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Abstract 

Algal biomass has gained recent interest as an energy source due to diminishing 

reserves of fossil fuels and growing pressure to reduce emissions of greenhouse gases. 

The most developed technologies for converting biomass to energy and fuels are based 

on thermochemical processes, particularly pyrolysis, combustion, and gasification. 

However, little is known about the behaviour of micro- and macroalgae in these 

processes. The aim of this thesis was to characterise the thermochemical fuel behaviour 

of micro- and macroalgal biomass, with emphasis on the following areas of fuel particle 

conversion: char reactivity; oxidation of carbon; conversion of fuel-N; occurrence of 

the inorganic elements; bed agglomeration; release of volatile inorganic elements; and 

mobilisation of trace elements. A range of laboratory-scale experiments was carried out 

in order to address each of these areas.  

Char reactivity was characterised by gasifying four samples of algae in a thermobalance 

in pure CO2 at 850 °C, following in situ drying and devolatilisation of the algal 

samples. The reactivity of the chars varied for different species of algae and for 

different cultivation regimes. The oxidation of carbon and conversion of fuel-N to NO 

were studied by monitoring the concentrations of gas phase species released during 

fixed-bed combustion. Conversions of C to CO and CO2 exceeded 84% for all of the 

tested algae. In most cases, a greater proportion of the total C was released during 

devolatilisation rather than during char oxidation, which is consistent with the high 

volatile matter contents reported in the literature for algal biomass fuels. The total 

conversion of fuel-N to NO ranged between 6 – 21g of N / 100g of fuel-N and was 

found to diminish with increasing fuel-N content. In most cases, emissions of NO were 

predominately released during devolatilisation. These results provide a basis for the 

development of control measures needed to minimise emissions of NO in combustion 

processes. The char reactivity measurements and partitioning of released C between 

volatiles and char, collectively enable improved predictions of the extent of carbon 

burnout in industrial-scale thermochemical processes. 

The occurrence of the main inorganic elements in algal biomass was studied by means 

of chemical fractionation. Scanning electron microscopy and X-ray diffraction analyses 

were used to aid interpretation of the results. The relative proportions and speciation of 

the main inorganic elements were largely dependent on the cultivation regime. A high 
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level of inorganic, water-soluble, alkali salts was found in all of the tested algae. These 

salts are likely to cause operational problems in industrial reactors such as fouling, ash 

deposition, corrosion, and in the case of fluidised-bed technologies, bed agglomeration. 

In order to gain insights into bed agglomeration, interactions between algal ashes and 

quartz bed material were simulated by heating pellets consisting of algal ashes mixed 

with quartz particles in a muffle furnace at 850 °C in air. Analysis of cross-sections of 

the resultant pellets indicated that bed agglomeration follows a non-reactive 

mechanism, involving the binding of bed particles with an ash-derived melt. Based on 

this outcome, it is expected that bed agglomeration will be largely controlled by the 

formation of molten ash on inert bed particles during combustion, rather than the ash 

reacting with the bed particles. 

The release of Cl, S, P, K, and Na was characterised by preparing char and ash samples 

in a fixed-bed reactor, at a range of temperatures (500 – 1100 °C) and under different 

gas atmospheres (N2, 2% O2, and CO2) relevant to pyrolysis, combustion and 

gasification processes. The extent to which these elements volatilise was determined for 

different species of algae by means of mass balances based on elemental analyses of the 

char and ash residues. Results for the different species of algae were compared and 

explained in terms of mechanisms existing for coal and terrestrial biomass fuels. 

Differences in the volatile behaviour of Cl, S, K, and Na were significant between 

marine and freshwater species but were only minor between micro- and macroalgal 

species. The volatile behaviour of P was similar for all of the tested algae. If volatilised, 

the studied inorganic elements may cause fouling, ash deposition, and corrosion. The 

results from this study therefore provide essential knowledge for the prediction and 

mitigation of these problems.  

The potential for mobilisation of 11 environmentally important trace elements (As, Be, 

Co, Cu, Mn, Ni, Pb, Sb, Se, V, Zn) was assessed during the thermal conversion of two 

samples of algae which had been cultivated in ash-dam water at a coal-fired power 

station. The volatility of the trace elements was studied in the same experimental setup 

as that used to study the volatility of Cl, S, P, K, and Na. Se and As were substantially 

volatilised at low temperatures (<500 °C), under pyrolysis, combustion, and gasification 

gas atmospheres. Zn, Pb, and Sb were also substantially volatilised, but at higher 

temperatures (700 – 1000 °C). Batch leaching tests were carried out in order to assess 

the stability of the trace elements in the char and ash residues. The trace elements were 
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generally more stable following thermal conversion with the exception of V, which was 

up to 4 – 5 times more leachable in the combustion ashes than in the corresponding 

algal feedstock. The trace elements were generally more stable in residues prepared 

under pyrolysis and gasification conditions than in residues prepared under combustion 

conditions. The results from this study show that several trace elements have potential 

to be released into the environment in significant quantities when ash-dam cultivated 

algae are thermally processed. Appropriate control measures would need to be 

implemented to minimise the release of these elements in industrial-scale 

thermochemical processes.  

The outcomes of this thesis collectively provide an improved understanding of the 

potential for operational and environmental problems associated with the 

thermochemical conversion of micro- and macroalgal biomass. This will help in the 

development of commercial processes for the utilisation of these resources. 
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1. Introduction 

1.1. Background 

Growing pressure to establish fuel security and ongoing global warming have brought 

recent attention to renewable sources of energy. Biomass is currently the most used 

source of renewable energy and its use is projected to continue to displace that of non-

renewable fossil fuels in the future [1]. There are many environmental advantages to be 

gained from substituting fossil fuels for biomass, such as reduced net levels of 

greenhouse gas emissions. Technologies based on thermochemical processes, 

particularly pyrolysis, combustion and gasification, have long been used to convert 

biomass to energy and fuels, and are relatively well established when compared with 

technologies based on biochemical and solvent extraction processes. However, the 

types of biomass used in these processes today (e.g. wood and dedicated energy crops) 

are limited in availability and there are sustainability issues associated with their 

production on an industrial scale [2]. This has motivated research into the utilisation of 

various “new” sources of biomass in these thermochemical processes. 

Both micro- and macroalgae are currently underutilised biomass resources which have 

several advantages as an energy source. The production of algae has excellent potential 

for high areal energy yields, with productivities as high as 70 dry tonnes ha
-1

 year
-1

 

commonly reported in the literature [3]. This value compares favourably to values 

typically reported for wood (5 – 15 dry tonnes ha
-1

 year
-1

) and for dedicated energy 

crops (8 – 30 dry tonnes ha
-1

 year
-1

) [4, 5]. The cultivation of algae can be carried out in 

both freshwater and seawater based production systems [6]. These systems can be 

situated on non-arable land [7], which limits direct competition with the production of 

food crops, a major drawback to the production of biomass fuels of terrestrial origin [2]. 

Algae can also be cultivated in various types of contaminated wastewater [8]. This 

opens up opportunities for combining the production of energy and fuels with 

bioremediation.  

A significant amount of work has gone into developing industrial-scale processes for 

the commercial production of algal biomass [6, 7, 9]. Comparatively little is known 

about the behaviour of the produced biomass in thermochemical processes. Previous 

studies in this field have mainly focused on a limited range of standard fuel analyses, 
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which are typically performed as a first step when characterising new fuels. These 

studies have shown the chemical composition of algae to differ in many ways from that 

of commonly used solid fuels such as coal and wood. When compared with these fuels 

both micro- and macroalgae generally contain higher levels of impurities, such as N, S, 

Cl, P, K, Na, and a variety of trace metals and metalloids. Many of these impurities are 

capable of forming harmful pollutants during thermal conversion [10] or are intimately 

connected with major operational problems such as fouling, ash deposition, corrosion 

and bed agglomeration [11, 12]. In order to accurately assess the potential for 

environmental and operational problems during the thermal conversion of micro- and 

macroalgal biomass fuels, further studies, which address the behaviour of these 

impurities in thermochemical processes, are needed.  

The principal aim of this study is to characterise the thermochemical fuel behaviour of 

micro- and macroalgal biomass. This thesis will primarily focus on areas of fuel 

behaviour which are of importance to operational and environmental problems in 

industrial-scale thermochemical processes. The detailed objectives of this thesis are 

outlined in Section 2.9.    

1.2. Scope and structure of thesis 

Chapter 2 provides a critical review of the literature on the thermochemical fuel 

behaviour of micro- and macroalgal biomass. The emphasis of the review is on the 

following areas of fuel particle conversion: char reactivity; oxidation of carbon; 

conversion of fuel-N; occurrence of the inorganic elements; bed agglomeration; release 

of volatile inorganic elements; and mobilisation of trace elements. The review 

encompasses relevant literature on conventional solid fuels such as coal and wood, 

however, primarily focuses on literature which deals specifically with algal biomass 

fuels. Limitations in the literature are established at the end of the review. These 

limitations determined the direction of the work presented in the proceeding chapters. 

Chapter 3 examines the conversion of fuel-N to NO and the oxidation of fuel-C to CO 

and CO2 during the combustion of micro- and macroalgal biomass. The chapter also 

examines the gasification reactivities of chars produced from different species of algae. 

Chapter 4 consists of two parts. The first part examines the occurrence, particularly the 

speciation, of the main inorganic elements in micro- and macroalgal biomass. The 
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second part examines the interactions that take place between algal ashes and quartz 

bed material under conditions relevant to fluidised-bed combustion.  

Chapter 5 investigates the extent to which five volatile inorganic elements (Cl, S, P, K, 

and Na) are released in pyrolysis, combustion, and gasification processes. The release 

of these elements is explained in terms of existing mechanisms, which have been 

proposed by previous authors for coal and terrestrial biomass fuels.   

Chapter 6 examines the mobilisation of 11 trace elements (As, Be, Co, Cu, Mn, Ni, Pb, 

Sb, Se, V, Zn) during pyrolysis, combustion, and gasification of ash-dam cultivated 

algae. The volatility of the TEs is assessed under different gas atmospheres (N2, 2% O2, 

CO2), and at different temperatures within the range 500 - 1100 °C. The resultant 

leachability of the trace elements in the char and ash residues is also assessed. 

Chapter 7 presents the conclusions from the body of work and recommendations for 

future work in the field. 

References cited in Chapters 1, 2, and 7 are listed at the end of the thesis. References 

cited in Chapters 3 - 6 are provided within the chapters themselves. 
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2. Literature review  

2.1. Introduction 

This chapter presents a critical review of the literature on the thermochemical fuel 

behaviour of micro- and macroalgal biomass. The following areas are addressed in the 

review:  

 Oxidation of carbon and char reactivity 

 Conversion of fuel-N 

 Occurrence of the inorganic elements 

 Bed agglomeration 

 Release of volatile inorganic elements 

 Mobilisation of trace elements 

Greater emphasis has been given to literature which deals specifically with algal 

biomass fuels. However, most of the knowledge in the aforementioned areas is largely 

rooted in studies based on coal and terrestrial forms of biomass, such as wood. For this 

reason, relevant literature on these fuels is also included in the review.   

2.2. Algal biomass  

Algae constitute a diverse group of photosynthetic organisms which are categorised into 

two sub-groups, microalgae and macroalgae, based on their size. Microalgae include 

both unicellular and simple multi-cellular algae [13] which range from less than one 

micrometre to a few hundred micrometres in size [14]. Macroalgae range from around 

1mm to up to 60 m in size [15] and are extremely diverse in structure. It is estimated 

that somewhere between 36,000 and 10 million species of algae exist worldwide [14], 

however only a select few species have been studied for energy-related applications. 

The production of micro- and macroalgal biomass for energy applications generally 

involves the following stages: cultivation, harvesting, and drying (or dewatering) [7, 9]. 

The thermochemical fuel properties of the produced algal biomass depend not only on 

species selection but also on the processing history in each of these production stages, 

particularly cultivation. 



Chapter 2 – Literature review 

7 
 

 2.3. Standard fuel analyses 

A standardised group of analyses is generally carried out as a first step when 

characterising new fuels. These analyses include proximate, ultimate, heating value, and 

elemental analyses. They each provide initial indications of different aspects of 

pyrolysis, combustion, and gasification behaviour.  

The proximate analysis divides the fuel into four separate constituents (moisture, 

volatile matter, fixed carbon, and ash) which are based on the phases of fuel particle 

burnout. When a solid fuel particle is first introduced to a reactor, fuel moisture is 

evaporated. Fuel moisture includes water which can be evaporated from the fuel by 

drying at low temperatures (~100
 
°C) but does not include water molecules which are 

chemically bound to the fuel. As the fuel particle continues to heat to higher 

temperatures, the fuel particle undergoes devolatilisation, which involves rapid release 

of volatile components in the organic matrix (volatile matter). The organic matter 

remaining after devolatilisation is termed fixed carbon. In combustion and gasification 

processes the fixed carbon is converted by heterogeneous reactions with gas phase 

reactants. The residual inorganic material remaining at the end of the combustion or 

gasification process is the ash. The partitioning of a fuel into its proximate constituents 

provides vital information regarding reactor availability and is used to gain an initial 

indication of the expected quantities in both gas and solid phase product streams.  

The ultimate analysis shows the total concentrations of C, H, N, O, and S in the fuel, on 

a dry or dry and ash-free basis, and provides an initial indication of emissions. Heating 

value is a measure of the energy content of the fuel and provides an upper limit to the 

energy released during combustion. The elemental analysis shows the concentrations of 

the inorganic elements in the fuel or in the ash. The major (>1% w/w) and minor (0.1 - 

1% w/w) inorganic elements largely determine the properties of the ash (or char) 

formed in thermochemical processes. Knowledge of their concentrations is essential for 

the prediction and mitigation of operational problems in industrial-scale reactors. Many 

of the trace (<0.1% w/w) inorganic elements are capable of forming harmful pollutants 

which are toxic at low concentrations. Knowledge of the concentrations of the trace 

elements (TEs) is therefore important from an environmental aspect. 

Standard fuel analyses have been reported in the literature for a range of algal species 

and culturing conditions. However, more often than not, the analyses are incomplete 
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and are not reported on a consistent basis (e.g. as-received, air-dried, dry and ash-free). 

This makes direct comparison between different types of algae difficult. A survey of the 

peer-reviewed literature has been carried out in order to compare the fuel properties of 

micro- and macroalgal biomass to that of coal and commonly used terrestrial biomass 

fuels. The survey encompasses a broad range of both freshwater and marine species of 

micro- and macroalgae. Proximate, ultimate, and heating value analyses are presented 

in Table 1 and elemental analyses of the main inorganic elements in Table 2. Mean and 

range values are presented for different categories of algal biomass (freshwater 

microalgae, marine microalgae, freshwater macroalgae, and marine macroalgae), for 

coal, and for commonly used terrestrial biomass fuels. All results have been converted 

to consistent bases to enable direct comparison between the different fuel categories. 
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The proximate analyses (Table 1) show a large range of ash contents for both 

microalgae (1.0 – 62.8% w/w) and macroalgae (2.9 – 59.0% w/w). Ash content is 

generally greater for marine algae than for freshwater algae and is on average greater 

for algal biomass than for terrestrial biomass. The relative proportions of fixed carbon 

and volatile matter in algal biomass more closely resemble the proportions in terrestrial 

biomass than in coal. Coal generally contains much higher levels of fixed carbon and 

lower levels of volatile matter than biomass. 

The ultimate analyses (Table 1) show only minor differences between the 

concentrations of C and H in algal biomass and the concentrations of these elements in 

terrestrial biomass, on a dry and ash-free basis. Coal, on the other hand, contains more 

C and less H than algae. Mean O concentrations for macroalgae are generally similar to 

that of terrestrial biomass and are slightly higher than that of microalgae. Nitrogen 

concentrations are generally much higher in algal biomass than in terrestrial biomass 

and coal. This has been attributed to high protein contents in algae [15, 64], and to the 

ability of many algae to store excess N to that needed for immediate growth [65]. 

Sulphur contents vary widely in both micro- and macroalgae and can significantly 

exceed values reported in terrestrial biomass. Marine algae generally contain more S 

than freshwater algae, which could be expected given that seawater contains higher 

concentrations of sulphate ions than does freshwater [66]. 

Higher heating values (HHVs) reported for microalgae are on average higher than that 

reported for macroalgae and terrestrial biomass when compared on a dry and ash-free 

basis (see Table 1). This is likely due to lower O contents in microalgae. Mean HHVs 

for freshwater and marine macroalgae lie within the range commonly reported for 

terrestrial biomass.  

The major and minor inorganic elements in micro- and macroalgae (Table 2) generally 

include Cl, P, K, Na, Ca, Mg, Si, and Fe. A wide range of concentrations has been 

reported in the literature for these elements. Reported values can vary by as much as 

two orders of magnitude. Nevertheless, some general trends are evident between the 

different categories of algae. Silicon levels tend to be much higher in microalgae than in 

macroalgae. Concentrations of Cl, Na, and Ca are generally greater in marine algae than 

in freshwater algae which reflects the differences in the concentrations of these 

elements in fresh and marine waters [66]. When compared with terrestrial biomass, 
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algae generally contain higher concentrations of the alkali metals (K and Na) and the 

alkaline earth metals (Ca and Mg). On average, freshwater algae have similar Cl 

contents to straw. Chlorine levels in marine algae tend to be much higher. The 

concentration of P is generally greater in algal biomass than in coal and terrestrial 

biomass. Furthermore, the concentration of P in algae often exceeds that of Si, 

particularly in macroalgae. 

Studies which report the concentrations of the trace elements (TEs) in algal biomass are 

limited. Most studies report only the concentrations of a select few TEs which are of 

relevance to that particular study. Nevertheless, the available studies show that many 

species of algae are capable of sequestering large quantities of TEs from their growth 

media. TE concentrations reported in the literature are presented in Table 3 for a range 

of cultivation environments including both freshwater and seawater as well as two types 

of industrial wastewater. Table 3 indicates that algae which have been cultivated in 

seawater may contain elevated levels of As, B, Pb, Se, and Zn. A species of microalgae 

(Spirulina sp.), which had been cultivated in effluent from a copper smelter and refinery 

in Poland, was found to contain high concentrations of Cu, Cd, Hg, and Ni [67]. 

Macroalgae (Hydrodictyon sp., Oedogonium sp., and Rhizoclonium sp.), which had 

been cultivated in ash-dam water (ADW) from a coal-fired power station in North-East 

Australia, were found to contain elevated concentrations of As, B, Se, V, and Zn [62]. 
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Table 3. Trace element concentrations in algal biomass which have been cultivated in 

different growth media 

    Growth medium 

Element 

(ppm, dba) 
  seawater [68, 69]  

freshwater + 

f2 mediab [62] 

ash-dam water 

+ f2 media [62] 

copper smelter and 

refinery effluent [67] 

      
Ag 

 
<1 

   
As 

 
63 - 94 <1 - 2 81 - 137 

 
B 

 
125 - 222 4 - 14 247 - 533 

 
Ba 

 
13 - 120 

  
53 

Cd 
 

2 <1 <1 463 

Co 
 

<1 - 2 
  

12 

Cr 
 

<1 - 9 <1 - 2 4 - 6 
 

Cu 
 

3 - 210 9 - 13 42 - 85 271 

Hf 
    

3 

Hg 
  

<1 <1 1340 

Li 
 

2 - 8 
   

Mn 
 

9 - 800 104 - 697 986 - 1500 263 

Mo 
 

<1 - 1 <1 - 7 3 - 26 
 

Ni 
 

2 - 74 <1 3 - 4 194 

Pb 
 

2 - 26 <1 - 2 1 4 

Rb 
 

80 - 250 
   

Re 
    

42 

Sb 
    

3 

Se 
 

8 - 14 <1 11 - 22 
 

Sn 
 

<1 - 3 
   

Sr 
 

420 - 2800 27 - 70 402 - 681 
 

Th 
    

33 

Ti 
 

2 - 308 
   

V 
 

<1 - 12 <1 - 3 832 - 1543 
 

Zn 
 

40 - 884 29 - 36 699 - 1437 166 

 

adb = dry basis. bf2 media = a standard nutrient medium containing nitrate, phosphate, and trace amounts of the 

following metals: Co, Cu, Fe, Mn, Mo, Na, and Zn. 

 

2.3.1. Implications for thermochemical processing 

Both micro- and macroalgal biomass tend to contain high concentrations of various 

inorganic impurities. Many of these impurities are intimately connected with major 

operational problems in the main technologies used to thermally process biomass fuels, 

namely fluidised-bed (FB), fixed-bed, and entrained-flow reactors. Accurate prediction 

and effective mitigation of these operational problems requires prior knowledge of the 

behaviour of these inorganic impurities during thermochemical conversion.  

Operational problems associated with inorganic impurities in the fuel can often be 

alleviated by operating at lower temperatures. However, low operating temperatures 
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may compromise burnout of the organic fraction of the fuel which can lead to increased 

emissions of pollutants such as CO, soot, and polyaromatic hydrocarbons (PAHs) [10]. 

Consequently, the choice of operating temperature in practical thermochemical 

processes often involves a trade-off between maximising the extent of fuel conversion 

and mitigating operational problems. The extent of fuel conversion during pyrolysis, 

combustion, or gasification of algal biomass will not only depend on the operating 

conditions but also on the inherent reactivity of algae as a fuel.  

The high concentrations of N in algal biomass indicate significant potential for the 

formation of NOx during combustion. The term “NOx” refers collectively to the 

following oxides of nitrogen: NO and NO2. These two species are harmful atmospheric 

pollutants. Both are acid rain precursors and participate in the formation of 

photochemical smog [70]. NOx is mainly emitted in the form of NO during the 

combustion of coal and biomass [70]. There are three established pathways for the 

formation of NO during combustion [71]: oxidation of atmospheric N2 (thermal-NO); 

reactions between fuel-derived radicals with atmospheric N2 (prompt-NO); and 

oxidation of N chemically bound to the fuel (fuel-NO). Of these pathways, fuel-NO is 

generally dominant at the low combustion temperatures used to process biomass fuels 

[70]. The emission of NOx during the combustion of algal biomass will therefore 

largely depend on the conversion of fuel-N to NO.  

The use of algal biomass for the treatment of wastewater has long been promoted [72]. 

Algae are renowned for their abilities to remove inorganic N and P, break down organic 

toxins (e.g. hydrocarbons, biocides, and surfactants), and sequester potentially toxic 

trace metals and metalloids from municipal, agricultural, and industrial wastewaters [8, 

73]. The utilisation of algal biomass which has been produced for the bioremediation of 

ADW from coal-fired power stations has gained recent commercial interest [74-76]. 

The produced biomass has several advantages as a feedstock for heat and power 

applications. Much of the infrastructure required for thermochemical processing is 

likely already available at the power station and the volume of bio-solids is 

substantially reduced in the process, which is beneficial from the point of waste 

management. However, previous studies [62, 74] have shown ADW algae to contain 

high concentrations of potentially toxic TEs. If released into the environment, these 

elements may cause harm to delicate ecosystems and to human health. The potential for 
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TE mobilisation must therefore be considered before ADW algae can be safely used as 

a feedstock in thermochemical processes. 

2.4. Oxidation of carbon and char reactivity   

Several experiments [15, 27, 64] have been carried out in order to compare the 

decomposition of algal biomass in thermochemical processes with that of terrestrial 

plants. These experiments all involved heating small samples of biomass (<50 mg) in a 

thermobalance at a controlled rate and simultaneously monitoring sample weight loss 

and differential temperature or heat flow as a function of time and furnace temperature. 

When compared with wood, the onset of volatile release and the maximum rate of 

weight loss generally occur at lower temperatures for micro- and macroalgae, which 

indicates relatively high reactivities for algal biomass in thermochemical processes. 

Various authors [15, 27, 64, 77] have attributed these trends to differences in the main 

organic constituents in algal biomass and wood. The main constituents of wood are 

lignin, cellulose, and hemicellulose [78]. Algae generally contain much higher contents 

of protein, lipid, and simple carbohydrates [15, 64, 77]. These components decompose 

more readily upon heating than lignin, cellulose, and hemicellulose [27, 64, 77]. 

However, the low heating rates (<2 °C s
-1

) used in the aforementioned thermobalance 

experiments poorly simulate conditions inside industrial reactors, where the heating of 

fuel particles is typically rapid (100 – 2000 °C s
-1

). Numerous studies [79-81] have 

shown the fuel heating rate to have a significant impact on fuel particle transformations 

in thermochemical processes. Consequently, the decomposition of algal biomass in 

industrial reactors may differ substantially from that encountered in the thermobalance 

experiments reported by previous investigators.  

When a solid fuel particle is first introduced into an industrial combustor the particle 

dries and devolatilises, forming a residual char. Oxidation of the evolved volatiles is 

rapid, and generally follows as quickly as the volatiles are released from the fuel. The 

residual char is oxidised, through heterogeneous reactions between the solid char 

residue and atmospheric oxygen. Devolatilisation is a much faster process than char 

oxidation, and therefore, the rate of combustion in industrial installations largely 

depends on the partitioning between volatiles and char. Experience burning both coal 

[82] and terrestrial biomass [83] has shown the partitioning between volatiles and char 

to depend not only on operating conditions (e.g. temperature and gas atmosphere) but 

also on the type of fuel. One way of determining the partitioning between volatiles and 
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char is to track the conversion of C throughout the entire combustion process. This can 

be done by monitoring the concentrations of the products of C combustion (primarily 

CO and CO2) in flue gas emissions released during the combustion of a small sample of 

fuel. The release of C during the combustion of algal biomass has so far only been 

monitored at low-heating rates (<2 °C s
-1

) [30, 64, 84]. In order to partition the release 

of C between volatiles and char under conditions relevant to industrial combustion 

processes, the release of C should be tracked at higher fuel heating rates. 

Char conversion is the slowest step in industrial combustion and gasification processes, 

and therefore, generally determines the total conversion of carbon. For this reason there 

have been numerous studies on the reactivity of coal [85-87] and terrestrial biomass 

[88-91] chars. These studies have shown char reactivity to depend on the physical and 

chemical properties of the char which in turn depend on the inherent properties of the 

fuel [92] as well as on the devolatilisation conditions [79]. Certain inorganic elements 

are known to have a significant impact on char reactivity. There is strong consensus in 

the literature that the alkali metals, K and Na, catalyse char reactivity. The alkaline 

earth metals, Ca and Mg, are understood to catalyse char reactivity, but to a lesser 

extent than the alkali metals [89, 91]. Silicon has been reported to reduce char reactivity 

by forming inactive alkali silicates [89]. The overall catalytic effect of the inorganic 

matter likely depends on the relative proportions of the inorganic elements in the char.  

The concentrations of the inorganic elements in algal biomass differ substantially from 

that in both coal and terrestrial biomass fuels. Despite this, limited work has been done 

to characterise the reactivity of algal chars under conditions relevant to industrial 

combustion and gasification processes. Kirtania et al. [23, 93] studied the gasification 

reactivity of microalgal chars prepared at both low and high heating rates. The heating 

rate was found to have little influence on the structure and reactivity of the char [23]. 

Direct comparisons between wood and microalgal chars [93] indicate slightly higher 

gasification reactivities for wood under most conditions. Other than the recent work by 

Kirtania et al. [23, 93], little has been done to assess the reactivity of microalgal chars. 

There are no known studies on the reactivity of macroalgal chars. 

2.5. Conversion of fuel-N to NO 

There have been numerous studies on the conversion of fuel-N during the combustion 

of coal and terrestrial biomass fuels, e.g. [70, 71, 94, 95]. These studies show the extent 



Chapter 2 – Literature review 

17 
 

of fuel-N conversion to NO to depend not only on the combustion environment (e.g. 

temperature and stoichiometry) but also on the physical and chemical properties of the 

fuel. Comparisons between different types of terrestrial biomass fuels indicate that the 

fuel-N content has a significant influence on the formation of NO. Various authors [83, 

96, 97] have reported a trend of diminishing fuel-N conversion to NO with increasing 

fuel-N content during the combustion of terrestrial biomass fuels. Winter et al. [96] and 

Giuntoli et al. [83] attributed this trend to differences in the extent of reduction of NO 

to N2 by gas phase species, HCN and NH3. According to these authors, these two 

species and their related radicals are formed in greater quantities, and are consequently 

present in the gas phase in higher concentrations during the combustion of N-rich fuels. 

The potential for NO reduction to N2 is therefore greater, and the resultant conversion 

of fuel-N to NO lower, for N-rich biomass. The trend of diminishing conversion of fuel-

N to NO with increasing fuel-N content is less clear in the case of coal [97]. 

Experience burning coal and terrestrial biomass fuels has shown the mechanisms for 

NO formation to differ depending on whether fuel-N is released during devolatilisation 

or char oxidation [94]. The effective control of NOx in industrial combustors therefore 

not only requires knowledge of the total conversion of fuel-N to NO, but also 

knowledge of the partitioning between volatile-N and char-N. Stoichiometric measures, 

based on delayed fuel-air mixing to promote NO reduction to N2, are commonly 

employed to minimise the amount of NO formed from volatile-N [94]. The control of 

NO formed from char-N is more difficult [98], and is a subject of ongoing research 

[99].  

There are only a few studies which address the thermal behaviour of N in algal biomass, 

and most of these studies have focused on conditions relevant to pyrolysis processes. 

Emissions of HCN, CH4N, and C3H8N have been detected [34, 84], in descending order 

of concentration, during the slow pyrolysis (<2 °C s
-1

) of microalgae. Ross et al. [69] 

analysed emissions of nitrogenous species during the fast pyrolysis (500
 
°C) of three 

samples of marine macroalgae, using pyrolysis-gas chromatography mass-spectrometry 

(py-GC/MS). They inferred that the released N mainly originated from aromatic 

compounds, particularly analogues of indole and pyrrole. Trinh et al. [77] measured the 

concentration of N in the char residue produced during the fast pyrolysis (550
 
°C) of 

Ulva lactuca, a marine species of macroalgae. The concentration of N in the char was 
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greater than that in the alga itself, which indicates significant retention of N during 

pyrolysis at low temperatures.  

Wang et al. [30] monitored emissions of NO and NO2 during the fixed-bed combustion 

of two species of marine macroalgae. They reported the onset of NO release to 

commence at around 200 – 300
 
°C and the cumulative release of NO to be much greater 

than that of NO2, which is consistent with the combustion behaviour of N in terrestrial 

biomass fuels [70, 100]. However, the combustion experiments performed by Wang et 

al. [30] were all carried out at low heating rates (<2 °C s
-1

) and the gas phase 

measurements of NO and NO2 were not quantitative. Consequently, the experiments did 

not show the total conversion of fuel-N to NO or the partitioning of the released NO 

between volatile-N and char-N. This information is needed for the development of 

effective control strategies to minimise NOx emissions during the combustion of algal 

biomass in industrial-scale reactors.     

2.6. Inorganic matter and ash-related issues   

The inorganic matter in biomass is responsible for major operational problems in 

industrial thermochemical reactors. Fouling, ash deposition, high-temperature 

corrosion, and bed agglomeration are all caused by transformations of the inorganic 

matter during thermal conversion [11, 12, 101], and are collectively referred to in the 

literature as ash-related issues. The first three issues are relevant to fluidised-bed (FB), 

fixed-bed, and entrained-flow reactors whereas bed agglomeration is specifically 

relevant to FB reactors. The consequences of ash-related issues can be severe. Plugging 

of boiler tube channels [102], erosion of gas turbine components [103], and bed 

defluidisation [104] have all been reported. The fate of the inorganic matter during 

thermal conversion and its role in ash-related issues not only depend on the 

concentrations of the major and minor inorganic elements in the fuel but also on their 

speciation or occurrence modes in the fuel.  

2.6.1. Speciation of the inorganic matter 

The speciation of the inorganic matter has been studied extensively in both coal [20, 

105] and terrestrial biomass fuels [19, 106]. In these fuels, the inorganic matter is 

commonly categorised into the following forms: ionic salts; inorganic matter which is 

organically bound to the carbonaceous matrix; and included and excluded minerals. 

Included minerals refer to minerals which are precipitated inside the fuel as part of 
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natural processes and excluded minerals refer to minerals which have been added to the 

fuel during fuel processing steps. The inorganic matter in coal predominately consists 

of minerals. Biomass on the other hand, tends to contain much higher proportions of 

ionic salts and organically associated inorganic matter. These forms are generally more 

mobile during thermochemical conversion than mineral matter, and consequently, have 

a higher tendency to participate in ash-related issues [107].  

Comparatively little work has been done to determine the speciation of the inorganic 

matter in algal biomass. Most studies in this field have focused on the occurrence of P 

in microalgae, since P is one of the most important growth limiting factors in 

microalgal biotechnology [108]. Several species of microalgae are known to be capable 

of storing large amounts of P, in excess to that required for essential metabolic 

processes (e.g. nucleic acid synthesis), in the form of inorganic polyphosphates 

(polymers consisting of orthophosphate units linked together by phosphoanhydride 

bonds) [109, 110]. It is understood that P contained in inorganic polyphosphates is 

converted to organic forms when the availability of P becomes limited [111]. Like P, S 

is also known to occur in microalgae in both organic and inorganic forms [111].  

The association of Si has mainly been studied in diatoms. In diatoms, Si occurs 

primarily as amorphous silica, within cell walls [112]. Ross et al. [69] studied the 

leaching behaviour of the alkali metals (K and Na) and the alkaline earth metals (Ca 

and Mg) in three samples of marine macroalgae which had been rinsed in freshwater 

after harvesting. Approximately 30 - 40% of the total K, Na, and Mg were water 

extractable. Calcium was virtually insoluble in water however was highly soluble 

(>90%) in a 2M solution of HCl. It is likely that the water extractable fractions of K, 

Na, Ca, and Mg would have been higher had the samples not been previously rinsed in 

freshwater. Ross et al. [69] proposed that the alkali and alkaline earth metals in brown 

macroalgae are largely associated with alginate, the salt of alginic acid, based on the 

leaching behaviour of these elements and on GC/MS analyses of product gases released 

during low-temperature (500 °C) pyrolysis of the macroalgal samples. Borowitzka et al. 

[113] examined Ca-containing mineral deposits in a diverse range of algae using 

microscopic methods and concluded that calcite and aragonite were the main mineral 

forms of Ca in both freshwater and marine algae.  
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The limited literature available on the speciation of the inorganic elements in algal 

biomass tends to focus on individual elements in isolation of the other main inorganic 

elements. Furthermore, most of the literature in this field is non-quantitative and 

encompasses only a narrow range of algal species. More quantitative analysis is needed 

in order to develop a comprehensive understanding of the occurrence modes of the 

main inorganic elements in algal biomass.  

2.6.2. Fluidised-bed technologies and bed agglomeration  

Fluidised-bed (FB) technologies offer good fuel flexibility i.e. they are capable of 

handling a wide range of fuels which vary in size, shape, and chemical composition 

[114]. For this reason they are often favoured for the conversion of biomass fuels. In FB 

reactors a bed of inert particles is contacted with an upwards flowing gas so that the 

inert particles attain a liquid-like state. The inert bed particles are used to promote 

stable fluidisation of the incoming fuel particles and to enhance heat transfer. During 

combustion or gasification, various inorganic components in the fuel are retained in the 

bed as ash. The ash may interact with the inert bed particles in such a way that causes 

the bed particles to agglomerate [12]. Bed particle agglomeration disrupts stable 

fluidisation by increasing resistance to the upwards flowing gas, and may eventually 

lead to the bed defluidising [104].  

Most of the previous research on bed agglomeration has focused on coal and terrestrial 

biomass fuels. Skrifvars et al. [115] established three major mechanisms for the 

sintering of coal ashes: partial melting; viscous-flow sintering; and gas-solid chemical 

reaction. Viscous-flow sintering tends to be the dominant mechanism for anthracite and 

bituminous coals [115] whereas partial melting tends to be the dominant mechanism for 

brown coals [115], because brown coal contains a higher proportion of low-temperature 

melting matter in its ashes. Partial melting can lead to the formation of a sticky ash 

coating on the outside of burning char particles, which in a FB environment, can 

transfer to bed particles and act as glue for agglomerate formation [116]. This process is 

known as melt-induced agglomeration and can occur during the conversion of both coal 

and terrestrial biomass fuels [117]. Bed agglomeration can also be initiated by chemical 

reactions between the bed particles and gas or liquid phase alkali species originating 

from the fuel. This process is known as coating-induced agglomeration and is the 

principal mechanism of bed agglomeration for many terrestrial biomass fuels [118]. The 

principal mechanism of bed agglomeration can differ from fuel to fuel and appears to 
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depend largely on the composition of the inorganic matter in the fuel. The inorganic 

matter in algal biomass is distinctively different from that in both coal and terrestrial 

biomass. This makes it difficult to predict bed agglomeration during the conversion of 

algal biomass based solely on experience with coal and terrestrial biomass fuels. 

Previous research into the FB conversion of algal biomass is limited to only a few 

recent studies [32, 119, 120], which have predominately focused on gasification 

conditions. Alghurabie et al. [119] attempted to gasify Tetraselmis sp., a marine species 

of microalgae, in a spouted FB reactor, however, were unable to achieve steady 

operation, due partly to attrition of microalgae in the fuel feeding system. Yang et al. 

[120] reported bed agglomeration during the co-gasification of wood and Spirulina sp., 

a species of microalgae, in a bubbling FB reactor, however, did not investigate the 

cause of agglomeration. Zhu et al. [32] conducted co-gasification trials in a similar 

reactor setup to that used by Alghurabie et al. [119], using a range of fuel mixtures 

containing 10% w/w algae and the balance brown coal. Two species of macroalgae and 

a species of microalgae were used in the fuel mixtures. In most trials, the authors 

reported severe bed agglomeration after only a few hours of operation. Based on 

analyses of bed material removed both during and post gasification, the authors 

attributed bed agglomeration to the formation of liquid alkali silicates on bed particles, 

in the case of the macroalgae/coal mixtures, and to the formation of an Fe-Al silicate 

eutectic mixture, in the case of the microalgae/coal mixture. Although the coal sample 

contained significantly less ash than the algal samples, it is still likely that the coal ash 

played a significant role in the bed agglomeration processes reported by Zhu et al. [32]. 

There are no known studies on the interactions that take place between pure algal ashes 

and bed material under conditions relevant to FB reactors.  

2.6.3. Release of Cl, S, P, K, and Na 

The release of volatile inorganic elements, particularly Cl, S, P, K, and Na, to the gas 

phase is intimately connected with fouling, ash deposition, and high-temperature 

corrosion in industrial pyrolysis, combustion, and gasification processes. Sulphur and 

Cl tend to be highly volatile during thermal conversion [55, 121]. Volatilised S 

compounds can condense on reactor surfaces (e.g. superheater tubes) to form hard 

deposits [122]. The release of Cl accelerates high-temperature corrosion [101] and often 

facilitates the release of the alkali metals, K and Na [11, 97]. The alkali metals are well 

known for forming low-temperature melting compounds which cause the formed ash to 
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become sticky. Their release leads to the deposition of ash particles both inside and 

downstream of the reactor [97, 122]. Phosphorous generally has a higher affinity for the 

alkali metals than its main competitors, Cl, S, and Si [123]. This property makes the 

release of P pivotal to the behaviour of the alkali metals. Phosphorous can react with the 

alkali metals to form molten alkali phosphates (e.g. KPO3) [124] which volatilise at low 

temperatures [125] and contribute to fouling and ash deposition [126]. However, P can 

also react with the alkali metals to form stable, high-temperature melting, alkaline earth 

metal-rich, alkali phosphates (e.g. CaK2P2O7) [124, 127] which remain in the char or 

ash, and thereby prevent the release of the alkali metals.    

The precise role of Cl, S, P, K, and Na in ash-related issues largely depends on the 

extent to which these elements are released to the gas phase or are retained in the ash 

(or char) residues during fuel particle burnout. For this reason, a vast amount of 

research has been dedicated to understanding the volatile behaviour of these elements.  

There is consensus in the literature [55, 121, 128] on the mechanisms governing the 

release of Cl. Chlorine is generally released by two main mechanisms when present in 

the fuel in the form of inorganic metal chlorides (e.g. KCl and NaCl). Mechanism (1) 

involves incorporation of the metal cation into proton donor sites in the char matrix 

(e.g. carboxyl groups) [128, 129] and the simultaneous release of Cl to the gas phase as 

HCl vapour. The release of HCl has been shown to commence at around 200 - 300 °C 

during the pyrolysis of both coal [130] and terrestrial biomass [131]. Mechanism (2) 

involves direct sublimation of metal chlorides, particularly KCl and NaCl, and is 

thought to only become significant at temperatures above 700 °C [121]. The principal 

mechanism of release appears to depend on the absolute content of Cl in the fuel. For 

Cl-lean fuels (<0.6% w/w), Mechanism (1) tends to dominate. For Cl-rich fuels (>0.6% 

w/w), Mechanism (2) tends to dominate, since release by Mechanism (1) is limited by 

the availability of proton donor sites in the char matrix for alkali capture. 

Numerous studies [132-135] have shown the release of S to take place via two steps 

during the combustion and gasification of terrestrial biomass fuels. Step (1) occurs at 

low temperatures (<500
 
°C) during pyrolysis, and Step (2) at higher temperatures, 

during combustion or gasification of the residual char. It is understood that S which is 

organically bound to the fuel matrix is released during Step (1), as a result of 

destruction of the organic matrix [132, 133], and that inorganic forms of S are released 
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later, during Step (2) [132, 133, 135]. The amount of S released in each step has been 

found to correlate with the distribution of S between organic and inorganic forms in the 

fuel [133]. Mechanisms proposed for the release of inorganic S include vaporisation of 

alkali sulphates [121] and metal sulphate decomposition [121, 133], involving 

incorporation of the metal cation into the ash residue and the release of SO2 

(combustion) [132, 136] or H2S and COS (gasification) [54, 137] to the gas phase. A 

number of studies [55, 128, 133] have indicated that the primary release of S is 

significantly affected by the availability of base cations in the char, particularly Ca. 

Secondary capture of gaseous SO2 by organic functional groups in the char matrix is 

known to significantly reduce the net release of S from combustion processes [138, 

139].  

Studies which address the release of P are limited, since the concentration of P in coal 

and most commonly used terrestrial biomass fuels is generally low. Wu et al. [125] 

measured the release of P and K from bran during pyrolysis and combustion in a 

laboratory-scale, fixed-bed reactor. The majority (60 - 70%) of the total P was released 

by 1100
 
°C during combustion, whereas less than 10% of the total P was released 

during pyrolysis at the same temperature. The release of K was proportional to that of P 

under both pyrolysis and combustion conditions, within the temperature interval 700 – 

1100
 
°C. Based on this result, Wu et al. [125] inferred that P is released by vaporisation 

of molten KPO3. Bourgel et al. [140] modelled the release of P during the gasification 

of sewage sludge by means of thermodynamic equilibrium calculations. They predicted 

the release of P to commence at around 700
 °
C and that the extent of P release is greater 

for sewage sludge samples with higher P contents. 

The volatile behaviour of the alkali metals, K and Na, is extremely complex and tends 

to vary substantially from fuel to fuel. Numerous mechanisms have been proposed in 

the literature for the release of the alkali metals and several authors have reviewed these 

for a diverse range of terrestrial fuels, including coal [141], agricultural crops [121, 

128], wood, and wood-derived fuels [55]. Commonly reported mechanisms include: 

vaporisation of alkali salts (e.g. chlorides, sulphates, and phosphates); dissociation of 

alkali carbonates, alkali sulphates and alkali metals ion-exchanged to oxygen 

functionalities in the char matrix; and vaporisation of alkali silicates. In many cases, the 

alkali metals are released by a combination of these mechanisms. The importance of 

any given mechanism appears to depend largely on fuel composition. Certain 
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compositional parameters in particular, are known to play a key role in controlling the 

release of the alkali metals. Knudsen et al. [128] showed the release of K from 

agricultural crops to depend on the following molar ratios: K/Cl and K/Si. They 

proposed that K is preferentially released in the form of KCl until Cl becomes limiting 

and that the release of remaining K is inhibited by the formation of non-volatile 

silicates. The proposed retention of alkali metals in silicate compounds is consistent 

with experimental work by Kosminski et al. [142] and Steenari and Lindqvist [143], in 

which alkali silicates were identified in high-temperature ashes using X-ray diffraction 

(XRD) analysis. 

The release of the inorganic elements from algal biomass has not been studied in nearly 

as much depth as has been done for coal and terrestrial biomass fuels. Several studies 

[30, 34, 64] have reported direct, gas-phase measurements for S. López-González et al. 

[34] showed the release of S to commence at around 200 – 300
 
°C during the 

temperature-programmed pyrolysis of three species of microalgae. Sulphur was 

predominately released below 600 °C, in the form of hydrogen sulphides, particularly 

H2S, S2H2, and CH3SH [34]. Wang et al. [30] monitored the release of SO2 during the 

temperature-programmed combustion of two species of marine macroalgae. They 

reported two distinct peaks in the emission of SO2, the first occurring between 200 and 

400 °C and the second occurring between 500 and 700 °C. The dual peaks could imply 

that S is released by a two-step mechanism during combustion, which is consistent with 

the behaviour of S during the combustion of terrestrial biomass fuels. The gas-phase 

measurements made by López-González et al. [34] and Wang et al. [30] provide 

qualitative indications of the release of S during pyrolysis and combustion, however, 

the reported measurements are not fully quantitative, and therefore, do not show the 

extent to which S is released to the gas phase. 

Quantitative studies on the release of the inorganic elements from algal biomass are 

scarce. Trinh et al. [77] determined the recovery of Cl, S, P, K, and Na in bio-oil and 

char residues following the fast pyrolysis (550
 
°C) of Ulva lactuca, a marine species of 

macroalgae. They reported high recoveries (>96%) for P, K, and Na. Recoveries for S 

and Cl were lower (91% and 65%), which indicates that these elements are partially 

released to the gas phase by 550
 
°C. Trinh et al. [77] reported similar recoveries for Cl, 

S, P, K, and Na during the pyrolysis of straw under the same experimental conditions. 

The release of the inorganic elements from algal biomass has not been quantified at 
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operating temperatures above 550 °C or in gas atmospheres relevant to combustion and 

gasification processes.  

2.7. Mobilisation of trace elements   

During fuel particle burnout the TEs are either released into the gas phase or are 

retained in the ash (or char) residues. Most volatilised TEs condense on fine particles in 

the product gases as the product gases are cooled, except for a few highly volatile TEs, 

such as Hg, Se, and B, which may partially remain in the gas phase [144]. The particles 

formed in the product gases typically follow a bimodal size distribution, with the first 

maximum occurring below 1 µm and the second maximum occurring above 1 µm 

[145]. Many toxic TEs preferentially condense on smaller particles in the product gases, 

and are often enriched in the submicron size fraction [146]. This makes their capture 

difficult, since conventional particulate control devices (e.g. electrostatic precipitators 

and bag filters) are generally least effective at removing particles within the size range 

0.1 – 1 µm [146]. Consequently, volatilised TEs are often released from 

thermochemical processes in the form of submicron particles. Airborne particles below 

1 µm in size readily penetrate into alveolar regions of human lungs, where the TEs can 

be taken up into the bloodstream [145]. Due to this, there are strict limits on the 

emissions of many TEs from industrial thermochemical processes [147]. This has 

motivated a vast amount of research into the volatility of the TEs during thermal 

conversion.  

The volatility of the TEs has been studied in depth during the conversion of coal [148-

150] and to a lesser extent during the conversion of terrestrial biomass [151-154]. 

Clarke and Sloss [144] developed a classification scheme which ranks the TEs in coal 

according to their relative volatility and expected fate during combustion. Their scheme 

provides a useful first-approximation of the volatility of the TEs during thermal 

conversion. However, the precise extent to which the TEs volatilise can vary 

substantially depending on the operating conditions and fuel composition.  

Zevenhoven and Kilpinen [155] summarised the influence of key operational 

parameters on the volatility of the TEs. High operating temperatures and reducing gas 

atmospheres generally increase the extent to which many of the TEs volatilise. High 

operating pressures are understood to supress the volatility of the TEs but only to a 

relatively minor extent. The occurrence modes of the TEs and the presence of other 
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major and minor inorganic elements in the fuel are also known to influence TE 

volatility [148, 155]. High concentrations of Cl are known to promote the volatilisation 

of many TEs [154, 156]. Certain inorganic elements (e.g. Ca) have the opposite effect, 

and can help to retain various TEs in the fuel bed [149, 151].  

Currently, there are no known studies which address the volatility of the TEs during the 

conversion of algal biomass in thermochemical processes. Moreover, it is difficult to 

predict the volatile behaviour of the TEs during the conversion of algal biomass based 

solely on knowledge gained from studies on conventional solid fuels, since the 

chemical composition of these fuels differs in many ways from that of algal biomass. 

Thus, the extent to which the TEs volatilise during the thermal conversion of algal 

biomass is largely unknown.  

The consequences of TE mobilisation are compounded when utilising contaminated 

sources of biomass. When cultivated in ADW, algae are capable of sequestering high 

levels of various metals and metalloids [157], and as a result, often contain high 

concentrations of potentially toxic TEs when harvested [62]. The safe and effective use 

of ADW algae in thermochemical processes therefore requires assessment of the 

volatile behaviour of these TEs during conversion.  

The TEs can undergo further fractionation post thermal conversion if the ash (or char) 

residues are contacted with water. TEs which have been leached out of ash or char can 

potentially migrate to and contaminate nearby waterbodies. Due to this, there have been 

numerous studies on the leaching behaviour of the TEs in char and ash residues 

produced during the conversion of coal and terrestrial biomass fuels. Several 

noteworthy reviews [158-160] have been published on this subject. In general, the 

extent of TE leaching from ash (or char) residues cannot be correlated with the 

leachable fraction in the fuel itself [161]. This result is not surprising given that the TEs 

undergo various physical and chemical transformations in thermochemical processes 

[158] which inevitably affect their resultant leaching behaviour. Under combustion 

conditions, the TEs tend to form oxides, hydroxides, and sulphates, whereas under 

gasification conditions, the formation of reduced species is more common [149]. 

Changes in the chemical speciation of the TEs may also be accompanied by changes in 

their spatial distribution [158]. Many TEs, particularly those which volatilise and 

recondense during thermal conversion (e.g. As, Sb, Se, and Zn), are known to become 
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enriched on char and ash particle surfaces where they are more susceptible to leaching 

[158].  

The leachability of the TEs is also influenced by the behaviour of the major and minor 

inorganic elements during thermal conversion [159]. The formation of certain inorganic 

species in the ash (or char) residues can largely influence the pH of the leachate 

produced when the char or ash is first brought into contact with water [159]. The 

leachate pH is known to play a key role in controlling the extent of initial dissolution of 

the TEs as well as the precipitation of secondary phases, which collectively control the 

overall solubility of the TEs [158, 160]. 

Studies which address the leaching behaviour of the TEs in residues produced during 

the conversion of algal biomass in thermochemical processes are limited. Roberts et al. 

[74] investigated the leachability of several TEs in chars produced during the slow 

pyrolysis of a sample of macroalgae that had been cultivated in ADW at the Tarong 

Power Station in Queensland, Australia. The char samples generally contained higher 

total TE contents but lower water-extractable TE contents than the macroalga itself. In 

slightly more recent work, Roberts et al. [75, 76] measured the transfer of non-essential 

TEs from the produced chars to soil pore water and to plant biomass during the 

cultivation of a native grass and agricultural crops. There are no known studies on TE 

leaching from algal chars produced under fast pyrolysis conditions or from algal ashes 

produced under conditions relevant to combustion and gasification processes. 

 2.8. Limitations in the current literature  

It is clear from the above review of literature, that several areas require significant 

improvement in order to develop a comprehensive understanding of the thermochemical 

fuel behaviour of micro- and macroalgal biomass. 

Previous investigators have studied the decomposition of C and N during the 

combustion of algal biomass by burning small samples of algae (<50 mg) in a 

thermobalance and monitoring the emissions of gaseous products. However, the gas 

phase measurements of C and N in these experiments were not quantitative. 

Furthermore, the combustion experiments were all carried out at low heating rates, 

which poorly resemble conditions inside industrial reactors where heating of fuel 

particles is rapid. Thus, quantitative, time-resolved, gas-phase measurements of CO, 

CO2, and NO during combustion at higher heating rates are recommended. Such 
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measurements will not only reveal the total conversion of C to CO and CO2 and fuel-N 

to NO, but also the partitioning of the released species between volatiles and char. 

Previous studies on the reactivity of algal chars have focused on a limited number of 

microalgal species, which have been cultivated under a narrow range of conditions. 

Consequently, it is largely unknown how char reactivity varies for different species of 

algae and for different cultivation environments.  

A large range of both micro- and macroalgal species have been analysed for their 

elemental composition. The main inorganic elements generally include: Cl, S, P, K, Na, 

Ca, Mg, Fe, and Si. Currently, limited work has been done to determine the occurrence 

modes of these elements in algal biomass. The literature in this field is rarely 

quantitative and tends to focus on individual elements and on a narrow range of algal 

species. This has resulted in a knowledge gap which prevents accurate prediction of the 

role of the inorganic matter in ash-related issues. 

There have been a few experimental studies on the thermal conversion of algal biomass 

in FB reactors. The authors of these studies reported difficulties in sustaining stable 

fluidisation and attributed these difficulties to bed agglomeration. Nevertheless, there 

has only been one formal investigation into bed agglomeration during the conversion of 

algal biomass. This study involved co-gasification trials with fuel mixtures containing 

only 10% w/w algae and the balance brown coal. There are no known studies where 

pure algal biomass has been used as the feedstock. Consequently, the precise 

interactions that take place between algal ashes and bed material under conditions 

relevant to FB processes remain unclear. 

Experience from studies based on a vast range of coal and terrestrial biomass fuels, 

have shown the volatile behaviour of the inorganic elements to vary substantially 

depending on the chemical composition of the fuel. The chemical composition of algal 

biomass varies in many ways from that of coal and commonly used terrestrial biomass 

fuels, and can also vary significantly depending on the species of algae and cultivation 

environment. In spite of this, limited work has been done to characterise the release of 

volatile inorganic elements, particularly Cl, S, P, K, and Na, during the thermal 

conversion of algal biomass. Previous work in this field is mainly non-quantitative. The 

only known quantitative study has focused on just one species of algae and on a single 

set of operating conditions which are of relevance to low-temperature pyrolysis 
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processes. Hence, more extensive research is needed to characterise the release of the 

inorganic elements under a range of operating temperatures and gas atmospheres 

relevant to pyrolysis, combustion, and gasification processes. 

Algal biomass which has been cultivated in ADW from a coal-fired power station has 

been found to contain high concentrations of various TEs. If released from 

thermochemical processes, these TEs may accumulate in the environment at harmful 

levels. The responsible use of ADW algae in thermochemical processes therefore 

requires prior knowledge of the fate of the TEs both during and post conversion. 

Currently, the only known studies on TE mobilisation during the utilisation of ADW 

algae have focused on the leaching behaviour of the TEs in char residues prepared 

under slow-pyrolysis conditions and on the subsequent transfer of the leached TEs to 

soil-pore water and to plant biomass. There are no known studies which address the 

volatility of the TEs or the leachability of the TEs in char and ash residues prepared in 

thermal processes relevant to heat and power applications, i.e. fast pyrolysis, 

combustion, and gasification.  

  2.9. Objectives of thesis  

The aim of this thesis is to characterise the thermochemical fuel behaviour of micro- 

and macroalgal biomass. The detailed objectives are: 

  

1. To compare the gasification reactivity of algal chars produced from different 

species of algae under pyrolysis conditions relevant to industrial gasification 

processes.   

2. To characterise the conversion of fuel-C to CO and CO2 and fuel-N to NO 

during combustion, and to partition the conversion of C and N between the 

different phases of fuel particle burnout.   

3. To develop an improved understanding of the occurrence, particularly the 

speciation, of the main inorganic elements in algal biomass. 

4. To gain new insights into the interactions that takes place between algal ashes 

and quartz bed material during FB combustion. 

5. To determine the extent to which Cl, S, P, K, and Na are released in pyrolysis, 

combustion, and gasification processes and to explain the release of these 

elements in terms of mechanisms existing for coal and terrestrial biomass fuels. 
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6. To assess the mobility of 11 TEs (As, Be, Co, Cu, Mn, Ni, Pb, Sb, Se, V, Zn) 

during the thermal conversion of ADW algae, in terms of their tendency to 

volatilise and their potential to be leached from char and ash residues. 
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Supplementary data 

 

 

Figure A1. Volatilisation of Co (top), Ni (middle), and Be (bottom) from OD (a) and TPC (b) as a 

function of reactor temperature. Data are presented for pyrolysis (N2), combustion (2% O2/bal. N2), 

and gasification (CO2) gas atmospheres. Note that data is not shown for CO2 at 500
 
°C. 
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Figure A2. Leachability of Co (top), Ni (middle), and Be (bottom) in ADW algae and in combustion 

ashes prepared at various temperatures. Results are presented for OD (a) and TPC (b). All data 

are expressed as mg kg
-1

 of dry algae ± 2 S.E. An asterisk (*) is used to indicate where the water 

extractable concentration is below the limit for accurate detection (0.2 mg kg
-1

). Differences in the 

y-axis scales for OD and TPC account for the different concentrations of the TEs in the two algae. 
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7. Conclusions and recommendations 

7.1. Conclusions 

This thesis advances the knowledge of the thermochemical fuel behaviour of micro- and 

macroalgal biomass. The outcomes of this thesis can be broadly categorised into the 

following areas of fuel particle conversion:  

 Oxidation of carbon and char reactivity 

 Conversion of fuel-N 

 Occurrence of the inorganic elements 

 Bed agglomeration 

 Release of volatile inorganic elements  

 Mobilisation of trace elements 

This section presents specific conclusions in each of these areas based on the results 

presented in this thesis.  

7.1.1. Oxidation of carbon and char reactivity 

The total conversion of C to CO and CO2 exceeded 84% during the combustion of 

fixed-bed samples of micro- and macroalgal biomass. In most cases, a greater 

proportion of the total C was released during devolatilisation rather than during char 

oxidation. The gasification (CO2) reactivity of algal chars varied for different species of 

algae and for different cultivation environments. The reactivity of the chars all 

increased with increasing extent of char conversion. This result has positive 

implications for achieving complete conversion of the chars in practical systems. The 

char reactivity measurements and the partitioning of released C between volatiles and 

char, collectively enable improved predictions of the extent of carbon burnout in 

industrial-scale thermochemical reactors.  

7.1.2. Conversion of fuel-N 

High levels of N were measured in one sample of microalgae (6.7% N, dry and ash-free 

basis) and in three samples of macroalgae (1.5 – 7.6% N, dry and ash-free basis). The 

total conversion of fuel-N to NO during fixed-bed combustion ranged between (6 – 21 g 

of N / 100 g of fuel-N), and was found to diminish with increasing content of fuel-N. In 

most cases, emissions of NO were predominately released during devolatilisation rather 

than during char oxidation. The results from this study provide a basis for the 
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development of strategies to mitigate emissions of NO during the combustion of algal 

biomass.  

7.1.3. Occurrence of the inorganic elements 

The relative proportions and occurrence modes of the main inorganic elements in algal 

biomass were largely dependent on the cultivation environment. The leaching 

behaviour of these elements indicated a high proportion of inorganic, water-soluble, 

alkali salts in all of the algae tested. Sodium was the main alkali metal in the marine 

algae and K the main alkali metal in the freshwater algae. By comparing the water-

leachable fractions of cation forming elements to that of anion forming elements, it was 

inferred that the Na in marine algae occurs mainly as NaCl. This was supported by 

scanning electron microscopy and X-ray diffraction analyses on biomass and ash 

samples. The K in freshwater algae likely exists as a number of different salts. The 

alkali salts present in both marine and freshwater algae are expected to cause 

operational problems in industrial reactors such as fouling, ash deposition, corrosion, 

and bed agglomeration. 

7.1.4. Bed agglomeration 

Experimental simulations of algal ash interactions with quartz bed material indicated 

that melt-induced agglomeration, involving the binding of inert bed particles with an 

ash-derived melt, is the principal mechanism for bed agglomeration during fluidised-

bed (FB) combustion of algal biomass. The composition and adhesive behaviour of the 

ash melt was found to vary for different species of algae and for different cultivation 

environments. The marine algae formed salt-based melts and the freshwater algae 

formed silicate-based melts. The presence of phosphate inclusions in the silicate melt 

appeared to increase the tendency for the ash to stick to the quartz particles. Based on 

the outcomes from this study, it is expected that bed agglomeration will be largely 

controlled by the formation of molten ash on bed particles during combustion, rather 

than ash chemically reacting with the bed particles.  

7.1.5. Release of volatile inorganic elements 

Differences in the release of S, Cl, K, and Na were significant between marine and 

freshwater species of algae but were only minor between micro- and macroalgal 

species. Sulphur was released in two steps. Part of the S was released at low 

temperatures (<500 °C). The balance was released at higher temperatures during 
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combustion and gasification, but was partially retained in the char residue during 

pyrolysis. The fraction of S released at low temperatures was greater for the freshwater 

algae (~70 – 85%) than for the marine alga (~30%). In the case of the marine alga, Cl 

and the alkali metals, K and Na, were more or less completely volatilised with 

increasing temperature from 700 to 1100
 
°C. These elements were released in almost 

identical proportions within this temperature interval, presumably by sublimation of 

alkali chlorides. In the case of the freshwater algae, the release of Cl was high (~55 – 

65%) at low temperatures and was disproportionate to the release of the alkali metals. It 

has been proposed that Cl is dissociated from the alkali metals and then released as HCl 

vapour. The release of the alkali metals was relatively low. Only ~20 – 35% of the total 

K and ~35 – 50% of the total Na was released below 1100
 
°C. Volatilisation of melted 

alkali phosphates has been suggested. The behaviour of P was similar for both marine 

and freshwater algae. Phosphorous release commenced at around 850
 

°C under 

pyrolysis, combustion, and gasification conditions, and by 1100
 
°C, between 40 – 70% 

of the total P had been released. The release of Cl, S, P, K, and Na is intimately 

connected with fouling, ash deposition, and corrosion in industrial thermochemical 

reactors. The results from this study therefore provide vital knowledge for the 

prediction and mitigation of these problems.  

7.1.6. Mobilisation of trace elements 

The mobility of 11 trace elements (As, Be, Co, Cu, Mn, Ni, Pb, Sb, Se, V, Zn) during 

the thermal conversion of two samples of ash-dam cultivated algae has been assessed. 

Selenium was predominately volatilised (~79 – 97%) at low temperatures (<500
 
°C). 

Arsenic was also largely volatilised (~51 – 79%) at low temperatures but to a lesser 

extent than Se. The volatility of As was enhanced by operating in a reducing gas 

atmosphere, particularly within the temperature interval 700 – 1000
 
°C. Zn, Pb, and Sb 

were mainly volatilised between 700 and 1100
 
°C. Differences in gas atmosphere had 

only a minor influence on the volatility of these elements. The following elements all 

displayed low volatilities below 1100
 
°C, regardless of the gas atmosphere: Be, Co, Cu, 

Mn, Ni, and V. 

All of the trace elements investigated, except for Be and Pb, were partially extracted 

from the algae during batch leaching. Vanadium was up to 4 – 5 times more leachable 

in the combustion ashes than in the corresponding algal feedstocks. The other trace 

elements were generally less leachable following thermal conversion. The trace 
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elements were more stable in residues prepared under pyrolysis and gasification 

conditions than in residues prepared under combustion conditions.  

The results from this study show that emissions of most of the investigated trace 

elements can largely be prevented by limiting the operating temperature to 700 °C. 

However, this approach will have little impact on emissions of Se and As, since these 

elements substantially volatilise at low temperatures. Other control measures, such as 

the use of sorbents, will likely be needed to reduce emissions of Se and As to 

acceptable levels. The results from this study also show that several trace elements have 

potential to be released into the environment in significant quantities post thermal 

conversion, by means of leaching from char and ash residues. The quantities leached 

can be substantially reduced by operating in an inert or reducing gas atmosphere, rather 

than in an oxidising gas atmosphere. 

7.2. Recommendations for future work 

Contributions have been made within several areas of fuel particle conversion. 

However, additional studies are still needed in order to develop a comprehensive 

understanding of the thermochemical fuel behaviour of micro- and macroalgal biomass. 

Recommendations for these studies are outlined below: 

 One inherent feature of algal biomass is high moisture content. It is well known 

that fuel moisture affects various aspects of fuel particle conversion such as char 

reactivity [162, 163] and the release of volatile inorganic elements [135, 136]. 

Relatively dry samples of algal biomass (no more than 12% moisture) were used 

in the experiments presented in this thesis. However, if algal biomass is to be 

used in commercial thermochemical processes, the biomass will likely contain 

higher levels of moisture, since the use of a wetter feedstock reduces costs 

associated with biomass drying. Therefore, future combustion and gasification 

experiments should utilise algal samples with higher moisture contents. 

 

 Nitric oxide (NO) is generally the main oxide of nitrogen emitted during the 

combustion of biomass fuels [70]. However, in FB combustors, nitrous oxide 

(N2O) can also be emitted in significant quantities [95]. N2O contributes to the 

greenhouse effect and to the depletion of ozone in the stratosphere [94]. 

Therefore, it is recommended that N2O be measured in addition to NO during 
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the combustion of algal biomass. Measurements of reduced species, particularly 

NH3 and HCN, are also recommended. The measurement of these species under 

different operating conditions will shed light on the mechanisms governing the 

formation and destruction of NO and N2O during combustion.    

 

 Preliminary experiments, involving heating pellets consisting of algal ashes 

mixed with quartz particles, were used to simulate interactions that take place 

between algal ashes and bed particles during FB combustion. One limitation of 

these experiments is that the quartz particles were kept in constant contact with 

the ash. This poorly simulates conditions inside a FB reactor where both the ash 

and bed particles are in constant motion. Thus, the next step towards improving 

understanding of bed agglomeration processes during the FB combustion of 

algal biomass is to carry out combustion experiments in a laboratory-scale FB 

reactor from which bed material is periodically sampled. Such experiments 

would reveal the temporal development of agglomerate formation and provide 

deeper insights into the mechanisms governing bed agglomeration. 

 

 The release of Cl, S, P, K, and Na to the gas phase was quantified by means of 

mass balances based on elemental analyses of laboratory-prepared char and ash 

residues. Direct measurements of these elements in the gas phase would help to 

reveal not only the timing of their release but also the species which they are 

released as. This additional knowledge would greatly help in developing a 

mechanistic understanding of the release of the inorganic elements, which is 

ultimately needed for the effective control of ash-related issues in industrial-

scale thermochemical processes. A number of technologies could be used to 

measure the inorganic elements in the product gases such as molecular-beam 

mass-spectrometry [54] and advanced laser-based techniques [164].  

 

 Only a select number of trace elements were addressed in the study on the 

mobilisation of trace elements during the thermal conversion of ash-dam 

cultivated algae. The behaviour of B, Cr, and Mo was not investigated. These 

elements occur in ash-dam cultivated algae in high concentrations and are all 
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potentially toxic when present in the environment at elevated levels [165]. 

Therefore, the mobility of these elements should be studied in future work. 

 

 Certain species of algae are capable of sequestering high levels of various trace 

elements from industrial wastewaters (e.g. effluent from metal processing 

industries and ash-dam water). Many of these elements become highly 

concentrated in the ash (or char) residues following the thermal conversion of 

algal biomass. An extension to the work presented in this thesis could be to 

assess the technical and economic viability of recovering these elements from 

the ash (or char) residues. 
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