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Summary 

The global market for the wastewater treatment industry has been 

compelled to devise new concepts due to several factors. Currently, 

approximately 80% of untreated wastewater is discharged worldwide. The 

conventional technology for municipal solid waste treatment, which has been in 

use for over a century, is only partially effective in terms of effluent quality and 

energy balance. The highly flammable CH4 gas emitted from municipal solid 

waste landfills impacts the chemical composition of the atmosphere, potentially 

affecting the Earth. Thus, new concepts for wastewater treatment should address 

multiple social challenges related to energy and sanitation technologies. A well–

implemented wastewater treatment system not only contributes to mankind 

wellbeing, which results in more effective population planning, but also ensures 

the optimal utilization of environmental resources. 

The conceptual basis presented in this work is a combination of 

gasification and solid oxide cell (SOC) technologies for producing sustainable 

energy (fuel and electricity) from wastewater. Two gasification methods were 

investigated, namely dry and supercritical water gasification (SCWG). 

Gasification should address certain technical challenges, such as achieving 

almost complete conversion of organics into a gas product, high–yield syngas, a 

high lower heating value (LHV), an optimum water content for efficient 

operation, a strategy to efficient heat recovery, and an high energy efficiency, for 

seamless integration with SOCs. 

Consequently, a highly efficient wastewater dry gasifier–solid oxide fuel 

cell (SOFC) power plant was developed (Section 2). This system reaches high 

efficiency because the configuration contributes to the increment of the H2 yield 

in the gasifier. And part of the external energy required by the dryer and gasifier 

was replaced by process heat and electrical energy. The aforementioned technical 

challenges of gasification can be addressed by integrating an energy–efficient 

self–heating fluidized bed dryer and an indirectly heated multistage gasifier. The 

gasifier is heated by a microwave plasma torch and process heat. The system 

generates a net power of 6.2 kW. This configuration provides favourable process 

conditions, enabling a high energy conversion efficiency (electricity production) 

of 65% when using biomass with a water content of 75 wt.% that is dried to 30 

wt.% before being fed to the gasifier. The energy efficiency of the 90 wt.% 

biomass moisture is approximately 59%. The highest energy efficiency reported 

in the literature was 61% at a biomass moisture content (MC) of 50 wt.%. Optimal 

operating conditions of the gasifier and SOFC can be combined to generate 
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sufficient power and process heat for air and fuel preheating. The most significant 

exergy destruction is observed during heat transfer in the preheating process, with 

considerable exergy destruction also generated by the post–stack combustor 

(PSC).  

A parametric analysis of the SCWG–SOFC (Section 3) system estimates 

the energy and exergy performances of the system under diverse operating 

conditions for the SCWG and SOFC. The SCWG temperature and dry biomass 

concentration are critical for the complete conversion of biomass into a gas 

product. Under the most challenging conditions selected from the available 

experimental data from literature, a carbon conversion efficiency of 40%, and a 

biomass MC of 85 wt.%, the system generates a net power of 3.6 kW, reaching 

an energy efficiency of 40% at an SOFC fuel utilisation of 0.95. Contrarily, the 

system achieved an efficiency of 44% when operated at a temperature of 500°C 

and a dry–biomass concentration of 5 wt.%. This operation ensured almost 

complete biomass conversion, indicating that the SCWG product gas had a 

sufficiently high thermomechanical exergy suitable for integration with 

downstream cycles to increase system efficiency. The operating costs can be 

reduced by increasing the system capacity for syngas production [1]. The highest 

irreversibility was observed in air and fuel processing during heat transfer. 

Operation at high fuel utilisation reduces exergy destruction during heat transfer 

because it minimises stream temperature difference.  

A combined wastewater SCWG–reversible solid oxide cell (rSOC) system 

(Section 4) is a new fuel, power generation, and energy storage configuration. 

The new layout significantly increases the system capacity for hydrogen 

production and improves thermodynamic efficiency by reducing exergy 

destruction by the recovery of the heat of water evaporation in the SCWG–rSOC 

in the electrolyser (EL) mode. This concept leverages the fact that SCWG, 

operating at the highest biomass moisture, ensures an almost complete conversion 

of dry biomass into syngas. The SCWG–rSOC–EL mode, powered by low–cost 

renewable electricity, generates 122 kW of syngas exergy, whereas the SCWG 

alone generates 9.5 kW of syngas exergy. During fuel cell operation, the rSOC 

generates a power of approximately 98 kW compared with the 8 kW generated in 

the SCWG–SOFC system. The system efficiency of the SCWG–rSOC–EL mode 

was directly proportional to biomass moisture. With 95–wt% biomass moisture, 

the system reaches energy and exergy efficiencies of 91 and 73%, respectively. 

The highest exergy efficiency reported in the literature for power and syngas 

production in an SCWG–Rankine cycle combined system was approximately 

20% at dry–biomass concentration < 10 wt.% [2].  
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The variation in the operating conditions of the rSOC determines the 

thermal behaviour of the system (endothermic and exothermic operations). An 

exothermic operation can achieve the highest efficiency in the SCWG–rSOC–EL 

mode. Operation at high pressure, with a temperature between 600–700°C, and 

rSOC high fuel utilisation renders the SCWG–rSOC–electrolyser mode highly 

exothermic. The process heat product of the exothermic operation is used for fuel 

and air preheating, which significantly reduces the demand for external heat and 

improves system efficiency. However, the maximum exergy destruction was 

observed in preheating rSOC reactacts owing to the considerable temperature 

difference between the streams in the heat exchangers. 

The results indicate that a gasification–SOC plant is a potential method for 

highly efficient energy recovery from wastewater, renewable electrical energy 

storage, and sanitation. However, the proposed socially implementable 

technology requires further research and development. New system 

configurations that use efficient heat transfer techniques are required. The most 

critical exergy destruction affecting system efficiency occurs during air and fuel 

preheating. The complete conversion of biomass into a product gas should be 

experimentally demonstrated by applying the proposed concepts under variable 

operating conditions.  

In the future, society should look at alternative energy generation systems 

based on wastewater treatment at medium or large scales. Humans need to 

develop new methods to provide sustainable energy and sanitation services to 

improve the quality of life and reduce environmental degradation. 
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Samenvatting 
Onmiddelijke verbeteringen zijn nodig om op verschillende gebieden 

duurzame menselijke ontwikkeling na te streven. Energieopwekking op basis van 

de verbranding van fossiele brandstoffen resulteert in de uitstoot van 

broeikasgassen, met als gevolg opwarming van de aarde. De wereldwijde lacune 

in de afvalwaterzuivering, die afkomstig is van menselijke nederzettingen en 

industriële en landbouwactiviteiten, veroorzaakt ernstige aantasting van het 

milieu.  

Het doel van dit onderzoek was om nieuwe maatschappelijk uitvoerbare 

concepten te vinden voor duurzame energieproductie (brandstof en stroom) en 

afvalwaterzuivering. De conceptuele basis was een combinatie van vergassing en 

solid oxide cell (SOC)–technologieën, die biomassa gebruiken met een 

vochtgehalte van meer dan 80% op gewichtsbasis. Dit soort systemen werken bij 

een hoge temperatuur en zowel atmosferische als hoge druk. Een 

thermodynamische evaluatie werd gebruikt om de effectiviteit van de 

voorgestelde systeemconfiguratie te beschrijven. 

Vergassing is een veelgebruikte methode om uit biomassa een gasvormig 

product te maken, maar de prestaties zijn van cruciaal belang bij het werken met 

afvalwater. Er zijn aanzienlijke uitdagingen voor de vergassing van afvalwater: 

(1) Het hoge vochtgehalte van de biomassa heeft grote invloed op de 

energiebalans van het systeem. (2) Vrijwel volledige omzetting van biomassa in 

een gasvormig product is technisch nog niet haalbaar. (3) De vergasser vereist 

aanzienlijke hoeveelheden energie voor de endotherme vergassingsreacties. (4) 

Het is moeilijk om te voldoen aan de eisen voor efficiënte 

gasreinigingstechnologie.  

De vergassingsprestaties kunnen worden verbeterd door de opwekking van 

elektriciteit en warmte te integreren. SOC's zijn zeer efficiënte elektrochemische 

apparaten voor zowel brandstofproductie als stroomopwekking, doordat de 

werking omkeerbaar is. Een SOC kan het door vergassing geproduceerde gas 

omzetten in brandstof of stroom. Vergassings– en SOC–technologieën werken 

beide bij hoge temperaturen, en de uitlaatgassen van de brandstof– en 

zuurstofelektroden van de SOC zijn potentiële vergassers en warmtebronnen voor 

het endotherme vergassingsproces. Dit werk onderzocht twee 

vergassingsmethoden, plasmavergassing en superkritische watervergassing 

(SCWG), gecombineerd met SOC–technologie. De energie die nodig is om 

biomassa met een hoog watergehalte te verwerken door vergassing kan worden 
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geminimaliseerd door de thermofysische eigenschappen van het water te variëren 

middels druk en temperatuur, welke de verdampingswarmte beïnvloeden. 

Als resultaat werd een hoogefficiënte afvalwaterzuiveringsinstallatie voor 

thermochemische vergassing en vaste oxidebrandstofcel (SOFC) ontwikkeld 

(hoofdstuk 2). Dit systeem omvat een energiezuinige zelfverwarmende 

wervelbeddroger en een indirect verwarmde meertrapsvergasser die wordt 

verwarmd door een microgolfplasmatoorts en proceswarmte. De droger maakt 

gebruik van de latente warmte van stoom onder druk, waardoor het 

energieverbruik van het drogen aanzienlijk wordt verminderd. De indirect 

verwarmde tweetrapsvergasser zorgt voor de volledige omzetting van biomassa 

in syngas door scheiding van pyrolyse en vergassing. De indirect verwarmde 

vergasser en optimale verhouding vergassingsmiddel garanderen de productie 

van syngas met een hoge verbrandingswaarde: Het syngas is rijk aan H2 en CO 

en laag in CO2. Deze configuratie biedt gunstige procescondities om een hoge 

energieomzetting (elektriciteitsproductie) efficiëntie van 65% te bereiken bij 

gebruik van biomassa met een watergehalte van 75% (op gewichtsbasis), 

gedroogd tot een watergehalte van 30% voordat het naar de vergasser wordt 

gevoerd. Een gasreinigingsunit scheidt de onzuiverheden. Dankzij een tweetraps 

SOFC kan het systeem een groter deel van de brandstof benutten. 

Een SCWG–SOFC gecombineerd systeem (Hoofdstuk 3) is een 

eenvoudige methode voor het verwerken van natte biomassa. Een droger is niet 

nodig omdat het water het vergassingsmiddel is en het geproduceerde syngas 

relatief schoon is. Het superkritische water bevordert de afbraak van organisch 

materiaal in gasproducten en de scheiding van anorganische materialen. De 

SCWG–omzetting van biomassa in gas hangt af van de effectiviteit van de 

katalysator en de bedrijfsomstandigheden van de vergasser. Het gebruik van een 

combinatie van een hoge temperatuur en een hoog vochtgehalte van de biomassa 

bevordert de volledige omzetting van biomassa, maar het rendement van de 

vergasser neemt drastisch af en de technische beperkingen van bouwmaterialen 

worden belangrijk. Daarentegen belemmert het werken met de SCWG bij een 

lagere temperatuur en een lager vochtgehalte van de biomassa de volledige 

omzetting van biomassa, waardoor de toepassing van een actieve katalysator 

nodig is. Deze omstandigheden beïnvloeden de efficiëntie van het SCWG–

SOFC–systeem en hebben de introductie van SCWG–technologie in industriële 

toepassingen vertraagd. In deze studie is een parametrische analyse uit van het 

SCWG–SOFC–systeem uitgevoerd om de energie– en exergieprestaties van het 

systeem onder verschillende bedrijfsomstandigheden voor de SCWG en SOFC te 

schatten. De gegevens waren nuttig voor het ontwerpen van een nieuwe 
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systeemconfiguratie met een betere efficiëntie en minder technische beperkingen. 

Als resultaat bereikte het systeem een efficiëntie van 44% bij gebruik bij hoge 

temperatuur (500°C), een vochtgehalte van >90% op gewichtsbasis en een hoge 

brandstofbenutting in de SOFC. Deze operatie zorgde voor een bijna volledige 

omzetting van biomassa, wat ervoor zorgde dat het SCWG–productgas een 

voldoende hoge thermochemische exergie had die geschikt was voor integratie 

met stroomafwaartse cycli om de systeemefficiëntie te verhogen. 

Een omkeerbaar gecombineerd SCWG–SOC (rSOC)–systeem (hoofdstuk 

4) is een nieuwe configuratie die wordt gebruikt voor brandstof– en 

stroomopwekking en energieopslag. Deze methode biedt een mogelijke oplossing 

om de bedrijfskosten te verlagen en de thermodynamische efficiëntie van het 

SCWG–systeem te verbeteren. De nieuwe configuratie heeft tot doel de capaciteit 

van het systeem voor waterstofproductie aanzienlijk te vergroten en de 

thermodynamische efficiëntie te verbeteren door de vernietiging van exergie te 

verminderen. De SCWG–rSOC–systeemconfiguratie gebruikt minder 

proceseenheden en de vernietiging van warmteoverdracht exergie wordt 

verminderd door een lager temperatuurverschil tussen stromen. Het concept 

maakt gebruik van het feit dat SCWG, werkend bij het meest verhoogde 

biomassavocht, zorgt voor een bijna volledige omzetting van de droge biomassa 

in syngas. De lage oplosbaarheid van anorganische stoffen in superkritisch water 

garandeert een gemakkelijke verwijdering. Het relatief schone productgas van 

SCWG, rijk aan H2O, is dus een potentiële brandstof voor een rSOC die in de 

elektrolysemodus werkt. Het systeem, aangedreven door goedkope hernieuwbare 

elektriciteit, elektrolyseert het gasproduct om een aanzienlijke hoeveelheid 

syngas te genereren. Bij het stroomafwaartse koelproces komt voelbare warmte 

vrij die wordt gebruikt voor de brandstof– en luchtvoorverwarming. Het water 

dat in een gasopwaardeereenheid wordt afgescheiden is minimaal. Het syngas 

wordt opgeslagen voor verdere stroomopwekking. Tijdens de werking van de 

brandstofcel wordt de rSOC gevoed door het SCWG–syngas en opgeslagen 

syngas dat wordt gegenereerd in de rSOC–elektrolysermodus. De 

systeemefficiëntie van de SCWG–rSOC in de elektrolysermodus is recht 

evenredig met het biomassavocht. Met een vochtgehalte van 95 gew.% biomassa 

bereikt het systeem een exergie–efficiëntie van 73%. De hoogste exergie–

efficiëntie die in de literatuur wordt gerapporteerd bij het toepassen van 

verschillende configuraties, is ongeveer 20%. De systeemcapaciteit voor de 

productie van waterstof of stroom wordt meer dan tien keer zo groot. 

De verkregen resultaten geven aan dat een vergassings–SOC–installatie 

mogelijkheden biedt voor zeer efficiënte energieterugwinning en –opslag, naast 
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sanitaire doeleinden. De maatschappelijke toepassing van de voorgestelde 

technologieën vereist echter meer onderzoek en ontwikkeling. Er zijn nieuwe 

systeemconfiguraties nodig die verschillende technieken voor warmteoverdracht 

gebruiken. De meer kritische exergievernietiging, die de systeemefficiëntie 

beïnvloedt, vindt plaats bij de voorverwarming van lucht en brandstof. Het is 

noodzakelijk om de volledige omzetting van biomassa in een gasvormig product 

experimenteel aan te tonen door de voorgestelde concepten onder variabele 

bedrijfsomstandigheden toe te passen. In het geval van onvolledige omzetting van 

biomassa in de vergasser, is het noodzakelijk om het gedrag van de rSOC in de 

elektrolysemodus te begrijpen wanneer brandstof met een mengsel van H2O en 

hogere koolwaterstoffen wordt gebruikt.  

In de toekomst zou de samenleving kunnen kijken naar alternatieve 

energieopwekkingssystemen op basis van afvalwaterzuivering op middelgrote of 

grote schaal. De mensheid moet nieuwe methoden ontwikkelen om duurzame 

energie en sanitaire voorzieningen te leveren om de levenskwaliteit te verbeteren 

en de aantasting van het milieu te verminderen.



 

 

 

               

        

 

 

1                                                    

Introduction 
 

           Mayra Recalde: The Forgotten Lake

Wastewater treatment is vital for social and technological development. 



 

 

 

 
Chapter 1                                                                                             Introduction                    

        

2 

 

1.1 Overview 

Sustainable development requires new technologies that efficiently address 

multiple social challenges, such as sanitation and clean electrical energy. These 

technologies must be efficient in producing zero emissions (microbial, organic 

and inorganic water contaminants, and greenhouse gases), ensuring better global 

energy distribution, and providing an equitable and sustainable infrastructure for 

serving the increasing global population.  

Over the past decades, there has been a significant increase in the total fuel 

consumption of non–industrialised countries, such as China, as well as in marine 

and aviation bunkers. Meanwhile, the fuel consumption of the top–emitting 

countries has remained relatively constant. According to the Energy Transition 

Outlook (ETO), net zero emissions should be achieved by 2050 [3] [137].  

However, a strong relationship exists between energy and water resources 

in all sectors. Demand, distribution, and infrastructure are parallel but highly 

independent. For example, industries use energy and freshwater to produce 

products. Human settlements, as well as industrial and agricultural activities, are 

the primary sources of water pollution [3]. Approximately 80% of the global 

wastewater is discharged untreated [4]. Consequently, the global population may 

be affected by the absence of wastewater treatment systems [5]. In addition, the 

lack of opportunities and appropriate technology to prevent environmental 

degradation in human settlements has resulted in numerous refugee movements 

[6]. The United Nations recognizes the pressing need for humanity to enhance its 

capacity and willingness for more efficient resource consumption and production 

while simultaneously achieving economic growth without causing environmental 

damage [7]. In this regard, promoting fair and equitable utilisation of 

environmental resources is highly desirable. 

The sustainable treatment of wet biomass, such as human waste, manure, 

and food residues, is essential for public health and the energy sector. Ensuring 

the elimination of faecal bacteria and viruses from soil and water is vital for 

maintaining a healthy community. Additionally, it contributes to the production 

of clean electrical energy, aligning with the transition towards a sustainable 

energy system.  

Sanitation–related diseases cause approximately 2.2 million deaths per 

year, primarily affecting children younger than five [186] [78]. Furthermore, 
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more than one billion people still practice open defaecation. Sanitation refers to 

the collection, storage, transportation, and transformation of human excreta and 

wastewater [76]. It has multiple benefits for health and the ecosystem, as well as 

food security, business growth, and energy. Sanitation is a crucial element in 

sustainable development [77]. However, there is currently a global disparity in 

terms of sanitation. The Sustainable Development Goals for 2030 aim to ensure 

universal access to adequate and equitable sanitation and hygiene, thereby 

eliminating open defaecation. Nonetheless, these goals can be effectively 

achieved through radical innovations in sanitation, which should incorporate the 

safe recovery and reuse of water, nutrients, organic matter, energy, and minerals 

[79]. 

Therefore, there is a strong emphasis on promoting innovative sanitation 

technologies. Some programs have funded sanitation technologies that are 

affordable, resource–recovery oriented, off–grid capable, and economically 

viable [80]. Thermochemical, electrochemical, and biological processes have 

been extensively studied through various initiatives to harness energy from 

human sludge. As with any new technology, a thorough understanding of the 

underlying physics and chemical reactions involved in these processes is crucial. 

Such technologies can process organic matter to produce several types of 

biofuels, such as syngas, biochar, and bio–oil. The quality obtained for the syngas 

produced depends on the specific conversion process employed and the chemical 

composition of the biomass being treated. 

Some sewage demonstration plants produce hydrochar via hydrothermal 

carbonisation, and this method appropriately treats biomass with a high MC. 

However, engineering limitations require a solution to improve conversion 

efficiencies [83]. A human waste electrolysis cell, coupled with molecular 

hydrogen (H2), was developed by Kangwoo et al. [84]. Its energy efficiency is 

extremely low compared with those of ideal electrolysis units. The direct 

pyrolysis of faecal sludge has been utilised to produce biochar [80], which is a 

promising method for thermal management [85]. However, information on the 

physical properties of biochar obtained from faecal sludge for further use as a 

carbon (C)–neutral fuel is unavailable. 

Biological technologies, such as conventional activated sludge (CAS), 

have been  widely used in the last century. However CAS is a highly energy–

intensive process that is relatively ineffective in treating toxic substances. 

Moreover, it produces waste–activated sludge whose disposal is becoming 
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increasingly expensive and complicated [8] [9]. The wastewater industry requires 

new innovations to reduce the adverse impact of water usage on society and 

environment. This can be achieved by harnessing the material resources available 

in wastewater, including recovered water/energy, nutrients, and valuable 

inorganics, which are essential for social prosperity [8]. Anaerobic digestion 

(AD) is a biological technology that stabilises the waste solids produced during 

municipal wastewater treatment and generates  biogas with efficiencies ranging 

from approximately 20 to 70% [10]. A multigeneration system concept integrated 

with biogas produced from the AD process of sewage sludge, can generate power, 

freshwater, heat, and H2. The overall energy and exergy efficiencies of such a 

system were found to be 63.6 and 40%, respectively, while the digestion energy 

and exergy efficiencies were 78.1 and 57.2%, respectively [11]. However, the 

AD method requires new combinations of techniques to enhance biogas 

production for technological adaptation, commercialisation, and environmental 

considerations [12] [13]. The energy balance of an integrated CAS–AD system 

must account for the energy utilised in CAS wastewater treatment, as it can affect 

the overall efficiency of wastewater treatment.  

Among thermochemical processes, pyrolysis and gasification have the 

primary advantage that feedstock can be converted into fuel within seconds or 

hours, unlike biological treatment, which requires days or months. In terms of gas 

emissions, gasification and pyrolysis are more environmentally–friendly than 

combustion and incineration [82]. The high temperatures involved in these 

processes help destroy pathogens, and their continuous process can be facilitated 

via compact reactors [17]. 

Biomass gasification is a widely accepted conversion method that has 

attracted considerable research attention. It can directly transform faecal matter 

into a safe product, free from pathogens, while also recovering syngas [14]. 

Furthermore, it is possible to integrate gasification with existing biological 

treatment processes [9]. The investigation of biomass gasification–based 

polygeneration plants is underway to explore their technical and environmental 

benefits [15] [13].  

1.2 Wastewater composition 

Table 1.1 lists the proximate analysis and energy content of different fuels 

and wastewater from various sectors. Sewage is a solution that contains organic 

and inorganic materials, along with a high concentration of water. The energy 
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content of sewage depends on the organic content. Petroleum wastewater, sewage 

sludge, and coal have similar energy values of approximately 23 MJ kg–1. The 

high MC of sewage may be advantageous or disadvantageous depending on the 

treatment procedure. Apart from energy, the recovery of valuable solids from 

wastewater is also crucial. The extraction of valuable elements from sewage 

sludge can have monetary value [19]. Sewage sludge contains useful elements 

such as metals (silver (Ag) and copper (Cu)) and nutrients, while the phosphorous 

concentration in wastewater can range from 4 and 16 mg L–1. Petroleum 

wastewater sludge is characterised by high levels of heavy metals [18]. Faecal 

matter (FM) has a heating value of 25 MJ/kg when dried and charred [138].  

Table 1.1. Feedstock properties relevant to thermal conversion process  

Feedstock  

Coal 

[16] 

 

Wood  

[17] 

 

Manure 

[17] 

 

AVG

HF 

[81] 

Primary 

sewage 

sludge 

[17] 

Petroleum 

wastewater 

sludge 

[18] 

Proximate analysis       

Fixed carbon (%) 38.6   7.3  10.51 

Volatile fraction (%, db) 40 70–

90 

57–70 4 60–80 5.52 

Ash (%, db) 15.7 0.1–8 19–31 11.7 25 5.06 

MC (%, fresh weight) 5.7 35–

60  

21–

99.7 

77 90–95 78.91 

Energy content (db) 

(MJ/kg) 

24.3 19–

22 

13–20 20.45 23–29  23.60 

db–dry basis, AVGHF–average composition of all human faeces samples 

1.3 Gasification; a method for biofuel and mineral recovery  

Gasification is currently implemented at the industrial level. However, the 

resulting gas is of low quality and contains high amounts of impurities (such as 

tar, particles, hydrochloric acid (HCl), and hydrogen sulphide (H2S)). The design 

of a proper gasifier enhances tar reduction, thereby improving conversion 

efficiency. For energy recovery, undesirable substances may be eliminated from 

the produced gas. Furthermore, gasification requires a considerable amount of 

energy due to the endothermic nature of the reactions and the dewatering of high–

moisture feedstocks. Heat can be supplied through the combustion of a portion of 

the gas produced using oxygen (O2) from air or an external source of heat 

(allothermal gasification) [86]. Therefore, the thermal efficiency and design of a 
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gasifier are dependent on energy consumption during the gasification and drying 

processes, which represents the primary limitation of this technology. 

Gasification involves thermochemical and hydrothermal reactions. The 

process operates at high temperatures (between 400 and 1400°C) and ambient or 

high pressures (up to 34 bar). Consequently, organic matter decomposes into 

gaseous products, separating some inorganic matter. Various parameters define 

the efficiency of a gasification process, such as the product gas composition, 

energy content, cold gas efficiency (CGE), carbon conversion efficiency (CCE), 

and tar char content [20]. 

The complete conversion of organics into gaseous products and the 

separation of inorganics depend primarily on operating conditions such as 

temperature, gasification agent (H2O, O2, H2O/O2, supercritical water (SCW)), 

pressure, residence time, use of catalyst, and gasifier design [21][22] [23][24]. 

Syngas is the primary product of biomass gasification. The incomplete 

conversion of biomass into gaseous products generates char and tar, which is a 

mixture of aromatic hydrocarbons. The production of tar is a potential challenge 

in biomass gasification, as it can lead to blockages in downstream equipment [25] 

and reduce syngas production, consequently affecting the system efficiency. The 

average tar yield from dry gasifiers has a minimum of approximately 0.4 g Nm3 

and a maximum of 50 g Nm3. Fuel cells have a minimum tar tolerance of less 

than 1 g Nm3 [26]. Tar content below 0.05 g/Nm3 is required for the producer 

gas to be suitable for downstream processes [20]. 

Fuel conversion in dry gasification can be optimised by applying different 

strategies. Staged gasification promotes a high conversion of tar and char within 

a gasifier by creating various thermal levels [27][28].  
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According to Kargbo et al. [29], two–stage gasification systems are 25% 

more economical than single–stage reactors. Materazzi et al. [29] proposed a 

two–stage fluidised bed plasma–gasifier converter process in which the levels of 

tar are almost negligible after plasma treatment. Table 1.2 lists the CCE of dry 

sewage sludge converted into syngas using single and staged gasification 

methods. The three–stage dry gasifier favoured almost complete fuel conversion, 

which was substantially reduced in the two–stage gasifiers. High gasification 

temperature > 800°C significantly reduces char and tar, promoting tar cracking 

and reforming reactions [30], whereas the MC of biomass influences the thermal 

balance and chemistry of the gas product. Biomass with MC lower than 35 wt.% 

ensures adequate gasification performance [31]. Drying is a pretreatment process 

that usually removes excess water from biomass. The application of a dryer to 

sludge requires a considerable amount of heat, leading to high costs. Some 

authors have reported that dry gasification is inefficient for feedstocks with high 

MC [13].  

SCWG is a process for treating feedstocks, such as municipal sludge, with 

high MC to produce syngas [32]. SCWG operates at pressure and temperature 

exceeding the critical point of water pressure > 25 MPa but relatively lower 

temperature (400–600°C) than dry gasification (800–1200°C) [33]. This process 

avoids water drying because supercritical water is the reaction medium and 

reactant, in addition to biomass [34]. Complete gasification and product 

distribution depend primarily on pressure, temperature, dry matter content, 

residence time, and the catalyst [35] [36]. The gaseous products are H2, CO2, and 

methane (CH4) [37]. One of the advantages is that the solubility of inorganic salts 

in supercritical water is low, which is key to separating and recovering 

phosphorus from sewage sludge [38] [20]. Thus, the costs of processing and 

purification units in SCWG are low [39].  

SCWG technology has the potential for large–scale applications [53]. The 

average H2 production cost with SCWG technology is US$ 0.111 N m3 at the 

laboratory scale [39] and is lower than that of dry biomass gasification [1] but 

higher than that of fossil fuel–based H2. Considering the relatively high prices, 

SCWG should not be regarded as a single process but in combination with other 

processes, such as power generation [33]. The H2 production cost can be reduced 

by increasing the system capacity [1]. This reduction can be achieved by using a 

combination of operating parameters [32]. However, several challenges need to 

be solved, such as severe corrosion of the reactor in a high–temperature 
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environment [45]. This requires complete gasification at low temperatures and 

the preparation and screening of catalysts with high activity and long life. In 

addition, SCWG systems must be optimised for energy efficiency [1]. The 

development of commercial biomass SCWG requires the resolution of these 

issues before implementing biomass SCWG at the industrial wastewater level.  

Syngas produced by gasification has an advantage over solid or liquid fuels 

produced by diverse methods such as pyrolysis and fermentation. They can be 

directly processed in the fuel electrode (anode) of an SOC, generating power or 

fuel (H2, CO, or CH4) with high efficiency. Fortunately, SOC technology fed by 

natural gas or H2O is employed at the industrial level, whereas SOCs for direct 

liquid and solid fuel processing are still in the research and development stage.  

1.4 Power and fuel generation in solid oxide cells 

Among power production technologies, solid oxide fuel cell (SOFC) are 

the most efficient for converting chemical energy from fuel into electrical energy. 

SOFCs are devices with no noise or moving parts, with their exhaust gases free 

of NOx. A SOC is a high–temperature electrochemical technology that utilises 

fuel electrodes, oxidant electrodes, and solid electrolytes, as illustrated in Figure 

1.1. The chemical potential difference between the fuel and oxidant electrodes 

generated an open–circuit voltage. At the circulating current, charge transfer 

occurs in the oxidant electrode via the electrochemical reduction of O2 

[110][111]. Hence, oxygen ions (O2–) were transported through the electrolyte. 

The O2– transports current, and another charge transfer occurs at the interface of 

the gas, electrolyte, and fuel electrode. This produces different electrochemical 

reactions, such as the electrochemical oxidation of combustible fuels (H2 and 

CO), where electrons are released to generate power. When an external source 

supplies electricity to the SOC, H2O and CO2 are reduced, with the O2 of the 

compounds reacting with electrons, producing H2, CO, and O2. Similar to other 

electrochemical systems, an SOC performs reversible operations. In other words, 

an electrical energy supply drives H2 or CO production via redox chemical 

reactions (an electrolysis (EL) mode), and the SOC generates electrical energy 

when the same reactions are reversed (a fuel cell (FC) mode) [54]. The production 

of CO and O2 via CO2 redox chemical reactions is a potential method for C 

capture. 

An essential advantage of a SOFC system is the relatively direct recovery 

of CO2 from the anode exhaust, which is rich in H2O and CO2, with some 
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remaining H2 and CO. The combustion of the residual combustible gas produces 

highly concentrated CO2, which is relatively easy to separate and can be used in 

multiple applications. The SOFCOM proof–of–concept is a fuel–cell–based 

polygeneration plant that can produce electricity, heat, and clean water. The 

recovered CO2 is converted into a fast–growing biomass (microalgae) in a 

photobioreactor [115]. 

 

Figure 1.1. SOFC technology 

The fuel electrode of the SOC electrochemically oxidises or reduces gases, 

such as H2 or H2O, and also promotes heterogeneous reactions and direct 

electrochemical oxidation of the fuel [55]. If external power is applied, fuel can 

be generated from C1 molecules [56], depending on the fuel electrode design. 

These features render SOCs flexible fuel devices. The optimal performance of an 

SOC depends on the SOC design, balance of the plant of the SOC system, and 

operating conditions, such as pressure, temperature, fuel utilisation, and current 

density. Variations in the operating conditions influence chemical and 

electrochemical reactions, which in turn control the generation of fuel, power, 

exhaust gases, and process heat because of the endothermic and exothermic 

behaviours of these reactions [57]. The primary design parameters of SOFCs, 

operating temperature, and fuel utilisation significantly influence 

thermodynamics and system efficiency. High fuel utilisation implies high power 

and heat generation in SOFCs, requiring cathode air to cool the SOFC stack [58]. 
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Anode re–oxidation determines the range of operation of an SOFC stack. Lower 

fuel utilisation can extend the lifetime of a stack without degrading the anode 

[59].  

Furthermore, internal reforming of hydrocarbon fuels is possible in nickel–

based anodes when carefully optimised and operated [112]. The operating 

parameters of an SOFC stack during internal reforming are critical to avoid C 

deposition and thermal stress. The system cost, complexity, and realisation of 

high–efficiency SOFC performance for long–term operation depend on the 

operating parameters of SOFCs. Numerical simulations of direct internal 

reforming of CH4 show that partial recycling of the anode exhaust reduces the 

risk of coking but does not eliminate it because it depends on the SOFC stack 

temperatures and molar H/C/O ratios [113]. The temperature distribution and fuel 

composition of an SOFC stack depend on the kinetics of fuel reforming and shift 

reactions [112]. 

The primary challenge with SOC technology is achieving stable operation 

using fuels containing impurities and hydrocarbons, such as CH4 or higher 

hydrocarbons, such as benzene or toluene. The primary difficulties are C 

deposition on the fuel electrode, deactivating the SOC, and heat distribution due 

to CH4 reactions with endothermic or exothermic behaviour [60] [61]. The 

chemical and electrochemical reactions in the SOC anode when the system 

contains impurities and hydrocarbons require sufficient understanding because of 

the complex structure of SOCs and the complex mechanisms involved in the 

thermochemical or electrochemical decomposition of hydrocarbons and 

impurities in the fuel electrode [62][63][64]. A gasifier design with almost cero 

higher hydrocarbon generation will reduce the mentioned SOC challenge.    

1.5 Energy production from SOC gasification–combined system 

Several factors have rendered SOC technology attractive for integration 

with gasification processes. SOC is a highly efficient exothermic and 

endothermic energy conversion method. The high operating temperature of 

SOFCs (600 ̶1000°C) is advantageous for utilising produced heat in a bottoming 

cycle or gasifier. Thermodynamic calculations of the gasification–SOFC–gas 

turbine integrated system indicate that the system can achieve a high electrical 

efficiency of 74% [93] as a result of SOFCs. To maximise the performance of 

SOFC systems, SOFC hybrid systems, such as SOFC–GT and SOFC–GT–

organic Rankine cycle, have been developed. Recently, a combination SOFC–
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engine hybrid system has been presented by Kang et al. [114]. This method 

enhanced the electrical efficiency of the system in comparison to SOFC–micro 

gas turbines. 

By coupling SOCs with gasification, high chemical and thermal 

efficiencies in the gasifier–SOC combined system can be achieved [65]. SOCs 

and gasification processes operate at high temperatures and generate exhaust gas 

streams containing CO2, H2O, and O2 at elevated temperatures. The chemical 

components of these streams can serve as fuel sources for the fuel electrode of 

SOCs and as gasifying agents. The combination of SOCs with biomass 

gasification can increase the value and yield of syngas. This approach shows 

promise as a highly efficient method for fuel and power generation [66]. 

However, it must address the resistance of SOCs to C from different gasification 

products, such as CO, CH4, tar, and sulpur (S)–containing compounds in flue gas 

[61]. Obtaining by the gasification process complete solid fuel conversion into a 

gas product with negligible tar concentrations is critical for developing SOFC 

technology and the implementation of an inexpensive gas–cleaning process. 

According to the literature, thermodynamic equilibrium models assume the 

complete conversion of solid fuel into syngas owing to simplifying assumptions. 

Some models enhance thermodynamic model accuracy using modification 

methods, such as those employing tar and char, by modifying coefficients [20].  

In terms of experimental and thermodynamic simulations of biomass 

gasification, different research groups have investigated combined SOFC 

systems. The use of SOFCs in waste–to–energy systems has been demonstrated 

at TUDelft [67] on a laboratory scale for power generation by integrating a 

plasma gasifier (PG)–SOFC system with a wastewater–ammonia SOFC system. 

Recently, experimental demonstrations have presented a combination of a two–

stage biomass gasifier, SOFC system, C filter, and desulphurise unit at 90°C to 

clean the gas. The system efficiency reached 39.6% with 69% fuel utilisation 

[68]. The integration of gasifier–SOFC systems and SCWG–SOFC has been 

extensively investigated in recent years. However, there are only a few dry 

gasifier–SOFC combined systems fuelled with sewage at the pilot and simulation 

stages. Some methods have reported moderate efficiencies lower than 10%, with 

biomass moisture of 85 wt.% [69] [70]. SCWG–SOFC thermodynamic 

efficiencies of approximately 50% have been reported, assuming complete 

biomass conversion with biomass moisture of 85 wt.% [71].  
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Integrating steam electrolysis and gasification to produce syngas offers a 

solution for managing intermittent energy sources, such as wind and solar. The 

concept is to store electricity by producing syngas [72]. By including the 

reversible characteristics of electrochemical processes, syngas consumption for 

electricity production is possible. The fuel efficiency of an electrolysis plant in a 

syngas mode reaches approximately 70% [73].  

No experimental results have been obtained regarding the continuous 

operation of SOFCs fuelled with gases containing high amounts of hydrocarbons 

originating from incomplete gasification [63]. Designing a highly efficient 

sewage system for energy generation requires an understanding of the conversion 

of sewage in a gasifier and the conversion of the gas produced in an SOC fuel 

electrode. However, several aspects need to be defined in an SOC fuelled with 

the gas produced by wastewater gasification. These aspects include the SOC 

reversible power, fuel production characteristics, fuel flexibility, and heat 

production. The complete conversion of sewage into gaseous products depends 

on the operating conditions and reactor design. The influences of these factors on 

system performance have received little attention. Hence, a gasification–SOC 

system configuration for high–efficiency energy generation from wastewater has 

not been realized.  

A thermodynamic simulation of energy conversion systems based on 

minimisation of Gibbs energy using flow sheets such as Cycle–Tempo and Aspen 

PlusTM is a practical approach to investigate the performance of wastewater 

gasification–SOC combined systems for fuel and power production [48]. This 

simulation contributes to calculating the first– and second–law efficiencies. It 

conducts sensitivity analysis and optimises the new innovations. The basis of this 

simulation is applying the chemical, physical, and electrochemical principles 

previously analysed for each process to obtain a technically and economically 

feasible and efficient novel system concept for wastewater treatment. In addition, 

the analysis considers the engineering limitations caused by the operating 

parameters of the system.  

The thermodynamic analysis of a wastewater gasification–SOC system 

determines the energy and exergy efficiencies and the contributions to 

irreversibilities caused by the components of the system. The expected results 

represent an alternative to the currently applied conventional activated sludge – 

anaerobic digestion (CAS–AD) methods for wastewater treatment. This novel 

system can represent a sustainable energy and sanitation service infrastructure for 
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the increasing global population. It also aids in the reduction of CH4 (an 

extremely flammable gas) emissions from municipal solid waste landfills, which 

can influence the ambient atmospheric composition [74], [38]. Furthermore, 

introducing a superior alternative to CAS–AD methods could greatly accelerate 

the adoption of these technologies. 

1.6 Research objectives and scope 

This dissertation examines the technical parameters necessary for the 

successful integration of a gasifier–SOC as an efficient wastewater treatment 

process. The performances of two gasification methods, dry gasification and 

SCWG, were investigated. Gasification needs to address some barriers to 

effective integration with SOC technology. These barriers include achieving 

almost complete conversion of the fuel into syngas within a gasifier of 

approximately 100% CCE to reduce the cost of the gas–cleaning process. The 

gasifier requires an optimal water content for efficient operation. The gasifier–

SOC system integration requires a thermal strategy to recover process heat and 

exhaust gas distribution. The new system was tested at a dry biomass flow rate of 

0.56 g s–1. 

Main research question: Previous studies have identified research 

directions for biomass gasification (SOCs), mainly considering dry biomass 

(moisture content < 40 wt.%,), using an intensive gas–cleaning unit to remove 

impurities (including tar) and a gasifier at thermodynamic equilibrium, and their 

implication on energy efficiency. Thus far, the literature has not reported attempts 

for power generation efficiency > 50% from biomass with MC higher than 85 

wt.% [75] with gasifier desing to reach almost full carbon conversion (almost 

cero tar production). The main research question is how to develop the 

wastewater gasifier-SOC technologies for the same. 

This dissertation addresses three concerns that identify some criteria for 

the technical feasibility of a wastewater gasification SOC process:  

(i) the extent to which a dry gasifier–SOFC wastewater system is 

technically feasible for electricity generation  

(ii) the influence of the operating parameters of a wastewater SCWG–

SOFC system on its technical feasibility and energy efficiency 
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(iii) the best SCWG–SOC system configuration for enhancing the 

productivity of syngas from SCWG 

Chapter 2 presents a novel integrated system concept for wastewater dry 

gasification integrated with an SOFC to achieve high efficiency and determines 

its technical feasibility. The basis of the system design is process heat integration. 

Gasifier and drying technologies have been experimentally demonstrated in 

literature reports or thermodynamically shown as attractive for achieving almost 

complete conversion of the fuel into syngas and being energetically efficient. The 

system processes biomass with an MC > 75 wt.%, different from the system 

configuration proposed in the literature. A gasifier–SOFC system model in the 

Cycle Tempo (CT) flowsheet program was used to design, analyse, and optimise 

the thermodynamics of the system. The effects of the dryer, gasifier, and SOFC 

operating conditions on these processes were considered and discussed.  

Chapter 3 presents the background associated with the influence of 

operating conditions on the design of an SCWG in experimental and modelling 

research, with the combination of operational parameters determining the 

technical feasibility of the SCWG. In this study, a wastewater SCWG–SOFC 

system model was built to perform a thermodynamic analysis of the system using 

the Aspen PlusTM flowsheet program. The SCWG–SOFC system model is 

sensitive to operating parameters, such as SOFC fuel utilisation, SCWG 

temperature, and wastewater MC. The system model is used to identify potential 

process flows that can be integrated into subsequent cycles to improve system 

performance. 

Chapter 4 develops a conceptual design of a wastewater SCWG–reversible 

SOC (rSOC) system to demonstrate high efficiency and a significant increase in 

the system capacity for H2 production when the system operates in an EL, and an 

increase in power generation when the system operates in an FC. The results were 

compared with syngas production from a stand–alone SCWG unit and the power 

generated from a conventional SCWG–SOFC. The proposed system is a new 

approach to combat the high operating costs and engineering challenges of 

SCWG, facilitating their commercialisation. 

We developed a thermodynamic analysis of the wastewater SCWG–rSOC 

system using a system model in the Aspen PlusTM flowsheet program. The system 

simulates the SCWG–rSOC–EL mode and in an FC mode and the results are 

compared with the SCWG–SOFC conventional system. The efficiencies and 
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exergy losses were calculated under different operating conditions. The 

thermodynamic analysis includes a sensitivity analysis of important operating 

parameters, including biomass MC, rSOC stack temperature and pressure, and 

current density. An rSOC mathematical model was developed using Fortran code 

in Aspen PlusTM to simulate the thermal behaviour of the rSOC stack. The rSOC 

model was validated using data from simulations reported in the literature. The 

model calculated the endothermic and exothermic behaviours of the rSOC stack 

under different operating conditions.  

The conclusion and recommendations are presented, and future studies are 

proposed in Section 5. 
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Women worldwide need to work hard to obtain pure water, which is 

essential for the care of the family.
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Introduction 

2.1.1 Gasification as energy recovery technology 

To achieve the highest energy efficiency, biomass gasification plants 

generally operate to produce electricity in combined heat and power (CHP) 

configurations. In Europe, biomass gasification plants in these configurations 

have capacities lower than 1 MWe. In addition, allothermal gasification avoids 

the combustion of gaseous products, thereby maintaining the heating value of 

syngas and producing syngas without N2 dilution [87]. Table 2.1 compares the 

operating conditions and efficiencies of several biomass thermal power plants. 

The lower heating value (LHV) of biomass was calculated from the elemental 

composition using a method proposed in [87].  

Thermodynamic calculations for a human–sludge plasma–gasification–

SOFC power plant indicate that the ηel of the system is negatively influenced by 

the high MC of feedstocks and high electricity demand of PGs. In the system 

model of Liu et al. [69], the ηel barely reached 5.4%, whereas in Mountouris et 

al. [70], the ηel had a value of 10%. According to experimental investigations, 

the ηel is high when relatively dry wood is used as the feedstock. The integration 

of plasma gasification with a steam turbine by Rutberg et al. [88] yielded an ηel 

of 33%. Panopoulos et al. [89] produced an ηel of 35.5% by combining 

allothermal steam gasification and a SOFC. Bang et al. [90] investigated the 

configuration of a two–stage autothermal gasification–SOFC micro–gas turbine 

power plant. This system achieved an ηel of 48%. The gasifier–SOFC 

configuration may contribute to increasing efficiency.  

Toonssen et al. [91] reported that wet–biomass supercritical water 

gasification (SCWG)–GT systems achieve efficiencies up to 50%, and 

Facchinetti et al. [92] reported that the system SCWG–fuel processing turbines, 

GTs, and Rankine cycle reach an efficiency of 63%. However, these gasifiers 

have limitations in terms of catalysis and the development of high–pressure 

systems carrying combustible and toxic gases. 

Dry biomass gasifier–SOFC–GT power plants operating at a pressure of 9 

bar can reach a high electrical efficiency of 74% based on the thermodynamic 

calculations performed by Santhanam et al. [93]. In this combined system, heat 

is transferred from the SOFC stack to the gasifier via heat pipes, with the exhaust 

gas from the anode used as the gasifying agent. Nevertheless, high tar production 

and engineering limitations are expected in this combined system. 
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The gasifier comprised a char combustor and steam gasifier. The 

combustor is the primary heat source for the gasifier. This system is highly 

efficient because part of the exhaust gas from the SOFC anode is used as a source 

of steam and heat for the steam gasifier. The depleted air from the SOFC cathode 

is utilised as a source of O2 and heat in the char combustor, and the process heat 

provides energy to the process streams. Nevertheless, owing to the relatively low 

operating temperature, the gas also has a high tar content, mostly exceeding 10 

gNm–3 [86][95]. In addition, the oxidation of part of the fuel in the char combustor 

reduces the heating value of the produced syngas.  

Using a similar gasifier configuration, Herrmann et al. [75] presented a 

gasifier–SOFC–steam turbine power plant fed with wood chips at an MC of 50%. 

Dolomite– and nickel–based catalysts can catalytically crack tar. The 

condensation heat of the exhaust steam from the steam turbine was used to dry 

the wet wood chips. This system achieved a high ηel of 61.2%. However, when 

biomass with a high inorganic content feeds this power plant, catalyst 

deactivation is possible. Furthermore, the heat production of district heating 

applications reduces steam turbine power generation. 

The performance of a biomass gasification SOFC power plant can be 

significantly improved by recirculating SOFC exhaust gases to the gasifier, 

particularly from the anode side, and transporting heat into the gasifier via heat 

pipes from the post–combustion of anode and cathode exhaust gases. 

Incorporating a dewatering unit before the feed enters the gasifier is 

required for all these systems. Evaporative and non–evaporative drying 

technologies commonly used for low–rank coals have been summarised by Rao 

et al. [96]. Such technologies can also be applied to dry faecal sludge. In 

particular, the excellent performance of a self–heating recuperation–based 

fluidised–bed dryer, which considerably reduces energy consumption during 

drying, has been reported [97]. Liu Y. et al. [98] investigated the above–

mentioned wet biomass superheated steam dryer via experiments and simulation, 

reducing the energy consumption by 5% compared to the original drying system.  

A multistage gasifier that separates pyrolysis and gasification into single 

controlled stages achieves high process efficiencies and produces syngas with 

low tar concentrations and high char conversion rates [99] [100]. The gasification 

of sewage sludge with activated C in two– and three–stage gasifiers produced 

H2–rich and tar–free syngas [101]. Using plasma as a postprocessing stage for tar 

decomposition in a two–stage gasifier results in a tar–free gas product [102]. 
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Plasma is an ionised gas resulting from an electrical discharge that provides 

sufficient energy to convert gas into plasma [103]. Owing to the resistance of the 

plasma, the gas reaches extremely high temperatures (ranging from 3000 to 

7000°C) [104]. Hot gas is then used as a heat source for applications such as 

gasification [105]. The production of reactive species, such as atomic O and H2 

or hydroxyl radicals, is an additional advantage of using plasma. These species 

significantly enhance tar decomposition compared with conventional processes 

[106]. The reaction mechanism of plasma gasification is similar to that of 

conventional gasification [107]. However, unlike traditional gasification 

methods, partial fuel oxidation does not occur, resulting in a synthetic gas with a 

high calorific value [108]. The microwave–driven plasma biomass gasification 

concept has been experimentally demonstrated using cellulose as a model 

compound. The results are promising for the further development of small–scale 

gasification systems [109]. 

This study investigated a microwave plasma gasification power plant for 

processing faecal sludge. This method is most suitable for power production 

using SOFCs. However, the primary limitations of biomass gasification restrict 

the ηel of the system. These limitations include the impurities produced and the 

high energy demand for the gasification and dewatering of faecal sludge. 

Gasification is a mature technology, but the process has not been sufficiently 

understood, with numerous methods to improve this technology proposed in the 

last few years. Therefore, this study designed a moist faecal–sludge–gasification 

SOFC power plant configured to achieve an high ηel. 

We proposed a new method for increasing the calorific value of syngas, 

thereby achieving high system efficiency. This system comprised an energy–

efficient self–heating fluidised–bed dryer, an indirectly heated multistage PG, a 

microwave plasma torch, and an SOFC. Unlike the system configurations 

proposed in the literature, either from our group or other groups, in the present 

study, biomass at ≥75 wt.% MC was analysed, char combustion was avoided or 

reduced to the minimum as a heat source for the gasifier, and hydrocarbons, 

including tar, were entirely reformed in the PG. In addition to the microwave 

plasma torch, the system can use process heat to meet the energy demands of 

gasification and drying processes. Finally, a bottoming cycle such as a micro–

steam turbine (MST) is used to generate additional power. 

The present study developed steady–state thermodynamic modelling using 

the CT program [116], which contains several models for components and 
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processes that are combined to establish the desired system. The model results 

were compared with numerical and experimental data reported in the existing 

literature.  

The effects of varying the operating conditions of the dryer, gasifier, 

SOFC, and MST on the processes in the system were considered and discussed. 

The sensitivity of the ηel of the system to these operating conditions was also 

investigated. The optimal operating conditions were determined from the 

perspective of electrical efficiency. Energy and exergy analyses were used to 

define the optimal heat integration network. 

2.2 Methodogy 

2.2.1 Plant design 

Figure 2.1 shows the plant design. Dried faecal sludge was fed into a two–

stage gasification process with a pyrolysis zone reactor (PZR) and PG to produce 

syngas. Several available energy sources provide gasification heat: SOFC waste 

heat, the combustion of depleted fuel from a SOFC, coupling with heat pipes, and 

electricity for a microwave–assisted plasma torch [109]. The recirculation of part 

of the anode exhaust from SOFC–2 to the PZR is another source of heat. This 

heat integration limits the power of the plasma torch used in the PG. This reduces 

the partial oxidation of fuel produced because none or only a small amount of O2 

is necessary, consequently maintaining a high heating value of the gas produced. 

The high temperature and gas composition in the plasma torch favour the 

complete reforming of tar [106], improving the gas quality. The waste heat from 

the SOFC and heat required for the PZR were comparable. The intercooler 

between two SOFC stacks connected in series enabled heat integration between 

the two units. A two–stage SOFC improves SOFC power generation efficiency 

and combined cycle efficiency. This configuration increases the voltage of 

SOFC–1 and reduces the power of the air blower in the SOFC system. Araki et 

al. [117]. numerically demonstrated an improvement of 5% of the SOFC 

efficiency using two–stage SOFCs. The SOFC stack requires excess fuel supply 

during fuel–cell operation to avoid anode oxidation. However, the amount of fuel 

required must be optimised. High fuel utilisation implies high heat production per 

unit of fuel, which increases the SOFC temperature and, consequently, the air 

blower power for SOFC cooling purposes. Two stacks in series achieved a 

slightly higher power than one stack. Intercooling between stacks reduces the 

amount of air used for cooling. Santhanam et al. [93] and Aravind et al. [118] 

demonstrated the relevance of two–stage SOFCs in a gasifier–SOFC system 
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context in which high efficiencies were achieved. Furthermore, the two–stage 

SOFC prevents the use of recirculation blowers [119]. This configuration 

prevents the use of the catalytic partial oxidation unit presented by Liu et al. [69], 

where syngas is combusted to control the H/C/O ratios and preheat fuel. Further 

details are presented in the Results and Discussion sections. 

 

Figure 2.1. Process flow of the gasifier–SOFCMST system 

As the MC of faecal biomass exceeds 90%, it cannot be gasified efficiently 

without removing a substantial amount of water. Therefore, most of the moisture 

is evaporated in a dryer in the most energetically efficient manner until an optimal 

MC is reached. The chemical reactions in the gasifier determine the optimal MC. 

The dryer unit operates on recycled sensible heat and recovered latent heat by 

compressing exhausted steam [98]. Compared with thermal drying, superheated 

steam drying does not require syngas combustion but uses power for steam 

compression. In addition, the system offers the possibility of using an MST in 

combination with a dryer, gasifier, and SOFC to enhance electric power output 

and overall plant efficiency. 
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2.2.2 Plant operation 

In the system shown in Figure 2.1, faecal sludge containing 60–92% water 

was preheated in the heat exchanger HE1 to < 100 oC at 1 atm and then fed into 

a fluidized bed dryer (FBD) to evaporate free water. The latent heat from the 

recycled steam compressed by compressor CP2 was used in the heat exchanger 

of the FBD for water evaporation in the bed. Then, after heating wet biomass in 

HE1, the condensate was transferred to a water treatment plant. Steam 

recirculated in the FBD was used as the drying medium. 

After drying, the dry biomass enters an indirectly heated gasifier, which 

consists of two primary reactors: PZR and PG. First, the PZR, which operates at 

700°C and 1 atm, decomposes the dry biomass. It is thermally coupled with heat 

pipes and fed with SOC–depleted fuel at a feed rate of 0.1 g s–1. In this step, the 

steam is superheated and the biomass is converted into a mixture of gases and 

solids. Then, these products enter the PG to produce syngas using steam as the 

gasifying medium. The hot product gas leaving the PG at 950°C is used to 

evaporate water in HE4 and preheat the atmospheric air in HE3. 

After passing through the heat exchangers, HE6 and HE4, the syngas at 

120°C is cleaned to remove particles and water in a scrubber (S1). The partially 

clean syngas is heated in HE6 to 300°C, and S compounds and HCl are removed 

in a gas cleaning unit (S2). The clean syngas is heated in HE11 to 800°C and fed 

to anode–1 of the SOFC. Air is heated to 650°C in HE10 and fed to cathode–1 of 

the SOFC. Syngas is oxidised to produce electricity and heat in the SOFC–1 

stack. The heat from the fuel and air from SOFC–1 are transferred to the PZR via 

heat pipes represented by HE8 and HE9. Then, the two streams are fed to the 

anode and cathode of SOFC–2, respectively, and the fuel is further oxidised to 

produce electricity and heat. Exhausted fuel from SOFC–2, at a rate of 0.1 gs–1, 

is fed to the PZR, and the remaining part passes through heat exchanger HE11 to 

preheat the incoming fuel for the SOFC–1 anode. The exhaust gas, namely air 

with reduced O2 concentration (16 mol%), from the SOFC–2 cathode preheats 

the air fed to the PG in HE13 to 800°C. The two streams are utilised in a PSC. 

Further details of the PSC are provided in the following sections. 

Flue gases provide heat to the PZR via HE12 and pass through a heat 

exchanger (HE10) to transfer heat to the cathode air to obtain the required SOFC 

cathode inlet temperature. Next, the air in HE3 is preheated (shown in the two 

parts of Figure 2.1). The vapours produced in HE4 and HE7 are at 300°C and 30 

bar. They are expanded in the steam cycle to be converted into electricity and 
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power for compressor CP2. Following the expansion, the vapour is condensed 

and pressurised in pump P1. Low condenser pressure is assumed based on a 

cooling water temperature of 15°C. 

2.2.3 Plant model developed using CT 

Plant model and assumptions: The feedstock used for this analysis was 

faecal sludge, and its ultimate composition is presented in Table 2.2. The gasifier 

and SOFC were the most important components of the combined system.  

Table 2.2. Faecal biomass composition. 

Ultimate Composition (wt.%–dry basis) 

H  6.3 

C  42.96 

N  2.36 

S  0.10 

O (by difference)  35.78 

Ash  12.50 

Moisture (% wet basis)  60–92 

Energy content LHV (dry), 

(MJ/kg) 

 16.84 

Gasifier model: The operating conditions of the gasifier were 1100°C and 

1.013 bar. The syngas composition was determined by the gasifier design, 

gasifying medium, and gasifier operating conditions such as temperature, steam–

to–biomass ratio (SBR), and air–to–fuel ratio. This two–stage gasifier produced 

an almost tar–free gas (200 μgm–3) [106] suitable for SOFC applications, and the 

highest H2 yield is achieved by steam gasification [120].  

For this analysis, the PZR products were char, unpyrolysed biomass, tar, 

and syngas, and the PG products were a mixture of H2O, N2, H2, CO2, CH4, CO, 

HCl, and H2S, assuming that the char consisted of solid C. A mechanical system 

transports solid compounds generated in the PZR to the PG [121][122]. In this 

study, the gasifier was simulated based on chemical equilibrium considerations 

and Gibbs free energy minimisation. Assuming that the gasifier provides 

adequate residence time to reach equilibrium at the operating temperature and 

pressure, the electricity conversion to microwave energy is 95% [123]. 

Generally, a gasifier may include the following reactions drying, pyrolysis 

(2.1) and (2.2), combustion, reduction, and reforming reactions (2.3)–(2.9).  
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H2O(l)  → H2O(g)             ΔH = 43.99 kJ/mol                        (2.1) 

C6 H12O5 → C3.75H2.25O0.5 + 0.5CO2 + 0.25CO + 2.88H2O + C1.5H2O0.38            (2.2) 

C + O2 → CO2                       ΔH = −394 kJ/mol                                  (2.3)          

C + 0.5O2 → CO                           ΔH = −111 kJ/mol                          (2.4) 

H2 + 0.5O2 → H2O                           ΔH = −242 kJ/mol                          (2.5) 

C(s) + 2H2(g) → CH4(g)                            ΔH= −74.8 kJ/mol                 (2.6) 

C(s) + CO2(g) → 2CO(g)   ΔH = 172 kJ/mol                             (2.7) 

CH4(g) + H2O(g) → CO(g) + 3H2(g) ΔH = 206 kJ/mol                             (2.8) 

CO(g) + H2O(g) → CO2(g) + H2(g) ΔH= − 41 kJ/mol                                    (2.9) 

Gasification involves the reaction of C with a gasifying agent (steam, CO2, 

or a mixture of these gases (2.7) and (2.8)). These reactions are endothermic; 

therefore, gasification requires heat to maintain the reaction temperature. This 

heat is supplied by the combustion of part of the gas produced with O2 (2.3)–(2.5) 

or by an external source of heat [86].  

The gas composition was controlled by the steam–to–biomass ratio (2.8). 

However, a considerable amount of steam reduces the gasifier temperature, and 

additional heat is required to heat the steam. The highest LHV for syngas was 

obtained with a biomass MC of 0% [124], which cannot easily be achieved. 

Furthermore, a higher temperature contributes to a higher production of H2 and 

an increased gas yield. However, it lowers the gas heating value [125]. A high 

reactor temperature is favourable for the thermal cracking and steam reforming 

of tar as the concentration of higher hydrocarbons decreases and those of syngas, 

H2, and CO increase [126][127]. Moreover, the smallest feedstock particle size 

of < 0.3 mm provides the maximum yield of gas products, whereas the feedstock 

particle size in the range of 0.3–0.5 mm obtains the optimum gas composition 

and highest LHV of gas products [128][129]. 

In this study, the steam for gasification was produced from moisture in the 

biomass entering the PZR (30 wt.%). Then, it is heated and converted into steam 

for gasification. Moreover, 0.1 gs–1 of steam–rich depleted fuel is fed into the 

reaction biomass flow, as shown in Figure 2.1. The ratio of steam to dried biomass 

in the PZR is  

SBRPZR =
ṁsteam

ṁ(dry biomass)
                                          (2.10) 

The ratio of available steam to pyrolysis gas in the PG is given by Equation 

2.11 (steam is added to the PG in addition to that generated in and fed to the 

PZR): 
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SBRPG =
ṁadded steam

ṁ(pyrolysis gas)
                                       (2.11) 

SOFC model: The SOFC model calculates the output power, composition, 

and flow rate of the exhaust gases. These values depend on the operating 

conditions of the SOFC, including the temperature, pressure, syngas composition, 

fuel utilisation, and current density, as presented in Table 2.3. The fuel utilisation 

in SOFC–1 and SOFC–2 was varied to satisfy the heat requirements of the 

system. The resistance of the cell used in the calculation was estimated from the 

work of Jiang et al. [130] using anode–supported SOFCs (type 1) with a Ni+ 

yttria–stabilised zirconia (YSZ) anode and a YSZ–samaria–doped ceria (SDC) 

electrolyte. For comparison, the resistances of a commercially available Ni–YSZ 

anode, LSM–YSZ cathode, and YSZ electrolyte reversible solid oxide cell (type 

2) are presented [131].  

The stable operation of the stack may be disturbed by C deposition on the 

electrodes. The stable operating region was determined via equilibrium 

calculations using a C–H–O ternary diagram [132]. The steam–C ratio of the 

produced gas was controlled at S/C = 2 to prevent the deposition of C on the 

electrodes. A C–H–O ternary diagram prepared using the software package Fact 

SageTM indicated that this value was in the C–free region and safe for SOFC 

operation. 

Table 2.3. SOFC Stack: Assumed Parameters and Operating Conditions 

Parameters and Operating Conditions  

SOFC–1 stack layers of cells 230 

SOFC–2 stack layers of cells 120 

Fuel Utilization SOFC–1 (%) 45–55 

Fuel Utilization SOFC–2 (%) 50–60a 

Current density SOFCs (Am–2) 1200 

Cell Resistance (Ωm2) (800°C) type 1 2.5e–5 [130]  

Cell Resistance (Ωm2) (900°C) type 2 5.0e–5 [131] b 

Operating Temperature (°C) 900 

Operating Pressure (bar) 1.013 
   a leading total fuel utilization of ~ 84% for the complete SOFC system. 

   b Comparison (different cell types). 

Furthermore, C deposition might occur in pipelines and cause blockages, 

which may result in unfavourable consequences during system operations. 

According to Aravind et al. [133], biosyngas heating or cooling influences the 
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syngas composition, thus affecting the deposition of solid C, particularly in 

cleaning units and heat exchangers. However, several conditions, such as the 

kinetics of the reactions at low temperatures, short residence time of the gas, 

catalytic activity on the surface of the slag, and operating conditions of the gas 

cleaning unit, may influence C deposition. Therefore, although thermodynamic 

equilibrium conditions can prevent C deposition, they may still occur. Currently, 

C deposition in pipelines does not occur in biomass coal power plants that use 

hot syngas for steam generation [134]. However, this field needs further 

exploration and will therefore constitute the scope for future investigation. 

Dryer unit model: In the dryer unit presented in Figure 2.1, wet biomass is 

dried from 60 to 92 wt.% to the optimum MC, which is determined by the 

gasification process, in a self–heated recuperation FBD using steam as the drying 

medium, as experimental conducted by Yuping et al. [98]. In the FBD, free water 

evaporates.  

 

Figure 2.2. Layout of the superheated steam dryer modelled in CT. 

The produced water vapour is pressurised to 2 bar, and then, latent heat is 

exchanged with the biomass in the bed, as shown in Figure 2.15. The MST drove 

the compressor. As shown in Figure 2.2, to simulate the FBD in the CT, three 

separate streams were assumed as follows: stream water with 45 wt.% is the flow 

rate of the free water that will be evaporated from the biomass from 75 to 30 
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wt.%; stream dry biomass is the flow rate of the dry biomass (25 wt.% of the total 

flow); stream water 30 wt.% is the flow rate of the final MC in the biomass. HE3 

simulates the HE in the FBD (see Figure 2.1), where water is evaporated, and 

HE2 simulates HE1 (see Figure 2.1), where water is preheated. HE5 and HE6 

simulated the temperature increase in the flows of dry biomass and the final MC 

in the biomass. The pressure of the compressor is adjusted to achieve a reasonable 

temperature difference in HE2, HE3, HE5, and HE6 and maintain the HE2 outlet 

temperature lower than that of the saturated water; therefore T < 100°C. 

Fluidising steam, which is the drying agent, was recirculated, and the model 

considered the energy consumption of the blower. 

Table 2.4. MST: Assumed Parameters and 

Operating Conditions. 

MST input  

Isentropic efficiency of 

expander  

70% [136]  

Isentropic efficiency of 

compressors 

75% 

Mechanical efficiency of 

compressors 

95% 

Turbine inlet temperature 300°C 

Turbine inlet pressure 30 bar 

Generator efficiency 95% 

PSC: Exhaust gas combustion from the SOFC–2 anode and cathode occurs 

in the PSC. The air factor (λ) is the cathode–anode exhaust gas ratio divided by 

the stoichiometric ratio of these flows. 

Energy and exergy model: The ηel of the SOFC–MST gasifier was 

calculated using Eq. 2.12, where Pel, out is the electricity generated by the SOFC 

stack and MST (kW); Pel, in is the electricity consumed by the plasma torch (kW); 

and Pel, aux is the total power consumption of auxiliary components, including 

compressors and pumps (kW), 𝑚̇𝑏𝑖𝑜𝑚𝑎𝑠𝑠 is the mass flow rate of the dry biomass 

fed to the system (kg s–1); and the LHV biomass is the lower heating value of the 

dry biomass (kJkg–1). 

ηel =  
Pel_out−Pel_in−Pel_aux

ṁbiomass×LHVbiomass
    (2.12) 
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 The net exergy efficiency (ƞEx,el) of the gasifier–SOFC–MST is 

expressed using Eq. 2.13 as the ratio of the exergy of the products to that of the 

fuel input. 

ηEx,el =
Pel_out−Pel_in−Pel_aux

ṁbiomass×Ex,biomass
     (2.13) 

CGE, which is an indicator of the efficiency of the gasification process, is 

expressed using Eq. 2.14, where 𝑚̇𝑠𝑦𝑛𝑔𝑎𝑠 is the mass flow rate of syngas (kg s–

1), LHVsyngas is the lower heating value of syngas (kJkg–1), and Eh is the external 

heat (kW).  

CGE =
ṁsyngas×LHVsyngas

ṁbiomass×LHVbiomass+Eh
    (2.14) 

2.3 Results and Discussion  

2.3.1 Gasifier gas composition 
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Figure 2.3. (A) Effect of the SBRPG on gas composition with air/fuel 

ratio = 0. (B) Effect of the air/fuel ratio on PG gas composition at 30 

wt.% moisture; T = 1100°C. 
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Figures. 2.3A and 2.3B show the equilibrium gas composition at the PG as 

a function of the gasifying agent, and Equations. (2.3)–(2.9) govern the variation. 

The amount of CO2 increases, whereas H2 and CO decrease with increasing air–

to–fuel ratios, as indicated by Equations. (2.3)–(2.5) (see Figure 2.3B). The 

amounts of H2 and CO increase, as indicated by Eq. (2.8), reaching an optimal 

value at an SBRPG within the range of 0.35–0.4, whereas CO2 is almost constant. 

At a higher SBRPG, CO2 increases but CO and H2 decrease significantly, as 

indicated by Eq. (2.9), because H2O dilutes the gas (see Figure 2.3A). 

Table 2.5 presents the operating conditions and gas composition of the 

experimental data compared with the results from the equilibrium calculations 

(Models I and II) at a specific SBR and air/fuel ratio in the PG. The equilibrium 

gas composition of the PG utilising steam as a gasifying agent, Model I, was also 

observed in the experimental results of plasma gasification obtained by Yoon et 

al.[107]. The results of Model II, utilising air and steam, are consistent with the 

experimental results of Rutberg et al. [88].  

Table 2.5. Gasifier syngas composition: effect of the gasifier agents, steam 

and air, on the syngas composition; comparison between the present 

models and reported data. 

Syngas composition 

(mol%) 

Present 

 Model Ia 

Yoon et 

al. [107] 

Present 

Model IIb 

Rutberg et 

al. [88] 

N2 1.0 – 14.76 38.4 

CO2 3.16 6.00 5.37 9.3 

H2 56.36 57.00 44.38 28.1 

CH4 0.00 2.00 0.00 – 

CO 39.47 35.00 32.95 23.7 

Biomass Excretac Glycerolc Excreta Wood 

Gasification temperature 

(°C) 

1100 NA 1100 900–1200 

Fed MC (wt.%) 30 ADd  0 30 ADd 20 

Gasifying agent steam steam air/steam air/steam 

Air/fuel ratio 0 0 0.4 1.5 

Steam to biomass ratio 

(SBR) 

0.6e 0.8 0.6 NA 

Cold gas efficiency (%) ~88 ~100 100 ~81 

a Effect of steam on the syngas composition 

b Effect of air on the syngas composition  

c Ultimate composition of excreta is similar to glycerol and wood  

d AD = after drying 

e SBRPG see Eq. (11) 
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These experimental gasifiers operate at temperatures higher than 800°C. 

Therefore, these gasifiers can reach thermodynamic equilibrium, and the effect 

of the gasifying agent on the gas composition can be observed and compared with 

the equilibrium calculations. 

The results of Model I were comparable to those of glycerol using a 

microwave PG [107]. Here, similar to the present Model I, no O2 was added for 

gasification. Model I yielded slightly lower CO2, equal H2, and higher CO levels. 

Model II predicted higher amounts of H2 and CO than those obtained in the PG 

by Rutberg et al. [88] because, in their study, more heat is released during the 

oxidation of biomass as more air is added, reducing the amounts of CO and H2 

and increasing that of CO2.  

The results obtained using the CT model must be demonstrated 

experimentally to confirm the composition of syngas. However, we concluded 

that, under comparable operating conditions, the equilibrium syngas composition 

calculated in the present gasifier model is consistent with the composition 

obtained from experimental results.  

2.3.2 Influence of gasifier operating conditions on system efficiency 

Effect of SBR: The SBR significantly influences the product gas 

composition and electric power input. When the pyrolysis products, including 

evaporated water, were fed into the PG, these species were converted to CO and 

H2. CO in the gas reacts with the residual steam via a water–gas shift reaction 

(WGSR), increasing the contents of H2 and CO2 and decreasing the CO content, 

slightly reducing the heating value of the syngas, as the WGSR is slightly 

exothermic. Figure 2.4 shows the net electrical efficiency as a function of the 

SBRPG at an air/fuel ratio of 0.4 with biomass MCs of 10, 30, and 40 wt.% after 

drying. At low SBRPG values, electrical efficiency is high owing to the presence 

of sufficient amounts of H2 and CO to be electrochemically converted in the 

SOFC. When the SBRPG increases, electrical efficiency decreases because the 

generation of additional steam requires high external energy for the plasma torch 

to heat the extra steam. In addition, an increased steam fraction reduces the 

voltage and power generated in the SOFC. Although additional power is 

generated in the MST and additional H2 is produced at higher SBRPGs, see 

Figure 2.4, this may not justify the high energy demand for heating the steam.  

However, although high CO2 and H2O concentrations reduce the SOFC 

power, less air is required to cool the SOFC at the cathode. The increased CO2 
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and H2O contents cool the SOFC stack. This is reflected in the reduced power 

required to drive air compressor CP1. Generally, the airflow rate is determined 

by the cooling required to maintain the operating temperature of the SOFC. 

Furthermore, efficiency is the lowest when the biomass with 10 wt.% MC enters 

the PG owing to reductions in the amount of H2 and CO. 

The steam requirements for the chemical reaction in the PG are fulfilled by 

the water vapour released in the pyrolysis reactor from the MC of the biomass 

and 0.1 gs–1 of depleted fuel added to the pyrolysis reactor. This last flow contains 

water vapour because of the reactions in the fuel cells, where Uf = 0.51 for the 

first and Uf = 0.58 for the second fuel cell, giving a total Uf = 0.84 (related to the 

fuel at the inlet of SOFC–1). 
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Figure 2.4. Effect of the SBRPG on system net electrical efficiency at 10, 30, 

and 40 wt.% MC feed to the PG; T = 1100°C. 

Effect of air/fuel ratio on net electrical efficiency: When air is added to the 

PG, the pyrolysis products are partially oxidised and heat is released. Therefore, 

the heating value of the product gas decreases. Figure 2.5 shows the effect of the 

air/fuel ratio on the ηel at T = 1100°C, SBRPG = 0, and a biomass MC of 30 wt.% 

after drying. For high values of the air/fuel ratio, the ηel initially increases. Under 

these conditions, a relatively high H2 yield is achieved and energy in the form of 

heat is released from the partial oxidation of biomass. Owing to high heat 

production, the PG used less electrical energy to create plasma flames. If a 

sufficient amount of air is supplied, the ηel decreases because of the low power 

production in the SOFCs, with less fuel available for electrochemical oxidation. 

At an air/fuel ratio within the range of 0.4–0.7, the power production in the fuel 

cell must be reduced by decreasing fuel utilisation to produce enough heat for the 
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PZR in the PSC. The fuel utilization of the two fuel cells changed from 0.51 and 

0.58 to 0.45 and 0.5, respectively, dropping electrical efficiency.  
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Figure 2.5. Effect of the air/fuel ratio on net electrical efficiency of PG; T = 

1100°C and SBRPG = 0. 

An air/fuel ratio between 0.3 and 0.4 yields an efficiency of 65%. At this 

point, sufficient air is supplied to produce heat for the gasifier, reducing the 

electricity consumption of the plasma torch. The H2 yield is relatively high, 

resulting in high electricity production in SOFCs. 

2.3.2.1 Gasifier temperature 

 The plasma power in the PG governs the gasification temperature, and an 

increase in plasma power increases the temperature of the reactor. Figure 2.6 

shows the effects of temperature on the ηel of the system at a constant air/fuel 

ratio of 0.4, SBRPG = 0, and biomass MC of 30 wt.% after drying. 

Hypothetically, electrical efficiency decreases as the reactor temperature 

increases from 950 to 1450°C. This indicates that as gasification temperatures 

further increase, the amount of heat from electrical energy that must be supplied 

for the plasma torch to maintain the gasifier at that temperature increases. The 

plasma power increases from 0.17 to 1.15 kW, and the ηel of the system 

decreases. Further, at temperatures lower than 950°C, the decomposition of 

higher hydrocarbons is incomplete, negatively affecting the ηel.   

The PZR is one of the most critical components of a biomass gasification 

system and controls syngas yield. The PZR temperature influences the electrical 

efficiency by feeding the PG with feedstocks at high temperatures. 

Thermodynamic calculations suggested an optimal temperature of 700°C for the 
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PZR. At this temperature, equilibrium can still be considered in the PZR. 

However, further investigation of the PZR reactor is required, which is reserved 

for future research. 

The provision of heat from the SOFC to the PZR reduces the plasma torch 

power from 2.7 kW presented in the work of Liu et al. [69] to 0.27 kW in the 

present study.  

 

Figure 2.6. Effect of the PG temperature on the net electrical 

efficiency. 

2.3.2.2 Biomass MC 

 The effect of the initial MC in biomass, which is generally dried to 30 

wt.%, on the ηel is shown in Figure 2.7 for an air/fuel = 0.4, SBRPG = 0, and T 

= 950°C. The system has its highest electrical efficiency of 66.5% with a biomass 

initial MC of 60 wt.%, which is already lower than the expected minimum MC. 

Electrical efficiency decreases with increasing biomass moisture because 

sufficient power is required to drive compressor CP2, as more steam must be 

compressed to provide sufficient heat for evaporation in the dryer unit. Thus, less 

electrical power is produced by the MST. However, although electrical efficiency 

decreases to 60% when the system is fed with an initial biomass MC of 92 wt.%, 

the efficiency is still reasonably high compared with those of other available 

drying technologies. 

The incorporation of a superheated steam dryer is a significant advantage 

of the present system because the MC of biomass does not significantly influence 
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the electrical efficiency of the system. Therefore, this type of drying technology 

is well integrated into a combined unit.  

 

Figure 2.7. Net electrical efficiency as a function of initial biomass MC 60–

90 wt.% dried to 30 wt.%. 

2.3.2.3 SOFC–1 anode and cathode inlet temperature  

 The anode–1 inlet temperature depends on the operating conditions of the 

PZR and SOFC anode–2. The thermal energy of the exhaust gas of anode–1 was 

transferred to the PZR, and part of the heat of anode–2 was used for the fuel 

preheating of anode–1, as shown in Figure 2.1. Figure 2.8 shows that the 

efficiency decreases slightly at lower anode–1 inlet temperatures because fuel 

utilisation in SOFC–2 is reduced to 0.5 to maintain the temperature of the SOFC–

2 at 900°C (cooling purposes). At high anode–1 inlet temperatures, the fuel 

utilisation in SOFC–2 increased and supply enough heat to reach the anode–1 

inlet temperature. An optimum anode–1 inlet temperature of 800°C is obtained, 

at fuel utilisation of 0.58, resulting in a ηel of over 65%. The cathode–1 inlet 

temperature depends on the amount of fuel combusted in the PSC. As shown in 

Figure 2.9, a cathode–1 inlet temperature higher than 650°C causes a decrease in 

the electrical efficiency of the system because the SOFC–2 fuel utilisation needs 

to be reduced to produce sufficient heat in the PSC, thereby maintaining the 

cathode–1 inlet–temperature using HE10 shown in Figure 2.1. Furthermore, as 

the airflow rate for the SOFC cooling requirement increases, the power required 

for air compressor CP1 increases and the ηel of the system reduces. 
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Figure 2.8. Net electrical efficiency as a function of SOFC–1 anode and 

cathode inlet temperatures, Uf SOFC–1 = 0.51, and Uf SOFC–2 = 0.5–0.58. 

2.3.3 Comparison of fuel composition 

Figure 2.9 compares the equilibrium composition of the gasifier syngas 

with that reported by Liu et al. [69]. The increase in H2 and decrease in CO2 in 

the present model are achieved by 1) using steam as a gasifying medium, thus 

promoting the water–gas shift reaction Eq. (2.9); and 2) reforming of CH4, Eq. 

(2.8), and tar in the PG, and 3) using heat from the SOFC for the PZR, thus 

reducing the partial oxidation of fuel. Thus, a two–stage gasifier contributes to 

increasing the efficiency of the system.  

Figure 2.9. Comparison of syngas composition from Liu et al. [69] and the 

modelled two–stage gasifier, T = 1100°C, air/fuel = 0.4, MC after dryer = 30 

wt.%, and plasma power 0.4 kW. 
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Energy and exergy efficiencies: The performance and key data for the 

investigated system are listed in Table 2.6. The optimal process parameters 

estimated in the previous sections are used to assess the system performance: 

air/fuel ratio of 0.4, no additional steam in the PG, PG temperature of 950°C, 

biomass MC of 75%, MC after drying of 30%, cathode–1 inlet temperature of 

650°C, and anode–1 inlet temperature of 800°C, which reduces SOFC 

performance. 

Table 2.6. Key data system performance. 
 

Parameter System 

SOFC 

ASR 2.5 × 10–5 

System 

SOFC 

ASR 5 × 10–5 

Dry biomass flow rate [g/s]  

Biomass MC [wt.%] 

0.56 

75 

 

Energy biomass input [kW] (on LHVdry) 9.43  

Exergy biomass input [kW]  10.56  

Turbine net power production [kWel] 0.77 0.83 

SOFC1–2 net power production (AC) 

[kWel] 

5.92 5.6 

SOFC1–2 net power production (DC) 

[kWel] 

6.10 5.8 

Total power production [kWel] 6.69 6.4 

Plasma torch power [kW] 0.27 0.27 

Auxiliary utilities [kW] 0.26 0.27 

Net electrical efficiency [%] (on LHV) 65.3 62.2 

Exergy efficiency [%] 57.8 56 

SOFC–1 fuel utilization * 0.51 0.51 

SOFC–2 fuel utilization * 0.58 0.58 

Air factor PSC (λ) 10.05 11.39 
* leading total fuel utilization of 84% for the complete SOFC system 

A diagram of the exergy flow in the gasifier–SOFC–MST configuration is 

shown in Figure 2.10, showing exergy destruction due to irreversibility. The 

values are as follows: in the gasifier 0.5 kW; SOFC 0.6 kW; PSC 0.6 kW, and 

heat transfer in the multi–HX configuration 1.9 kW, which is the highest value. 

Better thermal management strategies reduce exergy destruction during gas 

combustion and heat transfer when steam is generated and air and fuel are 

preheated. The exergy destruction is high at low SOFC fuel utilisation levels 
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because of high exergy destruction in the post–combustor and heat transfer. The 

exergy losses associated with stray heat transfer from the plant components were 

ignored, except for the exergy losses of the stack (chimney) gases which were 

0.36 kW. Calculations are provided for fuel cells with an ASR of 2.5 × 10–5. For 

conventional fuel cells with an ASR of 5 × 10–5, the total efficiency becomes 

2.3%–point less, see Table 2.6. 

Finally, approximately 50% of the biomass exergy is converted into 

process heat exergy, which is available to be utilized in the system, and 

approximately 50% into electric power. 

Figure 2.10. Exergy flow diagram (kW). 
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The energy flow diagram shown in Figure 2.11 indicates that power 

production is primarily derived from the SOFC, which produces 85% of the 

power, and the MST produces 15%. The low power of 0.27 kW used for the PG 

and the 0.2 kW to drive the compressor for the dryer are noticeable. A loss of 

energy of 0.4 kW occurs in the flue gas stack (chimney), and a significant amount 

of heat, 5.6 kW, is used to preheat the SOFC cathode air. 

 

 

 

Figure 2.12. QT and value diagrams of the integrated system. SOFC anode 

and cathode exhaust gases heat transfer to process streams. 
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Figure 2.13. QT and value diagrams of the integrated system PG hot syngas. 
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Figure 2.14. QT and value diagrams Post Combustor flue gas.  

 

 

Figure 2.15. QT and value diagram of dryer unit. 
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The shaded areas shown in the value diagrams in Figures. 2.12–2.15 

represent the exergy destruction caused by heat transfer. The significant 

temperature difference between the streams, as shown in the QT diagram, causes 

exergy destruction, as demonstrated in the value diagram. 

Figures 2.12A and B show the heat transfer from the SOFC anode and 

cathode exhaust gases to the PZR, anode–1 preheater, and PG air preheater. 

Figures 2.13A and B show the heat transfer from the PG hot syngas utilized to 

preheat the cold syngas and produce steam for the MST. Herein, the steam 

generator HE4 comprises three parts: an economizer, an evaporator, and a 

superheater. Figures 2.14A and B show the process heat transfer that flows from 

the PSC flue gas to different process units such as PZR, cathode–1 air preheater, 

MST steam generation and air preheater.The exergy loss related to stack gases 

leaving the system is shown on the right. Figures 2.15 A and B represent the heat 

transfer from the pressurized superheated steam and condensate to the free water 

in the dryer unit.  

The heat transfer from the PG fuel gas stream (Figure 13) has a low exergy 

recovery of 62% and 0.6 kW exergy destruction. The temperature difference 

between the two media is high. In contrast, the SOFC exhaust gas streams (see 

Figure 12) transfer the heat with an exergy recovery of approximately 99% and 

0.1 kW exergy destruction. The exergy recovery from the PSC flue gas (Figure 

2.14) is 82%, and the exergy destruction is 1.2 kW (for 12.4 kW heat transferred). 

The exergy recovered in the FBD (Figure 15) is 82%, and the exergy destruction 

is 0.2 kW. 

2.4 Conclusion 

The process simulations of this small-scale combined system using faecal 

biomass as fuel provide the process conditions that are favourable for achieving 

a high ηel. This work showed an improved system efficiency ηel = 65% and 

exergy efficiency up to 58% when the system was fed with faecal biomass with 

an MC of 75 wt.% and biomass dried to obtain an MC of 30 wt.%. The PG is 

operated with an air/fuel ratio = 0.4 and SBRPZR = 0.6; the calculated SOFCs 

fuel utilizations are Uf1 = 51% and Uf2 = 58% under atmospheric pressure. The 

SOFC exhaust gases and hot syngas provide the gasification heat and thermal 

energy for a steam cycle.  
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The indirectly heated two-stage gasifier (PZG and PG) produced syngas 

with a low CO2 content and a high content of H2. The chemical energy of these 

gases is efficiently converted into electricity in the SOFC. The provision of heat 

from the SOFC to the PZR increases the amount of H2 from 38  vol. % in the 

simulation by Liu et al. [31] to 55 vol. % in the present study, and lowered the 

PG power from 2.7 kW to 0.4 kW. The two SOFC stacks connected in series 

produced a substantial increase in the ηel of the system, avoiding the need for a 

CPOX unit and reducing the cooling requirements by the cathode air flow.  

The dryer unit reduces the MC from 60–92 wt.% to 30 wt.% without 

dramatically reducing the electrical efficiency of the system when vapour 

recompression is used, integrated with an MST.  

Heat transfer causes the highest values for exergy destruction in the system, 

so improvement of the system is mainly expected in this part and is considered 

as future work. Further modelling and experimental investigation of the 

integration of microwave plasma gasification and SOFC is necessary to obtain 

accurate values of conversion efficiency and process heat available for heat 

integration. Finally, even though the proposed configuration in rather complex, 

thermodynamically, our study demonstrates that a high-efficiency, environment-

friendly sanitation system can be developed using a gasification–SOFC power 

plant. In contrast to the biochar produced by pyrolysis, syngas from gasification 

can be fed to an SOFC system for efficient power production. Therefore, a 

gasifier–SOFC power plant might become a technology that can be 

commercialized and be financially viable to be used globally for meeting 

sanitation requirements.
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Energy Production from Wet 

Biomass 

 

 

 

 

 

 

 

 

 

 

 

More than ten thousand years ago, women in South America discovered and 

developed the technical and philosophical principles of agriculture. They wanted 

to feed their families through the Valdivian culture of Ecuador. 

 

 

Oswaldo Guayasamin: Tenderness 
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3.1 Introduction 

SCWG converts wet biomass into CH4– and H2–rich gases without drying. 

Combustible gases are relatively clean and can be fed into SOFCs with limited 

cleaning. The SCWG of digest sludge, 6 wt.% dry biomass operates with a carbon 

gasification efficiency (CGE) of 45.8%, and 80.7% solid (phosphorus) is 

recovered [139]. The assistance of the Ru/C catalyst and a bed of ZnO on top of 

the gasifier to absorb sulfur and protect the catalyst from deactivation helps 

achieve a gas composition close to thermodynamic equilibrium. 

SCWG converts wet feedstocks such as sewage sludge and manure 

(moisture content >50 wt.%) into combustible gas. The thermophysical properties 

of SCW are favourable for the dissolution of organic matter. Low viscosity 

provides effective mass transfer, a low density promotes high solvation 

properties, and a low dielectric constant changes SCW to a nonpolar solvent. The 

high ion production in SCW enables it to act as an acidic or basic catalyst in 

reactions. Many organic chemicals readily react under the hydrothermal 

conditions of SCW [140][141], whereas inorganic chemicals do not. Hence, P, 

K, and lower percentages of Ca, Mg, Fe, and Al can be easily separated [139]. 

Furthermore, the thermophysical properties of SCW are important for heat 

transfer and biomass gasification [140]. Above the critical pressure, no phase 

change is observed. A change in specific heat near the critical point reaches a 

maximum, and heat recovery is efficient [142]. Thus, the SCWG process 

typically involves a heat recovery unit. 

The chemistry of SCW can be explained through experimental 

investigations using model compounds. SCWG is kinetically driven, and the 

measured gas composition is often far from the calculated equilibrium 

composition [143]. Thermodynamic equilibrium can be effectively approximated 

at high temperatures, with or without a catalyst. 

The SCWG process converts large biomass molecules into smaller gas 

molecules. The challenge in this process is to reach a near 100% conversion 

(thermodynamic equilibrium). Nevertheless, a real SCWG system operated with 

present–day technologies encounters engineering limitations, restricting the 

conversion of organic matter into gas and other by–products, such as char and 

higher hydrocarbons. Therefore, catalysts are required. Operating conditions such 

as biomass concentration, pressure, temperature, reactor residence time, reactor 

type, and catalyst influence the conversion and composition of the produced gas. 
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These conditions should be carefully selected when designing SCWG for 

commercial applications [141][144]. Although technical and economic 

evaluations indicate that the SCWG of sewage sludge for combustible gas 

production is feasible [145], challenges associated with high operating costs, 

reactor plugging, and catalyst deactivation need to be addressed. SCWG may be 

acceptable for large–scale commercialisation in the future with the development 

of efficient and stable catalysts at competitive costs [146]. In addition, the 

recovery of the high–quality heat applied to reactors under supercritical 

conditions is crucial. Feng et al. [147] reported a thermal energy recovery of 41%. 

3.1.1 The operating conditions influence on SCWG system 

3.1.1.1 Hydrothermal Process 

The hydrothermal process (biomass conversion) is given in Figure 3.1. 

Hydrothermal carbonization generates hydrochar from wet biomass at mild 

temperatures and pressures [148]. The gasification process avoids the operating 

conditions of carbonization. Below the critical point of water, liquefaction 

hydrolyzes biomass into smaller molecules of acids and phenols. At high 

temperature, the liquefaction products are reformed and gasified into smaller 

molecules of CO, H2, CH4, CO2, and so on [149]. The pressure and temperature 

in the liquefaction process must be sufficient to keep the water in a liquid state. 

The liquid products are often called bio–oil (water–soluble components). 

At near–critical temperatures up to about 400ºC, effective reforming and 

gasification generally require catalytic enhancement to achieve reasonable rates 

and selectivity to hydrogen and methane. Homogeneous gasification takes place 

above 400ºC and higher pressure, producing methane or hydrogen gases in higher 

yields [149][150]. High temperatures >500ºC generate hydrogen–rich gas 

without catalyst or with nonmetal catalysts, while at a temperature around 500ºC 

with catalyst, methane–rich gas is produced. 

Biomass is a combination of several components: cellulose, hemicellulose, 

proteins, lignin, and inorganic. During the hydrothermal process, these 

components interact with each other, leading to very complicated chemistry. The 

kinetics of the liquefaction and gasification of these components are being 

investigated for around 30 years. Some kinetic parameters and reaction pathways 

are summarized by Yakaboylu et al. [151]. According to the results obtained from 

a kinetic model, higher residence time increases the CGE [152]. 
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Figure 3.1. Biomass hydrothermal conversion in a typical process 

configuration 

3.1.1.2 Salts 

Some salts present in the biomass benefit the conversion in subcritical 

water, but others poison the heterogeneous catalyst at supercritical conditions, 

plugging by salt deposition due to the low salt water solubility. On the contrary, 

alkali salts are active catalysts for the water–gas shift reaction [153] [154]. Only 

in the presence of such salts are high hydrogen yields at reasonable reaction times 

possible. The salts influence the reaction pathways during biomass conversion; 

the probable cause is the basicity of the salts. At ambient conditions, they are 

neutral, and at near– and supercritical water, the basicity of salts becomes very 

complex, as presented by Kruse et al. [155]. 

3.1.1.3 Pressure and Temperature 

A simplified explanation of H2 or CH4 production from the conversion of 

biomass into gas in SCWG is given by the stoichiometric Eqs. (3.1)– (3.4) [35]. 

The formation of H2 predominates over that of CH4 at high temperature because 

high temperature favors endothermic reactions Eqs. (3.1), and (3.2), while low 

temperature favors exothermic reactions Eqs. (3.3) and (3.4). The increasing 

pressure decreases the yield of H2, whereas that of CH4 increases. Besides, from 

simultaneous effects of temperature and pressure on hydrothermal gasification of 

glucose, the CGE increased with the increasing temperature and decreased with 

increasing pressure [156]. 

Hydrogen formation 

C6H12O6 + 6H2O → 6CO2 + 14H2                                                         (3.1) 

CO + H2O ↔ CO2 + H2                                            (3.2) 

Methane formation 

C6H12O6 → 3CH4 + 3CO2                                                  (3.3) 

    CO + 3H2 ↔ CH4 + H2O                                                        (3.4) 

Carbonisation 
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3.1.1.4 Feed Concentration 

The feedstock moisture content influences the CGE and syngas 

composition. Most of the research, kinetic modeling, and experiments are done 

at dry biomass below to 10 wt.% [141]. CGE is low with feedstock at higher 

content as clarified in Eqs. (3.1) and (3.2) since the formation of H2 needs water. 

Therefore, more moderate  moisture content theoretically reduces the formation 

of H2 and eases the formation of CH4 [143] Eqs. (3.3) and (3.4). Complete 

gasification is only achievable with a dry–biomass concentration lower than 5 

wt.%, implying a further increase in operating cost [157]. For example, the high 

heat capacity of water leads to very high heat requirements to heat the aqueous 

feedstock to ≥400°C. Hence, the very high water content of the feedstock seems 

to be a significant disadvantage. On the other hand, the H2 yield of SCWG of 

sewage sludge, for industrial application, is only obtained with biomass 

concentration higher than 15 wt.% [158]. The high dry–matter content leads to a 

high gas production but at low CGE. High reaction temperatures are required to 

achieve complete gasification for feedstocks with smaller moisture fractions. 

3.1.1.5 Resident time and type of reactor 

Longer residence time raises the hydrogen yield and the CGE, while CO 

yield decreases, and favors the complete gasification of biomass, expected within 

seconds at a temperature above 600°C [145]. However, temperatures higher than 

600°C at a pressure >20 Mpa result in high operating costs and limitations on 

materials [159]. These represent the principal obstacle to the development of this 

technology. 

Continuous reactors operating at high flow rates and fluidized bed reactors 

are the ones more suitable to control plugging problems during SCWG. The 

fluidized bed reactor, besides, increases heat and mass transfer during 

gasification. However, to achieve higher gasification efficiencies, longer 

residence times, as well as higher reactor temperatures, are needed. Large 

continuous reactors give high residence times, but there are technical limitations 

in building such reactors. The preheating section of an SCWG experimental setup 

constructed with a pipe heat exchanger reaches a total length of 55 m [160]. 

Furthermore, increasing the residence time by operating the SCW gasifier at low 

feed flow rates increases the gasification efficiency. However, if the flow rate is 

too low, it will cause a lack of fluidization inside the reactor, resulting in a very 

low gasification efficiency [159]. 
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Table 3.1. Comparison of gas composition and carbon gasification 

efficiencies of various feedstock from supercritical water gasification 

(SCWG) and SCWG experimental investigations 

A Behnia et al. [162]  Chen et al. [163]  

Feedstock Glucose Sewage Sludge + CMC 

Reactor Continuous flow reactor Fluidized bed reactor 

Temperature (°C) 500 500 500 500 540 540 

Pressure (Mpa) 27.5 27.5 27.5 25 25 25 

Concentration 

(wt.%) 

5 5 5 4 +2  12+2 2+2 

Catalyst Ni20%

Ru2%/

γ–

Al2O3 

Ni20

%/γ–

Al2O3 

blank blank blank KOH 0.9 wt.% 

WHSV (h¯¹) 3  – – – – 

Gas composition (vol.%)   
   

H2 20.9 44.8 40.5 44 18 55 

CH4 38.8 8.2 1.5 5 9 7 

CO 0 0 14.7 3 23 1 

CO2 40.2 46.7 41.5 47 44 35 

C2–C3 0.1 0.3 1.8 1 3 1 

CGE (%) 100 70 10 36 31 49 

B Zhang et al. [164]  Zhang et al. [165]  Lu et al. [166] 

Feedstock Glucose Glucose Simul. 

Waste 

corn+CMC 

Reactor Bench–scale continuous 

flow 

Bench–scale 

continuous down–

flow tubular 

Fluidized bed 

reactor 

Temperature (°C) 600 600 600 600 600 600 600 

Pressure (Mpa) 24 24 24 24 24 25 25 

Concentration 

(wt.%) 

5 5 5 5 5 10 15 

Catalyst Ni20/g

–

Al2O3 

blank Ni10/A

C 

0.1RuNi/c

–Al2O3 

0.1Ru

Ni/c–

Al2O4 

blank blank 

WHSV (h¯¹) 3 – 3 6 6 – – 

Gas composition (vol%) 
      

H2 58.2 8.7 24.9 48 39.5 36 29 

CH4 10.6 11.5 12.3 12.5 21.4 3 3 

CO 0.6 55.1 29.2 0.5 0.3 25 36 

Table 3.1. (continue). 
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CO2 30.5 18.3 27.3 38.6 38.8 36 32 

CGE (%) 99.9 75.2 78.2 99.2 99.9 40 40 

C Zhang et. al. [165] Lu. Y. et. al. [166] 

Feedstock glucose simul. 

Waste 

corn+CMC corn+

CMC 

Reactor bench–scale continuous down–flow 

tubular 

Fluidised bed reactor 

Temperature (°C) 700 700 700 700 650 650 

Pressure (Mpa) 24 24 24 24 25 25 

Concentration 

(wt.%) 

7.75 100 

g/L 

8.22 100 g/L 10 15 

Catalyst blank 0.1Ru

Ni/c–

Al2O3 

0.1RuNi

/AC 

0.1RuNi/c

–Al2O3 

blank blank 

WHSV (h¯¹) 
 

12 ~2.5 12 – – 

Gas composition (vol.%) 
     

H2 44.7 57.4 54.9 53.8 37 29 

CH4 15.8 7.3 12.1 9.9 9 9 

CO 0.7 1.9 0.4 1.8 6 10 

CO2 35 33.4 30.2 34.5 48 52 

C2–C3 
    

0 0 

CGE (%) 90.1 99.6 92.4 >99.9 47  42 

3.1.1.6 Catalyst 

The appropriate physicochemical properties of SCW help the reactions 

[146]. Addition of suitable catalyst in SCW enhances gasification and is 

especially important at lower temperatures. Nevertheless, most catalysts get 

poisoned, and the destruction of their support takes place with real biomass. 

Biomass decomposition in SCWG is investigated in numerous 

experimental studies. This gives limited reported data regarding the gas 

composition and CGE, in particular when the SCWG operates in continuous 

reactors with real biomass at higher than 10 wt.%. According to the kinetic results 

of Yakaboylu et al. [152], the hydrothermal decomposition of biomass 

constituents (cellulose, hemicellulose, lignin, and protein) representing manure 

at 10 wt.% dry biomass gives a CGE of 50%, the reactor residence time is 60 s at 

500ºC, 25 MPa. Kinetic models in the catalytic SCWG of glucose, gives a CGE 

variation from 80 to 100%, the feed biomass fraction is 5–35 wt.% [161]. 

Table 3.1 compares the gas composition and CGE of different types of 

feedstock at varied operating conditions in SCWGs. The influence of the catalyst, 
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feedstock concentration, and temperature on the CGE is visible. The CGE of 

glucose conversion in SCWG reaches near 100% with the assistance of a catalyst 

at low feedstock biomass fraction 5 wt.% and 500ºC. A CGE of 99.9% is achieved 

for simulated waste at 5 wt.% feedstock at 600ºC, with the assistance of a catalyst. 

The CGE of corn + CMC is 40% at 600ºC, 15 wt.%, and have nonassistance of a 

catalyst. It is noticeable that the amount of CO2 in all cases is significant. 

3.1.2 Gasifier–SOFC Integrated System 

The gas produced by gasification processes is a potential fuel for a SOFC. 

The SOFC converts the chemical energy of the gas into electricity. The 

gasification of organic waste integrated with the high–temperature 

electrochemical process is attractive from the thermal point of view since 

gasification also operates at high temperature. Heat integration allows the 

generation of power with a high system efficiency. 

A SOFC is an electrochemical device that comprises a solid electrolyte, a 

fuel electrode, and an oxygen electrode. The electrolyte allows the transport of 

oxygen ions, and the electrodes transport charge and are a heterogeneous catalyst. 

A charge transfer takes place among a gas, electrolyte, and electrodes and results 

in fuel oxidation [167]. Fuel oxidation generates heat and electricity. 

Furthermore, the heterogeneous catalyst in the fuel electrode promotes the 

reforming and partial oxidation of hydrocarbons. 

The efficiency of the SOFC system depends on the thermal strategy of the 

balance of the plant (BOP) and SOFC design. Process heat must replace the 

external energy required for air and fuel preheating in the BOP. The SOFC 

exhaust gases mostly contain CO2 and H2O. Potential exists for the capture and 

storage of these gases for further application, such as the electrochemical 

conversion of CO2 into CO [168] or to feed a photobioreactor [115]. 

Thermodynamic calculations demonstrate a net electrical efficiency of 

50% reached by a manure SCWG combined with a SOFC and gas turbines (GT) 

[91]. The efficiency increased to 63% by integrating an SCWG–SOFC–Rankine 

cycle–Fuel processing turbines–GT [92]. On the other hand, n comparison, for a 

plasma gasification–based plant, including a fecal sludge drier, gasifier, gas 

cleaning unit, and SOFC–steam turbine combined system, the net electrical 

efficiency reaches 65% [169]. The efficiency calculated in these works assumed 

complete conversion of the chemical energy of the biomass into synthesis gas at 

thermodynamic equilibrium. 
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3.1.3 Perspective of the SCWG S̶OFC 

The variation of the effectiveness of catalysts and variations in process 

conditions in the SCWG influence syngas compositions and quantities and hence 

the overall system efficiencies. Such influences are not yet studied in detail. This 

work, as far as the authors are aware of, for the first time, evaluates the influence 

of such variations on the efficiencies of SCWG integrated high–efficiency power 

plants in which SOFCs are employed for power production. 

The performance of an SCWG at different operating conditions and the 

thermal strategy applied to the SCWG–SOFC combined system strongly 

influence the efficiency of the system. In particular, the combination of high 

temperature and high biomass moisture. Those parameters are favorable to reach 

almost full biomass conversion but negatively affect the thermal management and 

represent a challenge in the field of construction materials. On the contrary, 

operation of the SCWG at lower temperature and biomass moisture, expected in 

a real gasifier, makes it difficult to achieve complete conversion (thermodynamic 

equilibrium) in SCWGs. It results in lower conversion efficiency and lower 

production rate of syngas, which has an influence on the final results. These 

conditions are stopping the industrial development of the SCWG technology for 

the treatment of the unappealing wet biomass. Considering the mentioned 

drawback is compulsory to find new ways to improve the performance of an 

SCWG–SOFC system. Therefore, this study develops a parametric analysis of 

the SCWG–SOFC system to determine the influence of the mentioned gasifier 

condition on the energy and exergy performance of the system. The energy and 

exergy analysis will allow identifying potential process streams to combine 

bottoming cycles as a possible route to improve system performance. 

As a result, the performance of a fecal sludge SCWG–SOFC power plant 

for industrial applications depends on the gasifier design with several engineering 

limitations and the thermal strategy applied in the system. No high H2 purity is 

required for an SOFC because of the internal heterogeneous reactions achieved 

in an SOFC. In this work, a thermodynamic model, developed in Aspen PlusTM, 

simulates the performance of an SCWG–SOFC power plant. Two models 

estimate the net electrical efficiency of the combined system, one operated with 

a real SCWG gasifier and another with a gasifier at thermodynamic equilibrium. 

Both systems are modeled according to the scheme in Figure 3.2, to be discussed 

in the next chapter. The data used in the model is from SCWG experimental plants 

designed with present–day engineering limitations. The current work assesses the 

influence of the operating conditions on the system net electrical efficiency and 
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the impact of the SCWG operating conditions on the biomass conversion. Finally, 

the present work compares the system performance with the performance of 

another similar system, that is, a plasma–assisted two–stage gasifier–SOFC–

Micro steam turbine (MST) presented by the author in a previous publication 

[169]. 

3.2 System description 

Figure 3.2 depicts a schematic flow sheet of the SCWG–SOFC ystem. 

Biomass at ambient conditions is pressurized in pump P1 and P2 to 12 and 25 

MPa, respectively; HX1 and HX2 increase the temperature to around 110 and 

320ºC, respectively. 

 

Figure 3.2. Layout of the supercritical water gasification (SCWG)–solid 

oxide fuel cell (SOFC) integrated system. 

HX3 heats the hot pressurized biomass to reach a value below the reaction 

temperature, around 400ºC. The flow is fed into the SCWG, where the conversion 

reaction is taking place at 500 or 600ºC and 25 MPa. Unconverted biomass is sent 

around the reactor. The solid separator S1 removes the ash to clean the gas. HX2 

and HX1 recover the heat of the produced gas, leaving the SCWG, to use it for 

biomass preheating. Then the gas is cooled down below to 200ºC in HX4. The 

gas upgrading unit separator 1 (HP flash) at 10 bar separates fuel gas from water, 

which contains the higher hydrocarbons. Further separations take place in LP 



Chapter 3                                                        Energy Production from Wet Biomass 

 

57 

 

flash at 25ºC and low pressure of 1 bar. The fuel gas contains CH4, H2, CO, and 

a small concentration of CO2 and H2O. 

The gas cleaning unit S2 removes H2S from the upgraded gas at ambient 

conditions. The clean syngas is fed with steam, then is heated up to 850°C with 

recirculated syngas and fed into the SOFC anode. Internal reforming of CH4 will 

take place in the SOFC anode. Air is heated to 650°C with the exhaust gas from 

the SOFC cathode poststack combustor (PSC) and fed into the SOFC cathode. 

The SOFC stack converts a large part of the chemical energy of syngas into 

electricity and heat. The PSC combusts the exhaust gas from the SOFC anode 

with the air from the cathode exhaust. Then, the flue gases heat the hot 

pressurized biomass in HX3. 

3.3 Thermodynamic model 

Reactions (3.1)–(3.4) explain the complete conversion of biomass in 

SCWG, where C6H12O6 represents biomass. 

The reactions that might occur in a SOFC anode operated with syngas are 

the oxidation of fuel, Eq. (3.5); the water–gas shift reaction, Eq. (3.6); the internal 

steam reforming of fuel Eq. (3.7). The electrochemical conversion of the fuel is 

carried out according to reactions Eqs. (3.5) and (3.9), generating electrical 

energy and heat (the heat given is for both Eqs. (3.5) and (3.8). 

At the fuel electrode 

H2 + ½O2–→H2O+2e–                         ΔH = – 242 kJ⁄mol                       (3.5) 

H2O + CO↔H2 + CO2                     ΔH =  ± 41kJ⁄mol                        (3.6) 

CH4 + H2O(gas)↔3H2 + CO                ΔH =  ±  206 kJ ⁄ mol                (3.7) 

At the oxidant electrode 

O2–+4e–→2O2–                              (3.8) 

3.3.1 Energy and Exergy Analysis of the SOFC 

Eq. (3.9) determines the power and heat generated by the reactions (3.5 

and 3.6), where ΔH is the change of enthalpy, T is the reaction temperature, ΔS 

is the change of entropy, T∆S is the heat, and ΔG is the Gibbs free energy change, 

giving the power [170]. 

 ∆H = ∆G + T∆S                                 (3.9) 
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 The reversible cell voltage of the SOFC refers to the transfer of charged 

species, electrons, or ions across the interface in a SOFC and is given by Eq. 

(3.10). Where n describes the number of moles of electrons transferred for every 

mole of chemical species reacting, and F is Faraday’s constant. 

                                    

E =–
∆G

nF
                                            (3.10) 

The Nernst equation describes the reversible cell voltage of the SOFC as a 

function of the partial pressure of the system species, applied to the chemical 

reactions Eqs. (3.5) and (3.8) gives: 

        Er = E +
RT

𝑛F

PH2
PO2

1/2

PH2O
                                   (3.11) 

During operation, the resistance to the flow of an electric current in the cell 

generates Ohmic overpotential ηohm. Additionally, the charge transfer reactions 

cause activation overpotential ηact, and the transport limitations of gases through 

the porous electrodes to the TPB cause concentration/diffusion overpotentials 

ηconc. The total overpotential reduces the final voltage of the cell, being a 

function of the current density j 

VSOFC = Er − ηact(j) − ηohm(j) − ηconc(j)                     (3.12) 

The cell resistance of an electrolyte–supported SOFC is governed mainly 

by the Ohmic type overpotentials, which depends mostly on the cell temperature. 

In this work, the SOFC temperature is assumed constant. Hence, the polarization 

overpotential is constant and is represented by the area specific resistance of the 

cell (ASR) 

 VSOFC = Er − ASR(j)                            (3.13) 

Faraday’s Law, Eq. (3.14), describes the maximum current that a SOFC 

generates. Assuming the electrochemical oxidation of H2 and the internal 

reforming of CH4 and CO: 

ISOFC = 2 ∙ F ∙ Nfuel ∙ Uf                             (3.14) 

Nfuel = 2 ∙ NH2
+ 8 ∙ NCH4

+ 2 ∙ NCO  (3.15) 

where the Nfuel [mol.s–1] is the moles of reactants on SOFC, and Uf is the 

fuel utilization for the requirements of an excess of fuel to avoid Ni oxidation. 
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The current density result: 

   jSOFC =
ISOFC

ASOFC
                                                  (3.16) 

where ASOC is the area of the stack. The oxygen usage is calculated 

considering that each mole of oxygen transfers four moles of electrons: 

O2usage =
ISOFC

4F
moles s−1   (3.17) 

The power of the SOFC is calculated by: 

PSOFC = VSOFC ∙ ISOFC                                  (3.18) 

From the energy balance Eq. (3.19) describes the heat generated by the 

SOFC, where ∆ℎ𝐶𝐻4
, ∆ℎ𝑊𝐺𝑆 are the reaction enthalpies of the SOFC anode 

heterogeneous reactions respectively, methanation and water gas shift reaction; 

the term ηSOFC*I is the heat generated by the cell overpotential, which is equal to 

the ASR times the current I [kW]. The enthalpy of the oxidant flow rate (in 

general air), Δhox, fed to the SOFC cathode, acts as temperature regulator 

removing the excess heat from the SOFC. Ṅ is mol flow rate of the chemical 

species: 

Ṅmol,ox ∙  ∆hox = Ṅmol,H2
∙  T∆S + (Ṅmol,CH4

∙ ∆hCH4
+ Ṅmol,CO ∙ ∆hWGS + ηSOFCI)         (3.19)  

3.3.2 Exergy Analysis of System 

The exergy analysis estimates the work obtained from the SCWG–SOFC 

system and determines the components where the exergy destruction and losses 

take place. 

The exergy balance [171] of the SCWG–SOFC at steady state is 

represented by Eq. (3.20). The exergy enters the system with the biomass. The 

system is well insulated; in this regard, there is no exergy transfer accompanying 

heat transfer (except by the GUP), and the SOFC generates power: 

0 = −Er + ∑ ṁiefii − ∑ ṁeėfe − Ėde    (3.20) 

where Ėd is the rate of exergy–destruction within the system, efi is the total 

specific flow exergy at inlet i, and efe is the specific flow exergy at exit e. 

ėf = h − h0 − T0(s − s0) + e̅ch                 (3.21) 
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where h and s represent the specific enthalpy and entropy, respectively, at 

the inlet or exit under consideration; h0 and s0 are the properties at the reference 

conditions T0, p0 

The chemical exergy for an ideal gas mixture at T0, p0, is given by: 

e̅ch = ∑ yie̅i
ch + R̅T0 (∑ yilnyi

j
i=1 )

j
i=1                (3.22) 

where ēich is the chemical exergy for each gas component i, and yi denotes 

the mole fraction of component i in the mixture. 

3.3.3 Efficiencies 

Eq. (3.23) defines the net electrical efficiency of the power plant ƞel, where 

PSOFC is the electricity generated by the SOFC stack (kW), PBOP is the total power 

consumption of auxiliary components, including compressors and pumps (kW); 

biomassm
 is the mass flow of the biomass fed into the system (kg s–1); LHV (dry) 

biomass is the lower heating value of the biomass on a dry basis (kJ kg–1). 

ηel =  
ṖSOFC−ṖBOP,sys

ṁbiomass×LHVbiomass
   (3.23) 

The exergy efficiency ηex–sys is the ratio between the power generated in 

the SOFC exergy minus the BOP of the system and the exergy in the biomass. 

ηex−sys =
ṖSOFC− ṖBOP,sys

ṁbiomass×Exbiomass
   (3.24) 

The CGE is the ratio of the total amount of carbon in the gas phase divided 

to the total amount of carbon in the feedstock, where NC is the mole of carbon. 

CGE =
ṄC.syngas

Ṅ𝐶,biomass
     (3.25) 

3.3.4 Aspen Model 

Figure 3.3 illustrates the Aspen model of the SCWG–SOFC system. The 

equation of state Peng Robinson is applied in the Aspen model because it is more 

favorable for describing thermodynamic behavior at temperatures above the 

critical point of water. The SCWG model utilizes processes with solids according 

to the procedure presented in Ref. [172], represented by the reactors DECOMP 

and SCWG. The SCWG product gas composition at thermodynamic equilibrium 

is calculated by applying the Gibbs free energy minimization method using the 

Gibbs Reactor in Aspen PlusTM. The gasifier at nonthermodynamic equilibrium 
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uses the RYield Reactor in Aspen PlusTM. The gas upgrading unit (GUP), 

modeled by the HPFLASH and LPFLASH, separates the unconverted 

components from the gas, which are water–soluble (acetic acid as a representative 

component for the present models). 

The present SOFC model was built based on the work of Tanim et al. [173], 

Zhang et al. [174], and Tanim et al. [175]. Gibbs reactor REFOR describes the 

heterogeneous reaction WGSR, the electrochemical oxidation of H2 with the 

Gibbs reactor ANODE–1. The heat and power produced by ANODE–1 is 

calculated by applying a calculator block; the total value describes the POW–

HEAT stream. The air flow rate represented by the C–AIR stream carries the heat 

generated in ANODE–1, calculated by Eq. (18). The stream HEAT–CAT takes 

the heat to the CATH, modeled as a Flash in Aspen. The C–AIR flow rate changes 

to maintain the SOFC system isothermal at 850ºC. The molar flow rate of stream 

O2 is calculated by Eq.(16). 

 

Figure 3.3. Aspen Plus process flow diagram of the supercritical water 

gasification (SCWG)– solid oxide fuel cell (SOFC) system. 

3.4 Results and discussion 
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3.4.1 Model Comparison 

 

Figure 3.4. Product gas composition compared with reference gas product 

concentration at reactor temperature 450°C, pressure is 25 MPa, 6.7 wt.% 

moisture content at thermodynamic equilibrium (TE) and at 

nonequilibrium.  
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Table 3.2. Comparison of the simulation results of the supercritical water 

gasification (SCWG)–solid oxide fuel cell (SOFC) system with the data 

obtained from reference 

Parameter   

Facchinetti 

et Al. [92] Present work 

SCWG       

Feedstock composition (C, H, O, N) 51.1, 5.8, 42.9, 0.2 

Dry biomass concentration  wt.% 80 

Pressure bar 300 

Temperature ºC 400 

Syngas chemical composition m.%   
H₂  1.5 1.7 

CH₄  33.6 44.7 

H₂O  34.3 10.1 

CO₂  30.6 43.5 

CO  – 0.0 

SOFC    
Pressure bar 1.0 1.0 

Temperature ºC 800; 850 850 

Fuel utilization  0.7; 0.8 0.8 

SOFC efficiency % 62.2 58.2 

SCWG–SOFC    
Net electrical efficiency % 49.5 50.3 

Exergy efficiency % 47.8 47.8 

Figure 3.4A compares the SCWG syngas composition reported by the 

experimental work of Boukis et al. [139] with the calculated gas composition at 

thermodynamic equilibrium, temperature 450ºC, 25 MPa, 6.7 wt.% dry biomass 

concentration. The difference in gas concentrations might be due to the 

experimental results presented by Boukis that gives a CGE of 45.8%; this 

generally occurs in SCWG real systems due to the natural constraints [176], 

according to Yakaboylu et al. [144]. The CGE is the most essential additional 

constraint that might affect the gas composition. The presence of CO at 

temperatures lower than 500 ºC is the result of the insufficient residence time to 

complete the water gas shift reaction [160]. 
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Table 3.3. Ultimate analysis of fecal sludge  

Ultimate Analysis (wt.%–dry basis) 

H  6.3 

C  42.96 

N  2.36 

S  0.10 

O (by difference)  35.78 

Ash  12.50 

Moisture (%)  85–95 

Energy content LHV (dry), (MJ/kg)  16.84 

Table 3.4. Gasifier and solid oxide fuel cell (SOFC) stack parameter and 

operating conditions 

Parameters and Operating Conditions 

Supercritical water gasification 

(SCWG) 

   

Reaction temperature 

Reaction pressure 

Dry biomass flow rate 

°C 

MPa 

g/s 

 500–600 

25 

0.56 

Dry biomass concentration wt.%  20 – 5 

HP – LP flash pressure [177] 

HP – LP flash temperature [177] 

Pump efficiency [178] 

bar 

°C 

% 

 10 – 1 

100 – 25 

80 

SOFC    

Number of cells 

Area of a cell 

– 

m2 

 371 

0.01 

Fuel Utilization Uf –  0.65 –0.95 

Current Density A/m2  2000 – 2500 

Cell Resistance [179] Ωm  5e–5 

Operating Temperature °C  850 

Operating Pressure 

DC–AC inverter efficiency 

Fuel compressor isentropic 

efficiency[180] 

Air compressor isentropic efficiency [180] 

Minimum approach temperature 

bar 

% 

% 

% 

K  

 1.013 

95 

82 

82 

10 



Chapter 3                                                        Energy Production from Wet Biomass 

 

65 

 

The simulation results of the SCWG–SOFC system are compared with the 

simulation data reported by Facchinetti et al. [92]. Table 3.2 gives the input 

parameters and the results. The syngas chemical composition, in dry basis, is 

comparable in both works. The different operating conditions of the GUP result 

in a higher content of H2O on the syngas composition presented by Facchinetti, 

operating the GUP at 70 and 1–6 bar. Whereas in this work, the operating 

pressures are 10 and 1 bar. In general, the SCWG–SOFC system performance has 

a good agreement with the reported value. 

3.4.2 Analysis of the Process Parameters on SCWG–SOFC system 

This section presents the results of the thermodynamic analysis of the 

proposed system. The impact of temperature and biomass moisture, SOFC fuel 

utilization, and CGE on system performance is investigated. The feedstock used 

for this analysis is fecal sludge. Table 3.3 gives the ultimate analysis. Table 3.4 

gives the SCWG and SOFC operating conditions. 

3.4.3 Fuel Utilization and Biomass Moisture Content  

The product gas at thermodynamic equilibrium, temperature 500 and 

600ºC and 250 bar is illustrated in Figures 3.4B and C. The significant increment 

of H2 and reduction of CH4 concentrations at biomass water content higher than 

85 wt.% are noticeable. Figure 3.5 shows the net electrical and exergy efficiency 

of the SCWG–SOFC system as a function of SOFC Uf (fuel utilization) and 

biomass moisture content. 

 

Figure 3.5. Efficiency of the supercritical water gasification (SCWG) solid 

oxide fuel cell (SOFC) system as a function of Uf  and biomass moisture 

content. 
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The system net electrical efficiency is maximum at higher Uf and low 

biomass moisture content. Uf variation from 0.65 to 0.95 changes the net 

electrical efficiencies from 56 to 72% at moisture content 80 wt.%, and from 13.4 

to 46% at 95 wt.%. Higher Uf generates additional power and heat in the SOFC, 

and the heat efficiently preheats the air and fuel inlet streams. Also, high Uf 

reduces the fuel fed to the PSC, and thus the exhaust gases that preheat the 

feedstock entering the SCWG, leading to lower exergy destruction, because of 

the reduction of the temperature difference between the streams. The highest net 

electrical efficiency and exergy efficiencies of 72 and 59%, respectively, are 

obtained at 80 wt.% moisture, Uf 0.95. The efficiencies decrease significantly to 

46 and 39% at 95 wt.%, since extra heat is required to maintain the reaction 

temperature, due to the significant increment of water fed to the system. 

For lower moisture content in the biomass, the SOFC off gas, after 

combustion, provides enough heat for gasification but at the expense of reducing 

SOFC Uf to 0.65 and consequently decreasing the SOFC power generation. On 

the other hand, the hot syngas efficiently preheats biomass by the recovery of the 

high–quality heat produced in SCW. The higher moisture in the biomass favors 

the H2 production. However, the influence in the chemical exergy is minor; at 95 

wt.%, the chemical exergy of syngas after the GPU reaches 9,499 kW and 

decreases to 9,342 kW at 80 wt.%. 

Figure 3.6A illustrates the contribution of each process unit in the exergy 

destruction at 80 and 95 wt.% biomass moisture. The most significant 

contributions are from SOFC–air preheater, SCWG, gas GUP, and fuel preheater. 

The total exergy destruction is higher in the case of higher biomass moisture 

content at 95 wt.% because of the significant increase in exergy losses in the 

SCWG. The SCWG exergy destruction increases from 1,054 kW at 80 wt.% to 

2,335 kW at 95 wt.%. The high exergy destruction in the SCWG is principally 

caused by variations in the thermochemical exergy. The chemical exergy has a 

lower influence (changes from 9.3 MW at 80 wt.% to 9.5 MW  at 95 wt.%; Figure 

3.9. Irreversibilities in the SOFC–air processing and fuel processing are 

associated with the heat transfer between the high– and low–temperature fluids 

in the heat exchangers. Exergy destruction in the air compressor and pumps is 

considerably lower. Exergy loss occurs in the GUP (Figure 3.2) due to heat 

transfer. The water separation is an endothermic process, and thus heat is 

transferred from the HP flash to the surroundings. LP flash operates at ambient 

temperature, 25ºC, and the exergy loss is negligible. The exergy destruction in 

the fuel–processing unit is higher at 95 wt.%, 1,153 kW when compared to 390 
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kW at 80 wt.%. Higher water flow rate at increased biomass moisture increases 

significantly the thermochemical exergy in the fuel streams and, hence, the 

exergy destruction in heat exchangers. 

Figure 3.6. Exergy destruction attribution of each section to the total 

exergy loss as a function of: (A) 80 wt.% and 95 wt.% biomass moisture (B) 

gasifier temperature (C) Uf in supercritical water gasification (SCWG)–

solid oxide fuel cell (SOFC) system at 95 wt.%. 

Figures 3.6c and d shows the contribution of each process unit in the total 

exergy destruction of the combined system at 80 and 95 wt.% biomass moisture 

as a function of the Uf. The total exergy destruction of the combined system 

decreases with increasing Uf. The exergy destruction in the SCWG has almost no 

influence on the Uf. But the exergy destruction in the SOFC–air preheater 

increases with increased Uf because higher fuel utilization increases the heat 

produced by the SOFC. Thus, the more heat carried out the by air stream, the 

more power required to drive the air compressor CM2. Besides, the increase in 

air flow rate increases the exergy destruction in the air preheater heat exchangers, 

since the SOFC cathode air is recirculated and fed to the PSC (Figure 3.2). The 
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exergy destruction in the SOFC increases slightly at increased Uf as more fuel is 

processed. On the contrary, the exergy destruction in the PSC, fuel–preheater, 

and GUP decreases with increasing Uf. Higher fuel utilization reduces the fuel 

combusted in the PSC, hence, the stream available for fuel–preheater has less 

difference in temperature, and thus less exergy destruction. Similarly, the 

temperature of the stream fed the GUP is low and thus lower exergy destruction 

accompanying heat transfer. The exergy destruction in the SOFC at 95 wt.% at 

increasing Uf is lower than that at 80 wt.%. The higher concentration of H2 at 

higher moisture content increases the thermochemical exergy and reduces the 

exergy destruction. 

The PSC produces heat at high temperature and at low Uf, which results in 

high exergy destruction in heat exchangers, affecting the performance of the 

SCWG–SOFC combined system. The integration of the system, operating with 

biomass moisture lower than 90 wt.%, with bottoming cycles to recover the heat 

is a subject for further simulations. 

3.4.4 Heat Recovery on the System Efficiencies 

The energy and exergy efficiency strongly depends on the heat recovery 

from the product gas generated in the SCWG. The heat exchanger HX2 recovers 

the heat from the stream GAS–PRO by heating the feed to the SCWG. The 

temperature of the hot stream SYNGAS2 reflects the amount of heat recovered 

(Figure 3.2). According to the design presented in the work of Fiori et al. [181], 

the temperature of the stream SYNGAS2 maintains the vapor fraction equal to 

one at 350ºC. While in the work of Feng et al. [147], the liquid fraction of the 

stream SYNGAS2 is equal to one at 100ºC. In this work, the estimation of the 

minimal temperature of SYNGAS2 depends on the process heat available. Figure 

3.7 shows the influence of the SYNGAS2 temperature on system efficiency. At 

80 wt.% biomass moisture, the maximum heat recovered is at SYNGAS2 

temperature 278ºC, reaching energy and exergy efficiency of 65 and 53%, 

respectively. At higher SYNGAS2 temperature (375ºC), less heat is recovered 

and the efficiencies decrease to 31 and 27%. At 95 wt.%, the minimum 

temperature is 137ºC, at high moisture, there is less process heat available. Higher 

SYNGAS2 temperature than 137ºC makes the combined system no longer 

energetically sustainable since the system requires additional external heat for 

fuel preheating. 



Chapter 3                                                        Energy Production from Wet Biomass 

 

69 

 

 

Figure 3.7. Influence of the heat recovery on the supercritical water 

gasification (SCWG) solid oxide fuel cell (SOFC) efficiency 

3.4.5 SCWG operating temperature  

The variations in the efficiencies of the combined SCWG–SOFC system 

with the SCWG operating temperature and biomass moisture are presented in 

Figure 3.8 (at Uf 0.85). The exergy and net electrical efficiencies decrease when 

the operating temperature increases, since high operating temperature increments 

the heat demanded by the gasifier, while the chemical exergy of the product gas 

slightly increases. At 80 wt.%, the energy and exergy efficiencies reach a 

maximum of 65% and 54%, respectively, at 500ºC. These are significantly higher 

than the efficiencies at 95 wt.%, 44 and 37%. The combination of high moisture 

and high temperature considerably reduces system efficiency. At operating 

temperatures higher than 650ºC and 95 wt.% the system is not self–sustainable. 

The power generated by the SOFC is significantly lower than the total power 

consumption by the auxiliary components of the system due to the high energy 

demanded by the SCWG. 

Figure 3.9 illustrates the variation in the heat needed by the SCWG and the 

chemical exergy variation of the product gas as a function of the gasifier 

temperature and biomass moisture. The chemical exergy of the product gas 

slightly increases with the temperature at 80 and 95 wt.%. The SCWG is, to some 

extent, exothermic at lower temperature and low moisture. Since the exothermic 

reactions (3) and (4) are favourable, the gasifier requires less heat. The gasifier 

generates 0.5 MW of heat at 500ºC and 80 wt.%. The heat demanded by the 

gasifier slightly increases with the temperature. At higher moisture levels, the 

gasifier is very endothermic. The heat needed by the SCWG at 95 wt.% and 500ºC 

increases to 2.2 MW and significantly increases with temperature to 5 MW at 

700ºC. At high moisture levels, the endothermic reactions (1) and (2) dominate, 
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and because of the high moisture levels, the gasifier requires a higher amount of 

heat. 

 

Figure 3.8. System efficiency as a function of the gasifier temperature at 80 

and 95 wt.% moisture 

 

 

Figure 3.9. Supercritical water gasification (SCWG) heat needed and 

chemical exergy of stream SYNGAS as a function of the gasifier temperature 

Figure 3.7B shows the effects of SCWG temperature on the irreversibilities 

in the primary process units of the SCWG–SOFC combined system and their 

contributions to the total exergy destruction at Uf 0.85. Higher temperatures 

increase the heat demanded by the gasifier; hence, the total exergy destruction in 

the system increases. The exergy destruction in the SOFC air–preheater accounts 

for the most substantial amount. The high temperature increases the H2 

production, increasing the heat carried by the air stream. This increases the air 

flow rate and thus the thermochemical exergy and exergy destruction in the heat 

exchangers. Consequently, the exergy destruction in the PSC increases as well. 

The increased temperatures in the gasifier rises the exergy destruction in the GUP 
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since the product gas fed to the GUP has a higher thermochemical exergy. On the 

other hand, the exergy destruction in the SOFC decreases with the increased 

gasifier temperature. High temperature favors an increment of H2 and decrement 

of CH4 in the gas product. Higher production of H2 in the gasifier reduces the 

requirement of heat in the SOFC for the endothermic CH4 internal reforming 

reaction. Thus, more heat is available in the SOFC to be utilized for air and fuel 

processing. 

3.4.6 CGE of SCWG  

Figure 3.10 shows the net electrical efficiency of the SCWG–SOFC as a 

function of Uf at gasifier CGE of 40% (non–thermodynamic equilibrium) and 

CGE of 100%. The non–equilibrium process parameters are selected from 

available experimental data of SCWG of biomass, taking into account the 

projection to industrial application and considering the current technical and 

catalytic limitations to build a reactor. Dry biomass content is 15 wt.%, 600°C, 

25MPa. The gas concentration and CGE are assumed the same as the ones 

reported in the work of Lu et al. [166] (Table 3.1). 

 

Figure 3.10. System net electrical efficiency as a function of the Uf at 

different gasifier carbon gasification efficiency (CGE). 

At nonequilibrium, the efficiency reaches 29 to 40% at Uf 0.65–0.95, 

which is significantly lower compared with the equilibrium calculations. The 

main reason is the low CGE of the SCWG, in the order of 40%, resulting in a 

high amount of unconverted biomass discharged in the GUP. 

The net electrical efficiency is in the order of 44 to 65% at thermodynamic 

equilibrium and the SOFC operating at Uf varying from 0.65 to 0.95. According 

to experimental results from the literature, gasifier operating temperatures higher 
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than 600°C can improve the CGE at dry biomass around 15 wt.%, but materials 

restriction is still an impediment [158]. Besides, the CGE at 600°C with the 

support of a catalyst can be close to 100% at dry biomass lower than 5 wt.%, but 

the gasifier requires careful design to avoid low conversion. This work finds a 

system efficiency of 14% at 95 wt.%, 600°C, Uf 0.85, (Figure 3.9). In spite of the 

low efficiency, if a complete conversion of biomass can be achieved at moisture 

95 wt.%, it represents an advantage. The gas product rich in H2O at SCW 

conditions is a valuable product. It can be integrated with a bottoming cycle and 

recover the thermochemical exergy of the product. 

3.5 Gasifier–SOFC System Performance Comparison 

3.5.1 SCWG–SOFC Combined System 

The work of Toonssen et al. [91], SCWG of 20 wt.% (dry) manure content, 

at 600°C and 24 MPa, reported a net electrical efficiency of the order of 50%. 

The gasifier is at equilibrium and 100% CGE; however, this is not yet possible to 

achieve with current technology at dry biomass content higher than 10 wt.%. 

3.5.2 Competing Technologies 

Table 3.5 gives the necessary data of the SCWG–SOFC integrated system 

compared with the results of a dryer–plasma–assisted two–stage gasifier–SOFC–

micro steam turbine (MST) combined system, as both systems are developed for 

similar purposes (production of electricity with high efficiency from wet biomass 

streams). According to thermodynamic calculations, the combination of a 

superheated steam dryer and plasma–assisted two–stage gasifier–gas cleaning 

unit (GCU)–SOFC–MST [169] gives a net electrical efficiency of the order of 

50–65%. The system is fed with biomass at 60 to 92 wt.% moisture. The syngas 

contains a higher amount of H2 and CO and a lower amount of CO2 than the gas 

product in SCWG. The gasifier is at equilibrium, and 100% of the carbon is 

gasified. The cold gas efficiency, which is the chemical energy of the syngas as 

a proportion of the chemical energy of the biomass and energy input to the 

gasifier, is 88%,.  

Thermodynamic calculations and experiments demonstrate that a CGE 

near 100% is possible with a plasma–assisted two–stage gasifier. The gasifier 

receives additional energy from the plasma torch. The moisture content of the 

biomass, higher than 90 wt.%, is not a barrier to reach system efficiency higher 

than 50%, with the application of an efficient dryer unit. The integrated system 

constituted with a drier, plasma–assisted two–stage gasifier, GCU, SOFC, and 
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MST is relatively complex and needs further technology development and 

experimental demonstration. 

Table 3.5. Key data and results from supercritical water gasification 

(SCWG) ̶ solid oxide fuel cell (SOFC) 

Process SCWG–SOFC   

plasma–assisted 

two–stage gasifier–

SOFC–MST [169] 

Reactor FBR NA 

Temperature (°C) 600 950 

Pressure (bar) 250 1.013 

Dry biomass flow rate g/s 0.56 0.56 

Concentration (wt.%) 15 15 

Gas composition (vol.%)   

H2 29 56 

CH4 3 0 

CO 36 39.5 

CO2 32 3.16 

Carbon gasification (%) 40 100 

Cold gas efficiency (%) 46 88 

Carbon concentration in water soluble 

solvent >50% 

 

0 

Energy biomass input [kW] (LHVdry) 9.43 9.43 

SOFC net power production [kWel] 3.6 6.4 

SOFC fuel utilisation Uf 0.65 – 0.95 0.5 

Energy auxiliary components [kWel] 0.2 0.54 

Net electrical efficiency (%) 29 –40 63 

In contrast, the limited results available from SCWG thermodynamic 

calculations or experiments demonstrating the possibility to reach a CGE near 

100% utilizing real biomass at dry biomass content higher than 10 wt.%. High 

CGE is only possible to achieve at dry biomass content lower than 10 wt.%. 

However, the SCWG–SOFC is not energetically suitable at this concentration. 

Furthermore, the product stream contains relatively high CO2 (>20 vol%). The 

generation of high amounts of water–soluble compounds (>40 wt%) at dry 

biomass higher than 10 wt.% is responsible for the significantly low system 

efficiencies.  
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However, this study reveals that the optimal combination of the operational 

conditions of the SCWG–SOFC system could make the integrated system more 

competitive. The process streams may combine thermal power plants. Besides, 

an advantage of the SCWG is the production of a stream rich in steam at high 

temperature and pressure; the energy of this stream can be recovered with more 

efficient methods. In the current system, this energy is not recovered entirely due 

to heat transfer limitations, which also influence the efficiency of the system. The 

products generated in the real SCWG gasifier, CO2, steam, and water–soluble 

compounds could be utilized in different processes, for example, the 

electrochemical reduction of CO2 and H2O into CO, H2, and O2 when excess 

electrical energy is available [182]. The reforming or partial oxidation of the 

water–soluble compounds is also a possibility to produce more useful products. 

Those are methods that may make both systems appear as appealing but face 

challenges. 

3.6 Conclusions 

A thermodynamic model is developed in Aspen PlusTM to evaluate the 

performance of the SCWG-SOFC combined system. The gasifier model is 

considered first at thermodynamic equilibrium and subsequently at 

nonequilibrium. The model assesses the effect of several gasifier operating 

parameters and the SOFC Uf on the net electrical and exergy efficiencies, as well 

as on the total and process unit wise exergy destruction. 

The SCWG operating parameters varied are temperature, biomass 

moisture, residence time, and the percentage conversion of biomass in the 

gasifier. Thermodynamic equilibrium simulation of SCWG assuming a CGE is 

equal to 100% results in higher system efficiency. However, near 100% 

conversion of real biomass into a gas product in SCWG is only possible at solid 

contents lower than 10 wt.% at temperatures higher than 500ºC and long 

residence times. However, due to the operating conditions, there are material 

limitations and difficulties in the reactor construction. Besides, at low solid 

content, the remarkably high energy needed to increase the temperature of the 

water reduces the energetic sustainability of the combined system. At 95 wt.% 

moisture, 600°C, 250 bar, Uf 0.85, the net electrical efficiency is 14% at 

thermodynamic equilibrium. Nevertheless, the almost full biomass conversion at 

these conditions make the SCWG product gas suitable for using in bottoming 

cycles as a way to increase the system efficiencies. 
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Dry biomass contents higher than 10 wt.% gives higher net electrical 

efficiency. However, near 100% biomass conversion into product gas is not found 

experimentally for higher dry biomass content in SCWG systems. At these 

conditions, the CGE is around 40%, the combined system net electrical efficiency 

reduces to 29 and 40% at SOFC fuel utilization of 0.65 and 0.95, respectively, 

fed with biomass, with a solid content of 15 wt.% at 600°C and 25 MPa. The low 

conversion of the solid biomass into product gas in a real SCWG and the low 

heating value of syngas (CO2 >20 vol%) are the main reasons for the low net 

electrical efficiency of the SCWG- SOFC systems. The product gas composition 

of the SCWG reactor is from reported experimental data, where the gasifier has 

not reached thermodynamic equilibrium. On the contrary, at thermodynamic 

equilibrium, the system reaches a higher net electrical and exergy efficiency of 

63 and 52%, respectively, at Uf = 0.85 for the SOFC and 600ºC and 25 MPa in 

the gasifier for a dry biomass content of 20 wt.%. The SOFC-air preheater causes 

the highest exergy destruction. The lower moisture results in excess 

thermochemical exergy available in the system for using in bottoming cycles, and 

this could improve the system efficiency. 

A potential exists for improving the gasification process by employing a 

suitable catalyst and increasing the residence time and materials quality, and so 

on. Such improvements, though not easy to achieve, might lead to efficient 

gasifiers and efficient systems. On the other hand, the variation of operational 

parameters such as biomass moisture content, SCWG operating temperature, 

SOFC fuel utilization generates process stream. That has a high potential for its 

integration with other processes.  Thus, in spite of the engineering limitations of 

the SCWG, the performance of the combined system can be improved. In this 

regard, the product gas rich in steam and CO2 obtained at high biomass moisture 

in the gasifier can be integrated with an electrochemical process to produce fuel. 

While at low biomass moisture, the high heat produced combined with bottoming 

cycles, such as thermal power plants, is a route to improve the system 

performance. The water-soluble compounds generated in the SCWG process, 

being useful by-products, might also increase the competitiveness of real SCWG 

syste
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SCWG – rSOC system 

 

 

 

 

 

Everything should be made as simple as possible, but not simpler 

(Albert Einstein) 
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4.1 Introduction 

According to previous studies [183] renewable energy will constitute 14% 

of global energy sources worldwide by 2040 under current policies for a faster–

growing energy source than oil or natural gas [184]. As a result, the price of 

renewable electricity is falling globally and is already quite low in some areas; 

for example, it is 13.5 USD MWh–1 in the United Arab Emirates [185]. However, 

renewable energy sources such as wind and solar are intermittent. Therefore, 

there is a need for development of efficient energy storage solutions. 

A high–temperature electrolysis process utilises electricity and heat to 

produce hydrogen (or syngas) from steam and CO2, which can be used directly 

as a fuel, or raw material for production of other synthetic fuels. Any process that 

generates a high concentration of steam or CO2 is a potential source of these 

reactants for electrolysis. The electricity and heat required for the electrochemical 

reaction may come from sources such as solar, wind, industrial process waste 

heat, geothermal, or nuclear energy.  

Solid oxide fuel cells (SOFC) are high efficiency devices used to produce 

electricity directly from fuels by electrochemical oxidation, without NOx 

production. For stationary power generation, SOFC–GT (gas turbine) combined 

cycles are the systems with the highest efficiency [187]. At present, SOFC 

technology has reached high TRL (Technological Readiness Level) levels (8 or 

above), prompting various companies to offer SOFC products, Solid Power, 

Sunfire, etc. [188].  

A combination of SOEC and SOFC systems can be used to convert 

renewable electricity to synthetic fuels, and later utilise these fuels to produce 

electricity again; thus, acting like a renewable energy storage system. In the 

recent years, there has been increasing research on the concept of reversible solid 

oxide cells (rSOC). The main advantage of this concept is that the same SOC 

device can operate both in fuel cell (FC) and electrolysis (EL) mode, and in some 

cases, the same balance–of–plant (BOP) component can also be used in both 

modes. This reduces the capital cost of such a renewable energy storage system, 

while retaining the high efficiency benefits of SOC systems.  

Some researchers have studied the integration of biomass gasification with 

SOEC systems. Sigurjonsson et al. [73] investigated the integration of rSOC with 

biomass gasification for hydrogen or power generation. The system reaches an 

efficiency of 46% for fuel production from biomass with a moisture content of 

45 wt.%. Clausen et al. [189] examined the combined gasifier and pressurized 
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SOEC system. The energy efficiency achieved was 84% for syngas production 

from wood pellets. In another research, Anghilante [190] proposed the upgrading 

of bio–syngas through steam electrolysis and catalytic methanation achieving an 

energy efficiency in the range of 78.5–81.8%. Ali et al. [191] investigated straw 

biomass gasification and SOEC combined system for methanol production. The 

system reaches an energy efficiency of 72.08%, at a biomass moisture content of 

7.9 wt.%. Yi et al. [192] analysed and optimized a biomass–fuelled 

polygeneration system for electricity, hydrogen, and freshwater generation. The 

system combined a Rankine cycle, a multi–effect desalination, and a solid oxide 

electrolyser and achieved a total exergy efficiency of 17.64%. Habibollahzade et 

al. [193] analysed and optimized the integrated hybrid biomass–based solid oxide 

fuel cell/solid oxide electrolyser cell/gas turbine using different gasification 

agents. The system achieves an exergy efficiency of 45.25% for power and 

hydrogen production. For the systems mentioned above it is difficult to compare 

the efficiencies since for poly–generation systems the definition of efficiency 

requires a different approach. 

According to the literature review, the integration of gasification 

technology with SOEC technology combines the advantages of the two.  Heat 

integration improves thermal performance. The oxygen by–product of 

electrolysis acts as a gasifying agent. Therefore, the fuel is produced with high 

energy efficiency > 70%  [189], [190], [191]. However, the efficiency of fuel and 

power production in the poly–generation system reduces to < 50%  [192], [193]. 

There is a lack of studies on highly efficient fuel and/or power generation using 

wet biomass feedstock. The integrated systems analysed are limited to 

conventional biomass with a moisture content lower than 10 wt%. Higher 

moisture in biomass requires an energy demanding dryer unit, reducing the 

efficiency of the systems. It is reflected in the efficiency of 46% found in the 

work of Sigurjonsson et al. [73].  

SCWG is a process that converts wet biomass into combustibles with 

useful minerals as by–products [194]. A separation system can easily recover the 

minerals contained in the biomass, given that minerals have low solubility in 

water at supercritical conditions. A gas cleaning unit at temperature > 374°C, and 

pressure > 221 bar recovers the salt [195], [196]. The addition of a ZnO bed in 

the SCWG reactor enables sulphur removal [197] [139]. Hence, the product gas 

is relatively clean to feed a SOC without causing degradation of the SOC anode. 

This process operates at relatively low temperatures between 400°C and 600°C 

and pressures above 220 bar. The variation of thermo–physical properties of 
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supercritical water (SCW) significantly influences the heat transfer and the 

biomass gasification [198,199]. The main advantage of SCWG is that it does not 

need an energy–intensive biomass–drying step since it uses water as both the 

reactant and the reaction medium.  

Table 4.1.  Fuel and power SCWG combined system    

    

Integrated System P 

bar 

T 

°C 

con. 

wt.

% 

η 

% 

ηex 

% 

Prod. Ref. 

SCWG–SOFC–GT 250 600 21.5

2 

50 50 Power [91]  

Hydrothermal 

gasification–Catalytic 

fixed–bed gasific 

SOFC–RNK–FP–GT 

300 350–

450 

20 63 60 Power [92] 

SCWG–direct 

expansion in a gas 

supercritical turbine– 

combined cycle. 

250 650 25 54.3

8 

 Power [210] 

Solar SCWG – SMR 240 605 25 45 45 syngas [204] 

SCWG–syngas 

chemical looping 

(SCL)–power 

generation 

 650 15 73  Power

+ H2 

[207] 

Solar SCWG – SMR 240

–

250 

590–

605 

13–

15.4 

81.2

6 

50.3

1 

syngas [202] 

SCWG – syngas 

separation Rankine 

cycle 

250 650 20 

8 

 89.1

8 

20 

Power

+syng

as 

[2] 

The SCWG technique is still not widely commercialised and needs some 

research and development because it is hindered by high operating costs and 

multiple engineering challenges. Nearly 100% conversion of biomass 

(minimization of char formation) into syngas requires  high temperatures (> 

600°C without catalyst), feasible residence time and  low feedstock concentration 

[200],  [201], [157]. The thermodynamic efficiency is affected by high energy 

requirements, which requires a heat recovery system  [201]. The resulting gas 
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contains high concentration of steam and CO2. Chen et al. [1] suggested 

increasing the system capacity, feedstock concentration, improving the heat 

transfer efficiency and energy recovery, etc. to contribute to the reduction in 

hydrogen production cost and the improvement in the thermodynamic efficiency. 

Table 4.1 shows the operating conditions and performance of several 

integrated SCWG systems for fuel and/or power production. The energy 

efficiency reached by these systems is in the range of 50 to 82%. The feedstock 

concentration is between 13% and 25%. Thermal efficiency and CGE (cold gas 

efficiency) are favoured at feedstock concentrations > 10 wt.%  [43], [202] 

because of the higher CO and CH4 content in the syngas [203]. But the exergy 

efficiency decayed due to increased char formation [204], [202]. In this regard, 

high feedstock concentration harms the gasification, since water influences the 

physics and chemistry that determines supercritical water gasification [205], 

[206]. It is demonstrated nearly complete gasification of 99.2% CE (carbon 

gasification efficiency) at feedstock concentration of 9 wt.% chicken manure at 

620°C [43]. On the contrary, the high moisture content leads to a high energy 

requirement for increasing the temperature to supercritical conditions, 

substantially reducing the exergy efficiency. Chen et al. [2] reported a decrease 

in the SCWG exergy efficiency from ~90% at 20 wt.% biomass to ~20% at 8wt.% 

biomass. Thus, a trade–off between complete gasification and thermal efficiency 

is required. 

 The SCWG product gas, with high exergy, contains a high amount of 

steam, which is usually condensed out (gas upgrading unit) before utilisation of 

the gas as fuel. The systems indicated in Table 4.1 recover the exergy of the 

product gas, before entering a gas upgrading unit, with a HE (heat exchanger) or 

with chemical looping (oxy–fuel combustion using a solid–state oxygen carrier). 

These units recover the sensible heat of the product gas to recirculate in the 

process. Ajiwibowo et al. [207] uses chemical looping in co–production of H2 

and recovers the heat for power generation. The system reaches an energy 

efficiency of 73%. Chen et al. [2] uses a HE for heat recovery and power 

generation. The HE recovers most of the sensible heat of the gasification product 

gas. The heat recovered pre–heats the water entering the SCWG and heats the 

water that feeds a Rankine cycle. The system reaches an exergy efficiency of 

89.18% at 20 wt.% biomass (80 wt.% water) but reduces to 20% at 8 wt.% 

biomass. The exergy destruction of the energy recovery  units accounts for a 

significant fraction of the total  exergy destruction in the system [2], [202]. Guo 

et al. [208] presented direct mass transfer system as an alternative to the HE. The 
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highest exergy efficiency, around 90%, is reached at feedstock concentration of 

70.6 wt.% biomass; at 30 wt.% biomass the efficiency reduces to 30% 

approximately. In addition, the oxygen demand by the system will imply 

additional operation costs.  

The gas upgrading unit negatively influences the overall system efficiency. 

It depends on the high–water content and the inlet gas–product temperature. High 

inlet temperature of the gas upgrading unit results in high waste heat production 

in the system  [204], [209]. The syngas obtained after the condensation still 

contains a high volume of CO2  (22 vol.%, SCWG operating at 420°C, 280 bar)  

[139], which reduces its calorific value. Onigbajumo et al. [202] fed the product 

gas to a reforming reactor promoting, simultaneously, the water gas shift reaction. 

However, the reactors represent 60% of the total exergy destruction of the process 

[202] and [204]. The higher the system complexity the higher exergy destruction. 

It is reflected in the exergy efficiency of 50.31% in the work of Onigbajumo.  

From this perspective, feedstock concentration lower than 10 wt.% can be 

an alternative to address the char formation issue, achieving a high conversion of 

feedstock in SCWG, despite the high energy demand to increase the temperature 

to supercritical conditions. Process integration makes heat recovery feasible and 

reduction of exergy destruction in HE, gas–liquid separation unit and reforming 

reactors, by applying simpler system configuration. In this context, the gasifier 

product gas (salt separation in the gas cleaning unit Temperature > 374°C, 

Pressure > 221 bar [195], [196]), when excess renewable electricity is available, 

can be directly fed to an rSOC in EL mode. The fuel electrode promotes the 

electrochemical reduction of H2O into H2 and O2. It increases the exergy of the 

produced gas and thus the capacity of the system. SOEC anode is able to support 

electrolysis. Additionally, it also supports water–gas shift reaction and 

methanation reaction (the latter at pressurised operation [211]).  

 The combustible gas and the air–based streams release heat during the 

downstream cooling process. This provides the energy required to pre–heat the 

feedstock to supercritical conditions.  Heat is also provided for SOEC air 

preheating. The water content of the product syngas is significantly reduced 

thanks to electrolysis. The high–value syngas generated can be stored for later 

use in the rSOC in FC mode. When there is a deficit of renewable electricity, the 

stored syngas is mixed with the fresh syngas from the SCWG system (after gas 

upgrading), and used in the rSOC in FC mode to generate electricity. 
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The objective of this study is to develop a process design for a combined 

SCWG–rSOC system that significantly increases the system capacity for 

hydrogen production, which could reduce operating costs and achieve high 

thermodynamic efficiency by reducing exergy destruction. The integration 

enables intermittent syngas or power production from wet biomass SCWG. 

Syngas generation from wet syngas generated in SCWG using an rSOC in EL 

mode, and power generation from mixed syngas using an rSOC in FC mode. In 

addition, by aligning with the objectives towards the sustainable development of 

society, this novel system can be a potential solution that addresses a threefold 

need: sustainable sanitation, power generation from wet biomass waste, and 

energy storage.   

To evaluate the performance of the SCWG–rSOC system, process 

simulations were conducted. The efficiency of the combined system in each mode 

was calculated. The effects of several parameters such as biomass moisture 

content, rSOC stack temperature and pressure, and current density on the system 

efficiency were studied. Finally, an exergy analysis was carried out to identify 

the sources of greatest exergy destruction. 

4.2 System concept 

4.2.1 Integration of SCWG with rSOC  

Figure 4.1 shows a feed diagram of the proposed system, in which wet 

biomass is used to feed an endothermic SCWG.  The gasifier generates a steam–

rich gaseous mixture (Line 1, in Figure 4.1) under supercritical water conditions. 

The rSOC stack operating in the electrolyser mode is directly fed with the 

pressure–regulated gaseous mixture coming from (Line 1, in Figure 4.1) of the 

SCWG. Figure 4.2A shows the process heat integration of the SCWG–rSOC EL 

mode. The high–temperature and high–pressure steam and CO2 in the gaseous 

mixture are recovered and electrochemically reduced into H2 and CO in the fuel 

electrode of the SOEC using electricity from the grid, which can be produced by 

solar and/or wind power systems. The heat required for the SOEC can be partly 

obtained from the heat generated by in situ methanation and partly from the heat 

generated from the rSOC losses (cell overpotential). Additional heat can be 

supplied by an external thermal source and process heat. An air stream feeds the 

oxygen electrode and is used as a sweep gas to remove the oxygen generated 

during electrolysis. The air stream is also used as a sink or source of heat for 

exothermic or endothermic SOEC operation. The expander E1 recovers any 

energy from the hot airflow. The SCWG is highly endothermic; heat exchangers 
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are employed to facilitate the heat flow from the high temperature stream to the 

low temperature feedstock. 

After SOEC operation, the unconverted H2O is condensed in separator S1 

upon cooling to remove it from the fuel gas produced in the electrolyser. It is then 

pressurizer and stored in a tank for future use.  

Figure 4.2. Feed system of the SCWG–rSOC process 
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Figure 4.2. Aspen Plus SCWG–rSOC feed system simulation. A) SCWG–

rSOC–EL Mode, B) SCWG–rSOC–FC Mode 
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In the SOFC operation mode, two fuel sources are fed to the fuel electrode 

of the rSOC: the syngas from the SOEC, which is stored in the storage tank (Line 

3 in Figure 4.1), and the fresh syngas from the SCWG (Line 2 in Figure 4.1), 

which is upgraded in a gas/liquid separator (S2) that removes the water from the 

gaseous mixture. The gaseous mixture is pressure–regulated before being fed to 

the SOFC stack, where the process heat preheats the fuel and air streams. Then, 

the gaseous mixture is electrochemically oxidised on the fuel electrode of the 

SOFC, producing electricity, heat, and exhaust compounds. The airflow provides 

oxygen for the electrochemical reactions and regulates the stack temperature, 

removing excess heat. Combustion takes place in the post–combustor (PSC) 

between the high–temperature airflow from the oxygen electrode and the exhaust 

species from the SOFC fuel electrode. Figure 4.2B shows the process heat 

integration of the SCWG–rSOC FC mode. 

Main assumptions of this study are:  

• All processes are in steady–state equilibrium; the system is well insulated 

(i.e. no energy or exergy is lost to the environment from the process units). 

• Low solubility of the inorganic compounds (ash) in supercritical water at 

thermodynamic equilibrium. NH3 and SO2 is transported by water in the gas–

liquid separation units [212]. 

• Co–electrolysis of H2O and CO2 takes place at the fuel electrode of the rSOC 

in EL mode [213], [214].  

• The ASR estimation uses a gaseous mixture of H2O and H2 [215]. 

• External heat supplied to the system is electric heat.  

4.3 Thermodynamics of the SCWG–rSOC system 

4.3.1 Chemical analysis   

Non–traditional biomass feedstocks such as wet animal manures, human 

waste, sewage sludges, food industry waste, aquaculture residues and algae are 

potential feedstock for SCWG. These feedstocks are large renewable residual 

streams, continuously generated. These feedstocks must be treated to guarantee 

the protection of the environment. However, the high degree of heterogeneity in 

the form, composition and water content of biomass is a disadvantage for almost 

all applications [17]. Real biomass is quite challenging due to the complex nature 

containing cellulose, hemicellulose and lignin. For the SCWG, equations (1,2) 

describe the complete conversion of biomass into a mixture of H2, CH4 and CO2, 

where the organic matter of biomass is assumed as C6H12O6 as a representative 
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model biomass compound used to understand the gasification process. Table 2 

shows a sample composition of the biomass. We assume low solubility of the 

inorganic compounds (ash) in supercritical water at thermodynamic equilibrium 

[212]. It is separated in the salt separator unit, Figure 1. 

Table 4.2. Main biomass properties 

Parameters  

Ultimate Analysis biomass (wt.%–dry basis) [216] 

 H 6.3 

 C 49.1 

 N 5.9 

 S 2.0 

 O (by difference)  36.7 

   

Proximate analysis (wt.% dry basis) [216] 

 Volatile fraction (%, db) 46.46 

 Ash (%, db) 49.03 

  

Moisture content (%, fresh weight) 

 

90–95 

 Energy content LHV (dry), (MJ/kg) 16.84 

   

The sulphur content is converted to H2S, while nitrogen content is 

converted to NH3 [177]. The addition of a ZnO bed in the reactor allows the 

removal of H2S [139,197] in the SEP unit described in Figures 2A and 2B. NH3 

is assumed to be transported by water in the SEP 1 and LPFLASH water 

separation units in Figures 2A and 2B, respectively. The temperature, pressure, 

residence time, and amount of water in the biomass all influence the product gas 

composition. Furthermore, hydrogen production is favoured at high temperatures, 

whereas methane generation is facilitated by high pressures [143]. Note that the 

reaction in Equation (4.2) is exothermic and thus contributes to reducing the heat 

required for the gasification process.  

C6H12O6 + 6H2O → 6CO2 + 12H2  ΔH = 360 kJ·mol–1    (4.1) 

C6H12O6 → 3CH4 + 3CO2                           ΔH = –132 kJ·mol–1     (4.2) 

Details of the thermodynamic analysis of the FC operation mode can be 

found in [209]; the analysis of electrolysis and thermochemical reactions is 

detailed in Equations (4.3)–(4.9). The excess electrical energy—available from 
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renewable sources—and a residual heat supply (external or internal) serve as 

energy inputs for high temperature electrolysis. Equations (4.3) and (4.4) 

represent the reduction of H2O and CO2; thus, electrical energy is stored in the 

chemical form. The generated CO and H2 react to form methane following 

Equation (4.8) (methanation reaction) at low temperature and high pressure (600 

ºC, 20 bar). Methanation has a considerable impact on cell thermal management 

because of the relatively high amounts of heat released (Δ𝐻) due to its exothermic 

nature [217], which contribute to satisfying the heat requirements of the SOEC. 

Operating conditions also allow the reverse water–gas shift reaction (the reverse 

of Equation (4.7)) to be predominant, which results in the reduction of CO2 by H2 

[218]. 

Full cell reactions in the rSOC: 

H2O(gas) ↔ H2 + 1⁄2O2       ΔH =  242 kJ·mol–1                         (4.3) 

CO2 ↔ CO + 1⁄2O2                 ΔH =  283 kJ·mol–1                         (4.4) 

Reactions at the fuel electrode: 

H2O + 2e− ↔ H2 + O2−                                (4.5) 

CO + O2− ↔ CO2 + 2e−                                             (4.6) 

H2O + CO ↔ H2 + CO2         ΔH =  –41 kJ·mol–1                          (4.7) 

3H2 + CO↔CH4 + H2O(gas)     ΔH = –206kJ·mol–1                             (4.8) 

Reactions at the oxidant electrode: 

 O2̵─ ↔ 1⁄2O2 + 2e─                                                             (4.9)      

4.3.2 Energy analysis of the rSOC system 

The overall energy required to spur a chemical reaction [170] in the rSOC 

is given by: 

∆HSOEC = ∆G + T∆S                                    (4.10) 

where ∆𝐻 is the change in enthalpy; Δ𝐺 is the change in Gibbs free energy, 

which, at a constant pressure and temperature, determines the maximum value of 

the useful electrical work of the system required to initiate the reaction; and 𝑇Δ𝑆 

is the product of the temperature and change in entropy, which determines the 

reversible transfer of heat. 
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The reversible cell voltage of the rSOC is related to Δ𝐺 through the Nernst 

equation as a function of the species partial pressure of the system. This equation 

represents a case in which an electrochemical reaction facilitates the charge 

transfer between phases [219]. This transfer of charged species (electrons or ions) 

across the interface in an rSOC depends on the amount and nature of the 

electrode/electrolyte/gas triple–phase boundaries (TPB). Assuming that co–

electrolysis of H2O and CO2 takes place at the fuel electrode of the rSOC in EL 

mode [214], the reversible cell voltage, 𝐸r, is the average of the Nernst equation 

applied to the chemical reactions in Equations (4.3) and (4.4) as follows [213]: 

Er,H2O = E0,H2O +
RT

nF

pH2pO2

1/2

PH2O
                       (4.11) 

                             Er,CO2
= E0,CO2

+
RT

nF

pCOpO2

1/2

pco2

                       (4.12) 

                         Er =
1

xH2O+xCO2

(xH2OEr,H2
+ xCO2

Er,CO)         (4.13) 

where the quantity 𝑛𝐹 expresses the amount of charge transferred for every 

mole of reactant species. 

The reversible voltage calculated by the Nernst equation is equivalent to 

the open–circuit voltage (OCV), which can be measured as the difference 

between the electrode potentials of the anode and cathode when no current is 

flowing.  

The rSOC reversible voltage varies with the electrical current flowing 

through the system, and its nature depends on the direction of the current [219]. 

Resistance to the flow of charge in a cell leads to Ohmic losses. The charge 

transfer reactions cause activation losses, whereas the transport limitations of 

gases through the porous electrodes to the TPB cause concentration/diffusion 

losses. These resistances affect the final voltage of the rSOC. Thus, the operating 

voltage is higher than the OCV for the case of an SOEC as follows: 

VSOEC = Er + ηa(j) + ηohm(j) + ηconc(j)                     (4.14) 

The total overvoltage η is equal to the area–specific resistance (ASR) times 

the current density of the cell, resulting in the following expression for SOEC 

operating voltage [220]: 

𝑉SOEC = 𝐸r + 𝐴𝑆𝑅 ∗ 𝑗   (4.15) 
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For the ASR estimation, it is assumed that the rSOC stack is fed with a 

gaseous mixture of H2O and H2. The SOEC stack ASR is described using the 

models developed by [221] and [215]. Table A1 provides the simulation 

parameters to fit the I–V curve of a two–electrode supported solid oxide cells 

with structure of “Ni–Sm doped CeO2 infiltrated porous La0.9Sr0.1Ga0.8Mg0.2O3 

(LSGM) dense LSGM/SmBa0.5Sr0.5CO2O5 infiltrated porous LSGM” tested in the 

work of Wang S. et al. at 600°C [222]. Appendix A gives supplementary 

information about ASR estimation. 

Table A1 Simulation parameter of the SOC  
  

Parameter Unit Fit. Value Ref. 

Anode – cathode     

 Thickness anode dan μm 2.10E–04 [222] 

 Thickness cathode dcat μm 2.10E–04 [222] 

 Particle diameter dp [nm] 200 [222] 

 Porosity ε  0.3 [221] 

 Tortuosity τ  5 [221] 

 Empirical constant  i∗
H2

 A/cm2 2.8 [221] 

 Pre–exponential of 

desorption Ades s cm2/mol 5.59E+19 [221] 

 Surface site density Γ mol/cm2 2.60E–06 [221] 

 Sticking 

probability γ0  0.01 [221] 

 Activation energy 

of desorption Edes kJ/mol 88.12 [221] 

 Empirical constant i*O2 A/cm2 0.4  

 Pre– exponential 

factor AO2
 atm 4.90E+08 [221] 

 Activation energy EO2
 kJ/mol 200 [221] 

Electrolyte     

 Thickness del μm 1.60E–05 [222] 

 Pre– factor of O2– so,el W–1cm–1 333.3 [221] 

 Activation energy Eel J/mol 85.63 [221] 

4.3.3 Current density 

When operating in EL mode, the amount of current through the external 

circuit depends on whether reduction of CO2 at the fuel electrode occurs through 

steam electrolysis followed by reverse water–gas shift reaction or via direct co–
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electrolysis. It also depends on structural and operational parameters, which 

determine if direct CO2 electrolysis will have a significant or negligible influence 

on the process [215]. According to [223], a surface ratio β, derived based on the 

applied experimental method, splits the active surface area for the H2O and CO2 

electrochemical reductions. In this study, the approach of  [213] was considered 

which is as follows: 

ISOEC/H2O = 2𝐹𝑛̇𝛽 ∙ 𝑈f    (4.16) 

ISOEC/CO2
= 2𝐹𝑛̇(1 − 𝛽) ∙ 𝑈f                            (4.17) 

𝛽 =
𝑦H2O

TPB

𝑦H2O
TPB+𝑦CO2

TPB    (4.18) 

The current density is estimated by:  

                         jSOEC =
ISOEC

ASOEC
                                             (4.19) 

A single SOEC stack consisted of parallel connected cells. Each cell of the 

SOEC has an active area equal to 0.1 m2. For each biomass moisture content, the 

required number of cells is obtained with the objective of operating the cell with 

the highest system efficiency.  

The power supplied to the electrolysis operation can be calculated by: 

PSOEC = VSOEC ∙ ISOEC                                     (4.20) 

4.3.4 Thermoneutral voltage 

The theoretical thermoneutral voltage in electrolysis mode is obtained as 

[218]:  

     𝑉TN =
∆𝐻SOEC

𝑛𝐹
                  (4.21) 

In SOEC mode, VTN is the cell voltage provided to the SOEC system. The 

heat generated in the cell meets the heat balance of all cell reactions, both 

chemical and electrochemical [218], thereby resulting in both adiabatic and 

isothermal operations [224]. At operating voltages less than or greater than 𝑉TN, 

the system operates in the endothermic mode or the exothermic mode, 

respectively. The molar change of the enthalpy ΔH of the reactions promoting 

charge–transfer (Equations (4.3) and (4.4)) depends on the external supply of 

power, Δ𝐺, and heat, 𝑇Δ𝑆, as expressed in Equation (4.10). The energy balance 

diagram of the SOEC shown in Figure 4.3 depicts all the energy (heat and power) 
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sources and sinks influencing the thermal energy required by the reactions 

defined in Equations (4.3) and (4.4). 

 

Figure 4.3.  rSOC electrolysis mode heat balance 

In Figure 4.3, 𝑄CH4
 and 𝑄WGS are the reaction enthalpies of the 

spontaneous reactions for methanation and water–gas shift, respectively, at the 

fuel electrode. The heat liberated by the cell losses is equal to the overpotential, 

 𝜂SOEC, times the current, 𝐼. The air fed to the air electrode acts as a temperature 

regulator, adding or removing heat, 𝑄air, from the SOEC. Thus, based on the 

energy balance equation, 𝑄air can be computed by: 

Qair = T∆S − (QCH4
+ QWGS + ηSOECI)                 (4.22) 

Combining Equation (4.22) with Equations (4.10) and (4.14) results in 

Qair = ∆HSOEC − VSOEC ∙ I − (QCH4
+ QWGS)                         (4.23) 

The Aspen Plus™ reactor blocks provide the values for 𝑄CH4
, 𝑄WGS, and 

Δ𝐻SOEC. When 𝑄air = 0, the SOEC is in thermoneutral mode, and the operating 

voltage is equal to the thermoneutral voltage. In this case, the oxygen electrode 

supplies a small amount of air to release the product O2, since there is no heat to 

provide to or remove from the SOEC. When 𝑄air > 0, the net operation in the 

SOEC is endothermic, and air at a higher temperature than the SOEC operating 

temperature provides the heat required by the cell. When 𝑄air < 0, the net SOEC 

operation is exothermic and sweep air at a lower temperature than the SOEC 

operating temperature drains the excess heat. 

𝜂SOEC ∗ 𝐼 

 

H2O(gas)      H2 + 1⁄2O2 

            

𝑄WGS 
 

𝑄CH4  

𝑇Δ𝑆 

±𝑄air 
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4.3.5 Exergy analysis of the SCWG–rSOC system 

Eq. (4.24) describes the exergy balance of the SCWG–SOEC system at 

steady state [225]. The exergy enters the system in the form of biomass and 

electricity. The system is well insulated; there is no exergy transfer accompanying 

heat transfer.  

0 = 𝑊̇cv + ∑ 𝑚̇i𝑒𝑓𝑖i − ∑ 𝑚̇e𝑒𝑓𝑒 − 𝐸̇de    (4.24) 

The total specific flow exergy is the sum of the thermomechanical and 

chemical exergies: 

𝑒 = 𝑒f + 𝑒̅ch    (4.25) 

The thermochemical exergy is given by: 

ef = h − h0 − T0(s − s0)                 (4.26) 

The chemical exergy for an ideal gaseous mixture at the reference 

environment (T0, p0) is given by: 

e̅ch = ∑ (yie̅i
ch + yiR̅T0lnyi)i               (4.27) 

4.3.6 Efficiency definitions 

The SCWG–rSOC system’s efficiency:  

PBOP,system = ƩPheat + ƩPpower            (4.28) 

Pheat is the external heat supplied to the system (heaters), assuming electric 

heat, and Ppower is the power of the auxiliary components (pumps, gas 

compressors). Aspen Plus™ blocks provide values for each Pheat and Ppower 

component of the system. In the equations below, the subscript (𝑖) refers to the 

components relevant to the subsystem whose efficiency is being calculated. 

SCWG efficiency: 

𝜂SCWG =
𝑛̇fuel𝐿𝐻𝑉syngas,SCWG 

𝑚̇biomass𝐿𝐻𝑉biomass+𝑃BOP,(𝑖)
                             (4.29) 

𝜂ex−SCWG =
𝐸𝑥𝑠𝑦𝑛𝑔𝑎𝑠

𝑐ℎ +𝐸𝑥𝑔𝑎𝑠 𝑚𝑖𝑥𝑡𝑢𝑟𝑒
𝑓

𝑚̇biomass𝐸𝑥𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝑐ℎ +𝑃BOP,(𝑖)

                                  (4.30) 

rSOC efficiency: 

𝜂SOEC =
𝑛̇fuel𝐻𝐻𝑉syngas,SOEC − 𝑛̇fuel𝐻𝐻𝑉syngas,SCWG

𝑃SOEC + 𝑃BOP,(𝑖)
   (4.31) 
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𝜂SOFC =
𝑃SOFC− 𝑃BOP,(𝑖)

 ∑ 𝑛̇fuel𝐻𝐻𝑉syngas,(𝑖)    
     (4.32) 

The system energy efficiency: 

𝜂SCWG−SOEC =
𝑛̇fuel𝐻𝐻𝑉syngas,SOEC − 𝑚̇biomass𝐻𝐻𝑉biomass

𝑃SOEC + 𝑃BOP,system
                     (4.33) 

𝜂SCWG−SOFC =
𝑃SOFC− 𝑃BOP,system

 𝑛̇fuel𝐻𝐻𝑉syngas,SOEC+ 𝑚̇biomass𝐻𝐻𝑉biomass
                     (4.34) 

Exergy efficiency of the system: 

𝜂ex−SCWG−SOEC =
𝐸𝑥𝑠𝑦𝑛𝑔𝑎𝑠

𝑐ℎ  − 𝐸𝑥𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝑐ℎ

𝑃SOEC + 𝑃BOP,SCWG−SOEC
    (4.35) 

𝜂ex−SCWG−SOFC =
𝑃SOFC− 𝑃BOP,SCWG−SOFC

𝐸𝑥𝑠𝑦𝑛𝑔𝑎𝑠,𝑆𝑂𝐸𝐶
𝑐ℎ + 𝐸𝑥𝑏𝑖𝑜𝑚𝑎𝑠𝑠

𝑐ℎ     (4.36) 

4.4 Simulation of the CSCWC rSOC model in Aspen PlusTM 

Table 4.3. SCWG operating conditions 

 Parameter  

SCWG  

 Temperature (ºC) 500 

 Pressure (bar) 250 

 Biomass mass flow rate (dry) (g/s) 0.56 

 Biomass water flow rate (80, 90, 95 wt.%) (g/s) 2.24, 5.04, 10.64 

 HP–LP flash pressure (bar) 10–1     [177] 

 HP–LP flash temperature (ºC) 100–25 [177] 

 Pump isentropic efficiency (%) 85         [226]        

   

 Biomass moisture content (wt.%) 95 

 Energy biomass input (on HHV) (kW) 8.92 

 Energy biomass input (on LHV) (kW) 8.25 

 Exergy biomass input (kW) 10.56 

 

Figures 4.2A and 4.2B depict the feed system model of the SCWG–rSOC 

operation as simulated on Aspen Plus™. The rSOC model was built based on the 

work in [227], [228], [175]. This model considers the following assumptions: all 

processes are in steady–state equilibrium; the system is well insulated, and no 

energy or exergy loss occurs in the process units. 
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Table 4.4. rSOC operating conditions 

 Parameters  

rSOC  

 Temperature (ºC) 680–850 

 Pressure (bar) 1–20 

 Fuel utilization 0.95 – 0.65 

 Number of cells 260 – 370 

 Area of a cell (m2) 0.01 

 Current density SOFC (A cm–2) <2 

 Current density SOEC (A cm–2) >2 

 Storage fuel tank temperature (ºC) 25      

 Storage fuel tank pressure (bar) 400 [229] 

 DC/AC inverter efficiency (%) 95   [230] 

 Fuel compressor isentropic efficiency (%) 85   [226] 

 Air compressor isentropic efficiency (%) 85   [226] 

 Heat exchanger minimum approach temperature (°C) 

Process units pressure drop (bar) * 

10 

0.02 
* Each process unit of SCWG–rSOC system 

The Aspen model consists of three sections: SCWG, SOFC, and SOEC. In 

the SCWG, the gasifier model uses the procedure available in the Aspen Plus 

process simulation using solids. Table 4.3 lists the operating parameters of the 

SCWG. The RGibbs block used to represent the SCWG predicts the final gas 

product concentration from the gasifier based on the minimisation of the total 

Gibbs free energy. Table 4.2 lists the elementary composition of the dry biomass 

described by the Dry biomass stream, Figure 4.2A and 4.2B. The biomass 

decomposes into its constituent elements in the RYield block, DECOMP, at 

ambient temperature and a pressure of 250 bar. The heat of reaction, which is a 

product of the decomposition of the biomass, is considered in biomass 

gasification. Heat stream S then carries the reaction heat from the RYield block 

to the RGibbs block in the SCWG. The WATER stream is used to simulate the 

water content of the biomass. The pressure of the WATER stream is increased to 

250 bar at PUMP and mixed with decomposed biomass stream 2A. The heat 

exchangers HE2, HE3 and HE6 and HEATER–1 preheat solution stream 2A, and 

the preheated species enter the reactor SCWG. The GASMIX fuel stream is then 

directed to either the SOFC or SOEC block, depending on the desired operation 

mode defined by the availability of electricity. 
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In the SOFC, as shown in Figure 4.2B, the SOEC stored syngas and the 

fresh syngas from the SCWG (stream 2) are mixed to form stream 4, and fed into 

the system. The turbine TURBINE–1 recovers part of the energy from the 

exhaust. For a complete discussion of the SCWG–SOFC simulation, the reader is 

referred to [209]. 

 

Figure 4.4.  Calculation workflow for estimating the highest efficiency 

of the SCWG–rSOC–EL (numbers in parentheses refer to equations in this 

paper) 
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The SCWG–rSOC–EL model is shown in Figure 4.2A and Table 4.4 

provides the operating parameters of the rSOC. The SCWG–rSOC–EL model 

(see Figure 4.S1 supplementary material) employs three blocks to describe the 

fuel electrode: WGSR, CATHODE, and METH. The RGibbs blocks WGSR and 

METH account for the heterogeneous reactions on the catalytic material of the 

fuel electrode: the forward and reverse water–gas shift reaction (WGSR) and 

methanation reaction (METH). The stoichiometric block CATHODE defines the 

electrochemical reduction of H2O and CO2 into O2, H2, and CO. The separator 

block ANODE1 and heater Q6 simulate the air electrode. The block ANODE1 

separates the oxygen and syngas from CATHODE. The heat in the fuel electrode 

is added to or removed from the SOEC using block heater Q6. An Aspen Fortran 

calculator computes total heat entering or leaving block Q6 according to the 

energy balance shown in Figure 4.3 and defined in Equation (4.23). The airflow 

rate of the stream AIR and temperature of stream 17 by means of electric heater 

Q7 changes to keep the temperature of the outlet air stream 18 equal to the SOEC 

operating temperature. 

The enthalpy of the electrochemical reaction is estimated using the net 

DUTY of CATHODE. The enthalpy of the heterogeneous reactions, WGSR, and 

METH are determined by the DUTY of block WGSR and METH, respectively. 

The calculation sequence for estimating the efficiency of the is shown in Figure 

4. 

4.5 Results and discussion 

4.5.1 rSOC results comparison 

The ASR of the rSOC is compared with the experimental I–V curve 

presented by Wang et al. [222] as shown in Figure 4.5A and Figure 4.5B. Table 

4.1A provides the fitted cell parameters to obtain the experimental results. The 

model accurately simulated the rSOC experimental results of Wang, at 600 ºC, at 

atmospheric pressure 50% H2O and 70% H2O. The higher the gas concentration, 

the higher the cell exchange current density [231]. This is reflected in the 

variation of the slope curve.  

The predicted value of the ASR, rSOC operating at 20 bar, 680 ºC and 70% 

H2O is shown in Figure 4.5B. Concentration losses in the SOEC are reduced at 

higher operating pressure and higher H2O concentration, while the increased 

temperature reduces Ohmic losses. Therefore, increasing pressure, gas 

concentration and temperature are favourable for the rSOC performance, 

obtaining stable ASR, which is shown in Figure 5B. This trend coincides with the 
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results presented in the work of Hauck et al. [215]. The ASR value of rSOC, at 

temperature > 800°C and ambient pressure, used in this work is equal to the value 

presented by Banner et al.  [232] for LNO–LDC50 and LSM–YSZ oxygen 

electrodes. As a result, the following analysis uses an ASR in the range of 0.11 

to 0.16 Ω cm–2. 

 

Figure 4.5 A – B Experiments by Wang et al. [222] and present simulation 

results. 

At 95 wt.% biomass moisture, the pH2O/pCO2 ratio of the gas mixture 

SCWG (see Table 4.5) is around 53. According to recent findings of Ioannidou 

et al. [233], the H2O/CO2 co–electrolysis process in pH2O/pCO2=1 is 100% 

selective towards H2O electrolysis. A similar behaviour is expected at pressurized 

operation [234]. Therefore, the influence of CO2 electrochemical reduction is 

negligible for 95 wt.% biomass moisture. The surface ratio β is almost one 

calculated with Eq. 4.18.   
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The exergy efficiency of the SOEC at 95 wt.% biomass moisture, 1 bar and 

850°C, (see Table 4.6) is 78%. This value is in agreement with the findings of 

[235]. At 20 bar and 680°C, feedstock with a moisture content of 80, 90 and 95 

wt.% the thermoneutral voltage found in this work is in the range of 1.24–1.25 V 

and the reversible voltage is around 1.1 V. These values are in the same range of 

the findings of [218] at 20 bar and H/C ratio higher than 40. 

Figure 4.6. Schematic for energy/exergy flows in each mode 

4.5.2 SCWG–rSOC operation 

The performance analysis of the proposed SCWG–rSOC system based on energy, 

exergy, and mass balances for power or syngas generation (i.e., FC mode and EL 

mode, respectively) are summarized here. The performance is studied by making 

use of an exergy flow diagram, which indicates the exergy losses occurring in the 

various processes; the diagram also indicates additional external heat 

requirements, process heat recovery and the power consumed by the auxiliary 

units. Subsequently, the changes in the energy efficiency of the SCWG–rSOC are 

analysed as a function of i) biomass moisture, ii) rSOC pressure, iii) rSOC 

temperature, iv) syngas flow rates, v) current density. Table 5 reports the key data 

describing the system performance. Figure 4.6 shows a schematic of 

energy/exergy flows of the SCWG–rSOC in FC and EL mode. Figure 4.7 A–C 

shows the flowsheet of the system and Table 4.5 present the main gas 

compositions. The thermochemical and chemical exergy flows are shown in 

Figure 7, at j = 3.4 A cm–2, T = 680°C, P = 20 bar, biomass moisture content = 

95 wt.%.  
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Figure 4.7. Flowsheet of the SCWG–rSOC system at j = 3.4 A cm–2 , T = 

680°C, P = 20 bar, biomass moisture content = 95 wt.%. The figures include 

electricity consumption and production (red), as well as chemical exergy 

flows (green), thermochemical exergy flow (pink). Stream numbers refer to 

Table 5 with gas compositions. A) SCWG–rSOC – EL. B) SCWG–rSOC – 

FC.  C) SCWG–SOFC.   

4.5.3 SCWG–rSOC operating in EL mode 

Figure 4.8A shows an exergy flow diagram of the results of the 

performance analysis of the syngas generation. The system is fuelled by SCWG 

product gas mixture (Line 1 in Figure 4.1) and electricity, and the system 

generates biofuel (Line 3 in Figure 4.1). Table 4.5 summarizes the results of 

analysis of flow rates, gas composition, pressure, temperature of the gases 

labelled in Figure 4.1, Line 1. In Figure 4.8A and Table 4.5, the SCWG–rSOC 

EL operation is at j = 3.4 A cm–2, T = 680°C, P = 20 bar, and biomass moisture 

content = 95 wt.%. 

The system efficiency depends on the external power and heat supplied to 

the system, and the efficient utilisation of the process heat in the SCWG fuel, air, 

and fuel preheating. The generated process heat almost satisfies the heat required 

by the SCWG, fuel and air preheaters. The energy supplied to the electrolyser is 

used to electrochemically reduce steam and CO2 from the gas mixture, generating 
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H2 and CO (syngas). The use of rSOC in EL mode results in an amount of syngas 

(Line 3, Figure 4.1) that is around thirteen times the fresh syngas generated 

exclusively in the SCWG gasifier (Line 2, Figure 4.1).  

Some energy is recovered as electricity using the turbine, although with 

high exergy destruction. The fuel generated by the SCWG–rSOC system in EL 

mode contains approximately 69% of the total exergy input to the entire system. 

 

Figure 4.8. Exergy flow diagram (kW) of the SCWG–rSOC system at j = 3.4 

A cm–2 , T = 680°C, P = 20 bar, biomass moisture content = 95 wt.%. A) 

SCWG– rSOC EL mode, B) SCWG– rSOC FC mode with mixed syngas, 

and C) SCWG–rSOC FC mode with fresh syngas. 

A

SOEC

Process heat 6,1

0,5 Ex. Destr. Syngas Upgrading 

0,001 Ex. Loss Water

6,4 Ex. Destr. Turbine

SCWG gas mixture, Line 1 Figure 1, compocition
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Ex. gas

mix. 

13,3

4,6 Ex. Destr. Air Pressurization

Compressor power 37,5
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Ex. gas mix. Enter
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  0,001 Ex. Loss Hot Air + O2

1,34 Ex. Destr. Syngas  Storage

     0,001 Ex. Loss Ash

0,34 Ex. Destr. Gas Mix. Preheating

Ex. Syngas + oxygen + heat 174,5

Ex. Syngas + Oxygen+Heat 173,9

            Ex. Syngas 121,6                   Process heat 23,5
Turb. 

11,2

Ex. Electrycity + pressur. Air + SCWG gas mix. 184,4
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 Ex. Syngas + Oxygen+Heat 167,8

9,8 Ex. Destr. Electrolyzer

SCWG

   Exergy wet biomass 10,6

           Heat 0,7

         Ex. Process heat 17,4

Ex. SCW gas mixture

24,6

       Electricity  0,46

Ex. hot pressurized wet

biomass 25,78

3,4 Ex. Destr. Presurisation + Preheating

1,2 Ex. Destr. CSCWG

1,8 Ex. Destr. Gas Mix. Pressure Regulation
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The exhaust gas emitted to the environment is at ambient temperature, thus 

its exergy loss (that eventually becomes exergy destruction in the atmosphere) is 

negligible. In contrast, the exergy destruction of the electrolyser and turbine (9.6 

and 6.4 kW respectively) have significant influence in reducing the system 

performance. The rSOC stack in EL mode must operate at a current density higher 

than 2 A·cm–2. This current density was derived considering that the system must 

operate near the thermoneutral voltage to attain the highest possible efficiency. 

The system achieves an energy efficiency of 91% which can be compared with 

and efficiency of biomass and electricity by gasification with pressurized SOEC 

of 84% [189].  

4.5.4 SCWG–rSOC FC operation 

 B SCWG

Ex. Heat 4,05

 0,001 Ex. Loss Ash

5,6 Ex. Destr. Gas Upgrading Unit (LP FLASH)

0,001 Ex. Loss Water

14,5 Ex. Destr. Turbine

10,1 Ex. Loss Stack

SOFC Power 98,5
Turbine Power

59,9

Ex. Power + Ex. Heat 197,15

Power 90,7 Ex. Stored syngas 117,9

SOEC syngas

Line 3 Figure 1,

compocition 

Table 4

SCWG syngas,

Line 2 Figure 1,

composicition 

Table 4

Ex. hot pressurized 

+process heat 32,0

Ex. 

Syngas 

9,50

8,8 Ex. Destr. Pressurization + Preheating

Ex. Syngas + Ex. Air pres. Preheat.  209,2

5,3

Ex. Power + Ex. heat + Ex. syngas  203,55

5,65 Ex. Destr.  SOFC

8,4 Ex. Destr. Pressurization + 

Preheating

Ex. Process heat 14,17

Electricity 0,46

Ex. Wet biomass 10,6

Ex. SCW gas 

mixture 30,61

Ex. Syngas + Ex. Air 218,0

SOFC

4,4 Ex. Loss Gas Upgrading Unid

1,4 Ex. Destr. CSCWG

6,4 Ex. Destr. PSC

Process Ex.

heat

24,25

Figure 4.8. (continued). 
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Figure 4.8B shows an exergy flow diagram of the results of the 

performance analysis of the SCWG–rSOC operating in FC mode for power 

generation. In Figure 4.8B and Table 4.5, the SCWG–rSOC FC operation is at j 

= 3.4 A cm–2, T = 680°C, P = 20 bar, biomass moisture content = 95 wt.%. The 

fuel used can either be: Part i) only syngas produced by SCWG (while system is 

running in FC mode), hereafter called “fresh syngas” Part ii) fresh syngas + stored 

syngas which was produced in rSOC in EC mode.  This mixture is hereafter called 

“mixed syngas”. 

Table 4.5 summarizes the results of flow rates, gas composition, pressure, 

temperature of the gases labelled in Figure 4.1 as Line 2 and Line 3. Figure 4.8C 

and Table 4.5 shows the results of the analysis of power generation by the rSOC 

in FC mode fuelled exclusively by fresh syngas (Lines 2 in Figure 4.1). 

Figure 4.8. (continued). 

C

SCWG

 0,001 Ex. Loss Ash

0,9 Ex. Destr. Gas Upgrading Unit

SOFC  0,001 Ex. Loss Water

1,3 Ex. Loss Gas Upgrading Unit

0,51 Ex. Estr. Syngas Pressurization + Preheating

Turbine Power 0,86

Ex. Wet Biomass 10,6

Ex. 

Process 

heat 3,0

Syngas   Line 2 Figure 

1, compocition Table 4

1,4 Ex. Destr. CSCWG

Ex. SCW gas mixture 11,7

Ex. hot pressurized  + process heat 

13,1

0,28 Ex. Destr. SOFC

0,17 Ex. Destr. PSC

Ex. Syngas 9,50

Ex. Power + Heat + syngas 13,0

Ex. Power + Heat 12,85

Ex. Syngas + Ex. Air 13,3

SOFC Power  8,17

Process 

Ex. heat

3,82

Heat. 

3,1

Elec.

1,19

Electricity 0,46

Ex. Heat 1,45

1,68 Ex. Loss Stack

2,4 Ex. Destr. Presurisation +

Preheating

12,8



Chapter 4                                                                            SCWG – rSOC system 

 

106 

It can be seen from Figure 4.8B and Figure 4.8C, that the twelve times 

higher power is produced when the rSOC uses mixed syngas, when compared 

with using only fresh syngas. This is owing to the higher flow rate of the mixed 

syngas, as well as its higher calorific value. The rSOC fuelled by the mixed 

syngas has higher exergy losses and exergy destruction than the rSOC fuelled by 

fresh syngas. This is because the system fuelled by the mixed syngas is not 

configured for optimal utilisation of the heat produced in the rSOC and PSC. 

Therefore, improving the heat integration can have a scope for significant 

reductions in the exergy losses and exergy destruction. The current density was 

derived considering the amount of produced heat to be distributed in the system 

to reach the minimum exergy loss and destruction in the exhaust and process units 

respectively. 

4.5.5 Sensitivity analysis of SCWG–rSOC–FC operation 

4.5.6 Effect of pressure and temperature and moisture content on the 

energy efficiency of the SCWG–rSOC–FC mode system 

Figure 4.9A shows the influence of the operating pressure and temperature 

of the rSOC on the energy efficiency of the SCWG–rSOC system in FC mode, at 

biomass moisture contents of 80 and 95 wt.%, with current densities of 0.47 and 

1.5 A·cm–2, respectively. The feed to the rSOC consists of the “mixed syngas”. 

At a high biomass moisture content (95 wt.%) the gasifier was endothermic 

because the high moisture content favours the production of H2, which is an 

endothermic reaction. The energy consumed by the gasifier under this condition 

was approximately 2 kW. However, at a moisture content of 80 wt.%, the gasifier 

was exothermic and generated 0.453 kW of heat since low moisture promotes the 

exothermic methanation reaction. Additionally, the energy required by the 

gasifier preheater to take the biomass to the reaction temperature was 

exceptionally high at 95 wt.% moisture, due to high flow rates.  

High operation pressures increased the rSOC power output due to the 

higher Nernst voltage. The external heat demand for the preheating of air and fuel 

decreased because of the increase in gas temperatures caused by the air and fuel 

compressors, respectively. However, the adverse effects of increased compressor 

power requirements overrode both these benefits, and the overall system 

efficiency decreased.  
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Figure 4.9. A) Effect of SOFC pressure and temperature on the SCWG–

rSOC–FC mode system’s efficiency. B) Effect of current density on the 

SCWG–rSOC–FC mode efficiency at different pressures, temperatures, and 

fuel flow rates (SCWG–stored syngas, and SCWG syngas) at 80 wt.% and 

C) 95 wt.% biomass moisture content.
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The reduction in efficiency with increasing stack pressure was more severe 

at 95 wt.% moisture content than at 80 wt.% because, at 95 wt.%, the air 

compressor required more power to remove excess heat from the rSOC. This was 

the result of greater heat generation in the stack at 95 wt.% due to the higher fuel 

consumption rate. Indeed, at 95 wt.%, the syngas molar flow rate was almost five 

times that at 80 wt.% (0.48 kmol·s–1 compared to 0.1 kmol·s–1) because as 

mentioned before, the mass flows are higher at higher biomass moisture levels. 

The higher fuel consumption also required a higher current density (0.47 A·cm–2 

at 80 wt.% and 1.5 A·cm–2 at 95 wt.%) that increased the overpotentials, further 

contributing to greater heat generation in the rSOC at higher biomass moisture 

contents. 

At 80 wt.%, the reduction in efficiency with increased pressure was less 

severe at 850°C than at 680°C because a high temperature favours the 

endothermic reformation of methane in the rSOC, reducing the heat generation 

and thus requiring lower cooling airflow. At a lower airflow, the increase in 

compressor power with pressure was less severe, and so was the decrease in 

efficiency. At 680°C, however, the opposite effect was observed: low 

temperature and high–pressure favour exothermic methanation, which increased  
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Figure 4.9. (continued). 
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the heat generation in the stack. Thus, the compressor power required to drive the 

cooling air increased more sharply with pressure at a temperature of 680°C, and 

the accompanying decrease in efficiency was more severe.  However, at 95 wt.%, 

the curves in Figure 4.9B for 680°C and 850°C are very close because the 

methane reforming or methanation reactions are negligible at higher moisture 

contents, and therefore the effects described at 80 wt.% are not apparent at 95 

wt.%. 

The maximum efficiency of the SCWG–rSOC system in FC mode was 

found to be 66% at the following conditions: 

rSOC pressure of 1 bar 

moisture content of 80 wt.% 

rSOC temperature of 850°C 

At 95 wt.% and 1 bar, the efficiency decreased to 56% at 680°C and 54% 

at 850°C.  

4.5.7 Effect of current density on the efficiency of the SCWG–rSOC 

system in FC mode 

Figure 4.9B and Figure 4.9C illustrate the effect of current density (j) on 

the SCWG–rSOC system energy efficiency in FC mode at 95 and 80 wt.% 

biomass moistures, respectively, at varying rSOC operating pressures and 

temperatures. Two different situations were evaluated for the rSOC in FC mode: 

a) fresh syngas as fuel, and b) mixed syngas as fuel. While the current density 

was varied, the fuel flowrate and the stack area were constant. Therefore, fuel 

utilisation factor also increased proportionally with current density. However, 

due to the different flow rates of fresh and mixed syngas, the achievable current 

densities for those two cases was very different. In order to make a proper 

comparison between the trends in the same figure, the X–axes of Figures 4.9B 

and 4.9C use the current density between the minimum and maximum current 

densities for each case in the figure. 

At 95 wt.% biomass moisture, and rSOC pressure of 1 bar, and rSOC 

temperature of 850°C, the power generated by the rSOC fed by fresh syngas was 

7.2 kW. However, the rSOC power increased to 86.25 kW when the mixed syngas 

was fed to the rSOC. This was due to the higher flow rate and calorific value of 

the mixed syngas. 
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At a higher temperature (850°C) and lower pressure (1 bar), the system 

efficiency monotonically increased with increasing j. At higher j values, a greater 

portion of the fuel was consumed in the stack. Therefore, stack power output 

increased, while the PSC had to burn less fuel. Lower fuel combustion in the PSC 

led to smaller combustion losses and lower exhaust gas temperatures. Lower 

exhaust gas temperatures, in turn, led to a lower fuel temperature at the HE1/HE2 

outlets (in Figure 4.2B). Therefore, HE3 recovered more heat from the gasifier 

outlet, and less heat was lost in the gas/liquid separator (LPFLASH). The lower 

exhaust gas temperatures also led to more efficient heat transfer with the 

incoming air and fuel due to the smaller temperature differences in the heat 

exchangers (HE1/HE2/HE4). All these factors led to higher efficiency at higher j 

values. On the other hand, at lower j values, the PSC had to combust more fuel 

and additional air was supplied to limit the gas temperature to less than 1000°C. 

The additional heat generated in the PSC was lost to the environment via exhaust 

gas and LPFLASH, leading to lower efficiency. 

At 95 wt.% moisture, the current density was only between 0.12 and 0.14 

A·cm–2 when fresh syngas was used. The maximum system efficiency is not 

reached at 850°C and 1 bar at current density < 0.14 A·cm–2, contrary to at 680°C 

and 20 bar. By contrast, the current density varied between 1.2 and 1.7 A·cm–2 

when mixed syngas was used. Therefore, more heat was generated in the rSOC 

with mixed syngas due to the higher fuel consumption and higher overpotentials. 

This excess heat was lost through the air exhaust and the liquid/gas separator.  

However, at a lower temperature (680°C) and higher pressure (20 bar), the 

system efficiency reached its maximum at j  1.5 A·cm–2 and then decreased with 

further increase in j. At j < 1.5 A·cm–2, an increase in j improved efficiency for 

the same reasons stated in the previous paragraphs. But at j < 1.5 A·cm–2, the 

rSOC became highly exothermic owing to the higher fuel consumption and 

current overpotentials. Therefore, the required cooling airflow and air compressor 

power grew very large, reducing the efficiency despite the other benefits 

mentioned above. The maximum system efficiency depend on the fuel utilization 

and thus the current density [236].  

The trends for lower biomass moisture content (80 wt.%), Figures 4.6C, 

were similar to those for higher biomass moisture content as discussed above, but 

the efficiencies were higher at lower moisture contents. This occurred for several 

reasons: 



 

Chapter 4                                                                 SCWG – rSOC system 

 

112 

 

The syngas flow rate was lower at lower moisture contents, leading to 

decreased heat generation in the rSOC and smaller heat losses to the environment, 

as mentioned above; 

The lower moisture and the accompanying lower biomass flow rate meant 

that the gasifier required less external heat for preheating and for driving the 

reactions in the gasifier. 

The higher content of CH4 in the flow promotes endothermic side reaction 

such as CH4 reforming, thus reducing the energy utilized for heat removal by the 

air compressor.  

These effects resulted in a higher efficiency at a lower biomass moisture 

content.  

4.6 Sensitivity analysis of SCWG–rSOC EL operation 

4.6.1 Effect of rSOC pressure and temperature on the efficiency of the 

SCWG–rSOC system 

 

Figure 4.10. A) Effect of rSOC operating pressure and temperature on the 

SCWG–SOEC energy efficiency at 95 wt.% biomass moisture content. B) 

Effect of the current density on the SCWG–SOEC system energy efficiency 

at 680°C and 20 bar. C) A comparison of the effect of current density on both 

operating modes 
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Figure 4.10. (continue). 

Figure 4.10A illustrates the influence of the operating pressure and 

temperature of the rSOC on the SCWG–rSOC system in EL mode at 95 wt.% 

biomass moisture content. 

At rSOC temperature of 680°C, the rSOC was exothermic; therefore, the 

cooling airflow was relatively small. In this situation, increasing the rSOC 

70

75

80

85

90

95

2,2 2,4 2,6 2,8 3,0 3,2 3,4 3,6 3,8

S
C

W
G

-S
O

E
C

 e
n
er

g
y
 e

ff
ic

ie
n

ci
es

  
(%

)

Current density (A cm ¯²)

B

80 wt.%, A.S. 0,525 m²

90 wt.%, A.S. 1,26  m²

95 wt.%, A.S. 2,624 m²

20

30

40

50

60

70

80

90

2,00 2,50 3,00

S
C

W
G

-r
S

O
C

 E
ff

ic
ie

n
cy

 (
%

)

Current density A cm-2

SOFC-95wt.%  ̶ 680°C  ̶ 20 bar

SOEC-95wt.%  ̶ 680°C  ̶ 20 bar

SOFC-95wt.%  ̶ 850°C  ̶ 1 bar

SOEC-95wt.%  ̶ 850°C  ̶ 1 bar



 

Chapter 4                                                                 SCWG – rSOC system 

 

114 

 

pressure improved the system efficiency, from 87% at 1 bar, to 90% at 20 bar. At 

higher pressures, there was a significant increase in the temperature of fuel and 

air in the compressors. This greatly reduced the external heat demand for 

preheating. Further, higher pressure increased the rSOC voltage (due to increase 

in the Nernst voltage), making the stack more exothermic. This heat was used to 

preheat the air and fuel, further decreasing the external heat requirement. The 

stack power and air compressor power also increased at higher pressure, but the 

decrease in external heat requirement was more significant, increasing the overall 

system efficiency at higher pressures. The efficiency slightly increases after 13 

bar, then stabilizes at 20 bar, obtaining the highest efficiency of 90%. Therefore, 

the calculation was made at 20 bar in the subsequent results. The system could 

also work optimally at pressures between 13 and 14 bar to reduce engineering 

limitations for practical application in future research 

At rSOC temperature of 750°C, the rSOC was endothermic. The air flow 

required to provide this heat was also high. Therefore, the air compression power 

increased sharply as the pressure was increased. The stack power also increased 

at higher pressure, due to the increased Nernst voltage. Due to the high 

temperature and endothermic nature of the stack, a large amount of external heat 

was required to preheat the air and fuel. This heat demand decreased at higher 

pressures, just as mentioned before, but the increase in stack power and air 

compressor power were much more significant in this case, due to the higher air 

flow rate. Therefore, the system efficiency greatly decreased with increased 

pressure, from 88% at 1 bar to 81% at 20 bar. 

At rSOC temperature of 850°C, the rSOC is more endothermic than at 

750°C, and therefore the airflow required to heat the stack is much higher. 

Therefore, the decrease in efficiency with pressure is much sharper at 850°C due 

to the greater influence of air compressor power. Similarly, at 550°C, the rSOC 

is more exothermic than at 680°C and the cooling airflow is higher than at 680°C. 

Therefore, the improvement in efficiency with increased pressure is lower at 

550°C, due to the greater influence of air compressor power. 

In all these cases, higher pressure increases the exothermic methanation in 

the stack. However, because the biomass has 95% moisture, the amount of 

methanation is small, and these changes are not very significant compared to the 

other changes in BoP power and heat demand. 
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Notably, the thermal efficiency of biofuel production by SCWG–rSOC 

achieved with this approach overcomes the previously determined production 

efficiency limit of 45% for thermochemical biomass gasification plus steam 

electrolysis and of 30% for solar–electrochemical hydrogen [73], [237].  

4.6.2 Effect of current density on the efficiency of the SCWG–rSOC 

system in EL mode 

Figure 4.10B shows the variation of system energy efficiency with rSOC 

current density, for different biomass moisture contents. At each level of 

moisture, the flow rates of biomass had significant variations. This was because 

the dry biomass flow was held constant at 0.56 g/s, while the water flow rate (as 

part of the wet biomass) was changed as needed, from 2.24 g/s at 80 wt.% to 

10.64 g/s at 95 wt.%. Because of this, if the rSOC active area would be held 

constant, then the current densities would vary too far away from the optimum 

efficiency values. Therefore, a different rSOC area had to be considered for each 

moisture level, to avoid excessively low or high current densities, thus 

maximising efficiencies. At 95 wt.%, this area was 2.624 m2, and at 80 wt.%, it 

was 0.525 m2. 

At a 95 wt.% moisture content, the optimal current density was 3.4 A cm–

2, at which value the system reached a maximum energy efficiency of 91%. When 

the SOEC was operated at a lower moisture content, i.e., 80 wt.%, the maximum 

energy efficiency decreased to 86%, achieved at 2.9 A cm–2. To electrochemically 

reduce H2O at 95 wt.% moisture content, the rSOC required a higher current 

density and heat than at a lower moisture content owing to the larger flow rate. 

Maximum system efficiency was reached at a cell voltage (1.32 V) slightly 

greater than the thermoneutral voltage (approx. 1.26 V). The increased current 

density makes the rSOC system exothermic, which favours the highest system 

efficiency due to the use of this generated heat to meet the air and fuel preheating 

demand.  

At a higher moisture content, the concentration of syngas produced in the 

SCWG was 5% of the gaseous mixture, which contained H2, CH4, CO, and CO2, 

promoting the exothermic methanation reaction to some extent. However, at a 

lower moisture content, i.e., 80 wt.%, the mixture processed by the rSOC 

contained a larger proportion of syngas, which constituted approximately 20% of 

the gaseous mixture. This increased methanation, leading to additional heat 

generation, making the stack highly exothermic. This additional generated heat 
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provided for the heat requirements of the system. However, the power required 

to compress more air to remove the heat under exothermic operation had a greater 

negative effect on the system efficiency. Therefore, the peak efficiency at 80 

wt.% moisture content was lower than at 95 wt.%. 

The airflow rate and air inlet temperature (oxygen electrode) can be 

changed to extract or provide heat to the stack. The heat from the rSOC air 

electrode exhaust provided the heat for air and fuel preheating, as well as for the 

SCWG. The heat available from the stack was 4.7 kW at 95 wt.% moisture, and 

1.5 kW at 80 wt.%. The power supplied to the compressor at 95 wt.% was 19% 

of the total power input, whereas it was 37% at 80 wt.%. The turbines recovered 

a significant amount of waste heat in the form of electricity, to the tune of 7.4 kW 

and 2.6 kW, at 95 wt.% and 80 wt.%, respectively. At the thermoneutral voltage, 

the least power was required to drive the compressor, but the external heat 

required by the system BoP to preheat the air and fuel was high, which reduced 

the efficiency. On the other hand, at the optimum voltage (slightly above 

thermoneutral voltage), the compressor power was higher, but the external heat 

requirements were very low, thus maximising the efficiency. 

Any increase in the current density from the optimal value made the rSOC 

highly exothermic, causing it to generate excess heat that was removed by the 

airstream. This in turn increased the power required to drive the air compressor, 

and consequently reduced the system efficiency. However, at a current density 

lower than optimum, the rSOC exhibited endothermic behaviour. The airstream 

supplemented the heat demand of the system by increasing the inlet air flow rate 

and inlet temperature. Thus, the external heat provided the heat requirements of 

the electrolyser through the airflow, and the air compressor consumed more 

power, reducing the system efficiency.  

4.6.3 The efficiency of the SCWG–rSOC system 

Figure 4.10C shows the system efficiencies of the SCWG–rSOC system at 

95 wt.% biomass moisture content as a function of the current density j of the 

rSOC, in both modes. The system efficiency in FC mode was higher at lower 

current densities, whereas the system efficiency in EL mode was higher at higher 

current densities. The rSOC can operate at different current densities in both 

modes [238]. 

The operation of the reversible system with an active area of 3.375 m2 in a 

similar current density range (2–3 A·cm–2) in both modes. The rSOC in FC mode, 
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operating at high current densities saw an increment in the generated heat, 

reducing the efficiency. In EL mode, within the range under consideration, the 

efficiency increases with current density due to operation moving closer to 

thermoneutral point. The FC mode efficiency was around 40–45% whereas the 

EL mode efficiency was around 80–90%. The efficiency of biomass gasification 

and reversible solid–oxide cell stack reaches 50%–60% for power generation, 

72%–76% for power storage mode is presented in the findings of [239]. 

4.6.4 Exergy destruction in the SCWG–rSOC system 

Figure 4.11A illustrates the contribution of each process unit to the total 

exergy destruction of the SCWG–rSOC system in EL mode, for different biomass 

moisture contents at the highest system efficiencies from Figure 4.10B. The total 

exergy destruction increased with the biomass moisture content because of the 

increased exergy available. The most significant contributions to exergy 

destruction were from the rSOC, turbines, and preheating for rSOC reactants. The 

SCWG, preheating for SCWG reactants, and SEP exhibited lower exergy 

destruction rates. The exergy destruction due to chemical reactions was the 

largest component of exergy destruction in the rSOC–EL mode, increasing from 

0.22 kW at 80 wt.% to 0.35 kW at 95 wt.%. A high biomass moisture content 

facilitated more chemical and electrochemical reactions in the rSOC owing to the 

higher water content, which led to a greater exergy destruction. The exergy 

destruction in preheating of rSOC reactants was caused by the significant 

temperature differences between the streams in the heat exchangers, considering 

that air and biomass entered the system at ambient pressure and temperature, and 

the hot streams had a temperature as high as 680°C. Exploring more efficient 

energy recovery pathways could therefore represent a promising topic for future 

studies. The exergy destruction of the SEP and SCWG reduced with moisture is 

remarkable. High water content determines gasification [205], [206]. 

Figure 4.11B describes the exergy destruction in each process unit of the 

SCWG–rSOC system in reversible operation at various operating conditions. At 

680°C and 20 bar, the exergy efficiencies were 49% and 73% in the FC and EL 

mode, respectively. Variations in the operating pressure and temperature of the 

rSOC influenced the heat and power required by the system. The air and fuel 

preheating in the rSOC exhibited higher exergy destruction because of high 

temperature differences in the heat exchanger units. At a lower temperature and 

high pressure, the pressurised air and fuel required less process heat for 

preheating. Thus, the exergy destruction in heat exchangers was reduced.  
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Figure 4.11. Contribution of process unit exergy destruction to the total 

exergy destruction. A) rSOC operation in EL mode as a function of 

biomass moisture content at 20 bar, 680°C,  j = 2.9, 3.1 and 3.4 A cm–2 at 

80, 90 and 95 wt.% moisture contents. B) FC and EL mode operation, 

biomass moisture content = 95 wt.%, 20 bar, 680°C, FC j = 1.5 A cm–2, EL 

j = 3.4 A cm–2 and 1 bar, 850°C, FC j = 1.5 A cm–2, EL j = 3.4 A cm–2 . 
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The exergy destruction in SEP is almost negligible due to the small fraction of 

separated water, unlike in GUP. Table 6 reports the key data describing the 

system performance. 

4.7 Conclusions and Future Outlook 

This study investigated a process design for a combined SCWG-rSOC 

system, which can attain high efficiencies in energy conversion and has a high 

capacity for hydrogen production. By doing so, three needs have been met 

effectively: sustainable sanitation, biofuel and power generation from waste, and 

renewable energy storage. As a standalone unit, SCWG using high moisture 

biomass produces syngas with high steam and CO2 content. This system 

overcomes this limitation by converting the steam and CO2 into more syngas. The 

integration of SCWG and rSOC technology represents a new approach that – 

together with improvements in materials, residence time, and stable catalysts at a 

competitive price – will help commercialise SCWG-rSOC technology.  

The SCWG–rSOC system exhibited high performance at a biomass 

moisture content of 95 wt.%. At rSOC operating conditions of 680 °C and 20 bar, 

syngas production with the system in EL mode achieved energy and exergy 

efficiencies of 89% and 73%, respectively. The use of an rSOC (in EL mode) 

increased the yield of syngas by approximately thirteen times compared to that 

produced exclusively by the SCWG. The SCWG syngas production exergy 

efficiency reported in the literature at biomass moisture > 90 wt.% is around 20%. 

The total exergy destruction of the SCWG-EL mode is comprised of the 

following parts: exergy destruction in the electrolyser, heat exchange process, 

and turbines. The exergy destruction of gas/liquid separator is negligible. SOEC 

operation at high pressure and lower temperature result in lower total exergy 

destruction. Higher feedstock moisture increases the exergy destruction, but the 

utilisable exergy increases. The system efficiency reached a maximum of 91 % 

at a current density of 3.4 A cm-2.  

The high-quality syngas produced in EL mode was stored in a tank and 

then used in FC mode along with freshly produced syngas from the SCWG. This 

increased the power output in the FC mode by a factor of twelve, compared to the 

use of syngas produced solely by the SCWG. The system in FC mode achieved 

energy and exergy efficiencies of only 42% and 49%, respectively. 
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However, the proposed SCWG–rSOC energy storage system is currently 

subject to limitations that may prevent its use for large-scale power generation. 

First, in the rSOC field, a new system configuration for the SCWG–rSOC must 

be identified to reduce the mentioned exergy destruction and losses. Second, 

since the presence of CH4 has a significant influence on the thermal behaviour of 

the rSOC, it is necessary to gain a better understanding of the chemical and 

electrochemical behaviour of CH4 under fuel utilisation to improve the SCWG–

rSOC performance.  

The proposed technology has been shown to efficiently generate fuel or 

power. Manure, sewage, industrial waste, agriculture waste, or algae, can be used 

to feed the proposed system. As the increasing global population requires high 

quality water and air to ensure the health of all living species, increased efforts to 

develop sustainable methods for energy generation and sanitation provision are 

urgently required over the next decade(s); the proposed SCWG–rSOC system is 

a step in this direction.
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The contributions of this study are as follows:  

• A wastewater gasifier–SOFC system is a thermodynamically attractive 

method for highly efficient power generation from wastewater treatment. 

• The parametric analysis of the SCWG–SOFC system shows that process 

streams have a high potential for integration with other processes at specific 

operational parameters, such as biomass moisture, SCWG operating 

temperature, and SOFC fuel utilisation. 

• An SCWG–rSOC is a potential method for high–capacity and highly efficient 

H2 production in an SCWG–rSOC–electrolysis mode. High–power 

generation in the SCWG–rSOC–fuel cell mode is also possible. This finding 

may contribute to reducing the operating costs of SCWG for H2 production. 

This dissertation provides three alternatives for wastewater treatment 

concepts that operate with sewage, a dry biomass flow rate of 0.56 kg s–1, and 

an MC of 75 to 95 wt.%. The technical attractiveness of a gasifier depends on 

achieving almost 100% CCE with no tar or char generation. The gasifier–SOC 

system must achieve minimum losses and exergy destruction, reaching high 

efficiencies. Table 5.1 shows the key parameters, characteristics, and operating 

conditions of the proposed wastewater treatment system. 

1) A dry–gasifier–SOFC system concept: The system reached the highest 

efficiency of 65.3% with a biomass MC of 75 wt.%. The power production 

was approximately 6.4 kW. This system ensured almost complete conversion 

of the biomass into a gaseous product with no tar or char production using an 

indirectly heated two–stage gasifier. The influence of the high MC of 

biomass on system efficiency is low. The high efficiency achieved in this 

configuration depends on the high recovery of process heat. This 

configuration requires numerous heat exchangers, increasing its complexity 

and exergy destruction. 

2) SCWG–SOFC system: A combination of operating conditions with biomass 

moisture content > 90 wt.% and temperature ≥ 500°C ensures almost 

complete conversion of wet biomass into a gas product in the SCWG. The 

system reached an efficiency within the range of approximately 50–60% 

under these conditions. The generated power is approximately 8 kW. The 

performance of the system can be improved by the heat integration of the 

process streams. 
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3) The SCWG–rSOC system: Ensuring complete conversion of biomass into a 

gaseous product at an extremely high MC of > 90 wt.% and temperature ≥ 

500°C, the SCWG –rSOC–EL mode generates thirteen times more syngas 

than in the SCWG in an SCWG–SOFC system with an efficiency of > 90%. 

The SCWG–rSOC–FC mode produced 12 times more power than the 

SCWG–SOFC system, approximately 99 kW, with efficiency within the 

range of approximately 40–55%. This configuration requires reversible 

operation of the SOC for high–capacity power production, increasing 

complexity. This system is more promising than previous concepts because 

its high fuel and power production capacity is expected to reduce the 

operating costs.  
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The following findings are drawn regarding these contributions: 

Chapter 2 presents a conceptual design of a wastewater dry sludge - gasifier 

integrated with a SOFC, and the results are presented in Table 5.1. The system 

achieves high performance by increasing the yield of H2 production in the gasifier 

and replacing external energy in the gasifier and dryer for process heat and 

electricity. This is achieved by integrating several process units, including an 

indirectly heated two–stage gasifier (PZR and PG stages), resulting in negligible 

tar production [102] and a simpler gas cleaning process. High H2 yield was 

achieved by steam gasification during the plasma gasifier (PG) stage, which was 

appropriate for SOFC applications. Depleted gas from the cathode added to the 

PG partially oxidised the pyrolysis products, releasing heat. A two–stage SOFC 

generated power from clean syngas, and its intercooler provided heat to the 

pyrolysis reactor (PZR). Thus, the PG used less electrical energy to create plasma 

flames. The provision of heat from the SOFC to the PZR lowered the plasma 

torch power from 2.7 kW presented in the work of Liu et al. [69] to 0.27 kW in 

the present study (same biomass input flow rate). Water vapour released in the 

PZR reactor provided the steam required for reforming the PZR products in the 

PG. The electrical efficiency of the combined system was high at low steam to 

biomass ratio (SBR) values. The PZR is a critical component that defines syngas 

yield and electrical efficiency. The proposed gasifier increased the H2 

concentration from 40 vol.% to 60 vol.% presented in previous work for plasma 

gasification [69].  

Removing a substantial amount of water from sewage with the superheated 

steam dryer unit contributes to the highest gasifier performance. The superheated 

steam dryer reused the heat released from the condensation of the pressurised 

water vapour. The MST operated the steam compressor. The system achieved its 

highest electrical efficiency of 66.5% with an initial biomass MC of 60 wt.% and 

60% efficienty at 92 wt.% biomass moisture, more power to drive the compressor 

was required with higher moisture.  

The operating conditions, such as temperature and fuel utilisation, of the 

SOFC determine power generation and heat production. The heat is used for fuel 

and air preheating. The variation in fuel utilisation influences fuel combustion in 

the PSC. The airflow rate for the SOFC cooling requirements increased with fuel 

utilisation. Thus, an optimal SOFC inlet temperature and fuel utilisation were 

obtained. The plant produced power and sufficient heat for air and fuel 
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preheating. The SOFC derived 85% of the power production, and the MST 

produced 15%. High exergy destruction was generated in the gasifier, SOFC, 

PSC, air, and fuel preheating owing to heat transfer in the heat exchangers. The 

significant temperature difference between streams caused considerable exergy 

destruction. 

Thus far, no study on highly efficient, > 50%, power generation from 

biomass with MC higher than 75 wt.% has been reported. The highest system 

energy efficiency, 61%, that has been reported in the literature is a biomass MC 

of 50 wt.%, and the tar is catalytically cracked [75]. The previously reported 

gasifier – SOFC efficiency from the work of Ming Liu et al. [69] [70]. is < 10%, 

with a biomass MC higher than 75%.  

Chapter 3 discussed power generation using SCWG combined with 

SOFCs. The primary design parameters of the combined system that affected 

efficiency were the SCWG catalyst, residence time, SCWG operating 

temperature, feedstock concentration, CCE, and SOFC fuel utilisation. The 

parametric analysis results indicated that the formation of H2 predominates over 

CH4 at high temperatures and MCs > 90 wt.%. High production of H2 in the 

gasifier reduced the heat requirements of the SOFC for an endothermic CH4 

internal reforming reaction. Thus, the SOFC generated sufficient heat for air and 

fuel preheating. 

The feedstock concentration and temperature significantly influenced 

CCE. Almost complete gasification was achieved only with a dry biomass 

concentration lower than 5 wt.%, temperature higher than 500°C, and long 

residence time [166]. These operating conditions required high heat requirements 

to heat the aqueous feedstock to supercritical water conditions and represented a 

challenge in the field of engineering and construction materials. In addition, a low 

yield of H2 is not economically competitive. For industrial applications, the H2 

yield of SCWG of sewage sludge was obtained only with a biomass concentration 

higher than 15 wt.% [161]. The combination of high moisture and high 

temperature reduces the efficiency of the system. This study obtained a system 

efficiency of 14% at 95 wt.%, 600°C, and Uf 0.85. The system was not self–

sustainable at operating temperatures higher than 650°C and 95 wt.% biomass 

moisture. However, despite its low efficiency, achieving complete biomass 

conversion at a moisture of 95 wt.% was advantageous. A gaseous product rich 



 
Chapter 5                                                         Conclusion and Recommendations 

 

127 

 

in H2O under SCW conditions was valuable. This process can be integrated into 

a bottoming cycle to recover the thermomechanical energy of the product gas. 

Because of operation at a temperature lower than 500°C and dry–biomass 

concentration higher than 10 wt.%, expected in a real gasifier, complete 

conversion could not easily be achieved. This implies a demanding gas–cleaning 

unit and reduced efficiency. The net electrical efficiency varied from 29% to 40% 

at Uf 0.65–0.95 of the SCWG–SOFC at CCE of 48% according to available 

experiments, dry biomass content 15 wt.%, 600°C, and 25 MPa. Contrarily, 

assuming complete conversion, the efficiency reached 44% to 65%. The highest 

net electrical and exergy efficiencies of the SCWG–SOFC were 72% and 59%, 

respectively, at 80 wt.% moisture, Uf 0.95 (though achieving such a high fuel 

utilization might need significant research efforts and radically new cell designs). 

A lower MC resulted in excess thermomechanical exergy available in the system 

for use in bottoming cycles. This could be a route to improve the efficiency of the 

system. 

The net electrical efficiency of the system was maximised at a high Uf and 

low biomass MC. A high Uf generated additional power and heat in the SOFC, 

and the generated heat efficiently preheated the air and fuel inlet streams. A high 

Uf reduced the mass fuel rate fed to the PSC and thus the mass flow rate of 

exhaust gases that preheated the feedstock entering SCWG, leading to low exergy 

destruction because of the reduction in the temperature difference between 

streams.  

The energy and exergy efficiencies of the combined system significantly 

depended on the highest heat recovery from the product gas generated in SCWG. 

However, it also accounts for the highest exergy destruction because the fuel and 

air preheaters recovered the process heat using heat exchangers. Employing 

suitable catalysts and increasing the residence time and material quality were 

potential routes to improve the performance of SCWG. However, combining 

operational parameters such as the biomass MC, SCWG operating temperature, 

and SOFC fuel utilisation generated a process stream with high thermochemical 

energy appropriate for integration with other processes. 

Chapter 4 the SCWG–rSOC system is a new concept that reduces operating costs 

by significantly increasing system capacity for H2 and power production. The 

system operates intermittently in EL and FC modes. According to the parametric 

analysis in Section 3, the SCWG feed with feedstock at high moisture > 95wt.% 
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reaches almost complete biomass conversion into syngas, preventing the costly 

gas cleaning process and producing syngas with high steam and CO2 content. The 

gas cleaning unit previously separated salts at T > 374°C and pressure > 221 bar. 

The SCWG–rSOC–EL mode recovered the thermochemical energy of syngas. It 

converted steam and CO2 in syngas by storing renewable electric power in syngas 

and holding it in a tank. The syngas yield increased approximately thirteen times 

compared with that produced exclusively by SCWG. The system reached an 

energy efficiency of 91% and an exergy efficiency of 73%. The exergy efficiency 

of SCWG syngas production reported in the literature for biomass moisture > 90 

wt.% is approximately 20% [2]. The SCWG–rSOC–EL system is more efficient 

because the heat of water evaporation is recovered in the electrolyser, it is one of 

the more importance factors. On the contrary, in the concepts presented in Table 

4.1, the heat of evaporation is lost in the liquid-gas flash separator. In addition, 

the biomass SCWG–rSOC–EL mode overcomes the determined production of H2 

with 30% efficiency for solar–electrochemical H2 [237] and dry gasification plus 

steam electrolysis with 45% efficiency [73].  

Owing to the reversible characteristics of the electrochemical process, the 

SCWG–rSOC–FC mode converted the stored syngas along with the freshly 

produced syngas from the SCWG into power. The system increased power 

production by a factor of twelve times compared with the use of syngas made 

solely by SCWG. The system achieved energy and exergy efficiencies of only 

42% and 49%, respectively.  

Rsoc EL operation 

The efficiency of the SCWG–rSOC–EL mode system depended on the 

external power and heat supplied to the system and the efficient utilisation of the 

process heat. The generated process heat almost satisfied the heat required by fuel 

and air preheaters. The variation in operating conditions determined the 

efficiency of the SCWG–rSOC–EL mode. The system reached the highest 

efficiency of 91% at high operation pressure between 13 and 20 bar, a 

temperature of 680°C, 95 wt.% biomass MC, and a current density of 3.4 A cm–

2. The pressurisation of fuel and air increased their temperatures, significantly 

reducing the external heat demand for preheating, and reduced heat transfer 

exergy destruction. The rSOC–EL stack power and air compressor increased at 

high pressures. However, a decrease in the external heat requirements was 

significant. By gradually increasing the temperature from 680°C to 750°C and 
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then 850°C, the stack became endothermic, and the efficiency decreased because 

a considerable amount of external heat was required to preheat air and fuel. The 

air compressor power was increased because the airflow required to provide heat 

was also high. The stack power also increased at high temperatures. 

The system reached its maximum efficiency at a cell voltage (1.32 V) 

slightly higher than the thermoneutral voltage (approximately 1.26 V). The 

increased current density rendered the rSOC system exothermic, favouring the 

highest system efficiency owing to the use of generated heat to meet the air and 

fuel preheating demands. At high moisture 95 wt.%, the CH4 concentration on 

the syngas was low but somewhat promoted the exothermic methanation reaction. 

At a lower MC of 80 wt.%, the fraction of CH4 on syngas was high, promoting 

an increased methanation reaction, leading to additional heat generation, 

rendering the stack highly exothermic. The additional heat generated satisfied the 

heat requirements of the system. However, the power required to compress air to 

remove heat under exothermic operation had a more significant adverse effect on 

the system efficiency, resulting in lower efficiency than that at 95 wt.%.  

Any increase in the current density from the optimal value rendered the 

rSOC highly exothermic. In contrast, reducing the current from the optimal value 

rendered the rSOC endothermic. In both cases, the power of the air compressor 

was increased to remove excess heat or provide external heat through the airflow. 

The most significant contributions to exergy destruction were from the rSOC, 

turbines, and preheating of the rSOC reactants. The exergy destruction in the 

preheated rSOC reactants was caused by the considerable temperature differences 

between the streams in the heat exchangers. The exergy destruction in SEP was 

almost negligible owing to the small fraction of separated water. The HE 

recovered most of the sensible heat from the gasification product gas. Process 

integration rendered heat recovery feasible, and a simple system configuration 

reduced exergy destruction. Some energy was recovered as electricity using 

turbines, although they exhibited high exergy destruction. The exhaust gas 

emitted into the environment was at ambient temperature; therefore, exergy loss 

was negligible. 

Rsoc FC operation 

The SCWG–rSOC FC mode produced twelve times more power when the 

rSOC used mixed syngas (stored gas + SCWG fresh syngas) than when it used 

only SCWG fresh syngas. This was because of the higher flow rate of the mixed 
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syngas. At a 95 wt.% biomass moisture, rSOC of 1 bar, and T of 850°C, the power 

generated by the rSOC fed by fresh syngas was 7.2 kW. Mixed syngas increased 

to 86.25 kW.  

High–pressure operation increased the temperatures of air and fuel, 

reducing the external demand for heat for preheating. However, the compressor 

power requirements were significantly high and the efficiency was reduced. The 

effect of CH4 reactions on the SOFC anode was greater at a biomass moisture of 

80 wt.% than at 95 wt.% because of the higher CH4 concentration on the 

generated syngas. A high temperature of 850°C promoted the endothermic 

reformation of CH4, reducing heat generation. High pressure and a low 

temperature of 680°C promoted methanation reaction, increasing the heat 

generation of the stack. The maximum efficiency was 66% at a pressure of 1 bar, 

temperature of 850°C, and Uf of 0.95, whereas at 95 wt.%, the efficiency 

decreased to 56%. The system efficiency increased monotonically with 

increasing current density. The stack consumed a significant portion of the fuel. 

Therefore, the stack power output increased, whereas the PSC burns less fuel. 

Lower fuel combustion in the PSC led to minor combustion losses and lower 

exhaust gas temperatures. Consequently, a lower exhaust gas temperature led to 

a lower fuel temperature at the HE outlet. The lower exhaust gas temperatures 

also led to efficient heat transfer with the incoming air and fuel owing to the minor 

temperature differences in the heat exchangers. 

RECOMMENDATIONS 

The dry–gasifier–SOFC and SCWG–rSOC integrated concepts for 

wastewater treatment achieved high energy and exergy efficiencies for power and 

syngas production. The wastewater dry–gasifier–SOFC system is a relatively new 

and unstudied concept. The configuration presented in this study is only one of 

many other possible system configurations. A new dry–gasifier–SOFC 

configuration using a high–temperature gas–cleaning unit can reduce exergy 

destruction by heat transfer and reduce the number of heat exchangers. Indirectly 

heated two–stage gasifiers require further investigation at the modelling and 

experimental levels to demonstrate the complete conversion of biomass into gas. 

However, the proposed system is complex. New heat recovery methods that 

simplify this process are desirable. The PZR zone of the two–stage gasifier 

requires further investigation in terms of variations in operating conditions, 

gasifying agents, and feedstock composition.  
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Although both concepts achieve high energy efficiency, heat recovery 

needs to be improved using new techniques because of the significant 

temperature difference between streams in fuel and air preheating using process 

heat is the primary source of exergy destruction in both systems. The system 

requires a heat exchanger network design for energy saving using pinch 

technology and the application of advancements in computational heat pipe 

arrangements.  

The combustion of the residual combustible gas from the SOFC anode 

produces highly concentrated CO2. It can be used for multiple applications, such 

as fast–growing biomass or the electrochemical conversion of CO2 into syngas 

powered by renewable electrical energy. The highest efficiency is reached at the 

highest increase in SOC fuel utilisation in the rSOC–FC mode. Contrarily, lower 

fuel utilisation can extend the lifetime of the stack with no degradation of the 

anode. The trade–off between high system efficiency at high fuel utilisation and 

stack lifetime requires further analysis. 

The SCWG–rSOC system requires the complete separation of 

contaminants from the SCWG gas product in a gas–cleaning unit under 

supercritical conditions to prevent the blowing of downstream equipment. Further 

investigation is necessary to understand the elemental behaviour of wastewater 

in supercritical water to effectively quantify the operating parameters for SCW 

reactors and reduce the number of solid residues to be further processed [240] in 

the rSOC.  

The exergy efficiency of the SCWG–rSOC–EL mode, 69%, is significantly 

higher than that of the SCWG–rSOC–FC mode, 49%. The PSC, air and fuel 

preheating, and gas upgrading units are the processes with the highest exergy 

destruction. The high complexity of the system operating in the FC mode 

increases the exergy destruction and reduces the exergy efficiency. New methods 

for creating a simpler configuration will improve the efficiency of the SCWG–

rSOFC–FC system. 

This study demonstrated conceptually and thermodynamically that the 

efficient production of sustainable energy and the provision of sanitation services 

can be achieved simultaneously. Sewage gasification–solid oxide technologies 

show great potential as an efficient alternative method for power generation and 

efficient wastewater treatment. The social implementation of new hybrid energy–

sanitation methods will contribute to effective worldwide energy distribution, 
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mitigate climate change, and enable an equitable service infrastructure that 

provides a clean environment to ensure the well–being of all creatures on Earth. 
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Appendix A 

The ohmic overpotential occurs due to the electrolyte resistance to the ionic 

current O–2. The resistance include the solid electrolyte and the electrodes. In this 

work as assumed the electrode resistance are negligible. The Ohmic losses 

depend on the cell design, electrolyte thickness and material. They depend on the 

ionic and electronic conductivity σel [Ω–1m–1] of the electrolyte [24]: 

𝜂𝑜ℎ𝑚 = 𝑗 ∙
𝛿𝑒𝑙

𝜎𝑒𝑙
     [A1] 

Where δel is the electrolyte layer thickness, rohm,el is the specific ohmic 

resistance of the electrolyte layer [Ωcm2] and rohmic,const is the resistance of 

interconnectors and wires [Ωcm2], which is assumed to be constant. On the other 

hand, the electrolyte conductivity σel strongly depends on temperature and can be 

calculated as [241]: 

𝜎𝑒𝑙 = 𝜎0,𝑒𝑙𝑇−1 ∙ 𝑒𝑥𝑝 (−
𝐸𝑒𝑙

𝑅∙𝑇
)         [A2] 

where σ0,el [Ω–1m–1] is an empirical pre–exponential factor, and Eel [J/mol] 

is the activation energy. 

Concentration/Diffusion overpotential. During cell operation, the reactant 

and product are transported by diffusion through the porous media from the bulk 

of material to the TPB or vice versa. The geometrical effects and molecular 

interactions generate diffusion losses that result in lower reactant and product 

partial pressure at the TPB. Assuming the system contain binary components, the 

concentration losses according to [215] result: 
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𝜂𝑐𝑜𝑛𝑐,𝑓𝑢𝑒𝑙 =
𝑅∙𝑇

2∙𝐹
∙ 𝑙𝑛 (

𝑝𝐻2𝑂,𝑡𝑝𝑏∙𝑝𝐻2,𝑏𝑢𝑙𝑘

𝑝𝐻2𝑂,𝑏𝑢𝑙𝑘∙𝑝𝐻2,𝑡𝑝𝑏
)   [A3] 

𝜂𝑐𝑜𝑛𝑐,𝑜𝑥𝑦𝑔𝑒𝑛 =
𝑅∙𝑇

4∙𝐹
∙ 𝑙𝑛

𝑝𝑂2,𝑏𝑢𝑙𝑘

𝑝𝑂2,𝑡𝑝𝑏
   [A4] 

where pi,bulk and pi,tpb are respectively the bulk and TPB gas concentration 

as a function of the partial pressure of the species i in a binary mixture i and j. 

According to Fick’s model, the gas concentration is given by [215]: 

𝑝𝑖,𝑡𝑝𝑏 = 𝑝𝑖,𝑏𝑢𝑙𝑘 −
𝑅∙𝑇∙𝛿𝑎𝑛,𝑐𝑎𝑡

𝑛𝑖∙𝐹∙𝐷𝑒𝑓𝑓,𝑖
    [A5] 

considering that Knudsen diffusion and molecular diffusion compete with 

one another, the effective diffusion coefficient Deff,i [m2/s] is determined by [215]:  

𝐷𝑒𝑓𝑓,𝑖 =
𝜀

𝜏
∙ (

1

𝐷𝑖𝑗
+

1

𝐷𝑖𝑘
)    [A6] 

 

where the path for the diffusion of the gas molecules within the pores has 

a tortuosity τ and average pore diameter ε. The pure Knudsen diffusion comprises 

the effect of the porous medium and is estimated by [215]: 

𝐷𝑖𝑘 =
𝑑𝑝

3
√

8𝑅𝑇

𝜋𝑀𝑖
     [A7] 

where Mi is the molecular weights of gas species i, and dp is the mean pore 

size of the porous media. The binary diffusivity coefficient Dij is given by [215]: 

 

𝐷𝑖𝑗 =
1.43∙10−7∙𝑇1.75

𝑝∙√2 (𝑀𝑖
−1+𝑀𝑗

−1)⁄ (𝑉𝑑,𝑖
1 3⁄

+𝑉𝑑,𝑗
1 3⁄

)
2          [A8] 

 

where Vd is the atomic diffusion volumes of species i and j. 

 

Activation losses. The charge–transfer resistance depends on the TPB area 

and operating conditions such as gas composition and temperature. The inverted 

Butler–Volmer [223] Eqs. 26 and 29 compute the charge–transfer activation 

overpotentials (ηact,a ηact,c). In the present work is assumed that only the oxidation 
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of H2 takes place in the TPB, and the charge–transfer reaction at the TPB region 

is the limiting step in the anode and cathode. The limiting step reaction of 

electrochemical oxidation of H2 is giving by Eq. 25, [221].  

𝐻(𝑁𝑖) + 𝑂𝐻(𝑌𝑆𝑍)
− ↔ (𝑁𝑖) + 𝐻2𝑂(𝑌𝑆𝑍) + 𝑒𝑁𝑖

−   

 [A9] 

 

𝜂𝑎𝑐𝑡
𝑎 =

𝑅𝑇

𝐹
[𝑠𝑖𝑛ℎ−1 (

𝑖

2𝑖0,𝑎𝑛𝑜𝑑𝑒
)]     [A10] 

 

where i0 is the exchange current density: 

 

𝑖0 = 𝑖𝐻2

∗
(𝑝𝐻2 𝑝𝐻2

∗⁄ )
1/4

(𝑝𝐻2𝑂)
3/4

1+(𝑝𝐻2
𝑝𝐻2

∗⁄ )
1/2      [A11] 

 

The balance between adsorption and desorption of hydrogen on the Ni 

determines the parameter 𝑝𝐻2

∗ . According to [221] there are not yet established 

values for the forward and reverse rates of hydrogen adsorption and desorption 

on Ni, and they are a function of different variables such as the particular crystal 

face and surface defects. In the work of [221] the dissociative adsorption rate is 

written in terms of a sticking probability 𝛾0. Table 1 shows the parameters. 

𝑝𝐻2

∗ =
𝐴𝑑𝑒𝑠Γ2

√2πRT𝑀𝐻2

𝛾0
𝑒𝑥𝑝 (

𝐸𝑑𝑒𝑠

𝑅𝑇
)    [A12] 

 

 𝑖𝐻2

∗  depends on parameters associated with the charge–transfer reactions. 

However, parameters like the specific three–phase boundary length and the 

elementary charge–transfer rates are not directly known. Thus, here we take 𝑖𝐻2

∗ as 

a fitting value.  

Eq. 29 describes the electrochemical reduction of oxygen incorporated at 

the electrode–electrolyte interface [223]: 
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𝜂𝑎𝑐𝑡
𝑐 =

𝑅𝑇

𝐹
[𝑠𝑖𝑛ℎ−1 (

𝑖

2𝑖0,𝑐𝑎𝑡ℎ𝑜𝑑𝑒
)]    [A13] 

The charge transfer and incorporation at the TPB [223]: 

𝑂𝑎𝑑(𝑐) + 𝑉𝑂̈(𝑒𝑙)
+ 2𝑒(𝑐)

− ↔ 𝑂𝑂
×

(𝑒𝑙) + (𝑐)     [A14] 

𝑂𝑎𝑑(𝑐) is adsorbed atomic oxygen on the cathode surface and (c) is an 

unoccupied cathode surface site, 𝑉𝑂̈(𝑒𝑙)
 is the oxide–ion vacancy and 𝑂𝑂

×
(𝑒𝑙) is an 

oxide anion . i0 is the exchange current density: 

𝑖0 = 𝑖𝑂2

∗
(𝑝𝑂2 𝑝𝑂2

∗⁄ )
1/4

1+(𝑝𝑂2 𝑝𝑂2
∗⁄ )

1/2         [A15] 

𝑖𝑂2

∗  is a fitting parameter, see Table 1 for parameters 𝐴𝑂2
, 𝐸𝑂2

 

𝑝𝑂2

∗ = 𝐴𝑂2
exp ( −

𝐸𝑂2

𝑅𝑇
)     [A16] 
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Nomenclature 

A  area of the stack 

dp  particle diameter (nm) 

E              cell voltage (V) 

Er  reversible potential (V) 

𝑒𝑓  specific flow exergy per unit of mol (kJ mol–1)  

Ex  exergy (kW) 

ex̅̅ ̅i
ch  chemical exergy (kJ mol–1) 

Ėd  exergy destruction rate (kW) 

F    Faraday constant (C mol–1) 

ΔG  change in specific molar Gibbs free energy (Jmol–1) 

ΔH  change in specific molar enthalpy (Jmol–1) 

h              specific enthalpy (kJ kg–1) 

I      current (A) 

j              current density (Acm–2)   

ṁ  mass flow rate (kg s–1) 

M  molecular weight 

n              number of moles 

ṅ              mole flow rate (mol s–1) 

P                         pressure (Pa), power (kW),  

p                         partial pressure 

Q  heat (kW) 

R  gas constant (Jmol–1K–1) 

ΔS  change in specific molar entropy (kJ mol K–1) 

S      specific entropy (kJ K kg–1) 

T    temperature (K) 

Uf  fuel utilisation ratio 

V  voltage (V) 

x                         mass fraction 

y    mole fraction  

Ẇ  rate of work (kW) 

Greek letters 

Δ  thickness (μm) 

β   surface ratio 
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η   efficiency, cell resistant (Ω m2) 

τ   tortuosity 

ε   porosity 

μ   chemical potential (Jmol–1) 

Γ   surface site density (mol cm2) 

δ   conductivity 

Subscripts, superscript 

act  activation 

ch                       chemical 

conc  concentration 

cv                       control volumen 

des  desorption 

e   exit 

f                          thermochemical 

ex  exergy 

i   inlet, mixture components 

j   number of component present in a mixture 

0   properties at the reference environment 

ohm  Ohmic 

ox  oxidant 

r   reversible 

sys  system 

TN  thermoneutral 

an  anode 

cat  cathode 

Abbreviations 

BOP   balance of the plant 

CGE   cold gas efficiency 

CE                     carbon gasification efficiency 

SCWG            supercritical water gasification 

GT   gas turbine 

GUP   gas upgrading unit 

LHV   lower heating value (kJmol–1) 

HE                     heat exchanger 

HHV   high heating value (kJmol–1) 
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PSC   post combustor 

TPB   three–phase boundary 

ASR   area–specific resistance 

rSOC   reversible–solid oxide cell 

SOFC  solid–oxide fuel cell 

SOEC  solid–oxide electrolyser cell 

SEP                    gas/liquid separator 

SCW   supercritical water 
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