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ABSTRACT 

Supercritical water gasification (SCWG) of microalgae is a potentially viable alternative for hydrogen 

production that can simultaneously remove carbon from the atmosphere, without the environmental 

challenges associated with other biomass processes. However, due to the high costs of algal 

production, achieving these environmental benefits requires limiting the feedstock requirement. The 

work herein addresses this by optimising the hydrogen yield, while ensuring that significant carbon 

capture is achieved from the SCWG of the microalga Chlorella vulgaris.  

A continuous SCWG rig was designed, constructed, commissioned and utilised to investigate the 

influence of operating conditions, catalysts and oxidant to find the optimal values. An initiative of 

using the algal growth water as the reaction media was adopted, as industrial applications would 

utilise this as the reaction medium in practice. A significant difference was observed upon using 

growth water compared to distilled water. Most notable was the decrease in carbon monoxide and 

increase in hydrogen produced, which was attributed to the elevated pH. Consequently, the algal 

growth water was utilised as reaction medium in subsequent experiments in this work.   

To maximise the hydrogen production, it is important to find the ideal and cost-effective catalyst. 

Some literature outlined FeCl3 as potentially the most effective catalyst for achieving high hydrogen 

yields, yet further literature investigating this was scarce. Hence, this work investigates FeCl3 as a 

potential catalyst for the SCWG of Chlorella vulgaris, for a range of temperatures (400 - 600°C) and 

biomass concentrations (1 – 3wt.%). A significant decrease in hydrogen yield, energy efficiency and 

the amount of the feedstock carbon that is converted to gas was observed. This was attributed to 

the reduced pH caused by the Lewis acid activity of FeCl3 which suppressed the water gas shift 

reaction and increased polymerisation reactions. Accordingly, FeCl3 was deemed an unsuitable 

catalyst.  The more established catalysts of potassium hydroxide (KOH) and ruthenium (Ru/C) were 

found to be effective and were therefore used for subsequent work in this thesis. 
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An in-depth study of the influence of temperature (400 - 600°C), biomass concentration (1 - 3wt.%), 

KOH concentration (0 – 1wt.%), Ru/C catalyst (present or not present) and oxidant (oxidant 

coefficient 0 - 0.5), including any interactions, was completed. High temperatures, low biomass 

concentrations, high KOH concentrations and Ru/C catalyst were all found to be favourable for high 

hydrogen yields. Oxidant enhanced hydrogen yields up to 20% of the stoichiometric concentration 

for complete oxidation, after which hydrogen was oxidised causing a reduction in hydrogen product 

yield. Additionally, several significant interactive effects were observed between the catalysts and 

operating conditions. Hence, in the reaction alone, the greatest hydrogen yield was predicted to be 

23 mg/g at 1wt.% biomass, 600°C, 1wt.% KOH, Ru/C and an oxidant coefficient of 0.2. 

A whole system model was developed in ASPEN plus ®, which incorporated the experimental work 

performed as part of this research, to find the true optimum conditions when system losses are 

considered. The use of experimental data to program the reactor in this model revealed significant 

deviations from equilibrium reactor models used in literature, which emphasises the importance of 

incorporation of experimental data in SCWG system analysis. The model of the whole system 

showed that, as with the reaction alone, higher temperatures and the presence of Ru/C favoured 

hydrogen yield and efficiency. Oxidant coefficient also showed a similar trend however, greater 

concentration of oxidant was preferred in the model, due to a larger reaction enthalpy. Higher heating 

requirements and pumping power required at lower biomass concentrations and poor reaction 

performance at higher biomass concentrations meant that a moderate 2wt.% was the optimal 

concentration. Also, KOH was found to be most effective at minimum or maximum concentration ( 0 

or 1wt.%), which differed from the reaction alone. As a result, the optimum hydrogen yield predicted 

was 12.7mg/g at 2wt% biomass, 600°C, 1wt.% KOH, Ru/C and an oxidant coefficient of 0.3. At these 

conditions, 68% of the feedstock carbon was captured as CO2 (38%) or biochar (30%), making the 

process significantly carbon negative at those conditions.  
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CHAPTER 1: INTRODUCTION 

1.1 BACKGROUND 

To control global warming and prevent the crossing of catastrophic environmental tipping points, 

rapid reductions in greenhouse gas emission are required. Carbon removal technologies are 

expected to be key to this, of which biomass with carbon capture and storage (BECCS) is expected 

to be a key contributor [1]. BECCS offers the unique double advantage of simultaneously removing 

CO2 from the atmosphere and satisfying energy requirements that the majority of which is still fulfilled 

by fossil fuels. However, biomass production often has unwanted negative environmental and social 

consequences. The use of pesticides [2], large monocultures [3] and fertilizers [4] are all damaging 

for biodiversity. Moreover, food prices can be impacted by the competition for land and fertilizers [5]. 

Microalgae can grow 10 times faster than terrestrial plants [6] and is grown in contained bioreactors. 

Consequently, the land requirement is reduced, and arable quality of the soil is not required. Also, 

pesticides and nutrients are contained, mitigating much of the negative impacts of biomass 

production. However, the high moisture content makes it unfeasible for conventional energy 

conversion processes such as thermal gasification, combustion and pyrolysis [7]. Alternative 

methods are required to extract the energy and carbon from the algae to take advantage of its 

potential as a feedstock for BECCS.  

Supercritical water gasification (SCWG) uses water above its critical point as the reaction medium, 

to convert a biomass feedstock into a hydrogen rich syngas. This syngas can be used to produce 

energy directly or the hydrogen separated to help decarbonise hard to abate sectors [8]. The use of 

water as reaction media eliminates any limitations of high moisture feedstocks like microalgae and 

the properties of supercritical water provide additional advantages. The high diffusivity enhances 

reaction rates [9] and the low dielectric constant allows organic intermediates to dissolve, decreasing 

recombination and increasing gas yield [10]. Additionally, the CO2 can be easily separated with 
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minimal additional processing [11] and the char biproduct can be utilised in construction materials 

[12]. This makes SCWG an ideal process to produce carbon negative hydrogen from algal biomass. 

Despite these advantages, growth of microalgae comes at a significant cost [13] and, while less than 

alternative biomass sources, still possesses a significant land footprint [14]. Therefore, to ensure the 

environmental benefits of microalgae SCWG are realised, optimisation of the process to maximise 

the hydrogen yield is required. This is work aims to address this. 

1.2 AIMS AND OBJECTIVES 

The aim of this project is to maximise the hydrogen production from the SCWG of microalgae, while 

ensuring significant carbon capture is achieved. As a result, the algal feedstock requirement will be 

reduced. This will suppress costs and negative environmental impacts, increasing the feasibility of 

SCWG of microalgae as a carbon negative hydrogen source. This aim was achieved through the 

following objectives and their associated tasks: 

1. Set-up appropriate experimental apparatus and procedures.  

a. Design, construction and testing of a continuous SCWG rig that is representative of 

a potential industrial system.  

b. Testing and development of appropriate reaction conditions, variables ranges and 

operational procedures. 

2. Investigate new and existing catalyst combinations.  

a. In-depth analysis of new catalysts of interest for SCWG of microalgae at a range of 

reaction conditions.  

b. Comparison with more established catalysts, including their interactions. 
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3. Investigate the Influence of different factors on the SCWG reaction.  

a. Detailed experimental study and analysis of the effects of key operating parameters, 

including any interactions. 

b. Regression analysis to produce relationships between these factors and key output 

variables.  

4. Study the influence different factors on the SCWG system.  

a. Development of SCWG system model to produce hydrogen and capture carbon that 

incorporates experimental data.  

b. Analysis of impact of operating conditions, catalysts and oxidant. 

c. Selection of optimal conditions for hydrogen yield, efficiency and carbon capture. 

1.3 THESIS STRUCTURE 

Chapter 2 contains an in-depth literature review on the SCWG of different biomass sources, 

including microalgae. This studies the impact of biomass composition, catalysts and reaction 

conditions, with a focus on their impact on hydrogen production. Much of this chapter is a paper 

published in the Internation Journal of Hydrogen Energy, with additional literature included following 

this to capture the research completed since its publication.  

Chapter 3 outlines the design, development and selection of the experimental apparatus, 

experimental methods and analytical techniques used in the subsequent chapters.   

Chapter 4 presents a detailed analysis of the impact of the growth media that remains after algal 

growth on the SCWG reaction. Analysis for a range of reaction conditions, catalysts and biomass 

feedstocks is considered. The work presented is published in the Journal of Supercritical Fluids. The 

results of this chapter are used to select the reaction media utilised in the subsequent work. 
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Chapter 5 presents a comprehensive analysis of the impact of iron (III) chloride (FeCl3) as a catalyst 

for the SCWG of Chlorella vulgaris. Analysis for a range of reaction conditions and comparison to 

other catalysts is considered. The work presented is published in Next Energy. The results of this 

chapter are used to select the catalysts studied in the final results chapter. 

Chapter 6 presents an extensive analysis of the influence of temperature, biomass concentration, 

catalysts (potassium hydroxide (KOH) and activated carbon supported ruthenium (Ru/C)) and 

oxidant on the SCWG of Chlorella vulgaris. This work is then integrated into a whole system model 

in ASPEN Plus®, to select the optimum conditions for hydrogen production and carbon capture. The 

work presented has been submitted for publication in Chemical Engineering Journal. 

Chapter 7 summarises the main findings and conclusions of the work, recommending any 

appropriate further work that may add to this field of research.  
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CHAPTER 2: LITERATURE REVIEW 

2.1 PUBLICATION: SUPERCRITICAL WATER GASIFICATION OF MICROALGAL BIOMASS 

FOR HYDROGEN PRODUCTION-A REVIEW 

The research within this chapter subsection has been published as a review article in the 

International Journal of Hydrogen Energy, as cited on the following page. For consistency with the 

published material, the content remained the same as the journal article.  

ABSTRACT 

Due to their potential for a high growth rate microalgae are seen as promising feedstocks for 

hydrogen production, but their high-water content makes them unsuitable for traditional gasification. 

An alternative method, such as supercritical water gasification, is required to maximise this potential. 

This review assesses the literature involving the supercritical water gasification of microalgae and 

other relevant feedstocks. The impact on hydrogen yield, of biomass composition, catalysts, 

operating conditions, and the integration of the reactor into larger systems are considered. A high 

carbohydrate and low protein feed is usually preferable for maximum hydrogen yield. Homogeneous 

alkali metal salts and heterogeneous transition metals are desirable as catalysts. Issues such as 

recyclability, deactivation, and poor selectivity towards hydrogen production of these catalysts 

remain problematic. High temperatures and low biomass concentrations are suitable for high yields 

but require high energy inputs, so may not be advantageous when considering a whole system 

energy balance.  
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2.1.1 Introduction 

The release of greenhouse gases, largely through the burning of fossil fuels, has significantly 

increased the average global temperature to 1.2°C above pre-industrial levels. Unless this warming 

is limited to 1.5°C, irreversible environmental tipping points could be crossed and devastating 

consequences for global ecosystems and communities are foreseen. To prevent the crossing of 

environmental tipping points, net greenhouse gas emissions must be zero by 2050 [1]. Hydrogen 

could replace fossil fuels in many applications where electrification is difficult, such as heavy industry 

and long-distance transport. However, to be carbon neutral, highly polluting methods of hydrogen 

production that currently produce most of the hydrogen today, such as steam methane reforming, 

must be replaced. Within these alternatives, biomass-derived hydrogen is an attractive option as it 

has the advantage of not increasing the strain on renewable electricity production, which would occur 

with widespread production of hydrogen through electrolysis, while also possessing the potential to 

be carbon negative if combined with carbon capture and storage [2]. 

Amongst potential biomass feedstocks, microalgae have excellent potential. A much higher 

photosynthetic efficiency than terrestrial plants [3] results in a growth rate up to tenfold greater [4] 

and a correspondingly greater rate of carbon sequestration [5]. This allows more efficient use of the 

land available, a significant advantage because land use is an area of major concern of bioenergy 

[6]. Microalgae can also simultaneously remove harmful metals from the environment [7]. However, 

the high-water content of algae has an adverse effect on traditional thermal gasification processes 

due to the significant energy required for drying [8]. Therefore, it is important to consider conversion 

processes that can handle feedstocks with a high-water content. 

Supercritical water gasification (SCWG) involves the conversion of organic compounds to gaseous 

products in water under conditions above its critical point (374°C and 22.1MPa) [9]. The use of water 

as the reaction medium makes it appropriate for high moisture feeds (like microalgae), while the 

thermophysical properties of supercritical water (SCW) bring a variety of other advantages. Beyond 

the critical point, the density and viscosity fall, increasing the diffusivity, thus reducing transport 
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limitations, and increasing reaction rates [10]. Furthermore, the dielectric constant of SCW is 

significantly lower than that of subcritical water, making it a universal solvent for all organics, 

polymers and gases whereas the solubility of polar compounds decreases [10]. This allows the 

organic intermediates formed from the degradation of biomass to dissolve into the water, reducing 

their chance of recombining to form longer chain tars and chars [11]. Such compounds are usually 

undesirable as they reduce gasification yield and can block the reactor. Although, the biochar has 

the potential to be used in Electrochemical Double Layer Capacitors, so may be of value if reactors 

are designed to capture the solid product [12]. 

This review aims to summarise the work up to date on the supercritical water gasification of 

microalgal biomass. It identifies key areas that affect hydrogen production and biomass conversion, 

drawing on work done on algae as well as other relevant biomass feedstocks. It also looks at 

potential systems that incorporate SCWG of algae, while maximising their efficiency and reducing 

waste. This will help to identify areas of further work required to address existing technical challenges 

and increase the feasibility of this technology. 

2.1.2 Supercritical Water Gasification Reactions 

2.1.2.1 Main Reactions 

In SCWG, several reactions occur, both in series and in parallel with each other. The first reaction is 

the hydrolysis of the longer chain molecules within the biomass into smaller intermediates, as shown 

B and I in equation 1 respectively. For example, starch is broken down into glucose and protein is 

broken down into its constituent amino acids [13].  

𝐵 + 𝐻2𝑂 → 𝐼1 + 𝐼2 (1) 

The main reactions considered for the gasification of these intermediates are steam reforming, water 

gas shift (WGS) and methanation reactions, as shown by equations 2, 3 and 4 respectively [14]. The 

gaseous products are hydrogen (H2), carbon dioxide (CO2), carbon monoxide (CO) and methane 

(CH4),  
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𝐶𝑥𝐻𝑦𝑂𝑧 + (𝑥 − 𝑧)𝐻2𝑂 → 𝑥𝐶𝑂 + (
𝑦

2
+ 𝑥 − 𝑧) 𝐻2 (2𝑎) 

𝐶𝑥𝐻𝑦𝑂𝑧 + (2𝑥 − 𝑧)𝐻2𝑂 → 𝑥𝐶𝑂2 + (
𝑦

2
+ 2𝑥 − 𝑧) 𝐻2 (2𝑏) 

𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2 (3) 

𝐶𝑂 + 3𝐻2 → 𝐶𝐻4 + 𝐻2𝑂 (4𝑎) 

𝐶𝑂2 + 4𝐻2 → 𝐶𝐻4 + 2𝐻2𝑂 (4𝑏) 

The steam reforming reaction can produce CO (Equation 2a) [13], CO2 (Equation 2b) [9] or both as 

potential reaction pathways [15] [16]. As equation 2b is equal to 2a followed by the water gas shift 

reaction, it would be difficult to tell whether the CO2 arose directly from the steam reforming reaction 

or via a two-step reaction. Hence, either of them could be the correct pathway. However, equation 

2a must occur as CO is often found as a product if a catalyst is not used [17]. Hence, it is likely that 

equation 2b is this combined with the water gas shift reaction. Similarly, a direct formation of CH4 

and CO2 has also been outlined as a potential reaction [13], which can be explained by reaction 2b 

followed by 4b, so is not considered here. In some cases, glucose for example, equation 2a does 

not contain water at all, which suggests that water is also a product of the reaction which in those 

cases, is produced at the same rate it is used up. Indicating a catalytic effect of the water. 

In practice, SCWG involves several other possible side/intermediate reactions, some of which are 

discussed in more detail in Section 2.1.2.2. Multiple sources have reported that at low temperatures, 

when gasifying different algal strains without the presence of a catalyst, the gas product consists 

almost entirely of CO2 [4] [18]. This means that decarboxylation reactions must predominate. The 

occurrence of short chain alkanes such as ethane or propane, gives evidence of cracking reactions 

[15], while the formation of chars shows polymerisation reactions are present [16]. A variety of other 

molecular rearrangements can also occur in the reactor; particularly problematic being dehydration 

and ring closure reactions to form phenols [19]. Phenols are very difficult to gasify, reducing the 
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gasification of other compounds around them and can polymerise into highly toxic compounds [20] 

[21].  

2.1.2.2 Reaction Pathways  

The potential reaction pathways in SCWG for some compounds commonly found in biomass have 

been studied and evaluated in the literature mainly focusing on lignocellulosic biomass, but some of 

it is relevant to algal biomass. Microalgae consist mainly of proteins, lipids, and carbohydrates [22], 

with the total products being a result of their breakdown and the interactions between breakdown 

products. Reaction pathways of model compounds have been studied and, while the real system will 

be more complex, this helps to understand some of the reactions that describe the SCWG process.  

2.1.2.2.1 Carbohydrate Gasification  

Glucose is commonly used as a model compound for studying the gasification of carbohydrates as 

it the ‘building unit’ of carbohydrates and thus is the decomposition product of many major 

carbohydrates [9]. Figure 2.1 shows the reaction pathways in SCWG of glucose outlined in the 

literature [23, 24]. One pathway forms phenols and other aromatics, either directly or through 

electrocyclic reaction of furans. These are difficult to gasify due to the stability of the benzene ring in 

SCW, thus are much more likely to form chars, making this route undesirable. To maximise the gas 

produced, the formation of readily gasified short chain acids, alcohols and ketones, formed through 

C-C scission of larger ketones, aldehydes, and furans, is preferred. This can be achieved through 

the addition of catalysts, as discussed later in Section 2.1.3.2. Despite this, furans such as 5-

Hydroxymethylfurfural or furfural are useful chemical precursors in biorefinery processes [25], so the 

formation of these may be preferred in some cases. 
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Figure 2.1-Reaction pathways for the supercritical water gasification of glucose [15] [16] 

2.1.2.2.2 Protein Gasification  

Proteins commonly hydrolyse in supercritical water to form amino acids and peptides which 

subsequently undergo further reactions [26] but, compared with carbohydrates, the hydrolysis of 

proteins is up to 12 times slower and proteins are hydrolysed from the microalgae at approximately 

half the rate [27]. Possible pathways include the decarboxylation route to form amines and carbon 

dioxide or deamination to form ammonia and organic acids. These have both been noted extensively 

in the subcritical region [28] [29] [30] and remain the main pathways in the supercritical region [31], 

and hence are likely to occur in SCWG both during heating and in the reactor. The stable nature of 

amines makes that pathway undesirable and the formation of ammonia and organic acids, the 

favourable pathway for hydrogen production. Additionally, amino acids can react with carbonyl 

intermediates in the Maillard reaction to form N-heterocyclic compounds such as pyridine [32] [33], 

which are also stable and thus undesirable for gas production. The peptides can hydrolyse into 

amino acids or decompose into aromatic hydrocarbons, diketopiperazine, aliphatic amines or 
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aldehydes [33]. Many of these are undesirable as they can polymerise into tar and chars [26], which 

are difficult to gasify and can block the reactor. This pathway is summarised in Figure 2.2. 

 

Figure 2.2-Protein gasification reaction pathway. Adapted from. [15] 

2.1.2.2.3 Lipid Gasification  

Literature on the mechanisms for lipid gasification has been studied less than that for carbohydrates 

or proteins, however, some work on model compounds to represent lipids has been carried out. 

Lipids hydrolyse rapidly in sub or supercritical water, to form fatty acids and glycerol. Oleic acid, a 

model fatty acid, initially decomposes either through decarboxylation or decarbonylation to large 

aliphatic hydrocarbons, or through the cracking of C-C bonds to form shorter fatty acids. Some of 

the aliphatic hydrocarbons can rearrange to form cycloalkanes, precursors to aromatic compounds 

[34], which are undesirable as they can polymerise into tar and chars [26]. Further decompositions 

of both oxygenated and aliphatic hydrocarbon intermediates into gaseous products also occur, 

particularly at longer reaction times, at higher temperatures and in the presence of a catalyst [34] 

[35]. 
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The degradation of glycerol in hydrothermal conditions can occur through competing ionic or free 

radical pathways, where the reactions are driven by charged ions and molecules with unpaired 

electrons respectively. Above the critical point, the low ionic product means that there are few ionic 

compounds available, so the free radical pathways dominate [36]. This makes these the most 

relevant pathways for SCWG, although some intermediates from the ionic pathways may be present 

in smaller quantities due to the subcritical conditions during heating.  Buhler et al. [36] and Ortiz et 

al. [37] both outlined the dehydration pathway for free radical dominated gasification. In this, glycerol 

is dehydrated to either hydroxy acetone or 3-hydroxypropanal. The former then undergoes C-C bond 

scission, to acetaldehyde and formaldehyde, which decompose further into gas under supercritical 

conditions, while 3-hydroxypropanal dehydrates further to form acrolein, which decomposes further 

into ethylene and CO. However, the dehydrogenation pathway, another free radical pathway, would 

also fit the data observed by Ortiz et al. [37], so further work is needed to fully understand whether 

either or perhaps a combination of the two is correct. For hydrogen production, the dehydrogenation 

pathway would be preferable, as 6 moles of hydrogen are produced per mole of glycerol, compared 

to just one in the dehydration pathway. These are shown in Figure 2.3. 

 

Figure 2.3-Potential free radical reaction pathways for the gasification of glycerol as a model compound for lipids. 

Adapted from [37] 
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2.1.3 Influential Factors  

The operating conditions and catalysts can all have a significant impact on the reaction pathways 

discussed in Section 2.1.2 and other reactions in a SCWG system, thus impacting upon the 

composition of the product streams [38]. Moreover, different biomass types have different mixes of 

biochemical components, all of which react differently in SCW and can have significant interactions 

with each other, thereby having a substantial impact on the final product [9] [17].To produce 

hydrogen, it is important to maximise selectivity by increasing hydrogen producing reactions like 

steam reforming and WGS, while limiting hydrogen consuming reactions like methanation. It is also 

important to avoid unwanted, stable compounds, such as char or phenol, that reduce the overall 

yield and can block the reactor. 

2.1.3.1 Biomass Composition 

Microalgae mostly consists of the three groups of compounds: carbohydrates, proteins, and lipids. 

The precise composition is a function of both the strain and the growth conditions [39], meaning that 

a wide range of compositions can be found, as shown Table . Advantageously, microalgae do not 

contain lignin, which is known to be particularly difficult to gasify, reducing the conversion and yield 

of hydrogen in both real biomass and mixtures of model compounds [19] [20] [38] [41]. 
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Table 2.1-Microalgae Compositions 

Strain 
Alga Type Composition (wt%) Source 

Carbohydrate  Lipids  Protein   

Chlorella vulgaris  Chlorophyceae (Green) 15 13 50 [15] 

Chlorella vulgaris  Chlorophyceae (Green) 10 7 67 [42] 

Chlorella vulgaris Chlorophyceae (Green) 10. 12 65 [17] 

Chlorella vulgaris 
(under light and 
nutrient stresses) 

Chlorophyceae (Green) 61 9 7 [42] 

Scenedesmus 
quadricauda 

Chlorophyceae (Green) 43 20 27  [17] 

Auxenochlorella 
pyrenoidosa  

Chlorophyceae (Green) 19 21 55 [43] 

Porphyridium 
cruentum 

Porphyridiophyceae 
(Red) 

40 8 43 [44] 

Nannochloropsis 
oculata  

Eutomatophyceae 8 32 57 [44] 

Nannochloropsis 
gaditana 

Eutomatophyceae 12 32 38 [20] 

Nannochloropsis 
oceanica 

Eutomatophyceae 28 21 41 [43] 

Spirulina Cyanophyceae  
(Blue-
Green/Cyanobacterium) 

20 5 65 [44] 

Arthrospira 
platensis  

Cyanophyceae 
 (Blue-
Green/Cyanobacterium) 

15 6 67 [43] 

Synechocystis sp.  
(low dilution rate) 

Cyanophyceae  
(Blue-
Green/Cyanobacterium) 

11 66 20 [45] 

Synechocystis sp.  
(high dilution rate) 

Cyanophyceae 
(Blue-
Green/Cyanobacterium) 

10 62 11 [45] 

2.1.3.1.1 Effect of Protein  

As shown in Table 2.1, some of these strains, such as Chlorella vulgaris or Spirulina, contain very 

high levels of protein and are therefore used as a potential alternative protein source in food 

supplements [46]. For Chlorella vulgaris, this protein content was maximised in the fastest growing 

(exponential) phase of growth [47].  However, this high protein content can be detrimental to the 

gasification performance. Kruse et al. [48] observed that a high protein feed, mostly chicken and 

rice, resulted in a significantly lower gas yield than glucose or a plant-based feedstock of carrots and 

onions. They hypothesised that the amines and aldose sugars formed in protein decomposition react 

in the Maillard reaction to form relatively stable free radical ions (cyclic N compounds such as 
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pyridine or pyridium [49]), which act as free-radical scavengers, inhibiting the free radical reactions 

involved in gasification. This same effect was also found in their subsequent experiments when the 

amino acid alanine or urea were added to glucose both of which form free radical scavenging 

compounds [50]. Other amino acids, proline and histidine were found to decompose into stable free 

radical compounds, which would have a similar negative effect on gasification [51] [52]. 

Chakinala et al. [4] found that adding the amino acid alanine to glycerol actually increased the gas 

produced, though this does not disprove the theory proposed by Kruse et al [48]. In the second case, 

the alanine was added without the addition of an alkali metal salt catalyst. This is significant as the 

release of ammonia from amino acid degradation catalyses the reaction and can increase gas yield 

in the same way as the salts [22]. This effect would be lost when the salts are already present, so 

only the negative effect of the free radical scavenging is observed. In a real system, these catalysts 

are likely to be present, so the effect of proteins would be negative overall and should be avoided if 

possible. Moreover, the slower hydrolysis of proteins to the amino acids, compared to carbohydrates 

and lipids [9], should result in real proteins having a more significant negative impact of gasification 

than their constituents at shorter reaction times. 

As with alanine, Chakinala et al. [4] noted that the addition of another amino acid, glycine, to glycerol 

increased gas yield. This is a contradiction with Caputo et al. [22] who found that gasifying glycine 

in its pure form and with glucose, both produced a lower gas yield than pure glucose or the microalga 

Nannochloropsis gaditana. Both had similar reactor setups, with the latter being at a higher 

temperature (550-650°C vs 663°C) and longer residence time (3-12s vs 128s), which are known to 

increase the gas yield (as discussed in Sections 2.1.3.3 and 2.1.3.5). The main difference appears 

to be the reactor feedstock. In the first example, a small amount of glycine (0.5%wt) was added to a 

feed of 10%wt glycerol, while the second was 3% glycine with 1% glucose. As a result, the 

contribution to the gas from the glycine was small in the first instance, so the difficulty gasifying the 

latter could be masked by the glycerol and the potential increase in gas produced due to the catalytic 
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effect of the ammonia. Additionally, glucose and glycerol could interact with the amino acid differently 

and a study with comparable concentrations would be required to determine the extent of this factor. 

Despite this discrepancy both papers showed that under the same conditions different impacts can 

occur from different amino acids. Proline, known for being a free radical scavenger in plant tissue, 

had a much larger detrimental effect on glycerol gasification than glycine or alanine [4], while glycine 

was much harder to gasify than leucine or glutamic acid [22]. Under different conditions, this may 

alter, as some amino acids are less affected by these changes, for example, proline is less sensitive 

to an increase in the temperature [53], as shown in Figure 2.4. Moreover, the alkyl group, which 

forms the backbone of amino acid valine, caused an increase in hydrocarbon intermediates with 

more than two carbons, when compared with other amino acids or glucose. These intermediates 

were effectively converted to hydrogen and methane in the presence of a catalyst [54], resulting in 

a positive impact on the gas yield. This outlines further complexities that show the effect on the 

gasification of the protein content will also depend on the composition of the proteins. So, while in 

general, protein will decrease gas yield, there may be some cases (small amounts of protein, without 

the presence of alkali metal salts [4]) that ‘break the rule’ and some that have a larger impact. 
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Figure 2.4- Carbon gasification efficiency of different amino acids at varying temperatures. Adapted from [53]  

2.1.3.1.2 Effect of Carbohydrates  

When gasifying glucose, albumin and canola oil, at low temperatures without a catalyst, as model 

compounds for carbohydrates, protein, and lipids respectively, glucose had the highest carbon 

conversion to gas [18]. The carbon conversion is often stated as carbon gasification efficiency 

(CGE), defined as moles of carbon in gas/moles of carbon in feed. Without a catalyst, glucose had 

a CGE of close to 100% much higher than the three amino acids glycine, leucine and glutamic acid 

(40-75%) or Nannochloropsis gaditana (82%) [22]. This indicates that a higher carbohydrate content 

in the algae may increase the conversion of biomass into gas and therefore facilitate high hydrogen 

yields. 
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Samiee-Zafarghandi et al. [42] found that increasing the carbohydrate content at the expense of 

protein by altering the growth conditions on Chlorella vulgaris increased both conversion and 

hydrogen content in the gas significantly, as shown in Table 2.2. Fozer et al. [55] confirmed 

increasing the carbohydrate content of Chlorella vulgaris, through altering the light intensity and 

dilution rate, increased hydrogen content and total gas yield. Similarly, when comparing Chlorella 

vulgaris, Spirulina platensis and Saccharina latissimi, the higher carbohydrate content (in Saccharina 

latissimi) gave a higher CGE and hydrogen content [17]. However, this is not always the case, 

Chlorella vulgaris (high protein) and Scenedesmus quadricauda (high carbohydrate) had a similar 

conversion, with the latter having a higher hydrogen content in the product stream [18]. Jiao et al. 

[56] found that Nannochloropsis sp. had the lowest carbon conversion despite the highest 

carbohydrate content, when compared with Chlorella pyrenoidosa, S. platensis and Schizochytrium 

limacinum, but again gave the highest hydrogen content. 

Table 2.2- Comparison of gas composition, gas yield and gasification efficiency for supercritical water gasification of 
Chlorella vulgaris with or without increased carbohydrate content. Taken from [42] 

Biomass Gas composition (mole%) Gas yield 
(mmol/g) 

Hydrogen 
Yield (mmol/g) 

Gasification 
Efficiency  H2 CO CH4 CO2 

Chlorella vulgaris 
with a high protein 
content  

3.95 18.97 1.9 75.18 1.46 0.0577 5.67% 

Chlorella vulgaris 
with a high 
carbohydrate 
content 

9.42 11.7 0.83 78.05 2.7 0.254 10.25% 

 

There could be several reasons for this disparity. Firstly, as with the proteins, different carbohydrates 

can also have different CGE and hydrogen yields under similar reaction conditions. Williams and 

Onwudili [57] found that glucose, starch, cellulose, and a starchy real biomass (cassava) all gave 

very different conversions and hydrogen yields, even though the materials were all based on 

glucose. Secondly, Tiong et al. [18] stated the lower tenacity of the cell membrane in Chlorella 

vulgaris than Scenedesmus quadricauda as the reason for a higher conversion at short residence 

times. Factors like this can also be influential, particularly under milder conditions and shorter 
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timeframes, where it may be harder to overcome these effects and break down the biomass. This 

was the case with the low temperature and residence time in that example or the very high biomass 

concentration used by Jiao et al. [56]. Finally, in some cases the carbohydrate content is lower, but 

lipid content might be higher. Lipids are less problematic to gasify than protein, so should not have 

as great an impact on conversion but may impact gas composition (as noted in Section 2.1.3.1.3). 

In all these cases the hydrogen content was increased, and in many cases, conversion was also 

increased, therefore a higher carbohydrate content is likely to increase the hydrogen yield. 

Consequently, a higher carbohydrate content is usually preferred for hydrogen production, but not 

in every case.  

2.1.3.1.3 Effect of Lipids  

There is far less literature available assessing the effect of lipids in microalgal gasification or the 

gasification of lipids in general. This is likely to be a result of the potential for biodiesel production 

from the high lipid content of some microalgae [58], leading to more research into that area. However, 

as a key component in most algal strains, it is important to know the impact of lipids on gasification. 

Nurcahyani et al. [59] compared the gasification of Chlorella vulgaris with and without its lipids 

component, which was extracted using hexane. They found that the original algae had a higher gas 

yield and lower solid residue, with more methane and less hydrogen than the residual algae (without 

lipid). A subsequent kinetic study, in the same paper, revealed that when gasifying Chlorella vulgaris, 

the part of the algae extractable with hexane (lipids) produced gas 3.5 times faster than the remaining 

biomass (mostly carbohydrate and protein). This was confirmed by Jiao et al. [56] who gasified the 

extracted oil and residual solids from Chlorella pyrenoidosa. They found that the oil extracted gave 

a higher gas yield than the residuals and higher methane content than either the residuals or the 

original algae. The total methane yield was also higher than the total for the algae or any other algae 

tested.  
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These show that the lipid proportion is less resistant to gasification than the remaining solids, which 

consist of mostly carbohydrates and protein. As discussed earlier, it is likely that protein is the main 

cause of this lower production, meaning lipids are less resistant to gasification than proteins, being 

more comparable to carbohydrates. Lipids also have the tendency to produce a large amount of 

methane, which can be undesirable for a hydrogen production system as it would reduce the 

selectivity to hydrogen. However, in a system where the methane is used for heating the reactor or 

chemical looping is used to purify the syngas (as mentioned in Section 2.1.5), some methane will 

not be problematic and in that case higher lipid contents would be acceptable. In some cases, a 

mixture of hydrogen and methane (Hythane), is seen as advantageous when compared with the 

individual gases [60]. 

2.1.3.1.4 Tailoring Growth Conditions for Gasification  

The information detailed above outlines the composition of biomass that would be most suitable for 

hydrogen production through SCWG. This will influence the choice of algal strain and the growth 

conditions as both are can significantly affect the final biomass composition. One way in which the 

composition of the algae can be altered is through nutrient limitation; the way in which an alga 

responds depends on the strain. As nitrogen is a vital component of proteins, limiting this reduces 

the protein content [39] and, depending on the strain, increases the content of carbohydrate and 

lipids in some cases [61] [62] but only the carbohydrate content in others [63] [64]. Similarly, 

phosphorus limitation alters the algal composition, but less predictably, reducing the protein in some 

cases [65] [66] and reducing the lipids content in others [67]. In addition to these, limiting 

micronutrients like iron [68], silicon [63] and sulphur [66], can alter the composition. However, in all 

these cases, especially under nitrogen and phosphorus limitation, the algal growth was reduced. 

This would mean a larger area is required to grow the same quantity of algae, creating issues with 

land use and capital cost. A balance of the growth and composition of the algae, potentially using a 

two-stage system, should be considered.  
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One case where the growth wasn’t limited was the limiting of calcium, which increased biomass 

productivity in both the green alga Chlorella sorokiniana str [61] and the blue green alga 

(Cyanobacterium) Spirulina platensis [69], while increasing carbohydrate and lipid content. The 

increased productivity is due to weaker cell walls [61], which facilitated easier gasification of Chlorella 

vulgaris at short residence times [18], which could be beneficial to gasification. Hence, calcium 

limitation offers the potential double benefit of increased growth and increased gas production, so 

should be further investigated. The effect of salinity also has potential because for Spirulina 

platensis, increasing salinity increased the carbohydrate content without reducing the growth [69]. 

However, this is not the case for all strains as the growth can be reduced in some cases [68] [70]. 

Likewise, an increased pH can increase the availability of inorganic carbon which increases growth 

of strains that can use bicarbonate as a source of carbon [71] but high pH levels are detrimental to 

the growth of other algal strains that cannot [72]. Being able to operate at higher pH is desirable as 

the higher solubility of bicarbonate allows a higher uptake of CO2 from the gas stream [73] and 

reduces the chance of contamination from other organisms [74]. This should be considered when 

selecting the alga strain. 

Variations in the light intensity can also be used [55], however in outdoor settings the light source is 

often sunlight so is difficult to control. The use of artificial lights can be used to overcome this but 

that requires additional input of energy, which will reduce the benefits of the increased hydrogen 

production. Considering how to optimise the suitability of a feedstock and the growth of the algae is 

an important area that can help increase the hydrogen yield per unit of area needed to growth the 

algae. It should therefore be a key area of further research into the SCWG of microalgae. 

2.1.3.2 Catalysts 

Catalysts can be used to reduce the activation energy of reactions, hence reducing the operating 

temperatures and increasing the biomass concentration ranges that could still achieve high 

conversion and high hydrogen selectivity [75].  A lower temperature can reduce the potential 

corrosive effects of the medium, reducing the cost of equipment [76], while lower temperatures and 
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higher biomass concentrations reduce the energy losses upon heating the water [77]. Heat recovery 

systems can reduce the heat losses but not entirely remove them [78]; minimising the heating 

requirements is still vital. The high costs, both capital and operating, are major barriers to 

commercialisation of supercritical technologies [79], and hence catalysts will be key to overcoming 

them. To achieve this, the catalysts should increase the C-C bond cleavage, increasing reactions 

like hydrolysis and steam reforming that break down the biomass, hence increasing the carbon 

conversion. They should also increase the WGS reaction, while suppressing C-O bond cleavage 

(reactions such as methanation), increasing hydrogen selectivity [80] as shown in Figure 2.5. 

 

Figure 2.5- Potential products formed from different bond cleavages in supercritical water gasification. For hydrogen 
production, C-C bond cleavage and water gas shift are diesitable, C-O bond cleavage is undesirable.  Adapted from [81] 

2.1.3.2.1 Homogeneous Catalysts  

Homogeneous catalysts are catalysts that are in the same phase as the reaction media, in this case 

water. The most common of which for SCWG is alkali metal salts, which have widely been used in 

the SCWG of various feedstocks for both real biomass (including microalgae) and model 

compounds. An increase in the CGE is commonly observed, indicating an increase in carbon 

conversion and therefore increased C-C bond cleavage. Onwudili et al. [17] suggest that nucleophilic 

attack of hydroxide ions in the subcritical region drives this increased degradation. However, Caputo 

et al. [22] observed significant increases in CGE with the addition of Na2CO3, despite a rapid heating 

rate and thus a very short time in the subcritical region, so this seems unlikely to be the main driver. 

More work is required to fully understand the driver behind this in the supercritical region. 
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Table 2.3-Akali Metal Catalysts that Increase the Carbon Gasification Efficiency of the Supercritical Water Gasification of 
Biomass Feedstocks 

Catalyst 

Biomass or Model 
Compound  

Increase 
in CGE? 

Increase 
in 

Hydrogen 
Yield? 

Increase 
in 

Hydrogen 
content 
in gas? 

Sources 

Potassium Hydroxide 
(KOH) 

Sawdust, straw, 
sewage sludge, 
lignin, glycine, 
glucose, catechol, 
fructose, xylose, 
cellulose, 
sugarcane bagasse 

All cases, 
except 
sugarcane 
bagasse  

All cases All cases [15] [16] 
[17] [18] 
[19] 

Sodium Hydroxide 
(NaOH) 

Chlorella vulgaris, 
Spirulina platensis, 
Saccharina 
latissimi, Fructose, 
sugarcane bagasse 

Fructose 
only 

All all [16] [20] 
[19] 
 

Potassium Carbonate 
(K2CO3) 

Nannochloropsis 
gaditana, 
Acutodesmus 
obliquus,  sawdust, 
straw, sewage 
sludge, lignin, 
glycine, glucose, 
catechol, xylose, 
sugarcane 
bagasse, 
cauliflower residue, 
acorn, tomato 
residue, extracted 
acorn, hazelnut 
shell, glycerol 

All but 
glycine, 
sugarcane 
bagasse 

All but 
glycine 

All but 
glycine 

[21] [15] 
[17] [19] 
[41] [23] 
[24] [25] 

Sodium Carbonate 
(Na2CO3) 

Nannochloropsis 
gaditana, leucine, 
glutamic acid, 
glycine 

All but 
glutamic 
acid, 
glycine 

All but 
glutamic 
acid, 
glycine 

All but 
glutamic 
acid, 
glycine 

[21] 

Trona 
(Na2CO3·NaHCO3·2H2O) 

Cauliflower residue, 
acorn, tomato 
residue, extracted 
acorn, hazelnut 
shell 

All cases All cases All cases  [41] 

Sodium 
Bicarbonate(NaHCO3)  

Sugarcane 
bagasse 

All cases All cases All cases [19] 

Potassium Bicarbonate 
(KHCO3) 

Sugarcane 
bagasse 

All cases All cases All cases [19] 

Iron Chloride (FeCl3) Humic acid  All cases All cases All cases [89] 
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Table 2.3 shows the wide range of biomass feedstocks for which alkali metal salts increase the 

conversion in SCWG, yet this is not always the case. Glutamic acid (an amino acid) was unaffected 

both in conversion and gas composition by the addition of the catalyst (Na2CO3) [22].This could be 

attributed to the ammonia being released during the reaction, as with  the alkali metal salts, it can 

create an alkaline environment in water [90]. Consequently, further addition of alkali has a less 

significant effect on the reaction pathways and thus the gas yield. Onwudili et al. [17] found less gas 

was produced when gasifying algae in the presence of NaOH than without. This was due to the 

reaction of CO2 with NaOH to form carbonates and bicarbonates. This is something that needs to be 

considered when comparing catalysts, as it could show a low CGE even though the reaction was 

successfully catalysed, as the carbon could remain in the liquid effluent in inorganic form. 

Alkali salts also significantly enhance the WGS reaction, thus having a significant positive impact on 

hydrogen yield, as shown in Table 2.3. This is achieved through the reaction of the hydroxide such 

as KOH reacting with CO, to produce formate, which easily reacts with water to form hydrogen. This 

creates a more favourable route, thus accelerating the reaction. Equations (5-8) show the pathway 

when K2CO3 is added as catalyst, with KOH as an intermediate product. A similar pathway should 

be also found when other alkali metal carbonates and hydroxides are used [91].   

𝐾2𝐶𝑂3 + 𝐻2𝑂 → 𝐾𝐻𝐶𝑂3 + 𝐾𝑂𝐻 (5) 

𝐾𝑂𝐻 + 𝐶𝑂 → 𝐻𝐶𝑂𝑂𝐾 (6) 

𝐻𝐶𝑂𝑂𝐾 + 𝐻2𝑂 → 𝐾𝐻𝐶𝑂3 + 𝐻2 (7) 

2𝐾𝐻𝐶𝑂3 → 𝐾2𝐶𝑂3 + 𝐻2𝑂 + 𝐶𝑂2 (8) 

Evidence of this is shown with the low (often negligible) CO content and high hydrogen content 

observed, when alkali metal salts are added to a wide range of biomass and model compounds [22] 

[41] [82] [83] [86] [92]. One exception is some amino acids such as glycine and glutamic acid, where 

the impact of the released ammonia has already progressed the WGS reaction to such an extent 

that the catalyst has minimal effect on the gas yield or composition [17]. In the case of microalgae 
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gasification, the concentration of ammonia released will be lower, due to biomass containing 

components (carbohydrates and lipids), making the ammonia produced more diluted when 

compared with a similar concentration of pure protein or amino acid. Therefore, alkali metal salts 

should still have a significant effect.  

Alkali metal salts also impact upon the liquid phase reactions; the addition of either K2CO3 and KOH 

produced a lower furan but higher phenol content in the liquid product when gasifying glucose [91] 

[82], as shown in Figure 2.6. This could be through rapid conversion of furans into smaller molecules 

and phenol, or direct conversion of glucose to phenol rather than via 5-HMF (5-

(hydroxymethyl)furfural) and other furans. However, phenols are undesirable, and hence this is a 

disadvantage of these catalysts. 

 

Figure 2.6-Phenol content in the effluent of the supercritical water gasification of glucose. Adapted from [15] 
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For the different alkali metal salts, while all increase the hydrogen yield, the extent to which this takes 

place, varies. Except for glycine [22], potassium salts outperformed sodium salts on gasifying a 

particular feedstock. KOH gave a higher hydrogen yield than NaOH when gasifying fructose [83] and 

sugarcane bagasse [86], while K2CO3 produced a higher hydrogen yield than Na2CO3 on sugarcane 

bagasse [86] and most significantly Nannochloropsis gaditana [22]. Additionally, it is often found that 

in terms of hydrogen yield, they follow the order of hydroxides > carbonates > bicarbonates [92] [86]. 

This would indicate, given the role of formates in the WGS reaction, that potassium salts (especially 

KOH) more readily produces formates. However, there could be many other factors involved, 

requiring further work to fully understand it. 

The above makes salts ideal catalysts to maximise hydrogen production from SCWG. However, 

other factors must be considered. Alkali catalysts also catalyse phenol production [92] which, as 

discussed in Section 2.1.2, is highly undesirable. They can also increase the corrosion in the system 

[91], which may mitigate against the reduction in corrosion achieved through lower temperatures. 

This can also alter the product distribution (as mentioned in 3.2.3). Both increased phenol content 

and corrosion can limit the ability to recycle the inorganic portions of the biomass to be used in 

microalgae growth, increasing costs and wastes (see Section 2.1.4.1). Moreover, the low solubility 

of salts in supercritical water can lead to precipitation, plugging of the reactor and are much more 

difficult to recover than heterogeneous catalysts [80]. This results in reduced operability and 

homogenous increased cost due to increased downtime from blockages and frequent supply of a 

new catalyst for each run. Therefore, to mitigate such disadvantages diligent reactor design is 

required for catalytic reactions. The use of alloys with a high nickel content or sacrificial liners can 

help minimise the impacts of corrosion [76] and the use of downflow reactors or hydro cyclone 

reactors can reduce solid deposition [93] [94]. 
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In addition to this, FeCl3 has also been studied for the SCWG of humic acid, as a model compound 

for the humic compounds sewage sludge [89]. This was found to be more effective at increasing the 

hydrogen yield and total gas yield of alkali or transition metal catalysts (K2CO3, nickel, ZnCl2). 

Furthermore, a machine learning aided study of literature for SCWG of wet waste feedstocks by Li 

et al [95] found that FeCl3 was more effective than other transition metals. Despite this, far less 

literature is available on these catalysts and further work is needed to study these effects on other 

feedstocks such as microalgae before a more conclusive picture can be drawn. 

2.1.3.2.2 Heterogeneous Catalysts 

2.1.3.2.2.1 Nickel Catalysts  

Heterogeneous catalysts form another phase to the reaction media, often a solid in a packed bed or 

suspended in media. Transition metal catalysts, often supported on another material, are commonly 

used as heterogeneous catalysts in SCWG. Due to their low cost, nickel catalysts are most 

commonly used, in pure form or supported on different compounds. nickel catalysts are effective at 

increasing C-C bond cleavage, which results in a higher conversion and thus higher hydrogen yields 

in most cases. The catalysts used on algae and other biomass feedstocks is summarised in Table 

2.4. 

  



31 
 

Table 2.4-Nickel Catalysts Used in the Supercritical Water Gasification of Biomass Feedstocks 

Catalyst 

Biomass or Model 
Compound  

Increase 
in CGE? 

Increase in 
Hydrogen 

Yield? 

Increase 
in 

Hydrogen 
content 
in gas? 

Sources 

Nickel on 
Alumina 
(Al2O3), pure 
and modified 
with lanthanum 
or Cerium  

Chlorella vulgaris, 
Scenedesmus 
quadricauda, Spirulina 
platensis, 
Nannochloropsis 
oculata,, Glucose, 
fermentation stillage, 
cellulose, xylan, lignin, 
bark  

All cases  All cases 
except 
Scenedesmus 
quadricauda, 
Spirulina 
platensis 

All cases [15] [96] 
[17] [18] 
[19] [20] 
[21] 

Nickel oxide on 
Silica (SiO2) 

Chlorella sp. All cases All cases  All cases [22] 

Nickel on 
Silica-Alumina  

Oleic Acid  All cases All cases  All cases [23] 

Nickel on 
Zirconia (ZrO2) 

Switchgrass Biocrude Not 
stated  

Not stated  Not stated [24] 

Nickel on 
Zeolite  

Chlorella pyrenoidosa All cases All cases  All cases [25] 

Nickel on 
Activated 
Carbon  

Xylose, Valine All 
Cases  

All cases  True when 
stated 

[26] [27] 

Nickel on 
Graphene 
oxide 

Chlorella sp. All cases All cases All cases [28] 

Nickel on 
hydrotalcite 

Glucose, cellulose, 
xylan, lignin, bark 

All cases All cases All cases [19] 

Raney Nickel Chlorella vulgaris, 
Scenedesmus 
quadricauda 
Fermentation Stillage, 
sugarcane bagasse, 
glucose, fructose, 
cellulose, xylan, lignin, 
bark 

All cases  All cases  All cases [15] [18] 
[29] [19] 

Raney Nickel 
with 
Molybdenum 

Sewage sludge All cases All cases All cases [30] 

Nickel Wire Chlorella vulgaris  All cases  All cases  All cases [31] 

Inconel 
Powder 

Chlorella vulgaris  All cases  All cases  All cases [31] 

Ni-5132P Cellulose, lignin, 
sawdust, rice straw 

All cases  All cases  All cases [104] 

Nickel and Iron 
on Alumina  

Enteromorpha 
intestinalis 

All cases  All cases  All cases [105] 
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An increased conversion was seen universally for nickel catalysts, when compared with similar 

reactions without a catalyst. However, the impact on the composition of the gas produced was less 

consistent than that of the homogeneous catalysts. Sinag et al. [91] stated that the interaction 

between hydrogen and nickel makes it a good hydrogenation catalyst which would enhance 

methanation. The hydrogen dissociates on the nickel surface and combines with the carbon to form 

methane, as shown in equations 9-11. 

𝐻2 ↔ 2(𝐻)𝑚 (9) 

2(𝐻)𝑚 + 𝐶 → (𝐶𝐻2)𝑚 → (𝐶𝐻4)𝑚 (10) 

(𝐶𝐻4)𝑚 → 𝐶𝐻4 (11)

Where m denotes the entity adsorbed onto the metal. This strong hydrogenation activity also has a 

significant impact on the composition of the liquid effluent. Far less phenol was present in the 

gasification of glucose with a Raney nickel catalyst than without [91], as shown in Figure 2.6. Given 

the refractory nature and tendency of phenol to polymerise, reduction in phenol content is likely to 

be a major contributor to the increased gasification efficiency in the presence of nickel catalysts. On 

the other hand, the hydrogenation effect would result in a higher methane content and lower 

hydrogen. Some of the literature reinforces this assertion. Azadi et al. [99] found while gasifying 

glucose, cellulose and xylan, that increasing the nickel dispersion increased the methane formed 

and reduced hydrogen selectivity, indicating that nickel does catalyse the methanation reaction. 

Similar effects were also seen with nickel on activated carbon gasifying xylose [84] and when Raney 

nickel was used to gasify sugarcane bagasse [86]. However, while using nickel on lanthanum-

modified alumina when gasifying glucose [96], on yttrium-modified activated carbon when gasfiying 

valine [54], on zeolite when gasifying Chlorella pyrendiosa [24] and on graphene oxide when 

gasifying Chlorella sp [103], the methane content decreased, favouring more hydrogen and CO2. 

This indicates that in these cases methanation was suppressed and the water gas shift reaction was 

favoured, Sinag at al. [91] who claimed nickel increased methanation. 
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In other works, it was commonly observed that the addition of a nickel catalyst increased both 

hydrogen and methane. This was the case upon gasifying glucose when Raney Nickel, nickel on 

cerium-modified alumina and nickel-aluminium-magnesium catalysts, were employed [91] [97] [106]. 

It was also true for nickel and molybdenum on alumina, Inconel powder and nickel wire gasifying 

Chlorella vulgaris [4], as well as nickel oxide on silica, gasifying Chlorella sp [101]. Moreover, when 

gasifying cellulose, Ni-5132P catalyst increased the hydrogen in product gas/hydrogen in organic 

feed (hydrogen gasification efficiency (HGE)) above 100%, showing that the water played a 

significant role, while also increasing methane [104].  

One factor for this is that at milder temperatures decarboxylation dominates, making CO2 the main 

product, with little hydrogen or methane [107] [15] [108]. The catalyst allows other reactions to 

progress at these conditions leading to further degradation of the biomass and therefore an increase 

in both hydrogen and methane contents. However, this cannot explain every case and thus suggests 

that nickel catalysts increase methane forming reactions (such as methanation or cracking of 

hydrocarbons) and hydrogen producing reactions (such as steam reforming and WGS) reactions, 

even though, in some cases one dominates, so it can appear to catalyse one or the other. It is difficult 

to be certain of the reason for why one can dominate in different situations, as a wide range of feeds, 

supports and operating conditions were used all of which, can significantly impact the gas 

composition. If this can be used advantageously, nickel catalysts offer a low-cost way of increasing 

the hydrogen yield and selectivity in SCWG of algal biomass. 

2.1.3.2.2.2 Ruthenium Catalysts  

Ruthenium catalysts have also been extensively used to successfully increase conversion and 

hydrogen yields, with a variety of supports and on a wide range of feeds, including various species 

of microalgae, as summarised in Table 2.5. As with nickel, the literature summarised in the table 

shows the proficiency of ruthenium catalysts at accelerating the C-C bond cleavage. Chakinala et 

al. [4] compared ruthenium to nickel catalysts and found that nickel was more proficient at increasing 

CGE. However, they all contained varying amounts of metal, so this was not standardised, making 
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it difficult to draw conclusions. Nguyen et al. [98] did compensate for the quantity of metal, claiming 

that ruthenium catalysts were superior to nickel at converting fermentation stillage. This is a much 

more appropriate comparison, especially as they considered industrially available catalysts with the 

same supports. While this may differ for microalgae, this indicates the ruthenium being the superior 

catalyst when considering performance. However, the much higher cost of ruthenium (approximately 

970 times that of nickel in April 2023 [109]) means nickel may still be more economically viable. The 

rate of deactivation must also be considered when comparing the catalysts, as discussed in Section 

2.1.3.2.2.4. 

  Table 2.5-Ruthenium catalysts used in the supercritical water gasification of biomass feedstocks 

Catalyst 

Biomass or Model Compound  Increase 
in CGE? 

Increase 
in 

Hydrogen 
Yield? 

Increase 
in 

Hydrogen 
content 
in gas? 

Sources 

Ru on 
alumina 
(Al2O3) 

Chlorella vulgaris, Enteromorpha 
intestinalis, L. digitata, L. 
hyperborea, Saccharina latissimi 
and A. esculenta, glucose, 
cellulose, fructose, xylan, pulp, 
alkali lignin, bark, fermentation 
stillage, xylose, oleic acid 

All cases  All cases  All cases [15] [16] 
[17] [18] 
[19] [20] 
[21] [22] 

Ru on 
zirconia 
(ZrO2) 

Spirulina platensis  All cases  All cases  no [23] 

Ru on 
charcoal  

Chlorella vulgaris, 
Phaeodactylum tricornutumpr 

True 
when 
stated 
(Ch 
Vulgaris) 

True when 
stated  
(Ch 
Vulgaris) 

True when 
stated  
(Ch 
Vulgaris) 

[15] [24] 

Ru on 
activated 
carbon  

Chlorella vulgaris, Chlorella 
pyrenoidosa , Spirulina 
platensis, Nannochloropsis 
species, Schizochytrium 
limacinum, glucose, cellulose, 
fructose, xylan, pulp, alkali 
lignin, bark, xylose 

All cases  All cases  
except 
lignin 

All cases 
except 
Spirulina 
platensis 

[15] [25] 
[23] [16] 
[17] [18]  
[26] 

Ru and Rh 
(Rhodium) 
on activated 
carbon 

Chlorella pyrenoidosa All cases  All cases  All cases [27] 

Ru on 
titanium 
oxide (TiO2) 

Chlorella vulgaris, switchgrass 
biocrude 

All cases  All cases  All cases [4] [102] 
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As with nickel catalysts, ruthenium appear to enhance both the WGS and methanation reactions. 

Ruthenium supported on activated carbon increased hydrogen selectivity when gasifying xylose or 

Chlorella pyrendiosa [84] [15], as did ruthenium on graphene oxide, gasifying Chlorella sp [103]. 

However, Azadi et al. [99] found that ruthenium supported on either carbon or alumina, reduced 

hydrogen selectivity favouring methanation and produced larger amounts of methane. An increase 

in both hydrogen and methane content was also observed with ruthenium supported on charcoal, 

alumina and carbon [23] [35] [110]. This means that, as with nickel, ruthenium can catalyse WGS 

and methanation reactions. The one example where only methanation was observed, was at a low 

temperature (380°C) [99], which suggests that at lower temperatures the catalyst favours 

methanation. However, as with the nickel catalysts, many other factors make it more difficult to be 

certain and further investigation is needed. 

To achieve a higher gas yield and reduced char formation, ruthenium catalysts have a significant 

impact on the reaction pathways that form both the intermediates and final products. In the 

gasification of glucose, alumina supported ruthenium catalysts were found to inhibit the formation of 

furans, pre-cursors to the formation of phenols, a refractory intermediate which leads to char 

formation (as shown in Figure 2.1). Moreover, the high hydrogenation and C-C bond scission activity 

promoted the degradation of phenols, which did not occur without the presence of this ruthenium 

catalyst [23]. However, when gasifying oleic acid, ruthenium on alumina facilitated the diels-alder 

addition, increasing the phenol content when compared to no catalyst or a nickel catalyst [35]. 

Hence, for high lipid algae strains, ruthenium catalyst may be less effective. 

2.1.3.2.2.3 Other Transition Metals  

Other transition metals have also been tested for the SCWG of biomass. Cobalt-molybdenum and 

platinum-palladium were both used successfully to increase CGE and hydrogen yield when gasifying 

Chlorella vulgaris [4]. Copper, cobalt, chromium, and manganese were all used successfully when 

supported on graphene oxide [103]. However, in these cases, they had a smaller impact on hydrogen 
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yield than the equivalent nickel or ruthenium catalyst. Copper nanoparticles were also found to be 

effective at increasing hydrogen yield from methanol gasification [115]. It would be interesting to 

investigate if nickel or ruthenium are more effective than copper when in nanoparticle form, given 

that they are more effective when as part of a supported catalyst, but that has not been tested to 

date. 

In some studies, the higher activity of nickel and ruthenium is less apparent. Cobalt outperformed 

nickel and ruthenium in terms of CGE when gasifying switchgrass biocrude. However, it did not 

progress the WGS reactions, leading to large amounts of CO being present in that case and a lower 

hydrogen yield [102] so would not be suitable for hydrogen production without further alterations. 

Manganese oxide was more effective than nickel oxide at gasifying Chlorella sp, although this can 

be attributed to the lower activity of nickel oxide compared with nickel metal [101]. Therefore, while 

other transition metals are effective, the higher activity towards hydrogen production of nickel and 

ruthenium, means they are still the preferred metals for use in heterogeneous catalysts. 

2.1.3.2.2.4 Catalyst Deactivation  

A major issue with heterogeneous catalysts is deactivation. The activity of the catalyst reduces over 

time, thus requiring it to be replaced or regenerated to regain the original activity. This is undesirable 

as it adds cost and complexity to the process, so should be limited as much as possible. Poisoning 

of a catalyst through the adsorption of a chemical species in the feed, is a common cause. This is 

often caused by sulphur, which is present in many organic feeds, including microalgae. Peng et al. 

[114] and Bagnoud-Velásquez et al. [113] found significant sulphur poisoning when gasifying 

microalgal biomass (Chlorella vulgaris and Phaeodactylum tricornutum respectively), using a carbon 

supported ruthenium catalyst. The latter authors found that adsorption had dropped to zero after the 

reaction, so the activity had been completely lost by the poisoning. The effect of poisoning is shown 

in Figure 2.7 by the rapid drop in CGE observed a short period after switching from a low sulphur 

feed of glycerol to a higher sulphur microalgae feed [113]. Sulphur was also found to poison copper 

nanoparticles and nickel catalysts gasifying other feedstocks [99] [115]. Techniques to overcome 
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this such as adsorbents before the catalyst [114] or regeneration of the catalysts through oxidation 

[116] can be used. However, these add downtime and cost to the process, so must be considered 

when proposing heterogeneous catalysts, especially ruthenium, as an option. 
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Figure 2.7-Change in carbon gasification efficiency in time on stream of the continuous supercritical water gasification of 
glycerol and Phaeodactylum tricornutum using an activated carbon supported ruthenium catalyst. glycerol is gasified 

from time 0-100minutes, Phaeodactylum tricornutum thereafter. Adapted from [15]. 

Another common deactivation mechanism is coking, where solid char is deposited on the catalyst, 

blocks the active sites and hence reduces the activity. Significant coking was found when gasifying 

Chlorella pyrendiosa with zirconia supported nickel catalysts, with the acidic nature of the catalyst 

being a significant driver [24]. Coking was also experienced with nickel on γ-alumina supports when 

gasifying glucose [97]. Given the abundance of acid sites (proton donating sites) on γ-alumina [117], 

this was likely to also be a factor and therefore, supports containing large amounts of acid sites 

should be avoided to prevent excessive coke build up. Feedstocks such as switchgrass biocrude 

and lignin both promoted issues with coking, but they are much more susceptible to carbon 
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deposition on the catalyst during SCWG than microalgae so are less relevant in the latter context 

[102] [99].  

Irreversible changes to the catalyst can also occur because of the extreme conditions in SCWG. 

Ruthenium on charcoal catalysts showed a significantly reduced CGE after 3 runs. This was due to 

metal leaching into the reaction media, reducing the total metal available from the catalyst [110]. 

This effect is also detrimental the recovery of inorganic nutrients (as mentioned in Section 2.1.4.1). 

Alternatively, Raney nickel, nickel on alumina and nickel on zirconia, all showed an increase in nickel 

crystal size [98] [24]. This reduces the active surface area of the metal, lowering the activity. The 

effect was outlined by Xie et al. [24] where the hydrogen yield fell with each run of a nickel on a 

zirconia support when gasifying Chlorella pyrenoidosa, even when the coke was removed. Nickel 

has also been shown to react with the alumina support, reducing its surface area and activity [96] 

[100]. These are all examples of the catalysts being unstable at supercritical conditions, with nickel 

catalysts being particularly problematic. This would mean replacing the catalyst more frequently, 

without being able to easily regenerate them. While this is a significant barrier, the lower cost of 

nickel catalysts may make them still more economically viable than the ruthenium alternatives.  

2.1.3.2.2.5 Effect of the Support 

As well as the active metal, the support can play a major role in the gasification reaction. Many 

materials used in support can be used as catalysts for SCWG. Activated carbon has been used to 

successfully increase the CGE on sugarcane bagasse [86], valine [54] and glucose [118] with the 

source of the activated carbon significantly affecting its performance. Similarly, zirconia was found 

to increase the conversion of glucose and cellulose, while also increasing the WGS reaction [119]. 

Titanium dioxide also increased hydrogen yield, if combined with calcium oxide [38]. While these 

catalysts were less effective than the alkali metal salts and transition metal catalysts mentioned 

previously, they show how support material can contribute to the overall performance of a catalyst.  

This is evident in the significant variation in CGE between different forms of alumina and carbon 

supported ruthenium catalysts gasifying Chlorella vulgaris where γ-alumina and charcoal 
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outperformed α-alumina and activated carbon, converting approximately 20% more carbon to gas. 

Moreover, the CH4/CO2 ratio in the products, significantly varied, indicating differing methanation 

performances. This shows that, despite changing with different conversions, the CH4/CO2 ratio is 

always higher for γ-alumina than charcoal supported catalysts, indicating the enhancement of 

methanation with γ-alumina supported catalyst [110], as shown in Figure 2.8. Additionally, 

lanthanum-modified alumina supports were found to adsorb CO2, which impacted the gas 

composition in glucose gasification [96]. This shows that the support is a factor in the disparity 

between ruthenium catalysts in terms of gas composition (as observed in Section 2.1.3.2.2.2). Xie 

et al. [24] provided further evidence to the support impact, showing that the zeolites with more strong 

acid sites had a higher CGE and HGE when supporting nickel in the gasification of Chlorella 

pyrendiosa, despite the same quantity of metal. 
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Figure 2.8-methane-carbon dioxide ratio at different total carbon gasification efficiencies during the supercritical water 
gasification of Chlorella vulgaris using ruthenium catalysts with different supports. Adapted from [15] 

The support material can significantly impact upon the favourability of different reaction pathways, a 

major contributing factor for the impact on overall gasification performance observed. When gasifying 

the amino acid valine in the presence of activated carbon as catalyst or support for nickel, no 

nitrogenous organic compounds were observed. This indicates that the decarboxylation route is 

suppressed, favouring deamination to form ammonia and organic acids. As these acids are more 

easily gasified than nitrogenous compounds such as amine, the CGE increased in the presence of 

activated carbon [54]. This could mitigate the negative effects of protein content on gasification (see 

Section 2.1.3.1.1), thus activated carbon catalysts are desirable for high protein feedstocks such as 

many species of microalgae. Moreover, this would allow algae to be grown in the exponential phase, 
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where the protein content is higher [47], with a reduced detrimental effect on the hydrogen yield and 

therefore a reduced land requirement.  

The supports can also play an important role in the deactivation of the catalyst. The nature of the 

catalysts such as number of acid sites (see Section 2.1.3.2.2.4) or the interaction between the metal 

and support, can significantly affect deactivation. Modifications can be attempted to minimise this. 

Modifying alumina supports with lanthanum reduced the interaction with nickel, hence reducing 

deactivation through sintering, which allows more active metal to be available for longer, increasing 

the activity [96] [100]. Similarly, modifying activated carbon with platinum or palladium reduced 

crystallisation of nickel, which reduces the active surface area and therefore deactivates the catalyst 

[54]. Modifying alumina with cerium oxide also limited deactivation by reducing the coke deposition 

and lowering the temperature needed to remove the easily removable coke, allowing easier recycling 

of the catalyst [97]. However, these modifications will increase the costs of the catalyst. It is 

important, when choosing a catalyst support, to balance the need for increased hydrogen yield and 

reduced deactivation, with the cost of the catalyst.  

2.1.3.2.3 Catalytic Wall Effects 

Nickel based alloys, including Inconel, are often used in SCWG, due to their high resistance to 

corrosion, high strength at elevated temperatures and resistance to hydrogen embrittlement [76]. 

Chakinala et al. [4] observed that Inconel powder or nickel wire at elevated temperatures had a 

significant positive impact on both the CGE and the yield when gasifying the microalga Chlorella 

vulgaris. Therefore, it is likely that the reactor wall will have an impact on the reaction, which must 

be considered. While, to the authors’ knowledge, no work has been carried out to investigate this 

effect on microalgal gasification, other relevant work studying the effects of the wall material has 

been carried out.  

Yu et al. [120] observed a higher hydrogen yield in an Inconel tubular reactor than in an identical 

Hastelloy reactor, for the SCWG of acetic acid or glucose. When the Hastelloy reactor was corroded 

with potassium chloride, the hydrogen yields increased. However, it is better to compare the new 
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(uncorroded) reactors as it is hard to differentiate whether this is due to an increased surface area, 

or the salts being released which also catalyse the reaction. Castello et al. [121] compared stainless 

steel and Inconel 625 batch reactors for the gasification of glucose and beech sawdust. They found 

that the Inconel reactor produced a higher gas yield, with a higher methane and lower hydrogen 

yield, indicating enhanced C-C bond scission and methanation, when compared with the stainless-

steel reactor. Additionally, they found that beech sawdust was less affected than glucose, due to the 

natural salts within the biomass dominating the wall catalytic effect. Microalgae, like sawdust, contain 

natural salts, so the impact of the reactor walls is expected to be less significant. However, the results 

described above identify that the wall can have an effect, which should be considered if comparing 

results from different reactors.  

2.1.3.3 Temperature 

Temperature is a major operating condition, which has the most significant impact on the reactions 

in SCWG [95], strongly affecting the biomass conversion and product distribution in the gas. The 

overall reaction to form hydrogen and CO2 from biomass (equation 2b) is endothermic (346kJ mol-1 

for glucose), while the overall reaction to form methane (equation 2a followed by 4a) is exothermic 

(-148kJ mol-1 for glucose) [122] [105]. According to Le Chatelier’s principle, higher temperatures 

favour the formation of hydrogen and suppress methane [123]. Thermodynamic models of 

microalgae and other biomass also agree with this, stating that at equilibrium, a higher temperature 

increases hydrogen concentration and reduces methane concentration [124] [77] [125] [126]. The 

models also predict that the solid carbon produced is also reduced at higher temperatures [124], 

which increases CGE and reduces negative effects of plugging or catalyst deactivation. 

The models listed above only include the equilibrium conditions and do not consider the kinetics. 

Guan et al. [16] modelled the kinetics of SCWG based on experimental data where Nannochloropsis 

sp. was gasified at temperatures ranging from 450-550°C (723-823K). This showed that increasing 

the temperature increases the CGE and the total energy in the product gases. Increasing 

temperature always increases the reaction rate and leads to shorter reaction times. However, this 
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study showed that the higher conversion was seen obtained at longer reaction times too. This was 

attributed to temperature having a larger effect on the rate of formation of intermediates less resistant 

to gasification, reducing the biomass converted into the recalcitrant intermediates such as phenols, 

which are difficult to gasify, and are more likely to polymerise into chars, reducing the overall 

conversion.  These models show that, in theory, a higher temperature is preferred to maximise the 

hydrogen yield from microalgal SCWG. 

In real systems, Chakinala et al. [4], Duan et al. [15] and Zhang et al. [108] all observed that without 

a catalyst, increasing the temperature significantly increased conversion. Increasing the temperature 

from 400 to 700°C (673-973K) increased the CGE of Chlorella vulgaris from 14 to 82% [4], increasing 

from 380 to 600°C (653-873K) increased the CGE of Chlorella pyrenoidosa from 31.59 to 68.02% 

[15] and increased the total gas yield from 4 to 13 mol/kg on a mix of cyanobacteria [108]. However, 

at low temperatures (653 or 673K), all authors observed almost entirely CO2. This indicates that 

decarboxylation reactions prevailed, showing that the kinetics of the other main reactions, such as 

steam reforming, WGS or other intermediate reactions were significantly slower. As a result, in all 

three, higher temperatures, despite increasing the hydrogen content, this also significantly increased 

the methane content of the gas. This shows how kinetics can explain the large deviations from 

equilibrium values. Duan et al. [15] suggested the increased pressure at higher temperatures 

favoured methanation. While this could be factor in that case, especially with a longer reaction time, 

the other two cases were performed at constant pressure, so a kinetic explanation is more likely. 
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Figure 2.9-Dry gas composition and gasification efficiency for the non-catalytic supercritical water gasification of Chlorella 
vulgaris in a batch reactor at 240bar, 7.3wt%, 2minutes reaction time . Adapted from. [15] 

The effect of temperature on conversion with a catalyst followed a similar trend. Duan et al. [15] 

observed a similar increase of the CGE with temperature, with or without a ruthenium and rhodium 

catalyst. The exception was that the conversion was higher for a given temperature than the non-

catalytic equivalent, as shown in Figure . The increase in gasification efficiency at higher 

temperatures, both with and without a catalyst, was also observed in other biomass feedstocks [127]. 

However, the effect on gas composition on catalytic SCWG of real biomass can vary.  
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Figure 2.10-Impact of temperature on the carbon and hydrogen gasification efficiencies for the supercritical water 
gasification of Chlorella pyrenoidosa. Reaction time 1h, 10wt%, Ru/C+ Rh/C catalysts. Adapted from [15] 

Elsayed et al. [15] found that, when gasifying Acutodesmus obliquus with a K2CO3 catalyst, 

increasing the temperature between 600 and 700°C (873 and 973K) increased the hydrogen content 

of the gas and reduced the methane. This is similar to that predicted in the mathematical models, 

indicating it was close to equilibrium. This was not the case reported by Duan et al. [16] when 

increasing the temperature between 380-600°C (653-873K) in the gasification of Chlorella 

pyrenoidosa, with Ru/C and Rh/C catalysts. These authors observed that increasing the temperature 

increased methane and short alkanes at the expense of CO2, with almost constant hydrogen content 

and yield. This indicates that increasing the temperature favoured more cracking reactions and 

methanation, with any hydrogen created in the process being converted to methane. These 
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examples used different catalysts, temperatures, and feedstocks, which can potentially impact upon 

the effect of temperature. Therefore, it is hard to predict the impact of an increased temperature on 

the gas product composition and further work should be completed to investigate the interaction 

between these parameters.  

Nonetheless, the yield of hydrogen almost always increases with temperature, to the higher 

conversion achieved and higher equilibrium concentration. Therefore, higher temperatures are 

usually preferred. However, this requires more energy to heat up the reactor contents, which cannot 

be fully recovered [17] and requires more expensive materials to withstand the temperatures [18], 

so it is important to consider the whole system when selecting a reaction temperature. Catalysts and 

feedstock selection can be used to help minimise the required temperature to achieve high yields, 

increasing the overall efficiency. 

2.1.3.4 Biomass Concentration  

Water plays an important role in many of the main reactions involved in SCWG. Le Chatelier’s 

principle means that if the concentration of water is high, the equilibrium will shift to remove it. This 

would increase hydrolysis, WGS and steam reforming, where water is a reactant, while reducing the 

methanation reaction, where water is a product [128]. This favours an increased conversion, high 

content of hydrogen in the feed and thus a high hydrogen yield. This explains the reduction in 

hydrogen and the increase in methane content observed in thermodynamic models of the 

gasification of microalgae and other biomass feedstocks at higher biomass concentrations [124] 

[125] [126]. Moreover, Guan et al. [16] found that first order kinetics were insufficient to show the 

effect of biomass concentration on hydrogen production. This shows that biomass concentration also 

has a strong role in kinetics too. 

In real systems, Elsayed et al. [15], Samiee-Zafarghandi et al. [24] and Guan et al. [129] found that 

increasing the biomass concentration significantly reduced the concentration of hydrogen and 

increased the concentration of methane in the product gas during the SCWG of microalgae. This 
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was a unanimous finding, for different algae strains, temperatures, catalysts, and range of biomass 

concentration (outlined in Table 2.6Table ). Moreover, the former two authors observed a significant 

decrease in CGE. Guan et al. [129] observed that, while the hydrogen yields significantly fell with 

concentration, the carbon compounds had consistent yields, so CGE changed minimally. In this case 

a major production of carbon gas (CO, CO2 and CH4) may be from direct conversion of biomass in 

processes like decarboxylation [16], so the loss of CO2 from reduced steam reforming is 

compensated by increases production from these sources. Higher biomass concentrations can also 

lead to an increase of undesirable compounds such as phenol [19]. 

Feedstock 

Catalyst  Temperature 
(K)  

Biomass 
concentration 

(wt.%) 

Hydrogen 
yield at min 

wt.% 
(mmol/g) 

Hydrogen 
yield at max 

wt.% 
(mmol/g) 

Source 

Acutodesmus 
obliquus 

K2CO3 963 2.5-20 299.33 63.3 [15] 

Chlorella sp.   None 628-653 1-8 1.2 0.714 [24] 

Nannochloropsi
s sp. 

Ru/C 683 2-13.5 11.6 2.8 [129] 

Table 2.6-Microalgae experiments in which a decrease in hydrogen content was observed with an increase in biomass 
concentration in the feed. 

These observations verify the models by demonstrating that a lower biomass concentration 

increases hydrogen yield, which would be preferable for hydrogen production. However, as with 

temperature, this increases the energy lost, due to the larger quantities of water requiring heating to 

supercritical temperatures and pumped through the system [17]. The heat is often provided from the 

product gas, so reduces the overall yield. Furthermore, the concentration of microalgal slurry can be 

highly energy intensive, so a lower concentration reduces the energy required to produce the 

feedstock [130]. Therefore, the whole system should be considered when choosing the ideal 

feedstock concentration. 

2.1.3.5 Residence or Reaction Time  

Longer reaction times naturally allow the reactions to proceed further. Since the hydrolysis step is 

fast [16], longer reaction time allows further conversion of the intermediates to final products and 

therefore it is expected that gasification efficiency is increased. This was the case described by Miller 
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et al. [131] when continuously gasifying Spirulina and by Samiee-Zafarghandi et al. [24] when 

gasifying Chlorella sp. in a batch reactor. However, the case is not quite that simple as some 

chemicals formed (such as amino acids or phenols, which are both found to occur in SCWG of algae) 

are very difficult to gasify and/or favour polymerisation to tar and chars than gas [29] [16]. Hence, 

under the milder conditions they may not gasify in a reasonable time frame. This was evidenced by 

the asymptotic curve that never reaches 100% when longer reaction times were used [30], as shown 

in Figure 2.11. This was the case with and without the ruthenium catalyst, although the catalyst 

promoted a higher maximum yield and achieved this more rapidly (30 minutes instead of 90). This 

shows that the catalyst accelerates the reactions allowing the “easier” reactions occur more rapidly 

and some of the more difficult reactions to progress in a more reasonable time. 
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Figure 2.11-Carbon gasification efficiency at different reaction times for the batch supercritical water gasification of 
Chlorella vulgaris, with and without a charcoal supported ruthenium catalyst. 4.8%wt biomass, 385°C and 0.83g of 

catalyst (if used). Adapted from [30] 
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Even after the gasification efficiency has plateaued, a further increase in reaction time can alter the 

gas composition. Once the faster reactions that affect gasification efficiency (steam reforming and 

decarboxylation) have reached a maximum, the slower gas reactions (WGS and methanation) 

progress with time, until the gas has reached equilibrium. This is illustrated in Figure 2.12, where the 

CO content reduces over time with hydrogen and methane contents increasing correspondingly [29], 

in this case CO2 remains constant as the extra created in WGS is consumed in methanation 

reactions. Similarly, an increase in the residence time increased both hydrogen and methane content 

at the expense of CO in non-catalytic continuous SCWG of Chlorella sp. and Chlorella vulgaris [24] 

[31].  
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Figure 2.12-Change in gas composition and gasification efficiency over time, for supercritical water gasification of 

Chlorella vulgaris without a catalyst. Temperature: 580°C, Concentration 7.3%wt, pressure 24MPa.  Adapted from [29] 
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In catalytic gasification, similar effects occur but at a faster rate. Zhu et al. [32] gasified glucose with 

and without a ruthenium catalyst for reaction time ranges of 30-1800s and the effect on gas 

composition is shown in Figure 2.13. Without a catalyst, at short reaction times CO2 dominated, with 

CO increasing (steam reforming) up to 600s where the CO content reduced, producing more 

hydrogen and methane. With a catalyst, the WGS and methanation reactions progressed more 

rapidly, being more significant at shorter times but the hydrogen and methane content also increased 

with time. However, there was little change after 300s indicating the system had reached equilibrium. 

As the reaction time increases, the gas composition will progress towards the equilibrium values. As 

the position of equilibrium is dictated by reaction conditions, the effect of higher residence times on 

composition of the gas will be dependent on these. This was shown by Samiee-Zafarghandi et al. 

[24], who found the increase in hydrogen yield with longer residence times was more significant at 

higher temperatures (where the equilibrium hydrogen fraction in the gas is higher [124]).  
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Figure 2.13-Gas composition over time for the supercritical water gasification of glucose with either no catalyst or a 
ruthenium on alumina catalyst. Temperature 500°C, Concentration 5%wt Adapted From [32]. 
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2.1.3.6 Other Factors  

2.1.3.6.1 Pressure 

Le Chatelier’s principle implies that lower pressures favour reactions with more moles of products 

than reactants. This would suit the steam reforming and WGS reactions while suppressing 

methanation at low pressures, leading to a higher hydrogen concentration. This is observed in 

thermodynamic models of SCWG of microalgae and other biomass [124] [125]. Although the effect 

was small, relative to that of temperature, this was investigated in some literature. Duan et al. [16] 

observed an increase in hydrogen content at lower water density (higher biomass concentration but 

lower pressure). As noted in Section 2.1.3.4, a lower biomass concentration increases hydrogen, so 

the pressure effect must have promoted the higher hydrogen.  

In contrast, work on other feedstocks has found that increasing pressure marginally increased 

hydrogen and reduced methane [132]; there was an optimum pressure above or below which the 

hydrogen yield was reduced [133]; or pressure had little impact [134]. This is caused by the change 

in reaction kinetics due to the increased water density. This can increase collisions and solvent cage 

effects, which increase reaction rates and reactions involving water (such as WGS). However, it also 

increases the dielectric constant that reduces the free-radical reactions [36], key reactions in SCWG. 

Hence positive and negative impacts can come from increased pressure. These impacts are seen 

where kinetics play more of a key role, with harder to gasify feedstocks, when there is no catalyst or 

short residence times. Although, the impact is far less significant than that of the temperature, 

biomass concentration and feedstock composition [135]. It is also important to consider that 

increased pressure increases the pumping energy required [136] and the required strength of the 

reactor material [18].Therefore, in many cases, particularly with a catalyst, lower pressures (still 

above the critical point) are preferred. However, in some cases the pressure may be significant and 

effect of pressure should be considered. 
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2.1.3.6.2 Heating Rate  

The heating rate is an important factor in SCWG as it dictates the time the feed spends in the 

subcritical region. In this region, different intermediates are favoured, that may have a negative 

impact on the overall gasification performance. For example, a slower heating rate using glucose 

increases the formation of furfurals and phenol, which are difficult to gasify and are more likely to 

polymerise to form unwanted tar and chars. This reduces the gas and hydrogen yields [39]. As 

glucose is a major component in many carbohydrates in microalgae, this effect should also occur in 

this case. Caputo et al. [40] observed that preheating the feed reduced gasification efficiency and 

increased solid residue, when gasifying Nannochloropsis gaditana. This has the same effect as a 

slower heating rate, thus showing the effect found on glucose should also be applicable for 

microalgae. Therefore, heating rate should be maximised in SCWG of microalgae. Using a hot water 

stream that rapidly mixes with a cold microalgal feed, providing extremely fast mixing is a potential 

method to achieve this [93]. However, it will be more difficult to regain the heat from the product 

stream and will require a higher feed concentration. A whole system approach is needed to assess 

whether the added benefits of this approach outweigh the increased energy requirement from 

heating and pumping the feed. 

2.1.4 Supercritical Water Gasification Systems 

2.1.4.1 Nutrient Recycling  

To grow large amounts of algae requires nutrients such as nitrogen and phosphorus, as well as 

inorganic carbon (usually CO2) for growth. These (particularly CO2) contribute significantly to the 

cost of the algae production, which is a major cost in the whole of the process, and a barrier to the 

development of microalgal SCWG systems [42] [137].  Furthermore, many of the fertilisers used 

today to provide these nutrients are energy intensive to produce [138] or are already limited in supply. 

Thus, large scale algal production could put further strain on the fertilizer supply, threatening food 

supplies in an expanding world population [139]. Therefore, it is important to limit nutrient use as 

much as possible. SCWG is advantageous as it can completely mineralise the inorganic parts of the 
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algae, allowing it to be recycled more easily [46]. Moreover, the gas product does not contain toxic 

pollutants such as hydrogen sulphide. Thus, minimal processing is required to recycle the CO2. 

Achieving the maximum CO2 recovery is vital for minimising costs, as it remains the highest 

operating cost in the algal growth even at 90% recovery [42].  This would allow a large reduction in 

nutrients required, without affecting the algae growth.  

Elsayed et al. [15] and Patzelt et al. [140] found that a very high percentage (85-100%) of the nitrogen 

in Acutodesmus obliquus was recovered in the aqueous phase after SCWG, mostly in the form of 

ammonium ions. Phosphorus and the trace metals were largely precipitated out in the reactor due 

to their low solubility in supercritical water. Therefore, it is important that regular purging of the reactor 

with subcritical water is required to recover these salts is included, otherwise the nutrients would be 

lost, and the reactor would be plugged. When the purge was included, over 85% recovery was 

achieved for phosphorus, nitrogen, potassium, calcium, magnesium, sulphur, sodium, with a 

recovery close to 100% in many cases [15] . Despite high nutrient recovery, several toxic organic 

compounds such as phenols would be present in the aqueous phase, so algal growth was not 

achieved if the untreated aqueous phase is used as the growth media [15] [140]. Dilution as 

treatment method worked in both cases [140]  and for growing Chlorella vulgaris in the aqueous 

phase of following the SCWG of the macroalga Saccharina latissimi, but that remained impractical 

as it would overfill the growth vessel. Activated carbon and ultraviolet (UV) treatment were both 

successfully used to reduce the toxic compounds and achieve growth, but UV also destroyed some 

of the nitrogen. [15] [140]. Elsayed et al. [15] found that the aqueous phase treated with activated 

carbon outperformed the original media used for growth, as shown in Figure 2.14. Moreover, in other 

tests involving phenol, activated carbon filters were easily regenerated using a mixture of ethanol 

and sodium hydroxide [141]. Hence, the use of activated carbons offers a promising solution to 

remove toxic compounds and allow for nutrient recycling. 
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Figure 2.14- Microalgae growth in the residual water following the supercritical water gasification of Acutodesmus 
Obliquus, comparison of the different treatment methods. Adapted from: [15] 

The SCWG reactions themselves are also important to achieving successful nutrient recycling and 

limiting the steps required after the reaction. Gokkaya et al. [49], observed that ruthenium catalysts 

reduced the phenol content and alkali catalysts increased it in the gasification of xylose. While the 

reverse has been observed in some microalgae examples [30] [46], this shows that the choice of 

catalyst can significantly affect the recyclability of the aqueous phase and should be considered in 

the choice of a catalyst. Further work should focus on the effect of the catalysts on the recyclability 

of the aqueous phase. Furthermore, metals such as nickel and aluminium, often used in catalysts 

and the wall material, are known to limit microalgal growth [46] [50] [142]. Both were found in large 

quantities when both nickel on alumina and NaOH were used due to reaction between the catalysts 

[46]. It is therefore important to ensure supported metal catalysts are stable in the reaction 

environment and corrosion is minimised, to keep the metal content in the aqueous phase to a 

minimum.  
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2.1.4.2 Integrated systems  

The SCWG reactor will not stand alone and must be placed within a whole system that includes algal 

growth, purification of the gas stream and storage of produced gases. It is possible to recover energy 

from parts of the process and therefore increase the efficiency of the system. A general system of 

this is shown in Figure 2.15. Nurdiawati et al. [42] proposed a system that included chemical looping 

for purification, hydrogenation of liquid organic carriers (in this case toluene) for hydrogen storage 

and gas turbines to recover excess pressure as electricity. Chemical looping is particularly 

advantageous as it has a high process efficiency and produces highly concentrated CO2 and 

hydrogen from the mix of gases produced in SCWG [143]. This allows the hydrogen to be used in 

any application without further purification and the CO2 to be easily recycled or stored. Also, system 

allows the heat from chemical looping regained, as well as maximising energy recovery of the SCWG 

system. The result predicted total efficiencies of over 50% in some cases, exceeding that of the more 

mature technology of dry gasification although, this may differ in real life applications. In other cases, 

with suitable climates, concentrated solar heating can be used to heat the reaction and reduce losses 

[144] [145]. 

 

Figure 2.15-Potential supercritical water gasification of microalgae system to produce hydrogen and capture carbon 

dioxide. 

Systems as such are vital to maximising efficiency and reducing costs in the process, with models 

being important for seeing the impacts of operating conditions on the whole model. Nurdiawati et al. 

[42] found that the optimum reaction temperature depended on the biomass concentration into the 

reactor; a higher temperature was preferred at a higher biomass concentration and conversely lower 



58 
 

temperature at lower biomass concentrations. However, this does not include the difference in 

energy requirement for concentrating the algae. This must be incorporated to obtain the ideal 

operating conditions. Aziz [136] proposed a similar system except with a membrane separation in 

place of chemical looping and a fluidised bed reactor. In this model, pressure and fluidisation velocity 

were investigated. Both were found to reduce energy efficiency when they were increased, due to 

higher pumping energy. However, this model did not consider kinetics which can be influenced by 

the pressure and levels of turbulence from the higher velocities. Thus, a real system may differ from 

this. Combination with a direct use of the hydrogen, such as ammonia production [146], can also 

help maximise efficiencies.  

2.1.5 Conclusion  

Supercritical water gasification of microalgal biomass offers an alternative source of green hydrogen 

that does not rely on the electrical grid and can potentially be carbon negative. It also brings several 

other advantages, when compared to other biomass conversion processes, such as reduced char 

formation, no drying requirement, possibility of energy recovery and reuse, and the potential for 

recycling the inorganic nutrients and CO2 required for algal growth. These are important to minimise 

costs and strain on the fertiliser supply so should be considered in the system. This includes 

choosing an appropriate catalyst and the use of post reaction treatment such as activated carbon 

filters. 

The composition of the algae, catalyst selection and operating conditions all impact upon the 

gasification performance. A higher carbohydrate content is usually favourable for a high hydrogen 

yield, a high protein content usually reduces the gas produced and lipids are easily gasified but tend 

to produce methane. However, this is not always the case, due to the large range of compounds 

within those categories and other factors such as algal cell wall thickness. Alkali metal salts can be 

used as a homogeneous catalyst to increase the hydrogen yield and selectivity but can be difficult 

to recover and increase corrosion. Supported nickel and ruthenium catalyst can increase hydrogen 

yield but often increase the methane produced at the expense of hydrogen. They also are prone to 
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deactivation and careful selection of the support is needed to minimise this. Adjustments to the 

catalysts and or the reactor systems are required to maximise their positive impact. 

A high temperature and low biomass concentration in the reactor both favour a higher biomass 

conversion, hydrogen yield and hydrogen selectivity. However, in real systems these require a 

greater energy input in heating and pumping of the water, which reduces the overall efficiency of the 

process. Moreover, the feed should be heated rapidly to maximise efficiency and minimise char. A 

longer residence time can also increase conversion and yield but only up to a point where further 

increases have little effect. Despite a low pressure often being preferred, in some cases the 

increased kinetics from higher pressure may be the better option. These factors are all important to 

consider for the design of a supercritical water gasification system, to produce hydrogen from 

microalgae. Further work should investigate how the catalysts, biomass composition and the overall 

system can be optimised to maximise efficiency and reduce the cost of hydrogen produced in this 

way.  
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2.2 ADDITIONAL LITERATURE  

As the literature review presented above was originally accepted for publication in August 2023, 

additional literature has been published or has come to the author’s attention. Hence, this section of 

the thesis aims to summarise these additional works and how they correlate to the original 

conclusions. 

2.2.1 Influence of Biomass Composition 

Further studies have been performed to further understand the influence of different components of 

biomass on SCWG. Khandelwal et al [1], studied the SCWG of glycerol and oleic acid, both known 

intermediate products in lipid SCWG, observing a significantly reduced gas yield in the fatty acid 

compared to glycerol or methanol. They claimed that reforming of fatty acids into cyclic ketones and 

aromatics occurred, as outlined in Section 2.1.2.2.3 of the main literature review, are known to limit 

gas yield and favour polymerisation reactions, explaining the reduction in gas yield observed. 

Analysis of the SCWG of canola wastes [2] revealed that the high protein meal had a reduced yield 

compared to straw and hull. This provides further evidence of the negative influence of protein 

outlined in Section 2.1.3.1.1 of the main literature review. Additionally, analysis of the SCWG various 

woody and grassy biomasses found no significant difference in yield, despite clear visual differences 

[3]. However, no analysis of the composition was performed, emphasising the importance of such 

analysis when comparing SCWG feedstocks.  

2.2.2 Catalysts  

Further evidence has been provided for the effectiveness of nickel catalysts at increasing the 

hydrogen yield for the SCWG of biomass (canola straw [4] and oily sludge [5]), with both showing 

the influence of support material on the reaction. Khandelwal et al. [4] investigated a series of oxide 

and carbon-based supports and their influence on the SCWG reaction. They found oxide catalysts 

ZrO2 and Al2O3 outperformed activated carbon and carbon nanotubes, attributed to greater support-

catalyst interaction which ensured thermal stability. They also noted that acidic catalyst supports 
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supress the WGS reaction, as was noted in other literature [6], so should be considered in selection 

of supports for hydrogen production. The main literature survey noted that activated carbon supports 

were advantageous for breaking down proteins [7], however canola straw has minimal protein 

content, so this impact is not observed. This shows that consideration of the feedstock should be 

included in support selection. 

The literature review presented above outlines FeCl3 as a catalyst of high potential but with limited 

literature available. However, since publication additional literature on other Lewis acid metal 

chlorides has been discovered. CaCl2, ZnCl2, FeCl3, CuCl2, NiCl2, AlCl3 were all found effective at 

increasing hydrogen yield in sewage sludge and its model compounds [8] [9] [10]. AlCl3 was also 

found to be effective on the macroalga Enteromorpha prolifera [11], which contains a high 

carbohydrate, low protein and low lipid content. This was attributed to the enhanced ring opening 

and C-C bond opening caused by the Lewis acid and metal ions. This provides further evidence of 

the potential of Lewis acid catalysts. However, there is still no literature utilising them in a continuous 

process or on high protein feedstocks such as many microalgae. 

2.2.3 Recovery of Inorganic Nutrients 

As mentioned in Section 2.1.4.1 of the main literature review, recovery of nutrients is key advantage 

of SCWG and key to ensuring cost effective operation. Further analysis has since been made on 

how the inorganic proportions behave in SCWG and how to improve their recovery. Nitrogen salts is 

known to largely remain in the liquid phase in SCWG [12] but is often bound to organic compounds 

making it hard to recover.  Gong et al. [13] assessed the influence of CuSO4 on nitrogen dispersion 

in SCWG of cyanobacteria. They observed that CuSO4 suppressed Maillard reactions and promoted 

deamidation, reducing the nitrogen in the liquid organic carbon, increasing it in the char and aqueous 

phases. This will increase the recyclability of the nitrogen and as stated in Section 2.1.2.2 of the 

main literature review, Maillard reaction products are stable and reduce gasification. Thus, this could 

also help improve gas yields, although the influence on gas yield was not assessed in this study.  
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In contrary to Nitrogen, phosphorous typically remains in the solid phase bound to the char in SCWG 

[12], making them more difficult to recover. Wang et al. [14], found that in the SCWG of 

cyanobacteria, hydroxides increase the phosphorous that remains in the liquid phase from 11% up 

to in 78%, reducing processing steps for nutrient recovery. Therefore, the use of hydroxide catalysts 

can increase nutrient recyclability in addition to hydrogen yields. Another advantage of hydrothermal 

processing, such as SCWG, is the immobilisation of heavy metals in the biochar produced [15] [16]. 

This allows for recirculation of the aqueous phase, even if the algae are used for bioremediation of 

water streams [17], without resulting in accumulation that can eventually kill the algae. 

2.2.4 SCWG Reaction Models 

Machine learning (ML) algorithms have been utilised to predict the gas yields of the SCWG reaction. 

Khandelwal et al. [18] tested 8 different ML models to predict the SCWG of lignocellulosic biomass 

and Azadvar et al. [19] tested 4 ML models to predict SCWG of a wider range of feedstocks included 

algae, food wastes and plastics. Additionally, Santos et al. [20] used linear regression to improve 

equilibrium calculations of microalgal SCWG without the need for more complex equations of state. 

They considered influence of reaction conditions and feedstock characteristics to achieve this, 

although they did not consider the carbohydrate, protein, lipid or lignin contents, which were key 

factors outlined in the main body of the literature review. 

All three studies found temperature to be the most significant factor, with biomass concentration also 

significant, a high temperature and low biomass concentration favouring hydrogen yield. Pressure 

was found to be much less significant, being disregarded entirely in the two larger models [18, 19]. 

This aligns with the work displayed in Sections 2.1.3.3 – 2.1.3.6 of the main literature review. The 

influence of the ultimate analysis was also studied in these studies, which was not considered in the 

initial literature review. Both studies also found that a larger hydrogen and lower carbon content in 

the feedstock was preferable for hydrogen production [18, 19].  This could be attributed to certain 

components of the biomass, such as aromatic compounds, which have a lower H/C ratio and are 

known to be difficult to gasify in SCW. 
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2.2.5 SCWG System Models 

In addition to those outlined in Section 2.1.4.2 in the main literature review, new integrated systems 

have been developed for the SCWG of biomass. Hu et al [21] and Qi et al [22] investigated an 

integrated system to produce both hydrogen from sewage sludge and organic waste waters 

respectively. The latter included an evaporation unit to concentrate the feedstock and increase the 

overall efficiency from 0.8% to 44.88%. Both found that increasing the concentration of feedstock 

increased the efficiency of the process, contrary to experimental studies, due to the lower pumping 

power and heating requirement. Liu et al [23] developed an integrated model for power production 

from SCWG, using a ML algorithm to predict what the produced power will be per given inputs. This 

found that a high temperature (up to 750°C) and, as with other models, a high biomass concentration 

was desirable. However, all models refer to equilibrium calculations and don’t consider char 

formation, which can be significant at high concentrations [24], so could be limitations of these 

models.  

2.3 FURTHER DISCUSSION 

It is clear from literature that temperature and biomass concentration are key operating conditions 

that should be considered when analysing SCWG processes. Therefore, for this work, temperature 

and pressure will also be included as variable when analysing other impacts, such as catalysts. The 

influence of pressure is known to be far less significant than other operating conditions but high 

pressures will increase the cost of materials and pumping requirements. Thus, in this work pressures 

close to the critical point (23 - 25Mpa) were utilised and not considered as variable of interest. 

Literature shows that reaction time increases gas yields and hydrogen content, often reaching a 

plateau after a certain length of time. Therefore, it is desirable to have the longest reaction time 

possible, unless the plateau is reached at all conditions. Consequently, to simplify analysis, it was 

deemed suitable to set a residence time in this work. The reactor will be designed to maximise 

reaction time, and tests performed to assess whether a plateau in hydrogen yield or conversion could 

be observed. 
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Catalysts are also a key component that influence SCWG outlined in the literature review. Alkali 

metal salts and transition metals, especially nickel and ruthenium, were the most common and 

largely the most effective catalysts in the literature. Therefore, it is important to consider a 

comparison to these catalyst types when suggesting new catalysts or processes. An emerging 

catalyst type is Lewis acid metal chlorides, which outperformed the more traditional catalysts in some 

cases. Despite this, literature on these catalysts is rare and none to this author’s knowledge is 

available on microalgae or continuous systems. As a result, investigation into these catalysts is 

included in this work. 

Other factors that were significant in the literature review could not be included in this work. Obtaining 

microalgal strains of varying composition is greatly difficult without the capacities of a significant algal 

growth facilities. Chlorella vulgaris was chosen to study as its high growth rate and durability make 

it an easily scalable strain that can be obtained in large quantities with ease. Heating rate could not 

be considered as, in a continuous system, this would include additional heating apparatus outside 

of the existing set-up that is not feasible. It is also notable that deionised or distilled water was often 

utilised as the reaction media in the literature. This is not representative of a real system where, after 

algal growth, significant quantities of ions will still be present in the water. The impact of this water 

should be analysed to determine its significance. 
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CHAPTER 3: EXPERIMENTAL APPARATUS DESIGN, 

OPERATIONAL AND ANALYTICAL TECHNIQUES 

3.1 MICROALGAL GROWTH  

To provide a suitable feedstock for SCWG reactions, a significant quantity of microalgal biomass 

must be acquired. To achieve this, photobioreactors were set up to grow Chlorella vulgaris in the 

School of Biosciences at the University of Birmingham (UoB). This can supply microalgae at 

minimum cost, a live source of algae that could be used for future experiments and the algal growth 

water which was used as a reaction medium in SCWG experiments. This also helps increase 

understanding into the requirements of algal growth, such as light, nutrients and sources of carbon. 

However, the capacity of algal production available at UoB proved not to be sufficient to generate all 

the required biomass. Therefore, dried Chlorella vulgaris powder outsourced and utilized in 

experiments in chapter (5-6), while the grown algae were utilized in Chapter 4. 

3.1.1 Photobioreactor Set-Up 

3.1.1.1 Initial Experiments 

To understand the requirements for algal growth and to solve any potentially unforeseen issues with 

the growth set up, a series of preliminary experiments were completed. This started with a 1.5l (1l 

working volume) photobioreactor (PBR) and moving on to a 5l (4l working volume) PBR. As a result, 

a number of features were incorporated into the PBR design which included: A pump system to 

automatically remove the culture and supply fresh media, saving significant time while keeping the 

system sterile and free from external contamination; ports to allow addition of other chemicals (in 

case of pH imbalance) without the need to expose the PBR to external contamination; a flowmeter 

to ensure a consistent flow was achieved between batches. 
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After the improved PBR design was constructed, an initial experiment was conducted to increase 

the concentration of algae and establish a suitable batch time was carried out. 2 parallel PBR 

systems (PBR1 and PBR2) were set-up with each being inoculated with 40ml of an existing 0.55wt.% 

Chlorella vulgaris culture. Fresh medium was added after 7 days, to compensate for evaporation 

losses and nutrient uptake. Figure 3.1 shows a clear plateau in algal growth before the additional 

media was provided and then again after around 14 days of growth. Therefore, a growth period of 

14 days, with additional media addition at 7 days was selected.  

Days

0 2 4 6 8 10 12 14 16 18 20

A
lg

a
l 
M

a
s
s
 (

g
)

0

2

4

6

8

10

12

14

Reactor 1 
Reactor 2 
Total 

 

Figure 3.1- Initial algal growth experiment. Variation in dry algal mass of two 4L photobioreactors with medium addition 
after 7 days. 

3.1.1.2  Finalised Reactor Set-up 

Chlorella vulgaris was grown simultaneously in two 5L stirred tank vessels, with a working volume 

of 4L each and impeller speed of 3000rpm. Air (∼.04 % CO2) was filtered through 0.2-micron filters 

to prevent contamination, before being fed through spargers at the bottom of each vessel at a 

flowrate of 4L/minute for the two vessels. The PBRs were illuminated with two panels of white LED 
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lights at a power consumption of 0.81W. To maximise illumination the reactors were surrounded by 

foil panels, resulting in an illumination on the outside wall of the reactors of 25W m-2. The growth 

medium used was Chu-13, which was prepared to the concentrations in Table 3.1, adjusted to a pH 

of 7.5 using 2M sodium hydroxide and sterilised in an autoclave for 20minutes at 121°C. 

Table 3.1-Composition of Chu-13 growth medium 

Compound  Concentration (mg/l) 

Potassium nitrate  400 

Dipotassium hydrogen phosphate 80 

Calcium chloride dihydrate  107 

Magnesium sulphate heptahydrate  200 

Ferric citrate  20 

Citric acid 100 

Cobalt chloride  0.02 

Boric acid 5.72 

Magnesium chloride tetrahydrate 3.62 

Zinc sulphate heptahydrate 0.44 

Copper sulphate pentahydrate 0.16 

Sodium molybdate 0.084 

 

The culture was grown in two-week cycles, fresh growth media being used increase the volume back 

to 4L, to account for evaporation losses, at the midpoint (7 days). At the conclusion of these cycles, 

the culture was emptied down to a remaining volume of 1.4L and 1.8L for PBR1 and PBR2 

respectively. This was the maximum volume that can be extracted using the sampling port on the 

reactors. PBR products are combined and centrifuged at 5000rpm for 5minutes to form an algal 

pellet. This pellet was then resuspended in 175ml of sterile distilled water and the resulting algae 

was stored in at 4°C until required. The residual water produced during centrifugation was autoclaved 

at 120°C for 20 minutes, to kill any residual algae and bacteria. It was then stored in darkness at 

room temperature until required. Fresh media was then used to make the PBR volume up to 4L and 

the next cycle has begun. This process was repeated for 28 cycles, a total running time of 13 months. 

Before the first cycle the initial growth stage outlined in Section 3.1.1.1 was completed.  



92 
 

 

Figure 3.2-Photobioreactor set-up schematic diagram. Dotted line: air, solid line: media 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3-Images of photobioreactor set-up 
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3.1.2 Analysis Methods 

3.1.2.1 Culture Monitoring  

Monitoring culture conditions and growth are crucial to ensure that any issues are promptly identified 

and addressed, enabling optimal growth. Regular monitoring allows for the detection of deviations 

from the desired conditions, such as changes in temperature, pH, nutrient levels, light or 

contamination. This proactive approach is essential for maintaining the health and productivity of the 

culture. 

3.1.2.1.1 Growth 

To regularly and easily monitor the growth of Chlorella vulgaris, a correlation between culture density 

and an easily measurable factor was developed. Optical density (OD) is a commonly used factor, 

particularly for Chlorella vulgaris, where OD is typically measured at 680 nm [1]. This wavelength 

corresponds to red light, which is strongly absorbed by green algae like Chlorella vulgaris, making it 

a reliable indicator of biomass concentration. The Calibration Curve Process to establish a 

correlation between OD680 and actual biomass concentration was as follows: 

1. Eight suspensions of Chlorella vulgaris were prepared, each with a known optical 

density ranging from 0 to 1 at OD680 nm. 

2. Each solution was centrifuged at 5000 rpm for 5 minutes to produce an algal pellet, 

allowing the supernatant to be removed. 

3. To remove any residual salts that could affect the dry weight measurement, 100 ml 

of de-ionized water was added to the algal pellet, and the cells were resuspended. 

4. The suspension was centrifuged again under the same conditions, and the 

supernatant was discarded. 
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5. The washed algae pellet was transferred to pre-weighed containers by resuspension 

in deionised water. The samples were then dried at 80°C until no further weight loss was 

observed, ensuring that all moisture was removed, and only the dry biomass remained. 

The resulting calibration, shown in Appendix A, yielded a correlation coefficient (R2) of 0.984, 

indicating OD680 is a reliable proxy for the biomass concentration of this alga. Thus, the resulting 

concentration of Chlorella vulgaris can be calculated by the following equation: 

𝐴𝑙𝑔𝑎𝑙 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝑔

𝑙
) = 0.162𝑂𝐷680 (1) 

Growth was measured at the start, the halfway point and the end of the two-week culture cycle by 

extracting 20ml from each reactor, diluting to a factor of 10 and measuring the optical density in 

triplicate in a photospectrometer.  

3.1.2.1.2 pH and Temperature  

The pH of the culture is an important variable as it can limit growth and alter the composition of the 

algae [2, 3], providing an inconsistent feedstock and increase growing time. Therefore, pH 

measurements were taken weekly. The pH remained within the range of 8-9.5 so no further action 

was required. Temperature is also known to impact growth and the composition of the algae [4]. The 

temperature should be maintained between 20-30°C to prevent growth inhibition [5]. Ideally, a 

smaller temperature range would be used to ensure a greater consistency but controlling that was 

difficult with the equipment available, so intervention would only be implemented in the most extreme 

cases. 
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3.1.2.2 Characterisation of Microalgae 

As outlined in Chapter 2, the composition of the alga can have a significant impact on the SCWG 

reaction. Therefore, as the algae were grown in several batches, it is important to measure the 

carbohydrate, protein and lipid content to guarantee consistency between runs and to provide a 

comparison with similar experiments in literature. Methods were chosen and developed from 

literature based on limiting time and cost requirements. 

3.1.2.2.1 Protein  

The Lowry method for protein content analysis outlined by Frølund et al. [6] (adapted from the original 

method by Raunkjær et al. [7]) was chosen. This involves: 

A. Reagent 1: Add 1ml of 57mM copper sulphate solution and 1ml of 124mM sodium tartrate to 

a 100ml solution of 143mM sodium hydroxide and 270mM sodium carbonate. 

1. Reagent 2:  Dilute 50ml of Folin’s reagent with 60ml de-ionised water.  

2. Mix 0.5ml of sample with 0.7ml of pre-prepared reagent 1 and 0.1ml of pre-prepared reagent. 

3. Leave at room temperature for 45 minutes. 

4. Measure absorption at 750nm in a photospectrometer.  

5. Compare the results to known quantities of bovine serum albumin.  

3.1.2.2.2 Carbohydrates 

The Anthrone method for carbohydrate analysis outlined by Frølund et al. [6] (adapted from an 

original method by Gaudy [8].) was chosen. This involves: 

1. Prepare reagent: 1.25g/l Anthrone in concentrated sulphuric acid. 

2. Mix 0.8ml of sample with 1.6ml of pre-prepared reagent. 

3. Heat for 14minutes at 100°C, then cooling for 5 minutes at 4°C. 

4. Measure the absorbance at 625nm of the solution in a photospectrometer. 

5. Compare the results with known quantities of glucose. 
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3.1.2.2.3 Lipid  

To calculate the quantity of lipids, a colorimetric method comparable to the carbohydrate and protein 

analysis methods was attempted based on work by Mishra et al. [9]. However, unrealistic values of 

>100wt.% lipid were consistently observed at a range algal concentrations (1-30%), Reactant 

concentrations (1.2-2.4 g/l vanillin), reaction time (15-120 minutes) and heating methods (oven or 

heating block). The cause of this was unknown but could relate to interference of the other chemicals 

within the algae or growth media. Consequently, a gravimetric method was developed.  

This method is based upon work by Axelsson and Gentili [10] with an additional sonication step used 

to break down the algal cell structure, which has been observed to be important in literature [11]. 

The involves: 

1. Centrifuge a known amount of microalgal suspension at 5000rpm for 5 minutes.  

2. Add 8ml of a 2:1 chloroform-methanol solution. 

3. Place in an ultrasonic bath for 40 minutes at ambient temperatures and 33kHz.  

4. Add 2ml of a 7.3g/l sodium chloride in water solution. 

5. Return to the ultrasonic bath for 20 minutes.  

6. Centrifuge at 350g for 5 minutes, then carefully remove the lower (chloroform and lipid) layer. 

7. Pass it through a 2µm glass fibre filter under suction into a pre-weighed vessel. rinsing the 

filter with 8ml of chloroform to ensure all the lipid is captured.  

8. Heat the remaining lipid at 60°C until all the liquid has been removed and place in a 

desiccator.  

9. Once cooled, the vessel is weighed again to obtain the total lipid weight.  

To ensure and quantify the accuracy of this method, a set of experiments were performed on model 

algae made up of its constituent parts. This was achieved by adding a known mass of a model lipid 

(rapeseed oil) to a mixture of 0.05g model carbohydrate (cellulose) and 0.05g model protein 

(peptone), which was then processed as outlined above. 13 repeats were completed in a range of 

15-65% lipid fraction, the results of which can be found in Appendix B. The error across the whole 
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dataset had a standard deviation of 8%, meaning there’s a 95% the result will fall within 16% of the 

correct answer. While this may be a significant error in some applications, it will be sufficient for 

analysing the consistency of the composition of microalgae in this work. It was also notable that this 

method can be heavily affected by certain aspects of the process such as the phase separation and 

influence of dust. Therefore, 3 repeats are necessary to be discount any anomalous results that may 

arise as a result. 

3.1.2.3 Growth Water Analysis  

As outlined in Chapter 2, the growth medium remaining after algal growth (GW) is likely to be the 

reaction medium in SCWG systems. Therefore, it is important to know the properties and salt 

composition of this medium. It is expected that the ions in the media will be those present in the Chu-

13 medium at the start of the process (see Table 3.1), only with varying concentrations. A variety of 

different techniques were employed to ensure all of these ions were detected. Inductively Coupled 

Plasma Spectroscopy (ICP) used to measure single element ions 

(Ca2+,Co2+,Cu2+,Fe2+/3+,Mg2+,Na+,Zn2+,K+). Ion Chromatography (IC) was used to a measure anion 

(Cl-, SO4
2-, NO3

-,PO4
3-) and some of the cations measured by ICP (Mg2+,Na+,K+). This was achieved 

in-house with a Perkin Elmer Optima 8000 ICP-OES  for ICP, Thermo Scientific Dionex ICS-200 for 

anion IC and Thermo Scientific Integrion and cation IC respectively. When an ion was covered by 

both methods, an average was taken. Molybdate could not be directly measured, so it was assumed 

that the entire molybdenum content was in the form of molybdate. Due to availability of the 

equipment, some samples were outsourced to ALS Laboratories (UK) Limited, who analysed the 

water using ICP and colorimetric techniques. 

Centrifugation does not completely remove all of the solid material, thus there was still residual 

organic material in the GW. This would be gasified along with the main feedstock material so this 

must be included in any yield calculations during the SCWG experiments. This was calculated by 

measuring the total organic carbon (TOC), as outlined in Section 3.2.4.1.2. The pH was also 

measured for each sample.  
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3.1.3 Results of Algal Growth  

3.1.3.1 Algae 

The algae were grown in 28 two-week batches, with an average productivity of 0.046g l-1day-1. This 

resulted in each 2-week batch producing an average of 6g of microalgae (dry weight), with a standard 

deviation of 0.72g.  Figure 3.4 shows the produced biomass, for each individual reactor and both 

combined. This shows a noticeably reduced growth in batches 7-14. Batches 7-14 correspond to 

summer 2022, where extreme weather resulted in higher temperatures in the reactor, often 

exceeding 28°C. At these temperatures, the mortality rate of Chlorella vulgaris was greatly increased 

[5], thus reducing the growth. As a result, these batches had a significant variation in growth from 

the others and were not utilized for within this work. 

 

Figure 3.4-Algal mass produced for each 2-week batch growth of Chlorella vulgaris. Grown in two parallel 4L 
photobioreactors with Chu-13 growth media, a combined air flowrate of 4L and irradiation of 25W m-2. 
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For use in SCWG experiments, it is imperative that the composition of the algae is consistent in 

every experiment. Therefore, to test how the composition varied between batches and during 

storage, 5 samples were characterised. The results, shown in Table 3.2, clearly outline that the 

composition significantly altered over time, with a reduction in carbohydrate and increase in protein 

content with longer storage times. A coefficient of variation (COE), defined as the ratio of standard 

deviation to the mean, of 27% and 16% in the protein and carbohydrate content respectively was 

observed. Fozer et al. [12] observed significant differences in gas yield with a respective 15% and 

8% change in carbohydrate and protein content in the SCWG of Chlorella vulgaris. Thus, this 

difference cannot be assumed to be negligible.  

As a result, batches must be combined and dried to make a single homogenous sample to be used 

in SCWG. However, a total of just 90g of dried biomass was produced across the entire operation of 

the PBR, which is insufficient for a full program of gasification experiments. Consequently, dried 

Chlorella vulgaris powder was purchased for the experimental program, the source and composition 

of which is outlined in each experimental chapter.  

Table 3.2-Algae characterisation results. 

Batch 
Number 

Date of 
extraction 

Days stored Carbohydrate 
(wt.%) 

Protein 
(wt.%) 

Lipid (wt.%) 

22 30/11/2022 0 25.72% 37.08% 37.19% 

16 31/08/2022 91 20.49% 44.83% 34.68% 

11 21/06/2022 149 19.35% 56.61% 24.03% 

5 01/04/2022 230 12.75% 51.56% 35.70% 

2 18/02/2022 285 15.35% 52.18% 32.47% 

3.1.3.2 Growth Water 

The growth water from 11 batches of algal growth were collected and analysed. Table 3.3 displays 

the pH, TOC and ion content of these batches. In some experiments in this thesis, an artificial growth 

water was produced, which contained ion concentrations and pH similar to that of the measured 

samples. This sample and the ion concentrations of initial Chu-13 media are also displayed in Table 

3.2. Most of the major components in the GW showed were deemed a consistent ion content and 

pH, with a CoV less than 25% (0.07, 0.18, 0.18, 0.09, 0.22 for pH, Cl-,Ca2+,PO4
3-,K+ ,Na+ respectively) 
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indicating that the standard deviation was less than a quarter of the mean. An exception being 

sulphate, due to the anomalous result with batch 2. To ensure this batch did not negatively impact 

the repeatability of experiments, initial SCWG experiments were completed at 550°C, 2wt.% glucose. 

They found the CoV was <0.1 for all output variables, it was therefore deemed a suitable feedstock 

and was utilised in the experimental work of Chapter 4. The order of experiments was randomised 

to ensure that minor variations due to GW composition or other unknown factors was attributed to 

any of the studied variables.  

A comparison of the GW to the initial Chu-13 medium shows a clear decrease in concentration of 

the nutrients during algal growth. This was most notable with nitrate, which sees a decrease from 

245 to < 7mg/l. However, some ions, such as sulphate and potassium, increased during the growth 

period. This indicates that nitrate was the limiting nutrient in this growth, the depletion of which 

caused the reduction in growth after a period of time shown in Section 3.1.1.1. Other ions remained 

in excess and, if the increase concentration through evaporation outweighed the uptake by the algae, 

an increase in those ions was observed.  
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Table 3.3- Analysis of algal growth water and Chu-13 media. 

Batch pH TOC 

Concentration of ions (mg/l) 

Cl- NO3
- SO4

2- Ca2+ Co2+/3+ Cu+/2+ Fe2/3+ mg2+ MoO4
2- PO4

3- K+ Na+ Zn2+ 

1 8.8 94 30 <7 71 17.9 0.0027 0.04 2.0 24 0.09 9.2 210 65 0.31 

2 8.4 109 57 <7 447 26.1 0.0034 0.049 2.5 17 0.12 2.6 210 84 0.2 

3 9.5 385 65 <7 68 22.5 0.0036 0.031 2.0 22 0.11 3.8 220 66 0.13 

4 8.8 220 62 <7 79 32.3 0.0038 0.034 2.5 25 0.11 4.5 250 60 0.13 

5 9.7 202 63 <7 68 25.6 0.004 0.033 2.7 26 0.11 2 240 59 0.2 

6 8.5 180 56 <7 75 26.4 0.0042 0.03 2.4 24 0.1 1.2 220 46 0.09 

7 8.4 170 54 <7 73 28.6 0.0023 0.023 1.8 26 0.09 0.47 200 43 0.05 

8 8.6 169 59 <7 90 30.5 0.0052 0.028 2.6 28 0.1 1.7 260 48 0.07 

9 8.0 100 56 1.8 82 20 0.0013 0.027 0.32 21 0.067 12 200 47 0.0087 

10 8.2 43 61 3.2 74 17 0.00039 0.015 0.19 20 0.092 9 207 48 0.0074 

11 8.4 70 56 3.0 76 17 0.0011 0.025 0.86 21 0.1 11 196 44 0.056 

Made 8.5 0 63 2.7 101 21 0 0 2.0 20 0 4 219 43 0 

CHU-
13 7.5 0 69 245 77.1 39 0.009 0.04 4.5 20.2 0.074 43 190 60 0.1 
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3.2 SUPERCRITICAL WATER GASIFICATION  

3.2.1 Reactor Design Calculations  

To prevent plugging, caused by char formation and salt precipitation [13], and ensure a 

sufficient residence time, careful consideration of the reactor design was required. 

3.2.1.1 Practical Constraints  

The design was constrained by the equipment that was available or could be purchased within 

the limits of this project. These limitations are outlined in Table 3.4. 

Table 3.4-Equipment constraints 

Equipment  Availability  Constraints 

Pump 2 Jasco Pu-2086 HPLC 
pumps 

Pressure: 50MPa 
Flowrate: 20ml/min (each) 

Oven  Carbolite Gero LHT Temperature: 600°C 
Volume: 128l 

Pipework Swagelok SS316l tubing Diameter:1/16,1/8,1/4,3/8’’ 
Pressure rating: dependent 
on diameter 
Length: availability at the 
time 

Shell and tube heat 
exchanger 

Manufactured in-house Pressure rating:36MPa 
Tube Diameter:1/4” 
Tube length: 6m  

Back pressure regulator Go BP-66 Max Pressure: 68.8MPa 

 

A larger diameter pipe will reduce the chance of plugging due to the greater cavity for flow. 

Therefore, a ¼’’ pipework was selected, as it was the largest available size for which 

turbulence could be achieved with the pumps available at the required range of temperatures 

(400-600°C). At the time of construction 24m of this pipework was available, all of which was 

used to maximise the residence time that can be achieved.  

3.2.1.2 Minimum Flowrate 

To help minimise the risk of blockage from solid formation in the reactor, the flowrate should 

remain turbulent for all the required reaction conditions. Due to the complex reactions taking 

place, it is not possible to know the fluid properties in the reactor. However, as the algae 



103 
 

breaks down into smaller intermediates and gas, the viscosity will decrease. Therefore, for 

fluid property calculations it was assumed the algae remains solid throughout, ensuring 

turbulence was being maintained throughout the reactor.  

To calculate the minimum flowrate, the slurry density and viscosity within the reactor must be 

calculated. The density was calculated from the weighted average of water (at a given 

temperature) and dry algae, shown in equation 2. The viscosity for a microalgae slurry can be 

found as a function of the volume fraction [14], as shown in equation 3. The volume fraction 

can be calculated using equation 4 [15]. In the following equations, ρ denotes the density, x 

the mass fraction of microalgae in the slurry, µc is the viscosity of the continuous phase (water), 

ϕ is the volume fraction and ϕm is the maximum packing fraction (0.637). The subscript w, p, 

a refer the water, algae powder and algae cell respectively. 

𝜌𝑇 =
1

𝑥𝑎
𝜌𝑝

+
1 − 𝑥𝑎

𝜌𝑤

(2)
 

µ = 𝜇𝑐 (1 −
𝜑

𝜑𝑚
)

−2

(3) 

𝑥𝑎 (1 −
𝜌𝑤
𝜌𝑝

)

(
𝑥𝑎
𝜌𝑝

+
(1 − 𝑥)

𝜌𝑤
) (𝜌𝑎 − 𝜌𝑤)

(4) 

As data was not available for Chlorella vulgaris, the density of was inferred from the cell density 

obtained by Hu [16] using the same ratio to powder density as found for Chlorella pyrenoidosa 

[15]. The water density for a given condition was obtained from NIST databases [17]. A 

Reynolds number greater than 2500 is required to ensure turbulence is achieved. Therefore, 

the minimum mass flowrate (𝑚̇) can be calculated using equation 5. 

𝑚̇ =
2500𝜋𝜇𝑑

4
= 625𝜋𝜇𝑑 (5) 
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3.2.1.3 Reactor Coil design 

The SCWG reactor consisted of a coiled length of stainless steel 316l pipework. The coil was 

designed to minimise dead legs, which can lead to accumulation of solid material, increasing 

the risk of blockages. Moreover, the coil diameter should be 10 times the pipe diameter to 

ensure heat transfer is not negatively influenced [18]. A coil diameter of 201mm was selected 

as this was the largest diameter that was feasible within the oven dimensions. As a result, the 

diameter was 39.6 times the coil diameter and allows for a large cavity in the centre for 

thermocouples and greater access for maintenance work. Additionally, K-type thermocouples 

were placed on the entrance, exit, 6m and 12m intervals along the reactor. Due to the lack of 

stiffness in the pipework, the shape of the coil was not maintained once installed. As a result, 

metal supports were added to ensure no upwards sections or contact was observed. This 

prevents the formation of dead legs and any effect on the heat transfer [19]. Despite careful 

design, the location of the oven exit required one dead leg to be present in the system. To 

prevent build-up of solid material, a T junction was included to provide a cavity for this material 

and an entrance to allow for easy removal. 

3.2.1.4 Reactor Length  

Despite being a fixed length of coil, a significant proportion of the process fluid would not be 

at the reaction temperature. Therefore, to calculate the residence time, the length of this 

proportion is required. As the oven was isothermal at the reaction temperature, the heating 

rate is very slow close as it approaches the desired temperature. Thus, it was deemed at 

temperature when it was within 5°C of the target. To calculate the amount length of the pre-

heater section, the energy required (Q) and average heat transfer coefficient (U) are required. 

These are displayed in equations 6 and 7 [20]. 

𝑄 = 𝑚̇𝑥𝑎(𝐶𝑝𝑎)(𝑇𝑜𝑣 − 𝑇𝑟𝑜) + 𝑚̇(1 − 𝑥𝑎)(𝐻𝑇𝑟𝑜
− 𝐻𝑇𝑜𝑣

) (6) 

1

𝑈𝑜
=

1

1
ℎ𝑜

+
𝑑𝑜
2𝑘

ln (
𝑑𝑜
𝑑𝑖

) +
𝑑𝑜

𝑑𝑖ℎ𝑖

(7)
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Where h is the heat transfer coefficient, d is the diameter, k is the thermal conductivity and o 

or i indicate the inside or outside of the reactor. T is the temperature, where the subscripts ov 

and ro refers to the oven room temperatures respectively. The thermal conductivity is a 

function of temperature and taken to be the average of the reactor temperature and that of the 

inlet (room) temperature, as shown in equation 8. The internal heat transfer coefficient was 

assumed to be the same a pure water system and is represented by equations 9a and 9b for 

laminar and turbulent flow respectively [20]. All cases start at laminar flow and end at turbulent 

flow, so the hi was a weighted average of the two. Due to the high temperatures, the influence 

of radiation cannot be ignored, therefore the outside heat transfer coefficient was taken as a 

sum of convective and radiative heat transfer coefficients (equations 10 and 11) [21] [20].  

𝑘 = 54 −
3.33

2
× 10−2(𝑇𝑟𝑜 + 𝑇𝑜𝑣) (8) 

ℎ𝑖 =
3.66𝑘𝑤𝑎𝑡𝑒𝑟

𝑑𝑖

(9𝑎) 

ℎ𝑖 = 0.0243𝑅𝑒0.8𝑃𝑟0.4
𝑘𝑤𝑎𝑡𝑒𝑟

𝑑𝑖

(9𝑏) 

ℎ𝑜𝑐 = 𝐶0𝑅𝑒𝐶1𝑃𝑟𝐶2 (
𝑝𝑟𝑏𝑢𝑙𝑘

𝑃𝑟𝑤𝑎𝑙𝑙
)

𝐶3

(10) 

ℎ𝑜𝑟 =
1

(
1

𝜀𝑜𝑣
+

𝐴𝑜𝑣
𝐴𝑟

(
1
𝜀𝑟

− 1)) (𝑇𝑜𝑣 − 𝑇𝑟)

𝜎(𝑇𝑜𝑣
4 − 𝑇𝑟

4) (11)
 

 

For which, Re is the Reynolds number, Pr is the Prantl number, C is a constant that is 

determined by the Reynolds number, ε is the emissivity, A is the surface area, σ is the 

Boltzmann’s constant and the subscript r denotes the reactor. All water and air properties were 

obtained from NIST databases [17], the emissivity of stainless steel was used [22] and the air 

flow was assumed to be 1.5m/s, the upper limit of commercial ovens [23]. Using these values, 

the ho is in the range 50-70 W m-2k-1, hi is >500 W m-2k-1 and the inverse of the conductive 
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term (1/
𝑑𝑜

2𝑘
ln (

𝑑𝑜

𝑑𝑖
)) is approximately 30,000W m-2k-1. This shows that the outside heat transfer 

coefficient is the dominant resistance to heat transfer. 

The length of the preheater section (l) was then calculated from equation 12, where ∆Tlm is 

the log meant temperature difference.  

𝑙 =
𝑄

𝑈𝑜𝜋𝑑∆𝑇𝑙𝑚

(12) 

As the external heat transfer resistance dominates, the flow within the reactor has a minimal 

impact on heat transfer rate. Therefore, as the length is directly proportional to the heat 

required. As total heat requirement is a function flowrate into the reactor, the preheater length 

is proportional to the flowrate (at the same conditions). To ensure the calculations are correct, 

verification using thermocouples placed at 6m intervals was used. These all confirmed that 

the calculated lengths fell into the correct 6m section of the pipework. It was not possible to 

have a more accurate measurement without significant increase in the risks of leaks.  

3.2.2 Reactor Set-up  

The reactor was a 25m continuous tubular reactor of ¼’’ nominal diameter (internal 3.87mm) 

stainless steel 316l pipework, 24m of which was coiled in a coil diameter of 201mm, located 

within a Carbolite Gero LHT oven (Figure 3.7). The oven cavity was maintained at the desired 

reaction temperature. Thermocouples are located on the entrance, exit, 6m along and 12m 

along the reactor length. The desired feedstock was fed by 2 Jasco Pu-2086 HPLC pumps 

where each pump provided 50% of the flow (Chapters 4 and 5).   

When oxidant was used (Chapter 6), the feed was split and preheated separately. The algal 

feedstock flows through the existing reactor, whereas the oxidant feed flows through a 

separate 7.8m stainless steel 316l preheater of 1/8’’ nominal diameter (1.75mm internal 

diameter) that combine with the main reactor after 6m. Due to the influence of oxidant reaction, 

it was not possible to ensure the residence time as outlined in Section 3.2.1.4. Therefore, as 

the 2nd preheater has a larger length and smaller diameter, it reached within 20 °C of the oven 
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temperature in all cases at the point of mixing. This was considered as the start of the reactor 

in these examples. 

The reactor exit stream was cooled to ambient temperatures in a water-cooled shell and tube 

heat exchanger with 6m of coiled ¼” tube (di =3.87mm) and a shell diameter of 10cm. A GO 

BP-66 manual back pressure regulator (BPR) was used to maintain the reactor pressure, 

which was monitored using a Swagelok PGN manual pressure gauge. A pair of 2-micron filters 

are located in parallel before the BPR and 1 x 0.5-micron filter was located afterwards. The 

parallel filters are used to ensure the flow and pressure can be maintained when a blockage 

occurs. A second pressure gauge was used, before the 1-micron filter to monitor for 

blockages. These can all be seen in the image in Figure 3.8. A gas liquid separator, consisting 

of a 250mm long, 25mm diameter glass tube, was used to separate the cooled and 

depressurised gaseous product from the liquid product. The gas flow then flows through 1/8’’ 

pipework to a three-way valve, directing the flow to a bubble column to measure flowrate or a 

gas bag for sampling. These are shown in the image in Figure 9. A schematic of the one feed 

and two feed reactor set-ups can be found in Figure 3.5 and Figure 3.6. 
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Figure 3.5-Reactor set-up one feed schematic diagram. 

 

Figure 3.6-Reactor set-up two feeds schematic diagram. 
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Figure 3.7-SCWG reactor image. 
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Figure 3.8-SCWG downstream processing image: Part 1 

 

Figure 3.9 SCWG downstream processing image: Part 2 
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3.2.3 Experimental Procedure 

3.2.3.1 Feedstock Preparation 

Prior to each experiment, the feedstock was prepared as such: 

1. Measure 500ml of desired reaction medium (DW or GW). 

2. Weigh the correct quantity of biomass (glucose or Chlorella vulgaris) and catalyst to 

meet a pre-determined concentration. 

3. If required, prepare oxidant solution by dilution of 30% hydrogen peroxide in distilled 

water. 

a. Tubing and glassware for oxidant side should be clean and solution stored 

under ice to prevent decomposition. 

4. Combine the biomass and media, shacking vigorously and keep suspended using a 

magnetic stirrer. 

5. Add the catalyst to the biomass suspension immediately prior to experiment. 

a. Alkaline or acid catalyst are known to alter biomass when used in pre-treatment 

[24,25], so contact time should be minimised. 

  



112 
 

3.2.3.2 Operational Procedure  

3.2.3.2.1 Pre-Experiment Procedure  

Prior to operation of the rig, a series of tests a procures are required to ensure the experiment 

can progress smoothly and safely. This are as follows: 

1. Pressure test at 30Mpa 

a. Ensure no leaks are present in the system, any leaks should be resolved before 

heating up of the system. 

2. Test pumps for flowrate at 10ml/min without pressure and at reaction pressure. 

a. Wear of the pump components can cause the flowrate to differ, recalibration of 

the software or replacement of the components may be required. 

 

3. Bring the oven to required reaction temperature. 

a. This can take in excess of 2 hours so must be achieved in advance of the 

experiment. 

4. Pump the system at the desired flowrate with distilled water, adjusting the pressure to 

23MPa. 

5. Once the pressure and temperature have reached a steady state, the experiment can 

commence. 
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3.2.3.2.2 Experimental Procedure 

Once the above steps have been fulfilled and the feedstock prepared, the main experiment 

can proceed. The procedure for this is as follows: 

1. Pumps operated at the desired flowrate. 

2. Reactants allowed to flow through the system until visible changes are observed in the 

gas/liquid separator. 

a. This can take between 6-10 minutes, depending on the conditions being 

utilised. 

3. This is allowed to flow for a further 3 minutes to allow steady state to be reached in the 

G/L separator.  

4. Flowrate measurements are taken and 50ml of liquid sample is collected. 

a. Flowrate measurements are taken every 2 minutes until 3 have been collected. 

b. Gas samples must be analysed within the day of collection, liquid samples are 

stored in darkness at 4°C and are analysed within a week. 

3.2.3.2.3 Post-Experiment Procedure 

Once sufficient samples had been collected, it was important that the system as sufficiently 

flushed at reaction temperature to remove any organic material that remains and below the 

critical point to remove any precipitated salts from the system. This will limit any interference 

that may occur between the experiments. The procedure for this is as follows: 

 

 

1. Flush with distilled water at 40ml/min for 30 minutes.  

2. Switch off the oven and allow to cool while continuing to flush at 40ml/min. 

3. Once the oven has cooled below 100°C, the system is switched off 

Additionally, after every 10 experiments, the reactor was flushed with propanol to remove any 

tar that has built up during the process. This prevents clogging of the pipework and BPR. 
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3.2.4 Analysis Methods 

3.2.4.1 Product Analysis  

The SCWG process converts the feedstock into three main streams: A gas stream, consisting 

of H2, CO2, CH4, CO and other short chain hydrocarbons; a liquid stream, consisting of 

organic intermediates formed from the breakdown of the feedstock and inorganic carbon 

formed from the CO2 produced during the reaction; a residual phase, consisting of solid char 

and highly viscous tar, which largely remains on the walls of the reactor, cooler and in the 

filters. To calculate output variables, such as gas yield or carbon conversion, and understand 

the causes of any changes in these variables, these streams must be analysed. However, due 

to their deposition within the system, it was not possible to quantify the residual phase directly. 

3.2.4.1.1 Gas  

The gas volumetric flowrate was measured using a bubble column, which consisted of a 50ml 

volumetric cylinder with a surfactant reservoir. The time taken for a bubble to travel a given 

volume was then used to calculate volumetric flow. Three measurements were taken for each 

experiment and averaged to ensure accuracy. The gas composition was measured using a 

Shimazu 2014 Gas chromatography with a thermal conductivity detector (GC-TCD) and a 0.35 

mm internal diameter, 20 m Shim Carbon ST column. All samples were measured in triplicate 

to account for any anomalous analysis. The volumetric fractions of H2, CH4, CO, CO2 and N2 

were measured, the N2 was used to calculate the quantity of air that has entered the sample. 

It was assumed that the remaining gas volume was larger hydrocarbons. 

3.2.4.1.2 Liquid  

To quantify both the Total organic carbon (TOC) and total inorganic carbon (TIC), the 

Shimadzu TOC-L analyse was used, following a 150x dilution. This dilution was required to 

minimise machine degradation due to salt deposition and ensure the TOC and TIC were in 

the instrumental range. Initially, this instrument was not available, so alternative analysis was 

required. The Spectroquant® TOC Cell test following 100x dilution was utilised for this. To 
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ensure no influence of the measurement method on the results, it was imperative that the 

same method was used for an entire dataset. 

To identify the compounds that constitute the TOC in the liquid phase, the organic phase was 

extracted from the sample using a 4:1 ratio of dichloromethane to sample. This was passed 

through a Thermo Scientific Trace1600-ISQ7610 Gas chromatography-mass spectrometer 

(GC-MS), using helium as the carrier gas and a Restek Rxi-35Sil MS column with a 0.5 μm 

film thickness, a 0.25 mm inner diameter and 30 m length.  This gave a qualitative assessment 

of the compounds and could quantify differences of the same compounds between different 

samples. 

3.2.4.2 Calculations 

3.2.4.2.1 Gas Yields 

The gas yields are important output variables as they quantify the amount of gas produced 

per unit mass of biomass. This is important to quantify a key product which in this work is 

hydrogen. Additionally, it is useful for inclusion into wider models, these include the system 

model in Chapter 6 of this work. The yield is calculated from equation 13. Where ρ is the 

density, φ is the volumetric concentration in the gas stream, v is the volumetric flow, (𝑚̇) is the 

mass flow and x is the mass fraction. The subscript x indicates the product, b is the biomass 

and f the feedstock. 

𝑌𝑥 =
𝜌𝑥𝜑𝑥𝑣

𝑥𝑏𝑚𝑓̇
(13) 
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3.2.4.2.2 Carbon Conversion  

It is important to know how much of the feedstock has been converted to gas, thus showing 

to what extent the reaction has progressed. In most literature, carbon gasification efficiency 

(equation 14) is used as the carbon makes up the backbone of all biomasses hence, this was 

adopted in Chapter 4. However, subsequent chapters showed the significance of including the 

TIC into the carbon conversion. Therefore, in these chapters, equation 15 was used to 

calculate the carbon conversion. 

𝐶𝑎𝑟𝑏𝑜𝑛 𝐺𝑎𝑠𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝐶𝑔𝑎𝑠

𝐶𝐹𝑒𝑒𝑑

(14) 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =
𝐶𝑔𝑎𝑠+𝐶𝑇𝐼𝐶 𝑙𝑖𝑞𝑢𝑖𝑑

𝐶𝐹𝑒𝑒𝑑

(15) 

3.2.4.2.3 Other Parameters 

The SCWG aims to convert the feedstock to a gaseous product, for which the efficiency of this 

process is key parameter. It is particularly important when comparing to other technologies 

and performing energy analysis. This is calculated from the higher heating value (HHV) of both 

products and feedstock, as shown in equation 16. 

𝜂 =
𝑚𝑔̇  ∑(𝐻𝐻𝑉𝑝𝑥𝑝)

𝑚𝑓̇ 𝐻𝐻𝑉𝑎𝑥𝑎

(16) 

Polymerisation into longer chain compounds, in the form of viscous liquid tar and solid char, 

are largely undesirable in SCWG as they can reduce the gas yield and cause blockages in the 

reactor [26]. Therefore, it is important to quantify the amounts of such compounds. However, 

due to the viscous nature of the tars, much of this remains lined to the reactor and downstream 

processing, trapping the char in the process hence, it cannot be directly quantified. The 

residual carbon, calculated by substitution of the known products from the carbon in the 

feedstock, was used to estimate this. 

𝐶𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = 𝐶𝐹𝑒𝑒𝑑 − 𝐶𝑇𝑂𝐶 𝑙𝑖𝑞𝑢𝑖𝑑 − 𝐶𝑇𝐼𝐶 𝑙𝑖𝑞𝑢𝑖𝑑 − 𝐶𝐺𝑎𝑠 (17) 
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3.2.5 Initial Tests  

3.2.5.1 Flow Tests  

The pumps used in this process are reciprocating piston pumps, so the flowrate is calculated 

as a function of the motor rotational speed.  As a result, the flowrate produced varies with fluid 

viscosity and calibrations within the pump software must be altered to overcome this. 

However, it was not feasible to recalibrate every experiment; a consistent flow must be 

achieved for all feedstocks studied. The viscosity of an algal slurry varies with the 

concentration of the biomass [15], therefore, to ensure that the pump can consistently provide 

the correct flowrate it must be tested at varying concentrations of algae. The pump flowrate 

was set to 10ml/min and concentration varied from 0.1 to 30wt.%, the results of which can be 

found in Appendix C. These tests showed that the effect of the viscosity was negligible up to 

5wt.%, but at 10wt.% it was significant. Thus, in this work, no concentration above 5wt.% was 

used.  

3.2.5.2 Residence time tests  

It is established in literature that an increase in reaction time (residence time in continuous 

reactors) increases the conversion of the feedstock and yield of gases, including hydrogen 

[27, 28, 29, 30]. However, in these cases a plateau is formed, after which a longer residence 

time had little impact. Therefore, to simplify the number of factors studied in this work, a 

residence time that maximises yield and conversion at all conditions was selected. To 

determine this, the conversion and yield was studied for the largest range of residence times 

possible at the lowest temperature studied (400°C), where the reaction would be slowest.  



118 
 

  

Figure 3.10-Impact of residence time on the hydrogen yield. 2wt.% Chlorella vulgaris, 400°C, Distilled water. 

This clearly shows that both hydrogen yield and carbon conversion increase with the residence 

time for the full range studied. Therefore, the residence time selected was the greatest that 

could be achieved while remaining turbulent for all reaction conditions in that data set.  

3.2.5.3 Catalyst and Oxidant Concentration Tests 

The concentration of homogenous catalysts can influence the reaction, generally increasing 

the effect of that catalyst [31] as with residence time. For work in Chapters 4 and 5, to simplify 

the experimental plan and significantly reduce the minimum number of experiments, it was 

decided to maintain a constant catalyst concentration. To determine this concentration, a 

series of tests was completed at 500°C, 2wt.% and a residence time of 50s. A maximum 

concentration of 1wt.% was observed in the literature for a continuous system [32, 31], so that 

was chosen as the maximum concentration. 
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Figure 3.11-Infuence of KOH on hydrogen yield and carbon gasification efficiency. 2wt.% Chlorella vulgaris, 
500°C, 50s residence time.  

 

 

Figure 3.12-Infuence of KOH on liquid product. Left to right, 0%, 0.1%, 0.5%, 1wt.% KOH.  2wt.% Chlorella 
vulgaris, 500°C, 50s residence time. 
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Figure 3.13-Infuence of FeCl3 on hydrogen yield and carbon gasification efficiency. 2wt.% Chlorella vulgaris, 

500°C, 50s residence time. 

 

 

Figure 3.14-Infuence of FeCl3 on liquid product. Left to right, 0%, 0.1%, 0.5%, 1wt.% FeCl3. 2wt.% Chlorella 

vulgaris, 500°C, 50s residence time. 
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KOH had a positive impact on hydrogen yield and conversion with liquid product going a 

noticeable pink colour at elevated concentrations. Conversely, the FeCl3 had a negative 

impact on hydrogen and CGE, with the liquid phase increasing in small black char particles 

with an increased concentration. Despite these differences, both show that the catalyst 

concentration increases the impact on the hydrogen yield, carbon gasification efficiency and 

the appearance of the liquid phase. Thus, to maximise the impact shown by these catalysts, 

a concentration of 1wt.% was chosen in both cases. 

In this study, heterogeneous catalysts are suspended in the feedstock, thus a concentration 

must also be selected. However, the solid particles damage the pumping system and can 

increase viscosity of the fluid. Consequently, a concentration of 0.1wt% was selected to 

minimise these negative impacts but ensure the effect was as significant as possible.   

3.2.5.4 Oxidant Concentrations 

It is also important to know the quantity of oxidant to test in Chapter 6, as excessive oxidant 

is known to be detrimental to hydrogen yield. This was tested at 500°C, 2wt.% Chlorella 

vulgaris, 55s residence time, using the 2nd reactor set-up outlined in Figure 3.6. The oxidant 

coefficient, the ratio of oxidant to the stoichiometric amount of oxygen for complete oxidation 

of the feedstock, was the variable used. Due to the desired product being hydrogen, which is 

oxidised to water, complete oxidation is not desirable, thus an oxidant coefficient up to 0.5 

was tested.  
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Figure 3.15- Influence of oxidant coefficient on hydrogen yield and carbon gasification efficiency. 2wt.% Chlorella 
vulgaris, 500°C, 50s residence time. 

 

Figure 3.16- Influence of oxidant coefficient on liquid Product. Left to right, oxidant coefficient 0, 0.5, 0.3, 0.1. 
2wt.% Chlorella vulgaris, 500°C, 50s residence time. 
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3.2.6 Safety Considerations  

The SCWG process has several potential hazards that have to be included in the reactor 

design. The risk of overpressure due to blockages was significant due to the solid char and 

salt precipitation, which is exacerbated by high operating pressures. To overcome this, the 

maximum pressure of the pumps was set to 20% below the maximum operating pressure of 

the pipework and fittings. Moreover, a pressure relief system was designed to cool vented fluid 

and separate any or toxic flammable gases for proper disposal in the case of overpressure. 

Additionally, CO makes up a significant quantity of the gas stream, which is toxic, even at 

relatively low concentrations. As a result, pressure testing of the equipment was required 

before every run, to check for potential leaks and CO monitors are employed next to the 

equipment.  
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CHAPTER 4: THE IMPACT OF THE ALGAL 

GROWTH WATER ON SUPERCRITICAL WATER 

GASIFCATION OF CHLORELLA VULGARIS 

4.1 PUBLICATION: SUPERCRITICAL WATER GASIFICATION OF MICROALGAE: 

THE IMPACT OF THE ALGAL GROWTH WATER 

The research within this chapter subsection was published as journal article in the Journal of 

Supercritical Fluids as cited on the following page. For consistency with the published material, 

the content remains the same as the journal article.  

ABSTRACT 

Investigation into the supercritical water gasification (SCWG) of microalgae has largely used 

deionized water as the reaction medium. However, real systems would use the algal growth 

water directly, containing ions that have been known to catalyse SCWG (K+, Na+, OH-, Fe3+, 

Cl-). Investigation into the effect of the growth water on SCWG was carried out for a range of 

temperatures (450-550), biomass concentrations (1-3%.wt) and catalysts (KOH, Ru/C), using 

glucose or Chlorella vulgaris as the feedstock was performed. A significant increase in CO2 

and reduction in CO content in the gas was observed without a catalyst and with a Ru/C 

catalyst. An increase in char/tar was also observed without a catalyst. As a result, the impact 

of the growth water should be considered for the SCWG of microalgae, in laboratory 

experiments and the selection of algal growth media in industrial applications. 
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4.1.1 Introduction 

To achieve decarbonisation targets and limit global warming to 1.5°C above pre-industrial 

levels, carbon removal technologies are expected to be key achieving this, of which bioenergy 

with carbon capture and storage (BECCS) is expected to be a significant contributor [1]. As a 

result, deployment of new bioenergy projects is rapidly required. However, the production of 

many biomass sources can come with negative environmental and social impacts. The use of 

fertilizers causing eutrophication in waterways [2], the use of pesticides [18] and large 

monocultures [4] are all damaging to biodiversity. Additionally, the competition for land and 

fertilizers can have negative impacts on food prices [5]. 

Microalgae offer an alternative biomass source that can grow 10 times faster than terrestrial 

plants [6], thus far less land is required. Additionally, they are grown in man-made ponds, 

meaning arable land or the use of pesticides are not required, and nutrients used are 

contained so they do not enter waterway. Despite these advantages, the high-water content 

of microalgae has an adverse effect on the efficiency of conventional energy conversion 

processes such as thermal gasification or pyrolysis [19]. Therefore, alternative methods of 

extracting the energy and carbon from the algae is required.  

Supercritical water gasification (SCWG) uses water above its critical point (374°C and 

22.1MPa) as the reaction medium to form gaseous products (H2, CH4, CO, CO2, and short 

chain hydrocarbons). The CO2 can then be captured, leaving a highly combustible gas stream, 

which can be used for a variety of energy applications. The use of water makes it appropriate 

for high moisture feeds such as microalgae and the thermophysical properties of supercritical 

water (SCW) brings other advantages.  The low density and viscosity of SCW increases the 

diffusivity, thus increasing reaction rates [8]. Additionally, the weakened hydrogen bonds, and 

low dielectric constant allow organic intermediates formed during the reaction, to dissolve and 

thus prevent recombination to form undesirable tars and chars [9], which limit operability and 

reduce gas yield. 
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The SCWG of microalgal biomass has been widely studied for a range of reaction conditions, 

catalysts, algal strains, and reactor types. These are summarised in Table 4.1. However, in 

most of these cases, the reactor feedstock is prepared by adding distilled, deionised or what 

is listed as simply water to dry or concentrated feedstocks to produce the desired 

concentration. This is not representative of a real-life situation as the addition of deionised 

water would greatly increase the energy requirement and thus reduce the efficiency of the 

process. The use of the water used to grow the algae as the reaction medium is a far more 

realistic scenario. The growth water contains ions remaining from the original growth media, 

many of which have been known to catalyse SCWG (K+, Na+, OH-, Fe3+, Cl-) and other ions 

for which the effect has not been studied. Therefore, this could have a significant impact on 

the results of the SCWG reaction.  

Table 4.1-Supercritical water gasification of microalgae literature summary 

Feedstocks 
Reactor 

type  
Catalysts 

Temp 
(°C) 

Pressure 
(MPa) 

Time 
(min) 

Bioma
ss 

Conc 
(wt%) 

Reaction 
Media 

Source  

Spirulina 
platensis 

Batch  Ru/C  
Ru/ZrO2 

399-
409  

30.8-34.5 60-
360 

2.5-
20%  

Water [20] 

Chlorella 
vulgaris 
Scenedesmus 
quadricauda 

Batch Ni/α- Al2O3 
Raney 
nickel 

385 
  

26 10-60 5% Distilled 
water 

[11] 

Chlorella 
vulgaris 
Spirulina 
platensis 
Saccharina 
latissimi 

Batch NaOH 
Nickel/ 
Al2O3 
 

500 36 30 5% De-ionised 
water  

[22] 

Botryococcus 
braunii 
Nannochloropsi
s oculata  
Tetraselmis  
chuui  

Batch  Nickel  
NaCl 

400 
  

25 10 4.3%k De-ionised 
water 

[13] 

Chlorella 
vulgaris  
Glycerol  
Amino Acids 

Batch and 
continuous 

Ru/TiO2  
NiMo/Al2O3 
PtPd/Al2O3 

CoMo/Al2O

3  
Inconel 
Ni wire 
K2CO3  

400-
650 

24-25 0.067
-2 

7.3-
10% 

Diluted 
growth 
water 

[24] 

Acutodesmus 
obliquus 

Continuous 
 

K2CO3 600-
690 

28 2.33-
2.5 

2-20% Diluted 
growth 
water 

[15] 

Acutodesmus 
obliquus  

Continuous  
 

None  600-
650 

28 NS 2.5-5% Growth 
water 

[26] 
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Nannocloropsis 
gaditana 

Continuous  
 

K2CO3  
Na2CO3 

663  24 2.13 1,1.16
% 

Water  [27] 

Chlorella 
pyrenoidosa 

Batch Ni  
(Various 
supports)  

430 13-22 60 16.67% Water [18] 

Chlorella sp. Batch, 
stainless 
steel 

Ni 
Cu 
Co 
Mn 
Cr 
All on 
reduced 
graphene 
oxide 

380  30 1.4% De-ionised 
water 

[19] 

Chlorella 
Pyrenoidosa 

Batch Ru/C and 
Rh/C 

380-
600 

22-55 60 26.6-
50% 

Water [30] 

Nannochloropsi
s oculata 

Batch Ni/γAl2O3  
Ni/La-
γAl2O3 

400-
500 

28 15 NS De-ionised 
water 

[21] 

Chlorella 
Vulgaris 

Batch Ru  
(Various 
supports) 

385 26.2 15-
120 

5.06-
10.12% 

Distilled 
water 

[32] 

Chlorella S.P 
(Increased 
Carbohydrate 
content) 

Batch NiO/SiO2 
MnO2/SiO2 

355-
405 

17.5-26.5 15-45 1-8% Water  [33] 

Phaeodactylum 
tricornutumpr 

Continuous Ru/C  425 30 NS  6.5% Water [24] 

Chlorella 
vulgaris 

Continuous  None 550 30 2 1.5% Diluted 
growth 
water 

[35] 

Chlorella S.P  
Chlorella S.P  
(Increased 
Carbohydrate 
content) 

Batch None 380 22.5 30 4.9% De-ionised 
water 

[36] 

Chlorella 
vulgaris  
Chlorella 
vulgaris  
(oil removed) 

Continuous  None  600 25 0.117
-1 

1% Water [37] 

Chlorella 
pyrenoidosa  
S. platensis 
Schizochytrium 
limacinum 
Nannochloropsi
s species 

Batch  Pd/C 
Ru/C 
Pt/C 
Rh/C 
Ir/C  

430°
C 

22-55 60 25-
100% 

Water  [28] 

Spirulina  Continuous None 550-
600  

23.5 0.067
-0.15 

17.5-
25%  

Water  [39] 

Chlorella 
vulgaris 

Continuous  Ru/C 394-
420  

26-30 Not 
stated 

2.8-
14.8% 

Diluted 
growth 
water 

[30] 

Chlorella 
vulgaris  
hydrochar 

Continuous  None  650 30 2 2.5% Diluted 
growth 
water 

[31] 
 

Various 
Cyanobacteria 

Batch None 400-
500 

22 30 NS Lake 
Water 

[42] 

Various 
Cyanobacteria 

Batch None  350-
450 

23 0-60 NS Lake 
Water 

[33] 
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The main gas forming reaction in SCWG are steam reforming, water gas shift (WGS) and 

methanation [34], outlined in equations 1,2,3 below. Steam reforming and WGS are highly 

desired as they increase the gas yield and produce more hydrogen in place of carbon 

monoxide, which is toxic and less desirable as a fuel. Methanation is also less desirable as 

methane contains carbon, so it is more difficult to apply BECCS to this, though it still remains 

a useful fuel.  At mild conditions, decarboxylation reactions are also significant, producing a 

gas stream of predominantly CO2 [45] [11]. 

𝐶𝑥𝐻𝑦𝑂𝑧 + (𝑥 − 𝑧)𝐻2𝑂 → 𝑥𝐶𝑂 + (
𝑦

2
+ 𝑥 − 𝑧) 𝐻2 (1) 

𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2 (2) 

𝐶𝑂 + 3𝐻2 → 𝐶𝐻4 + 𝐻2𝑂 (3𝑎) 

𝐶𝑂2 + 4𝐻2 → 𝐶𝐻4 + 2𝐻2𝑂 (3𝑏) 

In addition to these, a number of other reactions occur in the liquid phase, which produce a 

range of intermediates and can have a strong influence on the gas produced. Using real 

biomass, such as microalgae, these reactions are complex due to the variety of compounds 

available. However, analysis has been done on model compounds to help understand these 

reactions. Glucose is a key compound as it forms the building block of many carbohydrates, 

which are key components in all biomasses (including microalgae). In SCWG, SCW can break 

down glucose through C-C bond scission into straight chain or cyclic ketones and aldehydes, 

which are readily broken down into gas, which is desirable. Alternatively, it can easily 

dehydrate into furfural and other furans, which can dehydrate further into phenol. Both of these 

are known to be refractory in SCW and have a greater tendency to polymerise into undesirable 

tar/char [36] [47].  This is summarised in Figiure 1. 
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Figure 4.1-Reaction pathways of the supercritical water gasification of glucose [48] 

 

This paper investigates the impact of using algal growth water (GW) compared with distilled 

water (DW) as the reaction medium in the SCWG of glucose and Chlorella vulgaris. Glucose 

gasification was performed without a catalyst for a range of temperatures (450-550°C) and 

concentrations (1-3wt.%). Glucose gasification was conducted at 500°C and 2wt.% used a 

KOH  and Ru/C catalysts, to study the effect under catalytic SCWG. These were selected as 

they represent the most common types of homogenous and heterogenous catalysts [48] 

Additionally, non-catalytic SCWG of Chlorella vulgaris was performed to ensure the effect of 

using the growth water still applied to algal biomass.  
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4.1.2 Materials and methods 

4.1.2.1 Materials 

The microalga (Chlorella vulgaris) was grown in two parallel 5L stirred tank vessels, with a 

working volume of 4 L each (8 L in total). The whole system was sparged with 4 L min-1 of air 

(~.04% CO2). The reactors are constantly illuminated by two panels of white LED lights with a 

light intensity at the wall of the reactors of 25 W m-2. The growth medium used is chu13, which 

is prepared to the specifications shown in Appendix A, with the pH adjusted to 7.5 using 2M 

sodium hydroxide. The culture was grown for two weeks, with centrifugal separation of algae 

from the growth medium. The algae was then stored at 4 °C until required and the residual 

liquid (the growth water (GW)) is autoclaved at 120 °C for 20 minutes, before storing in 

darkness at room temperature. No further precipitation of the medium was observed, and the 

composition of the resulting GW was analysed by ALS Laboratories ltd. The GW had an 

average pH of 9, 200mg/l of organic carbon and the composition of ions displayed in Table 

4.2.  
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Table 4.2-Growth water ion composition 

Ion 

Average 
Concentration 
(mg/l) 

Standard 
deviation 

Potassium  220.00 14.14 

Sulphate  163.50 189.01 

Sodium  68.50 10.79 

Chloride 53.75 16.19 

Calcium 23.03 3.77 

Magnesium 22.25 3.86 

Phosphate  4.40 3.29 

Iron  2.33 0.36 

Zinc 0.21 0.07 

Molybdate 0.108 0.013 

Copper 0.038 0.008 

Cobalt  0.003 0.001 

Nitrate <7 n/a 

 

The carbohydrate content of the microalgae was measured using the Anthrone method and 

proteins content was measured using the lowry method both outlined in [49]. The lipid content 

was measured gravimetrically, following sonication for 1 hour at and extraction using a 2:1 

mixture of chloroform and methanol. The results of this are displayed in Table . 

Table 4.3-Chlorella vulgaris composition 

Component  Wt.% 

Carbohydrates 15% 

Proteins 52% 

Lipids 33% 

 

Dry D-glucose (99.5%) powder was obtained from sigma Aldrich. Potassium hydroxide >85% 

(KOH) was obtained from VWR. Ruthenium (5wt.%) catalyst supported on activated carbon 

(Ru/C) was obtained from Sigma-Aldrich, with an average particle size of 105.6nm (range of 

68.7-169.9). Distilled water (DW) was produced by double distilling tap water in a Cole-Parmer 

Aquatron A4000D automatic still. Double-lined supelinert gas bags were obtained from Sigma-

Aldrich. 
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4.1.2.2 Supercritical Water Gasification Reactor Set-Up 

The reactor consists of a 25 m coiled stainless-steel 316l pipe with an internal diameter of 

3.87mm (nominal ¼”), located within a Carbolite Gero LHT oven (max temperature 600°C), 

which is maintained at the desired reaction temperature. The feedstock solution is kept 

suspended using a magnetic stirrer to ensure heterogenous elements (algae or Ru/C catalyst) 

do not settle and the feedstock is homogenous for the whole experiment.  This feed is supplied 

by 2 Jasco Pu-2086 HPLC pumps, which maintain the desired flowrate to ensure a residence 

time of 32s. The flowrate used was 19.4,20 and 20.914ml/min for 450,500 and 550°C 

respectively.  The reactor exit stream passes through a shell-and-tube heat exchanger to cool 

it to ambient temperature before flowing through a back pressure regulator (BPR) to maintain 

the pressure in the reactor and reduce the stream to ambient pressure. The pressure is 

maintained between 23 and 25MPa. The fluid stream is filtered before and after the BPR using 

a 2µm and 0.5µm filters respectively, to prevent blockages and solid material entering the 

liquid product. The filtered stream is admitted to a gas/liquid separator. The gas stream can 

then be either passed through a bubble column to measure flowrate or collected in a gas 

sampling bags for analysis. This is shown in Figure . 

 

Figure 4.2 -Experimental set-up. Process flow diagram showing equipment used in the experiments. 
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Initially the oven is allowed to reach the desired temperature; the system is then fed with DW 

only and the pressure is gradually increased until the required pressure has been met. The 

correct quantity of feedstock (glucose or microalgae) is mixed with 500 ml of either DW or GW, 

along with the correct quantity of catalyst (if required) and shaken vigorously to obtain a 

homogenous mixture is achieved. If microalgae or the Ru/C catalyst is used, the solution is 

kept homogenous using a magnetic stirrer. The feedstock is then fed into the system until 

noticeable product is seen in the gas/liquid separator. Three flowrate measurements are taken 

over the 6 minutes following this, before switching to fill the gas bag until it is sufficiently filled. 

Samples of the liquid product are withdrawn regularly throughout. Following the reaction, the 

reactor is flushed with DW for 30minutes at reaction temperature before being allowed to cool. 

All experiments are repeated for each datapoint. 

4.1.2.3 Analysis  

The gas product is analysed using a Shimadzu 2014 Gas chromatography with a thermal 

conductivity detector (GC-TCD) and a 0.35 mm internal diameter, 20 m Shim Carbon ST 

column to determine the composition of the gas. The liquid product is analysed for total organic 

carbon (TOC) and which organic compounds were present. TOC was calculated using 

Spectroquant® TOC Cell test, following a 10x dilution with distilled water. To analyse the 

organic compounds in the liquid product, they were extracted overnight using a 4:1 ratio of 

dichloromethane: sample. The extract was passed through a Thermo Scientific Trace1600-

ISQ7610 Gas chromatography-mass spectrometer (GC-MS), using helium as the carrier gas 

and a Restek Rxi-35Sil MS column with a 0.5 μm film thickness, a 0.25 mm inner diameter 

and 30 m length. The carbon that forms char or tar is calculated for the following equation, 

where C is the mass of carbon. 

𝐶 𝑡𝑎𝑟
𝐶ℎ𝑎𝑟

= 𝐶𝐹𝑒𝑒𝑑 − 𝐶𝐿𝑖𝑞𝑢𝑖𝑑 − 𝐶𝐺𝑎𝑠 (1) 

Inorganic carbon produced through reaction of CO2 with an alkaline media has been significant 

in experiments with hydroxide catalysts previously [40]. However, CO2 absorbed due to the 
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increased pH of the GW was found to be negligible, so was not considered in the carbon 

balance. Analysis of the iron content in the liquid effluent was analysed using Inductively 

coupled plasma atomic emission spectroscopy (ICP). 

The growth water composition (displayed in Table 4.2) was analysed by ICP-MS and 

colorimetric techniques which were performed by ALS Laboratories (UK) Limited, following 

dilution 10x with deionised water. All tests are repeated once and a two tailed t-test was 

performed to compare the gas composition (H2, CH4, CO, CO2 vol.%) and carbon distribution 

(carbon in gas, liquid, tar/char) results between DW and GW across the whole data set. A p-

value is produced for each output variable, which indicates the probability that the two data 

sets are different. This identifies if the differences observed when GW is used are significant 

or can be explained by the error observed in the data. A p-value< 0.05 is seen as significant.  

4.1.3 Results and discussion  

4.1.3.1 Glucose Gasification Without a Catalyst  

SCWG of glucose was performed without a catalyst for a range of temperatures 

(450,500,550°C) at 2wt% glucose and a range of glucose concentrations (1wt.% ,2wt.%, 

3wt.%) at 500°C. These were completed with either (DW) or (GW) to evaluate the difference 

effect of the GW at a range of temperatures and glucose concentrations. The composition of 

the gas product, total gas yield and distribution of carbon in the products are shown in Figure 

4.3. 
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Figure 4.3-Results of the supercritical water gasification of glucose without a catalyst. In all cases: 32s residence 
time, 23-25MPa pressure. Rows 1,2, 2%wt glucose, temperatures 450-550°C. Rows 3,4, 1-3%wt glucose, 

temperature 500°C. 

These results show a clear decrease in quantity of CO and increase of CO2 in the gas stream 

across all the chosen temperatures and glucose concentrations when the GW is used. This is 

most pronounced when conditions favour gasification (low biomass concentration and high 

temperature), in which the CO concentration falls from ~30%vol with deionised water to < 8% 

with the growth water. These differences were shown to have statistical significance as the 

results of the T-test gave p-values of 0.00001 and 0.0001 for CO and CO2 concentrations 

respectively. Increases in H2, CH4, and total gas were also observed, but they proved not to 

be significant in these results (p values of 0.54, 0.08 and 0.22 respectively). 
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A significant increase in CO2 and decrease in CO with a less significant increase in total gas 

yield suggests gas phase reactions being catalysed, namely the water gas shift reaction 

(WGS). Potassium, sodium, and hydroxide ions are all present in the GW, which have been 

known to catalyse the WGS reaction in SCWG [22, 51, 52, 53]  hence their catalytic influence 

may be present here. However, an increased WGS would also increase the hydrogen more 

significantly. Therefore, either the hydrogen is being consumed in subsequent reactions or a 

different ion in the medium is the cause of this phenomena, or a combination of the two. There 

are many ions present, many of which have never been specifically studied in SCWG, 

therefore it is difficult to be certain without further investigation. 

There is also a clear decrease in the carbon remaining in the liquid following the reaction and 

a clear increase in the tar/char produced, when using growth water compared with distilled 

water. This difference was significant with p values of 0.01 being observed for both carbons 

remaining in liquid and in the tar/char. A notable increase in tar was observed visually on the 

filters when growth water is used, indicating the increase in precchar is predominantly due to 

an increase in tar. However, further work is needed to quantify the tar and char product 

separately, as this was not possible with the reactor set-up used for these reactions. An 

increase in the carbon in the gas was also observed but this increase was found to be 

insignificant (p value of 0.46).  

Analysis of the liquid phase at 2 wt.% glucose and 500°C showed that the quantity of furans 

(furfural, furones and furaldehydes) was reduced by 85% in growth water SCWG compared 

to distilled water. The use of KOH on xylose, a similar compound to glucose, also showed a 

large reduction furfural compared with non-catalytic runs [44]. However, in that case the 

tar/char was lower than the non-catalytic example. Additionally, the quantity of phenols in the 

liquid product increased by 128% when using GW. Sinag et al. [45], observed similar effect 

when using KOH as a catalyst in the SCWG of glucose. This shows again, a similar impact to 

alkali catalysts, indicating the potassium and/or hydroxide ions contribute to the GW effect. 

However, as outlined later (Section 4.1.3.2), this is not the case when using KOH in study.  
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Furans such as furfural, and phenols are both known to be refractory in SCWG and precursors 

to the formation of tars and chars [36] [47]. Therefore, it would be expected that a decrease in 

furans observed when GW was used would increase the gas and reduce the tars/chars. 

However, an increase in phenols would have the opposite effect. Consequently, the increase 

in phenols counteracted most of the positive impact achieved through reduced furans. 

Additionally, the impact on tars/chars from the phenol increase is greater than from the furan 

decrease. This indicates that phenols are the main precursors for char formation in the SCWG 

of glucose. This is likely to be a result of the benzene ring being harder to break than the furan 

ring [46]. This should be considered when selecting a catalyst to minimise residue and thus 

reduce the potential for blockages in the reactor. 

The formation of phenol in the SCWG of glucose has been proposed in two potential 

pathways. Through the dehydration and ring closure of furfural [57] [48] or Diels−Alder 

cycloaddition of a conjugated diene and unsaturated furanone [49]. In both these cases, 

phenol is the degradation product of a furan (furfural or furanone), so it is likely the GW 

catalyses one of or both of these reactions, resulting in a lower quantity of furans. The quantity 

of furfural was reduced by 95% but quantity of furone increased 4-fold. Indicating that the ring 

dehydration and ring closure of furfural was catalysed by the growth water. Additionally, Iron 

and chloride ions have been found to be effective dehydration catalysts when reacting pentose 

to form furfural at milder conditions [50]. Both of these are present in the GW and thus could 

contribute to this effect or the formation of furfural, thus further increasing the total phenol and 

tar/char. 

The GW contains ions that are known to be corrosive to metals, such as OH- or Cl-, which 

would be expected to be most significant in the subcritical region when heating or cooling the 

reactor. In this experiment, no visual effects of corrosion were observed and ICP analysis of 

the liquid effluent showed a minimal increase in iron content when GW was present, thus the 

corrosion effects in this case were not noticeable. Nonetheless, the potential corrosive effects 
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of the GW should be considered in reactor design, as differing concentrations of some ions 

and longer running times could make the effects more significant.  

4.1.3.2 Glucose Gasification With a Catalyst  

SCWG of glucose was performed with either a homogenous catalyst (KOH) or a heterogenous 

catalyst (Ru/C). The latter was suspended in the glucose solution to ensure a homogenous 

feedstock. This was carried out with GW or DW as the reaction media to understand if the 

effects outlined in Section 4.1.4.1.3.1 still applied when a catalyst is present. The results are 

shown in Figure 4.4. 

 

Figure 4.4 Results of the supercritical water gasification of glucose with a catalyst. 32s residence time, 23-25MPa 
pressure, 500°C temperature, 2wt% glucose, 0.1%wt catalyst concentration. 

In the presence of the Ru/C catalyst a similar effect is observed as without a catalyst, a 

significant decrease in CO and increase in CO2. Although, in this case less significant than 

without a catalyst with p-values of 0.02 and 0.01 respectively. This similarly is due to the 

catalytic activity of Ru/C being a result of hydrogen affinity, allowing it to catalyse reactions 

such as hydrogenation and steam reforming [45]. This effect of Ru/C catalysts breaks down 

the organic components but does not significantly catalyse the WGS reaction, resulting in 

large quantities of CO when DW was used. Therefore, the catalytic effect of the GW on the 

WGS reaction is still significant. 
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With Ru/C catalyst the increase in total gas and carbon in the gas stream in GW compared 

with DW was significant, with the increase in the total tar/char not being significant. This 

indicates that the carbon that remained in the liquid phase when using DW as the reaction 

media, which polymerised to tar/char in GW when no catalyst was present, is converted to gas 

in GW when a ruthenium catalyst is present. As outlined in Section 4.1.3.1, this is expected to 

be largely made up of furans and phenols, which the hydrogenation activity of Ruthenium is 

known to be effective at breaking down [45]. A significant decrease in phenol content was 

observed when Ru/C was present as was established in Section 4.1.4.1.3.1, proved to be the 

main driver for char/tar production. Thus, the increased degradation of phenol reduced the 

effect of GW on the tar/char. In this study, contrary to some literature [45], furan content 

increased in with the addition of Ru/C catalyst. Further evidencing phenol being the key driver 

in tar/char formation in the SCWG of glucose. 

In the liquid product, when Ru/C was present,  <1% of the furans were present when GW was 

used compared with DW, with an increased phenol content also being observed. However, 

the phenol content was still >3 times lower than without the presence of the Ru/C catalyst. 

This effect was similar to that observed in non-catalytic runs, except with a greater conversion 

of furans the majority of which, was furfural. As outlined in Section 4.1.3.1, the GW catalyses 

the conversion of furfural to phenols. The greater extent to which the furans are reduced when 

Ru/C is present can be explained by Le Chatelier's principle as the increased conversion of 

phenol to gas pushes the equilibrium to the phenol side, thus reducing the quantity of furfural. 

This can explain why the organic carbon that remains in the liquid phase in DW, was converted 

to gas with Ru/C present but to tar/char without a catalyst in GW. The GW catalyses the 

dehydration of furfural into phenol which, without a catalyst polymerises into char/tar but is 

readily gasified in the presence of Ru/C due to the strong hydrogenation activity of ruthenium.  

In the presence of KOH, there is no significant difference to the gas composition, gas yield or 

carbon product distribution. This was carried out at the lowest catalyst concentration observed 

in the literature [13]. Therefore, in all cases where KOH was used as a catalyst, it is likely that 
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the observed results would be an accurate representation of a real system, despite not 

including GW as the reaction medium. This concentration is still over 3 times that of the GW 

thus indicating that the effect of GW is similar to KOH but lower in magnitude, resulting in it 

being partially masked when both are present. This adds further evidence that the effect of 

hydroxide (high pH), and or potassium and sodium ions in the salt are key in the effect of the 

GW, as proposed in Section 4.1.3.1 

There is no significant quantity of furfural or furaldehyde present in the liquid product when 

KOH catalyst is used, with DW or GW. As a result, a decrease in both phenol and furan content 

is observed when using GW compared with DW. This indicates that the dominant driver in the 

catalysis of the dehydration of furfural to phenol is hydroxide or potassium ions in the GW. 

Despite this, the quantity of phenol was reduced in the presence of KOH, contrary to what was 

observed by Sinag et al [45]. This could be explained by a shift from furfural formation, towards 

formation of other intermediates such as aldehydes and ketones, which readily gasified so do 

not appear in significant quantities in the liquid product. This would explain the increased gas 

yield in the presence of KOH as they are more readily gasified. This may not have occurred 

in the experiments by Sinag et al [45] as their set up was in a batch reactor, with a much 

slower heating rate, which would significantly affect the intermediates formed in the sub-critical 

phase.  

4.1.3.3 Microalgae Gasification 

Microalgal biomass contains a quantity of inorganic material (similar to that present in the GW) 

that is released during the SCWG process. Therefore, to a verify the above results, gasification 

runs with microalgae must be conducted for comparison. An algal concentration of 0.7 wt.% 

was suspended in either DW or GW with a temperature of 500 °C. All other conditions matched 

those in the glucose gasification experiments. The results are displayed in Figure . 
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Figure 4.5- Results of the supercritical water gasification of Chlorella vulgaris without a catalyst. 32s residence 
time, 23-25MPa pressure, 500°C temperature, 0.7wt% biomass 

In the SCWG of microalgae, the difference between using GW and DW as the reaction media, 

was even greater than the glucose examples. As with glucose, the CO reduced and CO2 

increased significantly, with the CO almost completely removed when GW was used. 

Additionally, the impact on hydrogen and total gas yield was greater than glucose, resulting in 

a statistically significant increase in hydrogen yield (p-value 0.001), even at this small sample 

size. However, unlike the glucose example, the carbon balance remained the same, with no 

significant change in the gas, liquid or tar/car. This indicates an increase in WGS reaction but 

minimal impact of the intermediate reaction pathway.  

Glucose is a model compound representing carbohydrates, but that only typically represents 

a proportion (10-15% [45] [36] [11]) of Chlorella vulgaris. Therefore, the impact on the protein 

and lipid proportions of the algae is still unclear. This could be explained by the impact on the 

protein/lipid intermediates being less significant than on the dehydration of furfural. 

Alternatively, interactions between intermediate products of proteins and carbohydrates are 

known to produce N-cyclic compounds that are difficult to gasify, form tar/char and are known 

to be free radical scavengers [36]. Therefore, a possible interpretation is that these reactions 

dominate in the intermediates and are less impacted by the contents of the GW, thus only the 
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gas phase reactions are notable. This could explain the low gas and high tar/char yields. As a 

result, it would then be expected that algal strains with higher carbohydrate content would 

have a greater impact on the carbon distribution, as the impact of the furfural dehydration 

would be more significant.   

Nonetheless, the large disparity in gas composition confirms the significant impact of the GW 

on the results of the SCWG of microalgae. Thus, it is important to consider when performing 

lab-based experiments to best understand the process in a real-life context. Furthermore, this 

analysis was only performed on one growth medium and one microalga, but different algal 

strains prefer different concentrations of ions, pH (Hydroxide ions) and growth period. 

Therefore, the impact of the GW on the reaction would vary. Additionally, the hydroxide ions 

are formed due to the removal of CO2 by the alga hence may vary depending on gas feed 

rate, CO2 % in gas, and growth rate. Therefore, this should be considered when choosing an 

alga and growth conditions for SCWG, as to maximise favourable products mainly hydrogen 

and reduce unwanted products, while minimising additional catalysts required. For example, 

some blue-green alga (cyanobacteria) can be grown at elevated pH [51], which increases 

hydroxide ions, which were outlined to have a significant impact on SCWG. Although the 

impact of the differing compositions of the algal strains [62], and impact on the algal growth 

must also be accounted for when selecting an alga and growth media. 

4.1.4 Conclusion  

The use of algal growth water as the reaction medium has a significant impact on the SCWG 

of glucose and microalgae when no catalyst or Ru/C catalyst are used. Specifically, the CO 

content in the gas is reduced and the CO2 content is increased, due to the catalytic activity of 

potassium, sodium and hydroxide ions present in the media on the water gas shift reaction. 

Hence, when using an alkali catalyst such as KOH, no significant effect is observed when 

using the growth water. Additionally, the growth water catalysed the dehydration of furfural to 

phenol, which resulted in an increased tar/char yield in non-catalytic SCWG of glucose. 

However, in the presence of either catalyst this was not the case. This was due to the activity 
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for the breakdown of phenols by Ru/C and the suppression of the formation of furfural by KOH. 

Consequently, it is important to consider the GW in laboratory experiments to accurately 

represent real systems, especially if no catalyst or heterogenous metal catalysts (such as 

Ru/C) are present. Additionally, this impact should be considered in choice of algal strain and 

growth media, as to maximise desirable products with reduced catalyst requirements. 
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4.2 FURTHER DISCUSSION 

This work clearly outlines that the algal growth water has a significant influence on SCWG, 

when compared with distilled water. Separation of the growth media and use of distilled water 

would result in unnecessary energy losses, thus the application of microalgal SCWG in 

industry would use the growth water as the reaction medium. Consequently, to ensure the 

reaction environment is representative of a real system growth water was utilised as the 

reaction medium in subsequent experimental work. This was either the water remaining after 

growth of Chlorella vulgaris, as outlined in Chapter 3, or a mixture of salts that has an ion 

content and pH comparable that of the growth water.  
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CHAPTER 5: ASSESSMENT OF IRON(III) 

CHLORIDE AS A CATALYST FOR THE 

PRODUCTION OF HYDROGEN FROM THE 

SUPERCRITICAL WATER GASIFICATION OF 

MICROALGAE 

The research within this chapter subsection has been accepted for publication as journal 

article in Next Energy. At the time of submission, the paper is in production so cannot be 

presented in the exact format of the journal. However, for consistency with the published 

material, the content and structure are identical to the published work. 

ABSTRACT 
Alkali metal salts and supported transition metals have been the dominant catalysts used to 

maximise hydrogen production from supercritical water gasification (SCWG). Recently, FeCl3 

has emerged as an alternative to these that has been found to be more effective in some 

cases reported in literature. However, to these authors’ knowledge, few studies exist that study 

this catalyst with none that involve microalgae as the feedstock. Investigation is reported into 

the effect of FeCl3 on the SCWG of Chlorella vulgaris for a range of temperatures (400-600°C) 

and biomass concentrations (1-3wt.%), with comparisons made to other catalysts (KOH, Ru/C 

and their combinations). A significant decrease in hydrogen yield, carbon conversion and 

energy efficiency was observed with the addition of FeCl3, due to a reduced pH which 

supressed the water gas shift reaction and catalysed of char forming reactions. This was in 

contrary to Ru/C and KOH catalysts, where those outcomes increased. Additionally, when 

FeCl3 was used with Ru/C, the ruthenium was poisoned, nullifying its positive effects. 

Consequently, FeCl3 is not a suitable catalyst for hydrogen production from microalgae, either 

alone or in conjunction with a ruthenium catalyst.  



158 
 

5.1 INTRODUCTION 

To limit global warming to 1.5°C above pre-industrial levels, carbon removal technologies are 

expected to be key to which, bioenergy with carbon capture and storage (BECCS) is expected 

to be a major contributor [1]. Consequently, deployment of new bioenergy projects is rapidly 

required. However, biomass production often results in negative environmental and social 

impacts. Large monocultures [2], the use of pesticides [3] and fertilizer run off causing 

eutrophication in waterways [4] are all damaging to biodiversity. Additionally, food prices can 

be impacted by the competition for land and fertilizers [5]. 

Microalgae requires far less land than other biomass sources as it can grow 10 times faster 

than terrestrial plants [6]. Additionally, the use of pesticides or arable land are not required, 

and nutrients used are contained so they do not enter waterways. Despite this, the high-

moisture content of microalgae has an adverse effect on the efficiency of conventional energy 

conversion processes such as thermal gasification or pyrolysis [7]. Therefore, alternative 

methods of extracting the energy and carbon from the algae are required.  

Supercritical water gasification (SCWG) produces a gaseous product consisting of H2, CH4, 

CO, CO2, and short chain hydrocarbons, using water above its critical point (374°C and 

22.1MPa) as the reaction medium. The CO2 can then be captured for storage, leaving a highly 

combustible gas stream, which can be used for a variety of energy applications, making this 

an ideal BECCS process. Additionally, hydrogen, expected to be key resource in 

decarbonising many hard to abate sectors, replacing existing fossil fuels [8], can be separated 

out from this gas stream. 

The use of water makes it appropriate for high moisture feeds such as microalgae and the 

thermophysical properties of supercritical water (SCW) brings other advantages.  The low 

viscosity and density of SCW increases the diffusivity, resulting in increased reaction rates [9]. 

Additionally, the low dielectric constant and weakened hydrogen bonds allow organic 



159 
 

intermediates formed during the reaction to dissolve, reducing recombination to form tars and 

chars [10], which are undesirable as they limit operability and reduce gas yield. 

It is well documented that higher temperatures and lower biomass concentrations are 

preferable for maximising biomass conversion and hydrogen yield in SCWG [11]. However, in 

real systems the increased energy losses [12] and cost of equipment required with extreme 

temperatures can limit the feasibility of the process. Therefore, catalysts are often employed, 

to maximise yields at milder conditions. The catalysts used in literature on the SCWG of 

various biomass feedstocks is shown in Table 5.1 and Table 5.2. A more detailed description 

of how each catalyst performs can be found in a previous literature study by these authors 

[11]. 
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Table 5.1- Heterogenous catalysts used in the supercritical water gasification of biomass. 

Catalyst Supports used Feedstocks used Sources 

Ni • Al2O3 

• SiO2 

• Al2O3- SiO2 

• ZrO2 

• Zeolite 

• Activated 
Carbon 

• Graphene 
Oxide 

• Hydrotalcite 

• No support 

• Chlorella vulgaris 

• Scenedesmus 
quadricauda 

• Spirulina 
platensis 

• Nannochloropsis 
oculata 

• Chlorella sp. 

• Chlorella 
pyrenoidosa 

• Enteromorpha 
intestinalis 

• Glucose 

• Fermentation 
stillage 

• Cellulose 

• Xylan 

• Lignin 

• Bark 

• Oleic Acid 

• Switchgrass 
Biocrude 

• Xylose 

• Valine  

• Sugarcane 
bagasse 

• Fructose 

• Sewage sludge,  

• Sawdust 

• Rice straw 

• Enteromorpha 
prolifera 

[15] [16] 
[17] [18] 
[19] [20] 
[21] [22] 
[23] [24] 
[25] [26] 
[27] [28] 
[20] [15] 
[19] [29] 
[20] [30] 
[31] [32] 
[33] [34] 
[35]   [36]  

Ru • Al2O3 

• ZrO2 

• Zeolite 

• Activated 
carbon 

• TiO2 

• No Support 
 

• Chlorella vulgaris 

• Enteromorpha 
intestinalis 

• Laminaria digitata 

• Laminaria 
hyperborea 

• Saccharina 
latissimi 

• Alaria esculenta 

• Spirulina 
platensis 

• Phaeodactylum 
tricornutumpr 

• Chlorella 
pyrenoidosa 

• Nannochloropsis 
species 

• Schizochytrium 
limacinum 

• Glucose 

• Cellulose 

• Fructose 

• Xylan 

• Pulp 

• Alkali lignin 

• Bark 

• Fermentation 
stillage 

• Xylose 

• Oleic acid 

• switchgrass 
biocrude 

[37] [20] 
[19] [26] 
[38] [23] 
[33] [39] 
[40] [37] 
[41] [37] 
[42] [40] 
[20] [19] 
[26] [43] 
[44] [31] 
[24]  [34]  

Co-Mo • Al2O3 • Chlorella vulgaris [31] 

Pt-Pd • Al2O3 • Chlorella vulgaris [31] 

Co • Graphene oxide  
 

• Chlorella sp 

• Switchgrass Biocrude 

[28] [24] 

Cu • Graphene oxide 

• No support 

• Chlorella sp 

• Methanol 

[28] [45] 

Cr • Graphene oxide • Chlorella sp [28] 

Mn • Graphene oxide • Chlorella sp [28] 

Fe • No support • Banana Stem 

• Lignin  

• Cellulose 

[34] [46] 
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Table 5.2-Homogenous catalysts used in the supercritical water gasification of biomass. 

Catalyst Feedstocks used Source 

KOH • Sawdust 

• Straw 

• Sewage sludge 

• Lignin 

• Glycine 

• Glucose 

• Catechol 

• Fructose 

• Xylose 

• Cellulose 

• Sugarcane bagasse 

• Enteromorpha prolifera 

[29] [47] 
[26] [48] 
[49]   [36] 

NaOH • Chlorella vulgaris 

• Spirulina platensis 

• Saccharina latissimi 

• Fructose 

• Sugarcane bagasse 

[29] [48] 
[16]   [50] 

K2CO3 • Nannochloropsis 
gaditana 

• Acutodesmus 
obliquus 

• Sawdust 

• Straw 

• Sewage sludge 

• Lignin 

• Glycine 

• Glucose 

• Catechol 

• Xylose 

• Sugarcane bagasse 

• Cauliflower residue 

• Acorn 

• Tomato residue 

• Hazelnut shell 

• Glycerol 

• Enteromorpha 
prolifera 

[51] [49] 
[29] [26] 
[31] [52] 
[53] [30] 
[54]   [36] 

Na2CO3 • Nannochloropsis gaditana 

• Leucine 

• Glutamic acid 

• Glycine 

[51] 

KHCO3 • Sugarcane bagasse [29] 

NaHCO3 • Sugarcane bagasse [29] 

Trona  
(Na2CO3·NaHCO3·2H2O) 

• Cauliflower residue 

• Acorn 

• Tomato residue 

• Hazelnut shell 

[52] 

FeCl3 • Humic acid 

• Food waste 

[55] [56] 
[57]   [58] 

AlCl3 • Humic acid 

• Enteromorpha prolifera 

• Guaiacol 

• Alanine 

• Glycerol 

[36] [59] 
[58] 
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Table 5.1 and Table 5.2 show that the majority of the research has been focused on alkali 

metal salts (most commonly KOH, NaOH, K2CO3) as homogenous catalysts or supported 

transition metal catalysts (most commonly nickel or ruthenium). However, a machine learning 

model by Li et al. [58], predicted that a FeCl3 catalyst would produce the highest hydrogen 

yields, surpassing that of nickel, ruthenium, and alkali metal salts. The body of literature for 

FeCl3 and other iron catalysts used in this model is far less extensive than the aforementioned 

catalysts and no research to date considers the SCWG of microalgae specifically. Therefore, 

the reliability of this model at predicting catalyst performance on microalgae is limited, but it 

does suggest that FeCl3 has the potential to be an effective catalyst. It also has a lower cost 

much lower cost associated than ruthenium catalysts (over 10x to that of Ru/C catalysts with 

5wt.% metal loading) and is similar in cost to alkali metal salts [59].  

Gong et al. [53] used FeCl3 to catalyse the SCWG of humic acid. They found that it was more 

effective than alkali salts (K2CO3) and heterogenous metal catalysts (alumina-silica supported 

nickel) at increasing hydrogen yield and the total gas yield. Also, analysis of the chars 

produced suggested an increase in steam reforming and ring opening reactions. A positive 

impact of FeCl3 on hydrogen yield was also observed in the SCWG of Athabasca bitumen or 

food waste [60] [54] and the hydrothermal liquefaction of peat [61].  

In other fields, FeCl3 has been employed as a catalyst due its strong Lewis acidity. These 

include the Aza-Diels–Alder Reaction of dienes and imines [62], hydrothermal carbonisation 

of biomass [63] [64] [65] and amide bond formation [66]. Red mud (38% Fe2O3) increased the 

hydrogen yield in the SCWG of sunflower stalk, corncob and leather waste [67], more 

effectively than Raney nickel, but not the alkali catalyst (K2CO3). Additionally, Fe3O4 was 

successfully used to catalyse the water gas shift reaction, but it was less effective than metal 

catalysts (Ru/C and Pd/ LaCoO3) [68]. 

However, to this authors knowledge FeCl3 has never been applied algal feedstocks, which 

differ greatly in composition to humic acid, bitumen or peat. Moreover, existing work only 

considers batch processes with long reaction times, which are not representative of potential 
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industrial scenario. This paper assesses the effectiveness of FeCl3 as a catalyst for the 

production of hydrogen from the continuous SCWG of microalgae. SCWG of the microalga 

Chlorella vulgaris was performed with and without an FeCl3 catalyst for a range of 

temperatures (400-600°C) and concentrations (1-3wt.%). As previous work found that the 

growth medium can significantly impact the SCWG reaction [69], the reaction media used was 

the algal growth water (GW), obtained after two weeks of growth, to ensure that the 

experiments are as close to a realistic industrial scenario as possible. Comparisons with alkali 

salt (KOH) and transition metal (Ru/C) catalysts were also performed. 

5.2 MATERIALS AND METHODS 

5.2.1 Materials 

The microalga used was Chlorella vulgaris obtained as a spray dried powder from Sevenhills 

Wholefoods. The composition of the microalgae was provided by the supplier and the 

elemental analysis (C, H, N, S) was performed using a CE Instruments EA1110 elemental 

analyser, the remaining weight was assumed to be oxygen content, these are shown in Table 

5.3. 

Table 5.3-Composition of Chlorella vulgaris feedstock. 

Component Composition (wt%) 

Carbohydrates 24.4 

Proteins 64.5 

Lipids 1.8 

Ash 9.3 

C 49.1 

H 6.48 

O 33.92 

 

The algal growth water, used as the reaction medium, was obtained by growing Chlorella 

vulgaris in two parallel 5L stirred tank vessels, with a working volume of 4 L each (8l in total). 

The whole system was sparged with 4 L min-1 of air (~.04% CO2). The reactors were 

constantly illuminated by two panels of white LED lights with a light intensity at the wall of the 

reactors of 25 W m-2. The growth medium used was chu-13, as outlined in Chapter 3, with the 
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pH adjusted to 7.5 using 2M sodium hydroxide. The culture was grown for two weeks, with 

centrifugal separation of algae from the growth medium. The GW was autoclaved at 120 °C 

for 20 minutes, before storing in darkness at room temperature until required. No further 

precipitation of the medium was observed, and the composition of the resulting GW was 

analysed by Inductively Coupled Plasma Spectroscopy (Perkin Elmer Optima 8000 ICP-OES) 

and Ion Chromatography (Thermo Scientific Dionex ICS-200 and Integrion for anion and 

cations respectively). The GW had an average pH of 8.4 ,132mg/l of organic carbon, 200mg/l 

of inorganic carbon and the composition of ions displayed in Table 5.4. The feedstock pH 

becomes 2 and 13.5 when FeCl3 and KOH are used respectively. The feedstock pH is 

unaffected by the Ru/C catalyst.  

Table 5.4-Growth water ion composition. 

Ion 

Average 
Concentration 
(mg/l) 

Standard 
deviation 

Potassium  222 26 

Sulphate  78 6.5 

Sodium  48 5 

Chloride 58 3 

Calcium 25 17 

Magnesium 24 3 

Phosphate  5 0.5 

Iron  1.6 0.2 

Zinc 0.06 0.05 

Molybdate 0.1 0.01 

Copper 0.03 0.001 

Cobalt  0.0029 0.001 

Nitrate 2.57 1 

 

Potassium hydroxide >85% (KOH), Hydrochloric acid 37.5% (HCL) and Iron (III) Chloride 

>98.5% (FeCl3) were obtained from VWR. Ruthenium (5wt.%) catalyst supported on activated 

carbon (Ru/C) was obtained from Sigma-Aldrich. Iron (III) Chloride is an anhydrous powder, 

with a purity >98.5%, which is dissolved I the reaction media before use as a catalyst. Distilled 

water (DW) was produced by double distilling tap water in a Cole-Parmer Aquatron A4000D 

automatic still. Double-lined superliners gas bags were obtained from Sigma-Aldrich. 
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5.2.2 Supercritical Water Gasification Set-up 

The continuous reactor consisted of a 25 m coiled stainless-steel 316l pipe with an internal 

diameter of 3.87mm (nominal ¼”), located within a Carbolite Gero LHT oven (max temperature 

600°C), which was maintained at the desired reaction temperature. The feedstock solution 

was kept suspended using a magnetic stirrer to ensure that heterogenous elements (algae or 

Ru/C catalyst) did not settle and the feedstock was homogenous for the whole experiment. 

The feedstock solution was supplied by 2 Jasco Pu-2086 HPLC pumps, which maintain the 

desired flowrate to achieve a 45 s residence time. The flowrates used were 20.75,16.87, 16.62 

and 15.58 ml/min for 400, 500, 530 and 600 °C respectively. The reactor exit stream passed 

through a shell-and-tube heat exchanger to cool it to ambient temperature, before flowing 

through a back pressure regulator (BPR) to maintain the pressure in the reactor and reduce 

the stream to ambient pressure. The pressure was maintained between 23 and 25MPa. The 

fluid stream was filtered before and after the BPR using 2µm and 0.5µm filters respectively, to 

prevent blockages and solid material entering the liquid product. The filtered stream was 

admitted to a gas/liquid separator. The gas stream can then be either passed through a bubble 

column to measure flowrate or collected in a gas sampling bags for analysis. This is shown in 

Figure 5.1. 

 

Figure 5.1-Experimental set-up. TR, PI and FI are sensors for temperature, pressure and flowrate respectively.  
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Upon feedstock preparation, the correct quantity of microalgae was added to 500 ml of GW, 

along with the correct quantity of catalyst (if added) and shaken vigorously until a homogenous 

mixture was achieved. The solution was kept homogenous using a magnetic stirrer. Initially 

the system was fed with DW until the required reaction conditions have been met. The 

feedstock was then fed into the system until noticeable product is seen in the gas/liquid 

separator. 3 flowrate measurements were taken across the 6 minutes following this, before 

switching to fill the gas bag, until the bag is sufficiently filled. The liquid product is sampled 

regularly throughout. Following the experiment, the reactor is flushed with DW for 30 minutes 

at reaction temperature before being allowed to cool.  

5.2.3 Analysis  

The composition of the gas product is analysed using a Shimazu 2014 Gas chromatography 

with a thermal conductivity detector (GC-TCD) and a 0.35 mm internal diameter, 20 m Shim 

Carbon ST column. In the liquid phase, total organic carbon (TOC) was calculated using 

Spectroquant® TOC Cell test, following a 10-fold dilution with distilled water. Total inorganic 

carbon (TIC) is measured using a Shimadzu TOC-L following overnight extraction of organic 

components using a 4:1 vol: vol ratio of dichloromethane: sample.  The residual carbon, that 

can be used to estimate the quantity of tar/char, is calculated from the following equation, 

where C is the mass of carbon in the designated stream. 

𝐶𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = 𝐶𝐹𝑒𝑒𝑑 − 𝐶𝑇𝑂𝐶 𝑙𝑖𝑞𝑢𝑖𝑑 − 𝐶𝑇𝐼𝐶 𝑙𝑖𝑞𝑢𝑖𝑑 − 𝐶𝐺𝑎𝑠 (1) 

The percentage to which the feedstock is converted to gas in SCWG is often shown as carbon 

gasification efficiency (CGE), however, much of the carbon dioxide produced remains in the 

liquid as inorganic carbon. This is particularly the case with alkaline catalysts such as KOH, 

where the CO2 can react to form carbonates [27]. Therefore, the true conversion of the carbon 

in the feedstock is given by the following equation: 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =
𝐶𝑔𝑎𝑠+(𝐶𝑇𝐼𝐶 𝑙𝑖𝑞𝑢𝑖𝑑 − 𝐶𝑇𝐼𝐶 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘)

𝐶𝐹𝑒𝑒𝑑

(2) 
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Due to the same phenomenon, the CO2 yields include the TIC that remains in the liquid. The 

energy efficiency of the gasification is defined as the energy in the gas stream, compared with 

that in the feedstock, as shown by equation, where ethane was used to represent the C2+ 

compounds. 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑒𝑓𝑓𝑖𝑐𝑒𝑛𝑐𝑦 (%) =
𝑚̇𝐻2𝐻𝐻𝑉𝐻2 + 𝑚̇𝐶𝐻4𝐻𝐻𝑉𝐶𝐻4 + 𝑚̇𝐶𝑂𝐻𝐻𝑉𝐶𝑂 + 𝑚̇𝐶2+𝐻𝐻𝑉𝐶2+

𝑚̇𝑎𝑙𝑔𝑎𝑒𝐻𝐻𝑉𝑎𝑙𝑔𝑎𝑒

(3) 

The FeCl3 is dissolved into the reaction media, so should have a minimal effect on pumping 

power and heat recover, thus the energy efficiency in this work refers to the reaction only. 

5.2.4 Design of Experiments  

To assess the impact of FeCl3 as a catalyst and study interactions with other operating 

conditions, a design of experiments was used, with temperature (400-600°C), biomass 

concentration (1-3wt.%) and catalyst (no catalyst, 1wt.% FeCl3) as the chosen factors. A 

custom design that considers these factors, any interactions and the quadratic nature of the 

continuous variables was chosen. The hydrogen yield, carbon conversion, energy efficiency 

and gas yields (H2, CH4, CO, CO2, C2+) were chosen as response variables. All experimental 

data points were repeated in duplicate. The results are fit to a model using a standard least 

squares method for each of the response variables, with any factors or combination of factors 

removed if they have a p-value <0.05 (deemed insignificant [70]) The logworth was calculated 

to quantify the significance of each factor. Logworth was calculated using the p-value for each 

factor using the following equation: 

𝐿𝑜𝑔𝑤𝑜𝑟𝑡ℎ = −𝑙𝑜𝑔10(𝑝) (4)

To easily demonstrate whether the impact a factor is positive or negative, a directional 

logworth was used. This can be calculated using the following equation. 

𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝐿𝑜𝑔𝑤𝑜𝑟𝑡ℎ = 𝐿𝑜𝑔𝑤𝑜𝑟𝑡ℎ ∗ {
+𝑖𝑚𝑝𝑎𝑐𝑡,  1
−𝑖𝑚𝑝𝑎𝑐𝑡, −1

} (5) 
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The model was then deemed to be suitable if there was no significant difference between the 

error from model and the error between repeats, signified by a lack of fit p-value >0.05. 

Additionally, an R2 term was produced for each model to show the proportion of the response 

that can be attributed to the model. 

Following this, experiments at 500°C, 2wt.% were also completed with either KOH, Ru/C, or 

a combination of the catalysts to compare the impact of FeCl3 to the most common catalysts 

reported in the literature and establish any synergy between the catalysts. It was not possible 

to combine FeCl3 and KOH as the precipitation formed could not be pumped effectively using 

the existing pumps. This data point was chosen as it represents the midpoint of the data. The 

lower temperature (400°C) was not considered as the very low conversion achieved makes it 

an undesirable condition for maximising hydrogen yield. 

5.3 THEORY 

Water gas shift (WGS), methanation and steam reforming are the main gas forming reactions 

in SCWG [71] (equations 6,7 and 8). Decarboxylation reactions, also key gas forming 

reactions, are dominant at milder conditions [29] [13] but are less relevant for hydrogen 

production as they do not contribute to the production of hydrogen or any other fuel gas. Steam 

reforming is desirable as it increases the total conversion of intermediates and produces 

hydrogen. WGS is also desirable as it increases hydrogen and removes the less desirable 

carbon monoxide. Methanation is not desirable for hydrogen production as it removes 

hydrogen and is harder to include BECCS but may be desirable in some contexts as methane 

is still a useful fuel.  

𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2 (6) 

𝐶𝑂 + 3𝐻2 → 𝐶𝐻4 + 𝐻2𝑂 (7𝑎) 

𝐶𝑂2 + 4𝐻2 → 𝐶𝐻4 + 2𝐻2𝑂 (7𝑏) 

𝐶𝑥𝐻𝑦𝑂𝑧 + (𝑥 − 𝑧)𝐻2𝑂 → 𝑥𝐶𝑂 + (
𝑦

2
+ 𝑥 − 𝑧) 𝐻2 (8) 
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Other reactions occur in the liquid phase, which produce a range of intermediates and can 

strongly influence the gas produced. These reactions can include hydrolysis, C-C bond 

scission and decomposition reactions which break down the biomass into small molecules 

that are more readily gasified. It can also include other reactions such as the Maillard reaction 

and polymerisations, which can lead to more stable compounds or tar/char, which leads to 

lower conversion and potential blocking of the reactor [36, 11, 23].     

5.4 RESULTS AND DISCUSSION 

5.4.1 Assessment of FeCl3 

SCWG of Chlorella vulgaris was completed with and without a FeCl3 (1wt.%) catalyst for a 

range of temperatures (400-600°C) and a range of algae concentrations (1-3wt. %). For the 

yield of each of the gases produced (H2, CH4, CO, CO2 and C2+), carbon distribution (carbon 

conversion, total organic carbon and residual carbon) and energy efficiency. The standard 

least squares method was used to fit model to predict how each output variable is affected by 

each factor or any of their interactions. The resulting models are shown in equations 9-16, 

where T= temperature (°C), x= biomass concentration (wt.%) and C= catalysts (1 for FeCl3 ,0 

for no catalyst). The directional; logworth of each factor is displayed in Table 5.5. The results 

are displayed visually in Figure 5.2 and Figure 5.3. The R2 values for all output variables are 

>0.8, indicating an acceptable representation of the data [20]. 
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𝐻2𝑌𝑖𝑒𝑙𝑑(
𝑚𝑔

𝑔
) = 2.1𝑇 − 1.8𝑥 − 0.8𝐶 − 1.7𝑇 × 𝑥

−0.9𝐶 × 𝑇 + 1𝐶 × 𝑥 + 1𝑇 × 𝑥 × 𝐶 + 0.74𝑥2 + 2.09 (9)
 

𝐶𝑎𝑟𝑏𝑜𝑛 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛(%) = 0.13𝑇 − 0.06𝐶 − 0.04𝑇 × 𝑥 + 0.27 (10) 

𝐸𝑛𝑒𝑟𝑔𝑦 𝐸𝑓𝑓𝑖𝑐𝑒𝑛𝑐𝑦(%) = 0.1𝑇 − 0.07𝑥 − −0.07𝑇 × 𝑥

+0.04𝑇2 + 0.11 (11)
 

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝐶𝑎𝑟𝑏𝑜𝑛 (%) = −0.04𝑇 + 0.09𝑥 + 0.1𝐶 − 0.04𝐶 × 𝑥 + 0.04𝑇 × 𝑥 + 0.42 (12) 

𝐶𝐻4𝑌𝑖𝑒𝑙𝑑 (
𝑚𝑔

𝑔
) = 13.8𝑇 − 5.2𝑥 − 6.1𝑇 × 𝑥 + 6.3𝑇2 + 7.82 (13) 

𝐶𝑂 𝑌𝑖𝑒𝑙𝑑 (
𝑚𝑔

𝑔
) = 17.8𝑇 − 7.8𝑥 + 7.8𝐶 + 7.4𝐶 × 𝑇 − 10.4𝐶 × 𝑥 − 9.09𝑇 × 𝑥 × 𝐶 + 28.4 (14) 

𝐶𝑂2 𝑌𝑖𝑒𝑙𝑑(
𝑚𝑔

𝑔
) = 71.7𝑇 − 108.2𝐶 − 60.3𝐶 × 𝑇 + 389.5 (15) 

𝐶2+𝑌𝑖𝑒𝑙𝑑(
𝑚𝑔

𝑔
) = 31.8𝑇 − 17.4𝑥 − 18.3𝑇 × 𝑥 − 5.7𝐶 × 𝑇 + 34.5 (16) 

Where: 

𝑇 =
(𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (℃)−500)

100
,𝑥 = (𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛(𝑤𝑡%) − 2, 𝐶 =

𝐹𝑒𝐶𝑙3→1

𝑁𝑜→−1
 

Table 5.5-Logworth of each factor of the model. T, x, C represent temperature, biomass concentration and 
catalyst respectively. * Represents an interaction between the factors. Black squares indicate when the factor 

was not significant. 

Output 
variable  

Logworth R2 

T x C T*x T*C  C*x T*x*C x2 T2 

H2 Yield  10.7 -7.5 -4.2 -6.5 -3.7 3.9 3.6 1.34 NS 0.94 

Conversion  10 NS -4.7 -1.9 NS NS NS NS 1 0.84 

Energy 
Efficiency  

12.3 -6 NS -5.3 NS NS NS NS 1.3 0.91 

Residual 
carbon  

-1.7 5 7.7 1.4 NS -1.3 NS NS NS 0.81 

CH4 Yield  12.6 -4 NS -4.3 NS NS NS NS 2.2 0.9 

CO2 Yield  4.9 NS -9 NS NS 3.4 NS NS NS 0.82 

C2+ yield  11.6 -5.7 NS -5.4 -1.4 NS NS NS NS 0.9 

CO Yield  5.1 -1.3 2 NS 1.5 -2 -1.6 NS NS 0.8 
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Figure 5.2-Hydrogen yield, Energy efficiency and carbon distribution comparison for FeCl3 as a catalyst. 45s 
residence time, 1-3%wt Chlorella vulgaris, 400-600°C, 1%wt catalyst. The error bars represent 1 standard error 

from the mean. 

 

Figure 5.3-Non-hydrogen gas yields in mg/g of feedstock. 45s residence time, 1-3%wt Chlorella vulgaris, 400-
600°C, 1%wt catalyst. The error bars represent 1 standard error from the mean. 

This shows that while temperature and biomass concentration are the most significant factors, 

the FeCl3 catalyst still has a significantly negative impact on hydrogen yield. There is also a 

significant negative impact of the (temperature*catalyst) interaction and positive impact of the 

(concentration*catalyst) interaction. This suggests that the negative impact is greater at higher 

temperatures and lower biomass concentrations. Figure 5.2 clearly shows this impact as the 

difference between the two plots is greater for 1wt.% biomass and at higher temperatures. 



172 
 

The most extreme effect was observed at 1wt.% and 600°C where a H2 yield was 4.8g mg-1 

with FeCl3 compared with 12.7g mg-1 without a catalyst. Additionally, a significant negative 

impact on CO2 yield and positive impact on CO yield was observed. Similarly to that observed 

with the hydrogen yield, these impacts are more significant at lower biomass concentrations 

and higher temperatures. These effects indicate a suppression of the WGS reaction (equation 

6). 

A potential explanation is the impact of pH on the reaction. The Lewis acid nature of FeCl3 

makes the feedstock a pH of approximately 2 when FeCl3 is used, compared to 8.4 without a 

catalyst. This is significant as the hydroxide ions are known to catalyse the WGS reaction, by 

the formation of formate as an intermediate [52]. A lower pH reduces the availability of OH- 

ions to participate in that reaction, thus reducing the rate at which the CO is converted. During 

the reaction when FeCl3 is present, the pH increases (see Appendix D). However, the increase 

in pH is reduced at higher temperatures and lower biomass concentrations. The pH at 600°C 

and 1wt.% remained at 2.6 after the reaction, whereas at 400°C and 3wt.% it rose to 7, despite 

both starting at 2. This likely to be a result of precipitation of the FeCl3, which is subsequently 

bound the produced char. As more char is favoured at lower temperatures and larger biomass 

concentrations, a greater amount of the FeCl3 is lost in the process. This would explain why 

the impact on the WGS is greater at lower temperatures and larger biomass concentrations.  

FeCl3 also has a significant negative effect on the conversion of feedstock carbon to gas and 

a positive effect on the residual carbon remaining, with the latter showing that the catalyst was 

the most significant factor. Unlike the gas yields mentioned above, the impact of the catalyst 

on these factors had no significant interactions with the temperature or biomass concentration. 

This is also clearly shown in Figure 5.2, indicating that FeCl3 reduces the conversion to gas 

and increases the amount of tar/char produced. From observations during the experiments, a 

noticeable increase in solid material in the filters was observed with the catalyst, suggesting 

that this increase is due to increased char. However, due to equipment limitations, the char 

alone could not be quantified.  
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The Lewis acid nature of FeCl3 is known to increase the rate of polymer crosslinking and 

graphitisation reactions [72], which has resulted in it being a common catalyst in hydrothermal 

carbonisation of biomass [63, 64, 65]. An increase in acid sites of zeolite supports was also 

found to increase char yield on the SCWG of Chlorella pyrenoidosa [23]. Therefore, the Lewis 

acid nature of FeCl3 is a likely source of the increased char in this work. Additionally, iron salts 

are known to enhance graphitisation reaction in oxygen free reactions with biomass, through 

the formation of iron carbide, which can further catalyse further formation of solid carbon [73]. 

It is likely that was also a factor in this work and shows iron itself is also a contributor to char 

production. The char produced is far more stable in SCW than other organic intermediates, 

thus is it postulated to be the main driver behind the reduced carbon conversion shown in this 

work. 

Analysis of the organic liquid phase, shown in Appendix E, shows a clear decrease in both 

aromatic and N-heterocyclic compounds when FeCl3 is present. Both are known to be 

undesirable for gas production in SCWG, favouring the formation of tars or chars [11]. Despite 

these lower concentrations, an increase in char and decrease in gas was observed. This could 

be resulting from the catalysis of polymerisation reaction by FeCl3 removing these compounds 

form the liquid stream and depositing them as char.  

Lewis acids, including iron chloride, has been found to be an effective catalysts in 

polycondensation reactions by easing the nucleophilic attack on alcohol groups [74], this is 

the main mechanism in phenol polymerisation [75] and as it applies to the alcohol group it will 

also be applicable on phenol derivatives such as cresol. Phenolic compounds, such as phenol 

or cresol were the most common aromatic compounds observed in the liquid phase. Similarly, 

metal chlorides were found to the activate polymerisation of pyridines and its derivatives [76]. 

Pyridine and it’s derivates are the most common N-cyclic compound observed in the liquid 

phase. Thus, the catalytic effect of FeCl3 on the polymerisation of these compounds, is 

expected to be a major contributor the negative effect on gas yield and increased char 

observed in this work.  
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Moreover, due to the lower concentrations of aromatics and N-heterocyclic compounds, Le 

Chatelier’s principle dictates that reactions are favoured to produce these intermediates, 

reducing the concentration of other intermediates that are more readily gasified and leading 

to the observed lower gas yield. It is important to note that at supercritical conditions, when 

pressures are near the critical point, that the solubility of inorganic components greatly 

decreases [77], so much of the catalyst will precipitate out of solution. However, the Lewis 

acid nature of FeCl3 is still apparent in solid form [78] and many solid catalysts with Lewis acid 

sites have been used in supercritical water applications before [79, 23]. Therefore, as the 

reactor is designed to keep particles suspended, the effects outlined above are still valid even 

though the catalyst is no longer in solution. However, fouling of the catalyst from the formed 

chars will now be a factor and the catalytic activity will be greatly reduced further along the 

reactor. 

Additionally, there are operability challenges that arise from the use of FeCl3 as a catalyst. 

Increased char formation will also limit the recyclability of the catalyst as precipitated FeCl3, 

which will occur at supercritical conditions [9], will be bound to the char and difficult to separate. 

Also, the presence of cl- ions will increase the corrosion in the subcritical region, which is a 

major issue with SCWG and will increase costs of the process [80].  

The findings reported here are on the contrary to what was observed by Gong et al. [53], Rana 

et al [60] and Yan et al [54], who all found that FeCl3 increased hydrogen yield and carbon 

conversion on the SCWG of humic acid, bitumen and food waste respectively. However, this 

disparity can be explained when looking at differences between these experiments and this 

work. Humic acid and food waste are acidic in nature [81], making the non-catalytic 

experiments acidic, contrary to this work where the feedstock is mildly basic. This makes the 

decrease in pH caused by the FeCl3, less significant.  

Also, Gong et al. [53, 55] suggested that iron chloride such as FeCl3 catalysed ring opening 

reactions, which resulted in the observed increased conversion. Microalgae, mostly consists 

of proteins, lipids and carbohydrates [11]. Hence, while rings are formed as intermediates, the 
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positive impact of increased ring openings will be reduced when compared with a compounds 

like humic acid and bitumen are large molecules with many rings.  Despite this, Gong et al. 

[56, 34], found that other Lewis acid metal chlorides (AlCl3), were still effective at increasing 

the hydrogen yield for the amino acid alanine, glucose the macroalga Enteromorpha prolifera. 

Thus, this is not likely to be the major cause of this disparity.    

The biomass concentration used in existing studies on FeCl3 [53, 60, 55, 56] and other lewis 

acid metal chlorides [55, 56, 34, 57], were all batch experiments. Consequently, they utilised 

a greater biomass concentration (5-35wt.%), catalyst loadings (5-10wt.%) and longer reaction 

times (>30minutes), which are not feasible in continuous system. Such biomass 

concentrations would increase pumping energy and cost due to specialist pumps being 

required [82], while also having an increased plugging risk due to the greater char formation. 

Similarly, such high catalyst loading would have a high plugging risk due to precipitated salts 

and would increase corrosion [82]. Consequently, to these authors’ knowledge no SCWG work 

has used more than 1%wt of a homogenous catalyst in a continuous system. It is these 

difference that can show the disparity shown in performance of Lewis acid catalysts in SCWG. 

 Gong et al. [56] observed that at low concentrations (<2wt.%), minimal impact on hydrogen 

yield was observed with a metal chloride catalyst (AlCl3) in the SCWG of sewage sludge, with 

the hydrogen yield increasing exponentially with catalyst concentration. Also, as discussed 

above, the higher biomass concentration reduces the negative impacts on hydrogen yield. 

Thus, it appears at higher concentrations and catalyst loading, the positive influence of metal 

ions at breaking down the biomass outweighs the negative influence of pH.  

Furthermore, minimal CO is observed at these longer residence times, even without a catalyst 

[55], which was significant in this work. This indicates that the gas phase reactions (WGS and 

methanation) have progressed to near equilibrium. Consequently, the influence of a catalyst 

known to catalyse these reactions is reduced, negating some of the negative impacts of the 

high pH observed in this work.  Therefore, as continuous operation is key to ensure heat 
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recovery and efficient operation [82], FeCl3 is not feasible for enhancing hydrogen yield in the 

SCWG of microalgae in a realistic system. 

Despite the decrease in conversion to gas, the CH4 yield, C2+ yield and energy efficiency are 

not significantly affected by the FeCl3. This indicates that the FeCl3 is increasing the yield of 

short chain alkanes such methane and ethane from the reduced intermediates available. An 

increase in C-O bond cleavage is known to increase alkane formation from intermediates such 

as alcohols, acids, and aldehydes in SWCG [83]. Increased C-O bond cleavage has been 

observed from FeCl3 in hydrothermal carbonisation of biomass [63], thus it is likely that the 

catalyst favoured that pathway in this work also resulting in increased alkane yield for the 

intermediates available.  

Another point of interest is that a high proportion of the feedstock carbon (up to 38%) remained 

as inorganic carbon in the liquid phase, when a catalyst was not used. The quantity of 

inorganic carbon significantly reduced when FeCl3 was used, where in some cases less 

inorganic carbon was measured than in the feedstock. This difference can be explained by 

the lower pH in the FeCl3 examples, as the solubility of inorganic carbon is reduced. This is 

important to outline as, to these authors’ knowledge, other SCWG research has not measured 

TIC. Therefore, incorrect conclusions about conversion and CO2 yield may be formed due to 

the differing TIC values going undetected.  

Figure 5.2 and Figure 5.3 show that the error observed between repeats was greater at 

increased temperatures. Previous work outlined that the impact of algal growth water was 

greater at increased temperatures [69]. This indicates that the reaction is more sensitive to 

changes in media composition at increased temperatures. Therefore, while steps were taken 

to reduce this, slight changes due to batch variation pr run to run contamination, could have 

resulted in this error. This highlights the importance of run randomisation and doing repetitions 

to ensure this error is accounted for. 
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5.4.2 Comparison to Other Catalysts 

To compare how the effect of FeCl3 compares to other catalysts and to see if there are any 

interactions between catalyst types, a series of SCWG experiments were completed at 500°C 

and 2wt.% algal concentration. KOH and Ru/C were chosen to represent alkali metal salt and 

supported transition metal catalysts respectively. As shown in Table 5.1 and Table 5.2, these 

represent the most common homogenous and heterogenous catalysts respectively. The yields 

of each of the gas, energy efficiency and carbon product distribution for no catalyst, each 

catalyst individually, FeCl3 with Ru/C and KOH with Ru/C are displayed in Figure 5.4. 

 

Figure 5.4-Gas Yields, Carbon Product Distribution and Energy Efficiency Comparison for Different Catalysts. 
45s residence time, 2%wt Chlorella vulgaris, 500°C, 1%wt catalyst. Energy efficiency and conversion are 

represented by icons, the remaining factors are represented by bars. The error bars represent 1 standard error 

from the mean. 

For the single catalysts, it is clear that both Ru/C and KOH have positive impacts on carbon 

conversion, energy efficiency, hydrogen yield and reducing the tar/char. Ru/C was the most 

effective increasing the hydrogen yield, conversion, and efficiency from 2.72 to 8.96mg g-1, 

35.5 to 47% and 14 to 25% respectively.  The increased conversion and reduced tar/char 

indicates an increased C-C bond scission, while the high hydrogen yield and significantly 

reduced CO yield suggest an enhancement of the WGS reaction in both cases. These are 

desirable features of a catalyst for hydrogen production from SCWG as they maximise the 

quantity of hydrogen produced, the overall energy produced and minimise char/tar production 
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that significantly affect operability. These are all contrary to that observed in for FeCl3 (Section 

5.3.1), thus the latter is not a suitable catalyst for hydrogen production in SCWG of microalgae. 

Using FeCl3 in conjunction with Ru/C produced results similar to FeCl3, reducing the 

conversion (35.5 to 23%) energy efficiency (14.5 to 11.5%) and increasing the tar/char 

produced (35.5 to 58.5%) when compared to an absence of catalyst. The difference was even 

greater when compared with Ru/C alone. While there was a minor increase in hydrogen yield 

(2.72 to 3.20mg g-1) this indicates that the negative impacts of the FeCl3 outweighs the positive 

effects of Ru/C. Chloride ions are a known poison for ruthenium catalysts [84], as a 

consequence the activity of the Ru/C is greatly reduced by the presence of FeCl3, leading to 

the observed effect of the FeCl3 dominating. On the contrary, when the Ru/C and KOH 

catalysts are used in conjunction, a positive effect was observed. The conversion, hydrogen 

yield, energy efficiency were all increased, compared to the best performing catalyst (Ru/C) 

alone (47 to 53%, 8.96 to 12.5mg g-1, 25 to 33%) with the tar/char reduction (25 to 23%). This 

suggests no negative interactions between the catalysts, unlike when alumina supported 

transition metal (Ni/A2O3) was used along with a hydroxide homogenous catalyst (NaOH) [14], 

where a reaction between the catalyst resulted in lower gas yield than either catalyst alone. 

Therefore, the carbon supported ruthenium catalyst in conjunction with KOH appears to be 

the optimum catalyst option. 

The quantity of inorganic carbon in the liquid phase was also significantly affected by the 

catalysts used. As discussed in section 5.3.1, the low pH caused by FeCl3 reduces the 

inorganic carbon, while KOH had the opposite effect. The latter effect has been attributed to 

the reaction of CO2 with the hydroxide to form carbonates [14]. Due to the heterogeneous 

nature of Ru/C, it does not impact the pH and thus has a negligible impact on the inorganic 

carbon. Due to Le Chatelier's principle, removal of CO2 into carbonate form will move the 

equilibrium of any CO2 forming reactions to the right. This increases steam reforming and 

decarboxylation, which are involved in the breakdown of intermediates into gas, thus 

increasing the carbon conversion. Additionally, this would increase the WGS reaction, 
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increasing the hydrogen yield and reducing CO content in the gas. Therefore, this could 

contribute to the positive effects shown by KOH and the negative effects caused by FeCl3.  

5.4.3 pH Analysis  

In Sections 5.4.1 and 5.4.2, it was suggested that the low pH, caused by FeCl3, was a major 

driver into the undesirable effects observed when it was used as catalyst. This effect was 

attributed to the opposite effect to that of alkaline media, which are widely known to have 

positive effects on the WGS reaction in SCWG [11]. However, SCWG literature is less 

established on the effect of an acidic environment. To confirm this hypothesis, a series of 

experiments were performed at a range of pH (1-13). A temperature of 500°C, algal 

concentration of 1%wt and residence time of 45s was used. To ensure no influence from other 

factors, distilled water was used, with the pH being adjusted by the addition of NaOH or HCL. 
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Figure 5.5-Effect of pH on the Main Output Variables. 1%wt Chlorella vulgaris, 500°C, 45s residence time. 

 

Figure 5.6-Effect of pH on the CO and H2% in gas and inorganic carbon in the liquid. 1%wt Chlorella vulgaris, 
500°C, 45s residence time. 
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Figure 5.6 clearly shows an increase in the Hydrogen concentration in the gas stream and a 

reduction in CO as the pH increases. This clearly shows how the WGS reaction is catalysed 

when the pH is elevated and suppressed when the pH is low, further evidencing the influence 

of pH on the WGS reaction. As outlined in Section 5.4.1, a driver of this phenomena could be 

the concentration of hydroxide ions, which would be greater at a higher pH and reduced at a 

low pH. Hydroxide ions are known to form formate intermediates, which leads to a greater rate 

of the WGS reaction [52]. Additionally, the at higher pH, a greater amount of the carbon 

remains in the liquid phase as inorganic carbonates. As stated in Section 5.4.2, this removes 

CO2 from the reaction, thus favouring CO2 producing reactions such as WGS.  

Figure 5.5 clearly shows that the increasing the pH also increases the carbon conversion and 

reduces the residual carbon, indicating a reduced amount of tar/char. This cannot be directly 

attributed to the impact of the WGS outlined above, as that is a gas phase reaction and would 

not directly impact either char formation or conversion. This suggests acidic environment 

catalyses char forming reactions, regardless of whether this is a Lewis acid (FeCl3) or acids 

that dissociate on solution (HCl). This is established in hydrothermal carbonisation reactions, 

where both FeCl3 [65] [63]and HCL [85] have been used to increase polymerisation in 

hydrothermal conditions.  

Furthermore, the removal of CO2 from the gas stream at elevated pH would also increase 

reactions that convert organic intermediates into CO2, such as steam reforming, will be 

favoured. This will also contribute to the increased carbon conversion. As a result, strongly 

suggests that the reduced pH caused by the FeCl3 is the major contributor to the undesirable 

effects observed in this study. This emphasises the importance of pH in SCWG reactions, that 

should be considered for proposed homogenous catalysts. 
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5.5 CONCLUSION 

In the SCWG of the microalga Chlorella vulgaris FeCl3 is an unsuitable catalyst for hydrogen 

production. The Lewis acid nature of the FeCl3 catalyst catalyses the formation of char and 

reduces the pH of the feedstock, suppressing the WGS reaction. As a result, the total 

conversion of carbon to gas and yield of hydrogen are significantly reduced. Also, chloride 

ions poison ruthenium, so FeCl3 cannot be used in conjunction with ruthenium catalysts. KOH 

and Ru/C both had a positive impact on hydrogen yield, energy efficiency, conversion to gas 

and minimised char formation, with an increased effect when used simultaneously. Therefore, 

a combination of KOH and Ru/C is the preferred catalyst for hydrogen production form algal 

biomass using SCW. Whereas the unsuitability of FeCl3 is further shown by its antagonistic 

effect on the catalytic efficacy of Ru/C. 
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5.7 FURTHER DISCUSSION  

This work clearly shows that FeCl3 is not a suitable catalyst for the SCWG of Chlorella vulgaris 

at the range of conditions used. As the conditions are limited by the available equipment an 
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expansion on these is not feasible in this study. Therefore, Lewis acid catalysts, such as FeCl3 

are not considered in subsequent work. KOH and Ru/C were both found to be effective 

catalysts in this work, with the hydrogen yield and conversion being the greatest when both 

were used to together. This shows that there is no negative reaction between the two catalysts, 

contrary to that observed in Chapter 2 when alumina supports were used along with hydroxide 

catalysts. Therefore, the use of these catalysts will be included along with temperature, 

biomass concentration and the use of oxidant to find the optimum conditions for hydrogen 

production and carbon capture for the SCWG of microalgae.  
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CHAPTER 6: ASSESSMENT OF THE OPTIMAL 

REACTION CONDITIONS AND CATALYST 

COMBINATIONS FOR THE PRODUCTION OF 

CARBON NEGATIVE HYDROGEN FROM THE 

SUPERCRITICAL WATER GASIFICATION OF 

MICROALGAE 

This research within this chapter has been submitted for publication in the Journal of 

Environmental Chemical Engineering after the application of corrections recommended by 

reviewers following an initial submission. For consistency, the content and structure of this 

chapter has been presented as is in the submission.  
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ABSTRACT 

Supercritical water gasification of microalgae offers a solution to hydrogen production that can 

simultaneously capture carbon from the atmosphere as both CO2 and solid biochar, without 

some of the negative environmental impacts of other biomass sources. Investigation into the 

influences of temperature (400-600°C), biomass concentration (1-3wt.%), Oxidant Coefficient 

(0-0.5), heterogenous catalysts (Ru/C) and homogenous catalysts (KOH, 0-1wt.%) was 

carried out by integrating experimental results into a system model in ASPEN plus®. High 

temperatures and ruthenium catalyst were found to be preferable for both experimental and 

whole system approaches at maximising hydrogen yield and efficiency. However, despite 

being favourable in the reaction, low concentrations were not favourable in the integrated 

system, due to differences in heat recovery and pumping power. Similarly, the influence of 

oxidant and KOH showed a more complex influence on the whole system than is currently 

understood in SCWG reactions. As a result, a maximum hydrogen yield of 12.7mg/g was 

achieved, with 38% and 30% of the carbon being captured as gas and solid respectively, at 

600°C, 2wt.% algae, 1wt. % KOH, Ru/C catalyst and a 0.3 oxidant coefficient. 
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6.1 INTRODUCTION 

To limit global warming and forestall the crossing of catastrophic environmental tipping points, 

carbon removal technologies are expected to be key to which, bioenergy with carbon capture 

and storage (BECCS) is expected to be a major contributor [1]. Consequently, deployment of 

new bioenergy projects is rapidly required. However, biomass production often results in 

negative environmental and social impacts. Large monocultures [2], the use of pesticides [3] 

and fertilizer run off, causing eutrophication in waterways [4], are all damaging to biodiversity. 

Additionally, food prices can be impacted by the competition for land and fertilizers [5]. 

Microalgae requires far less land than other biomass sources as it can grow 10 times faster 

than terrestrial plants [6]. Additionally, the use of pesticides or arable land are not required, 

and nutrients used are contained so they do not enter waterways. Despite these advantages, 

the high-moisture content of microalgae has an adverse effect on the efficiency of conventional 

energy conversion processes such as thermal gasification or pyrolysis [7]. Therefore, 

alternative methods of extracting the energy and carbon from the algae are required.  

Supercritical water gasification (SCWG) produces a gaseous product consisting of H2, CH4, 

CO, CO2, and short chain hydrocarbons, using water above its critical point (374°C and 

22.1MPa) as the reaction medium. The CO2 can then be easily captured for storage [8], 

leaving a highly combustible gas stream, which can be used for a variety of energy 

applications, making this an ideal BECCS process. The char formed in the reaction can also 

be utilised in construction materials, to further enhance the carbon sequestered [9]. 

Additionally, hydrogen, expected to be key resource in decarbonising many hard to abate 

sectors, replacing existing fossil fuels [10], can be separated out from this gas stream. 

The use of water makes it appropriate for high moisture feeds such as microalgae and the 

thermophysical properties of supercritical water (SCW) brings other advantages.  The low 

viscosity and density of SCW increases the diffusivity, resulting in increased reaction rates 

[11]. Additionally, the low dielectric constant and weakened hydrogen bonds allow the organic 
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intermediates formed during the reaction to dissolve, thereby reducing their recombination into 

tars and chars [12], which can limit operability and lower gas yield. 

Water gas shift (WGS), methanation and steam reforming are the main gas forming reactions 

in SCWG [13] (equations 1, 2 and 3). Decarboxylation reactions, also key gas forming 

reactions, are dominant at milder conditions [14, 15] but are less relevant for hydrogen 

production as they do not contribute to the production of hydrogen or any other fuel gas. Steam 

reforming is desirable as it increases the total conversion of intermediates and produces 

hydrogen. WGS is also desirable as it increases hydrogen and removes the less desirable 

carbon monoxide. Methanation is not desirable for hydrogen production as it removes 

hydrogen and is harder to include carbon capture but may be desirable in some contexts as 

methane is still a useful fuel.  

𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2 (1) 

𝐶𝑂 + 3𝐻2 → 𝐶𝐻4 + 𝐻2𝑂 (2𝑎) 

𝐶𝑂2 + 4𝐻2 → 𝐶𝐻4 + 2𝐻2𝑂 (2𝑏) 

𝐶𝑥𝐻𝑦𝑂𝑧 + (𝑥 − 𝑧)𝐻2𝑂 → 𝑥𝐶𝑂 + (
𝑦

2
+ 𝑥 − 𝑧) 𝐻2 (3) 

Other reactions occur in the liquid phase, which produce a range of intermediates and can 

strongly influence the gas produced. These reactions can include hydrolysis, C-C bond 

scission and decomposition reactions which break down the biomass into small molecules 

that are more readily gasified. SCWG can also include other reactions such as the Maillard 

reaction and polymerisations, which can lead to more stable compounds or tar/char, which 

leads to lower conversion and potential blocking of the reactor [16, 17, 18].     

A variety of factors can have an influence on a SCWG reaction. Temperature is the most 

influential, with a higher temperature favouring a higher hydrogen yield and conversion of 

biomass to gas [17]. This is attributed to the thermodynamic favourability of endothermic 

reactions that break down biomass and produce gas, such as steam reforming and hydrolysis 
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[19, 20, 21]. Biomass concentration is also a highly influential factor, with a high biomass 

concentration known to reduce the hydrogen yield and conversion while increasing tar/char 

[17]. This is due to the lower concentration of water, which is a key reactant in many reactions 

that break down the biomass and produce gas, such as steam reforming or the WGS reaction 

[22]. Additionally, polymerisation reactions are known to follow 2nd order kinetics, so tar/char 

compounds form far more rapidly at higher concentrations [23].  

Catalysts can be used to enhance the reaction, with two main types of catalysts being utilised 

in SCWG. Heterogenous catalysts, consisting of a support impregnated with a transition metal, 

most commonly ruthenium and nickel [17]. The ability of these catalysts to adsorb hydrogen, 

allows them to catalyse hydrogen containing reactions [24]. These include hydrogenation 

reactions that can help reduce the quantity of some refractory components, as well as 

methanation and WGS reactions. This results in an increase in conversion and hydrogen yield 

in a number of examples in the literature. [25, 26, 27] Homogenous catalysts, consisting of 

alkali salts, such as KOH or NaCO3 are commonly used [17] and are effective at increasing 

hydrogen yield. This is attributed to the catalysis of the WGS by the formation of a formate 

intermediate [24]. Iron chloride was also suggested to be an effective catalyst [28], but 

previous work proved that it was not effective for algae gasification [29]. 

The addition of an oxidant, such as hydrogen peroxide, can also be used to enhance the 

performance of a SCWG system. The oxidant can perform ring opening and depolymerisation 

reactions, breaking down compounds that are often stable in SCWG, such as chars and 

aromatics [30]. As a result, increasing the concentration of oxidant was found to increase the 

conversion of carbon to gas for phenol, naphthalene, sewage sludge and textile wastewaters 

[31, 32, 33, 34] all of which, are known to be difficult to gasify in SCW. However, oxidation of 

the desired products such as hydrogen and methane can occur, which in some cases reduces 

the yield of those gases [31, 33, 34]. In other cases, [35, 32], when a small amount of oxidant 

is added (less than half the stoichiometric quantity for full oxidation), the increase in conversion 

outweighs these negative effects, increasing the yields of hydrogen and methane. As a result, 
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the use of oxidant can be useful for increasing the conversion of the feedstock and potentially 

increasing hydrogen yields. Despite this, to the authors’ knowledge, no study of the effect of 

oxidant on the SCWG of microalgae has been reported to date. 

In a real industrial process the reactor does not exist independently; an integrated system of 

pumps, heat transfer equipment and other processing steps will also be included. As a result, 

the ideal operating conditions may not be the same as those in the reaction alone. A whole 

system model is required to properly optimise the process. For example, Magdelin et al. [36] 

found that a higher biomass loading was required to make their hydrogen production facility 

energetically feasible, when considering a whole process with downstream processing. 

Moreover, these models can be used to test novel configurations [37, 38, 39, 40, 41] and to 

perform techno economic assessments on new processes [42, 43]. However, these often use 

equilibrium models to calculate the reactor outputs. These can differ greatly from real 

experimental work [14, 44], especially at less favourable conditions and cannot assess the 

ability of a catalyst to affect the overall results. Therefore, a model that incorporates real 

experimental data is required. To these authors’ knowledge, such a model is not available in 

the literature for any SCWG process. 

This paper assesses the impact of reaction conditions, catalysts and oxidant on the SCWG of 

microalgae; selecting the optimal conditions for hydrogen production and carbon capture. 

SCWG of the microalga Chlorella vulgaris was performed for a range of temperatures, 

biomass concentrations, catalyst concentrations, catalyst combinations and oxidant 

concentrations to assess the impact of these factors and any interactions. These results were 

incorporated into a full system model, produced on ASPEN plus®, to account for the effects 

of reaction conditions on the other components in a real system. The optimal conditions for 

hydrogen production were selected and comparison made between this system, experimental 

results and equilibrium models. 
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6.2 MATERIALS AND METHODS 

6.2.1 Materials 

The microalga used was Chlorella vulgaris obtained as a spray dried powder from Sevenhills 

Wholefoods. The composition of the microalga was provided by the supplier and the elemental 

analysis (C, H, N, S) was performed using a CE Instruments EA1110 elemental analyser; the 

remaining weight was assumed to be oxygen content, these are shown in Table 6.1. 

Table 6.1-Composition of Chlorella vulgaris feedstock. 

Component  Composition (wt.%) 

Carbohydrates 24.4 

Proteins  64.5 

Lipids  1.8 

Ash 9.3 

C 49.1 

H 6.48 

O 33.92 

N 10.19 

S 0.31 

 

The reaction medium was created to represent that of the algal growth water (GW) that 

remained following a growth cycle, as previous work found GW to have a significant impact 

on the reaction [45]. The composition of which, shown in Table 6.2, was chosen to be 

comparable to that observed after 2 weeks of growth of Chlorella vulgaris in Chu 13 media (as 

outlined in previous work [45]). The algal growth water (without the addition of catalyst) had a 

pH of 8.5, which rose to 13.3 and 13.6 with addition of 0.5 wt.% and 1 wt.% KOH respectively. 

The feedstock pH was unaffected by the Ru/C catalyst. 
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Table 6.2-Growth water ion composition. 

Ion 
Concentration 
(mg/l) 

Potassium  219 

Sulphate  101 

Sodium  43 

Chloride 63 

Calcium 21 

Magnesium 20 

Phosphate  4 

Iron  2 

Nitrate 2.7 

 

Potassium hydroxide >85% (KOH) and hydrogen peroxide (H2O2) 30 wt.% were obtained from 

VWR. Ruthenium (5 wt.%) catalyst supported on activated carbon (Ru/C) was obtained from 

Sigma-Aldrich. Distilled water (DW) was produced by double distilling tap water in a Cole-

Parmer Aquatron A4000D automatic still. Double-lined superliners gas bags were obtained 

from Sigma-Aldrich.  

6.2.2 Supercritical Water Gasification Reactor Set-up 

The continuous plug flow reactor system consisted of 2 preheaters and a main reactor, all 

made with coiled stainless-steel 316l pipes. The oxidant or water preheater had an internal 

diameter of 1.75 mm (nominal ⅛”) and a length of 7.8 m. The preheater for the main feedstock, 

had an internal diameter of 3.87 mm (nominal ¼”) and a length of 6 m. Similarly, the main 

reactor was 19-m long and an internal diameter of 3.87 mm (nominal ¼”).  All preheaters and 

the main reactor were located within a Carbolite Gero LHT oven (max temperature 600°C, 

capacity 220L), which was maintained at the desired reaction temperature.  

The feedstock was split to ensure a consistent residence time unaffected by the heating effects 

of the oxidation reactions before reaching reaction temperature. A feed to oxidant/ water split 

of 3:2 was used for 400°C and 3:1 for all other conditions. The feedstock solution was kept 

suspended using a magnetic stirrer to ensure that heterogenous elements (algae or Ru/C 

catalyst) did not settle and the feedstock was homogenous for the whole experiment. The 
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feedstock solution and water/oxidant stream were each supplied by a Jasco Pu-2086 HPLC 

pump, which maintained the desired flowrate to achieve a 55 s residence time. The total 

flowrates used were 32.95, 19.73 and 15.84 ml/min for 400, 500 and 600°C respectively. 

The reactor exit stream passed through a shell-and-tube heat exchanger to cool it to ambient 

temperature, before flowing through a back pressure regulator (BPR) to maintain the pressure 

in the reactor at 23 – 25 MPa and reduce the exit stream to ambient pressure. The fluid stream 

was filtered before and after the BPR using 2µm and 0.5µm filters respectively, to prevent 

blockages and solid material entering the liquid product before being admitted to a gas/liquid 

separator. The gas stream was either passed through a bubble column to measure flowrate 

or collected in a gas sampling bags for analysis. The reactor set-up is shown in Figure 6.1. 

 

Figure 6.1-Experimental set-up. TR, PI and FI are sensors for temperature, pressure and flowrate respectively.  

Upon feedstock preparation, the correct quantity of microalgae was added to 500 ml of GW, 

along with the correct quantity of catalyst (if added) and shaken vigorously until a homogenous 

mixture was achieved. GW is used as this was found to be more representative a real system 

in previous studies [45]. The concentration of ions in the GW, microalgae and catalyst quoted 

are the feed to the reactor, so the concentrations in the feedstock were adjusted accordingly 

to account for the split flowrate. The solution was kept homogenous using a magnetic stirrer. 

Initially DW was pumped through the system until the required reaction conditions were met. 
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The feedstock was then fed to the system at a given flowrate until noticeable product was 

flowing in the gas/liquid separator. 3 flowrate measurements were taken during the 10 minutes 

following this before switching to fill the gas bag with sample sufficient for gas analysis. The 

liquid product was sampled at regular intervals too. Following the experiment, the reactor was 

flushed with DW for 30 minutes at reaction temperature before flushing for at least 2 further 

hours during cooling, to clean the system of residual organic material and inorganic precipitate. 

6.2.3 Analysis of Experimental Work 

Composition of the gas product was analysed using a Shimazu 2014 Gas chromatography 

with a thermal conductivity detector (GC-TCD) and a 0.35 mm internal diameter, 20 m Shim 

Carbon ST column. In the liquid phase, total organic carbon (TOC) and total inorganic 

carbon (TIC) were measured using a Shimadzu TOC-L, following a 150-fold dilution. The 

residual carbon, that can be used to estimate the quantity of tar/char, was calculated from 

the following equation, where C is the mass of carbon in the designated stream. 

𝐶𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = 𝐶𝐹𝑒𝑒𝑑 − 𝐶𝑇𝑂𝐶 𝑙𝑖𝑞𝑢𝑖𝑑 − 𝐶𝑇𝐼𝐶 𝑙𝑖𝑞𝑢𝑖𝑑 − 𝐶𝐺𝑎𝑠 (4) 

To allow for a reasonable comparison between compositions and other literature, the gas yield 

of each product is calculated as shown in equation 5, where v, x and ρ are the volumetric 

flowrate, volumetric percentage in the product gas and density of the given gas. 

𝑌𝑖𝑒𝑙𝑑 𝑜𝑓 𝐺𝑎𝑠 𝑥 =
𝑣𝑥𝑥𝑥𝜌𝑥

𝑚̇𝑎𝑙𝑔𝑎𝑒

(5) 

The percentage to which the feedstock is converted to gas in SCWG is often shown as 

carbon gasification efficiency (CGE); however, much of the carbon dioxide produced 

remains in the liquid as inorganic carbon (bicarbonate and carbonate ions). This was 

particularly the case with alkaline catalysts such as KOH, having a significant impact on the 

gasification efficiency [29]. Therefore, the true conversion of the carbon in the feedstock is 

given by the following equation: 



207 
 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =
𝐶𝑔𝑎𝑠+𝐶𝑇𝐼𝐶 𝑙𝑖𝑞𝑢𝑖𝑑

𝐶𝐹𝑒𝑒𝑑

(6) 

Due to the same phenomenon, the CO2 yields include the TIC that remains in the liquid. The 

energy efficiency of the gasification is defined as the energy in the gas stream, compared 

with that in the feedstock, as shown by equation 7, where 𝑚̇ is the mass flowrate, HHV is the 

higher heating value, and the subscript denotes compound to which it refers to. The HHV of 

ethane was used to represent the C2+ compounds in this study. 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑒𝑓𝑓𝑖𝑐𝑒𝑛𝑐𝑦 (%) =
𝑚̇𝐻2𝐻𝐻𝑉𝐻2 + 𝑚̇𝐶𝐻4𝐻𝐻𝑉𝐶𝐻4 + 𝑚̇𝐶𝑂𝐻𝐻𝑉𝐶𝑂 + 𝑚̇𝐶2+𝐻𝐻𝑉𝐶2+

𝑚̇𝑎𝑙𝑔𝑎𝑒𝐻𝐻𝑉𝑎𝑙𝑔𝑎𝑒

(7) 

6.2.4 Design of Experiments 

To assess the impact of key factors in SCWG, study their interactions and produce a 

relationship that describes key output variables as a function of these factors, a design of 

experiments was used. Temperature (400 - 600 °C), biomass concentration (1 - 3wt.%), 

Ru/C catalyst (no catalyst, 0.05 wt.%), KOH concentration (0 - 1wt.%) and oxidant coefficient 

(ratio of the concentration of oxidant (H2O2) to that of a stoichiometric oxidation reaction, 0 - 

0.5) as the chosen factors. Pressure was maintained within the range of 22.5 - 25MPa, with 

23 MPa being the target pressure, as it has a minor impact on SCWG [17]. Similarly, as it 

was established to be the highest residence time that produces the highest gas yields [67, 

44, 29], the residence time was kept constant at the highest possible value where the reactor 

remains turbulent for all conditions (55 s). A custom design that considers these factors, any 

interactions and quadratic effects was used. The hydrogen yield, carbon conversion, residual 

carbon and energy efficiency were the main response variables. Other gas yields (CH4, CO, 

CO2, C2+), TOC and TIC were also considered for use in the system model in Section 6.3.2. 

All experimental data points were repeated in at least once.  

The results were fit to a model for each of the response variables. For all but CO yield, a 

linear regression with standard least squares approach was used. For CO yield, the 

distribution of the residuals was not normal, thus a linear regression was not suitable. For 
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this variable, an exponential regression was fit using a backwards elimination method. Any 

factors or interactions were removed if they had an effect p-value <0.05 (deemed 

insignificant). The logworth was calculated to quantify the significance of each factor. 

Logworth was calculated using the p-value for each factor using the following equation: 

𝐿𝑜𝑔𝑤𝑜𝑟𝑡ℎ = −𝑙𝑜𝑔10(𝑝) (8) 

To clearly demonstrate whether the impact a factor is positive or negative, a directional 

logworth was used. This can be calculated using the following equation. 

𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝐿𝑜𝑔𝑤𝑜𝑟𝑡ℎ = 𝐿𝑜𝑔𝑤𝑜𝑟𝑡ℎ ∗ {
+𝑖𝑚𝑝𝑎𝑐𝑡,  1
−𝑖𝑚𝑝𝑎𝑐𝑡, −1

} (9) 

The model was then deemed to be suitable if there was no significant difference between the 

error from model and the error between repeats, signified by a lack of fit p-value >0.05. 

Additionally, an R2 term was produced for each model to show the proportion of the 

response that can be attributed to the model. 

6.2.5 System Model 

To understand how the factors outlined in Section 6.2.4 would impact a real system, a whole 

system model to process 100 tonnes per day of microalgae (dry weight) was constructed in 

ASPEN Plus®. This was chosen to represent a smaller sized industrial biomass energy facility 

[49], a feasible first facility. Two models were produced, the equilibrium model, which utilises 

Gibbs free minimisation to calculate outlet gas composition, which is comparable to literature. 

The other model, the experimental model, which uses the relationships produced in this study 

to predict the gas yields. The schematics for these reactor systems and the process flow 

diagrams from ASPEN Plus® can be found in figures 6.2,6.3 and 6.4,6.5 respectively. 

The equilibrium model utilises a Gibbs free energy minimisation approach, to calculate the 

products of the SCWG reaction (SCWG in Figure 6.4) based in the thermodynamic pathway 

of the elements in the feedstock, using the built in RGIBBS reactor module in ASPEN Plus®. 

To allow this module to work, a yield reactor was also included in the model to split the biomass 
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into its elemental components (COMPONEN in Figure 6.4). This step is purely for calculation 

as the RGIBBS Reactor cannot handle the algal feedstock directly and would not exist in a 

real system. The real system duty would be a sum of these two hypothetical reactors. Due to 

the limitations of the PRSK method with ionic compounds, nitrogen leaves the reactor as 

nitrogen gas, in contrary to ammonium ions observed in real experiments [56]. This was 

accounted for by an additional reactor (N2 in Figure 6.), that converts all the nitrogen gas to 

ammonia.  To estimate char formation, which is not accounted for in equilibrium models, this 

was assumed to be 10% to correlate to the fixed carbon in the biomass [54]. Sulphur content 

was also assumed to become solid, as was commonly observed in the literature [57]. 

In the experimental model, which incorporates the experimental data, the equilibrium reactor 

(SCWG in Figure 6.) is replaced with an RYIELD reactor (REACTOR in Figure 6.). The gas 

yields, char yield, TOC and TIC are defined by the experimental results in Section 6.3 

(equations 14, 18-22, 23-24). The char is assumed to be solid carbon, equal to the residual 

carbon calculated from the experimental work. The TOC is assumed to be 100% phenol and 

TIC assumed to be 100% calcium carbonate. As with the equilibrium model, 100% of the 

sulphur and ash are assumed to leave the reactor as solid. The removal of phenols is important 

to ensure recyclability of nutrients and can be easily achieved with activated carbon filters [58], 

thus it is assumed 100% of the phenol is removed with the solid material in the solid separator 

(SS). It is assumed that 100% of the nitrogen leaves as ammonia. 

In comparison to the equilibrium system, the component reactor (COPONEN in Figure 6.) and 

nitrogen reactor (N2 in Figure 6.) are no longer needed. Also, due to the assumptions made, 

elements in and out of the reactor may not balance, thus an additional stream (BALIN in Figure 

6.) is added to ensure this is the case, which is removed following the reactor (BALANCES in 

Figure 6.). A significant proportion of the CO2 is produced as TIC, so an additional reactor is 

included to react this with HCL (ACIDR in Figure 6.), allowing the CO2 to be captured. Due to 

limitations of the thermodynamic methods available, the solid carbonate could not be included 

in the HPSEP module, thus it was removed with the solid material and recombined in the 
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reactor. In a real system, this carbonate would remain in an aqueous phase. Moreover, in this 

model, an exothermic reaction was observed at all observed conditions, so an additional 

heater (STHEX3 in Figure 6.) was required to capture this energy and feed it to the steam 

turbine.  

For both cases, all components apart from the reactor, were mostly identical. As Figure 6.4 

and 6.5 show, the outlet stream of the reactor is cooled (COOL1 and COOL2), with the heat 

being recovered by the feed (HEX5 and HEX6), before passing into the separation units. Two 

flash separators, at reaction and ambient pressures (HPSEP and LPSEP), separate 

flammable gases and CO2 respectively from the liquid. The flammable gas stream then passes 

through a separator to separate a proportion of the hydrogen from the stream (H2SEP). The 

remaining flammable gases are burned (COMPUST), using air at 1% excess of oxygen, with 

the heat being used to provide the remaining heat for the feed stream (HEXBURN1 and 

HEXBURN2) and if required, the reactor duty (HEXBURN3). The remaining hot, pressured 

gas stream is passed through a combined cycle gas turbine (TURB is the gas turbine and ST 

the steam turbine), to produce electrical power. 
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Figure 6.2-Modelled System for the Supercritical Water Gasification of Microalgae, with a equilibrium reactor. Black solid line is the process flow, red dashed line is heat. 
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Figure 6.3-Modelled System for the Supercritical Water Gasification of Microalgae, with a reactor modelled on experimental data. Black solid line is the process flow, red 

dashed line is heat 
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Figure 6.4-Equilibrium system model ASPEN PLUS® flowsheet. 
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Figure 6.5-System model including experimental data ASPEN PLUS® flowsheet
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The REFPROP method, which utilises the thermodynamic properties in the NIST database [54], was 

utilised when possible due to the greater accuracy compared with predictive models. However, the 

compounds and conditions it can be used for are limited. Consequently, it was only used for the gas 

separation (COOL1, COOL2, HPSEP and SEPV). For the rest of the model, a predictive Soave–

Redlich–Kwong (PSRK) equation of state was used as the property method, due to its greater 

accuracy around the critical point of both water and CO2 [55]. The isentropic efficiencies of 

compressors and turbines were set at 72% and the efficiencies of the pumps were 80% [56]. To 

ensure the process is energetically self-sufficient, the percentage separation of hydrogen from the 

flammable gas stream was selected to ensure the work provided by the two turbines matched that 

of the feed pump and air compressor. Due to the high pressure of the gas stream, 87% of the 

hydrogen can be separated into a high purity gas stream, without further energy input [57]. Thus, 

this was selected as the maximum hydrogen separation.  

Heat losses from the system were assumed to be mostly from the pipelines, assuming a 100 m of 

pipework of 100 mm outside diameter hot pipework, with 20 mm of mineral wool insulation [58]. The 

flowrate and pressure in the steam turbine were optimised for each scenario using the ASPEN Plus® 

optimisation module, with a maximum pressure set at 250 bar [59]. Pressure losses in the system 

were assumed to be negligible. Due to the low concentrations used (<3 wt.%), the effect of biomass 

concentration on the pumping power was not considered. Also, sedimentation can be used to 

concentrate the algae to the concentration used in this study [60], so energy for harvesting was not 

considered. A minimum temperature difference of 10°C was chosen as a higher heating rate is 

preferable for gasification [17]. Investigation into the effect of a recycle in the G/L separator and 

elevated pressure to increase carbon capture was performed as this has been known to increase 

carbon capture [8]. However, the parasitic load of the recycle pump was found to counteract any 

potential capture benefits (shown in Appendix F), so was not considered. 
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The model is assessed based on the hydrogen yield, energy efficiency and carbon capture. The 

hydrogen yield is calculated as outlined in Section 6., using the H2OUT stream as the hydrogen 

produced. The model can produce (or consume) both electrical and thermal energy. However, the 

excess heat produced is not at a sufficient temperature to be used in the reaction or a steam turbine. 

This could be used for other applications, such as district heating or other industrial processes [66], 

but that will depend on the location of the facility. Consequently, the energy efficiency is either 

defined as the energy in the hydrogen and the net-work by all the pumps and turbines  or with both 

electrical and thermal energy as shown in equations 10 and 11. In addition to the carbon dioxide 

stream, the char produced can also be used for carbon storage by incorporation into construction 

materials [9]. Therefore, the carbon capture is done as either gas only or gas and carbon, as shown 

in equations 12 and 13, for which it assumed that 90% of the char can be recovered.  

𝐸𝑛𝑒𝑟𝑔𝑦 𝑒𝑓𝑓𝑖𝑐𝑒𝑛𝑐𝑦 (%) =
𝑚̇𝐻2𝑂𝑈𝑇𝐻𝐻𝑉𝐻2 + ∑ 𝑊

𝑚̇𝐹𝐸𝐸𝐷𝐻𝐻𝑉𝑎𝑙𝑔𝑎𝑒

(10) 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑒𝑓𝑓𝑖𝑐𝑒𝑛𝑐𝑦 𝑖𝑛𝑐𝑙𝑢𝑑𝑖𝑛𝑔 ℎ𝑒𝑎𝑡 (%) =
𝑚̇𝐻2𝑂𝑈𝑇𝐻𝐻𝑉𝐻2 + ∑ 𝑊 + 𝑄𝑆𝑇𝐶

𝑚̇𝐹𝐸𝐸𝐷𝐻𝐻𝑉𝑎𝑙𝑔𝑎𝑒

(11) 

𝐶𝑎𝑟𝑏𝑜𝑛 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 (𝑔𝑎𝑠)(%) =
𝐶𝐶𝑂2𝑂𝑈𝑇

𝐶𝐹𝑒𝑒𝑑

(12) 

𝐶𝑎𝑟𝑏𝑜𝑛 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 (𝑇𝑜𝑡𝑎𝑙)(%) =
𝐶𝐶𝑂2𝑂𝑈𝑇 + 0.9 × 𝐶𝑆𝑂𝐿𝐼𝐷𝑂𝑈𝑇

𝐶𝐹𝑒𝑒𝑑

(13) 

Where W is the work, Q is the heat duty, and the subscripts refer the stream/block in Figure 6.4 or 

Figure 6.5. 
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6.3 RESULTS AND DISCUSSION 

6.3.1 SCWG Experimental Results 

The continuous supercritical water gasification of Chlorella vulgaris was completed to study the 

impacts of reaction conditions (temperature and biomass concentration), catalysts (KOH, Ru/C) and 

use of oxidant. A temperature range 400 – 600 °C, biomass concentration of 1 – 3 wt.%, KOH 

concentration of 0 -1 wt.% and oxidant coefficient of 0 - 0.5 were used. Due to the heterogenous 

nature of the catalyst, Ru/C was considered a categorical variable with two levels (yes/no). To ensure 

the effects of all factors and interactions could be considered and all experiments were repeated at 

least twice to account for anomalous results, a total of 43 experiments were completed. The results 

are shown in Table 6.3.
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Table 6.3-Experimental results for the SCWG of Chlorella vulgaris in a continuous system. Factors studied: Temperature(400-600°C), Biomass concentration (1-3wt.%), 

KOH Concentration (0-1wt.%), Oxidant Coefficient (0-0.5) and Ru/C Catalysts (Yes or no). All data points repeated at least once. 

Experiment 

Factors Response Variables 

Temperature  
(°C) 

 Biomass     
Concentration 

(wt.%) 

KOH  
Concentration  

(wt.%) 
Ru/C  

Oxidant  
Coefficient  

Gas Yields (mg/g) Carbon Balance 

Energy  
Efficiency H2  CH4  CO2  CO  C2+  

Carbon 
Conversion 

Total 
Organic  
Carbon 

Residual  
Carbon 

1 500 2 0 No 0 2.58 9.33 273 47.38 38.18 27% 36% 37% 16% 

2 600 1 0 No 0 10.02 55.52 421 112.12 169.65 70% 23% 7% 68% 

3 500 2 0.5 No 0.25 8.46 11.61 548 2.04 56.83 42% 38% 20% 23% 

4 600 3 0.5 Yes 0.5 4.90 14.14 712 0.85 36.15 48% 14% 38% 16% 

5 600 1 0 Yes 0.25 16.50 53.20 862 1.67 146.22 81% 9% 10% 61% 

6 400 3 0 Yes 0.25 0.70 0.84 340 17.26 9.78 22% 58% 19% 4% 

7 600 3 0.5 No 0.25 4.61 16.69 564 7.89 48.14 43% 9% 48% 20% 

8 500 2 1 No 0 9.29 14.77 310 0.13 74.98 32% 33% 35% 28% 

9 400 3 0 No 0 0.07 0.34 178 5.45 2.65 11% 26% 63% 1% 

10 400 1 0.5 No 0.25 5.92 0.84 403 1.24 30.50 28% 61% 11% 12% 

11 500 2 0 No 0.5 2.99 11.92 350 76.56 47.83 36% 41% 23% 21% 

12 400 1 0 Yes 0 1.31 0.77 212 9.71 6.39 14% 53% 33% 3% 

13 400 3 0.5 Yes 0 1.69 0.58 249 0.05 11.09 16% 33% 51% 4% 

14 600 3 0.5 No 0.25 4.15 14.96 540 4.26 27.54 38% 12% 50% 14% 

15 600 1 1 No 0.5 19.12 49.54 693 0.55 155.29 72% 8% 19% 64% 

16 600 1 1 No 0.5 19.17 56.80 704 0.00 172.14 77% 9% 14% 70% 

17 400 3 1 No 0.5 3.28 0.89 505 0.17 15.25 31% 39% 30% 6% 

18 600 3 0.5 Yes 0.5 4.71 16.54 675 2.05 49.82 49% 14% 37% 20% 

19 500 2 0 No 0 2.28 8.76 278 48.12 38.54 28% 36% 37% 16% 

20 400 1 0.5 No 0.25 5.15 0.66 403 0.22 25.46 27% 48% 26% 10% 

21 600 1 0 No 0 14.35 59.47 595 40.47 174.13 75% 22% 3% 70% 

22 600 3 1 Yes 0.25 5.34 18.57 616 1.79 55.11 47% 8% 45% 22% 

23 600 1 0 Yes 0.25 16.99 59.10 800 2.32 169.58 82% 2% 16% 69% 

24 600 1 0.5 Yes 0 21.53 43.23 741 0.56 189.71 80% 4% 16% 72% 

25 400 3 1 No 0.5 2.74 0.62 510 0.11 16.37 31% 37% 32% 6% 
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26 600 3 1 Yes 0.25 5.57 18.17 642 0.53 39.79 45% 6% 49% 18% 

27 400 1 0.5 Yes 0.5 8.01 4.93 734 0.03 47.86 50% 19% 31% 18% 

28 400 3 0 No 0 0.22 0.49 188 5.86 2.62 12% 26% 62% 1% 

29 400 3 0.5 Yes 0 1.98 0.66 253 0.32 13.87 17% 32% 51% 5% 

30 500 2 1 No 0 9.24 15.44 407 0.40 82.51 39% 34% 27% 30% 

31 400 1 0 Yes 0.25 1.50 0.89 315 31.12 15.27 23% 45% 32% 6% 

32 500 2 0 No 0.5 3.43 10.26 405 86.66 55.40 41% 37% 22% 23% 

33 600 1 0.5 Yes 0 19.69 45.94 616 7.68 176.30 71% 10% 19% 69% 

34 400 1 0.5 Yes 0.5 7.10 4.01 687 0.05 34.06 45% 29% 27% 14% 

35 400 1 0.5 Yes 0.5 7.45 5.05 700 0.13 38.04 46% 31% 22% 16% 

36 600 3 0 Yes 0 5.86 22.06 620 1.76 52.43 47% 16% 37% 23% 

37 600 3 0 Yes 0 4.08 16.50 546 2.68 48.43 41% 17% 41% 19% 

38 400 1 0 Yes 0 1.63 1.27 195 7.76 11.53 14% 51% 35% 5% 

39 400 3 0 Yes 0.25 0.65 0.63 358 18.17 0.00 22% 54% 24% 1% 

40 500 2 0.5 No 0.25 8.32 10.98 443 0.00 71.25 38% 32% 30% 26% 

41 400 3 0 Yes 0.25 0.53 0.63 345 16.25 7.20 22% 52% 26% 3% 

42 400 1 1 Yes 0.25 13.10 3.73 427 0.91 42.39 32% 43% 26% 20% 

43 400 1 1 Yes 0.25 11.61 4.60 349 0.00 41.80 27% 36% 37% 19% 
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A model was produced to represent how each output variable would be impacted by each of the 

factors, and any interactions between the factors. The main output variables are H2 yield, carbon 

conversion, energy efficiency and residual carbon, the other gas yields, TOC and TIC are also 

included as they are used to inform the model in Section 6.3.2. The resulting models are shown in 

equations 14 -23. Due to the complex nature of these results, a variety of visualisation has been 

used to display them. The relative impact of each factor (directional logworth) and accuracy of the 

model fit (R2) can be found in Table . The impact that the interactions between the factors on 

hydrogen yield, efficiency, carbon conversion and residual carbon, are displayed in figures 6.6-6.8. 

These figures show for each output variable how a factor may be influenced by other factors, 

displaying visually what is shown in Table 6.4.  Simplified plots that display the impact of single 

factors, keeping the remaining factors constant, is displayed in the subsequent Sections 6.3.1.1-

6.3.1.3. An experimental data vs model prediction plot can be found in Appendix H.  
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𝐻2𝑌𝑖𝑒𝑙𝑑 (
𝑚𝑔

𝑔
)  = 8.6 + 3.7𝑇 − 4.5𝑥 + 2.8𝐾 + 1.0𝑅 − 2.5𝑇 × 𝑥 − 0.8𝑇 × 𝐾

  −1.9𝐶 × 𝐾 + 0.4𝑇 × 𝑅 − 0.7𝑥 × 𝑅 − 0.8𝐾2 − 0.4𝑂2 (14)
 

𝐶𝑎𝑟𝑏𝑜𝑛 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛(%) = 43 + 18.5𝑇 − 9.3𝑥 + 1.7𝐾 + 4.9𝑂 + 2.9𝑅 − 7.9𝑇 × 𝑥 − 4.3𝑇 × 𝑂

−1.3𝐶 × 𝑂 + 0.144𝑂 × 𝑅 − 0.027𝐾2 (15)
 

𝐸𝑛𝑒𝑟𝑔𝑦 𝐸𝑓𝑓𝑖𝑐𝑒𝑛𝑐𝑦(%) = 25.6 + 18.2𝑇 − 14.3𝑥 + 3.2𝐾 + 1.2𝑅 − 10.6𝑇 × 𝑥 − 1.7𝑥 × 𝐾

−2.2𝑇 × 𝑥 (16)
 

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑐𝑎𝑟𝑏𝑜𝑛 (%) = 31.1 − 1.9𝑇 + 11.8𝑥 + 2.2𝐾 − 3.8𝑂 + 4.6𝑇 × 𝑥 + 4.8𝑇 × 𝑂
 −3.9𝐶 × 𝑂 + 2.4𝐾 × 𝑂 − 6𝑥 × 𝑅 + 2.9𝐾 × 𝑅 (17)

 

𝐶𝐻4𝑌𝑖𝑒𝑙𝑑 (
𝑚𝑔

𝑔
) = 9.6 + 16.6𝑇 − 8.8𝑥 − 8.3𝑇 × 𝑥 − 1.8𝑇 × 𝐾 + 1.5𝑥 × 𝐾 − 1.6𝑥 × 𝑂

−0.84𝑇 × 𝑅 + 0.8𝑥 × 𝑅 + 0.9𝑂 × 𝑅 + 7.1𝑇2 + 2.7𝐾2 (18)
 

𝐶𝑂 𝑌𝑖𝑒𝑙𝑑 (
𝑚𝑔

𝑔
)    = exp (

0.1 + 0.9𝑇 − 2.6𝐾 + 0.6𝑇 × 𝐾 +
0.9𝑥 × 𝑂 − 0.4𝑇 × 𝑅 + 0.8𝐾 × 𝑅 + 𝐾2) (19) 

𝐶2+𝑌𝑖𝑒𝑙𝑑 (
𝑚𝑔

𝑔
) = 63.3 + 45𝑇 − 35.8𝑥 + 8.6𝐾 + 2.7𝑅 − 27.7𝑇 × 𝑥 − 3.5𝑥 × 𝐾

−6.4𝑇 × 𝑥 (20)
 

𝐶𝑂2 𝑌𝑖𝑒𝑙𝑑 (
𝑚𝑔

𝑔
) = 134 + 118𝑇 − 24𝑥 + 60𝑂 + 25𝑅 − 23.7𝑇 × 𝑥

−24𝑥 × 𝐾 −  23.4𝑇 × 𝑂 − 24.6𝑥 × 𝑂 + 20.7𝑇 × 𝑅 − 10.9𝑥 × 𝑅 − 26.8𝐾 × 𝑅
+9.9𝑂 × 𝑅 + 64.7𝑇2 (21) 

 

𝐶𝑂2 𝑌𝑖𝑒𝑙𝑑(𝑖𝑛𝑐 𝑇𝐼𝐶) (
𝑚𝑔

𝑔
) = 519 + 140.1𝑇 − 37.5𝑥 + 23.5𝐾 + 87.4𝑂 + 49.7𝑅 − 28.9𝑇 × 𝑥

−50𝑇 × 𝑂 − 29.5𝑥 × 𝑂 + 26.1𝐾 × 𝑂 + 31.6𝑇 × 𝑅 − 33.8𝐾 × 𝑅 + 28.8𝑂 × 𝑅 − 71.07𝐾2 (22)
 

𝑇𝑂𝐶(%) = 36 − 17𝑇 − 3𝑥 − 4𝐾 − 2𝑅 + 3𝑇 × 𝑥

−3𝑥 × 𝐾 + 6.5𝑥 × 𝑂 + 6𝑥 × 𝑅 − 2.6𝐾 × 𝑅 − 1.4𝑂 × 𝑅 − 2.3𝑂2 (23)
 

𝑇𝐼𝐶(%) = 18 + 𝑇 − 1.5𝑥 + 2.5𝐾 + 0.7𝑅 + 1.4𝑂 − 1.8𝑇 × 𝐾

−0.9𝐶 × 𝑂 + 𝑂 × 𝑅 − 2.5𝐾2 (24)
 

Where: 

𝑇 =
(𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (℃)−500)

100
, 𝑥 = (𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛(𝑤𝑡%) − 2),     
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Table 6.4-Directional logworth of each factor on the carbon conversion, energy efficiency and gas yields. Where: T=temperature, x=biomass concentration, K=KOH 

concentration, O =oxidant coefficient, R is Ru/C catalyst. 

 

 

Output  
variable  

Directional Logworth  R2 

T x K O R T*x T*K T*O T*R x*K C*O x*R K*O K*R O*R T2 x2 K2 O2 
 

H2 Yield  20.2 -22.8 16.1  7.6 -16.1 -3.5  1.8 -
10.2 

 -
3.6 

     -
2.2 

-
2.2 

0.99 

Carbon  
Conversion  

25.1 -16.1 1.7 9.2 5.3 -13.4  -7.6   -1.6    1.2   -
1.6 

 0.98 

Energy  
Efficiency  

28.9 -25.3 5.75  1.8 -20.9  -4.0  -2.0          0.99 

Residual 
carbon  

-1.6 14.6 1.6 -4.6  5.6  5.7   -4.3 -
7.1 

1.7 2.6      0.92 

CH4 Yield  27.3 -18.6    -19.3 -2.9  -1.2 1.7 -2.7 1.1   1.8 8.5  3  0.99 

CO2 Yield 16.8  -2.6 10.6 3.2 -3.1  -3.1 2.6 1.7 -2.8 -
1.0 

 -3.1 1 3.5    0.96 

CO2 Yield 
(inc TIC) 

14.3 -3.4 1.4 10 5.5 -2.2  -5 2.5  -2.4  1.5 -2.3 2.6   -
3.4 

 0.95 

CO Yield 3.2  -27.7    1.74  -1.5  4.2   4.0    2.4  0.96 

C2+ yield 25.8 -22.4 4.9  1.3 -18.7  -3.7  -1.2          0.98 

TOC -20.5 -4.3 -4.9  -2 3.6    -2.1 8.3 8  -2.5 -1.6 -
4.2 

  -
2.6 

0.96 

TIC 2.3 -3.9 6.2 3.5 1.5  -3.5    -1.6    2.3   -
3.2 

 0.86 
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Figure 6.6 - Interaction between factors on the hydrogen yield. When comparing 2 variables, continuous variables are 
kept at their midpoint or off value (500°C, 2wt. % biomass, 0.5wt. % KOH, 0.25 oxidant ratio and no Ru/C catalyst. X axis 

refers to the variable of outlined in that column, the 2 curves refer to two values of the variable in that row. 

 

Figure 6.7 - Interaction between factors on the energy efficiency. When comparing 2 variables, continuous variables are 
kept at their midpoint or off value (500°C, 2wt. % biomass, 0.5wt. % KOH, 0.25 oxidant ratio and no Ru/C catalyst. X axis 

refers to the variable of outlined in that column, the 2 curves refer to two values of the variable in that row. 
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Figure 6.8 -Interaction between factors on the carbon conversion. When comparing 2 variables, continuous variables are 
kept at their midpoint or off value (500°C, 2wt. % biomass, 0.5wt. % KOH, 0.25 oxidant ratio and no Ru/C catalyst. X axis 

refers to the variable of outlined in that column, the 2 curves refer to two values of the variable in that row. 

 

Figure 6.9 - Interaction between factors on the residual carbon. When comparing 2 variables, continuous variables are 
kept at their midpoint or off value (500°C, 2wt. % biomass, 0.5wt. % KOH, 0.25 oxidant ratio and no Ru/C catalyst. X axis 

refers to the variable of outlined in that column, the 2 curves refer to two values of the variable in that row. 
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6.3.1.1 Impact of Reaction Conditions 

 

Figure 6.10 -Impact of temperature and biomass concentration on hydrogen yield, carbon conversion, energy efficiency 
and residual carbon. No catalyst or oxidant. The solid line represents the model output, the shaded area represents the 

95% confidence bounds. 

The temperature and biomass concentration were the most significant factors observed in SCWG of 

Chlorella vulgaris. Temperature was the most significant factor on the hydrogen yield, carbon 

conversion and energy efficiency, having a positive impact on all three response variables. Biomass 

concentration was the 2nd most significant factor for hydrogen yield, carbon conversion and energy 

efficiency, with increased biomass concentration having a negative impact on all three. Also, 

biomass concentration was the most significant factor on residual carbon, having a positive impact. 

Temperature had a significant negative impact on this, but the significance was 9 times lower than 

that of biomass concentration.  

It is favourable to maximise hydrogen production, conversion and efficiency, while trying to minimise 

tar/char production may also be preferable due to decreased plugging effects. Therefore, this shows 

that a higher temperature and lower biomass concentration is preferable to maximise the desirability 

of the process. These all align with previous experimental [14, 62, 53], kinetic [23] and equilibrium 

studies [36, 50, 63, 64, 65] as outlined in Section 6.1. Additionally, this shows that the biomass 

concentration is the main driving force towards the polymerisation reactions that lead to the formation 
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of char/tars in the residual carbon. Polymerisation of aromatic compounds in SCW, a known tar/char 

precursor, is known to be heavily influenced by concentrations [66], due to an increased likelihood 

of contact and recombination. This is likely to be the cause of the effect shown in this study. 

There was also a significant interaction between temperature and biomass concentration, the 

interaction being the 3rd most significant factor on hydrogen yield, carbon conversion, energy 

efficiency and the 2nd most significant factor on residual carbon. The interaction factor was in the 

opposite direction to temperature and the same direction as concentration; thus, the impact of 

temperature was greater at lower biomass concentrations and the impact of concentration was 

greater at higher temperatures. This is evident in the difference in gradients observed in Figure 6.. 

A possible explanation with this could lie with the greater significance of concentration on 

polymerisation reactions. If a greater proportion of the organic carbon is being polymerised with 

higher concentrations, a lower quantity is available to be gasified. Thus, the change due the 

temperature will be reduced as these compounds are known to be more stable in SCW. 
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6.3.1.2 Impact of Catalysts  

 

Figure 6.11-Impact of KOH and Ru/C catalysts on Hydrogen Yield, carbon conversion, energy efficiency and residual 
carbon. 500°C, 2wt%, no oxidant. The solid line represents the model output, the shaded area represents the 95% 

confidence bounds. 

KOH has a significantly positive impact on all of the main output variables especially on the hydrogen 

yield, for which KOH is the most effective factor after the  temperature and biomass concentration. 

This is expected, as KOH is known to a catalyse the WGS reaction [17], converting the CO produced 

into hydrogen and CO2, thus increasing the hydrogen yield. A significant negative interaction with 

both temperature and biomass concentration was also observed, indicating the effect of KOH 

diminished at higher temperatures and biomass concentrations. This can be explained in terms of 

the pH and TIC content in the liquid products following SCWG.  A significantly greater drop in pH 

(displayed in Appendix G) from over 13 in the feedstock to less than 8.5 in the liquid product was 

observed and, as shown in Table 6.4, KOH had a significant positive influence on the percentage of 

the carbon that is present as inorganic carbon in the liquid phase. This is because the KOH is 
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reacting with the CO2 produced to form carbonates [69]. At higher temperature and biomass 

concentrations, more CO2 is being produced, removing the hydroxide from the reaction and reducing 

its relative effects.  

A significant negative quadratic effect was also observed on hydrogen yield, indicating that the rate 

of increase in hydrogen with respect to KOH concentration decreased above 0.5 wt.%. A major 

contributor to this is that, after a certain concentration, the WGS reaction cannot be catalysed any 

further as there is no CO remaining. At the midpoint of the KOH concentration range (0.5 wt.%), 

minimal CO was observed in the gas stream (<2 vol.%), so the WGS has already been catalysed to 

its full extent at this point. Despite this, increasing the concentration of KOH still increased the 

hydrogen yield for the full range of this study. A possible explanation of this could be the reaction of 

the produced CO2 with the KOH, as stated above, removing CO2 from the gas stream. Due to Le 

Chatelier’s principle, this pushes forward any reaction containing CO2 as a product, which includes 

steam reforming and some intermediate decarboxylation reactions, which increases the breakdown 

of intermediates, increasing the overall hydrogen yield. It is this effect and a similar effect due to the 

removal of CO from the gas stream, that could explain how KOH also had a significant positive 

impact on carbon conversion and energy efficiency.  

Ru/C, like KOH, had a significant positive impact on the hydrogen yield, carbon conversion and 

energy efficiency. Therefore, both were effective catalysts for enhancing the SCWG of Chlorella 

vulgaris. Moreover, there was no synergic effects, negative or positive, between these catalysts. 

Consequently, both can be used together without impacting the effects of the other. This is clearly 

shown in figures 6.6-6.8 and 6.11, where the hydrogen yield, carbon conversion and energy 

efficiency are clearly greater with both catalysts than each individually. Thus, simultaneous use of 

both types of catalysts is recommended for SCWG. Although, in a real system, costs consideration 

of using both catalysts, especially Ru/C must also be considered. 

The impact on residual carbon, and thus tar/char production, differs from that of the other output 

variables. KOH has a significant positive impact on residual carbon, indicating that it leads to the 
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polymerisation of intermediates to form tar/chars. This can be attributed to the elevated pH which 

has been known to increase the formation of tar/char through the catalysis of the dehydration of 

furfural to form phenols [45, 24], known precursors to tar/chars [70, 16]. Ruthenium was only found 

to have a significant impact on residual carbon as an interaction with concentration, of which it was 

negative. This indicates that Ru/C reduces the tar/char formation, but this impact is only significant 

at higher concentrations. Thus, Ru/C could be used to help reduce the issue with large char/tar yields 

with more concentrated feedstocks, allowing for a greater throughput of a reactor. However, at these 

higher concentrations, deactivation due to coking would be an issue that must be considered. 

It is also notable there was a significant interaction between the catalysts for this, indicating that the 

increase of char due to KOH was greater when Ru/C was present. This suggests that the production 

precursors to tar/char production catalysed by the KOH catalyst are favoured with Ru/C. As a result, 

consideration of the ideal KOH concentration when using both catalysts may have to consider 

operation issues that may occur as a results of increased residual material. Nonetheless, the 

unwanted impacts on the residual carbon are less significant than the positive impacts observed on 

the yield, efficiency and conversion. Thus, both are still effective catalysts for SCWG of microalgae. 
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6.3.1.3 Impact of Oxidant 

 

Figure 6.12-Impact of oxidant on hydrogen Yield, carbon conversion, energy efficiency and residual carbon. 500°C, 
2wt%, no catalyst. The solid line represents the model output, the shaded area represents the 95% confidence bounds. 

Oxidant had a significant impact on increasing the carbon conversion and reducing the residual 

carbon. This impact was greater than either catalyst, but less significant than the reaction conditions. 

This is expected as the presence of oxidant in SCW is known to react with organic compounds, 

breaking them down to produce carbon dioxide. This is known to occur even with stable compounds 

such as phenol or naphthalene [71]. Additionally, Oxidation releases heat which aids the gasification 

rate as well as biomass conversion [72]. In both cases, this effect was more significant at higher 

biomass concentrations and lower temperatures. This is due to the greater amount of carbon that 

remains either in the liquid as stable organic compounds or has polymerised into larger molecules. 

These can be broken down by the oxidant, thus increasing the difference in conversion and reducing 
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residual carbon. At more favourable conditions, a greater proportion of the organic intermediates 

would have been converted to gas, so the impact of the oxidant would be reduced. 

The impact of the oxidant coefficient on the hydrogen yield was observed to be of a negative 

quadratic nature, with a maximum at 0.2. As a result, increasing the oxidant coefficient initially 

increased the hydrogen yield but started reducing it beyond 0.2. This indicates that at low 

concentrations (oxidant coefficient < 0.2), the breakdown of normally stable organic intermediates 

by the oxidant creates compounds that are more readily gasified, resulting in an increased hydrogen 

yield. However, oxidant will also react with the hydrogen produced, which after a 0.2 oxidant 

coefficient begins to reduce the hydrogen yield. The impact of oxidant on the efficiency is only 

significant in a negative interaction with temperature. Thus, at higher temperatures the use of oxidant 

can reduce the energy efficiency of the process. This is due the greater proportion of energy rich 

gases being produced and a greater conversion. Consequently, the negative impact of oxidising the 

energy rich gases, such as hydrogen and methane, is increased and the positive impact of a higher 

conversion is reduced. 

As a result, oxidant can be useful at increasing the operability by reducing the tars/chars formed and 

removing unwanted organic intermediates. It can also increase hydrogen yield at when smaller 

quantities of oxidant are added (~ 0.2 oxidant coefficient). However, it can reduce energy efficiency 

at higher temperatures, where the positive impacts on conversion are also reduced. As stated in 

Section 6.3.1.1, higher temperatures are preferable for the SCWG of microalgae and lower 

temperatures are unlikely to be used in a real system due to their very low conversions and yields. 

Therefore, it is likely that the positive impacts of oxidant may not be utilised in a real system. 

Although, the elevated losses at higher temperatures and lower biomass concentrations in full 

system may alter this, a full system model is required to assess this (as is addressed in Section 

6.3.2).  
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6.3.2 SCWG System Model Results 

6.3.2.1 Comparison to Equilibrium Values 

To assess how the experimental model differs from an equilibrium model, that are commonly utilised 

in the literature, 2 models were simulated for the range of biomass concentrations and temperatures 

studied in the experimental work in Section 6.3.1 (1 -3 wt.%, 400 – 600 °C), with either an equilibrium 

reactor (Figures 6.2 and 6.4) or using the experimental data (Figures 6.3 and 6.5). The resulting 

hydrogen yield, efficiency and carbon capture is displayed in Figure 6.13 and Figure 6.14, where the 

experimental data is either displayed for no catalyst or at the catalyst combination expected to 

maximise the hydrogen yield (1 wt.% KOH, Ru/C and 0.25 oxidant coefficient).  

Additionally, it was notable that the reactor in the experimental model was exothermic but 

endothermic when utilising the Gibbs free minimisation approach in the equilibrium model. This is 

largely due to the organic proportion that remains in the liquid phase (assumed to be phenol), which 

were not considered in equilibrium models and greater char formation in the experimental work. The 

formation of these products from biomass constituents such as glucose are exothermic [73], so 

counteract the endothermic nature of the gas forming and bond scission reactions.  

This is an important limitation of equilibrium models as, while theoretically the system would reach 

equilibrium at longer reaction times, a reaction time longer than those studied in this work would 

largely be impractical, due to the slow flowrates/large pipework required. Therefore, it is important to 

understand the nature of the reaction at a given condition, to guarantee a reactor is designed 

appropriately (heated or cooled), ensuring safe operation and efficient performance.  
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Figure 6.13- Comparison of the Hydrogen Yield and Energy Efficiency of Equilibrium Model to Experimental model. 
Results displayed are from a system model using a Gibbs free minimisation reactor (blue) and a system model busing 

experimental data as the reactor (red no catalyst, green catalyst) 

 

Figure 6.14- Comparison of the Carbon Capture of Equilibrium Model to Experimental model. Results displayed are from 
a system model using a Gibbs free minimisation reactor (blue) and a system model busing experimental data as the 

reactor (red no catalyst, green catalyst) 
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This data clearly shows a disparity between the equilibrium data and the experimental work. The 

hydrogen yield and efficiency are significantly greater for the equilibrium model than experimental 

work, even when catalytic activity is at a maximum. This is most notable at higher biomass 

concentrations, where at 600°C and 3 wt.% where the hydrogen yield is 72mg/g for the equilibrium 

model and 4.6 or 12.5mg/g for the non-catalytic and catalytic experimental models. This is driven by 

the larger carbon conversion and hydrogen content in the gas achieved in the equilibrium model. 

This is most evident at higher biomass concentrations as polymerisation reactions are more 

significant at these temperatures as the residual carbon was greater than 20%, reaching 63% in 

some cases, of the feedstock carbon when the maximum concentration was utilised.  This is not 

accounted for in the equilibrium reactor, as the residual carbon is assumed to be the fixed carbon 

(10%). 

It is also notable that the equilibrium model resulted in both higher hydrogen yield and efficiency with 

a greater biomass concentration, due to the reduced losses from increased pumping power and 

larger heating requirement for increased water flow. However, this was not the case in experimental 

models, where the hydrogen yield and efficiency peaked at 2 wt.%. This is because the negative 

influence of biomass concentration on these outputs in real experiments is more significant to that 

of equilibrium models. This is a result of the influence of biomass concentration on the kinetics of 

reactions, most notably the reactions that form of organic intermediates and char, which reduce the 

overall efficiency and gas yields. 

The carbon capture achieved also showed a significant variation between the experimental studies 

and equilibrium. The experimental results achieved a much higher char yield than that expected from 

the fixed carbon in the microalgae, due to the influence of polymerisation reactions on char formation 

[29], which were not considered in the equilibrium models. A greater amount of gas carbon capture 

was also achieved in the catalytic experimental model. This is due to the reaction to form carbonate, 

which due to the limit of carbon dioxide solubility in water, allows a greater amount of carbon to be 

captured from the gas stream [74]. These differences emphasise the importance of considering 
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experimental work when analysing SCWG systems and understanding any limitations of 

experimental models.  

For all cases, both equilibrium and experimental, the hydrogen yield and efficiency increase with 

temperature. This shows that in this system, the heat losses and increased specific heat capacity at 

elevated temperatures is negligible in comparison to the increased in gas yields and hydrogen 

selectivity. It was also notable that, even with catalysts, a negative efficiency was observed for 400 

and 500 °C. This indicates that more energy was needed to heat and power the system than was 

produced and thus resulted in no hydrogen being produced. As a result, operation at these conditions 

would not be suitable, so evaluation of the factors in the following Section would only be considered 

at 600 °C. 

6.3.2.2 Consideration of Factors 

The experimental model was operated at 600 °C for a range of biomass concentrations (1 - 3 wt.%), 

KOH concentrations (0 – 1 wt.%), Oxidant coefficients (0 - 0.5) and with or without Ru/C catalyst. To 

analyse the model outcomes, a regression model was fit to the resulting data, with the response 

variables of hydrogen yield, efficiency and carbon capture. The standard least squares method was 

used for the carbon capture, with all variables with a p-value greater than 0.05 being removed. 

However, due to a lack of normally distributed response variables this could not be applied the other 

variables. A backwards elimination approach with Cauchy or gamma output distribution was used 

for efficiency and hydrogen yield respectively. A directional Logworth was produced to assess the 

impact of each factor on this system model and the interaction plot are outlined in Table 6.5 and 

figures 6.15-6.17 respectively. 
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Table 6.5-Directional logworth of each factor on the carbon conversion, energy efficiency and carbon capture of the 
system model based on experimental data. Where: T=temperature, x=biomass concentration, K=KOH concentration, O 

=oxidant coefficient, R is Ru/C catalyst. 

 

 

 Figure 6.15 -Interaction between factors on the hydrogen yield of the system model based on experimental data. When 
comparing 2 variables, continuous variables are kept at their midpoint or off value (500 °C, 2 wt.% biomass, 0.5 wt.% 

KOH, 0.25 oxidant ratio and Ru is on Yes). X axis refers to the variable of outlined in that column, the 2 curves refer to of 
the variable in that row. 

Output 
Variable 

Directional Logworth  
R2 

C K O R C*
K 

C*
O 

C*R K*
O 

K*R O*
R 

C2 K2 O2 C*
O*
R 

 

H2 Yield  14  7 19 -1 -12 6   8 -
46 

5 -11  0.921 

Energy  
Efficiency  

39  15 13 -3 -1   2 10 -
71 

14 -9 3 0.944 

Energy 
Efficiency 
(inc heat) 

-41 16 12 34 -7 -4   -13 22 -
30 

 -22 5 0.954 

Carbon 
Capture 
(gas) 

-
182 

67 194 224 -
75 

-29 -47  -
127 

129 -
23 

 -
114 

 0.997 

Carbon 
Capture 
(Solid) 

337 175 -
232 

-16  -
199 

-
248 

158 179      0.999 

Carbon 
Capture 
(Total) 

296 182 -92 214 -
73 

-
221 

-
238 

143 85 125 -
20 

 -
110 

 0.999 
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Figure 6.16-Interaction between factors on the efficiency of the system model based on experimental data. When 
comparing 2 variables, continuous variables are kept at their midpoint or off value (500 °C, 2 wt.% biomass, 0.5 wt.% 

KOH, 0.25 oxidant ratio and Ru is on Yes). X axis refers to the variable of outlined in that column, the 2 curves refer to 
the two values of the variable in that row. 

 

Figure 6.17-Interaction between factors on the Carbon Capture of the system model based on experimental data. When 
comparing 2 variables, continuous variables are kept at their midpoint or off value (500°C, 2wt.% biomass, 0.5wt.% KOH, 

0.25 oxidant ratio and Ru is on Yes). X axis refers to the variable of outlined in that column, the 2 curves refer to the  
variable in that row. 
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6.3.2.2.1 Biomass Concentration 

 

Figure 6.18-Influence of Biomass Concentration on Hydrogen Yield, Efficiency and Carbon Capture of the System Model 

Using Experimental Data. All data points are for 600°C, Catalyst refers to 1wt.% KOH, Ru/C and 0.25 oxidant coefficient. 

The negative quadratic effect of the biomass concentration was the most significant factor on both 

hydrogen yield and efficiency. There is also an additional positive effect of the biomass 

concentration. As a result, a parabolic curve is clearly shown in Figure 6.18, with a maximum around 

2 wt.% with catalysts and 1.5 wt.% without. This differs from that observed in the experimental work, 

where a lower biomass concentration was preferable for both hydrogen yield and efficiency. The 

disparity is due to the increased water flowrate required at lower concentrations, which increases 

pumping power and heating requirements. However, much of this heat is recovered as lower grade 
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heat at the exit of the steam turbine, so if this is utilised effectively, the overall efficiency is greatest 

at low biomass concentrations. 

The biomass concentration had a strongly significant positive interaction with Ru/C regarding the 

hydrogen yield. Consequently, the resulting hydrogen yield was more sensitive to biomass 

concentration when a Ru/C catalyst was utilised; this can be observed clearly in Figure 5.15 and 

Figure 6.18 by the sharper curve observed when Ru/C was present. As a catalyst is favourable for 

achieving high yields, this makes selection of the optimum biomass concentration more critical. 

Moreover, there was a significant negative interaction with oxidant, indicating that positive impact of 

the higher concentration was reduced when adding a greater amount of oxidant. This interaction was 

not observed in the reaction alone, hence, was function of the effects of the system as a whole. As 

the positive influence of concentration is as a result of a reduction in hydrogen being utilised to heat 

the reaction, which is undermined by the addition of oxidant. This could be explained by the 

difference in enthalpy of reaction. Oxidation of organic compounds, such as intermediates formed in 

the SCWG, is highly exothermic [75], so more oxidant increases the enthalpy of reaction of the 

process. This excess heat is recovered by the steam turbine, thus reducing the amount of hydrogen 

required to heat the process. As a result, those advantages of a more concentrated feedstock are 

reduced. 

The amount of carbon captured increased with the biomass concentration, which was the most 

significant factor, as clearly displayed in Figure 6.16. This was driven by the increased char 

formation, which, as outlined in Section 6.3.1.1, was significantly dependent on the biomass 

concentration. Notably the biomass concentration decreased the carbon captured in the gas, 

attributed to lower gas yield and limited CO2 solubility due to the lower water flowrates at higher 

concentration. However, this is less significant than the influence on the solid carbon, resulting in an 

overall increase in the carbon captured. Moreover, there was significant negative interactions with 

Ru/C and oxidant system, which reduced the influence of concentration, on the carbon capture. Both 
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are known to break down char and char precursors, which, in Section 6.3.1, was found to reduce the 

influence of concentration of the char formation. 

6.3.2.2.2 Impact of Catalysts 

 

Figure 6.19 -Influence of Catalysts on Hydrogen Yield, Efficiency and Carbon Capture of the System Model Using 
Experimental Data. All data points are for 600°C and 0 oxidant. 

Ru/C had a strong positive impact on both hydrogen yield and efficiency, the most significant after 

concentration in both cases, including when the low-grade heat recovery was included. This 

corresponds to the increased gas yields and carbon conversion observed in the experimental results. 

Therefore, it is still favourable to use Ru/C catalysts when the whole system is considered. Ru/C has 

a significant positive interaction with oxidant coefficient, indicating that when oxidant was used, the 

Ru/C catalyst had a bigger effect on hydrogen yield and efficiency. A similar impact was observed 

on the carbon conversion and methane formation, suggesting that the intermediates more readily 

formed in the presence of oxidant, are precursors to methane formation. Higher methane yield 

reduces the requirement for hydrogen to be burned in this system, so influences both efficiency and 

hydrogen yield. 

Despite having significant positive impacts on the hydrogen yield, efficiency and carbon conversion, 

only a positive quadratic term and some interactions were significant for KOH in the model. As a 

result, higher hydrogen yields and efficiencies were observed at low and high KOH concentration, 
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with a lower value at the midpoints. An influence on this effect could be the reduction of CO and 

methane yields at high temperatures, observed in the experimental work, which were burned to 

provide heat for the input stream.  Consequently, a greater proportion of the hydrogen was required 

to be burned to meet the heating requirements. At low KOH concentrations, the increased conversion 

was not significant enough to overcome this difference but as the KOH concentration increased, this 

dominates causing an increase in yield and efficiency.  

Ru/C has positive impact on the gaseous carbon captured but reduces the solid carbon, especially 

at higher biomass concentrations as there is a strong negative interaction between concentration 

and Ru. Consequently, at low concentrations, where the majority of the captured carbon was 

gaseous, ruthenium had a positive impact on captured carbon but at higher concentrations the 

opposite was observed. Therefore, the effectiveness of Ru in increasing captured carbon depends 

on the concentration utilised and whether solid or gaseous carbon is preferable for a given scenario. 

When Ru/C was not present, KOH increased the carbon capture in the gas phase. This is due to 

increased carbonate formation, which remains in the liquid phase and is subsequently reacted with 

acid to convert back into gaseous form. Therefore, as the gaseous carbon that is capture is limited 

by solubility, this is increases the amount of the carbon that can be captured from the gas stream. 

However, this impact was negated when Ru/C was present, due to the negative interaction between 

the two on the reaction CO2 yield shown in Table . This could be due to catalytic effect of Ru on CO2 

methanation, which is enhanced when KOH is present due to the higher H2 and CO2 concentrations. 

Overall, the KOH did increase the carbon capture, due to an increase in solid carbon. However, this 

increase could be as a result of tar formation, which is known to be catalysed by hydroxide catalysts 

[45] and is far more difficult to recover and utilise than char. Therefore, the solid carbon recovery 

may be lower than predicted and the effect of KOH on it is reduced.  
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6.3.2.2.3 Oxidant 

 

Figure 6.20 Influence of Oxidant Coefficient on Hydrogen Yield, Efficiency and Carbon Capture of the System Model 
Using Experimental Data. All data points are for 600 °C, Catalyst refers to 1 wt.% KOH, Ru/C and 0.25 oxidant 

coefficient. 

A significant positive impact and negative quadratic impact of the oxidant coefficient is observed on 

the hydrogen yield and energy efficiency, with or without the heat recovery. This shows that the 

oxidant can increase the yield and efficiency up to a maximum point above which, the reduction of 

hydrogen yield in the reaction becomes more significant. This is shown by the concave parabolic 

curves in Figure 6.20.  This differs from the experimental results, where only the quadratic term was 

significant (see Table 4), showing that in the model a greater quantity of oxidant is preferred than in 

reaction alone. This can be attributed to the greater conversion observed, as outlined in Section 

6.3.2.2.1, a greater exothermic nature of the reaction. A greater conversion increases the quantity 

of other flammable gases, such as methane or CO, reducing the amount of hydrogen utilised to heat 

the process. Similarly, a greater heat of reaction is not captured in the experimental work directly but 

increase the power in the steam turbine, reducing the hydrogen burned. 

Additionally, there was a significant interaction with Ru/C and concentration, positive and negative 

respectively. Therefore, the impact of the oxidant is more significant when Ru/C is present and that 

higher oxidant coefficients are preferable. As outlined in Section 6.3.2.2.2, Ru/C is preferable for 

high yields and efficiency, so a higher oxidant coefficient is likely to be preferable. The effect of 
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interaction of oxidant coefficient and concentration on efficiency is dependent on the catalyst used. 

If Ru/C is used, then there is a negative interaction, making a higher oxidant concentration preferable 

at lower concentrations. The opposite effect is observed without Ru/C catalyst. The reaction itself 

had no interaction between oxidation and any other factor considered here, emphasising the 

difference that can occur in a full system and the importance of system models to determine this. 

The oxidant coefficient increases the carbon capture in the gaseous phase and decreases the 

carbon capture in the solid phase. This is achieved to a greater extent at lower biomass 

concentrations and in the presence of Ru/C catalyst. This is because of the oxidation of intermediate 

products into CO2 that results in higher gas yield and lower char formation, as outlined in section 

6.3.1.3. Consequently, oxidant increases carbon capture at lower concentrations where gaseous 

carbon dominates the carbon capture but reduces it at elevated concentration. 

6.3.2.2.4 Optimal conditions 

To assess the optimal conditions, the experimental system model was run at the optimal conditions 

for a range of criteria. These include optimal reaction conditions for hydrogen yield or efficiency and 

the optimal conditions for the model to maximise hydrogen yield, efficiency and carbon capture. 

These are displayed in Table 6.6.
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Table 6.6- System model results for a series of optimisation criteria. All results were performed at 600 °C. 

Optimisation 
criteria  

Inputs Outputs 

Concentration 
(wt.%) 

KOH 
Concentration 
(wt.%) 

Ru/C  Oxidant 
coefficient 

H2 
Yield 
(mg/g) 

Efficiency  Efficiency 
(inc. heat) 

Carbon 
Capture 
(gas) 

Carbon 
Capture 
(Solid) 

Carbon 
Capture 
(Total) 

Reaction  
H2 Yield 

1 1 Yes 0.2 0 -4% 49% 40% 21% 62% 

Model  
H2 Yield 

2 1 Yes 0.3 12.7 9% 49% 38% 30%  68% 

Reaction 
Efficiency  

1 1 Yes 0 0 -6% 39% 32% 19% 51% 

Model 
Efficiency  

3 0 No 0.5 2.9 10% 42% 23% 34% 57% 

Model 
Efficiency  
(inc. heat ) 

1.2 1 Yes 0.37 0.99 1% 53% 44% 25% 68% 

Carbon 
Capture 

3 0 no 0 2.87 3% 30% 26% 56% 82% 

Carbon 
Capture 
 (gas) 

1 1 Yes 0.5 0 -3% 51% 46% 17% 63% 
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This data shows clearly how the optimal conditions for the reaction differ from that of the whole 

system. The optimal reaction conditions for hydrogen yield gave a yield of 0 in the system model. 

Similarly, the optimal reaction conditions for energy efficiency produced a -6% efficiency without 

including heat and just a 39% efficiency when the low-grade heat is included, significantly lower than 

the highest efficiencies of 10% and 53% respectively. This is driven by the increased energy required 

for pumping of the fluid and thermal energy required to heat a greater flow of water, which outweighs 

and reaction benefits at these conditions, due to the low biomass concentration used. This 

emphasises the importance of considering a whole system when optimising SCWG reactions. 

The optimal conditions for hydrogen yield (2 wt.%, 600 °C, Ru/C, 1 wt.% KOH and 0.3 oxidant 

coefficient) also produced a high efficiency, 1% and 4% off the maximum achieved values for without 

and with heat recovery respectively. It also produced a high carbon capture of 68%, of which more 

than half is in the gas phase.  This is an ideal solution to the aims of this work as, it maximises 

hydrogen yield but also produces a significant amount of gaseous and solid carbon, thus allowing 

carbon to be captured by either storage or incorporation into materials, depending on the availability 

at the given location. This is not the case when process optimisation is based on the efficiency, 

where the hydrogen yield was greatly reduced. This is due to a greater quantity of other flammable 

gases (CH4, CO, C2+) which produced a greater quantity of electricity, which may be more desirable 

in some cases but doesn’t favour hydrogen production as is the focus of this study.  

Optimisation based upon carbon capture differs greatly depending on whether the required carbon 

is in gaseous form or solid carbon is considered. When gaseous carbon only is considered, a 

negative efficiency is observed, meaning electrical power is required to achieve this. This seems 

unfeasible as a solution to simply produce more CO2, given a self-sufficient process is easily feasible. 

When solid carbon is also considered, 82% of the feedstock carbon can be theoretically captured, 

the majority of which is in solid form. In this scenario, some hydrogen yield is also achieved, and the 

process is self-sufficient. In a scenario, where biochar becomes a product of significance in a 

particular area, for example a local cement plant requires significant amounts of biochar to reduce 
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their overall emissions [72], then then these conditions (3wt.%, 600°C, no catalyst, no oxidant) could 

be suitable. However, the impact on operability of the increased char formation must be considered 

for this be suitable.  

6.4 CONCLUSION  

Incorporating experimental results into a whole system model, high temperatures and use of Ru/C 

catalyst was found to enhance hydrogen yield and efficiency, as was observed in the reaction alone. 

However, low biomass concentrations (1wt.%) were found to not be preferable, and KOH was only 

preferable at 0 and 1 wt.%. This differs greatly from the experimental work, due to the greater water 

flow which increased the pumping and heating required, or the influence of the catalyst on other 

gaseous products such as methane. Additionally, oxidant was found to be preferable for the 

efficiency of the system and at small quantities (oxidant coefficient <0.3), the hydrogen yield in the 

system increased. A greater amount of oxidant was preferable in the system than the reaction alone, 

due to the positive impact on the enthalpy of reaction, which would be recovered through the steam 

turbine. This also showed that up to 82% of the feed carbon could be captured as either carbon 

dioxide or solid char, while still remaining energetically self-sufficient. Overall, this work showed the 

importance of combining both experimental work and system models, showing the feasibility of a 

carbon negative hydrogen production from the supercritical water gasification of microalgae.   
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CHAPTER 7: CONCLUSIONS AND 

RECOMMENDATIONS FOR FURTHER WORK 

The overall aim of this research was to maximise the hydrogen produced from the SCWG, while 

ensuring significant carbon capture. This was achieved by considering a range of factors, which are 

known to influence SCWG, as is outlined in Chapter 2. A full range of reaction conditions were 

considered, within the limits of the available equipment (400 - 600°C and 0.7 - 3wt.% biomass). 

Additionally, the main three catalyst types studied in the literature and the influence of oxidant 

concentration (H2O2) were considered. These include alkali metal salts (KOH), transition metals 

(Ru/C) and Lewis acid metal chlorides (FeCl3). Moreover, the use of growth water as the reaction 

medium ensured a realistic reaction environment and the whole system modelling ensured parasitic 

losses were considered.  

This study found an optimal hydrogen yield of 12.7mg/g of microalgae at 600°C, 2wt.% algae, 1wt.% 

KOH, the presence of a Ru/C catalyst and oxidant coefficient of 0.3. At these conditions, 38% and 

30% of the feedstock carbon were captured as CO2 and char respectively, which represents 83% of 

the maximum recoverable carbon under the range of conditions studied. Thus, successfully 

maximising the hydrogen yield while ensuring significant carbon capture was achieved.  

To achieve this, the objectives outlined in Chapter 1 were fully met. Details of this and any 

suggestions for further work are outlined as follows: 

1. Set-up appropriate experimental apparatus and procedures. 

A continuous SCWG reactor rig was designed, constructed and successfully operated for the entirety 

of the experimental program of this work. The reactor was designed to have the maximum length 

possible, ensuring longer residence times (>30s) could be reached, with other features included to 

ensure operability. These include flowrate selection to maintain turbulence preventing plugging in 

the reactor and parallel filters to allow for continuous operation in the event of filter blockage. 
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Following the discovery of a significant influence of the algal growth water on the SCWG reaction in 

Chapter 4, GW was used as the reaction medium in subsequent chapters to better represent an 

industrial system. Moreover, experimental procedures were developed to clean the reactor of 

residual organic and inorganic material between experiments, minimising their interference on the 

subsequent experiments.  

Additionally, an experimental apparatus to grow Chlorella vulgaris was designed, tested and 

operated for 56 weeks. This included development of appropriate methods for monitoring growth 

and characterising of the carbohydrate, protein and lipid content of the resulting biomass. This 

provided feedstock for the results in Chapter 4 and the growth water used as a reaction medium in 

Chapters 4 and 5. However, due to the required quantity of biomass, the grown microalgae was 

insufficient for all investigations, hence Chlorella vulgaris powder was purchased could not be used 

for subsequent works.  

In future work, the reactor design could be adjusted to increase the scope of the study.  Chapter 6 

showed that the hydrogen yield increased with temperature for the entire range studied. Therefore, 

capabilities of achieving temperatures above 600°C would be preferable to see the extent of this 

trend. Moreover, the experimental model in Chapter 6 predicted that the reaction is exothermic but 

due to the isothermal nature of this reactor, the extent of this could not be measured. Introducing 

this capability would increase the reliability of energy calculations in future work. Due to the 

limitations of algal growth capabilities in this study, the influence of varying outlet GW concentrations 

and pH on the growth of microalgae could not be studied. Further work looking into potential 

synergistic impacts on algal growth and the resulting GW of alterations to the initial growth media 

could help optimise the growth period and reduce the catalytic requirement in the SCWG reaction.  
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2. Investigate new and existing catalyst combinations. 

The literature review, conducted in Chapter 2, observed that alkali metal salts were common 

homogeneous catalysts and transition metals were common heterogenous catalysts in SCWG. 

Lewis acid metal chlorides were also known to be effective, with FeCl3 being predicted to the most 

effective catalyst in a screening of potential SCWG catalysts. However, little research has been done 

on these catalysts and no research to date has looked at microalgae SCWG in a continuous system. 

Analysis of FeCl3 as a catalyst for SCWG of Chlorella vulgaris found that it reduced the hydrogen 

yield, carbon converted to gas and the energy efficiency. These effects were attributed to the 

reduction in pH, which suppressed the WGS reaction and catalysed polymerisation reactions 

increasing char formation, outweighing any potential benefits observed in other work. This was more 

significant at the lower biomass concentrations, catalyst loadings and reaction times in this study 

than those observed in the literature. Analysis of alkali metal salts (KOH) and transition metals (Ru/C) 

found that they were both effective catalysts at increasing hydrogen yield, with the highest yield being 

observed when both were used together. Consequently, these two catalysts were selected for a 

more in-depth analysis in Chapter 6. 

In this study, recovery and deactivation of the catalysts were not considered. This is important to 

help limit costs of the SCWG, so further work should consider this element of catalyst selection and 

operation. This is particularly important with ruthenium catalysts, due to their high costs and scarcity. 

This work showed that alkali catalysts, while very effective at increasing the WGS reaction and 

hydrogen yield, also increased tar formation which is problematic for operability. Further work 

investigating the use of two stage catalyst systems would be of interest as alkali could be added later 

into the process, focusing the catalytic activity on the gaseous products. 
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3. Investigate the influence of different factors on the SCWG reaction. 

Analysis of the impact of reaction conditions showed a significantly higher conversion, efficiency and 

hydrogen yield at high temperatures and low biomass concentrations. Additionally, the use of a Ru/C  

and KOH catalysts were found to be effective at increasing those factors.  These findings align 

closely with the consensus in the literature. Notable advancements on the literature lie with the study 

of interactions between these factors and the influence of oxidant.  

Oxidant was effective at increasing the breakdown of refractory intermediates, increasing the 

conversion and, at oxidant coefficients <0.2, increasing hydrogen yield. Increasing the oxidant further 

oxidised gaseous products like hydrogen and methane, reducing hydrogen yield and energy 

efficiency. Interaction between temperature and biomass concentration meant the influence of the 

other operating conditions on hydrogen yield, energy efficiency and conversion, was more significant 

at higher temperatures and lower biomass concentrations. Significant interactions were also found 

between these operating conditions, the catalyst and oxidant. These interactions are important to 

include when selecting the optimal conditions for hydrogen production. However, no interaction was 

found for these output variables between the two catalysts, allowing them to be used in tandem with 

no adverse effects. 

This work offered a comprehensive study of reaction conditions, catalysts and oxidant, the majority 

of which, were used to the full range of operability of a real system. An exception being the 

temperature, which was limited by the oven and pipework available. Process streams above 600°C 

are common in many industries, so a greater temperature could be feasible. As this work found that 

a greater temperature increased hydrogen yield for the full range studied, it would be desirable to 

study the full extent of this effect. Thus, future work should consider temperatures above 600°C. 

Additionally, the heterogenous catalyst was delivered as a suspension in the feedstock. This was 

required due to special limitations of the heating system and is suitable for assessing the influence 

of a catalyst. However, it is not a desirable method in an industrial process due to difficulty recovering 

the catalyst. Further work should apply heterogeneous catalysts in fixed or fluidised bed systems.  
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4. Study the influence of different factors on the SCWG System. 

Two system models were produced in ASPEN plus®, one using a theoretical equilibrium reactor and 

one reactor using experimental data. These showed a clear disparity, emphasising the importance 

of using experimental data. The study also showed that hydrogen yield and efficiency was greater 

at higher temperatures and ≤500°C energy self-sufficiency was not possible. Due to variations in 

reaction enthalpy, heating requirements, pumping power and influence of the separation process, 

the whole system produced some noticeable differences from the reactor alone. 

Low biomass concentrations, despite being preferred in the reaction, were detrimental to hydrogen 

yield and efficiency. Consequently, a parabolic relationship was observed for these output variables, 

with 2wt.% being the favourable concentration. KOH concentration was also parabolic in its influence 

with lower and higher KOH concentrations being preferable. Ru/C and oxidant had similar 

relationships to the reaction alone, although a higher oxidant concentration was preferable in the 

whole system than the reaction alone. Carbon capture was maximised at high biomass 

concentrations and without any catalyst or oxidant. However, at these conditions the hydrogen yield 

is significantly lower than can be achieved and 70% is in the form of char. Therefore, these would 

only be favourable if the biochar was the desired product, rather than hydrogen as in this study. 

Higher temperatures, use of catalysts and oxidant were all found to be preferable conditions for 

producing carbon negative hydrogen from the SCWG of microalgae. However, high temperatures 

increase the costs of reactor materials and shorten equipment lifetimes. Addition of new materials 

(catalysts and oxidant) will also increase costs, particularly with ruthenium catalysts which are 

expensive. Therefore, an economic study on the findings of this work would be of interest. Such work 

should analyse how factors such as temperature and catalysts effect costs, finding an economic 

optimum and comparing it to the optimum found in this study. Inclusion of a life cycle assessment to 

study how the environmental impact varies with these factors would also be of interest. A comparison 

could then be performed between this process and other hydrogen production methodologies in 

terms of economic, environmental and resource depletion impacts.
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APPENDICES 

A- OPTICAL DENSITY AND CONCENTRATION RELATIONSHIP 

 

Calibration curve for determining the relationship between optical density and concentration of Chlorella vulgaris 

suspension. 

B- LIPID MEASUREMENT VERIFICATION 

 Verification of lipid measurement method. A model compound containing 0.05g of cellulose, 0.05g of protein(peptone) 
and a known quantity of lipid (rapeseed oil) was tested. 

Sample 
Mass of oil added 

(g) 
Lipid % 

Measured oil 
(g) 

error 
(%) 

1 0.0178 15% 0.0185 4% 

2 0.0206 17% 0.0223 8% 

3 0.0769 43% 0.0775 1% 

4 0.0798 44% 0.0756 -5% 

5 0.0209 17% 0.0203 -3% 

6 0.0217 18% 0.0233 7% 

7 0.0415 29% 0.0355 -14% 

8 0.0537 35% 0.0572 7% 

9 0.0601 38% 0.06 0% 

10 0.1012 50% 0.1167 15% 

11 0.0897 47% 0.0967 8% 

12 0.1958 66% 0.183 -7% 

13 0.1854 65% 0.1968 6% 
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C- PUMP FLOWRATE TESTING  

 

Testing of pump flowrate at different algal concentrations. For all datapoints, pump flowrate was set at 10ml/min. 
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D. PH OF THE LIQUID PRODUCT 

 

pH and inorganic carbon. 45s residence time, 1-3%wt Chlorella vulgaris, 400-600°C, 1%wt catalyst. The error bars 
represent 1 standard error from the mean. 

The TIC follows an exponential relationship with pH, with an R2 of 0.823, as shown by following 

equation and figure. 

𝑇𝐼𝐶 = −0.036 + 0.00014𝑒𝑝𝐻 

 

Correlation of inorganic carbon and pH. 45s residence time, 1-3%wt Chlorella vulgaris, 400-600°C, 0-1wt.%. The error 
bars represent 1 
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pH as a function of temperature, concentration and fecl3 catalyst can be found in below equation 

with a 0.95 R2. 

𝑝𝐻 = −0.17 + 0.96𝑥 − 0.74𝐶 − 0.36𝑇 × 𝑥 − 0.41𝐶 × 𝑇 + 0.72𝐶 × 𝑥 + 0.37𝑇 × 𝑥 × 𝐶 − 0.49𝑥2 + 6.83 

 
Logworth of factors affecting the pH of liquid stream as outline by the above equation. 

Source Logworth  

Biomass Concentration(1,3) 9.915  

Catalyst 9.583  

Catalyst*Biomass 

Concentration 

7.532  

Catalyst*Temperature 4.507  

Catalyst*Temperature*Biom

ass Concentration 

3.139  

Temperature*Biomass 

Concentration 

3.026 ^ 

Biomass 

Concentration*Biomass 

Concentration 

2.466  

Temperature(400,600) 1.400 ^ 



e 
 

E. ORGANIC LIQUID ANALYSIS  

 

Figure -Composition of organic carbon in liquid stream. 
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F. INVESTIGATION INTO RECYCLE RATE AND PRESSURE 

 

Investigation into recycle ratio at 300bar. Effect of recycle ratio of liquid effluent (x axis) on the hydrogen yield 
and carbon capture. Performed using equilibrium model at 600°C, 2wt% biomass, reaction pressure 23MPa, HP 

separator pressure 30MPa. 

 

Investigation into recycle ratio at 230bar. Effect of recycle ratio of liquid effluent (x axis) on the hydrogen yield and carbon 
capture. Performed using equilibrium model at 600°C, 2wt% biomass, reaction pressure 23MPa, HP separator pressure 

23MPa 
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G. PH CHANGE AND INFLUENCE OF KOH 

 

Mean pH changes from feedstock to liquid product following SCWG of Chlorella vulgaris. Error bars refer to the range of 

the data. 

H. ACTUAL VS PREDICTED PLOTS 
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