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Abstract

Biomass is widely used as a energy source for power production due to high calorific powers,
worldwide availability and a neutral carbon footprint.

Huge amounts of brewery’s spent grains (BSG) are obtained from beer production across the
world and are quite expensive to dispose of, making it a good feedstock to study its potential
regarding thermochemical conversion into a fuel.

Supercritical water gasification (SCWG) of biomass is the gasification method that can achieve
better results for high moisture content biomasses like BSG. With the help of the Aspen Plus®
software, a model of a SCWG plant with a carbon capture unit was developed and coupled to
another model of a combined cycle to simulate power production using the produced syngas as
fuel.

Firstly a sensivity analysis was performed to check the influence of several parameters on the
produced syngas characteristics. For high temperatures, a syngas with a hydrogen percentage of
66% can be reached, as opposed to a high percentage methane syngas (44.75%) obtained for low
temperatures of just 400◦C.

As for LHV , high values ranging from 10.81 to 32.75 MJ/Nm3 were obtained as the calcula-
tions were performed with an adjustment to not take into account the captured CO2. Higher LHV s
were found, as expected, to correspond to syngases with higher CH4 molar fractions. However,
low gas yields were obtained for these syngases with high methane content and the opposite goes
for hydrogen rich syngases. With these values, cold gas efficiency was calculated but results were
disappointing, with a maximum value of 36.55% for the syngas produced at 900◦C, 241 bar and
5% feed concentration.

A point corresponding to close to optimal operating conditions, taking into account energetical
and environmental costs of the process, and without making an exhausting study on the auxiliary
consumptions and energy losses due to software limitations, was defined for 10% feed concentra-
tion and a temperature and pressure of gasification of 600◦C and 241 bar, respectively.

The syngas produced was then used for the study of the combined cycle that was optimized
by setting the temperature at the inlet of the gas turbine and the pressure ratio to the maximum.
The air-to-fuel ratio selected was the stoichometric one, with a value of 22.13. Adiabatic flame
temperatures of 2400.48 K were met for the combustion at atmospheric conditions.

Finally, 686.32 kW of work for a BSG feed rate of 1000 kg/h was obtained. This lead us to a
good efficiency of the cycle (49.32%), but a quite low global efficiency of 16.6% due to the low
cold gas efficiency, and to a negative emission factor of 574.95 kgCO2/MWh.
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Resumo

A biomassa é amplamente utilizada como fonte de energia para a produção de energia devido
ao seu elevado poder calorífico, à sua disponibilidade a nível mundial e à sua pegada de carbono
neutra.

Grandes quantidades de grãos usados da produção cervejeira (BSG) são obtidas em todo o
mundo, sendo que a sua eliminação é bastante dispendiosa, fazendo com que seja um tipo de
biomassa bastante interessante para estudar o seu potencial em termos de conversão termoquímica
em combustível.

A gaseificação com água supercrítica (SCWG) é o método de gaseificação que permite obter
melhores resultados para biomassas com elevado teor de humidade, como a BSG. Com a ajuda do
software Aspen Plus®, foi desenvolvido um modelo de uma central SCWG com uma unidade de
captura de carbono, acoplado a outro modelo de um ciclo combinado para simular a produção de
eletricidade utilizando o gás sintético produzido como combustível.

Em primeiro lugar, foi efetuada uma análise de sensibilidade para verificar a influência de
vários parâmetros nas características do gás sintético produzido. Para temperaturas elevadas, é
possível obter um gás com uma percentagem de hidrogénio de 66%, por oposição a um gás sin-
tético com uma elevada percentagem de metano (44.75%) obtido para temperaturas baixas de
apenas 400◦C.

Quanto ao LHV , foram obtidos valores elevados, variando de 10.81 a 32.75 MJ/Nm3, uma
vez que os cálculos foram efectuados com um ajuste para não ter em conta o CO2 capturado.
Verificou-se que os LHV s mais elevados, como esperado, correspondem a gases sintéticos com
fracções molares de CH4 mais elevadas. No entanto, foram obtidos baixos volumes de gás no
caso de gases com elevado teor de metano e o oposto para gases sintéticos ricos em hidrogénio.
Com estes valores foi calculada a eficiência do gás frio, mas os resultados foram decepcionantes,
com um valor máximo de 36.55% para o gás sintético produzido a 900◦C, 241 bar e 5% de
concentração de biomassa.

Um ponto correspondente às condições de funcionamento próximas das óptimas foi definido,
tendo em conta os custos energéticos e ambientais do processo e sem fazer um estudo exaustivo
dos consumos auxiliares e perdas de energia devido às limitações do software, para uma concen-
tração de biomassa de 10% e uma temperatura e pressão de gaseificação de 600◦C e 241 bar,
respetivamente.

O gás sintético produzido foi então utilizado para o estudo do ciclo combinado, que foi opti-
mizado definindo a temperatura à entrada da turbina a gás e a relação de pressão com o máximo
valor possível. A relação ar/combustível selecionada foi a estequiométrica, com um valor de 22.13.
Foram atingidas temperaturas adiabáticas de chama de 2400.48 K para a combustão em condições
atmosféricas.

Finalmente, foram obtidos 686,32 kW de trabalho para 1000 kg/h de alimentação de biomassa.
Isto conduziu-nos a uma boa eficiência do ciclo (49,32%), mas a uma eficiência global bastante
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baixa de 16,6%, devido à baixa eficiência do gás frio, e a um fator de emissão negativo de 574,95
kgCO2/MWh.
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ẆST Steam turbine work W
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Chapter 1

Introduction

1.1 Relevance

In contemporary times, there exists significant political and societal pressure to mitigate the

pollution stemming from industrial operations. The modern consumer demands rapid industrial

output, which often results in substantial energy consumption and the generation of substantial

waste materials [1]. A strategy embraced by industries to enhance efficiency involves repurposing

their own waste and by-products to generate energy, aligning with the principles of a circular

economy [2].

The brewing sector produces notable quantities of by-products with spent grains standing out

as the most prevalent by-product, accounting for approximately 85% of the overall generated by-

products. Spent grain generally makes up around 31% of the original malt weight [3], equivalent

to roughly 20 kg/l of beer produced [4]. Notably, the brewing industry contributes around 1% to

Portugal’s GDP, resulting in the production of about 135,000 tons of brewery’s spent grains (BSG)

annually [5, 6].

Given BSG’s rich content of sugars and proteins, the primary and most common approach for

managing this industrial by-product has been its utilization as animal feed. Nevertheless, BSG

presents itself as a promising raw material for diverse applications due to its economical nature,

consistent year-round availability, and valuable chemical composition [5].

Biomass gasification has been gaining significant attention as a thermochemical recycling

method, enabling the conversion of a diverse range of biomass and waste-derived materials into a

syngas fuel. Supercritical water gasification is a well suited gasification process for BSG due to

its high moisture content, since in this process water acts both as excellent reaction medium as a

reactant due to its enhanced special properties in the supercritical state [7].

Due to the high pressures involved in this process, a more cost-effective and efficient carbon

capture system can be implemented like the pressure swing adsorber [8]. This way, BSG can be

converted into a high hydrogen content syngas that can be utilized for clean power production with

a carbon-negative footprint [9]. For that, combined cycles are one of the best options since they
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Introduction 2

have improved efficiencies over the conventional Rankine and Brayton cycles, reaching up to 57%

[10].

1.2 Objectives

This work is essentially focused on achieving a good performance from brewery´s spent grains

biomass, after being converted into a syngas fuel with carbon capture included, in a combined gas

and steam turbine cycle. To achieve that, Aspen Plus® software is used to develop two models

corresponding to the supercritical water gasification and combined cycle plants, respectively, and

they are coupled together in order to optimize the whole process of obtaining an efficient work

output with extremely low CO2 emission factor.

1.3 Structure

This dissertation is divided into 5 chapters, including this one, that serves as an introduction

explaining the relevance and the main objectives of this work.

In chapter 2, firstly, some insights are given about the composition and obtention process

for the brewery´s spent grains, as well as the potential applications of this feedstock. Secondly, a

literature review on supercritical water gasification is made, explaining how can supercritical water

benefit biomass gasification and going through a study on the several individual components of a

supercritical water gasification plant and how the different parameters influence the performance

of such process. This chapter finishes with some considerations about combined heat and power

production cycles, how it works and its impact on the energy mix of Portugal and the European

Union.

In chapter 3, it is explained the method used to simulate the supercritical water gasification

process in Aspen Plus® and the validation of this model is realized by comparing some outputs of

the process with the literature’s. It is also shown the biomass feedstock used to proceed with this

study.

Chapter 4 is related to the optimization of both the gasification of the biomass in study as well

as the combined cycle performance when coupled to the supercritical water gasification plant.

Here, several graphs showcasing the results obtained are plotted and a close to optimal point is

selected.

Finally, in chapter 5, some conclusions regarding this study´s findings are written and future

works are suggested.



Chapter 2

Supercritical water gasification of BSG

2.1 BSG: generation and composition

Barley stands as one of the world’s most significant grains, following wheat, maize and rice. Its

primary uses involve serving as animal fodder or as a foundational ingredient for beer production

[11]. Barley kernels are notably abundant in starch and proteins, comprising three primary com-

ponents: the germ (embryo), the endosperm (encompassing the aleurone and starchy endosperm),

and the outer layers of the grain. The outer layers can be further categorized into three fractions:

the seed coat, the layers immediately surrounding the aleurone and positioned above the seed coat

are the pericarp layers, which are subsequently covered by the husk, as illustrated in figure 2.1

[12].

Figure 2.1: Scheme of a barley kernel [13]

To ready harvested barley for the brewing process, it undergoes cleaning and sorting based on

its size. Following a resting period of 4–6 weeks, the barley undergoes controlled germination as

part of the malting process, which aims to enhance the enzymatic composition of the grain. This

malting procedure unfolds in the following sequence: steeping, germination, and subsequently

drying or kilning [11, 14, 15, 16], as shown in figure 2.2.

3
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Figure 2.2: Representation of BSG obtention from barley [14]

BSG primarily encompasses the layers of husk, pericarp, and seed coat that envelop the orig-

inal barley grain. This composite contains approximately 17% cellulose, 28% non-cellulosic

polysaccharides, 28% lignin, along with traces of protein and lipids [14, 17]. Depending on the

specific brewing process employed, there might be remnants of hops introduced during mash-

ing. Notably, the husk harbors significant quantities of silica (constituting 25% of the mineral

composition in barley as silicates) [12], along with trace amounts of calcium, iron, magnesium,

phosphorus, potassium, sodium, etc., all present in concentrations below 0.5% [18], as we can

verify in table 2.1.

The chemical makeup of BSG displays variation based on factors such as the variety of barley,

harvest timing, and the conditions of malting and mashing [19, 20]. When compared to other by-

products from agro-industrial processes, BSG showcases a lower cellulose content, yet its lignin

content remains comparable [5]. This characteristic renders it suitable for use as a foundational

material for the creation of valuable substances like activated charcoal, pesticides, fertilizers, poly-

mers, and more [21]. Conversely, BSG boasts a notably elevated hemicellulose content, surpassing

that found in various other by-products of agricultural crops. Protein levels within BSG are also

considerably higher than those typically observed in other crop-derived by-products. The substan-

tial presence of hemicellulose sugars and protein within BSG underscores its significant potential
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for applications in both the food and biotechnological realms [5].

Table 2.1: Composition of BSG according to two studies

Item Meneses et al [22] Mussato and Roberto et al [23]

Components (g/kg , d.b)
Cellulose 168 217

Hemicellulose 284 192

Xylan 199 136

Arabinan 85 56

Lignin 278 194

Acetyl groups 14 -

Proteins 153 247

Ashes 46 42

Extractives 58 107

Minerals (mg/kg , d.b)
Silicon 10740 -

Phosphorus 5186 6000

Calcium 3515 3600

Magnesium 1958 1900

Sulfur 1980 2900

Potassium 258.1 600

Sodium 309.30 137.10

Iron 193.40 154.90

Zinc 178.00 82.10

Aluminium 36.00 81.20

Manganese 51.40 40.90

Cobalt - 17.80

Copper 18.00 11.40

Strontium 12.70 10.40

Iodine - 11.00

Barium 13.60 8.60

Chromium 5.90 < 0.50

Molybdenum - 1.40

Boron - 3.20

2.2 BSG for energy production

In recent times, BSG has garnered increased attention as a viable commodity due to the es-

calating costs associated with its disposal [24]. Given this context, various solutions have been
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proposed for the utilization of BSG in energy generation. These alternatives encompass biogas

production, ethanol synthesis, and thermochemical conversion processes such as pyrolysis, com-

bustion, and gasification.

Biogas production from BSG is achievable through anaerobic digestion, resulting in a mixture

primarily composed of 60–70% methane, accompanied by small proportions of hydrogen, nitro-

gen, carbon dioxide, and carbon monoxide [4, 25, 26]. Despite its high moisture content, BSG is

suited for anaerobic digestion [27, 28]. However, the intermediate byproducts of lignocellulosic

biodegradation hinder biogas production from BSG [27, 28]. The hydrolysis of fiber material

within BSG represents a limiting step for the complete degradation process [14].

In recent years, ethanol has gained unprecedented attention due to its role as an alternative

fuel to gasoline, rising oil prices, and its status as a sustainable energy source with environmental

benefits. The global production of ethanol is currently at significant levels, largely relying on corn

as the primary raw material. However, considering that this feedstock is essentially a food source,

this scenario is still expected to evolve [29].

Among the potential pathways for energy generation from biomass like BSG, thermochemi-

cal conversion technologies such as combustion, pyrolysis, and gasification stand out. Thermal

conversion processes operate relatively swiftly, taking minutes or seconds for completion, while

biological processes relying on enzymatic reactions demand hours or even days. Consequently,

for practical use, thermochemical conversion holds preference [7].

In the case of BSG combustion, pre-draining the spent grain to 55% moisture is necessary

[30]. Nevertheless, BSG combustion leads to the emission of particles and toxic gases containing

1000 to 3000 mg/m3 of nitrogen and 480 mg/m3 of sulfur dioxide [30, 31]. The authors of

[32] developed a process to create charcoal bricks from BSG. These charcoal bricks exhibited

a high calorific value of around 27 MJ/kg, surpassing the original BSG and charcoals derived

from other sources. According to [33], BSG charcoal consists of 81% fixed carbon and 12%

ash. Thermal analysis revealed that BSG charcoal’s combustion properties are inferior to those of

sawdust charcoal, characterized by a higher ignition temperature and a longer burning duration.

Within the realm of thermochemical techniques, conventional gasification and plasma gasi-

fication are notable approaches with considerable potential for producing alternative fuels [24].

These methods hold promise not only from efficiency and economic perspectives but also in terms

of environmental considerations [34].

2.3 Fundamentals of gasification

In recent times, gasification has garnered significant attention as an impactful thermochemical

recycling method. This approach enables the conversion of a diverse range of biomass and waste-

derived materials, including wood, plastics, municipal solid waste, as well as agricultural and

industrial residues [35].
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Table 2.2: Combustion and gasification products [35]

Carbon Hydrogen Nitrogen Sulfur Others
Combustion CO2 H2O NO, NO2 SO2 or SO3 Hg, Cd, HCl
Gasification CO H2 HCN,N2 or NH3 H2S or COS

The resulting syngas is primarily composed of hydrogen (H2), carbon monoxide (CO), car-

bon dioxide (CO2), nitrogen (N2), and certain low molecular weight hydrocarbons (CH4, C2H4,

C2H6, etc). Table 2.2 provides a comparative overview of the product gases obtained both from

gasification and combustion processes.

As evident from the combustion process, the emission of hazardous substances into the envi-

ronment is a concerning outcome. These include heavy metals such as mercury (Hg) or cadmium

(Cd), as well as compounds like hydrogen chloride (HCl), sulfur dioxide (SO2), nitrogen oxides

(NOx) and hydrogen fluoride (HF) [36]. In contrast, during the gasification process, the production

of potentially harmful compounds is notably minimal, consisting of small quantities of hydrogen

sulfide (H2S), and ammonia (NH3). Tar and char may also be produced [37]. Furthermore, gas

separation techniques can be employed to eliminate carbon dioxide (CO2) from the syngas stream

[7, 36]. Tar, a complex blend of condensable hydrocarbons encompassing aromatics, polyaromat-

ics, and linear organic compounds [38, 39], poses a significant challenge due to its association

with the formation of carcinogenic substances, process disruption, and catalyst deactivation [40].

Currently, the primary source of syngas production remains coal. As described in [41], approx-

imately 6 exajoules (EJ) of syngas are generated annually. This syngas finds diverse applications,

as depicted in the diagram below:

Figure 2.3: End use of Syngas [41]

Various gasification processes can be classified based on the gasifying agent employed. These

include air gasification, oxygen gasification, steam gasification, carbon dioxide gasification, super-

critical water gasification, and more. In general, oxygen, steam, carbon dioxide, and supercritical

water gasification tend to yield higher heating values (HHVs) of syngas compared to air gasifica-

tion. However, despite the higher energy potential in these alternatives, air gasification remains
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the most extensively studied and experimentally utilized technique [36].

2.4 Supercritical water gasification (SCWG)

During the mid-1970s, Sanjay Amin, a graduate student at the MIT, was investigating the

decomposition of organic compounds through steam reforming in hot water. In the course of

his experiment with subcritical water, he observed the substantial production of char and tars.

Interestingly, when he elevated the water’s temperature above its "critical state," he noticed that

the tar formed in the subcritical phase completely vanished [42].

Thermal gasification utilizing air, oxygen, or subcritical steam as the gasification medium,

proves highly efficient for dry biomass. However, it becomes notably inefficient when dealing

with high-moisture biomass. This inefficiency stems from the substantial requirement to eliminate

moisture before the thermal gasification process can commence, which consumes a significant

amount of additional energy (2242 kJ/kgmoist ure) for its evaporation. Consequently, for gasifying

highly wet biomass, hydrothermal gasification performed in high-pressure hot water emerges as

a more favorable approach. Unlike thermal gasification, water in hydrothermal processes is not a

hindrance but rather serves as both a reaction medium and a reactant [7].

The effectiveness of hydrothermal processes remains consistent regardless of the biomass’s

moisture content. It was found out that the gasification efficiency remained nearly unaltered at

31% and 51%, respectively, even when the biomass’s moisture content ranged from 5% to 75%

[43].

Supercritical water has garnered significant interest due to its distinct attributes, offering rapid

biomass hydrolysis, high solubility of intermediate reaction products, and a high ion product

slightly below the critical point that enhances ionic reactions [7].

The appeal of SCWG for large-scale applications has grown in line with the increased empha-

sis on generating cost-effective and environmentally friendly "green" hydrogen [7].

2.4.1 Supercritical water

As temperature increases, the pressure needed for water to maintain its liquid phase also rises.

Beyond a critical point, the boundary that separates the two phases ceases to exist, effectively

eliminating the distinction between liquid and vapor phases. The temperature and pressure at this

specific juncture are referred to as the critical temperature (374.21◦C) and critical pressure (22.089

MPa), respectively, as seen on figure 2.4.
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Figure 2.4: Water phase diagram showcasing the critical point [44]

When subjected to temperatures above its critical pressure, water undergoes a continuous shift

from a state resembling a liquid to one resembling a vapor. Unlike the subcritical stage, this

transition from liquid-like to vapor-like does not necessitate the input of heat for vaporization.

Nonetheless, there exists a temperature known as the pseudo-critical temperature for each

pressure above the critical pressure at which the transition from liquid-like to vapor-like occurs.

This temperature is characterized by a noticeable increase in the specific heat of the fluid [7]. An

empirical equation can be employed to estimate this temperature with approximately 1% accuracy

[45]:
T ∗ = (p∗)F

F = 0.1248+0.01424p∗−0.0026(p∗)2

T ∗ =
Tsc

Tc
, p∗ =

p
pc

(2.1)

where pc and Tc are the critical pressure and critical temperature of water, respectively, and Tsc is

the pseudocritical temperature at a pressure p > pc.

2.4.1.1 Properties of supercritical water

The critical point represents a significant turning point in the thermophysical characteristics

of water. Notably, there’s a distinct surge in specific heat close to the critical temperature, fol-

lowed by a similar decline, as depicted in figure 2.5. The peak value of specific heat decreases in

correspondence with system pressure. In the realm of thermal conductivity, water’s value drops

from 0.330 W/K at 400◦C to 0.176 W/mK at 425◦C. While viscosity experiences a notable re-

duction, it increases with temperature beyond the critical point [7]. Regarding density, the change

across supercritical water (SCW) and its pseudo-critical temperature is relatively modest, shift-

ing from approximately 1000 to 200 kg/m3, as shown in figure 2.6. This, coupled with its low

viscosity, minimal surface tension, and heightened diffusivity, significantly contributes to SCW’s
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exceptional transport properties [7]. These properties facilitate its effective and rapid infiltration

into the pores of biomass for efficient reactions.

Furthermore, when water surpasses its critical point, it undergoes a marked transformation in

its solvent nature primarily due to the reduction in hydrogen bonding [7]. The dielectric constant

of water experiences a decline from around 80 under ambient conditions to about 10 at the critical

point, as illustrated on figure 2.5. In proximity to its critical point, water showcases higher ion

products ([H+][OH−] ∼10−11 (mol/l)2) compared to its subcritical state under ambient condi-

tions (∼10−14 (mol/l)2), as seen in figure 2.6. Consequently, water becomes an effective medium

for acid or base-catalyzed organic reactions [46]. However, beyond the critical point, the ion prod-

uct diminishes sharply (∼10−24 (mol/l)2), causing water to transition from a highly polar solvent

in ambient conditions to a nonpolar solvent. This transformation positions SCW as an excellent

solvent for non-polar organic compounds [7, 47], such as lignin. Conversely, it becomes a less

suitable solvent for strongly polar inorganic salts, simplifying the separation of salts and gases

from the product mixture within an SCW gasifier.

Figure 2.5: Dielectric constant and specific heat of
water variation with temperature [7]

Figure 2.6: Water´s density and ionic product evolu-
tion with temperature for two different pressures [7]
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2.5 Biomass SCWG process

The process of supercritical water gasification of biomass is conventionally conducted within

the temperature range of 600 to 650◦C, under a pressure approximately around 30 MPa. Beyond

600◦C, water takes on the role of a potent oxidizing agent. Carbon atoms undergo oxidation,

favoring the formation of carbon dioxide (CO2). Furthermore, the presence of water contributes to

a substantial yield of hydrogen. Notably, hydrogen atoms are not only sourced from the biomass

itself but also from water, collectively forming hydrogen [48].

An overarching chemical reaction that encapsulates the biomass supercritical water gasifica-

tion process can be outlined as follows [7]:

CHxOy +(2− y)H2O →CO2 +(2y+ x/2)H2 (2.2)

In the provided reaction equation, the variables x and y represent the molar ratios of hydrogen

to carbon (H/C) and oxygen to carbon (O/C) in the biomass, respectively. The outcome of this

reaction is the generation of syngas. The primary thermochemical reactions integral to SCWG are

as follows [49]:

• Steam reforming reaction 1 :

CxHyOz +(2x− z)H2O → xCO2 +(2x− z+ y/2)H2 (2.3)

• Steam reforming reaction 2 :

CxHyOz +(x− z)H2O → xCO+(x− z+ y/2)H2 (2.4)

• Water gas shift (WGS) reaction :

CO+H2O → H2 +CO2 (2.5)

• Methanation reaction of CO2 :

CO2 +4H2 →CH4 +2H2O (2.6)

• Methanation reaction of CO :

CO+3H2 →CH4 +H2O (2.7)

Over the last 15 years, research in the field of SCWG has transitioned from focusing on simpli-

fied model compounds to incorporating actual lignocellulosic biomass sources. This shift signifies

a move towards utilizing authentic materials such as agricultural residues, forestry biomass, and

industrial biomass waste [50]. However, it’s worth noting that SCWG of genuine biomass presents
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heightened challenges owing to the intricate composition of real biomass feedstock and the simul-

taneous occurrence of multiple reactions in both solid and liquid phases [51].

2.6 SCWG process variables

2.6.1 The effect of temperature on the gasification efficiency

Temperature plays a pivotal role in shaping both the distribution of products and the efficiency

of the supercritical water gasification process. The efficiency of gasification is typically quanti-

fied in terms of the hydrogen or carbon content present in the gaseous phase as a fraction of the

original biomass content. As temperature increases, the overall carbon conversion and hydrogen

yield experience an augmentation due to the chemical breakdown of heavy hydrocarbons. This

phenomenon promotes a higher molar fraction of permanent gases like H2 and CO at elevated

temperatures [52], leading to decreased yields of methane, tar, and char. While it’s generally

advisable to operate at temperatures above 800◦C to mitigate tar formation [53], such high tem-

peratures can lead to a greater oxidation of the feedstock, resulting in a reduction of the syngas’s

chemical energy and promoting slag formation.

The higher gas production at elevated temperatures can be attributed to the greater release

of gases during the initial devolatilization phase, as well as the secondary reactions undergone

by char and tar (char gasification and tar cracking/reforming) [53]. The study conducted on [54]

highlighted that increasing the temperature from 1000 to 1350°C led to a remarkable 72% increase

in gas yield.

As depicted in figure 3.5, the hydrogen yield demonstrates an exponential rise above 600◦C.

Meanwhile, the CO yield starts to decline above 600◦C due to the initiation of the shift reaction

(Eq. 2.5). Carbon conversion efficiency displays a steady increase with temperature, nearly reach-

ing 100% beyond 700◦C. Hydrogen conversion efficiency also follows an ascending trend with

temperature. Interestingly, at 740◦C, the hydrogen conversion efficiency surpasses 100%, reaching

158%. This observation clearly underscores that the additional hydrogen originates from water,

affirming its role not only as a reaction medium but also as a reactant within the SCWG process

[7].
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Figure 2.7: Gas yields and gasification efficiency evolution with temperature [55]

2.6.2 The effect of reaction/residence time on the gasification efficiency

The duration of the reaction is another variable that exerts a direct influence on gasification

efficiency and the yields of specific gases.

The reaction rate, denoted as r, is quantified as the reduction in the fraction of biomass carbon,

represented as C, over time. Assuming a scenario of pseudo-first-order kinetics, the relationship

can be expressed as follows [7]:

r =−dC
dτ

= kgC (2.8)

where kg is the reaction rate constant.

The proportion of carbon transformed into gas, denoted as Xc, can be correlated to the present

carbon fraction, C, and the initial carbon fraction, C0, within the fuel, using the following relation-

ship:

Xc = 1− C
C0

(2.9)

Now replacing the carbon fraction in Eq.2.8 and integrating, we get:
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kg =− ln(1−Xc)

τ
(2.10)

Gasification efficiency and hydrogen yields typically exhibit an increase with prolonged re-

action time due to the prevalence of thermal cracking reactions encompassing processes like de-

hydration, decomposition, decarboxylation, and depolymerization [56]. At shorter reaction du-

rations, the effectiveness of hydrothermal liquefaction grows, liquefying reactive constituents to

produce more stable components like acetic acid and methanol [57]. Over extended timeframes,

hydrogen generation is feasible, albeit a peak production point exists contingent on the feedstock’s

nature. Following this peak, methanation reactions, which consume hydrogen, tend to gain promi-

nence, leading to a decrease in hydrogen yield [57, 58]. The decline in carbon monoxide yield over

lengthier reactions suggests an inclination towards water-gas shift (WGS) reactions and methana-

tion reactions.

In batch-mode SCWG experiments, reported reaction times generally span from minutes to

tens of minutes, whereas continuous-mode SCWG studies typically cite reaction times in the range

of tens of seconds [59, 60].

Figure 2.8: Gas yield evolution with residence time for the SCWG of 2% rice husk at 650◦C and
30 MPa [7]

2.6.3 The effect of pressure on the gasification efficiency

A limited number of SCWG investigations involving real biomass have explored the impact

of pressure on hydrogen yield. In a continuous SCWG study involving wood sawdust [59] , it

was observed that hydrogen yields escalated as the pressure increased, ranging from 17 to 30

MPa, concurrent with reductions in yields of CH4 and CO at a temperature of 650◦C. This trend

indicates that higher pressures contribute to the elevation of hydrogen yields while concurrently

suppressing CH4 and CO yields.
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It’s important to note that elevated pressure fosters a favorable environment for ionic reactions

due to the ion stabilization effect generated by the heightened water density. Conversely, radical

reactions tend to be less favored under these conditions. However, there are inherent challenges

related to capital expenditure (CAPEX) and operational expenditure (OPEX) costs when designing

a system that can safely operate at elevated pressures [50].

2.6.4 The effect of biomass composition on the gasification efficiency

A majority of the studies concur that biomass containing higher amounts of cellulose and

hemicellulose undergoes more facile gasification [61]. Specifically, cellulose tends to contribute

more significantly to hydrogen yield compared to hemicellulose and lignin. Furthermore, the

influence of lignin on gas yields is less pronounced, particularly at temperatures surpassing 600◦C,

when a catalyst is utilized. This is attributed to the enhanced capability to gasify lignin in the

presence of a catalyst [50].

2.6.4.1 The effect of feedstock concentration/biomass-to-water mass ratio on the gasifica-
tion efficiency

In the context of supercritical water gasification, water assumes a dual role as both a reactant

and a reaction medium. When the water content decreases relative to the concentration of the

feedstock, it effectively restrains the progression of these reactions. Consequently, this reduction

in water content has the potential to hinder the generation of hydrogen yields [62, 63].

Thermodynamic calculations indicate that the conversion of carbon to gases in SCW experi-

ences a rapid decline when the solid content in a liquid feed surpasses 50% [64]. Experimental

data further support this, with observations from the studies on [65, 66] revealing that gasification

efficiency commences its descent when the solid concentration exceeds even a modest 2%. This

situation necessitates higher pumping expenses and liquid effluent management, which could pose

substantial challenges to the commercial viability of SCWG.

Furthermore, the type of reactor employed also plays a role in how solid concentration influ-

ences gasification efficiency. For instance, the study in [67] noted that a stirred reactor exhibits

elevated gasification efficiency at higher solid content in the feed. Stirred reactors facilitate thor-

ough mixing of reactants, resulting in a heating rate that surpasses that achieved in other reactor

types.

2.6.4.2 Feed particle size

The influence of biomass particle size is an area that lacks extensive research. Available data

is limited, but data in [59] demonstrated that smaller particles tend to yield a slightly enhanced

hydrogen yield and increased gasification efficiency. However, in contrast, the study in [65] in
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did not observe any discernible effect when they experimented with varying the size of rice husk

particles within the range of 1.25 to 0.5 mm.

Furthermore, even if the impact of particle size is substantiated through more comprehensive

studies, the question arises as to whether the additional energy required for grinding the biomass

is justified by the observed improvement in outcomes [7]. This consideration underscores the need

to balance energy input and process efficiency when evaluating the potential benefits of altering

particle size.

2.7 SCW plant design

A typical SCWG plant comprises several essential components as outlined below [7] (refer to

figure 2.9 for visualization):

• Feedstock pumping system: biomass is transformed into a slurry suitable for feeding into

the gasifier. It is then pumped to achieve the required supercritical pressure. Alternatively,

water can be pressurized independently, and the biomass subsequently introduced into it;

• Feed preheater: the feedstock, regardless of whether biomass or water is pressurized, needs

to be heated to the predetermined inlet temperature for the gasifier. This temperature must

exceed the critical temperature of water;

• Gasifier/Reactor: this is the core component where gasification takes place. Biomass un-

dergoes a series of chemical reactions under SCW conditions, leading to the production of

syngas;

• Heat-Exchanger: a portion of the sensible heat from the gasification product is reclaimed in

a waste heat-recovery exchanger. This recovered heat can be utilized for partially preheating

the incoming feed;

• Gas-Liquid separator: following gasification, the product is initially cooled in the waste

heat-recovery unit. Subsequently, it undergoes further cooling to reach ambient temperature

through an external heat exchanger connected to a coolant. The low solubility of hydrogen

and methane in water at high pressure and low temperature results in their separation from

water after cooling. Carbon dioxide, with its high solubility in water, remains in the liquid

phase;

• Product-Upgrading equipment (optional): depending on the desired end products, additional

equipment may be incorporated for further processing or upgrading of the gasification prod-

ucts. For example, to segregate the gaseous hydrogen from methane, a pressure swing adsor-

ber is utilized. Subsequently, the CO2-rich liquid is depressurized to atmospheric pressure,

causing separation of carbon dioxide from water and unconverted salts.
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Figure 2.9: Scheme of a typical SCWG plant [68]

2.7.1 Reactors

The principal design parameters for an SCWG reactor encompass temperature, reaction time,

pressure, catalyst utilization and feed concentration. These parameters collectively govern the

performance and outcomes of the SCWG process [7].

2.7.1.1 Reactor type

SCWG reactors are either configured as batch or continuous flow. Continuous reactors are

commonly tubular reactors or fluidized bed reactors. In contrast, batch reactors are often auto-

claves with volumes ranging from a few milliliters to a liter. The type of reactor plays a significant

role in how feed concentration influences the process [7].

Batch reactors offer simplicity and don’t necessitate high-pressure pumps, making them suit-

able for a wide array of biomass feedstocks. However, their reaction processes are non-isothermal,

requiring time for both heating up and cooling down. During the heating-up phase, various reac-

tions occur, leading to transformations in the feedstock [7]. In batch processes, biomass and water

components are sealed inside an autoclave reactor and stirred using an agitator. Fixed-volume cells

enable the isolation of operating parameters and the effects of diverse catalysts. On the other hand,

continuous-flow reactors can make it more challenging to separate and isolate operating variables

[50].

While there’s limited evidence in the literature regarding the feasibility of scaling up the

SCWG process using batch reactors, challenges persist with continuous flow reactors. These

challenges pertain to optimizing hydrogen production efficiency, minimizing char formation, ad-

dressing reactor corrosion, and preventing plugging issues [69, 70, 71].
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2.7.1.2 Reactor temperature

In supercritical water gasification , the operational conditions must surpass the critical values

of 374.21◦C and 22.089 MPa for temperature and pressure, respectively. Designing the reactor

with a lower temperature offers advantages in terms of reduced energy requirements for feed

preheating, enhancing overall process efficiency. However, the gasification temperature needs

to be maintained above 600◦C to achieve a satisfactory hydrogen yield. This requirement can

potentially be lowered when catalysts are incorporated [7].

For the production of synthetic natural gas, specific composition requirements include high

methane levels and low hydrogen content. In such cases, a reaction temperature ranging from

350◦C (just below the critical point) to 500◦C can be chosen [7]. However, this lower temperature

range necessitates the use of catalysts to achieve reasonable yield levels, as highlighted in the

study [72].

2.7.1.3 Catalyst selection

The selection of a catalyst holds sway over reactor temperature, the distribution of products,

and the potential for plugging. In the realm of supercritical water gasification, catalysts assume a

pivotal role in efficiently generating hydrogen, especially considering the inherently high activa-

tion energies associated with SCWG reactions [7].

Catalysts have the capacity to significantly enhance biomass conversion even at lower temper-

atures, thereby mitigating both capital and operational costs of the process. Opting for operation at

higher temperatures necessitates the use of premium heat-resistant and corrosion-resistant materi-

als like Inconel 625 for tubing and fittings, which can escalate expenses in comparison to employ-

ing lower-temperature materials like SS 316 [50, 73]. Furthermore, heating costs for non-catalytic

SCWG at 600◦C significantly surpass those for catalytic SCWG at 400◦C, as it is demonstrated on

table 2.3. By strategically leveraging catalysts, SCWG processes can optimize efficiency, reduce

costs, and enhance the overall feasibility of the operation.

Table 2.3: Aspen Plus® economical analysis simulation for catalytic and non-catalytic SCWG
[50]

Parameters 400◦C (catalytic) 600◦C (non-catalytic)
Total CAPEX (USD) 6,037,450 7,823,040

Total OPEX (USD) 7,817,240 9,500,360

Total raw material cost (USD/year) 4,295,390 5,384,810

Total utilities cost (USD/year) 466,542 888,246

Electricity (kW ) 300.74 302.23

Alkali catalysts (such as Ca(OH)2, KOH, KHCO3, K2CO3, LiOH, NaOH, NaCl, etc) are fre-

quently employed homogeneous catalysts in SCWG. They effectively lower the initial temperature
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necessary for cellulose degradation and accelerate the water-gas shift reaction, leading to increased

yields of hydrogen and CO2, while simultaneously reducing CO production [74, 75]. However,

the recovery of homogeneous catalysts poses challenges, adding to ongoing costs due to the need

for fresh catalyst addition. Additionally, the liquid waste containing alkali catalyst generated after

SCWG is problematic to treat [63, 76], further dampening the attractiveness of alkali catalysts.

Consequently, many researchers have shifted their focus towards heterogeneous catalysts due

to their more feasible recovery and cost-effectiveness [50]. Particularly, metal-supported het-

erogeneous catalysts have demonstrated improved hydrogen yield, especially in single-use batch

experiments [57, 75, 77, 78]. Nickel-catalysts are known for promoting essential reactions like

the WGS, methanation, and hydrogenation, playing a vital role in hydrogen production and CO

elimination [76]. While some studies suggest that ruthenium might be slightly more active than

nickel [57, 76], it generally doesn’t yield higher hydrogen production than nickel-based supported

catalysts, and its higher cost discourages its widespread use [79].

The choice of the support material significantly impacts catalyst performance. Natural mineral

catalysts like trona, borax, dolomite and olivine have gained attention for their benefits, including

low cost, widespread availability, and the advantage of not requiring elaborate recovery processes

[71, 74, 80, 81, 82]. These natural mineral catalysts have shown promise for enhancing hydrogen

yield in SCWG processes while circumventing some of the challenges associated with traditional

alkali catalysts.

2.7.1.4 Reactor size

Let’s assume a reactor that takes in a feed rate of Wf (kg/s) and generates a product rate of Wp

(kmol/s). This product encompasses various hydrocarbon constituents denoted by the species i.

Then we can calculate the carbon flow rate in the product gas (WCgas) as [7]:

WCgas = ∑WpCiαi(kmol/s) (2.11)

where in this context αi represents the count of carbon atoms in component i within the gas

product, Ci signifies the mole fraction of component i in the gas product and Wp denotes the

flow rate of the product gas. The quantity of carbon present in the feed can be determined by

considering Wf , along with its carbon fraction, denoted as Fc.

The carbon gasification yield, denoted as Y , is defined as the proportion of carbon that has

undergone gasification in relation to the total carbon content present in the feed [7]:

Y =
∑i 12WpαiCi

Wf Fc
=

12WCgas

Wf Fc
(2.12)

where 12 is the value of the carbon’s molecular weight (kg/kmol). Recovering the reaction

time (τ) from Eq. (2.10) we can write for a continuous stirred-tank reactor:



Supercritical water gasification of BSG 20

τ =
V

V̇f eed
(2.13)

and so, given a known reaction rate, kg, and a desired conversion, Xc (related to τ in Eq.2.10), we

can estimate the volume of the reactor needed for the gasification process.

2.7.2 Heat-recovery heat-exchanger

A feedstock preheater holds the position of the second most crucial component within an

SCWG system. The energy required to elevate the temperature of the feedstock to the desired

level is a substantial portion of the potential heating value contained within the resultant product

gas. In the absence of an effective recuperation of heat from the product gas, the external energy

needed for the gasification process might surpass the energy output, turning the gasifier into a net

consumer of energy. Consequently, it becomes essential for the feedstock to harness the maximum

possible thermal energy from the sensible heat inherent in the product [7]. The most common

heat-exchanger types are the shell-and-tube and plate configurations but the Matsumura group

developed a spiral type coupled with a spiral reactor with good results [83].

The efficiency of heat exchange, denoted as ηH X , quantifies the proportion of the available

heat in the product stream that can be transferred to the feed stream. This parameter signifies how

effectively the heat present in the product gas can be utilized to preheat the incoming feedstock

[7],

ηH X =
Hgas−out −Hgas−in

H f eed−in −Hgas−in
(2.14)

where H represents the enthalpy of the system.

This efficiency has a strong relationship with surface area where heat transfer occurs and feed

pressure, as illustrated by figure 2.10.

Figure 2.10: Heat exchange efficiency relationship with surface area and feed pressure [7]
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Notably, the heat-recovery exchanger emerges as a significant contributor, accounting for ap-

proximately 50-60% of the total capital expenditure for the entire plant [84]. This underscores

the critical importance of the heat-recovery exchanger as a pivotal component within the SCWG

system due to its substantial financial impact. Figure 2.11 provides a comparison of the capital

costs associated with various components/processes of an SCWG plant.

Figure 2.11: CAPEX of each component or process of a SCWG plant [84]

2.7.2.1 Heat transfer considerations for SCW conditions

In supercritical water, the thermal conductivity is notably lower compared to its subcritical

counterpart, exhibiting a rapid decline as temperature increases. The heat-transfer coefficient, on

the other hand, demonstrates variation in proximity to its pseudocritical value, with both conduc-

tivity and viscosity experiencing a decrease, while specific heat encounters an increase. All this

contributes to an enhanced overall heat-transfer rate. However, as temperature continues to rise

beyond this point, both specific heat and thermal conductivity diminish, consequently leading to

a reduction in the heat-transfer coefficient. Typically, under conditions of high heat flux and low

mass flux, the heat transfer tends to deteriorate, ultimately resulting in localized areas of elevated

temperature, commonly referred to as "hot spots," within the tubing system [7]. The fluid-to-wall

heat-transfer coefficient in a vertical tube, within the context of supercritical water conditions, may

be calculated by the following correlation [85]:

Nu = 0.061Re0.904
b Pr−0.684

b

(
pw

pb

)0.564

(2.15)

Drawing from a comprehensive analysis of experiments and evaluations encompassing 15

correlations,the subsequent correlations were proposed as preferable options for horizontal tubes

[86]:

Nu = 0.0069Re0.9
b Pr−0.66

b

(
pw

pb

)0.43(
1+

2.4
x/d

)
(2.16)
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where x is the length and d the diameter of tube. Heat transfer in SCWG may vary because of

solids in the fluid. Thus, applicability of these equations to SCWG is uncertain [7].

2.7.3 Carbon combustion system

The gasification and pyrolysis reactions involved in the process are characterized by their en-

dothermic nature, necessitating an external heat source to sustain the reactor’s operation. Conven-

tionally, a fraction of the hydrocarbon or carbon within the feed is allowed to undergo combustion

within the gasifier, albeit resulting in energy loss from the feedstock. In contrast, an SCW gasifier

operates at significantly lower temperatures, thereby demanding less heat input. In terms of ther-

modynamics, the recovered heat from the gasification product is insufficient to elevate the feed

to the requisite gasification temperature. To bridge this energy gap, external sources of heat or

combustion of a portion of the product gas in a heater are typically employed, both of which in-

volve substantial costs. A more desirable solution would involve the controlled combustion of the

minor quantities of unconverted char located upstream of the gasifier, effectively enabling SCWG

to achieve energy self-sufficiency. This approach to char combustion also offers an additional

advantage in cases where solid catalysts are used in SCWG, as these catalysts can become deac-

tivated when coated with unconverted char within the gasifier. The heat generated through char

combustion is conveyed to the gasifier through both the solid catalysts and the gasifying medium

(comprising SCW and CO2) [7].

Figure 2.12: Example of a carbon combustion system integration within a SCWG plant [7]

2.7.4 Gas-liquid separator and carbon capture systems

In an SCWG system, the process of separating the product gas mixture from water is usually

carried out in two distinct stages: the first stage involves an initial separation in a high-pressure

but low-temperature separator. The second stage is where the final separation occurs, and it takes

place under conditions of both low pressure and low temperature [7].
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At relatively low temperatures ranging from 25 to 100◦C, gases like H2 and CH4 exhibit very

low solubility in water, even when subjected to high pressures. This unique characteristic can

be utilized to effectively separate these gases from CO2. However, it’s important to note that the

equilibrium concentration of CO2 may not be sufficient to dissolve the entire quantity of CO2

present in the high-pressure water. To achieve complete separation, additional water might need to

be introduced into the system. This additional water requirement is expressed as the ratio of water

to gaseous product (denoted as R) on a weight basis. The relationship between pressure, R, and

the composition of the separated gases plays a pivotal role in this separation process. Increasing

pressure and the value of R enhances the purification of H2, but this comes at the cost of decreasing

the concentration of hydrogen in the gas phase. Thus, by adjusting the pressure and R, it’s possible

to either recover a higher quantity of H2 with lower purity, or a smaller quantity of highly pure H2,

depending on the specific requirements [7].

After the initial phase of separation, it becomes viable to implement a carbon capture proce-

dure. Power facilities powered by biomass are inherently balanced in terms of carbon emissions.

Thus, the incorporation of a carbon capture system into a plant is anticipated to result in the pro-

duction of energy with a carbon-negative footprint [9]. A pressure swing adsorber system (PSA)

can be employed to implement an adsorptive capture method on the syngas. These adsorptive sys-

tems are particularly suitable for gas flows with lower volumes and higher molar fractions of CO2,

enabling approximately 90% recovery of carbon from the syngas before its combustion as fuel gas

[7, 9]. Physical absorption with a liquid solvent is also favored by a high CO2 partial pressure

and it is another great option for pre-combustion separation [87]. If we combine the SCWG plant

with a power generation plant, CO2 can be separated from the flue gases from both the gasifier

and the combustion processes [9]. In this case, the common chemical absorption methods with

amine-based solvents or pressure vacuum swing adsorption systems (PVSA) are used due to lower

partial pressures of CO2 [9, 88].

An example of a gas-liquid separation system is shown on figure 2.13.
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Figure 2.13: Example of a gas-liquid separation system in a SCWG plant [7]

2.7.5 Biomass feed system

Feeding fibrous solid granular biomass into a high-pressure reactor presents significant chal-

lenges in the SCWG process. When dealing with a dilute stream of organics, the feeding problem

is relatively manageable, as pumps can effectively handle light slurries. However, the situation

becomes much more difficult when trying to pump fibrous solid biomass against high pressure.

These challenges include [7]:

• Pumping granular biomass: fibrous solid granular biomass, such as agricultural residues or

wood chips, can be difficult to pump efficiently against high pressures. The particles in the

biomass can clog pumps, leading to decreased efficiency and potential blockages;

• Plugging and deposition: during the pre-heating stage, where the feedstock is heated before

entering the gasifier, there’s a risk of plugging in the feed lines the feedstock is heated,

it can start to break down, forming intermediate products like char. These intermediates

can deposit on the walls of the tubing, leading to blockages that hinder the passage of the

feedstock. This not only disrupts the process but also poses safety concerns due to potential

pressure buildup;

• Equipment wear and maintenance: the abrasive nature of some fibrous biomass materials

can cause wear and tear on pumping equipment, leading to increased maintenance require-

ments and potential downtime.
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Proper feedstock preparation, particle size reduction and appropriate feedstock conditioning

can help improve pumpability and reduce the risk of blockages. Additionally, the design of the

pre-heating stage should take into account potential deposition and plugging issues.

2.8 Combined Heat and Power overview

Combined Heat and Power (CHP) generation presents a sustainable and highly efficient ap-

proach to producing electricity using a single fuel source, which can range from natural gas and

biomass to coal and oil [89, 90]. This innovative method capitalizes on the surplus heat that is

typically wasted in conventional power generation processes. This excess heat, which is gener-

ated alongside electricity production, is harnessed and repurposed for various heating applications,

such as supplying hot water, space heating, or supporting industrial processes [91]. The core com-

ponents of most CHP technologies encompass three fundamental elements: the engine or turbine

responsible for generating mechanical power, an electrical generator, and heating recovery units,

as pointed out in figure 2.14.

A range of CHP systems can be identified, each incorporating different types of engines or

turbines. These systems encompass gas turbines,steam turbines, combined steam and gas turbines

cycles, organic Rankine cycles, internal combustion engines, Stirling engines and fuel cells [92].

The latter three options in this list are primarily applicable to micro-CHP and small-scale CHP op-

erations, highlighting their suitability for decentralized and localized energy generation scenarios

[92].

Figure 2.14: Common CHP setup [91]

The thermochemical transformation of biomass and waste materials into energy and fuels

while simultaneously generating combined heat and power has emerged as a significant alter-

native for promoting sustainable development. This approach offers substantial benefits in terms

of energy conservation and environmental preservation [93]. Figure 2.15 clearly shows the role of

biomass in CHP production on the European Union.
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Figure 2.15: EU heat production in CHP and district heating plants, by fuel, in 2020 [94]

Integrating a CHP system demands a thoughtful assessment of various factors including the

local energy requirements, the ratio of heat-to-power, the accessibility of fuel resources, and regu-

latory frameworks [89]. This approach is especially advantageous in scenarios where a consistent

and significant need exists for both electrical power and heat. Small and medium-scale CHP

setups hold great promise for commercial establishments like hospitals, schools, and office com-

plexes [90]. Additionally, they can serve as effective solutions for decentralized power generation

in remote rural regions and on islands [90]. A diagram showcasing the sectors that utilize energy

produced from CHP plants in the United States of America (USA) is illustrated in figure 2.16.

Figure 2.16: CHP capacity distribution by sector in USA as from August 2020 [95]

We can sum up the advantages of CHP systems as [89]:

• Improved Efficiency: some CHP systems can achieve total energy efficiencies of 70% to

90%, whereas conventional power plants typically have efficiencies ranging from 30% to

50%;
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• Environmental Impact: CHP systems can help reduce greenhouse gas emissions and lower

the overall environmental footprint, as they consume less fuel for the same energy output by

being more energy efficient;

• Cost Savings: the use of waste heat for heating purposes can reduce the need for additional

heating systems;

• Energy Security: by providing a decentralized and reliable energy source.

2.8.1 CHP production data in the European Union (EU) and Portugal

Collecting and disseminating data from CHP production is of paramount importance for both

private and public entities. This practice enables the monitoring of key parameter values over time,

facilitates drawing conclusions, and informs decision-making processes. A significant player in

this domain is COGEN Europe, the European Association for the Promotion of Cogeneration.

According to their mission, they collaborate with EU institutions and stakeholders to shape more

favorable policies and remove administrative, regulatory, and market obstacles to the broader adop-

tion of cogeneration in Europe [96]. This association aggregates data from reliable sources such

as Eurostat.

In their 2022 COGEN Europe National Snapshot Survey, several graphs were published that

unveil significant insights into CHP production. One notable graph, figure 2.17, illustrates the

yearly production of heat and power from 2009 to 2019 across the European Union, along with

the proportion of electricity production attributed to CHP. Another revealing graph, figure 2.18,

presents the same data for Portugal. This specific data was directly sourced from the Eurostat

website.

Figure 2.17: CHP production overview on the EU-28 (2009-2019) [97]
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Figure 2.18: CHP production overview on Portugal (2009-2019) [98]

The presented figures highlight that CHP production exhibits oscillations without a discernible

consistent trend, a pattern observed in both the EU and Portugal. This phenomenon extends to

the share of CHP in gross electricity production. Specifically, the share of electricity generated

by CHP plants varies within a range of 12-13% in the EU and 10-14% in Portugal. Notably,

the production of heat consistently surpasses that of power, with the heat-to-power ratio being

approximately 2.5 to 3 times higher in Portugal and around 2 times higher in the EU.

Continuing in the same COGEN Europe report, an analysis of the fuel mix employed for CHP

production in the EU was conducted for the period of 2009 to 2019, as depicted in figure 2.19.

Correspondingly, figure 2.20 illustrates the identical data for Portugal, sourced once again from

the Eurostat website.

Figure 2.19: EU-28 fuel mix (2009-2019) [97]
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Figure 2.20: Portugal fuel mix (2009-2019) [98]

A noticeable observation from both the EU-28 and Portugal data is that natural gas consump-

tion for CHP production remains robust, constituting approximately 40 to 50% of the fuel mix

over the analyzed years. In the context of the EU-28, natural gas stands out without substantial

competition, as oil and renewables contribute to a smaller extent (around 20 to 25% of the mix for

both sources). Additionally, a discernible pattern emerges with renewables experiencing a modest

increase followed by a decrease in oil utilization.

Contrastingly, in Portugal, renewables appear to pose competition to natural gas, especially

after an initial decrease in the percentage of oil and other fuels consumption, which in turn has

boosted the usage of natural gas.

Shifting focus, another parameter of interest for analysis is the primary energy savings (PES)

associated with CHP production. PES serves as a widely used metric when assessing the environ-

mental impact of a CHP plant. It can be defined as the ratio of energy saved by the CHP system

in comparison to an equivalent system with separate gas and steam turbine cycles. This ratio is

then divided by the energy consumed in the separated system, as denoted by Eq. 2.17, where F

represents the energy content of the utilized fuel and SP pertains to the separated gas and steam

turbine cycles [99].

PES =
FSP −F

FSP = 1− F
FSP (2.17)

Certainly, the limited data availability spanning only three years (2016 to 2018) restricts our ability

to draw substantial conclusions from the presented table regarding the evolution of this parameter.

Given the short timeframe, a more comprehensive and extended dataset would be necessary to

ascertain meaningful trends and patterns in the PES metric. It’s important to keep in mind that such

conclusions often require a longer period to account for potential fluctuations, external factors, and

systematic changes that might impact the observed values.
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Table 2.4: Energy savings in EU-28 and Portugal in TWh (2016-2018) [98]

EU-28 Portugal
2016 360.15 4.31

2017 374.99 6.53

2018 373.45 5.09



Chapter 3

Modelling and simulation of the SCWG
of BSG in Aspen Plus®

Indeed, the complexity of the SCWG process, along with the multitude of variables and pa-

rameters that can influence its performance, makes modeling and simulation tools invaluable for

understanding, optimizing and predicting its behavior. Instead of relying solely on expensive and

time-consuming experimentation, these tools provide a cost-effective and efficient way to explore

various scenarios, study the effects of different parameters, and design and optimize SCWG sys-

tems [100].

Aspen Plus® is a widely used process simulation software that has proven to be valuable in

modeling SCWG processes. It operates based on fundamental principles of mass and energy con-

servation, as well as chemical equilibrium relations [101]. It allows engineers and researchers to

construct detailed process flowsheets, specify reactions, thermodynamic models, and other rele-

vant parameters, and then simulate the behavior of the system under various conditions.

Some benefits of using Aspen Plus® for SCWG modeling include [89]:

• Complex reaction networks: Aspen Plus® can handle complex reaction networks involv-

ing multiple chemical reactions, equilibrium constraints and kinetics, which is essential for

accurately representing the intricate SCWG reactions;

• Thermodynamic models: the software provides a range of thermodynamic models to accu-

rately describe the behavior of reactants and products under various conditions, accounting

for phase changes, heat transfer and more;

• Parametric studies: researchers can conduct parametric studies by systematically varying

input parameters to study their effects on the process outcomes, such as gas composition,

yields, and energy efficiency;

31
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• Process optimization: Aspen Plus® enables optimization to find the best operating condi-

tions that maximize hydrogen yield, minimize byproducts, or achieve other desired objec-

tives;

• Data visualization: the software generates detailed graphical outputs, allowing users to vi-

sualize and analyze the results of their simulations.

3.1 Gasification model

A thermodynamic equilibrium model, often referred to as a zero-dimensional model, is a sim-

plified approach to modeling complex reactions and processes. In the context of SCWG, this type

of model assumes that the reacting mixture reaches a state of thermodynamic equilibrium, where

the rates of forward and reverse reactions are equal, and no net changes occur in the composition

of the mixture over time. This model is particularly useful for studying the influence of various

fuel and process parameters on the composition of the final gas without getting into the intricacies

of reactor design [7].

The equilibrium model relies on a set of chemical equilibrium equations that describe the

distribution of chemical species in the reaction mixture under given conditions of temperature,

pressure and feed composition. These equations are based on the principle of minimizing the

Gibbs free energy of the system. It’s important to note that the thermodynamic equilibrium model

provides a simplified representation of the SCWG process, neglecting factors like reaction kinetics,

heat and mass transfer limitations and the dynamics of real reactor systems [7]. However, it serves

as a valuable tool for gaining insights into how different parameters affect the composition of the

gas product and can guide initial process design and optimization efforts. This model assumes

[102, 103]:

• Steady state conditions;

• Homogeneous mixing, uniform temperature and pressure;

• Reactions reach the equilibrium state;

• Char is composed only by carbon and its conversion efficiency is 100%;

• Only CO, H2, CO2, CH4 and N2 compose the final gas;

• Tar formation is not considered;

• Pyrolysis is considered a single step;

• Nitrogen is considered inert;

• Ideal gas behaviour of the gas phase.
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The non-stoichiometric approach for this model is based on the minimization of Gibbs free en-

ergy and it is a more comprehensive and accurate method for predicting the composition of the fi-

nal gas in SCWG process, unlike the stoichiometric approach, which relies on predefined reactions

and their stoichiometric coefficients [104]. It is particularly well-suited for biomass feedstocks, as

their exact chemical composition may not be known precisely [7]. While more computationally

intensive, this method provides valuable insights into the thermodynamic behavior of the system

and helps optimize process conditions for desired product yields. A set of equations concerning

the minimization of the Gibbs free energy are presented as follows [105]. The total Gibbs free

energy of the system (Gt) can be defined as:

Gt =
X

∑
i=1

niµi (3.1)

where ni and µi are the number of moles and the chemical potential of specie i, respectively.

Assuming an ideal gas behaviour, the chemical potential of specie i can be expressed by:

µi = G0
i +RT ln

(
fi

f 0
i

)
(3.2)

where the R and T represent the universal gas constant and temperature, respectively, fi is the

fugacity of specie i, G0
i and f 0

i denote the standard Gibbs free energy and the standard fugacity

of specie i. Fugacity represents a thermodynamic concept indicating a substance’s inclination

to transition between different environmental compartments [106]. The equation (3.2) can be

expressed in terms of pressure as:

µi = G0
i +RT ln

(
φ pi

p0
i

)
(3.3)

In the given equation, φ represents the fugacity coefficient, which accounts for deviations from

ideal behavior in real gases. When the pressure (p) approaches zero, the fugacity coefficient

approaches unity (φ → 1), and the fugacity ( f ) approaches the pressure (p). In this context,

when the pressure is very low (close to vacuum conditions), the behavior of real gases can be

approximated by that of ideal gases. If we assume all gases as ideal gases at a pressure of 1 atm

we can write:

µi = ∆G0
f ,i +RT ln(yi) (3.4)

where yi is the molar fraction of gas specie i and ∆G0
f ,i expresses the standard Gibbs free energy of

formation of specie i that is set to zero for all chemical elements. Introducing equation (3.4) into

equation (3.1) it is obtained:

Gt =
X

∑
i=1

ni∆G0
f ,i +

X

∑
i=1

niRT ln(yi) (3.5)



Modelling and simulation of the SCWG of BSG in Aspen Plus® 34

The objective of the problem is to determine the values of ni which will conduct to the mini-

mization of Gt . The most frequently used method for Gibbs energy minimization is the Lagrange

multipliers [107]. The element balance constraint is given by:

X

∑
i=1

ai jni = A j (3.6)

where ai j is the number of atoms of the jt h element in a mole of it h specie. A j represents the

total number of atoms of the jt h element in the reaction mixture. The Lagrangian function (L) is

constructed from the total Gibbs free energy (Gt) by considering the mass balances of the system

elements [55]. The Langrage multipliers (λ j=λ1,...,λk) are used by multiplying with elemental

balance constraints and those terms are subtracted from Gt obtaining:

L = Gt −
k

∑
j=1

λ j

(
X

∑
i=1

ai jni −A j

)
(3.7)

To locate the extremum point, the partial derivatives of equation (3.7) are equated to zero:

∂L
∂ni

= 0 (3.8)

Finally, replacing the value of Gt from equation (3.5) in equation (3.7) and taking its partial deriva-

tives we obtain [103]:
∂L
∂ni

= ∆G0
f ,i +niRT ln(yi)+

k

∑
j=1

λ jai j = 0 (3.9)

This set of nonlinear equations constitutes n equilibrium equations for every species existing

within the system [101]. These equations can be resolved using an iterative approach [105].

3.2 SCWG model

To calculate the properties of biomass and ashes, the HCOALGEN and DCOALIGT models

were utilized. The HCOALGEN model, integrated into the Aspen Physical Property System, is

particularly designed for estimating enthalpy in scenarios involving coal gasification, particularly

for coal with high carbon content but can be applied efficiently for biomass gasification processes.

This model accounts for parameters like temperature, pressure, gas composition, and particle size

distribution, providing insights into the composition and energy content of the produced syngas,

including heat of combustion, heat of formation, and heat capacity [89, 108].

To employ the HCOALGEN model, proximate, ultimate, and sulfur analysis results are re-

quired. The sulfur analysis provides weight fractions of sulfur categorized into pyritic, sulfate,

and organic sulfur. On the other hand, the DCOALIGT model is suitable for a broader range of

coals and encompasses multiple reactions and subprocesses intrinsic to coal gasification, includ-

ing pyrolysis, tar cracking, char reactions, and gas phase reactions. This model considers various
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factors such as temperature, pressure, steam-to-coal ratio, and particle size distribution, necessi-

tating both ultimate and sulfur analysis results. By employing the DCOALIGT model, one can

attain more detailed insights into the gasification process, covering aspects like gas composition,

tar formation, char conversion, and energy balance [108].

Regarding the properties of conventional components, the RKS-BM method is employed,

which stands for the Redlich-Kwong-Soave equation of state with Boston Mathias modifications,

in accordance with the software user manual. This method is well-suited for hydrocarbon pro-

cessing applications and is adaptable to non-polar or lightly polar mixtures over a wide range of

temperatures and pressures [109, 110]. It can be represented by the following equation [111]:

p =
RT

Vm −∑i yibi
−

∑i ∑ j yiy j(did j)
0.5(1− zi j)

Vm(Vm +∑i yibi)
(3.10)

where Vm is the molar volume, R is the ideal gas constant and T the temperature, d is a param-

eter calculated by the standard Soave formulation at supercritical temperatures, b is the co-volume

parameter, z is a binary parameter determined from phase-equilibrium data regression and y is the

molar fraction.

The developed model´s flow diagram is represented in the figure below:

Figure 3.1: SCWG model for hydrogen production in Aspen Plus®

The simulation commences with the combination of water (WAT ER) and the feedstock (BIOMASS),

identified as a non-conventional component in the software, within a mixer unit (MIXER). Mass

streams are represented by solid lines, while heat streams are depicted by dashed lines. Following

the mixing process, the amalgam of biomass and water undergoes pressurization (PUMP) before

being subjected to supercritical water conditions through heating. The heating phase unfolds in

two stages. Initially, the stream PUMP−OUT is heated utilizing a heat exchanger (H −EX)

by harnessing the sensible heat from the formed gasification gas (HOT −GAS). Subsequently, a

second heater (HEAT ER) is employed to reach the designated temperature. Subsequent to this

phase, the pyrolysis step follows, responsible for the disintegration of biomass into its core con-

stituents (char, hydrogen, nitrogen, oxygen, sulfur, and ash). This phase transpires in the PY ROL



Modelling and simulation of the SCWG of BSG in Aspen Plus® 36

unit, designed as a Ryield reactor. To oversee the decomposition, a Fortran subroutine embedded

in the Aspen Plus® scheme, labeled as Y IELD calculator, is developed. The distribution of yields

is established on the ultimate analysis of the biomass. The heat linked with the pyrolysis process

is transferred to the subsequent stage via a heat stream denoted as Q−1.

The outcome of the pyrolysis process, designated as GASIFIN, proceeds to the GASIF unit

where the final step, gasification, takes place. This unit operates as an RGibbs reactor, employing

the minimization of Gibbs free energy to compute the composition of the resultant gas.

Following the completion of the gasification process, two separations are executed. The first

separation is carried out by the SEP1 unit, segregating a gas mixture (H2, CO, CO2, CH4, and N2)

from the ash content and residual water. The second separation is facilitated by the SEP2 unit,

aiming to simulate a carbon capture unit with 100 % capture efficiency. These constituent units

comprising the SCWG model function as delineated [112]:

• The RGibbs reactor operates on the principles of simultaneous phase and chemical equilib-

rium modeling. It necessitates specific inputs, namely the reactor temperature and pressure,

or alternatively pressure and enthalpy. The reactor leverages the Gibbs free energy mini-

mization approach to facilitate its calculations;

• The RYield reactor is employed to determine the yields of individual components within

reactions. This reactor proves particularly useful in cases where there is access to yield

distribution data or correlations, and when the reaction stoichiometry and kinetics are un-

specified;

• The SEP unit serves the purpose of emulating component separation operations based on

specific component specifications;

• The MIXER component is capable of determining the combined outlet stream temperature

and phase condition using an adiabatic phase equilibrium flash calculation. Its function

involves merging various streams (material, heat, or work) into a single outlet stream;

• The PUMP unit changes pressure and is able to calculate the required power given the outlet

pressure and vice versa;

• The HEAT ER can be used to model heaters or coolers with different degrees of subcooling

and superheating;

• The H−EX module is equipped to conduct rating calculations for two-stream heat exchang-

ers. It necessitates the specification of both the hot and cold inlet streams, along with either

the outlet temperature of the cold or hot stream or the heat exchanger duty.

3.2.1 Model validation

The validation of the SCWG model was done based on the works [113, 114] using glycerol

as biomass, with a gasification temperature of 700 and 800◦C, gasification pressure of 241 bar
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(24.1 MPa) and a feed concentration ( f .c.) of 5 and 20% of biomass. Table 3.1 contains the

data regarding the glycerol biomass composition and tables 3.2 to 3.4 contain the obtained syngas

composition for the different operating conditions exposed before, ignoring the quantity of N2.

The model can be considered validated as it shows similar hydrogen and carbon dioxide yields to

the ones obtained in the literature, showing only considerable errors for the small molar fractions

of methane and carbon monoxide.

Table 3.1: Proximate and ultimate analysis of glycerol used on the literature [113, 114]

Proximate analysis Ultimate analysis
(wt %) (wt % , daf )

Volatile matter 96.17 O 52.12
Fixed carbon 2.23 C 39.13
Moisture 0.40 H 8.70
Ash 1.20 N 0.04

S 0.01

Table 3.2: Relative error between the molar fractions of the syngas produced by the SCWG model
in study and the literature studies (T= 700◦C , f.c. = 5%)

Model Experimental study Numerical work Respective
in study of Byrd et al [113] of Hantoko et al [114] relative errors (%)

H2 (%) 67.30 63.50 66.40 6.00 1.40

CO2 (%) 32.30 29.10 29.60 11.00 9.10

CO (%) 0.40 0.70 1.40 -45.70 -72.50

CH4(%) 0.01 6.70 2.70 -99.90 -99.60

Table 3.3: Relative error between the molar fractions of the syngas produced by the SCWG model
in study and the literature studies (T= 800◦C , f.c. = 5%)

Model Experimental study Numerical work Respective
in study of Byrd et al [113] of Hantoko et al [114] relative errors (%)

H2 (%) 69.00 70.00 68.90 -1.50 0.0

CO2(%) 28.70 25.20 28.60 13.90 0.40

CO (%) 2.00 1.10 2.10 86.40 -2.80

CH4 (%) 0.30 3.70 0.40 -92.20 -19.40

3.3 BSG used in this study: composition and properties

The BSG biomass used to execute this model simulation is based on the study conducted on

[24] regarding steam gasification of a BSG biomass obtained from a Portuguese brewery immedi-

ately collected after being separated from the wort.
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Table 3.4: Relative error between the molar fractions of the syngas produced by the SCWG model
in study and the literature studies (T= 800◦C , f.c. = 20%)

Model Experimental study Numerical work Respective
in study of Byrd et al [113] of Hantoko et al [114] relative errors (%)

H2 (%) 55.70 53.50 55.10 4.10 1.10
CO2 (%) 28.30 32.90 28.40 -14.00 -0.20
CO (%) 5.50 2.20 5.52 150.00 -0.40
CH4 (%) 10.40 11.50 11.10 -9.60 -5.90

The chemical composition of BSG in terms of carbon, hydrogen, nitrogen and sulphur were

determined using an elemental analyzer and the oxygen percentage by the following difference on

a dry and ash-free basis [24]:

O(%) = 100−C(%)−H(%)−N(%)−S(%) (3.11)

Ash, volatile matter (V M), and moisture (M) contents were measured according to adequate ISO

standards and the fixed carbon (FC) by the following equation [115]:

FC(%) = 100−M(%)−V M(%)−Ash(%) (3.12)

The higher heating value (HHV ) measured was compared, for its validation, with the correlation

found in [116] expressed as:

HHV (kJ/kg) = 349.1C+1178.3H +100.5S−103.4O−15.1N −21.1Ash (3.13)

where the mass percentages of the compounds are those obtained by ultimate analysis on a dry

basis. The lower heating value (LHV ) of the biomass was estimated based on Eq. 3.14 [117]:

LHV (kJ/kg) = HHVbiomass −2260(0.09H +0.01M) (3.14)

where the value 2260 is the latent heat of steam in kJ/kg. The results obtained after using these

equations are presented on table 3.5.

In order to be able to run the simulation an adjustment was needed regarding biomass moisture,

decreasing it 0.3% to the value of 78.5% and adding 0.3% to the volatile matter percentage. These

values can be checked on table 3.5.
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Table 3.5: Proximate and ultimate analysis of the BSG used in this study and its heating values

Ultimate analysis Proximate analysis Heating values
(wt % , daf) (wt % , d.b.) (MJ/kg)

C 48.30 Volatile matter 18.70 HHV 17.80

O 38.70 Moisture 78.50 LHV 14.89

H 5.60 Fixed carbon 2.0

N 5.50 Ash 0.80

S 1.90

3.4 Parameter variation influence on syngas composition

3.4.1 Effect of varying temperature and pressure of the reaction

As seen on chapter 2.6.1 it is expected an increase of the H2 molar fraction of the syngas

produced together with a reduction of the CH4 percentage as we increase the reactor temperature.

Pressure is expected to have little influence on the composition of the syngas but the study men-

tioned on chapter 2.6.3 shows that similarly to what happens with temperature we can also favour

H2 production and reduce CH4 percentages by increasing pressure. To showcase the syngas com-

position results, a table was made for the pressures of 241, 300 and 350 bar, with temperatures

ranging from 400◦C to 1200◦C to surpass the critical point of water and a graph was plotted to

see the evolution of the resultant molar fractions with temperature for a given pressure as shown

below:

Table 3.6: Syngas´components molar fractions (%) for different temperatures and pressures

p= 241 bar p= 300 bar p= 350 bar
T(◦C) H2 CO CO2 CH4 H2 CO CO2 CH4 H2 CO CO2 CH4

400 30.19 0.03 39.56 26.97 16.85 0.02 42.35 36.90 11.19 0.02 43.54 41.12

500 59.56 0.12 33.36 5.08 55.94 0.12 34.12 7.77 52.54 0.12 34.83 10.31

600 65.99 0.25 31.92 0.26 65.65 0.26 31.98 0.51 65.22 0.27 32.07 0.83

700 66.27 0.38 31.76 0.01 66.26 0.39 31.76 0.02 66.23 0.41 31.75 0.04

800 66.24 0.53 31.66 0.00 66.23 0.54 31.65 0.00 66.23 0.56 31.64 0.00

900 66.18 0.70 31.54 0.00 66.18 0.71 31.53 0.00 66.18 0.73 31.52 0.00

1000 66.12 0.89 31.42 0.00 66.12 0.90 31.41 0.00 66.11 0.91 31.4 0.00

1100 66.06 1.08 31.29 0.00 66.05 1.08 31.28 0.00 66.05 1.09 31.27 0.00

1200 65.99 1.27 31.16 0.00 65.99 1.28 31.15 0.00 65.99 1.28 31.15 0.00
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Figure 3.2: Syngas composition variation with temperature for a pressure of 241 bar

As expected, a sharp increase in the H2 molar fraction and a significant decrease of the CH4

fraction with the rise of temperature can be easily noticed, specially until reaching temperatures

around 600◦C. This is due to the methanation reactions (exothermic) being disfavoured with higher

temperatures [118]. The CO2 fraction quantity suffers a small decrease due to the endothermic

Boudouard reaction [118] and CO increases too little. Surprisingly, a rise on the reactor pressure

seems to decrease hydrogen yields, but this is only noticed for low temperature ranges. For higher

temperatures hydrogen yields also decrease with a pressure increase, but the variation is too small

to take conclusions on the pressure influence. It is to be noted that even though the N2 data

is missing, its molar fraction can be calculated by subtracting the molar fractions of the other

components from 100%.

3.4.2 Effect of varying the biomass-to-water ratio (feed composition)

Fixing the temperature and pressure of the reactor as 700◦C and 241 bar respectively, the

produced syngas composition was studied varying the feed concentration from 5 to 40% (the lower

bound was defined as 5% as this value appears in many papers on SCWG of biomass), obtaining

the following results:
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Figure 3.3: Syngas composition variation with feed concentration

As expected from what we have discussed in chapters 2.6.4.1 and 2.6.4.2 a rise in CH4 molar

fraction occurs while a decrease in H2 is observed with an increase of feed concentration. This

occurs because of the inhibition of both the WGS and the steam methane reforming reactions,

caused by low water availability. Consequently, the H2 will react with CO to form CH4 and CO2

(dry reforming reaction) [114]. Moreover, the methanation reaction of CO2 will also take place

leading to CH4 production [119].

3.4.3 Effect of varying the BSG´s moisture percentage

Similarly to what we have seen on the previous chapter,increasing the BSG´s moisture per-

centage leads to higher hydrogen yields and lower methane yields as it boosts water availability.

For the same conditions of temperature and pressure as those in the previous chapter and main-

taining the proportion between the other biomass components we obtain the results presented in

the following figure:
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Figure 3.4: Syngas composition variation with feed concentration

From this graph we can conclude, as expected, that the hydrogen fraction increases with the

moisture content and the carbon dioxide fraction remains practically constant. On the other hand,

the content of carbon monoxide and methane shows a clear decrease even though they show resid-

ual percentages as the results are for a quite high gasification temperature (◦C). This decrease

would be more evident if we decrease the operating temperature as CH4 can show moderate mo-

lar fractions. If we increase the moisture content of the BSG up to 100% we obtain ,from our

simulation, only hydrogen as a result of water dissociation.



Chapter 4

CHP generation with syngas as fuel:
simulation using Aspen Plus®

4.1 CCGT integrated with SCWG power generation: modelling and
simulation with Aspen Plus®

The global adoption of biomass gasification for power generation has been steadily increas-

ing. Biomass gasification offers a direct and efficient means of extracting energy from renewable

sources and is particularly well-suited for combined heat and power production. The integration

of biomass gasification with gas engines for CHP applications presents a significant opportunity

for achieving high power efficiency levels, with potential efficiencies reaching up to 40% [120].

Among the various combined cycles, the gas-turbine (Brayton) cycle paired with a steam-

turbine (Rankine) cycle has garnered substantial interest due to its superior thermal efficiency

compared to the individual cycles. Gas-turbine cycles operate at notably higher temperatures than

steam cycles, with modern gas-turbine power plants reaching turbine inlet temperatures exceeding

1425◦C, compared to around 620◦C for steam power plants [121]. Advances in turbine blade

cooling and the application of high-temperature-resistant materials, such as ceramics, enable the

use of these elevated temperatures in gas turbines.

Although gas-turbine cycles hold the promise of achieving higher thermal efficiencies, they

also face the challenge of producing high gas temperatures (typically exceeding 500◦C) at the

turbine outlet, which can negate potential efficiency gains [121]. However, this challenge can be

turned to advantage by recovering the energy from the high-temperature exhaust gases and trans-

ferring it to steam through a heat exchanger. The steam cycle can further incorporate regeneration

and reheating processes, achieved by additional fuel burning, to optimize its efficiency and overall

energy recovery [121]. To incorporate a combined cycle that utilizes syngas derived from a SCWG

process as its fuel source, we established a connection between our previously developed SCWG

model and the combined cycle component of the Aspen Plus® model developed on the paper [90],

as illustrated in figure 4.1.

43



CHP generation with syngas as fuel: simulation using Aspen Plus® 44

Figure 4.1: Aspen Plus® combined cycle plant integrated with SCWG model

The purified syngas is introduced into a combustion chamber represented by a RGIBBS reac-

tor, where it reacts with air, that is heated by the H −EX component (AIRHX), to simulate the

combustion process. The resulting gases of combustion (GAS− IN) are introduced in a gas tur-

bine (GASTUR) and the expanded hot outlet gases (GAS−OUT ) are used to heat this air. Since

extremely high temperatures will be achieved during combustion, the excessive heat from this pro-

cess is used in a HEAT ER component (WRT HT ) to produce steam for expansion on the steam

turbine ST EAMTUR, generating additional power. Lastly, the feed water for steam production

(WAT ER2) is pressurized on a PUMP module named WT PUMP [90].

4.2 Parameter sensivity analysis and optimization of operating con-
ditions

The main goals of designing a power plant are obviously achieving an efficient way of pro-

ducing energy, saving both economic and environmental costs. In our case study, as we have a

gasification plant that uses the produced syngas as a fuel in a steam and gas turbine combined

cycle plant, our goal is to firstly achieve great quantities of good-quality syngas with higher LHV s

and that emits less carbon dioxide and other toxic substances to the atmosphere. A good parameter

to evaluate the gasification performance on obtaining a good syngas for power generation is the

cold gas efficiency ,CGE, that represents the fraction of energy in the biomass feed that can be

acquired as energy from the use of the produced syngas and it can be defined as [90]:

CGE =
ṁsyngas ∗LHVsyngas

ṁBSG ∗LHVBSG
×100 (4.1)

The LHV of the resulting syngas can be determined using the following formula [90]:

LHVsyngas =
(30XCO +25.7XH2 +85.4XCH4)∗4.2

1000
MJ/Nm3 (4.2)
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where XCO, XH2 and XCH4 are the molar fractions of the species in the syngas, adjusted for the CO2

removal. As the heating value comes expressed in units of volume, we should replace mass with

volume in Eq.4.1.

From this equation we can conclude that the molar fraction of CH4 has a lot more influence

on the LHV value than the other molar fractions. The importance of this and other parameters on

the syngas quality is illustrated on table 4.1. As the LHV value is presented per unit of normalized

volume, we would have to convert the mass flow of the syngas into a normalized volume flow in

order to calculate the cold gas efficiency.

Table 4.1: Desirable syngas characteristics for power production in a turbine [120]

Product/Property Requirement
H2/CO Irrelevant

CO2 Not critical

Hydrocarbons High

N2 Irrelevant if burned with a stable flame

Contaminants Low particulates and metals

Heating value High

Pressure about 400 bar

Temperature 500-600◦C

After obtaining the desired syngas the goal is to optimize the steam and gas combined cycle,

aiming for a better global efficiency of the system. This can be quantified as the ratio of the net

power output, calculated by deducting the auxiliary power consumption from the combined power

outputs of the gas and steam turbines, to the energy content present in the BSG biomass, as in the

following equation [87]:

η =
ẆGT +ẆST −PAU X

ṁLHVBSG
×100 (4.3)

Since it is quite hard to calculate with certainty the auxiliary power needed (PAU X ) as Aspen Plus®

as some limitations regarding power loss calculations (specially for the heat exchangers,heaters

and reactors) we will try to find optimum conditions based on our simulation results and consid-

erations from the literature.

For our study we will divide the optimization of the system performance into two steps. Firstly

we will study the parameters of gasification that are able to produce a good-quality syngas for its

utilization as the fuel for the power production in the designed combined cycle. Since we will

simulate an installation with a carbon capture system, the syngas utilized will not have CO2 and

so the power that we can get from its combustion will be given by its LHV and the volume flow of

syngas that we obtain after CO2 removal, parameters that we should optimize.
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After having the results for the syngas performance, we will study some parameters that in-

fluence the performance of the combined cycle such as gas turbine inlet temperature, air-to-fuel

ratio (ratio between the mass flow of air and the mass flow of fuel), air temperature, steam and gas

turbine pressure ratios and feed water pressure and flow rate. This way we can understand which

syngas can provide the best results for both gas turbine and steam work. Finally, the turbines were

assumed to have an isentropic efficiency of 90%.

4.2.1 SCWG optimization for the production of good-quality syngas

To better understand the performance of each syngas when used as a fuel in our combined

cycle model we will plot some graphs containing information regarding gas yields and the LHV of

the syngas (calculated using equation 4.2) to calculate the cold gas efficiency for each case, as it is

the parameter that we should optimize to obtain the best power output from the combined cycle.

The multiple syngas results were obtained varying gasification temperature, pressure, feed con-

centration and maintaining the BSG moisture in order to study the performance of a real biomass.

For every simulation executed we kept a mass flow of 1000 kg/h of our BSG biomass.

4.2.1.1 Gasification temperature and pressure influence on syngas quality

In this section we will study the influence of gasification temperature and pressure on the pro-

duced syngas. Figure 4.2 and figure 4.3 show the LHV and syngas volume flow that we can obtain

varying the gasification temperature and pressure conditions and fixing 5% of feed concentration.

Keep in mind that the high values obtained are due to not counting the CO2 in molar fraction

calculations.
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Figure 4.2: Syngas LHV results for different gasification pressure and temperature conditions and
f .c. = 5%

Figure 4.3: Syngas volume flow dependence on temperature , f .c. = 5%

Analysing the first graph (figure 4.2) we come to the conclusion that the LHV of the syngas

reaches the maximum value at the first temperature considered of 400◦C decreasing rapidly until

reaching 600◦C. After this temperature it quite remains constant and around the LHV value for

pure hydrogen (10.8 MJ/Nm3) since we are dealing with syngas with percentages close to 100%

hydrogen. The high values for LHV at the lowest temperatures can be explained due to the high

molar fraction of CH4 (table 3.6) that strongly enhances the calorific value of the syngas due to its
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high coefficient on the LHV calculated by equation 4.2. All this happens owing to the methanation

reaction being disfavoured with temperature increase and the opposite effect occurs with the WGS

reaction, as exposed before on chapter 2.6.1.

In terms of the pressure influence, it seems that it is irrelevant for temperatures above 600◦C

but it increases the LHV of the syngas when gasification occurs at lower temperatures since it

boosts the CH4 yields given that CO2 methanation is a volume decreasing reaction and so higher

pressures favours the methanation reaction [122]. Moreover, the values obtained suit the range

obtained on the study [24] for the exact same BSG feedstock steam gasification (7.75 to 9.09

MJ/Nm3) if we calculate the LHV for syngas with CO2.

On the other hand, the volume flow of the syngas shows a completely different evolution while

it increases with temperature until reaching the 600◦C due to the promoted gasification efficiency

explained by the greater release of gases during the initial devolatilization phase, as well as the

secondary reactions undergone by char and tar (chapter 2.6.1) and also the enhanced supercritical

water transport and solvation capacity, explained before on chapter 2.4.1.1 and specially figure

2.6. Note that the volume flow is expressed in normal cubic meters (Nm3/h) since calorific values

of gas fuels are commonly expressed in normalized volume units. In order to convert volume to

the normalized one we need to resort to the ideal gas law and write:

V1 =
p2T1V2

p1T2
(4.4)

where V1 is the normalized volume, T1 = 273.15K, p1 = 1 atm and the variables with index 2

have the values corresponding to the cold syngas conditions (p2 = pressure of gasification and T2

= 323.5K). It is also important to notice that temperatures above 900◦C are not being considered

as they are not viable regarding efficiency and costs but results are available on annex C for a

pressure of 241 bar. Having the data from these two graphs analyzed, it is easy to plot the cold

gas efficiency (CGE):
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Figure 4.4: Cold gas efficiency evolution with temperature , f .c. = 5%

As expected, CGE increments with temperature and pressure due to the boosted gas yields.

Nevertheless, as this parameter is proportional to the product between LHV and syngas volume

flow, it was expected that after reaching the temperature of 600◦C CGE would remain practically

constant. For 600◦C it reaches a maximum value of 36.24% while at 900◦C scores 36.55%, show-

ing that a further increase in gasification temperature beyond 600◦C has no interest due to the

economic and energetic cost that comes with it.

Providing that we are studying a system with a carbon capture unit, represented in our model

by the unit SEP2, it is of paramount importance to see the total CO2 mass that can be removed

after gasification. For that we can check the following graph:
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Figure 4.5: Captured CO2 mass flow for different gasification temperature and pressure conditions,
f .c. = 5%

The volume flow of the syngas has a greater influence on the mass quantity of CO2 produced in

comparison with the CO2 molar fraction, which explains why the graph reaches its maximum value

at 600◦C. It is always important to keep in mind that we are assuming 100% efficiency regarding

the carbon capture process, in reality these values would differ as this efficiency reduces.

4.2.1.2 Gasification feed concentration on syngas quality

Feed concentration also has an important role on the syngas composition, as seen previously on

chapters 2.6.4.2 and 3.4.2. With that being said, we will proceed this work with a similar analysis

as the one we just finished doing but varying temperature and feed concentration by adjusting the

water content of the feedstock, keeping a pressure equal to 241 bar. We will start again by looking

at the LHV results below:
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Figure 4.6: Syngas LHV results for different gasification temperatures and feed concentrations , p
= 241 bar

Higher feed concentration means less water if we keep the biomass flow rate constant and

equal to the previously defined 1000 kg/h. This way results are comparable, since increasing the

biomass percentage would mislead us to higher power values because we are rising our energy

source availability.

Higher LHV values for also higher feed concentrations happen due to the lower water avail-

ability, dropping the hydrogen molar fraction and increasing, on the other hand, the methane molar

fraction that has higher influence on the LHV estimation (Eq.4.2). Syngas volumes show again

an opposite evolution but increasing feed concentration shifts the point were the flow stops to

increase significantly to the right on the temperature axis, from 600◦C to 700◦C for 10% feed

concentration, 800◦C to 20% feed concentration and to 900◦C for 40% feed concentration (figure

4.7), owing to the fact that it is more difficult to achieve high hydrogen yields for feedstocks with

less water content, needing higher temperatures for hydrogen generation.
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Figure 4.7: Syngas volume flow dependence on temperature and feed concentration , p = 241 bar

Before we said that the CO2 production was more related to the syngas flow than the molar

fraction of carbon dioxide itself, this relationship maintains regardless of feed concentration but,

as discussed just before, the temperature that achieves maximum volumes shifts to the right with

higher feed concentrations, and so does the carbon monoxide production, as we can see in figure

4.8.

Figure 4.8: Captured CO2 mass flow for different gasification temperatures and feed concentra-
tions , p = 241 bar

Finally, it is no surprise that operating with a feed concentration of 5% shows a clear advantage

in comparison to the operation with higher feed concentrations due to the higher syngas volumes,
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but this scenario changes from 800◦C onwards, temperature where the CGE is basically the same

for all three feed concentrations studied. After this point, higher feed concentrations demonstrate

higher CGEs. Interestingly enough, for higher feed concentrations there is a noticeable drop on

the CGE value around 700◦C. This simply happens due to a big reduction of the methane molar

fraction, lowering the LHV value, and so the CGE.

Figure 4.9: CGE evolution with gasification temperature and feed concentrations , p = 241 bar

After exposing the results, it becomes necessary to find gasification conditions as close as

possible to optimal, that can lead to the production of an efficient and cost effective syngas, with

good energy content, to be used in a combined cycle plant.

Operating at a lower pressures and temperatures will lead to huge cost savings as we don´t

need incredibly sophisticated equipment that is able to perform under harsh conditions, as well as it

will not be needed much additional heat from auxiliary sources. Since there are still a few studies

regarding the influence of pressure in SCWG (chapter 2.6.3), we should go for lower pressures

such as 241 bar.

Observing the lower temperature ranges we can conclude that operating from 400 to 500 ◦C

does not generate a sufficiently efficient syngas and so we should look for higher temperatures.

As already seen in our literature review (chapter 2.7.1.2), temperatures higher than 700◦C are

discouraged if there are no added catalysts to our reactor and so we should look for temperatures

ranging from 500 to 700◦C.

In this temperature window, 5% and 10% feed concentrations show the best results. However,

keeping in mind that we are maintaining the same biomass mass and adjusting water to vary feed

concentration, a value of 5% of feed concentrations leads to tremendous costs and pumping efforts

since we will have to pressurize a huge amount of water that needs to go through some treatment

before it can be pumped to remove turbidity, mainly due to disperse and suspended matter and it
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has to be demineralized to prevent the accumulation of minerals in the pipes and devices [123].

Leading with the process effluent with high water content after gas separation also puts us up

against some issues and additional costs due to the presence of organic contaminants [124].

With that being said, it seems like a good idea to use a feed concentration around 10% and

temperatures between 600 to 700◦C as less water would mean saving costs. Since on table 4.1 we

are advised to use temperatures from 500 to 600◦C for good usage of the syngas on a turbine for

power production, we will define our temperature as 600◦C.

4.2.2 Combined cycle parameter optimization

Optimizing the combined cycle integrated with the SCWG plant will depend on balancing

the work obtained from both turbines since the steam turbine performance highly depends on

the gas turbine operating conditions, as it uses steam produced by recovering the excessive heat

generated by burning a syngas with high hydrogen yield (with very high adiabatic temperature

flames as we will see in chapter 4.2.2.2) in a combustion chamber before the gas turbine expansion

occurs. To achieve this, we will study the influence of some parameters like air-to-fuel ratio for

syngas combustion, air temperature, combustion temperature, turbine pressure ratios and feed

water pressure and mass flow rate.

Before we move on to the parameter analysis of the combined cycle, it is good to show some

tables like the ones below, resuming important aspects of our syngas fuel obtained from the SCWG

process:

Table 4.2: SCWG parameters to obtain the selected syngas and its properties

BSG mass flow Feed Gasification Gasification Captured CGE
(kg/h) concentration (%) temperature (◦C) pressure (bar) CO2 (kg/h) (%)
1000 10 600 241 426.23 33.65
H2 CO CH4 Volume LHV
(%) (%) (%) flow (Nm3/h) (MJ/Nm3)

95.55 0.67 3.78 348.94 11.75

4.2.2.1 Air-to-fuel ratio

The first parameter we should analyze is the air-to-fuel ratio (A/F) as it deeply influences the

combustion process. We will aim to find the stoichometric value as it is considered the ideal value

to have a balance between fuel economy and power. The stoichometric ratio is also used as a base

value since it defines the amount of air needed to achieve complete combustion of the fuel. To find

this value we can write the combustion equation for our syngas:

• Hydrogen combustion:

2H2 +O2 → 2H2O (4.5)
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• Carbon monoxide combustion:

CO+
1
2

O2 →CO2 (4.6)

• Methane combustion:

CH4 +2O2 →CO2 +2H2O (4.7)

Using the molar flows obtained from the simulation model for each component and assuming

that the air is composed by 21% O2 (v/v) we obtain:

ṅair(kmol/h) =
ṅO2

0.21
= 42.70 (4.8)

A/Fst =
ṁair

ṁsyngas
= 22.13 (4.9)

where A/Fst is the stoichometric air/fuel ratio.

This high value was expected since our syngas is mainly composed of hydrogen, and the value

of A/Fst for pure hydrogen is demonstrated to be equal to 34 [125].

4.2.2.2 Air temperature

Not only the A/F plays an important role in the combustion process, air temperature, as shown

in table 4.4 can boost the adiabatic flame temperature to a good extent.

Table 4.3: Adiabatic flame temperature for combustion at 1 bar and different air temperatures

Air temperature (◦C) 25 40 55 70 100
Adiabatic flame temperature (K) 2400.48 2407.00 2413.50 2419.97 2432.87

With that being said, it is interesting to recover some waste heat of the cycle to heat the

inlet air for combustion. In this work, as mentioned in chapter 4.1, we will use the sensible heat

from the gases coming from the gas turbine outlet for that purpose. The results are according to

the literature since we are obtaining a value of 2400.48 K for the adiabatic flame temperature at

ambient conditions for a syngas composed of 95.55% H2 (table 4.3), close to the 2400 K for pure

hydrogen [126].

4.2.2.3 Turbine pressure ratios and feed water variables

When studying a combined cycle our goal is to optimize the performance of the whole cycle

and not focus on only one cycle (Brayton cycle for the gas turbine and Rankine cycle for the steam

cycle). This is evident as the work output of the steam turbine will depend on the temperature

of the steam going through the inlet of the turbine, that depends on the heat provided by the hot

gases coming from combustion chamber of the gas turbine. With this configuration, it is expected

that the steam turbine will perform better if the temperature of the gas turbine is lower, since
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this will lead to more energy recovery from the combustion gases. Nevertheless, it is known

from thermodynamics that reducing the inlet temperature of the gas turbine will lead to a smaller

efficiency of the process. It is then mandatory to perform an analysis varying all the parameters

that can influence the total work output of the cycle and try to arrive to conditions close to optimal.

First we are going to study the influence of the turbine gas inlet temperature and feed water

flow rate (wflow) on the total work output of the cycle by analyzing figure 4.10.

Figure 4.10: Total turbine work for different water feed rates and gas turbine inlet temperatures

In our analysis, a limit of 1600◦C for the gas turbine operating temperature was set as gas tur-

bines are not able yet to operate much higher than this value. Pressure ratios were fixed to a value

that could provide good results. As totally expected, increasing the operating temperature of the

gas turbine leads to greater power production as it significantly boosts the gas turbine performance.

This can be clarified by observing figure 4.11 related to the steam turbine power generation:
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Figure 4.11: Steam turbine output for different water feed rates and gas turbine inlet temperatures

Higher gas turbine temperatures mean that we will have less excess heat available from the

hydrogen combustion to spare for steam heating. It is important to insist that this happens in the

model we adopted for this work as common combined cycles recover heat from the outlet of the

gas turbine. If this was the case the evolution would work the other way.

Talking about feed water flow rate, it becomes clear that an increase in this value reduces

the steam work potential due to a reduction in the capacity to heat up the steam leading to lower

temperatures at the entrance of the turbine, as shown in the figure below:

Figure 4.12: Steam inlet temperatures for different water feed rates and gas turbine inlet tempera-
tures

Finally, figure 4.13 shows the influence of both steam turbine and gas turbine pressure ratios
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becoming clear that the steam turbine ratio does not influence on the system output. For all the

ratios considered it was defined a discharge pressure of 0.1 bar since this pressure usually corre-

sponds to the designed pressure of the condenser that can reach 0.03 bar. The other way around,

pressure ratio is an important parameter when selecting a gas turbine as higher ratios greatly boost

system performance.

Figure 4.13: Influence of steam and gas turbine pressure ratios on the global work output

4.2.2.4 Defining an optimal point and efficiency estimation

Varying all the discussed parameters except for steam pressure ratio that was fixed in 30bar

and limiting the steam entrance temperature to around 650◦C and the gas turbine ratio to 30, as

many literature suggests, we obtain the following 8 points corresponding to the cycle operating

conditions that produce the greatest amount of work (table 4.4 and 4.5):

Table 4.4: System outputs given by the 4 points corresponding to the highest work output values

Point Total work Gas turbine Steam turbine Steam turbine Gas turbine
(kW ) work (kW ) work (kW ) inlet temperature (◦C) outlet temperature (◦C)

1 -686.32 -485.99 -200.32 654.05 721.13
2 -680.85 -485.99 -194.85 597.67 721.13
3 -675.82 -485.99 -189.82 544.27 721.13
4 -671.24 -485.99 -185.24 493.65 721.13
5 -670.82 -468.15 -202.67 633.57 755.61
6 -668.09 -458.34 -209.76 635.03 661.18
7 -667.14 -485.99 -181.14 445.67 721.13
8 -665.5 -468.15 -197.35 579.44 755.61
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Table 4.5: Inputs of the 8 points from table 4.4

Point Gas turbine Gas turbine Steam turbine Feed water

inlet temperature (◦C) pressure ratio pressure ratio flow (kg/h)

1 1600 30 30 580

2 1600 30 30 600

3 1600 30 30 620

4 1600 30 30 640

5 1600 25 30 600

6 1500 30 30 620

7 1600 30 30 660

8 1600 25 30 620

Point 1, corresponding to the point of maximum work obtained for the conditions set, gener-

ates 31,4 kg/h of CO2 from combustion, resulting in an emission factor of 45.75 kgCO2/MWh,

emitting 4.4 less carbon dioxide than natural gas, as shown in figure 4.14. However, we ought to

consider the amount of 426.23 kgCO2/h captured before combustion given in table 4.2. This leads

to a negative balance of 394.6 kgCO2/h and a corrected emission factor of -574.95 kgCO2/MWh.

Figure 4.14: Emission factors for different fossil fuels [127]

Finally we can estimate the combined cycle efficiency (ηCC) as well as the global plant effi-

ciency (ηG) by writing:

ηCC =
Ẇt ot al −Plosses −PAU X

V̇syngas ∗LHVsyngas
×100 (4.10)

ηG =CGE ∗ηCC (4.11)

The plant we have studied is quite complex, being difficult to calculate with certainty the

auxiliary energy consumption and the losses, specially for the carbon capture unit that it is not
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analyzed with detailed. Equaling these to zero we reach ηCC = 49.32% and ηG = 16.6%.



Chapter 5

Conclusions and future works

5.1 Conclusions

Multiple simulations were made to manipulate several parameters that influence the produced

syngas compositions and its yields.

It was clearly evident, as the literature states, that an increase in temperature favours the water-

gas shift reaction and inhibits the methanation reaction, leading to increased hydrogen yields and

total gas yields as well as lower methane yields. In our case, we were able to reach hydrogen

molar fractions of around 66% for the syngases produced with only 5% of feed concentration.

This happens for lower feed concentratios as water availability is higher. If feed concentration is

higher, the production of methane is favoured, reaching 44.75% for a feed concentration of 40%.

Pressure also seems to favour the methanation reaction as it states the literature. Keep in mind that

all these discussed values can be found in annex C.

The calculated LHV for each syngas without CO2 has shown higher values for the lowest

temperatures as the methane content was higher, reaching a maximum of 32.75 MJ/Nm3. It is

good to remember that we have obtained such high values due to removing the molar fraction of

CO2 for the calculation, rising the molar fraction values of the other components. With temperature

increase, our syngas reaches extremely high molar percentages of H2 (95-99%) and so the LHV

converges to that of pure hydrogen (10.8 MJ/Nm3).

Using the LHV values and the volume flows, we calculated the CGE reaching a maximum

value of 36.55% for the syngas produced at 900◦C, pressure of 350 bar and 5% feed concentration.

This value was quite lower than expected (we could expect values around 60% or even higher)

probably due to low gas yields and so we have to clarify what went wrong in a near future.

For the study of the combined cycle performance, we selected the syngas obtained by perform-

ing the gasification with a temperature of 600◦C, pressure of 241 bar and 10% feed concentration

as it provides a good CGE and the operating conditions of gasification are not that harsh and so

more cost-effective.

Concerning the combined cycle, we came to the conclusion that the temperature at the entrance

61
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of the gas turbine and its pressure ratios are the parameters that influence the cycle the most, as

well as the air-to-fuel ratio. By limiting the operating temperature of the turbines to feasible values

and executing a sensitivity analysis with all the parameters that influence the performance of the

cycle, we have reached 686.32 kW of work for the highest gas turbine temperature and pressure

ratio defined (600◦C and 30, respectively), stoichometric air-to-fuel ratio and a BSG feed rate of

1000 kg/h. This lead us to a good effiency of the cycle of 49.32%, but the global efficiency of

16.6% was quite low due to the low CGE. Finally, with this process we can achieve a negative

emission factor of 574.95 kgCO2/MWh.

5.2 Future works

First of all, when it comes to the mathematical and thermodynamical aspects of modelling and

simulation, it could be intriguing to explore the utilization of kinetic models instead of equilibrium

models when studying gasification processes as they are more sophisticated, seeking a deeper

understanding of which model type proves to be better suited for simulating biomass gasification.

Furthermore, evaluating various Aspen Plus® methods employed for characterizing conventional

components’ properties, such as the PR (Peng Robinson) and PR-BM (Peng Robinson equation of

state with Boston-Mathias function), could also be of great interest.

As seen in chapter 2, there is a paramount interest in exploiting supercritical water gasification

with the utilisation of catalysts during the gasification reaction. It would be interesting to add

up different catalysts to this model and study the enhancement in system performance that they

would provide, specially when it comes to cold gas efficiency. Also, the effect of the size of solid

particles in the gasification efficiency could be better explored.

In this work, a carbon capture system was simulated by just adding a separator to the model

so that we could use a syngas without carbon dioxide content. For a future work, detailing this

carbon capture system would be important since these systems have high costs and their carbon

capture efficiency depends on many variables. Analyzing other components´costs would be also

interesting.

Finally, other combined cycle models could be tested to improve the efficiency, and also a

deeper analysis on the auxiliary consumptions and energy losses should be done in order to provide

more accurate results for the efficiency parameters.
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Appendix A

CHP production data

Table A.1: Portugal CHP production data (2015-2019) [98]

Year CHP power Share of CHP intotal CHP heat Primary energy
production (TWh) power generation (%) production (TWh) savings (TWh)

2019 6.43 12.09 17.24 4.62

2018 6.14 10.30 16.55 5.09

2017 6.40 10.80 16.68 6.53

2016 6.25 10.40 17.14 4.31

2015 6.47 12.34 16.47 -

72



Appendix B

Syngas composition variation with
moisture percentage

Table B.1: Syngas composition variation with BSG´s moisture values

Molar fraction (%)
BSG moisture (%) H2 CO CO2 CH4

10 62.84 1.43 31.69 2.31

20 63.75 1.31 31.59 1.66

30 64.54 1.17 31.53 1.10

40 65.19 1.03 31.50 0.66

50 65.67 0.87 31.52 0.34

60 65.99 0.70 31.58 0.15

70 66.18 0.53 31.67 0.05

80 66.29 0.35 31.78 0.01

90 66.36 0.18 31.90 0.00
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Appendix C

Obtained syngas data for different
gasification conditions

Table C.1: Data from the syngas obtained with different gasification temperatures for a pressure
of 241 bar and feed concentration of 5%

T H2 C0 CO2 CH4 LHV V̇ NO CO2 Carbon captured CGE

(°C) (%) (%) (%) (%) (MJ/Nm3) (Nm3/h) (kg/h) (%)

400 30.19 0.03 39.56 26.97 22.62 195.02 226.20 29.63

500 59.56 0.12 33.36 5.08 12.76 384.00 329.23 32.92

600 65.99 0.25 31.92 0.26 10.90 468.44 374.56 34.29

700 66.27 0.38 31.76 0.01 10.81 472.46 375.88 34.30

800 66.24 0.53 31.66 0.00 10.81 474.47 374.22 34.45

900 66.18 0.70 31.54 0.00 10.81 474.47 372.22 34.46

Table C.2: Data from the syngas obtained with different gasification temperatures for a pressure
of 300 bar and feed concentration of 5%

T H2 C0 CO2 CH4 LHV V̇ NO CO2 Carbon captured CGE

(°C) (%) (%) (%) (%) (MJ/Nm3) (Nm3/h) (kg/h) (%)

400 16.85 0.02 42.35 36.90 28.00 155.16 203.29 29.19

500 55.94 0.12 34.12 7.77 13.85 360.38 309.05 33.53

600 65.65 0.26 31.98 0.51 10.99 478.01 371.58 35.30

700 66.26 0.39 31.76 0.02 10.81 488.02 375.57 35.44

800 66.23 0.54 31.65 0.00 10.81 490.52 374.04 35.61

900 66.18 0.71 31.53 0.00 10.81 490.52 372.07 35.63
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Table C.3: Data from the syngas obtained with different gasification temperatures for a pressure
of 350 bar and feed concentration of 5%

T H2 C0 CO2 CH4 LHV V̇ NO CO2 Carbon captured CGE

(°C) (%) (%) (%) (%) (MJ/Nm3) (Nm3/h) (kg/h) (%)

400 11.19 0.02 43.54 41.12 30.50 144.88 195.66 29.68

500 52.54 0.12 34.83 10.31 14.90 340.11 292.87 34.05

600 65.22 0.27 32.07 0.83 11.12 485.33 367.94 36.24

700 66.23 0.41 31.75 0.04 10.82 502.17 375.26 36.50

800 66.23 0.56 31.64 0.00 10.81 502.99 373.89 36.52

900 66.18 0.73 31.52 0.00 10.81 503.10 371.94 36.55

Table C.4: Data from the syngas obtained with different gasification temperatures for a pressure
of 241 bar and feed concentration of 10%

T H2 C0 CO2 CH4 LHV V̇ NO CO2 Carbon captured CGE

(°C) (%) (%) (%) (%) (MJ/Nm3) (Nm3/h) (kg/h) (%)

400 18.98 0.03 41.91 35.31 27.09 155.93 206.42 28.38

500 48.08 0.16 35.73 13.62 16.32 286.68 274.61 31.43

600 62.93 0.44 32.41 2.49 11.75 426.23 348.94 33.65

700 65.91 0.75 31.56 0.20 10.89 469.58 369.43 34.35

800 66.04 1.06 31.3 0.02 10.83 473.31 367.84 34.43

900 65.95 1.40 31.07 0.00 10.83 473.69 364.12 34.47

Table C.5: Data from the syngas obtained with different gasification temperatures for a pressure
of 241 bar and feed concentration of 20%

T H2 C0 CO2 CH4 LHV V̇ NO CO2 Carbon captured CGE

(°C) (%) (%) (%) (%) (MJ/Nm3) (Nm3/h) (kg/h) (%)

400 11.16 0.03 43.54 41.14 30.51 134.7 195.58 27.60

500 34.21 0.20 38.60 23.94 21.09 211.10 234.12 29.90

600 53.61 0.65 34.20 9.38 14.51 329.72 294.23 32.13

700 65.90 0.75 31.56 0.20 10.89 434.26 343.34 31.76

800 65.37 2.09 30.67 0.26 10.95 468.44 353.38 34.44

900 65.44 2.76 30.15 0.04 10.88 472.46 348.24 34.54
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Table C.6: Data from the syngas obtained with different gasification temperatures for a pressure
of 241 bar and feed concentration of 40%

T H2 C0 CO2 CH4 LHV V̇ NO CO2 Carbon captured CGE

(°C) (%) (%) (%) (%) (MJ/Nm3) (Nm3/h) (kg/h) (%)

400 6.31 0.04 44.55 44.75 32.75 122.64 189.76 26.98

500 21.47 0.23 41.23 33.41 26 164.86 209.55 28.80

600 39.87 0.85 36.92 19.55 18.95 241.26 245.06 30.72

700 58.75 1.81 32.26 5.25 12.84 339.77 287.32 29.31

800 61.80 3.80 30.13 2.48 11.81 428.23 314.80 33.97

900 63.99 5.32 28.54 0.48 11.1 464.42 316.27 34.64
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