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h i g h l i g h t s
� A high carbohydrate and low protein content usually favour high H2 yield.

� Catalysts (alkali salts, ruthenium, nickel) increase conversion and H2 yield.

� High temperatures, low biomass concentrations increase conversion and H2 yield.

� Operating conditions have a significant impact but must consider the whole system.

� The inorganic salts remaining after gasification can be used to grow microalgae.
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a b s t r a c t

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 tradi-

tional gasification. An alternative method, such as supercritical water gasification, is

required to maximise this potential. This review assesses the literature involving the su-

percritical water gasification of microalgae and other relevant feedstocks. The impact on

hydrogen yield, of biomass composition, catalysts, operating conditions, and the integra-

tion 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.

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
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Abbreviation Meaning

SCW Supercritical Water

WGS Water Gas Shift Reaction

CGE Carbon Gasification Efficiency

HGE Hydrogen Gasification Efficiency

SCWG Supercritical Water Gasification

5-HMF (5-(hydroxymethyl)furfural)
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 electri-

fication 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

https://doi.org/10.1016/j.ijhydene.2023.08.081
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simultaneously remove harmful metals from the environ-

ment [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 con-

version of organic compounds to gaseous products in water

under conditions above its critical point (374 �C and 22.1 MPa)

[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 limitations, and increasing reaction rates

[10]. Furthermore, the dielectric constant of SCW is signifi-

cantly lower than that of subcritical water, making it a uni-

versal 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 gasifica-

tion yield and can block the reactor. Although, the biochar has

the potential to be used in Electrochemical Double Layer Ca-

pacitors, 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 poten-

tial systems that incorporate SCWG of algae, while max-

imising 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. Supercritical water gasification reactions

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 in-

termediates, 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].

BþH2O/I1 þ 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)e(4)

respectively [14]. The gaseous products are hydrogen (H2),

carbon dioxide (CO2), carbon monoxide (CO) and methane

(CH4),
CxHyOz þ ðx� zÞH2O/xCOþ
�y
2
þ x� z

�
H2 (2a)

CxHyOz þ ð2x� zÞH2O/xCO2 þ
�y
2
þ 2x� z

�
H2 (2b)

COþ H2O/CO2 þH2 (3)

COþ 3H2/CH4 þ H2O (4a)

CO2 þ 4H2/CH4 þ 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 re-

action 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 pro-

duced at the same rate it is used up. Indicating a catalytic

effect of the water.

In practice, SCWG involves several other possible side/in-

termediate reactions, some of which are discussed in more

detail in section 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]. Thhydris 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 polymeri-

sation 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 gasification of other compounds around them and can

polymerise into highly toxic compounds [20,21].

2.2. Reaction pathways

The potential reaction pathways in SCWG for some com-

pounds 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. Micro-

algae 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 under-

stand some of the reactions that describe the SCWG process.

https://doi.org/10.1016/j.ijhydene.2023.08.081
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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 ofmany

major carbohydrates [9]. Fig. 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 undesir-

able. To maximise the gas produced, the formation of readily

gasified short chain acids, alcohols and ketones, formed

through CeC scission of larger ketones, aldehydes, and fu-

rans, is preferred. This can be achieved through the addition

of catalysts, as discussed later in section 3.2. Despite this,

furans such as 5-Hydroxymethylfurfural or furfural are useful

chemical precursors in biorefinery processes [25], so the for-

mation of these may be preferred in some cases.

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 themicroalgae 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 [28e30] and remain the

main pathways in the supercritical region [31], and hence are

likely to occur in SCWGboth during heating and in the reactor.
Fig. 1 e Reaction pathways for the supercriti
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 aldehydes [33]. Many of these are unde-

sirable as they can polymerise into tar and chars [26], which

are difficult to gasify and can block the reactor. This pathway

is summarised in Fig. 2.

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 decarboxyl-

ation or decarbonylation to large aliphatic hydrocarbons, or

through the cracking of CeC 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].

The degradation of glycerol in hydrothermal conditions

can occur through competing ionic or free radical pathways,
cal water gasification of glucose [23,26].

https://doi.org/10.1016/j.ijhydene.2023.08.081
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where the reactions are driven by charged ions andmolecules

with unpaired electrons respectively. Above the critical point,

the low ionic product means that there are few ionic com-

pounds available, so the free radical pathways dominate [36].

This makes these the most relevant pathways for SCWG,

although some intermediates from the ionic pathwaysmay 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

CeC 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
Fig. 3 e Potential free radical reaction pathways for the gasifica

from [37].
a combination of the two is correct. For hydrogen production,

the dehydrogenation pathwaywould be preferable, as 6mol of

hydrogen are produced per mole of glycerol, compared to just

one in the dehydration pathway. These are shown in Fig. 3.
3. Influential factors

The operating conditions and catalysts can all have a signifi-

cant impact on the reaction pathways discussed in section

two and other reactions in a SCWG system, thus impacting

upon the composition of the product streams [38], as outlined

in sections 3.2-3.6. 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 [9,22].To produce hydrogen, it is important to maxi-

mise selectivity by increasing hydrogen producing reactions
tion of glycerol as a model compound for lipids. Adapted

https://doi.org/10.1016/j.ijhydene.2023.08.081
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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.

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 1. 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 [20,38,40,41].

3.1.1. Effect of protein
As shown in Table 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 detri-

mental 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 hypoth-

esised that the amines and aldose sugars formed in protein

decomposition react in theMaillard reaction to form relatively

stable free radical ions (cyclicNcompounds suchaspyridineor

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
Table 1 e Microalgae compositions.

Strain Alg

Chlorella vulgaris Chlorophyceae (Gree

Chlorella vulgaris Chlorophyceae (Gree

Chlorella vulgaris Chlorophyceae (Gree

Chlorella vulgaris (under light and nutrient stresses) Chlorophyceae (Gree

Scenedesmus quadricauda Chlorophyceae (Gree

Auxenochlorella pyrenoidosa Chlorophyceae (Gree

Porphyridium cruentum Porphyridiophyceae

Nannochloropsis oculata Eutomatophyceae

Nannochloropsis gaditana Eutomatophyceae

Nannochloropsis oceanica Eutomatophyceae

Spirulina Cyanophyceae (Blue

Arthrospira platensis Cyanophyceae (Blue

Synechocystis sp.(low dilution rate) Cyanophyceae (Blue

Synechocystis sp.(high dilution rate) Cyanophyceae (Blue
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 ca-

talyses 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 cata-

lysts 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 gasifi-

cation 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 themicroalga

Nannochloropsis gaditana. Both had similar reactor setups, with

the latter being at a higher temperature (550e650 �C vs 663 �C)
and longer residence time (3e12s vs 128s), which are known to

increase the gas yield (as discussed in sections 3.3 and 3.5).

Themain 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 secondwas 3% glycinewith

1% glucose. As a result, the contribution to the gas from the

glycine was small in the first instance, so the difficulty gasi-

fying the latter could be masked by the glycerol and the po-

tential increase in gas produced due to the catalytic 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 sameconditionsdifferent impacts canoccur fromdifferent

amino acids. Proline, known for being a free radical scavenger

in plant tissue, had a much larger detrimental effect on glyc-

erol gasification than glycine or alanine [4], while glycine was

muchharder 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
a Type Composition (wt%) Source

Carbohydrate Lipids Protein

n) 15 13 50 [4]

n) 10 7 67 [42]

n) 10. 12 65 [18]

n) 61 9 7 [42]

n) 43 20 27 [18]

n) 19 21 55 [43]

(Red) 40 8 43 [44]

8 32 57 [44]

12 32 38 [22]

28 21 41 [43]

-Green/Cyanobacterium) 20 5 65 [44]

-Green/Cyanobacterium) 15 6 67 [43]

-Green/Cyanobacterium) 11 66 20 [45]

-Green/Cyanobacterium) 10 62 11 [45]

https://doi.org/10.1016/j.ijhydene.2023.08.081
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sensitive to an increase in the temperature [53], as shown in

Fig. 4. Moreover, the akyl group, which forms the backbone of

amino acid valine, caused an increase in hydrocarbon in-

termediates with more than two carbons, when compared

with other amino acids or glucose. These intermediates were

effectively converted to hydrogen and methane in the pres-

ence 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.

3.1.2. Effect of carbohydrates
When gasifying glucose, albumin and canola oil, at low tem-

peratures without a catalyst, as model compounds for carbo-

hydrates, 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
Table 2 e Comparison of gas composition, gas yield and gasifi
Chlorella vulgaris with or without increased carbohydrate con

Biomass Gas Composi

H2 CO

Chlorella vulgaris with a high protein content 3.95 18.97

Chlorella vulgaris with a high carbohydrate content 9.42 11.7
catalyst, glucose had a CGE of close to 100%much higher than

the three amino acids glycine, leucine and glutamic acid

(40e75%) 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.

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 con-

version and hydrogen content in the gas significantly, as

shown in Table 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 vulga-

ris, Spirulina platensis and Saccharina latissimi, the higher car-

bohydrate 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 quad-

ricauda (high carbohydrate) had a similar conversion, with the

latter having a higher hydrogen content in the product stream

[18]. Jiao et al. [56] found thatNannochloropsis sp. had the lowest
cation efficiency for supercritical water gasification of
tent. Taken from [42].

tion (mole%) Gas Yield
(mmol/g)

Hydrogen Yield
(mmol/g)

Gasification
EfficiencyCH4 CO2

1.9 75.18 1.46 0.0577 5.67%

0.83 78.05 2.7 0.254 10.25%

https://doi.org/10.1016/j.ijhydene.2023.08.081
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carbon conversion despite the highest carbohydrate content,

when compared with Chlorella pyrenoidosa, S. platensis and

Schizochytrium limacinum, but again gave the highest hydrogen

content.

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 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 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.

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 bio-

diesel production from the high lipid content of some micro-

algae [58], leading tomore 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.

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 ofmethane, which can be
undesirable for a hydrogen production system as it would

reduce the selectivity to hydrogen. However, in a system

where themethane is used for heating the reactor or chemical

looping is used to purify the syngas (as mentioned in section

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 ad-

vantageous when compared with the individual gases [60].

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, limitingmicronutrients like iron [68],

silicon [63] and sulphur [66], can alter the composition. How-

ever, in all these cases, especially under nitrogen and phos-

phorus limitation, the algal growth was reduced. This would

mean a larger area is required to grow the same quantity of

algae, creating issueswith land use and capital cost. A balance

of the growth and composition of the algae, potentially using a

two-stage system, should be considered.

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 gasifi-

cation 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 con-

tent 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 carbonwhich 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

https://doi.org/10.1016/j.ijhydene.2023.08.081
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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.

3.2. Catalysts

Catalysts can be used to reduce the activation energy of re-

actions, 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 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, aremajor

barriers to commercialisation of supercritical technologies

[79], and hence catalysts will be key to overcoming them. To

achieve this, the catalysts should increase the CeC 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 reac-

tion, while suppressing CeO bond cleavage (reactions such as

methanation), increasing hydrogen selectivity [80] as shown

in Fig. 5.

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 CeC

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 themain driver.

More work is required to fully understand the driver behind

this in the supercritical region.
Fig. 5 e Potential products formed from different bond cleavage

production, CeC bond cleavage and water gas shift are diesitab
Table 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 consid-

ered 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 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)e(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 car-

bonates and hydroxides are used [91].

K2CO3 þH2O/KHCO3 þ KOH (5)

KOHþ CO/HCOOK (6)

HCOOKþ H2O/KHCO3 þH2 (7)

2KHCO3/K2CO3 þH2Oþ CO2 (8)

Evidence of this is shownwith 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 reac-

tion to such an extent that the catalyst has minimal effect on

the gas yield or composition [17]. In the case of microalgae

gasification, the concentration of ammonia released will be

lower, due to biomass containing components (carbohydrates

and lipids), making the ammonia produced more diluted
s in supercritical water gasification. For hydrogen

le, CeO bond cleavage is undesirable. Adapted from [81].
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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 re-

actions; the addition of either K2CO3 and KOH produced a

lower furan but higher phenol content in the liquid product

when gasifying glucose [82,91], as shown in Fig. 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 disad-

vantage of these catalysts.

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 significantlyNannochloropsis gaditana [22]. Additionally, it

is often found that in terms of hydrogen yield, they follow the

order of hydroxides > carbonates > bicarbonates [86,92]. This

would indicate, given the role of formates in the WGS reac-

tion, that potassium salts (especially KOH) more readily pro-

duces 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, is highly

undesirable. They can also increase the corrosion in the sys-

tem [91], which may mitigate against the reduction in corro-

sion 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

4.1). Moreover, the low solubility of salts in supercritical water

can lead to precipitation, plugging of the reactor and aremuch

more difficult to recover than heterogeneous catalysts [80].

This results in reduced operability and homogenous increased
Fig. 6 e Phenol content in the effluent of the supercritical

water gasification of glucose. Adapted from [91].
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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 con-

tent 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].

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.

3.2.2. Heterogeneous catalysts
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 het-

erogeneous 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 CeC 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 4.
Table 4 e Nickel catalysts used in the supercritical water gasifi

Catalyst Biomass or Model Compound Incr
in C

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 ca

Nickel oxide on silica (SiO2) Chlorella sp. All ca

Nickel on silica-alumina Oleic Acid All ca

Nickel on zirconia (ZrO2) Switchgrass Biocrude Not s

Nickel on zeolite Chlorella pyrenoidosa All ca

Nickel on activated carbon Xylose, Valine All C

Nickel on graphene oxide Chlorella sp. All ca

Nickel on hydrotalcite Glucose, cellulose, xylan, lignin,

bark

All ca

Raney Nickel Chlorella vulgaris, Scenedesmus

quadricauda Fermentation Stillage,

sugarcane bagasse, glucose,

fructose, cellulose, xylan, lignin,

bark

All ca

Raney Nickel with

molybdenum

Sewage sludge All ca

Nickel wire Chlorella vulgaris All ca

Inconel powder Chlorella vulgaris All ca

Nie5132P Cellulose, lignin, sawdust, rice

straw

All ca

Nickel and iron on alumina Enteromorpha intestinalis All ca
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

whichwould enhancemethanation. The hydrogen dissociates

on the nickel surface and combines with the carbon to form

methane, as shown in equations (9)e(11).

H242ðHÞm (9)

2ðHÞm þ C/ðCH2Þm/ðCH4Þm (10)

ðCH4Þm/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 Fig. 6. Given the re-

fractory 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
cation of biomass feedstocks.

ease
GE?

Increase in
Hydrogen Yield?

Increase in
Hydrogen content

in gas?

Sources

ses All cases except

Scenedesmus

quadricauda, Spirulina

platensis

All cases [17,18,96e100]

ses All cases All cases [101]

ses All cases All cases [35]

tated Not stated Not stated [102]

ses All cases All cases [24]

ases All cases True when stated [54,84]

ses All cases All cases [103]

ses All cases All cases [99]

ses All cases All cases [18,86,98,99]

ses All cases All cases [88]

ses All cases All cases [4]

ses All cases All cases [4]

ses All cases All cases [104]

ses All cases All cases [105]
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gasifying xylose [84] andwhen 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 gra-

phene oxide when gasifying Chlorella sp [103], the methane

content decreased, favouring more hydrogen and CO2. This

indicates that in these casesmethanationwas suppressed and

the water gas shift reaction was favoured, Sinag et al. [91] who

claimed nickel increased methanation.

In otherworks, itwas commonly observed that the addition

ofanickel catalyst increasedbothhydrogenandmethane.This

was the case upon gasifying glucosewhenRaneyNickel, 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, Nie5132P 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 decar-

boxylation dominates, making CO2 the main product, with

little hydrogen or methane [15,107,108]. 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 cat-

alysts increase methane forming reactions (such as metha-

nation or cracking of hydrocarbons) and hydrogen producing

reactions (such as steam reforming and WGS) reactions, even
Table 5 e Ruthenium catalysts used in the supercritical water

Catalyst Biomass or Model
Compound

Increase in
CGE? H

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

Ru on zirconia (ZrO2) Spirulina platensis All cases All

Ru on charcoal Chlorella vulgaris,

Phaeodactylum tricornutumpr

True when stated

(Ch Vulgaris)

Tru

Vu

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

lig

Ru and Rh (Rhodium)

on activated

carbon

Chlorella pyrenoidosa All cases All

Ru on titanium oxide

(TiO2)

Chlorella vulgaris,

switchgrass biocrude

All cases All
though, in some cases one dominates, so it can appear to ca-

talyse 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.

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 5. As with nickel, the literature sum-

marised in the table shows the proficiency of ruthenium cat-

alysts at accelerating the CeC 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 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 com-

parison, 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 3.2.2.4.
gasification of biomass feedstocks.

Increase in
ydrogen Yield?

Increase in
Hydrogen Content

in Gas?

Sources

cases All cases [23,35,84,98,99,105,110,111]

cases no [112]

e when stated (Ch

lgaris)

Truewhen stated (Ch

Vulgaris)

[110,113]

cases except

nin

All cases except

Spirulina platensis

[56,84,98,99,110,112,114]

cases All cases [15]

cases All cases [4,102]
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Fig. 7 e 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 0e100 min, Phaeodactylum tricornutum

thereafter. Adapted from Ref. [113].
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Aswithnickel catalysts, rutheniumappear to enhanceboth

theWGSandmethanation reactions. Rutheniumsupported on

activated carbon increased hydrogen selectivity when gasi-

fying xylose or Chlorella pyrendiosa [15,84], 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 favouringmethanation

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 temper-

ature (380 �C) [99], which suggests that at lower temperatures

the catalyst favoursmethanation. 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 formboth 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 intermedi-

ate which leads to char formation (as shown in Fig. 1). More-

over, the high hydrogenation and CeC bond scission activity

promoted the degradation of phenols, which did not occur

without the presence of this rutheniumcatalyst [23]. However,

when gasifying oleic acid, ruthenium on alumina facilitated

the diels-alder addition, increasing the phenol content when

compared tonocatalystor anickel catalyst [35].Hence, forhigh

lipid algae strains, ruthenium catalyst may be less effective.

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 suc-

cessfully to increase CGE and hydrogen yield when gasifying

Chlorella vulgaris [4]. Copper, cobalt, chromium, and manga-

nese were all used successfully when supported on graphene

oxide [103]. However, in these cases, they had a smaller

impact on hydrogen 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 somestudies, the higher activity of nickel and ruthenium

is less apparent. Cobalt outperformed nickel and ruthenium in

termsofCGEwhengasifying 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] sowouldnot be suitable for hydrogenproductionwithout

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

nickelmetal [101]. Therefore, while other transitionmetals are

effective, the higher activity towards hydrogen production of

nickel and ruthenium, means they are still the preferred

metals for use in heterogeneous catalysts.
3.2.2.4. Catalyst deactivation. A major issue with heteroge-

neous catalysts is deactivation. The activity of the catalyst

reduces over time, thus requiring it to be replaced or regen-

erated 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, includingmicroalgae. Peng et al. [114] and

Bagnoud-Vel�asquez et al. [113] found significant sulphur

poisoning when gasifying microalgal biomass (Chlorella vul-

garis and Phaeodactylum tricornutum respectively), using a car-

bon 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 Fig. 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]. Tech-

niques to overcome this such as adsorbents before the cata-

lyst [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 hetero-

geneous catalysts, especially ruthenium, as an option.

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 sup-

ported nickel catalysts, with the acidic nature of the catalyst

being a significant driver [24]. Coking was also experienced

withnickel ong-aluminasupportswhengasifyingglucose [97].

Given the abundance of acid sites (proton donating sites) on g-

alumina [117], this was likely to also be a factor and therefore,

supports containing large amounts of acid sites should be

https://doi.org/10.1016/j.ijhydene.2023.08.081
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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 depo-

sition on the catalyst during SCWG thanmicroalgae so are less

relevant in the latter context [99,102].

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 4.1). Alternatively, Raney nickel, nickel

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

nickel crystal size [24,98]. 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 pyr-

enoidosa, 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.

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.
Fig. 8 e Methane-carbon dioxide ratio at different total carbon g

gasification of chlorella vulgaris using ruthenium catalysts with
Many materials used in support can be used as catalysts for

SCWG. Activated carbon has been used to successfully in-

crease the CGE on sugarcane bagasse [86], valine [54] and

glucose [118] with the source of the activated carbon signifi-

cantly affecting its performance. Similarly, zirconiawas found

to increase the conversion of glucose and cellulose, while also

increasing the WGS reaction [119]. Titanium dioxide also

increased hydrogen yield, if combinedwith calciumoxide [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 g-alumina and

charcoal outperformed a-alumina and activated carbon, con-

verting approximately 20% more carbon to gas. Moreover, the

CH4/CO2 ratio in the products, significantly varied, indicating

differingmethanation performances. This shows that, despite

changing with different conversions, the CH4/CO2 ratio is al-

ways higher for g-alumina than charcoal supported catalysts,

indicating the enhancement of methanation with g-alumina

supported catalyst [110], as shown in Fig. 8. Additionally,

lanthanum-modified alumina supports were found to adsorb

CO2, which impacted the gas composition in glucose gasifi-

cation [96]. This shows that the support is a factor in the

disparity between ruthenium catalysts in terms of gas

composition (as observed in section 3.2.2.2). Xie et al. [24]

provided further evidence to the support impact, showing that
asification efficiencies during the supercritical water

different supports. Adapted from [110].
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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.

The support material can significantly impact upon the

favourability of different reaction pathways, a major contrib-

uting factor for the impact on overall gasification performance

observed. When gasifying the amino acid valine in the pres-

ence of activated carbon as catalyst or support for nickel, no

nitrogenous organic compounds were observed. This in-

dicates that the decarboxylation route is suppressed, favour-

ing 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 3.1.1), thus activated car-

bon 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, 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 deac-

tivation of the catalyst. The nature of the catalysts such as

number of acid sites (see section 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 deactiva-

tion by reducing the coke deposition and lowering the tem-

perature 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.

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 embrit-

tlement [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 gasi-

fication, 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

(uncorroded) reactors as it is hard to differentiatewhether 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 gasifi-

cation 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 CeC

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.

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 dis-

tribution in the gas. The overall reaction to formhydrogen and

CO2 from biomass (equation (2b)) is endothermic (346 kJmol�1

for glucose), while the overall reaction to form methane

(equation (2a) followed by 4a) is exothermic (�148 kJ mol�1 for

glucose) [105,122]. 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 [77,124e126]. 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 to 550 �C (723e823K). 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 study showed that the higher conver-

sion 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 in-

termediates 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] (see Fig. 9), Duan et al.

[15] and Zhang et al. [108] all observed that without a catalyst,

increasing the temperature significantly increased conver-

sion. Increasing the temperature from 400 to 700 �C
(673e973K) increased the CGE of Chlorella vulgaris from 14 to

82% [4], increasing from 380 to 600 �C (653e873K) 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
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Fig. 9 e Dry gas composition and gasification efficiency for the non-catalytic supercritical water gasification of Chlorella

vulgaris in a batch reactor at 240 bar, 7.3 wt%, 2 min reaction time. Adapted from [4].
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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 (see Fig. 9).

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 Fig. 10. The increase in

gasification efficiency at higher temperatures, both with and

without a catalyst, was also observed in other biomass feed-

stocks [127]. However, the effect on gas composition on cata-

lytic SCWG of real biomass can vary.

Elsayed et al. [87] 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. [15] when increasing the temperature between 380 and

600 �C (653e873K) in the gasification of Chlorella pyrenoidosa,

with Ru/C and Rh/C catalysts. These authors observed that

increasing the temperature increased methane and short al-

kanes at the expense of CO2, with almost constant hydrogen

content and yield. This indicates that increasing the temper-

ature favoured more cracking reactions and methanation,

with any hydrogen created in the process being converted to

methane. These examples used different catalysts, tempera-

tures, 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 inves-

tigate the interaction between these parameters.

Nonetheless, the yield of hydrogen almost always in-

creases 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 [77] and requires more expensive materials to

withstand the temperatures [76], so it is important to consider

the whole system when selecting a reaction temperature.
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Fig. 10 e Impact of temperature on the carbon and hydrogen gasification efficiencies for the supercritical water gasification

of Chlorella pyrenoidosa. Reaction time 1h, 10 wt%, Ru/C þ Rh/C catalysts. Adapted from [15].
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Catalysts and feedstock selection can be used to help mini-

mise the required temperature to achieve high yields,

increasing the overall efficiency.

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 [124e126].Moreover, Guanet al. [16] found that

first order kinetics were insufficient to show the effect of
Table 6 e Microalgae experiments in which a decrease in hyd
concentration in the feed.

Feedstock Catalyst Temperature (K) Biomass Conce
(wt%)

Acutodesmus obliquus K2CO3 963 2.5e20

Chlorella sp. None 628e653 1e8

Nannochloropsis sp. Ru/C 683 2e13.5
biomass concentration on hydrogen production. This shows

that biomass concentration also has a strong role in kinetics

too.

In real systems, Elsayed et al. [87], Samiee-Zafarghandi

et al. [101] and Guan et al. [129] found that increasing the

biomass concentration significantly reduced the concentra-

tion of hydrogen and increased the concentration of methane

in the product gas during the SCWG of microalgae. This was a

unanimous finding, for different algae strains, temperatures,

catalysts, and range of biomass concentration (outlined in

Table 6). Moreover, the former two authors observed a sig-

nificant 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 pro-

duction from these sources. Higher biomass concentrations
rogen content was observed with an increase in biomass

ntration Hydrogen Yield at M
in wt% (mmol/g)

Hydrogen Yield at M
ax wt% (mmol/g)

Source

299.33 63.3 [87]

1.2 0.714 [101]

11.6 2.8 [129]

https://doi.org/10.1016/j.ijhydene.2023.08.081
https://doi.org/10.1016/j.ijhydene.2023.08.081


i n t e r n a t i o n a l j o u rn a l o f h y d r o g e n en e r g y 4 9 ( 2 0 2 4 ) 3 1 0e3 3 6 327
can also lead to an increase of undesirable compounds such as

phenol [19].

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 sys-

tem [77]. 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.

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 effi-

ciency is increased. This was the case described byMiller et al.

[131] when continuously gasifying Spirulina and by Samiee-

Zafarghandi et al. [101] 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 [4,16]. Hence, under the milder conditions they

may not gasify in a reasonable time frame. This was evi-

denced by the asymptotic curve that never reaches 100%

when longer reaction times were used [110], as shown in

Fig. 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 min instead of 90).

This shows that the catalyst accelerates the reactions allow-

ing the “easier” reactions occur more rapidly and some of the

more difficult reactions to progress in amore reasonable time.

Even after the gasification efficiency has plateaued, a

further increase in reaction time canalter 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)

progresswith time, until the gas has reached equilibrium. This

is illustrated in Fig. 12,where the CO content reduces over time

with hydrogen and methane contents increasing correspond-

ingly [4], 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 SCWGof Chlorella sp. and Chlorella vulgaris [59,101].

In catalytic gasification, similar effects occur but at a faster

rate. Zhu et al. [23] gasified glucose with and without a

ruthenium catalyst for reaction time ranges of 30e1800s and

the effect on gas composition is shown in Fig. 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 in-

creases, the gas composition will progress towards the equi-

librium 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. [101], who found the in-

crease in hydrogen yield with longer residence times was

more significant at higher temperatures (where the equilib-

rium hydrogen fraction in the gas is higher [124]).

3.6. Other factors

3.6.1. Pressure
La 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

suppressingmethanation 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. [15]

observed an increase in hydrogen content at lower water

density (higher biomass concentration but lower pressure). As

noted in section 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

reducedmethane [132]; therewas an optimumpressure 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 in-

crease reaction rates and reactions involving water (such as

WGS). However, it also increases the dielectric constant that

reduces the free-radical reactions [10], 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 con-

centration and feedstock composition [135]. It is also impor-

tant to consider that increased pressure increases the

pumping energy required [136] and the required strength of

the reactor material [76].Therefore, in many cases, particu-

larly with a catalyst, lower pressures (still above the critical

point) are preferred. However, in some cases the pressuremay

be significant and effect of pressure should be considered.

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 re-

gion, 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
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Fig. 11 e 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 [110].
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chars. This reduces the gas and hydrogen yields [91]. As

glucose is a major component in many carbohydrates in

microalgae, this effect should also occur in this case. Caputo

et al. [22] observed that preheating the feed reduced gasifica-

tion 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 ach-

ieve 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
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Fig. 12 e 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 24 MPa. Adapted from [4].
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whether the added benefits of this approach outweigh the

increased energy requirement from heating and pumping the

feed.
4. Supercritical water gasification systems

4.1. Nutrient recycling

To grow large amounts of algae requires nutrients such as ni-

trogen and phosphorus, as well as inorganic carbon (usually

CO2) for growth. These (particularly CO2) contribute signifi-

cantly to the cost of the algae production,which is amajor cost

in thewhole of theprocess, and abarrier to the development of

microalgal SCWG systems [78,137]. 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 foodsupplies in anexpanding

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 algae,

allowing it to be recycled more easily [17]. 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 mini-

mising costs, as it remains the highest operating cost in the

algal growthevenat 90% recovery [78]. Thiswouldallowa large

reduction in nutrients required, without affecting the algae

growth.

Elsayed et al. [87] and Patzelt et al. [140] found that a very

high percentage (85e100%) of the nitrogen in Acutodesmus
obliquus was recovered in the aqueous phase after SCWG,

mostly in the form of ammonium ions. Phosphorus and the

tracemetals 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 ach-

ieved for phosphorus, nitrogen, potassium, calcium, magne-

sium, sulphur, sodium, with a recovery close to 100% in many

cases [87]. 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 un-

treated aqueous phase is used as the growth media [87,140].

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

[87,140]. Elsayed et al. [87] found that the aqueous phase

treated with activated carbon outperformed the original

media used for growth, as shown in Fig. 14. Moreover, in other

tests involving phenol, activated carbon filters were easily

regenerated using amixture 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.

The SCWG reactions themselves are also important to

achieving successful nutrient recycling and limiting the steps

required after the reaction. Gokkaya et al. [84], observed that
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Fig. 13 e 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 Ref. [23].
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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

[17,110], this shows that the choice of catalyst can signifi-

cantly 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 [17,113,142]. Both were

found in large quantities when both nickel on alumina and

NaOH were used due to reaction between the catalysts [17]. It

is therefore important to ensure supportedmetal catalysts are

stable in the reaction environment and corrosion is
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Fig. 14 e Microalgae growth in the residual water following the supercritical water gasification of Acutodesmus obliquus,

comparison of the different treatment methods. Adapted from [87]:
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minimised, to keep the metal content in the aqueous phase to

a minimum.

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 thegasstreamandstorageofproducedgases. It is possible to

recover energy from parts of the process and therefore in-

crease the efficiency of system. A general system of this is

shown in Fig. 15. Nurdiawati et al. [78] proposed a system that

included chemical looping for purification, hydrogenation of
Fig. 15 e Potential supercritical water gasification of microalgae
liquid organic carriers (in this case toluene) for hydrogen

storage and gas turbines to recover excess pressure as elec-

tricity. 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 furtherpurificationand theCO2 tobeeasily recycledor

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
system to produce hydrogen and capture carbon dioxide.
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applications. In other cases, with suitable climates, concen-

tratedsolarheatingcanbeused toheat the reactionandreduce

losses [144,145].

Systems as such are vital to maximising efficiency and

reducing costs in the process, withmodels being important for

seeing the impacts of operating conditions on thewholemodel.

Nurdiawati et al. [78] found that the optimum reaction tem-

perature depended on the biomass concentration into the

reactor; a higher temperature was preferred at a higher

biomass concentration and conversely lower 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 flui-

dised bed reactor. In this model, pressure and fluidisation ve-

locity 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

canbe influenced by thepressure and levels of turbulence from

the higher velocities. Thus, a real systemmay differ from this.

Combination with a direct use of the hydrogen, such as

ammoniaproduction [146], canalsohelpmaximiseefficiencies.
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 forma-

tion, 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 fertilizer supply so should be

considered in the system. This includes choosing an appro-

priate catalyst and the use of post reaction treatment such as

activated carbon filters.

The composition of the algae, catalyst selection and oper-

ating 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 in-

crease 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

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 ef-

ficiency 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 micro-

algae. 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 pro-

duced in this way.
Declaration of competing interest

The authors declare that they have no known competing

financial interests or personal relationships that could have

appeared to influence the work reported in this paper.

Acknowledgements

This research was completed as part of a fully funded PhD in

the EPSRC Centre for Doctoral Training in Sustainable

Hydrogen. Funding was supplied by the Engineering and

Physical Sciences Research Council and the University of

Birmingham.

Special thanks to Gavin Walker and the Sustainable

Hydrogen CDT for support and guidance on the writing of this

paper.
R E F E R E N C E S

[1] Allen MR, Dube O, Solecki W, Arag�on-Durand F, Cramer W,
Humphreys S, Kainuma M, Kala J, Mahowald N. Global
warming of 1.5�C. Geneva: IPCC; 2018.

[2] Committee on Climate Change. Hydrogen in a low-carbon
economy. London: Committee on Climate Change; 2018.

[3] Scragg A, Millman A, Carden A, Shales S. Growth of
microalgae with increased calorific values in a tubular
bioreactor. Biomass Bioenergy 2002;23(1):67e73.

[4] Chakinala AG, Brilman DWF(, Swaaij WPv, Kersten SRA.
Catalytic and non-catalytic supercritical water gasification
of microalgae and glycerol. Ind Eng Chem Res
2010;49(3):1113e22.

[5] Lam MK, Lee KT, Mohamed AR. Current status and
challenges on microalgae-based carbon capture. Int J
Greenh Gas Control 2012;10:456e69.

[6] Tomei J, Helliwell R. Food versus fuel? Going beyond
biofuels. Land Use Pol 2016;56:320. 236.

[7] Leong YK, Chen W-H, Lee D-J, Chang J-S. Supercritical water
gasification (SCWG) as a potential tool for the valorization of
phycoremediation-derived waste algal biomass for biofuel
generation. J Hazard Mater 2021;418.

[8] Yoshida Y, Dowaki K, Matsumura Y, Matsuhashi R, Li D,
Ishitani H, Komiyama H. Comprehensive comparison of
efficiency and CO2 emissions between biomass energy
conversion technologiesdposition of supercritical water
gasification in biomass technologies. Biomass Bioenergy
2003;25(3):257e72.

http://refhub.elsevier.com/S0360-3199(23)04035-1/sref1
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref1
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref1
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref1
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref1
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref2
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref2
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref3
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref3
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref3
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref3
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref4
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref4
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref4
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref4
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref4
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref5
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref5
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref5
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref5
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref6
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref6
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref7
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref7
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref7
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref7
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref8
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref8
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref8
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref8
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref8
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref8
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref8
http://refhub.elsevier.com/S0360-3199(23)04035-1/sref8
https://doi.org/10.1016/j.ijhydene.2023.08.081
https://doi.org/10.1016/j.ijhydene.2023.08.081


i n t e r n a t i o n a l j o u rn a l o f h y d r o g e n en e r g y 4 9 ( 2 0 2 4 ) 3 1 0e3 3 6 333
[9] Correa CR, Kruse A. Supercritical water gasification of
biomass for hydrogen production e review. J Supercrit
Fluids 2018;133(2):573e90.

[10] Akiya N, Savage PE. Roles of water for chemical reactions
in high-temperature water. Chem Rev
2002;102(8):2725e50.

[11] Wang C, Zhu W, Zhang H, Chen C, Fan X, Su Y. Char and tar
formation during hydrothermal gasification of dewatered
sewage sludge in subcritical and supercritical water:
influence of reaction parameters and lumped reaction
kinetics. Waste Management 2019;100:57e65.

[12] Wang C, Du M, Feng H, Jin H. Experimental investigation on
biomass gasification mechanism in supercritical water for
poly-generation of hydrogen-rich gas and biochar. Fuel
2022;319.

[13] Cantero DA, Bermejo MD, Coceroa MJ. Reaction engineering
for process intensification of supercritical water biomass
refining. J Supercrit Fluids 2015;96:21e35.

[14] Yan Q, Guo L, Lu Y. Thermodynamic analysis of hydrogen
production from biomass gasification in supercritical water.
Energy Convers Manag 2006;47(11e12):1515e28.

[15] Duan P-G, Li S-C, Jiao J-L, Wang F, Xu Y-P. Supercritical
water gasification of microalgae over a two-component
catalyst mixture. Sci Total Environ 2018;630:243e53.

[16] Guan Q, Wei C, Savage PE. Kinetic model for supercritical
water gasification of algae. Phys Chem Chem Phys
2012;14(9):3140e7.

[17] Onwudili JA, Lea-Langton AR, Ross AB, Williams PT.
Catalytic hydrothermal gasification of algae for hydrogen
production: composition of reaction products and potential
for nutrient recycling. Bioresour Technol 2013;127:72e80.

[18] Tiong L, Komiyama M, Uemura Y, Nguyen TT. Catalytic
supercritical water gasification of microalgae: comparison
of Chlorella vulgaris and Scenedesmus quadricauda. J
Supercrit Fluids 2016;107:408e13.

[19] Kruse A, Henningsen T, Sınaǧ A, Pfeiffer J. Biomass
gasification in supercritical water: influence of the dry
matter content and the formation of phenols. Ind Eng Chem
Res 2003;42(16):3711e7.

[20] Weiss-Hortala E, Kruse A, Ceccarelli C, Barna R. Influence of
phenol on glucose degradation during supercritical water
gasification. J Supercrit Fluids 2010;53(1e3):42e7.

[21] Zhang H, Wang C, Zhang X, Zhang R, Ding L. Formation and
inhibition of polycyclic aromatic hydrocarbons from the
gasification of cyanobacterial biomass in supercritical
water. Chemosphere 2020;253.

[22] Caputo G, Dispenza M, Rubio P, Scargiali F, Marotta G,
Brucato A. Supercritical water gasification of microalgae
and their constituents in a continuous reactor. J Supercrit
Fluids 2016;118:163e70.

[23] Zhu C, Guo L, Jin H, Huang J, Li S, Lian X. Effects of reaction
time and catalyst on gasification of glucose in supercritical
water: detailed reaction pathway and mechanisms. Int J
Hydrogen Energy 2016;41(16):6630e9.

[24] Xie L-F, Duan P-G, Jiao J-L, Xu Y-P. Hydrothermal
gasification of microalgae over nickel catalysts for
production of hydrogen-rich fuel gas: effect of zeolite
supports. Int J Hydrogen Energy 2019;44(11):5114e24.

[25] Zhang Z-H, Sun Z, Yuan T-Q. Recent advances in the
catalytic upgrading of biomass platform chemicals via
hydrotalcite-derived metal catalysts, 28. Transactions of
Tianjin University; 2022. p. 89e111.

[26] Wei N, Xu D, Hao B, Guo S, Guo Y, Wang S. Chemical
reactions of organic compounds in supercritical water
gasification and oxidation. Water Res 2021;190.

[27] Fu Q, Xiao C, Liao Q, Huang Y, Xia A, Zhu X. Kinetics of
hydrolysis of microalgae biomass during hydrothermal
pretreatment. Biomass Bioenergy 2021;149.
[28] Sato N, Quitain AT, Kang K, Daimon H, Fujie K. Reaction
kinetics of amino acid decomposition in high-temperature
and high-pressure water. Ind Eng Chem Res
2004;43(13):3217e22.

[29] Sheehan JD, Savage PE. Reaction pathways and kinetics of
tryptophan in hot, compressed water. Chem Eng J 2020;390.

[30] Changi S, Zhu M, Savage PE. Hydrothermal reaction kinetics
and pathways of phenylalanine alone and in binary
mixtures. ChemSusChem 2012;5(9):1743e57.

[31] Klingler D, Berg J, Vogel H. Hydrothermal reactions of
alanine and glycine in sub- and supercritical water. The
Journal of Supercritcal fluids 2007;43(1):112e9.

[32] Xu D, Liu L, Wei N, Guo Y, Wang S, Wu Z, Duan P. Catalytic
supercritical water gasification of aqueous phase directly
derived from microalgae hydrothermal liquefaction. Int J
Hydrogen Energy 2019;44(48):26181e92.

[33] Ma W, Du G, Li J, Fang Y, Hou L, Chen G, Ma D. Supercritical
water pyrolysis of sewage sludge. Waste Management
2017;59:371e8.

[34] de-Leeuw DW. Supercritcal Water Gasifcation:
decompositon of lipids forming a substantial part of sewage
sludge. Delf: Delft Unviersity of Technology; 2017.

[35] Youssef EA, Nakhla G, Charpentier PA. Oleic acid
gasification over supported metal catalysts in supercritical
water: hydrogen production and product distribution. Int J
Hydrogen Energy 2011;36(8):4830e42.

[36] Bühler W, Dinjus E, Ederer HJ, Kruse A, Mas C. Ionic
reactions and pyrolysis of glycerol as competing reaction
pathways in near- and supercritical water. The Journal of
Supercritcal Fluids 2002;22(1):37e53.

[37] Ortiz FJG, Serrera A, Galera S, Ollero P. Experimental study
of the supercritical water reforming of glycerol without the
addition of a catalyst. Energy 2013;56:193e206.

[38] Youssef E, Nakhla G, Charpentier P. Co-gasification of
catechol and starch in supercritical water for hydrogen
production. Int J Hydrogen Energy 2012;37(10):8288e97.

[39] Markou G, Angelidaki I, Georgakakis D. Microalgal
carbohydrates: an overview of the factors influencing
carbohydrates production, and of main bioconversion
technologies for production of biofuel. Appl Microbiol
Biotechnol 2012;96:631e45.

[40] Yoshida T, Matumura Y. Gasification of cellulose, xylan,
and lignin mixtures in supercritical water. Ind Eng Chem
Res 2001;40(23):5469e74.

[41] Madeno�glu TG, Boukis N, Sa�glam M, Yüksel M. Supercritical
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