used as a fuel of the SOFC system, and the sensible output heat of 

the SOFC is conducted to drive a combined power cycle; organic Rankine cycle and trans-critical 

carbon dioxide cycles. Aspen HYSYS/PLUS and MATLAB programming were used to model  

the developed structure. The SOFC and MSW plasma gasification process was validated and proved 

an appropriate approval. The output power generated by the integrated structure was calculated  

at 404.6 kW with 61.22%, 55.59%, and 21.53% for SOFC overall efficiency, gasification process energy 

efficiency, and overall thermal efficiency, correspondingly. The plasma energy ratio, Equivalence ratio, 

and steam-air mass ratio were defined to characterize the MSW plasma gasification process, and 

sensitivity analysis was applied to investigate the behavior of the system on different pressures, 

temperatures, air injection, and MSW mass flow rate. The sensitivity study revealed that
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 the overall thermal and gasification process efficiencies increase up to 28.6% and 61%, respectively, 

when the MSW flow rate decreases from 400 to 250 kg/h. 

 

 

KEYWORDS: Municipal solid wastes; Plasma gasification; Solid oxide fuel cell; Carbon dioxide 

power cycle; Organic Rankine cycle; Sensitivity analysis. 

 

 

INTRODUCTION 

Nowadays, economic growth and rising urban 

population, along with rapidly-growing urbanization and 

industrialization, have led to the unrelenting production of 

Municipal Solid Wastes (MSW) [1, 2], being accountable 

for major environmental problems particularly greenhouse 

gas emissions (about 16% of overall greenhouse gas 

emission) [3, 4]. Existing global MSW generation has reached 

roughly 1500 million tons/year [5], and is projected to rise  

to 2500 million tons/year by 2025 and 4200 million tons/year 

by 2050 [6]. The issues associated with MSW disposal, 

recycling, and treatment are substantial, but so are  

the prospects. Straight low-cost MSW disposal methods 

include landfilling, dumping, and incineration which 

significantly postponed environmental problems and 

health issues [7].  

On the other hand, global challenges with respect to 

limited resources of fossil fuels and their environmental 

issues have long led to replacing the existing fossil fuels 

with affordable renewable sources [8]. According to  

the British multinational oil and gas company energy 

outlook report (2020) [9], the world’s fastest-growing 

energy source belongs to renewable energies, providing 

half of the rise in worldwide energy supply, which is 

expected to contribute as the largest source of power by 

2040. MSW, as a renewable source, has a considerable 

potential to be used for energy applications by exploiting 

various waste-to-energy (WtE) technologies which can 

seal the gap between energy and the environment by 

mitigating the environmental problems instigated by MSW 

[10]. To date, various WtE technologies for MSW 

treatment have been established, including combustion 

and incineration [10], anaerobic digestion [11, 12], refuse-

drive fuel [13], pyrolysis [14], gasification and plasma-

assisted gasification [15, 16], which in detail can be found 

somewhere else [17]. Plasma gasification, as one of  

the most efficient and clean WtE technology [17], converts 

the organic fraction of the MSW to high calorific value 

synthetic gas (mainly H2 and CO). The plasma gasification 

employs a plasma torch as a high-temperature heat source 

(can even reach 10000 °C) to thermally decompose 

organic compounds and convert them to synthetic gas, 

while the inorganic part is vitrified to non-dangerous 

residues which can be organized and disposed safely [18, 19]. 

Even though the superiority of plasma gasification has 

been claimed by various authors [10, 17, 20, 21], but  

the main drawback is the severe electrical power 

requirement. A key solution is integrating the process of 

plasma gasification with other energy-efficient technologies 

like fuel cells [5, 22]. Fascinatingly, the produced synthetic 

gas through plasma gasification is rich in H2 with a higher 

lower heating value [19], making it more suitable for 

integrating with fuel cells and various combined heat  

and power systems. Since hydrogen is an attractive fuel  

for the future, there are many studies on how to produce it 

and specifics of the production process based on its energy 

sources in three main categories [23]. 

Fuel cell is a promising candidate for clean and 

sustainable energy conversion. Among various types of 

fuel cells, Solid Oxide Fuel Cells (SOFC) have the 

advantages of high efficiency, fuel flexibility [24] 

(propane, glycerol, synthetic gas, natural gas), high-quality 

waste thermal energy, non-precious metal catalysts [24], 

and capability to integrate with other energy systems.  

In addition to these features, the higher operating 

temperatures of SOFCs (500-1000°C), make them more 

applicable to be integrated with various energy systems, 

e.g., heat, power and cooling cycles [25, 26], desalination 

cycles [27], biodiesel production [24], and various 

combined heat and power cycles aimed at enhancing  

the productivity and overall efficiency of the cycle.  

Traditional stand-alone energy conversion 

technologies may hinder the reliable energy supply of 

future societies with huge and diverse energy demands, 

suffering from low efficiency, productivity, and 
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affordability [28]. To overcome this challenge, integrated 

energy systems have gained tremendous attention, and 

various studies have been focused on introducing and 

evaluating different integrated energy systems with the 

aim of improving energy utilization and promoting the 

exploitation of renewable energies [8]. In this regard and 

according to the background of this paper, Yang et al. [29] 

performed a techno-economic analysis of a WtE plant 

based on integrated intermediate pyrolysis and Combined 

Heat And Power (CHP) system. The proposed structure  

was capable of processing 5  tons of waste per hour  

and producing 4.4  MW electrical power and 5.3  MW 

thermal energy with an overall electrical efficiency  

of 27.2% and overall CHP efficiency of 59.7%. A new 

concept of integrating pyrolysis, anaerobic digestion,  

and CHP plants was presented by for the effective 

valorization of several fractions of MSW. The energy 

efficiency of the integrated structure was found to be 80%, 

while the efficiency of the standalone pyrolysis process 

was 60% [30]. Moreover, Galeno et al. [31] proposed  

the integration of a plasma torch gasification unit (fuel  

by refuse-derived fuel) and a solid oxide fuel cell system, 

producing 87 kW electricity with an electric efficiency  

of about 33%. Plasma gasifier reactor was studied  

by Sakhraji et al. [32] from a computational fluid dynamic 

viewpoint at approximately 1000 °K. Temperature 

distribution in the assumed gasifier fed by MSW is 

illustrated along with syngas. Chen et al. [33] proposed 

plasma-assisted gasification to deal with medical wastes. 

The syngas produced from gasification power  

gas turbine and combined cycle in an incineration plant. 3-

E analysis has been done to demonstrate 4.24 MW net 

power with an energy efficiency of 37.83% to show that 

this system is auspicious and attainable. Le et al. [34] 

systematically reviewed arrangements of thermochemical 

conversions of WtE in a combination of renewable energies. 

A thorough search of the literature showed that most  

of the research in the field of plasma-assisted WtE 

technologies focused on developing new mathematical 

models [35, 36], utilizing various feedstocks and gasifying 

agents [37, 38], developing new routes, mechanisms, and 

kinetics, thermodynamic, environmental and economic 

analyses [39]. At the same time, there is a lack in research 

to integrate plasma-assisted WtE with other compatible 

energy-efficient technologies to support the approval  

for commercial applications. To this aim, a novel the MSW-driven 

plasma gasification system coupled with a carbon dioxide 

power cycle, Organic Rankine Cycle (ORC), and solid 

oxide fuel cell was introduced and assessed. To the best of 

the authors’ knowledge, this is the first attempt to integrate 

the MSW plasma gasification system with hybrid carbon 

dioxide/SOFC/ORC power cycles aimed at simultaneous 

waste management and power generation through  

an efficient and environmental-friendly means. 

 

EXPERIMENTAL SECTION 

In this study, a novel MSW plasma gasification system 

integrated with SOFC, ORC, and CO2 power cycle  

for simultaneous waste management and power generation 

was introduced and assessed. The simulation process  

was developed by Aspen HYSYS/PLUS and MATLAB 

programming, and various sensitivity analyses were carried out 

to study the interplay role of operational parameters.  

The schematic flow diagram of the integrated structure  

is depicted in Fig. 1. In brief, the MSW at a rate of 300 kg/h 

along with air 60 kg/h and steam 100 kg/h, 1000 °C  

is directly fed to plasma gasification process and comes  

to contact with high-temperature plasma air (120 kg/h, 240 kW), 

where the organic fraction is transformed into valuable 

Synthetic Gas (SG) (555.4 kg/h), and the remaining 

inorganic fraction is converted to harmless vitrified slag 

that can be then valorized as a secondary product.  

The produced SG is then utilized as a fuel for the solid oxide 

fuel cell, producing 162.3 kW electricity and 598 kW heat. 

The produced heat within the SOFC system is further 

processed and used for electricity production through organic 

Rankine cycle and Carbon dioxide cycle at a rate of 24.35 

and 217.8 kW, respectively. Overall, the proposed 

integrated structure is able to process and manage 300 kg/h 

MSW and produce 404.6 kW net electrical power. 

Fig. 2 illustrates a detailed process flow diagram of the 

simulated integrated system. The system is composed of 

MSW plasma gasification system, solid oxide fuel cell 

process, organic Rankine cycle, and carbon dioxide power 

unit. The description and specification of each sub-processes 

within the integrated structure are presented in detail  

in the next subsections. Here is some assumptions  

are considered [40]: 

1- Simulation of the integrated system is investigated 

under steady-state.  

2- The pressure drops in pipes and heat exchangers are 

negligible. 

3- Dead state is defined in 25 °C and 1 bar.  
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Fig. 1: The flowchart of integrated Plasma Gasification/SOFC/ORC/CO2 power cycle hybrid system 

 

 
Fig. 2: Process Flow diagram of power generation of SOFC, ORC and carbon dioxide power plant using syngas produces by PGM 

 

4- Heat losses from any subsystem are ignorable. 

5- Adiabatic efficiency is considered at the constant 

percentage for turbines, compressors, and pumps in 80%, 

75%, and 85%, respectively. 

6- Pressure loss in reactors used in the gasification 

process is neglected. 

7- RGibbs, RYield, RGibbs and RStoic reactors are 

considered for the gasification, decomposition, combustion 

and dryer sections, respectively. 

MSW plasma gasification 

As discussed before, plasma gasification was employed  

to process MSW and convert it to SG, as the most efficient 

and eco-friendly route for MSW treatment. The plasma 

gasification melting process was considered under  

the steady-state condition, which is divided into four main 

sections are described as follows. It is worth mentioning 

that the gas phase, which is composed of CO, CO2,  

O2, H2, H2O, N2 and CH4, flows upward. On the other hand, 
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Table 1: Detailed operational conditions of simulated plasma gasification 

Molar Entropy 

(kJ/kgmole.K) 

Molar Enthalpy 

(kJ/kgmole) 
Mass flow (kg/h) Pressure (kPa) Temperature (ºC) Stream 

4.251 -6.583 120.0 101.3 25.0 PLAS-AIR 

106.5 207718.4 120.0 101.3 5765.5 PLAS-AIR2 

70.05 66704.6 120.0 101.3 2000 PLAS-AIR3 

65.72 57440.6 120.0 101.3 1745.7 PLAS-AIR4 

4.251 -6.583 60.00 101.3 25.0 AIR-INJE 

54.71 38291.5 180.0 101.3 1210.4 AIR-MIX 

9.901 -204084.5 100.0 101.3 1000.0 STEAM 

- - 98.81 101.3 626.3 CHAR1 

17.53 -155829.3 233.3 101.3 479.6 COM-OUT 

      

75.54 -50149.9 16.58 101.3 756.4 GAS 

- - 233.3 101.3 256.2 MSW-DRY 

179.7 -58885.4 555.4 101.3 256.8 SYNGAS 

59.13 -83503.3 488.7 101.3 626.3 PRO-GAS 

- - 24.57 101.3 1800.0 SLAG 

19.28 -26310.1 233.3 101.3 256.2 DEC-OUT 

-24.69 -233896.4 66.67 101.3 256.2 COM-OUT 

- - 300.0 101.3 25.00 MSW-WET 

the solid phase processes downward, oppositely, while all 

the processes are occurring under atmospheric pressure, 

and there are no reflux inflows. 

In the first section, raw MSW is heated through a dryer 

by hot syngas returned from below until reaching  

the temperature at 256.2 °C. The energy balance of heat  

in the exchanger is calculated as the following equation [41]: 

∑�̇�𝑖∫ 𝑐𝑝,𝑖𝑑𝑇
𝑇𝑠𝑦𝑛𝑔𝑎𝑠−𝑖𝑛

𝑇𝑠𝑦𝑛𝑔𝑎𝑠−𝑜𝑢𝑡𝑖

= �̇�𝑀𝑆𝑊−𝑑𝑟𝑦∫ 𝑐𝑝,𝑀𝑆𝑊−𝑑𝑟𝑦𝑑𝑇
𝑇𝑀𝑆𝑊−𝑜𝑢𝑡

𝑇𝑀𝑆𝑊−𝑖𝑛

+ �̇�𝐻2𝑂 (
ℎ𝑒𝑣
𝑀𝐻2𝑂

+∫ 𝑐𝑝,𝐻2𝑂𝑑𝑇
𝑇𝑠𝑦𝑛𝑔𝑎𝑠−𝑜𝑢𝑡

𝑇𝑀𝑆𝑊−𝑖𝑛

) 

 

Dry MSW is prepared to undergo the pyrolysis section  

in two steps. First is decomposing materials to primary gas 

and tar and char renowned as primary pyrolysis. In the second 

reactor, tar production from the first step cracked to secondary 

tar and gas until it reaches 479.6 °C. it is crystal clear that  

the material characteristics and compositions of dry MSW 

form the reactions and production. Therefore, char residues 

from pyrolysis are conducted in the third section by separating 

from CHAR-SEP to meet the 626.3 °C in 98.81 kg/h mass 

flow rate. In the combustion unit, high-temperature steam  

at 1000 °C, and 1210.4 °C air with 100 kg/h and 180 kg/h flow 

rate, respectively, is injected into the Gibbs reactor for char 

gasification. Since then, the number of inorganic non-

combustible materials remaining from the combustion section  

is conducted to the melting process by separator for the last stage. 

Surrounded air is heated by PLASMA-G to reach the 

temperature at 5765.5 °C to prepare for melting the ashes. To be 

more precise, strong electricity under high potential voltage  

is passed through arcs which ionize pressurized inert gas [42]. 

Hazardous wastes are melted at high temperatures, and vitrified 

slags lead outward. On the other hand, the PLAS-AIR4 is mixed 

with additional air for recycling in the combustion unit.  

The simulated flow diagram in Aspen PLUS is presented by Fig. 3.  

Table 1 lists the operational conditions of simulated plasma 

gasification. 

Table 2 describes the molar fractions of some major 

flows in the developed integrated structure from syngas 

produced by the MSW gasification. 

The lower heating value of MSW can be calculated  

as follows [43]:  

𝐿𝐻𝑉𝑀𝑆𝑊 = 𝐻𝐻𝑉𝑀𝑆𝑊 − 9ℎ𝑓𝑔  
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Table 2: Specifications of molar fractions of major flows in developed integrated process from syngas of MSW gasifier 

R-113 O2 N2 CO CO2 H2O H2 C2H6 CH4 Stream 

0 0 0.1820 0.1849 0.0874 0.2650 0.2322 0 0.0484 SYNGAS 

0 0 0.1820 0.0.977 0.1745 0.1779 0.3193 0 0.0484 A4 

0 0.3350 0.1657 0.1796 0.0662 0.0153 0.1930 0 0.0441 A6 

0 1 0 0 0 0 0 0 0 A7 

0 0 0.1659 0.0519 0.2405 0.4508 0.0909 0 0 A8 

0 0.0.938 0.6808 0 0.0790 0.1463 0 0 0 A12 

0 0.2100 0.7900 0 0 0 0 0 0 Air 

0 0.2032 0.7968 0 0 0 0 0 0 A16 

0 0.1989 0.8011 0 0 0 0 0 0 A21 

0 0.1110 0.6680 0.0137 0.0637 0.1195 0.0241 0 0. A22 

1 0 0 0 0 0 0 0 0 A32 

0 0 0 0 0 1 0 0 0 A36 

0 0 0 0 1 0 0 0 0 A43 

0 0 0 0 0 1 0 0 0 A56 

0 0 0 0 0 1 0 0 0 A62 

 

 
Fig. 3: Plasma gasification flow sheet 

 

Whereas, the Higher Heating Value (HHV) defined by [43]: 

𝐻𝐻𝑉𝑀𝑆𝑊 = 0.3491𝐶 + 1.1783𝐻 + 0.10051𝑆

− 0.10340𝑂 − 0.015𝑁

− 0.0211𝐴𝑠ℎ 

 

For quantifying system performance, three dimensionless 

parameters are introduced as follows: 

Equivalence Ratio (ER) represents the first dimensionless 

parameter in the intensity of combustion by the amount of air 

is injected for oxidization in the char gasification process [21]: 
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𝐸𝑅 =
(�̇�𝑎𝑖𝑟/�̇�𝑀𝑆𝑊)

(�̇�𝑎𝑖𝑟/�̇�𝑀𝑆𝑊)𝑠𝑡𝑜𝑖𝑐
 (2) 

Since the amount of sensible heat and high temperature 

is supplied by PGM technology where it is fed with largely 

extent of voltage and electricity. The Plasma Energy Ratio 

(PER) is characterized by following system performance 

more accurately [40]:   

𝑃𝐸𝑅 =
𝑃𝑝𝑙𝑎𝑠𝑚𝑎

𝐿𝐻𝑉𝑀𝑆𝑊 . �̇�𝑀𝑆𝑊
 (3) 

The Steam-Air Mass Ratio (SAMR) introduced  

the share of steam mixed with air both support char gasifier 

while steam commonly applied for enhancement  

of the gasification process. It is defined as mentioned [40]:  

𝑆𝐴𝑀𝑅 =
�̇�𝑠𝑡𝑒𝑎𝑚
�̇�𝑎𝑖𝑟

 (4) 

 

SOFC system 

A high variety of fuels as a feed of fuel cell, low 

emissivity, and high operating temperature becomes  

the SOFC as an environmental-friendly candidate to be 

integrated with cycle [44]. Syngas produced by plasma 

gasification containing 0.2650 H2O, 0.2322 H2, 0.1849 

CO, 0.1820 N2, and 0.0484 CH4 is compressed and heated 

by C1 and HX1, respectively, until reach 642.5 °C and 129 kPa, 

which is prepared for reformer (R100). Overall, the 

reaction in the reformer is formed by endothermic and 

exothermic reactions for reaching the adequate hydrogen 

to the anode side.  

Steam methane reforming:  

𝐶𝐻4 + 𝐻2𝑂 ⇒ 𝐶𝑂 + 3𝐻2 (5) 

Water-gas shifting: 

𝐶𝑂 + 𝐻2𝑂 ⇒ 𝐶𝑂2 + 𝐻2 (6) 

And the final reaction is attained as follow: 

𝐶𝐻4 + 2𝐻2𝑂 ⇒ 𝐶𝑂2 + 4𝐻2 (7) 

Although several models are proposed for WGS  

and SMR reactions, the kinetics are formulated based on 

the type of catalyst and operating conditions. Using 

commercial catalyst Ni/a-Al2O3 in 120-600 kPa and  

748-823 K pressure and temperature ranges, respectively, 

studied by Hou et al, [45] stand on Freundlich's adsorption 

model and (LH-HW) method.  Steady-state, plug flow, 

scarce pressure drop (maximum 20 kPa), isothermal 

condition, and no interphase mass transfer constraint  

are considered as main assumptions [45]. Reaction kinetics 

are derived by the following equations [46]:   

r1=
K1

(PH2)
1.25

×

(

  
 
(𝑃𝐶𝐻4) × (𝑃𝐻2𝑂)

0.5
− (

𝑃𝐶𝑂 × (𝑃𝐻2)
3

𝐾𝑃1 × (𝑃𝐻2𝑂)
0.5)

(𝐷𝐸𝑁)2

)

  
 

 

𝐾1 = 5.922 × 10
8 × 𝑒

−2.09×105

𝑅𝑇  

𝐾𝑃1 = 1.198 × 10
17 × 𝑒

−2.683×104

𝑇  

(8) 

r2=
K2

(PH2)
0.25

×

(

 
 
(𝑃𝐶𝑂) × (𝑃𝐻2𝑂)

0.5
− (

𝑃𝐶𝑂2 × 𝑃𝐻2
𝐾𝑃2 × (𝑃𝐻2𝑂)

0.5)

(𝐷𝐸𝑁)2

)

 
 

 

𝐾2 = 6.028 × 10
−4 × 𝑒

−1.5×104

𝑅𝑇  

𝐾𝑃2 = 1.767 × 10
−2 × 𝑒

4.4×103

𝑇  

 

(9) 

r3=
K3

(PH2)
1.75

×

(

 
 
(𝑃𝐶𝐻4) × (𝑃𝐻2𝑂) − (

𝑃𝐶𝑂2 × (𝑃𝐻2)
4

𝐾𝑃3 × (𝑃𝐻2𝑂)
)

(𝐷𝐸𝑁)2

)

 
 

 

𝐾3 = 1.093 × 10
3 × 𝑒

−1.094×105

𝑅𝑇  

𝐾𝑃3 = 2.117 × 10
15 × 𝑒

2.243×104

𝑇  

(10) 

𝐷𝐸𝑁 = 1 + (5.127 × 10−13 × 𝑒
131518
𝑇 )𝑃𝐶𝑂 + (5.68

× 10−10 × 𝑒
11234
𝑇 )𝑃𝐻2

0.5 + (9.25

× 10−10 × 𝑒
−1912
𝑇 )

𝑃𝐻2𝑂

𝑃𝐻2
 

(11) 

Whereas𝑃𝑖representing each partial pressure (kPa),  

𝑘𝑖denoting reaction rate constant (kmol. kPa/kgcat) and 

𝐾𝑖  denoting absorption coefficient(1/kPa). 
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Heating the steam reforming (A4) in the HX2 

exchanger raises its temperature to 768.5 °C before feeding 

to the anode side with the proper components of 0.3350 

O2, 0.1930 H2, 0.1796 CO, 0.1657 N2, 0.0662 CO2, 0.0441 

CH4, 0.0153 H2O molars based. 

From the other, stream A18, with a flow rate  

of 6431.5 kg/h, which is heated and compressed by two 

heat exchangers (HX3, HX4) and two compressors (C2, C3),  

is prepared for reduction, followed by the cathode side as 

below [47]: 

1

2
𝑂2 + 2𝑒

− ⇒ 𝑂2− (12) 

In the anode side injected fuel (A6) with a mass rate of 

755 kg/h is oxidized to produce water, electricity and 

carbon dioxide. Such as [47]:  

𝐻_2 + 𝑂^(2−) ⇒ 𝐻_2 𝑂 + 2𝑒^ − 

𝐶𝑂 + 𝑂^(2−) ⇒ 𝐶𝑂_2 + 2𝑒^ − 

𝐶𝐻_4 + 4𝑂^(2−) ⇒ 𝐶𝑂_2 + 2𝐻_2 𝑂 + 8𝑒^ − 

(13) 

 

SOFC voltage 

To calculate the net voltage of the actual cell, three 

main losses should be reduced from the ideal voltage (𝑉𝑁). 

This can be defined as follows [48]:  

𝑉𝑐𝑒𝑙𝑙 = 𝑉𝑁 − (𝑉𝑎𝑐𝑡 + 𝑉𝑐𝑜𝑛𝑐 + 𝑉𝑜ℎ𝑚) (14) 

In which 𝑉𝑎𝑐𝑡 , 𝑉𝑐𝑜𝑛𝑐and 𝑉𝑜ℎ𝑚stand for activation, 

concentration and, ohmic losses, accordingly. Reversible 

voltage is attained from Nernst equation [49]:  

𝑉𝑁 = 1.177 − 0.06855(𝑡 − 1) − 0.0165(𝑡 𝑙𝑛 𝑡 − 𝑡)

+
𝑅𝑇

𝑛𝑒𝐹
𝑙𝑛(
(𝑃𝑂2
0 )0.5(𝑃𝐻2

0)

𝑃𝐻2𝑂
0 ) 

(15) 

𝑡 =
𝑇

298.15
 (16) 

Where 𝑇 represents the cell temperature and 𝑃𝑖
0denotes  

the bulk pressure fraction of specific species.  

Resistance of each of the components combined 

together effects the voltage drop to be weighty, which  

is formulated by Ohm law [49]:  

𝑉𝑜ℎ𝑚𝑖𝑐 = 𝑗 ×∑
𝛿𝑖
𝜎𝑖

𝑖

 (17) 

J=J0 [exp (
αneF

RT
Vact)- exp (

-(1-α)neF

RT
Vact)] (18) 

On the other hand, the prime energy uses to activation 

the cells causes some losses, derived by these equations [50]:     

𝑉𝑎𝑐𝑡 =
2𝑅𝑇

𝑛𝑒𝐹
(𝑠𝑖𝑛ℎ−1 (

𝑗

2𝑗0,𝑐𝑎𝑡
) + 𝑠𝑖𝑛ℎ−1 (

𝑗

2𝑗0,𝑎𝑛
)) (19) 

𝑗0,𝑐𝑎𝑡 =
𝑅𝑇𝛾𝑐𝑎𝑡
𝑁𝑒𝐹

× 𝑒𝑥𝑝( −
𝐸𝑎𝑐𝑡,𝑐𝑎𝑡
𝑅𝑇

) (20) 

𝑗0,𝑎𝑛 =
𝑅𝑇𝛾𝑎𝑛
𝑁𝑒𝐹

× 𝑒𝑥𝑝( −
𝐸𝑎𝑐𝑡,𝑎𝑛
𝑅𝑇

) (21) 

By applying Fick's law under constant current 

assumed, concentration voltage loss is expressed  

as below [51]:  

Vconc=
RT

neF
×(ln (

PH2
0 ×PH2O

*

PH2
* ×PH2O

0
)+ ln (

PO2
0

PO2
*
)

0.5

) (22) 

𝑃𝐻2
∗ = 𝑃𝐻2

0 −
𝑅𝑇𝐽𝛿𝑎𝑛

𝑛𝑒𝐹𝐷𝐻2
𝑒𝑓𝑓

 (23) 

𝑃𝐻2𝑂
∗ = 𝑃𝐻2𝑂

0 −
𝑅𝑇𝐽𝛿𝑎𝑛

𝑛𝑒𝐹𝐷𝐻2𝑂
𝑒𝑓𝑓

 (24) 

𝑃𝑂2
∗ = 𝑃𝑂2

0 −
𝑅𝑇𝐽𝛿𝑐𝑎𝑡

𝑛𝑒𝐹𝐷𝑂2
𝑒𝑓𝑓

 (25) 

The inlet hydrogen molar mass flow rate is determined  

as follows [49]: 

nH2,in=nH2,syngas+1(nCOsyngas)+4(nCH4,syngas) (26) 

The oxygen is dissipated by splitter is calculated 

through this equation [49]: 

𝑛𝑂2,𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 = 0.5𝑛𝐻2,𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 = 𝑈𝑎𝑛𝑂2,𝑖𝑛 (27) 

𝑛𝐻2,𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 = 𝑈𝑓𝑛𝐻2,𝑖𝑛 (28) 

𝑛𝐻2,𝑖𝑛 (
𝑘𝑚𝑜𝑙

ℎ𝑟
) =

1

2𝐹𝑈𝑓
×
3600

1000
 (29) 

𝑛𝐹𝑢𝑒𝑙𝑖𝑛 (
𝑘𝑚𝑜𝑙

ℎ𝑟
) =

𝑛𝐻2,𝑖𝑛
𝑦𝐻2 + 𝑦𝐶𝑂 + 4𝑦𝐶𝐻4

 (30) 

Where 𝑈𝑎 and 𝑈𝑓 denote the split fraction of oxygen and fuel 

utilization coefficient of hydrogen, respectively. Ultimately, 

power generated is calculated by Equation (31) [52]: 

 

𝑃𝐷𝐶 = 𝑉𝐼 (31) 
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Table 3: characteristics of applied solid oxide fuel cell [46] 

Parameter Value Parameter Value 

Anode thickness (µm) 750 Cathode thickness (µm) 30 

Anode pore radius (µm) 0.5 Cathode pore radius (µm) 0.5 

Anode particle diameter (µm) 2.5 Cathode particle diameter (µm) 2.5 

Anode specific area (1/m) 1.025×105 Cathode porosity (dimensionless) 0.48 

Anode porosity (dimensionless) 0.35 Cathode tortuosity (dimensionless) 5.4 

Anode tortuosity (dimensionless) 3.8 
Cathode charge-transfer coefficient 

(dimensionless) 
0.5 

Anode charge-transfer coefficient (dimensionless) 0.5 Electrolyte thickness (µm) 25 

Interconnect thickness (µm) 1500 Current density A/(cm2) 0.57 

The amount of hydrogen produced (kgmol/h) 6.402 Cell voltage (V) 0.85 

Fuel utilization 0.7420 Effective area per cell (m2) 0.2 

Total generated power (kW) 216.4 Cell number 223 

O2 usage (kgmol/h) 1.249 Current (A) 254650 

Ambient temperature (ºC) 25 Ambient pressure (bar) 1 

Power density W/(cm2) 0.4845   

All the other parameters required are listed in Table 3.  

 

Carbon dioxide power cycle 

In this study, a trans-critical carbon dioxide cycle with 

regeneration and recompression was considered based on 

the literature [53], and adapted with the proposed 

integrated structure intended to capture the waste heat 

from the downstream of the SOFC system and convert  

it to electricity. According to the literature [53], among 

various configurations of carbon dioxide power cycles, the 

trans-critical CO2 cycle with regeneration and 

recompression has the highest thermodynamic 

efficiency [54]. 

As can be seen in Fig. 2 released heat from the SOFC 

part and reactor (R300) treat as a low-grade heat source for 

trans-critical carbon dioxide cycle. High-temperature 

stream A25 at 1127.2 °C released its heat through the 

HX12 exchanger and heated up stream A59 to 1000 °C, 

which is ready for bringing electricity about 370.5 kW 

in the T3 turbine. The power generated by the turbine  

is expressed as [55]: 

�̇�𝑇 = �̇�𝐶𝑂2(ℎ59 − ℎ60) (32) 

Where ℎ59 and ℎ60stand for the inlet and outlet enthalpy  

to the T3 turbine, respectively. While the isentropic 

efficiency is given by [55]: 

𝜂𝑇 =
ℎ59 − ℎ60
ℎ59 − ℎ60,𝑠

 (33) 

Supplied heat, which is derived from the SOFC part, 

can be defined as follows [56]: 

�̇�𝑖𝑛 = �̇�𝐶𝑂2(h59-h58)=ṁ25Cp,25(T25-T26) (34) 

Expanded carbon dioxide is introduced to HX11, 

HX10 for missing its heat in two cascades, which  

can be considered a condenser unit in the conventional 

model, at 775.8 °C and 361 °C, respectively. Energy and 

mass balance of mentioned equipment is stated by [57]: 

Q̇out=ṁ60(h60-h47)=ṁ57(h58-h57)+ṁ43(h44-h43) (35) 

�̇�60 = �̇�57 (36) 

Stream A47 is divided into two streams for 

compression stages. Part of the CO2 stream (A48) with 

2058.1 kg/h is passing through two compression stages, 

while the second one (A46) is carrying 1041.9 kg/h in both 

85 °C. Due to heating up the flow steam in compression 

stages, three heat exchangers are applied to the first portion 

to adapt the carbon dioxide with the inlet pressure  

of the P3 pump. Power consumed by pump is calculated  

as follows [58]:  

�̇�𝑃 = �̇�𝐶𝑂2(ℎ43 − ℎ42) (37) 
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Organic Rankine cycle 

Based on environmental concerns, organic Rankine  

was applied as a viable and eco-friendly cycle to recycle 

the heating duty of the heat source with low heat content [59]. 

The basic concept of the ORC and Rankine cycle is  

the same, while the ORC uses different working fluids. 

This working fluid should also meet the operating 

conditions to generate electricity from the dissipated heat 

of the SOFC cycle. Considering that, R113 as working fluid 

release heating duty 129.3 kW to ORC from the upward cycle 

in an adapted heat exchanger (HX5). Therefore, stream A31, 

which is preheated by a turbine outlet to 134 °C, reaches 

about doubled temperature means at 260 °C until 

generating electricity by the T1 turbine about 8.977 kW. 

The second turbine stage is placed back of the first turbine 

where pressure drop-down at 1500 kPa level, absorbs part 

of the flow (stream A33) with a flow rate of 2300 kg/h 

from stream A34 with 229.5 °C to generate the 16.55 kW. 

Table 4 shows the operating properties of numerous streams. 

Detailed characteristics of the equipment are listed in Table 5. 

 

RESULTS AND DISCUSSION 

The lack of research in the field of integrating plasma 

gasification as high-technological gasification with high 

efficiency, and eco-friendly cycles were incentive to 

combine a novel plasma gasification melting with three 

sub-systems. Syngas released from the MSW plasma 

gasification process is fed to the SOFC section for 

generating two other cycles simultaneously. All systems 

are modeled in Aspen HYSYS/PLUS and MATLAB 

programming. The main parameters were addressed before 

are tabulated in Table 6. In this section, the results of the 

proposed model are compared in SOFC and gasification 

parts to verify the accuracy of the research. On the other 

hand, the effect of varying parameters on different 

components has been investigated comprehensively. 

 

Model validation 

Based on five major parameters, validation of the 

synthesis gases emitted by the gasification process is 

conducted according to referenced articles, under both 

experimental model and theoretical data [40, 62]. Results 

prove an appropriate approval with referenced articles  

as shown in Fig. 4a. 

Fig. 4b demonstrates the effect of current density  

on cell voltage at different temperatures of the cell.  

The outcomes show close agreement between investigated 

model and mentioned article in which the adaption gets 

closer at higher temperatures [63].  

In addition, the specifications of the validated model 

are listed in Table 7. 

 

Sensitivity analysis 

With respect to design parameters, sensitivity analysis 

is carried out to reflect the system performance under 

varying required variables.   

A well-known curve expressed the cell voltage and power 

density as a preliminary analysis, renowned by means  

of a polarization curve. Fig. 5 displays the selected SOFC 

with detailed operational conditions listed in Table 3, under 

specific pressure and temperature of 1 bar, 800 K. The cell 

voltage drops slightly at first, while the power density touches 

the maximum value of 1191.1 mW/cm2 at 2.98 A/cm2 and 

then falls down. The operation condition of the mentioned 

system is referenced at 484.5 mW/ cm2 and 0.85 V of power 

density and voltage, at a current density of 0.57 A/cm2.   

A valuable analysis is considering the behavior of 

selected fuel cell under different pressure by the term of 

altering the operational pressure. In this term, Fig. 6a 

plotted the power density versus current density by 

increasing operational pressure. Results show that  

the effect of increasing pressure on power density is more 

significant in lower pressures.  

To generate stable power electricity, it is worth 

mentioning that the current density should be in the region 

of resistance drop being far away from the concentration 

part. Increasing the current density leads to a large increase 

in the concentration voltage drop, which in turn will 

severely reduce the output power and voltage of the cell.  

Fig. 6b illustrates the effect of varying operating 

pressure on cell voltage over current density between 1 bar 

and 9 bar. It is clear that increasing pressure operation 

enhances the cell voltage due to intensification of the 

amount of partial pressure of H2. However, the growth rate 

of cell voltage tends to get smaller at upper pressures. 

Besides, as it is shown, concentration overvoltage plays  

a major role at lower pressure.    

Fig. 7a and Fig. 7b represent the effect of altering 

operation temperature ranges between 800 °C to 1100 °C 

in constant pressure of the polarization curve. Fig. 7a 

shows the effect of temperature on power density at 

different current densities. It is obvious that a positive  
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Table 4: The operating characteristics of various streams 

Molar Entropy 

(kJ/kgmole.°C) 
Molar Enthalpy (kJ/kgmole) 

Mass flow 

(kg/h) 
Pressure (kPa) Temperature (ºC) Stream 

188.0 -113627.4 555.4 129.0 300.1 A1 

201.1 -104525.2 555.4 129.0 557.3 A2 

202.1 -104525.2 0.0 129.0 642.5 A3 

202.1 -104525.2 555.4 129.0 642.5 A4 

207.3 -99555.3 555.4 127.0 770.0 A5 

206.8 -76704.5 755.8 127.0 768.5 A6 

182.7 23889.7 200.4 127.0 761.3 A7 

152.4 955.6 2600.0 134.0 57.9 A9 

177.8 13892.7 2600.0 129.0 480.0 A10 

179.3 -58805.6 3155.4 114.5 269.2 A12 

163.9 -65405.9 1431.0 114.5 61.0 A13 

190.3 -51711.9 1262.1 114.5 482.1 A14 

170.5 -62964.1 3155.4 114.5 139.2 A15 

188.8 23771.1 6431.5 124.0 784.1 A16 

191.7 27319.1 3831.5 124.0 891.1 A17 

188.9 24072.3 6431.5 127.0 793.2 A18 

187.6 22988.3 6231.1 127.0 761.3 A19 

211.9 -28391.9 3155.4 122.0 1127.2 A25 

201.4 -41215.6 3155.4 122.0 780.9 A26 

200.4 -42439.7 1262.1 119.5 746.9 A28 

200.4 -42439.7 462.3 119.5 746.9 A29 

180.8 -57742.3 462.3 119.5 301.8 A30 

542.1 -703280.3 2300.0 2500.0 134.0 A31 

623.7 -665352.9 2300.0 2500.0 260.0 A32 

625.0 -667986.5 2300.0 1000.0 229.5 A33 

625.0 -667986.5 1495.0 1000.0 229.5 A34 

629.3 -675455.6 1495.0 80.0 171.2 A35 

53.7 -286220.7 8759.3 100.0 25.0 A36 

56.3 -285443.6 8759.3 100.0 35.0 A37 

487.6 -722815.6 1495.0 80.0 28.0 A38 

487.7 -722685.5 1495.0 1000.0 28.4 A39 

625.0 -667986.5 805.0 1000.0 229.5 A40 

541.9 -703540.9 2300.0 1000.0 132.3 A41 

112.0 -402343.1 2058.1 7682.0 30.8 A42 

113.9 -400371.1 2058.1 25110.0 78.0 A43 

155.3 -381350.7 2058.1 25100.0 353.0 A44 

157.2 -380139.8 1041.9 25100.0 374.8 A45 

152.3 -392128.5 1041.9 2280.0 85.0 A46 

152.3 -392128.5 3100.0 2280.0 85.0 A47 

152.3 -392128.5 2058.1 2280.0 85.0 A48 

55.9 -285557.1 2486.3 90.0 35.0 A49 
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Molar Entropy 

(kJ/kgmole.°C) 
Molar Enthalpy (kJ/kgmole) 

Mass flow 

(kg/h) 
Pressure (kPa) Temperature (ºC) Stream 

53.3 -286356.0 2486.3 100.0 25.0 A50 

145.3 -394486.2 2058.1 2270.0 31.9 A51 

146.6 -392627.1 2058.1 4055.0 86.7 A52 

138.2 -395417.2 2058.1 4045.0 31.9 A53 

139.4 -393566.0 2058.1 7692.0 93.1 A54 

55.9 -285557.1 9255.9 90.0 35.0 A55 

53.3 -286356.0 9255.9 100.0 25.0 A56 

155.9 -380943.7 3100.0 25100.0 360.3 A57 

182.3 -359506.2 3100.0 25090.0 747.1 A58 

199.5 -339126.8 3100.0 25090.0 1100.0 A59 

204.2 -358063.3 3100.0 2300.0 775.8 A60 

178.3 -379500.8 3100.0 2290.0 361.0 A61 

53.3 -286356.0 2942.3 100.0 25.0 A62 

55.9 -285557.1 2942.3 90.0 35.0 A63 

200.4 -42439.7 1431.0 119.5 746.9 64 

 
Fig. 4: Validation of a) MSW gasification process with refrenced articles (Zhang, Dor et al. 2012, Zhang, Dor et al. 2012), and b) 

polarization diagram with mentioned article in different temperature 

 

 
Fig. 5: Variation of voltage and power density of the simulated SOFC 
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Table 5: Detailed characteristics of the equipment 

P ratio (-) ΔP (kPa) Power(kW) Adiabatic Eff.(%) Pump 

2.500 1500 0.8885 85.00 P1 

12.50 920.0 0.2882 85.00 P2 

3.269 17428 25.62 85.00 P3 

P ratio (-) ΔP (kPa) Power(kW) Adiabatic Eff. (%) Compressor 

1.273 27.70 11.20 75.00 C1 

1.323 32.70 24.09 75.00 C2 

1.024 3.000 16.78 75.00 C3 

10.61 22734 18.74 75.00 C4 

1.902 3647 78.84 75.00 C5 

1.721 1699 24.04 75.00 C6 

P ratio (-) ΔP (kPa) Power(kW) Adiabatic Eff. Turbine 

0.4000 1500 8.977 80.00 T1 

0.0800 920.0 16.55 80.00 T2 

0.0951 22704 370.5 80.00 T3 

Hot Pinch Temp. (ºC) Duty(kW) LMTD (ºC) Min. Approach(ºC) Heat exchanger 

301.7 69.71 40.61 1.660 HX1 

780.8 38.06 41.12 10.88 HX2 

482.1 115.3 30.62 2.108 HX3 

60.96 323.9 63.61 3.060 HX4 

139.2 129.3 6.990 5.174 HX5 

28.00 105.1 35.32 3.000 HX6 

30.80 114.0 22.73 5.800 HX7 

31.90 36.24 22.28 6.900 HX8 

31.90 30.63 21.79 6.900 HX9 

85.00 247.1 7.482 6.988 HX10 

361.3 507.8 8.041 1.920 HX11 

1127 398.8 30.39 27.22 HX12 

Type Duty(kW) Pressure(kPa) Temperature(ºC) Reactor 

RYield 240.2 101.3 256.1 DECOMP 

RGibbs -240.2 101.3 479.6 COMBUST 

RGibbs 0 101.3 756.5 GASIF 

RStoic 0 101.3 256.2 DRYER 

 

 
Fig. 6: a) Effect of power density versus current density of the simulated SOFC, b) Influence of cell voltage on current density of the 

simulated SOFC in different pressures and constant temperature (800 °C) 
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Table 6: Performance criteria of the diffrent sections in integrated structure 

Parameter Equation Value 

Transcritical carbon dioxide power generation cycle efficiency [58] η
CO2 power cycle

=
Ẇnet

Q̇Inlet to power cycle

 0.5464 

SOFC Overall efficiency (LHV) [60] ηSOFC=
ẆDC-ẆCompressors-ẆPumps+Q̇Inlet to power cycles

ṁSyngas×LHVSyngas
 0.6122 

Power cycles overall thermal efficiency (LHV) [61] η
Power cycles

=
ẆTurbines-ẆCompressors-ẆPumps+ẆDC

ṁSyngas×LHVSyngas
 0.3987 

Gasification process energy efficiency [61] η =
ṁSyngas. LHVSyngas

ṁMSW. LHVMSW + QSteam +QPlasma
 

0.5559 

Overall thermal efficiency (LHV ) [61] η =
ẆTurbines − ẆCompressors − ẆPumps + ẆDC

ṁMSW. LHVMSW + QSteam +QPlasma
 

0.2153 

Plasma energy ratio [40] PER =
QPlasma

ṁMSW. LHVMSW
 

0.1495 

Equivalence ratio [40] ER =
(ṁair ṁMSW⁄ )

(ṁair ṁMSW⁄ )stoic
 

0.061 

Steam–air mass ratio [40] SAMR =
ṁsteam
ṁair

 

0.556 

 

Table 7: Configuration of validated SOFC model for verification [63] 

Parameter Value Parameter Value 

Faraday constant (sA/mol) 96485.3 Universal Gas Constant (J/mol.K) 8.314 

Pre-exponential factor anode (A/m2) 6.54×1011 Anode thickness (µm) 1000 

Pre-exponential factor cathode (A/m2) 2.35×1011 Cathode thickness (µm) 20 

Anode activation energy (J/mol ) 1.4×105 Interconnect thickness (µm) 20 

Cathode activation energy (J/mol ) 1.37×105 Electrolyte thickness (µm) 8 

Reference pressure (bar) 1 Anode porosity (dimensionless) 0.48 

Pressure (bar) 1 Anode tortuosity (dimensionless) 5.4 

Partial pressure of H2O (bar) 0.03 Average pore radius (µm) 0.5 

Partial pressure of H2 (bar) 1-yH2O Average grain size (µm) 1.5 

Partial pressure of O2 (bar) 0.21 Anode ohmic (1/ohm.m) (9.5×107/T)×exp(-1150/T) 

Partial pressure of H2 (bar) P×yH2 Cathode ohmic (1/ohm.m) (4.2×107/T)×exp(-1200/T) 

Partial pressure of H2O (bar) P×yH2O Electrolyte ohmic (1/ohm.m) (3.34×104)×exp(-10300/T) 

Partial pressure of O2 (bar) P×yO2 Interconnect ohmic (1/ohm.m) (9.3e5/T)×exp(-1100/T) 

temperature gradient conducts the power density to reach 

maximum. Nevertheless, irreversible losses are caused  

by concentration voltage taking over in a larger amount 

 of current density until it drops sharply. Although  

the maximum point seems to be the optimal design value, 

its proximity to the drop region is extremely dangerous  

for the cell, which should be considered. As can be seen, 

the effect of temperature gradient on the power density is 

more noticeable at lower temperatures.      

Fig. 7b displays the influence of the operating temperature 

of the cell on varying cell voltage versus current density.  

As it is illustrated, increasing in cell temperature reduces 

voltage drops as a result of facilitating the rate of chemical 

reactants. This voltage reduction will become more insignificant 

at higher temperatures. It can be realized that the Open-

Circuit Voltage (OCV), which implies the cell voltage in zero 

current density, decreases slightly at higher temperatures.  

This result is obtained from the Nernst equation, mentioned (15) 

to range its value from 1.071 V to 1.017 V by altering  

the temperature from 800 °C to 1100 °C. Activation voltage 

drops in lower current densities treat drastically, whereas  

the Ohmic loss drops depend on temperature linearly. 
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Fig. 7: a) Variations of power density and current density in different temperature and constant pressure, b) Variations of cell voltage 

and current density in different temperature and constant pressure. c) Variations of power density and  cell voltage in different 

temperature and constant pressure 

 

As reported by Fig. 7a and Fig. 7b the effect of altering 

the temperature on cell performance was realized more 

visible than the varying operating pressure. Fig. 7c plotted 

based on data extracted from Fig. 7a and Fig. 7b. It 

explains the behavior of power density across cell voltage 

in different operating temperatures. Large ranges difference in 

power density (from 0.70 W/cm2 to 2.83 W/cm2) in cell 

voltage of 0.7 V reaches to relatively close amount of 

power density in 1V. Almost linear behavior of the cell 

in lower temperatures resulting from Ohimc losses 

effects.  

The effect of air mass flow rate on the mass fraction  

of syngas produced by PGM is investigated in Fig. 8a, 

while the syngas compositions have significant weight  

as the feed of cell on the integrated structure. It resulted 

that the mass percentages of N2 and CO2 as noncombustible 

gases are directly affected by increasing air flow rates  

of 47.36% and 75 %, respectively. This appears for  

the H2O and CO by decreasing the mass percentages about 

by 30% and 35%, individually. This can be explained  

as two major effects of increasing the air flow rate  

in the reactor. First is enhancing the chemical reactants  

of the combustion part, which have a positive impact  

on the produced syngas and its amount of Low Heating 

Value (LHV). The second is burning the flammable gases 

due to the facilitated operation of combustion, whereas the 

amount of N2, which has a negative impression on exhausted 

syngas, was increased simultaneously. In addition, increasing 

the air flow rate causes a moderate reduction in methane 

production, whereas no sensible effect on hydrogen 

production. In accordance with increasing air injection, 

the unchangeable content of H2 denotes that the amount  

of hydrogen produced is increasing, which is the result 

of the second pyrolysis step.   
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Fig. 8: Effect of air injection on a) syngas compostion produced from gasification of MSW ,b) power produced by SOFC 

and LHV of syngas exhausted from gasification of MSW 

 

Based on syngas compositions scrutinized in Fig. 8a, 

LHV of syngas and power generation of SOFC, which  

is fed from exhausted gas of the gasification process,  

are represented as shown in Fig. 8b. The amount of LHV 

starts to increase permanently from 20 kg/h of mass flow 

injected into the gasification unit. On the other hand,  

the power generation of SOFC drops from 247 kW to 198 kW 

by decreasing the content of CO with stable H2 in syngas 

compounds. Initially, the fuel cell does not tend  

to reduce power generation due to the high quality  

of syngas fed into it.  

The mass flow rate of MSW and its influence on two 

defined efficiencies and syngas temperature was illustrated 

in Fig. 9a. With increasing the MSW flow rate, the LHV 

of syngas starts to reduce, which causes the overall thermal 

efficiency (LHV) and gasification process energy 

efficiency. Syngas temperature also reduces from 326 °C 

to 250 °C by sliding the MSW flow rate from 250 kg/h  

to 400 kg/h. 

Fig. 9b shows the effect of fuel flow rate in beside of 

net power output generated by three aforementioned 

cycles and syngas flow rate. The result without any doubt 

is increasing mass fuel ratio rising syngas flow rate, which 

ranges between 315 kg/h to 510 kg/h and net power output 

diminished from 490.6 kW to 330 kW. This reduction  

can result from the lower quality of syngas as a substitute 

gaseous fuel for fuel cell and three subsystems driven  

by its hot utility.  

As discussed before, the positive slope of MSW flow 

rate to air injection and air injection to syngas flow rate 

causes the rising of the syngas flow rate with MSW mass 

ratio, which is shown by Fig. 9c. This figure also shows 

the syngas output temperature is increasing as a result  

of the heating supply for gasification and pyrolysis  

by injected air from 245.23 °C to 327.16 °C. 

In addition, increasing the mass flow rate of injected air  

in the gasifier has become more valuable when it shows its 

effect on two main efficiencies and net power output 

provided by the integrated cycle as shown in Fig. 9d. 

Mitigating the net power output from 432 kW to 375 kW 

with regard increasing the mass flow rate of injected air  

in the gasifier is obtained. Results show increasing  

the gasification process energy efficiency increases 

from 45.86% to 62.24% due to its equation mentioned 

in Table 6.  

 

CONCLUSIONS 

In this paper, innovative MSW-driven plasma gasification 

was integrated with solid oxide fuel cell, carbon dioxide, 

and organic Rankine power cycle. Plasma gasification  

as a promising technology aimed to convert the disposal of 

solid waste to high calorific synthesis gas in an eco-

friendly manner. This process was addressed in four 

subsystems; drying, pyrolysis, gasification, and melting, 

which is investigated by Aspen PLUS. To study the effect 

of air injection and mass flow rate of MSW on system 

performance, the model was validated against experimental 

and theoretical papers, which was confirmed its reasonable 

accuracy. The MSW with a mass rate of 300 kg/h flows 

from upward in the opposing direction of high valuable gas 

with a mass flow rate of 555.4 kg/h at 256.8 °C temperature 

from downward. Air and steam are injected from 
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Fig. 9: Effect MSW flow rate on : a) syngas temperature, gasificatoin process and overall thermal efficiency, b) syngas flow rate and 

net power output generated by developed integrated structure. Effect of injected air flow rate on : c) flow rate and temperature of 

syngas, d) net power output, overall thermal and gasification process efficiency 

 

downward as agents of gasifier with 60 kg/h and 100 kg/h. 

To give better insight into system performance, PER, ER, 

SAMR are introduced as three dimensionless numbers  

are calculated at 0.1495, 0.061, and 0.556, respectively. 

The SOFC system is fed by synthesis gas produced from 

the gasification process to bring 162.3 kW power with 

61.22% efficiency. The polarization curve of SOFC 

process was validated with the referenced article to verify 

the model. Dissipated heat from SOFC cycle introduced  

to organic Rankine and carbon dioxide plant through heat 

exchangers to generate 24.35 kW and 217.8 kW power in 

18.83 % and 54.64%, respectively. Increasing injected air 

shifting from 0 kg/h to 100 kg/h causes the increase  

in the amount of N2, CO2, while the opposite occurred  

for H2O, CO, and CH4. On the other hand, the syngas 

temperature and syngas flow rate are increased from 

245.23 °C to 327.16 °C and 476.62 kg/h to 605.69 kg/h, 

correspondingly. Despite of increasing the amount of LHV 

of syngas, the power generated by the SOFC plant  

is reduced from 247 kW to 198 kW. The mass flow rate  

of MSW was also scrutinized by increasing its value 

between ranges 250 kg/h to 400 kg/h. It was shown that all 

syngas temperature, gasification process energy 

efficiency, overall thermal efficiency, and net power 

output were decreased while the syngas was improved. 

The exergy and economic studies of the hybrid structure 

can be assessed in future investigations. Exergeoeconomic 

and advanced exergy examinations of the combined 

system can also be considered as a future analysis 

approach. 

 

Conflict of interest statement 

The authors declare that they have no known 

competing financial interests or personal relationships  

that could have appeared to influence the work reported  

in this paper. 

 

Nomenclature 

Combined Heat and Power CHP 

Compressor Ci 
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Equivalence ratio ER 

High heating value HHV 

Heat exchanger HXi 

Low heating value LHV 

Municipal solid waste MSW 

Organic Rankine cycle ORC 

Plasma energy ratio PER 

Plasma Gasification Melting PGM 

Pump Pi 

Steam air mass ratio SAMR 

Synthesis Gas SG 

Synthesis gas production reactor SMR 

Solid oxide fuel cell SOFC 

Turbine Ti 

Water − Gas shifting WGS 

Waste to Energy WtE 

Carbon monoxide CO 

Carbon dioxide CO2 

Methane CH4 

Hydrogen H2 

Water H2O 

Nitrogen  N2 

Oxygen O2 

Area(m2) A 

Heat capacity (kJ /kg. K) Cp 

Effective diffusion coefficient of species i 

(cm2. s−1) 
Di
eff 

Faraday constant, 96,485 (C/mol) F 

Specificenthalpyatpoint i(kJ/kg) hi 

Evaporation enthalpy of water (kJ kg−1) hev 

Current(A) I 

Current density (A /cm2) J 

Exchange current density (A/cm2) J0 

Mass flow rate (kg /s) ṁ 

Moles number of electron transferred ne 

Partial pressure of species i (bar) Pi 

Reaction site partial pressure of species i (bar) Pi
∗ 

Bulk partial pressure of species i (bar) Pi
0 

Fuel cell power output (kW) PDC 

Heating(kW) Q̇ 

Universal gas constant (J/mol. K) R 

Temperature ( Ko ) T 

Fuel utilization coefficient Uf 

Actual voltage (V) V 

Power(kJ/kg) Ẇ 

Ionic or electronic conductivity(Ω−1cm−1) σ 

Thickness (cm) δ 

Activation act 

Anode an 

Cathode cat 

Concentration conc 

Carbon dioxide CO2 

dry dry 

Moisture H2O 

Species i i 

Inlet in 

Municipal solid waste MSW 

Outlet out 

Ohmic ohm 

Plasma Plasma 

Steam steam 
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