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ARTICLE INFO ABSTRACT

Keywords: Algae are considered as a promising alternative fuel to produce energy due to its advantages such as high
Algae production yield, short growth cycle and flexible growing environment. Unfortunately, ash-related issues restrict
Ash behavior its thermochemical utilization due to the high ash content and especially the high alkali metal concentration. In
Co-gasification this paper, the gasification performance and ash behavior were experimentally analysed for three macro- and
Fouling . micro-algal species. Clear differences in the proximate and ultimate compositions were found between the
Ash transformation . . . . :
cultivated algae used in this study and macroalgae (seaweed) harvested from the marine environments. Algal
biomass generally contained higher Na and P contents than lignocellulosic biomass. Microalgae also had a
relatively high mineral content due to the impurities in the harvesting process which included centrifugal
pumping followed by sedimentation. Co-gasification of 20 wt% algae with softwood was investigated using an
entrained flow reactor. The addition of both macroalgal species Derbersia tenuissima and Oedogonium to softwood
had a limited influence on the gas yields and carbon conversion. On the other hand, the addition of the mi-
croalgal species Scenedesmus significantly decreased the main gas yields and carbon conversion. Moreover, the
addition of algae clearly changed the residual ash composition of the base fuel. Finally, a preliminary under-
standing of the ash behavior of the tested algae blends was obtained through the analysis of the fuel ashes and
the collected residual ashes. Fouling and corrosion were presumably occurred during the co-gasification of
wood/macroalgae blends in view of the high alkali metal content. Microalga Scenedesmus had a high mineral
content which could potentially capture the alkali metal in the ash and mitigate fouling when gasified with
softwood. The growing environment and harvesting method were found to be significantly affecting the ash
behavior implying the need for careful consideration regarding co-gasification process.

1. Introduction

Biomass is a carbon neutral renewable energy source which has the
potential to replace fossil fuels in all areas of energy utilization, e.g.
heat and electricity production, chemicals and liquid fuels synthesis
[1]. Algae, including both microalgae and macroalgae, are considered
as a promising alternative biomass to traditional terrestrial feedstocks
to produce energy due to their high production yield, short growth
cycle and flexible growing environment [2].
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The harvested algae generally have a high moisture content as a
result of cultivation conditions. Consequently, research of algae-to-en-
ergy has focused on anaerobic digestion [3,4], fermentation [5], hy-
drothermal liquefaction [6,7], and hydrothermal gasification [8] as
these processes can successfully utilize feedstocks with a high moisture
content. However, anaerobic digestion and fermentation usually need a
long reaction time with a comparatively low conversion rate compared
to thermochemical conversion methods [9]. Additionally, hydro-
thermal liquefaction/gasification technologies are currently immature,

Received 12 November 2017; Received in revised form 12 February 2018; Accepted 28 February 2018

Available online 07 March 2018
0378-3820/ © 2018 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/03783820
https://www.elsevier.com/locate/fuproc
https://doi.org/10.1016/j.fuproc.2018.02.028
https://doi.org/10.1016/j.fuproc.2018.02.028
mailto:peter.ashman@adelaide.edu.au
https://doi.org/10.1016/j.fuproc.2018.02.028
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fuproc.2018.02.028&domain=pdf

Y. Zhu et al.

and considerable technical difficulties need to be overcome prior to
broad industrial-scale application. On the other hand, the development
of drying technologies and the proposition of integrated drying, gasi-
fication, and combined cycle electricity generation substantially de-
creases the need for external energy in the drying of algae [9,10]. This
makes conventional gasification (hereafter referred to as gasification) a
promising method considering its maturity, and reliability, in addition
to the advantages of a high conversion efficiency and low reaction time.

Current gasification technologies mainly include fixed bed, fluidized
bed and entrained-flow gasification [11]. Among them, entrained-flow
technology has advantages of larger throughput, faster reaction rate
and higher conversion efficiency compared to fixed bed and fluidized
bed processes. During the conversion process, the inorganic species in
the fuels tend to form molten substances and release to the gas phase
under high temperature [12,13]. These gas phase inorganics subse-
quently condense on the colder parts of the system and cause operating
problems such as fouling. Several studies [14-18] have been conducted
to investigate the ash transformation and behaviors of inorganics
during the entrained-flow biomass combustion and gasification with
the aim of the alleviation of ash-related operating difficulties. These
works generally focus on the woody biomass [16,18] and agricultural
residues such as straw [15,17] and corn stover [15,18]. Entrained-flow
gasification of straw [14] indicated that approximately 40% of K and
70% of Na in the fuel ash transformed into the gas phase at the oper-
ating temperature of 1200 °C. Simon Leiser et al. [15] found that most
of K, Cl, and S are released into the gas phase and formed sub-micro-
meter particles < 0.5um during entrained flow gasification of straw
and corn stover. In the case of corn stover, large fraction of K was re-
tained in the ash/slag due to the abundance of aluminosilicates and
lower Cl content in the fuel ash [15].

Algal biomass generally has a high ash and also alkali metal (both K
and Na) content due to the specific cultivation environment and har-
vesting method [19]. Therefore, the ash content and composition of
algae differs significantly from that of woody biomass and agricultural
residues [20]. Different inorganic transformations and ash formation
behaviors have been observed during the thermochemical conversion
process. The release of K, Na, P, Cl, S of one macroalga (Oedogonium sp.)
and two microalgal species (a polyculture species TPC and Tetraselmis
sp.) during the thermochemical process were studied in a fixed bed
reactor [21]. Lane et al. [21] found that approximately 20% of the K,
30-40% of the Na and almost all Cl and S and were released at 1000 °C
for Oedogonium and TPC. For Tetraselmis, the release of alkali metal was
60-100% at 1000 °C due to the existence of high amount of Cl in the
fuel. The high release ratio of alkali metals, Cl and S in combination
with the high ash content may cause operating difficulties during the
gasification process, e.g. agglomeration, fouling and deposition. Pure
algae gasification in fluidized bed reactor was unsuccessful due to the
rapid bed sintering and ash agglomeration [22]. Therefore, co-gasifi-
cation of algae with coal/biomass has been proposed [19,23] to miti-
gate the ash related problems during pure algae gasification. Zhu et al.
[19] found that bed agglomeration was significantly improved during
co-gasification of algae with Victorian brown coal. The gasification tests
lasted for 4 h without defluidization for co-gasification of Derbersia and
Oedogonium with brown coal. Meanwhile, research [24] indicated that
synergetic effects exist during the co-utilization of algae with other
fuels. The algal char had a catalytic effect on the degradation of the
textile dyeing sludge and increased the burnout rate [24]. Moreover, as
a relatively new biofuel, algae-related infrastructure is currently still
underdeveloped. Co-utilization of small amount algae could also facil-
itate the development of algae-related infrastructure and lay a foun-
dation for the algae only system. Therefore, research on the co-gasifi-
cation of algae has received increasing attentions in the past decade
[19,22,23,25-27].

Although works related to co-gasification of algae with other fuel
has been published previously, they were generally conducted in fixed
bed/thermogravimetric analyzer [26,27] and fluidized bed
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[19,22,23,25]. Given the differences of temperature, gas velocity and
fuel particle size in the reaction zone, the ash formation in entrained-
flow reactor differs markedly from those in fixed bed and fluidized bed
[18]. Previous research [28,29] indicated that the release of K, Na and S
for wood chips increased as the bed temperature increased. Frandsen
et al. [16] concluded that the total inorganics released from pulverized
fuel-fired furnace were markedly higher than that from the fixed bed. It
was also observed [17,18] that fly ash from straw suspension firing
contained mainly Si, K and Ca, while fly ash straw grate firing was
mainly composed of volatile elements K, and Cl. Similar compositional
difference of deposits was also seen for these two gasification tech-
nologies [18]. So obviously the experience from fixed bed, fluidized bed
and pulverized fuel-fired furnaces cannot be directly extrapolated for
the entrained flow reactor. However, to the best of the authors'
knowledge, research on ash behavior in entrained flow gasification of
algae is scarce and thus corresponding research is needed.

Entrained flow gasification tolerates 40 wt% ash at the maximum
for the dry feed gasifer whereas the gasification efficiency decreases
notably with the increase of ash content [30]. Therefore, co-gasification
of small amount of algae (20 wt%) with softwood (ash content 0.3 wt%)
in an entrained flow reactor was conducted in this study considering the
high ash content of algae especially microalgal species. This research
has several aims. These are: 1) identify the difference of the fuel
properties between the algae and lignocellulosic biomass fuels; 2) in-
vestigate the effects of the addition of algae to lignocellulosic biomass
on gas yields and carbon conversion; and 3) investigate the effects of
the addition of algae on the ash behavior to understand ash transfor-
mation in the algae co-gasification process.

2. Experimental
2.1. Fuels

The fuels employed in this study include: softwood pellets and three
species of algae. The wood pellets (hereafter referred to as WD), which
is a commercial softwood pellet of pine and spruce, is mainly used for
small-medium scale heating applications as well as a large-scale com-
bined heat and power system in Sweden [23].

The two species of macroalgae, Derbersia tenuissima (hereafter re-
ferred to as Deb) and Oedogonium intermedium., were cultivated in tanks
at the Marine & Aquaculture Research Facilities (James Cook
University, Townsville, Queensland, Australia). Oedogonium was cul-
tured in both high (~12mgL™") and low (< 0.1 mgL™') nitrogen
conditions and the corresponding harvested algae are referred to as
Oedogonium N+ (hereafter referred to as ODN+) and Oedogonium N-
(hereafter referred to as ODN-). The species were chosen as they are
targets for the treatment of waste-water. Derbesia is a marine species
and has application in the bioremediation of waste-water from land-
based marine aquaculture, for example shrimp and marine fish.
Oedogonium is a freshwater species and has broad application in the
treatment of waste-water from municipal water treatment and intensive
agriculture [31]. More importantly, both Derbesia and Oedogonium have
a high productivity [31,32] and have been identified as a feedstock for
energy production [33,34]. The microalga Scenedesmus sp. (hereafter
referred to as SA), which was cultivated in the algae pilot plant at
Swedish University of Agricultural Sciences (Umed, Sweden), has been
tested for municipal and industrial wastewater treatment in the
Umeé — OrnskOldsvik region. Detailed information about the growing
conditions and harvesting method of the employed algae is presented
elsewhere [19,35,36]. The proximate analysis, ultimate analysis,
heating value, and ash elemental analysis of the algal samples and
softwood are shown in Tables 1 and 2, respectively. The as received
samples were milled using a knife mill and sieved to 100-250 um for
the following experiments. The blends of wood/algae were prepared by
homogenously mixing 20 wt% algae and 80 wt% of wood. Table 1
presents the proximate analysis, ultimate analysis, and heating value of
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Table 1
Proximate, ultimate analysis and high heating values of the fuels used.

WD Deb ODN + ODN- SA
Higher heating value, MJ/kg db" 20.7 20.5 19.1 18.3 15.4
Moisture content, % 7.0 7.0 7.0 7.0 7.0
Proximate analysis (Wt% db?)
volatile matter 85.6 73.2 75.3 76.2 54.3
fixed carbon 14.1 14.9 17.4 16.2 7.9
ash 0.3 11.9 8.1 7.9 37.8
Ultimate analysis (wt% db™)
C 51.4 46.6 46.0 44.6 32.6
H 6.2 6.1 6.0 5.8 4.7
O, by difference 42.0 26.9 35.4 39.3 19.3
N 0.1 6.11 3.93 1.84 4.2
S 0.01 0.9 0.2 0.18 0.97
Cl 0.01 1.53 0.36 0.41 0.39
2 db =dry basis, WD = wood pellets, Deb = Derbersia tenuissima, ODN + =
Oedogonium N+, ODN- = Oedogonium N-, SA = Scenedesmus sp.
Table 2
Ash elemental analysis of the employed fuels.
mg/kg of dry fuel WD Deb ODN + ODN- SA
Na 8 14,000 13,000 14,000 3100
Mg 139 4700 3800 2800 12,000
K 359 7300 13,000 13,000 8700
Al 26 100 155 85 19,000
Si 91 7100 1000 1300 63,000
40 5800 9600 4800 11,000
S 53 9030 1980 1810 9700
Cl 0.02 15,260 3590 4090 3900
Ca 686 22,000 4400 4800 41,000
Fe 24 1800 1800 1300 36,000
Mn 81 56 80 62 2300
Zn 8 70 87 67 2200
Ti 3 14 13 18 1600

the employed fuels.

2.2. Gasification experiments

The gasification tests were conducted in an entrained flow reactor
using sub-stoichiometric air as gasifying agent. The schematic diagram
of the experiment rig is shown in Fig. 1. It is composed of a gas supply
system, a fuel feeding system, a quartz reactor, and a sampling and
analysis system. The gas supply system includes gas cylinders, mass
flow meters and associated piping with valves. The reactor is a 2m
length quartz tube with two concentric layers. The inner diameter and
outer diameter are 50 and 80 mm, respectively. It is electrically heated
by 6 external temperature programmed heating elements which pro-
vide an isothermal temperature inside the reactor. Fuel was fed into the
reactor using a piezoelectric feeder once the reactor was heated to the
desired temperature. A water-cooled injector was used to avoid over-
heating of the fuel. The carrier gas (a mixture of N, and air) was fed at
1L/min together with the fuel directly into the internal reaction
chamber. On the other hand, the primary gas (N,) was fed at 4 L/min
into the external reactor chamber, in which it would be heated and then
entered into the internal reaction chamber. The particle residence time,
which was calculated following Umeki et al. [37], varies between 5 and
6 s due to the density difference of the fuels. After the reaction, the solid
residues (predominantly ash with tiny amount of unburned char) were
collected in a glass container and the product gas passed through an ice
bath and a thimble filter sequentially to remove tar and ultra-fine
particles. The gas composition was measured by an on-line micro-GC.
The operating conditions of the gasification tests are provided in
Table 3. Repeated experiments were conducted and the standard de-
viations indicated that the reproducibility is in acceptable range.
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2.3. Ash samples characterization

The collected residual ashes were characterized by scanning elec-
tron microscopy (SEM) with energy dispersive X-ray (EDX) along with
X-ray Diffraction (XRD) techniques. SEM/EDX (Philip XL30) analyses
were conducted in BSE mode to provide an understanding of the mor-
phology and the elemental composition of the residual ash. Three dif-
ferent areas (100 X 100 pm) were analysed for each residual ash
sample and an averaged value was calculated to estimate the compo-
sition. Several spot analyses were performed to obtain the composition
of the representative ash particles. The crystalline phases contained
within the residual ash samples were analysed with a D8 Advance
Bruker XRD instrument in 6-0 mode, with an optical configuration
consisting of a line-focus tube, Cu Ka radiation and a Vantec-1 detector.
The detailed operational and pattern figure analysis method were re-
ported in our previous work [19,23].

3. Results and discussion
3.1. Fuel properties

In order to compare the fuel properties of the used algae with other
solid fuels (especially algal biomasses from the previous research
[38,39]), the proximate and ultimate analysis of the fuels used in this
study and various solid fuels from literature [38-40] are plotted in the
ternary diagram shown in Figs. 2 and 3, respectively. It should be noted
that the macroalgae in the literature, which were directly harvested
from the marine environment, have a different cultivation environment
from the employed algae in this research. The employed macroalgae
species, including Derbersia and the two Oedogonium (N+ and N-),
generally have lower fixed carbon content and higher volatile content
compared to algal biomass harvested from marine environment. They
are located at the top-left corner in the chart and are close to the lig-
nocellulosic biomass with slightly higher ash content. Unlike macro-
algae, the microalga Scenedesmus has an extremely high ash content of
37.8% due to the impurities (sand and in some case fine gravel parti-
cles) in the harvesting process which included centrifugal pumping
followed by sedimentation. With regard to the elemental composition,
the lignocellulose biomass generally has a concentrated distribution
while algae biomass distributes dispersedly in the chart. The macro-
algae harvested from the marine environment mostly have a higher O
and (N + S + Cl) content than the used algae. Although the used algae
(including both marco- and micro-) are situated close to the lig-
nocellulose, they generally have a higher (N + S + Cl) content.

Ash compositions of various solid fuels are presented in Fig. 4. It can
be observed that the «coal generally contain higher
(Al,03 + Fe;03 + MnO + TiO,) content in their ash than the biomass
(including the lignocellulosic biomass and algal biomass). This can be
attributed to the large amounts of the inorganic minerals such as clay
and pyrite [41,42] in typical coals. Biomass generally has a high
(Nay0 + K50 + CaO + MgO) as these elements (except of Na) are es-
sential for the growth of the plants that the biomass fuels originate
from. The used macroalgae are located at the top-right corner in the
chart and the (NayO + KO + CaO + MgO) content accounts for ap-
proximately over 70% of the ash. It can be observed in Table 2 that Na
content is relatively high in the used algae. This high Na content in
algae results mainly from the high Na content in the cultivation en-
vironment or the nutrients used during its growing process [19]. Al-
though the algae and the lignocellulosic biomass are plotted in the same
group in Fig. 4, it should be noted that algae generally have a higher Na
and P content than lignocellulosic biomass (as shown in Table 2).
Previous research [20] indicated that Na and P in the algal species are
mostly in water-leachable form which are relatively reactive during the
thermochemical reaction. Similar to K, Na in the fuel is highly reactive
and Na-species are predominantly released to gas phase and cause op-
erating difficulties such as fouling and corrosion. Additionally, the
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Fig. 1. Schematic diagram of the experimental rigs.

formation of low-melting temperature eutectic mixture will also be
enhanced. The existence of P could reduce the evaporation of K/Na to
gas phase by fixing it in different forms of phosphates [43-45]. How-
ever, the influence on ash melting behaviour is rather complex and is
closely dependent on the alkali earth metal content and P/K ratio in the
fuel [43,44,46,47]. The detailed influence of Na and P in the macro-
algae will be discussed in the following part. Microalga Scenedesmus
situates closely to coal in the chart as it has a high content of Al,Os3,
Fe,O3 and SiO,. This is linked to its particular culture conditions
(municipal and industrial wastewater) and the impurities (sand and fine
gravel particles) infiltrating during the harvesting process [19,23].

3.2. Effect of algae addition on gasification performance

The main gas yields and carbon conversion of wood and WD/algae
co-gasification tests are presented in Fig. 5 and Table 3, respectively. It
can be observed that the carbon conversion rates were higher than 85%
except of WD/SA. Considering that the rates were calculated without

Table 3
Operating parameters and typical gasification results of the gasification experiments.

considering light hydrocarbons, the actual values would be even higher.
Additionally, the EDX analysis indicated that the carbon contents of the
residues are < 10% (data not presented) which implies complete re-
action. The low carbon conversion rate of WD/SA were also found in
the previous fluidized bed gasification studies [19,23]. The possible
reasons are: 1) the deactivation of alkali metals through the formation
of silicates with a high Si content in the ash for the microalgae addition;
and 2) the reduction of active sites due to high ash content of SA [19].
The addition of 20 wt% Derbersia in softwood has no significant effects
on the gas yields and carbon conversion. For the two WD/OD blends,
the CO yield increases slightly (< 5%) with a substantial decrease of H,
yields (25-29%), and the carbon conversions are also slightly increased
by < 5%. The addition of 20 wt% microalga Scenedesmus remarkably
decreases the CO and H, yields by 18 and 37%, respectively, with a
decrease of carbon conversion by 17% in comparison with wood. It
should be mentioned that the Hs yield decreases to various extents with
the addition of algae. This can be attributed to the fact that the higher
lignin content in woody biomass, compared to herbaceous and aquatic

WD WD/Deb WD/ODN + WD/ODN- WD/SA

Furnace temperature, °C 1000 1000 1000 1000 1000
Primary gas flow rate, air, ml/min 165 327 173 280 287
Primary gas flow rate, N,, L/min 0.9 0.7 0.9 0.9 0.8

Carrier gas flow rate, L/min 4.0 4.1 4.1 4.1 4.0

Fuel feeding rate, g/h 7.5 14.7 9.6 14.3 13.2

0/C, molar ratio 0.6 0.7 0.6 0.6 0.7

H,0/C, molar ratio 0.1 0.1 0.1 0.1 0.1

Syngas yield, Nm®/kg 1.3 * 0.19 1.3 + 0.21 1.1 * 0.10 1.1 * 0.15 0.9 + 0.13
Heating value of syngas, 9.7 + 0.26 10.2 + 0.45 10.3 + 0.19 10.2 + 0.3 9.6 + 0.37
Carbon conversion, % 85.4 + 134 86.8 + 14.6 89.2 + 6.2 88.0 = 9.4 71.2 £ 7.1
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Fig. 4. Ternary diagram of ash elemental composition of various solid fuels, wt%.

biomass, favors the formation of H, during the gasification process
[48,49]. In summary, the addition of macroalgae in wood has a less
significant influence on the carbon conversion rate and gas yields which
implies the potential utilization of marcroalgae in the co-gasification
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process with softwood.
3.3. Ash characterization

The compositions and crystalline phases present in the residual ash
from softwood and WD/algae co-gasification tests are presented in
Fig. 6 and Table 5, respectively. It can be noted that S and Cl content
from wood ash was surprisingly high considering its values in the fuel.
This could be due to deposition of KCI and K,SO,4 on the ash particles
during the cooling process which causes the overestimation of Cl and S
content from EDX [50]. The residual ash of the wood test is mainly
composed of Ca, Si, S, and K in decreasing order. XRD analysis indicates
that the crystalline phases present in the ash are mainly composed by
CaCO3 and Cas(P0O4)30OH with a minor contents of KCl. The addition of
macroalgae clearly increases the alkali metals (especially Na) and P
content with a decrease of Ca and S content. The crystalline phases also
changed significantly. For WD/Deb, Ca-containing compounds as Ca
(OH),, CaCO3, ZSM-12/11,CaKPO, were abundant in the crystalline
phase with a minor content of MgO, NaCl and a trace amount of KzNa
(SO4)5, SiO,. The crystalline phases in the two WD/Oedogonium ashes
are quite similar with CaKPO,4, MgO, SiO, as the main phases. Ad-
ditionally, certain amount of K/Na containing crystalline phases was
detected in the wood/macroalgae tests (e.g. NagPO,, K3Na(SO,4),, and
Na,SO,4). For the WD/SA co-gasification test, the ash is mainly com-
posed of quartz, aluminosilicates (e.g. (Ca,Na)(Al,Si)40g, CasAl»SiO7)
and minor content of Ca(OH),, MgO and Cas(PO4)3;OH. This validates
the previous assumption that the microalga was contaminated by sand
and fine gravel particles.

3.4. Analysis of the ash transformations in wood and algae co-gasification
process

Several molar ratios of the fuel ashes, in combination with the
crystalline phase and the SEM/EDX analysis of the residual ashes, are
used to discuss the ash transformation during the gasification process.
The results are present in Table 4.

During the gasification process, the behavior of alkali metal and
alkaline earth metals differs if there is a surplus of the basic components
(e.g., K and Ca) in relation to the acidic components (Si and P) in the
ash. Generally, alkaline earth metals will largely remain in the residual
ash, whereas alkali metals will be mainly volatilized to the gas phase
and form fine particulates in the colder section and cause problems like
fouling and corrosion [46,51]. Previous research showed that the sur-
plus of basic components occurs if the ratio of (K + Na + Ca + Mg)/
(Si + P) is approximately larger than 3 [51]. After the reaction, the
residual ash can be then categorized as ash dominated by phosphates,
ash dominated by silicates, and ash dominated by both silicates and
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Fig. 6. Averaged elemental compositions of bottom ash samples generated from softwood and WD/algae tests, analysed by SEM/EDX on a Carbon, and Oxygen free basis.

phosphates, in the light of the relative amount of major ash-forming
elements Si and P in the ash [51].

Wood has a (K + Na + Ca + Mg)/(Si + P) molar ratio of 7.1 which
suggests there is a surplus basic components. The (K + Na)/(Ca + Mg)
ratio (0.4) further implies the basic components are mainly composed
of alkali earth metal, which will probably remain in the residual larger
size fraction ash in the form of oxides, hydroxide and carbonates. This is
consistent with the existence of CaCO3; and MgO in the XRD results.

For the case of co-gasifying wood with algae, the algae ash accounts
for > 85% of the fuel ash as a result of the extremely low ash content of
the used wood biomass (0.3%). For the blends of WD/ODN + and WD/
ODN-, the (K + Na + Ca + Mg)/(Si + P) molar ratio indicates the
surplus of basic components. Meanwhile, the molar ratios of (K + Na)/
(Ca + Mg) (2.6-3) suggest the dominated roles of alkali metal in the
basic components. It is well known that [43,52] the presence of Cl fa-
cilitates the K/Na release to the gas phase as KCl/NaCl. The molar ratios
of (K + Na)/Cl are in the range of 8-9 and this implies that alkali
metals are released to the gas phase mainly in the form of K/Na(g),
hydroxides and carbonates in a lack of Cl [29,53]. Furthermore, the
blends of WD/ODN+ and WD/ODN- have a low Si/P ratio (< 0.4)
which suggests the residual ashes are dominated by phosphates. This
was supported by the XRD results which indicate the CaKPO, was the
major crystalline phase in the ashes. Under ideal conditions alkali
metals will first react with P to form alkali phosphates[43]with the
subsequent formation of Ca/Mg-K phosphates in the presence of alka-
line earth metals [39]. Therefore the effect of phosphorus on the ash
melting temperature is also closely related to the contents of Ca and Mg
in the fuel. It has been proposed that a relatively high P/(Ca + Mg)
molar ratio in combination with a high content of K favors the

Table 4
Ash characteristic parameters of the employed fuels and blends.

Table 5
Crystalline phase of the residual ashes of WD/algae gasification tests, identified using
XRD".

Dominate Major phase Minor phase Trace
phase phase
WD CaCO3, KCl MgO
Cas(PO.4y);0H
WD/Deb Ca(OH), MgO, NaCl,ZSM-12/ K3Na
11, CaCO3,CaKPOy4 (S04),,
Si0,
WD/ODN + CaKPO4, MgO NasPO,, C,SiO, NaySO4
WD/ODN- CaKPO,, C MgO, Ca(OH),,Si0,  CaCOs,
Fe304
WD/SA (Ca,Na) Ca(OH),, KAISi;Og
(ALSi)40g, SiO,  CayAl,SiO,, MgO,
Cas(PO4)30H

@ Abundance is related to the following concentration levels: dominant, > 60 wt%;
major, 20-60 wt%; minor, 5-20 wt%; and trace, < 5wt%. If more than one phase is
present in aclass, they are listed in decreasing abundance.

formation of low melting temperature potassium-rich phosphates [54].
For WD/ODN +, considering its high P/(Ca + Mg) molar ratio (0.9) and
the high alkali metal contents, it is suggested that the available amounts
of Ca and Mg are limited for the formation of refractory Ca/Mg — K
phosphates. Hence, low melting temperature K/Na-rich phosphates are
expected to form in the residual ash and this is supported by the ex-
istence of NazPO,. Ash particles from these two tests are presented in
Fig. 7. It can be observed the particles generally partially smooth and a
highly porous structure which indicates a certain degree of melting
during the gasification process. EDX analysis indicates that the ashes

WD Deb ODN + ODN- SA W/Deb W/ODN + W/ODN- W/SA
Ratio of algae ash to fuel ash 0 100 100 100 100 90.8 87.1 86.8 96.9
Si/P 2.5 1.4 0.1 0.3 6.3 1.4 0.2 0.4 6.3
Cl/(K + Na) 0.00 0.54 0.11 0.12 0.31 0.52 0.11 0.12 0.28
P/(Ca + Mg) 0.1 0.3 1.2 0.7 0.2 0.2 0.9 0.5 0.2
(K + Na)/Si 29 3.2 25.2 20.3 0.2 3.1 19.3 16.5 0.2
(Na + K)/(Ca + Mg) 0.4 1.1 3.4 4.0 0.2 1.0 2.6 3.0 0.3
(K + Na + Ca + Mg)/(Si + P) 7.1 3.5 3.4 5.9 0.7 3.6 3.6 6.0 0.8
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Fig. 7. Illustration and spot elemental analysis of typical residual ash particles from: (a) WD/OND +; and (b) WD/ODN-, analysed by SEM/EDX on a Carbon and Oxygen free basis.
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Fig. 8. Illustration and spot elemental analysis of typical residual ash particles from WD/Deb, analysed by SEM/EDX on a Carbon and Oxygen free basis.

are mainly composed of K/Na-Ca phosphates with a small content of
Mg.

Similar to WD/ODN+ and WD/ODN-, the molar ratios of
(K + Na + Ca + Mg)/(Si + P) and (K + Na)/(Ca + Mg) of WD/Deb
suggest that the surplus of basic components consisted mainly of alkali
metals. However, unlike these two tests, the Cl content is quite high for
WD/Deb blends. In combination of the high Cl/(K + Na) molar ratio it
can be expected that K will mainly be released to the gas phase in KCI or
NaCl form. The assumption is also supported by the existence of NaCl in
the residual ash from WD/Deb test. The NaCl on the ash particles is
presumably derived from condensation upon cooling of the gas. The
molar ratio of Si/P of the WD/Deb blend is 1.4 implying that the re-
sidual ash can be composed of both silicates and phosphates.
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Considering that certain amount of alkali metal would release to the gas
phase, the (K + Na)/(Ca + Mg) ratio of the residual ash should be low
than that of fuel ash (1.0, see Table 4). Therefore, the residual ash can
be composed of alkali earth metal oxides, hydroxides, carbonates as
well as Ca/Mg-K/Na silicates and phosphates. The existence of Ca
(OH),, MgO, and CaCO; partially supports this assumption. However,
no silicate compound and only CaKPO,4 was found in the XRD phases. It
is inferred that part of phosphates and silicates form low melting
temperature eutectics which can not be detected by XRD. The SEM/EDX
results support our assumption. A representative ash particle is pre-
sented in Fig. 8. These particles generally form round shape with
smooth surface which indicates melting. Spot analysis suggests that the
ash particles are composed by both silicates and phosphates.
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Fig. 9. Illustration and spot elemental analysis of typical residual ash particles from WD/SA, analysed by SEM/EDX on a Carbon and Oxygen free basis.

Contrary to the wood/macroalgae blends, the molar ratios of
(K + Na + Ca + Mg)/(Si + P) of WD/SA blend (0.77) indicates a sur-
plus of acidic components. Considering the very low (K + Na)/Si ratio
(0.2) and Cl/(K + Na) molar ratio (0.28), most of K and Na should be
fixed in the residual ash instead of releasing to gas phase under the
condition of equilibrium. WD/SA has a Si/P ratio of 6.3 which indicates
the residual ash could be dominated by silicates. In view of the very low
(K + Na)/(Ca + Mg) molar ratio (0.25) in combination with the high Al
content in the fuel ash, the residual ash is expected to be dominated by
refractory Ca/Mg silicates and aluminosilicate. This is confirmed by the
XRD result which shows the existence of (Ca,Na)(Al,Si);Og, CasAl,SiO,
and KAISi;3Og in the residual ash. A representative ash particle is pre-
sented in Fig. 9. Ash particles generally have a heterogeneous and
rough appearance, and EDX analysis indicates it is mainly composed of
Si, Al, Ca and is likely to exist in the form of (Ca,Na)(ALSi)4Og.

In summary, fouling and corrosion might have occurred during the
entrained flow co-gasification of macroalge-wood mixture based on the
analysis of the fuel ash and the collected residual ash. Microalga
Scenedesmus contains high Si, Ca, Fe and Al contents due to the im-
purities infiltrating during the harvesting process, e.g. sand and fine
gravel particles. These compounds could capture alkali species and
potentially mitigate the fouling and corrosion problems during the
gasification process. However, further fouling tests should be taken to
further evaluate the fouling and corrosion tendency.

4. Conclusions

In this paper, several measurements were taken to identify the dif-
ferences in composition between the algae and other solid fuels. Clear
differences in the proximate and ultimate compositions were found
between the cultivated algae used in this study, in particular the mi-
croalga, and macroalgae (seaweed) harvested from the marine en-
vironments. All the algae, both micro- and macro-, generally had a
higher Na and P content than lignocellulosic biomass, and the micro-
alga had a relatively high mineral content that was found to be linked to
the growing environment and the impurities involved in the harvesting
process.

The addition of macroalgae during gasification of softwood had
limited influence on the main gas yields and carbon conversion when
co-gasified with softwood. In contrast, the addition of Scenedesmus to
softwood substantially decreased the main gas yields and carbon con-
version. Moreover, presence of algae changed the residual ash compo-
sition of the wood-algae mixture, as expected.

The analysis of ash transformations of the algae during the co-ga-
sification process provided a preliminary understanding of the behavior
of the tested algae blends. Based on the analysis of the fuel ash and the
collected residual ash, fouling and corrosion are presumably occurred
during the co-gasification of wood/macroalgae blends. Microalga
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Scenedesmus had a high mineral content, derived from the impurities
infiltrating during the harvesting process, which can potentially capture
the alkali metal in the ash and mitigate fouling when gasified with
softwood. The growing environment and harvesting method sig-
nificantly affect the ash behavior and needs to be carefully considered
in the gasification process. To further assess this, the fouling and cor-
rosion should be taken into account in future research.
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