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ABSTRACT 

 
Biomass combustion is being studied for energy production as a renewable, close to 

carbon neutral fuel source. While the mechanics of combustion of biomass are relatively well 
understood, the heterogeneity of biomass fuel as input may impact large-scale beneficial use 

of the output (waste ash) due to its variability. Consequently, a more comprehensive 
understanding of how combustion conditions and biomass source influence the resulting ash 

properties is needed. The work performed in this study examined four biomass fly ash samples 
that were produced under different conditions at four different facilities. Three ash samples 

were taken from test burns at power plants that were converted from coal-only fuel sources to 
woody biomass fuel sources, and two multiple samples of a fourth ash that were taken from a 

full-scale, woody biomass-only facility (no coal combustion). Physical, chemical and 
morphological properties were quantified. The biomass fly ash produced in the full-scale plant 

was significantly different, both chemically and physically, compared to the other biomass 
samples, though they were all originally combusted from woody fuels. The full-scale fly ash 

met many criteria for Class F fly ash, but the other biomass samples did not. Also, samples of 
the full-scale biomass ash taken during different combustion periods (temporal variation) 

showed reasonable homogeneity, even though the wood sources changed. Overall, the full-
scale combustion of biomass produced a relatively homogenous ash product similar to a Class 

C or Class F coal fly ash, indicating that more research into specific re-use alternatives is 
warranted.  
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Introduction 
Biomass fly ash, fly ash derived from the combustion of woody fuels such as forestry 

wastes, sawmills, wooden pallets, and others, is a highly heterogeneous material whose 
composition is dependent on a variety of factors, including the type of biomass  and the 
combustion conditions (Vassilev et al. 2010). The general elemental composition of woody 
biomass is approximately 50% carbon, 40-50% oxygen, 6% hydrogen and other trace 
elements including inorganic alkali earth minerals, silicon, sulfur and nitrogen (Chandrasekaran 
et al. 2012; Pettersen 1984). Many of these elements will appear in fly ashes after combustion. 
Biomass ashes have been shown to have higher concentrations of inorganic alkali-earth 
metals and lower percentages of sulfur, iron, and aluminum compared to coal fly ashes (Aho et 
al. 2008; van Eljk et al. 2012; Girón et al. 2013; Yeboah et al. 2014). High silica content 
biomass ashes can produce highly spherical silicate structures of 5-10µm from bubble 
expansion during combustion (Vassilev et al. 2013). X-ray diffraction (XRD) analyses also 
indicate the presence of amorphous, reactive silica (Jones et al. 2006; Yeboah et al. 2014).  
Unburned carbon content in fly ash is related to the combustion efficiency of the power plant 
and is therefore influenced by particle size of the feed coal or biomass, combustion 
temperature, boiler type, residence time, and other operational factors (Bartoňová 2015). A 
less efficient combustion will typically produce a fly ash with a greater quantity of unburned 
carbon. The largest particle sizes are often attributed to this organic, unburned carbon fraction 
(Girón et al. 2013; Vassilev et al. 2013). Higher values of specific surface area in biomass ash 
samples have also been linked to the larger, more porous carbon structures (Yeboah et al. 
2014). In contrast, the smallest sized fractions are more enriched in volatized trace elements 
(Aho et al. 2008; van Eljk et al. 2012; Vassilev et al. 2013).   

Performing a thorough physical, chemical and morphological characterization of 
biomass fly ash is important for determining how variations in fuel source, combustion 
conditions, and disposal affect the fly ash. A marketable fly ash must show consistent 
properties, irrespective of changes in the above factors. This paper highlights how biomass fly 
ash properties are influenced by wood source and combustion conditions by comparing four 
different woody biomass fly ashes produced at different combustion facilities.  

Materials and Methods 
Biomass fly ash samples were received from the Nacogdoches Generating Facility 

(NGF) in Nacogdoches, Texas. The wood sources for combustion include: (1) forestry waste 
from lumber operations; (2) urban wood wastes, including wood pallets, wood processing 
residue, and forestry wastes, among others, from surrounding industries; and (3) sawmill 
waste.  

Biomass fly ash samples were collected from an ash silo at NGF after combustion at 70 
MW capacity in a fluidized-bed boiler. Fly ash was collected into baghouse hoppers and stored 
in an ash silo. Samples were collected in February 2016 (BP4_F) and May 2016 (BP4_M) 
(Table 1). In May 2016, samples were collected each day during a five-day burn period, and 
each of these samples were analyzed separately. An average of the daily properties (BP4_M) 
was compared to the single sample taken in February 2016. For each sampling period, 



samples were taken from the ash silo on site after steady state combustion conditions had 
been reached.  All samples were provided by Southern Company. 

The samples from the Nacogdoches plant were compared to three samples of fly ash 
taken from other facilities (BP1, BP2, and BP3) and analyzed by Yeboah et al. (2014) (Table 1). 
Samples BP1 and BP2 were biomass-only facilities, and sample BP3 was from a test burn 
performed at a coal-burning facility. The power capacity at these facilities were 50MW, 83MW, 
and 73MW, respectively (Yeboah et al. 2014). All samples were provided by Southern 
Company. 

The ash samples were dried in an oven at 100°C overnight and stored. No other 
alterations were performed before characterization. Physical characteristics, including specific 
surface, specific gravity, loss on ignition (LOI), and grain size distribution, were measured. 
Specific surface area was measured by N2 adsorption (ASAP 2020), using the Brunner-
Emmett-Teller (BET) theory. Grain size analysis was performed using a Malvern 3000 Hydro 
EV laser particle size analyzer for the Nacogdoches samples. Dry sieving using 20 sieves from 
#4 (4.75mm openings) through #400 (37μm openings) was used for the biomass samples 
analyzed by Yeboah et al. (2014). Specific gravity was analyzed in a helium atmosphere 
(Quantachrome ULTRAPYC 1200e) for the Nacogdoches samples, and by kerosene 
displacement in triplicate (ASTM C188) for the Yeboah et al. biomass samples, and LOI was 
determined by heating samples to 750℃ in a muffle furnace, according to ASTM D7348, 
Method A (Yeboah et al. 2014). Visual classification was determined by scanning electron 
microscope (SEM), using a Hitachi SU8010 for the Nacogdoches samples and a LEO 1530 for 
the Yeboah samples (2014). Major elemental composition (expressed as oxides) and 
crystalline surface groups were also identified using x-ray fluorescence (XRF) spectrometry 
(Philips PW 2400 and Brucker S8 Tiger) and x-ray diffraction (XRD) (Panalytical X’Pert PRO 
and Panalytical Empyrean for Nacogdoches and Yeboah et al., respectively).  

Table 1. Power Plant Location, Capacity, and Wood Mixture Used 

  BP1 BP2 BP3 BP4_F BP4_M 
Location Vermont Virginia Georgia  Texas Texas 
Power 
Capacity (MW) 50 83 73 70 70-100 

Wood Mixture  Forest, sawmill, 
urban wood waste 

Logging, 
paper mill, 

sawmill 
Sawmill 

60/20/202 forest, 
sawmill, and urban 

wood waste 

89/10/1 forest, 
sawmill, and 
urban wood 

waste 
1samples analyzed by Yeboah et al. 2014 

2percentages of each of the three wood types used, respectively 

Results and Discussion 
The three samples analyzed by Yeboah et al. were physically significantly different than 

the samples that were taken from NGF (Figure 1; Table 2; Table 3) (Yeboah et al. 2014). The 
BET specific surface area and loss on ignition values were considerably higher for the test 
burn samples (BP1, BP2, and BP3), and the specific gravity (Gs) was much lower. The median 
particle size (D50) was also significantly larger. The particle size distributions for the test burn 



samples were orders of magnitude higher than the samples combusted in a biomass-only 
facility and considerably more variable (Figure 2). The significant variation in ash properties can 
be attributed to the quantity of unburned carbon in the fly ash. The larger, highly porous 
unburned carbon particles would increase the overall specific surface area of the samples, 
decrease the specific gravity, increase the median particle size, and increase the LOI (Yeboah 
et al. 2014). The larger percentage of unburned carbon in the test burn biomass samples is 
most likely a result of lower temperature, less efficient combustion.  

 

  
Figure 1. SEM images showing: (a) the woody structure of a BP2 sample and (b) the 

combination of woody, angular and spherical particles in a BP4_F sample 
 

Table 2. Physical Properties of Five Samples of Biomass Fly Ash, Two from NGF (BP4_F and 
BP4_M) 

 BP11 BP21 BP31 BP4_F BP4_M 
SSA (m2/g) 116 180 687 1.33 3.99 
Gs 1.87 1.62 1.27 2.80 2.74 
LOI (%) 46.7 63.9 95.9 0.30 1.28 
D50 (μm) 168 640 1440 32.3 25.8 
Cu

2 6.6 13.4 35.5 1.40 0.88 
1samples analyzed by Yeboah et al. 2014 

2Cu: coefficient of uniformity= D60/D10 

(a) 

10 μm 

(b) 

50 μm 



  

Figure 2. Particle size distribution of (a) five biomass fly ash samples (BP4_M as an average of 
five samples taken over a five-day period) from four different power plants and (b) five biomass 
fly ash samples taken over a five-day combustion period in May 2016 at the NGF, labeled by 
sampling date. Samples labeled BP1, BP2, and BP3 were analyzed by Yeboah et al. 2014 

Chemical analysis of the samples also revealed some distinct chemistries between fly 
ashes combusted at different facilities. The silica content of the samples from NGF was 
considerably higher (Table 3). Silica sand is used as a bed material to aid combustion in the 
fluidized-bed boiler at NGF. High silica content may be a result of inclusion of very fine silica 
sand in the fly ash, but further tests are needed to confirm this hypothesis. The fly ash from the 
biomass-only facility also contained many aluminosilicate glass spheres (Figure 1), similar to 
cenospheres typically found in coal fly ashes. The presence of cenospheres indicates a higher 
temperature combustion at NGF than at the other biomass or retrofitted coal facilities because 
these structures were not found in BP1, BP2 and BP3 (Yeboah et al. 2014). The primary oxide 
content (POC) of the BP1-3 samples was very low, too low to classify these ashes as a Class 
C or Class F fly ash, according to the chemical specifications of ASTM C618 (ASTM 2015).  
However, both samples combusted at the Nacogdoches facility met the chemical requirements 
for a Class F fly ash. The BP4 samples have lower Al and Fe contents than typical Class F fly 
ash, but lower concentrations should not have a negative impact for pozzolanic reactivity. All 
samples except BP3 had a high calcium content, compared to a typical Class F fly ash. The 
high calcium content is more indicative of a typical Class C ash. If used in concrete 
applications, the concrete may solidify more quickly than with replacement with a typical Class 
F ash. The comparatively high calcium content was reflected in the leftwards placement of 
these ashes in a ternary diagram comparing relative percentages of calcium, aluminum and 
silicon oxides (Figure 3). These diagrams are an indicator of natural pozzolan type. None of the 
biomass fly ashes tested were categorized as typical pozzolans in a ternary diagram.  
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Table 3. Oxide Content of Five Biomass Fly Ash Samples, Expressed as Percentages of Total 
Oxide Content, Two from NGF (BP4_F and BP4_M), as Determined by XRF 

Major 
Oxides BP11 BP21 BP31 BP4_F BP4_M 

SiO2 6.43 10.63 1.74 67.94 67.56 
Al2O3 0.75 2.06 0.27 4.61 4.71 
Fe2O3 0.54 0.85 0.09 5.32 4.138 
SO3 2.88 1.1 0.44 0.75 0.928 
CaO 24.12 14.47 1.16 14.57 15.43 
Na2O 0.4 bd2 bd 0.29 0.30 
MgO 2.54 1.78 bd 0.97 1.30 
K2O 7.48 3.42 0.13 2.03 2.62 
P2O5 2.18 0.98 0.07 0.47 0.60 
TiO2 0.07 0.17 0.01 0.48 0.43 
SrO 0.09 bd 0.04 0.08 0.08 
BaO bd bd bd 0.08 0.09 
LOI (%) 46.7 63.9 95.9 0.20 1.28 
POC (%) 7.72 13.54 2.10 77.87 76.41 

1samples analyzed by Yeboah et al. 2014 
2below detection limit of instrument 

 

 

 
Figure 3. Ternary diagram of silicon dioxide, lime, and aluminum oxide content of biomass fly 
ash samples, where oxide contents are normalized with respect to the sum of silicon dioxide, 

lime, and aluminum oxide equaling 100%, compared to six standard pozzolanic materials used 
in concrete applications. Samples BP1, BP2, and BP3 were analyzed by Yeboah et al. 2014 

Crystalline analysis indicates the presence of additional phases in the full-scale biomass 
fly ash samples. Although quartz, calcite and arcanite were identified in all biomass fly ashes, 
the ashes from the NGF also included crystalline lime and anhydrite (Figure 4). More research 
is needed to determine how the additional crystalline phases are related to combustion 



temperature at NGF. X-ray diffraction (XRD) analyses on typical Class F fly ash include an 
amorphous hump between 15 and 40° 2θ, which indicates reactive, amorphous silica. (Jones 
et al. 2006; Yeboah et al. 2014).  However, none of the biomass samples exhibited this 
feature, signifying that these samples may be less reactive than typical Class F fly ash.  

  

Figure 4. XRD scans of biomass fly ash samples, indicating that quartz, calcite, and arcanite are 
the major crystalline components in the BP1, BP2, and BP3 samples (Yeboah et al. 2014). 

Crystalline lime and anhydrite are additional compounds in the BP4 samples  

Multiple samples of biomass fly ash were taken from one combustion cycle at the 
Nacogdoches Generating Facility to determine if sample physical and chemical properties 
would remain consistent over multiple days. The physical properties were reasonably 
homogenous (Table 4). There was some expected variation in specific surface area, loss on 
ignition, and median particle size (D50), but the results are encouraging.  The oxides contents 
of the daily samples also reflect the same reasonable homogeneity, and samples had the 
same crystalline components across the entire burn period (not shown). Overall, the 
Nacogdoches facility produces a consistent product during a single combustion cycle, and 
across two different combustion cycles, even though the wood mixtures changed significantly 
between the two combustion cycles. These results are encouraging for large-scale beneficial 
use, as the material properties remain consistent for bulk sale.  

Table 4. Physical Properties of Biomass Fly Ash Sampled Daily Over a Five-day Period from 
May 5-10, 2016 at NGF in Texas 

Sampling Dates 5.10 5.11 5.12 5.13 5.14 BP4_M 

SSA (m2/g) 4.57 5.71 2.95 4.95 1.76 3.99 

Gs 2.70 2.72 2.68 2.72 2.87 2.74 

LOI (%) 1.74 2.10 0.98 1.19 0.40 1.28 

D50 (μm) 24.2 24.0 28.1 25.3 27.6 25.8 

Cu1 0.95 0.89 0.80 0.85 0.89 0.88 
1cU: Coefficient of uniformity = D60/D10 
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Table 5. Oxide Content of Biomass Fly Ash Samples from NGF, Sampled Over a Five-day 
Period from May 5 – 10, 2016, as Determined by XRF 

Major 
Oxides 5.10 5.11 5.12 5.13 5.14 BP4_M1 

SiO2 66.78 64.79 74.12 61.06 71.05 67.56 
Al2O3 4.53 4.84 4.08 5.52 4.58 4.71 
Fe2O3 4.5 4.77 3.54 4.35 3.53 4.14 
SO3 1.01 1.01 0.65 1.16 0.81 0.93 
CaO 15.29 16.69 11.93 19.55 13.68 15.43 
Na2O 0.33 0.34 0.22 0.33 0.29 0.30 
MgO 1.32 1.46 0.97 1.58 1.18 1.30 
K2O 2.7 2.82 2.16 3.06 2.37 2.62 
P2O5 0.61 0.66 0.45 0.73 0.57 0.60 
TiO2 0.41 0.46 0.42 0.44 0.41 0.43 
SrO 0.07 0.09 0.07 0.09 0.08 0.08 
BaO 0.1 0.11 0.07 0.1 0.09 0.09 
LOI (%) 1.74 2.10 0.98 1.19 0.40 1.28 
POC (%) 75.81 74.4 81.74 70.93 79.16 76.41 

1average of the five-day period 
 

Conclusions 

A full-scale, biomass-only power plant in Texas produced a significantly different fly ash 
compared to other full-scale facilities and one test burn at a coal combustion facility. 
The Nacogdoches facility produced an ash with lower unburned carbon content, lower 
specific surface area, higher specific gravity and much lower median particle size. The 
biomass fly ash produced at the full-scale facility was very similar to coal fly ash 
physically, although the biomass ash contained higher concentrations of alkali-earth 
metals, especially calcium, and lower concentrations of aluminum and sulfur than typical 
coal ash. The other biomass samples did not meet the chemical requirements for a 
Class C or Class F fly ash, per ASTM C618, but the BP4 samples met all the chemical 
requirements for a Class F fly ash. More tests should be performed, however, to fully 
determine if this fly ash is suitable for use in concrete, particularly to determine if the 
high calcium content will negatively impact the concrete and to determine if the silica is 
reactive. The physical and chemical properties of the BP4 samples are relatively 
consistent across a single combustion cycle and across two different combustion 
cycles, with expected fluctuations. Overall, combustion conditions seem to have a 
significant effect on fly ash physical and chemical properties, but variations in wood 
source at the same facility had a limited impact.  



Acknowledgements 

This research was funded by Southern Company. All samples tested were provided by 
Southern Company. The author graciously acknowledges the continued support of 
Southern Company. The opinions expressed in this paper are the author’s alone and do 
not necessarily reflect the policies and views of Southern Company. The biomass 
samples BP1, BP2, and BP3 were analyzed by Yeboah et al. More information about 
these samples can be referenced in Yeboah et al. 2014, listed below.  

References 
Aho, M., Gil, A., Taipale, R., Vainikka, P., and Vesala, H. (2008). “A pilot-scale fireside 

deposit study of co-firing Cynara with two coals in a fluidised bed.” Fuel, 87(1), 58–
69. 

ASTM. (2015). Standard specification for coal fly ash and raw or calcined natural 
pozzolona for use in concrete. 

Bartoňová, L. (2015). “Unburned carbon from coal combustion ash: An overview.” Fuel 
Processing Technology, 134, 136–158. 

Chandrasekaran, S. R., Hopke, P. K., Rector, L., Allen, G., and Lin, L. (2012). 
“Chemical Composition of Wood Chips and Wood Pellets.” Energy & Fuels, 26, 
4932–4937. 

van Eljk, R. J., Obernberger, I., and Supancic, K. (2012). Options for increased 
utilization of ash from biomass combustion and co-firing. 

Girón, R. P., Ruiz, B., Fuente, E., Gil, R. R., and Suárez-Ruiz, I. (2013). “Properties of 
fly ash from forest biomass combustion.” Fuel, 114, 71–77. 

Pettersen, R. (1984). “The chemical composition of wood.” The chemistry of solid wood, 
1–9. 

Vassilev, S. V., Baxter, D., Andersen, L. K., and Vassileva, C. G. (2010). “An overview 
of the chemical composition of biomass.” Fuel, Elsevier Ltd, 89(5), 913–933. 

Vassilev, S. V., Baxter, D., Andersen, L. K., and Vassileva, C. G. (2013). “An overview 
of the composition and application of biomass ash. Part 1. Phase–mineral and 
chemical composition and classification.” Fuel, Elsevier Ltd, 105, 40–76. 

Yeboah, N. N. N., Shearer, C. R., Burns, S. E., and Kurtis, K. E. (2014). 
“Characterization of biomass and high carbon content coal ash for productive reuse 
applications.” Fuel, Elsevier Ltd, 116, 438–447. 

 

 
 
 


