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Abstract: Aggregates such as sand and gravel are the most mined resources on Earth and
are the largest component in concrete. They are essential for construction but are becoming
increasingly scarce. At the same time, large amounts of biomass ashes are produced in
wood-fired power plants, offering potential as a partial substitute for decreasing sand
resources. Due to the combustion technology of circulating fluidized bed boilers, their
bottom ash offers high potential as a viable alternative to natural sand. This review exam-
ines previous research to assess the feasibility of replacing sand in concrete with bottom
ash. Specific cementitious products are identified, where the substitution could realistically
be performed in the concrete industry. Benefits and issues with partial substitution of
bottom ash from wood combustion are discussed, and gaps in the research regarding sand
replacements with bottom ash, notably the durability of the resulting concrete, are shown.
Bottom ash has positive properties relevant for use in mortar and concrete, both regarding
physical and chemical properties. Although limited research exists in the field, several
researchers have demonstrated promising results when substituting sand for bottom ash in
mortars. For lower substitution levels, little effect on the fresh and hardened properties
is found.

Keywords: concrete; sand; wood bottom ash; alternative aggregates; resources; sustainable
construction; sand replacement

1. Introduction

Although the environmental focus on concrete is usually a result of the heavy CO,
footprint of cement, there are also other sustainability issues related to concrete production.
Sand only accounts for about 1% of the CO, footprint of concrete [1], but constitutes a major
issue in environmental protection, biodiversity, and depletion of natural resources [2].

Sand plays a key role in human civilization and is consequently one of the most
exploited natural resources in the world, second only to water [3]. Approximately 50 billion
tons of sand are produced each year, with the main user being the construction industry,
with an estimated 30 billion tons of sand and gravel used as aggregates [4,5].

Concrete consists of cement, water, gravel, and sand, with sand constituting 25-40%
of the concrete volume. As concrete is the most widely used human-made material with an
annual resource demand of 30 Gt, sand for concrete is a driver of the depletion of global
sand resources [6].
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The issue is relevant globally, with illegal sand mining threatening vulnerable ecosys-
tems in Asia, Africa, and Latin America [7], and resources being extracted faster than the
replenishment rate [3]. Environmental effects of sand mining, when mining in rivers, point
towards a reduction in fish populations, a decrease in biodiversity, and water quality [5].

The substantial research investigating alternative materials for concrete also implies
a common understanding that sand resources are becoming scarce. Many alternative
replacements to virgin sand are being suggested and researched [2,3,8-12].

Research in possible sand replacements are often based on whatever material is
locally available, such as coal bottom ash in China [13], rice husk in India [14], sugarcane
bagasse ash in Brazil [15,16], olive biomass ash in Spain [17]—along with globally available
resources such as recycled concrete aggregates [18,19], municipal solid waste bottom ashes
(MSWI) [20,21], and various industrial wastes [9].

This review will investigate woody biomass bottom ashes (BA), a regionally available
resource in most of the world, and their suitability for use as a replacement for the natural,
traditional sand in concrete.

1.1. Products with Potential for Sand Replacement with Wood Biomass Bottom Ash

The aim of this paper is to investigate whether wood bottom ash is suitable for use as
sand in concrete, and which concrete products show the most potential for this objective. If
specific, concrete products can be shown to be promising candidates for sand replacement,
the likelihood of the utilization of BA will improve.

1.1.1. Suitability for Concrete Products

In Table 1, an overview of possible concrete products and their general characteristics
is presented. A judgment of which concrete products are the most suitable is not made,
since the current research does not cover this objective. See the forthcoming sections for
a more detailed description of the concrete products and potential for sand substitution.

Table 1. Overview of potential concrete products for sand substitution by wood bottom ash.

Roller-Compacted

Pre-Cast Structural

Type Concrete Dry-Cast Concrete Elements Ballast Concrete Ready-Mix Concrete Dry-Mix Concrete
\
Product h w I Il
-u
. - .
Controlled
7z ! environment,
Low cement content coggaiércrilgsz repetitive Varies, based on Wide range of Wide range of
Characteristics zero slump, low co ot vibration and prod'uchon, medl}lm use in the project properties, based on properties, based on
hieh pressure to high slump, high specific use specific use
gnp strength, high
quality
Small singular
; ; Structural concrete : -
Izz\gn%v Satt(; I;e:évggis is used in buildings, Leveling and All types of Caslt:)r“l\‘?’_s\;(‘il:n‘i:ngr
Uses Dams, paving, roads drainage), tunnels, bridges, ballasting of, concrete structures high-strength needs,
X and other e.g., tunnels R
foundation blocks infrastructure civilian use
’ (fences, patios)
Durability : - : . .
requirements High High Low to high Low Low to high Low to high
. Seawater, Seawater,
Potential Seawater,.free_ze /thaw, freeze,/ thaw, freeze /thaw, Inside tunnels Seawater,‘free_ze /thaw, Seawater,_free;e /thaw,
exposure rain, air ain air ain air rain, air rain, air
Reinforcement None None Yes None Either Either
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1.1.2. Dry-Cast Concrete (DCC)

Dry-cast concrete (DCC), also called zero slump concrete, is a technique where dry
concrete is compacted to a degree where the formwork can be removed immediately after
casting [22]. The method is used to make products like water and sewage pipes, paving
stones, building blocks, and more.

Lessard et al. show that a DCC mix design with biomass BA is possible to develop,
even if more compaction is needed to obtain the concrete to match the properties of the
reference concrete without BA [23]. Their results showed a compressive strength reduction
of 11.8% and 15.6% for replacement levels of 20% and 40%, respectively, at 91 days, which
is higher than their stated requirement, but a noticeable difference from the reference with
no BA.

1.1.3. Roller-Compacted Concrete (RCC)

Roller-compacted concrete (RCC) is a type of very dry concrete, like DCC, but com-
pacted by vibratory rollers, similar or identical to asphalt rollers. RCC has a very low
water and cement content, and a larger share of fine aggregate compared to regular con-
crete [24,25]. The use of BA in RCC has been demonstrated by Lessard et al., resulting in
a loss of compressive strength of 18% at 50% replacement compared to their reference with
no BA [26].

1.1.4. Pre-Cast Structural Elements

Concrete for pre-cast elements is generally in the high end with regard to quality, due
to a high inherent production control. Elements such as walls, columns and slabs used
internally in buildings are often not subjected to factors limiting the lifespan of concrete
and are placed in lower exposure classes [27]. Their use as structural concrete still leads to
high-quality requirements. Mix designs for pre-cast concrete are optimized for repetitive
production, where workability and quick strength development for a fast demolding are
desired properties.

For alternative materials to be utilized for structural elements, the raw material must be
homogeneous. Experience with another alternative aggregate, recycled concrete aggregate
(RCA), shows industrialization of alternative materials depends on managing the multiple
varying parameters of the material. They ultimately influence the strength and durability
of the final product [28], and for structural concrete, this means that strict quality control is
necessary [29].

1.1.5. Tunnel Ballast Concrete

Ballast concrete is used in tunnels to counteract uplift forces from surrounding water
by increasing the weight of a tunnel [30]. Another use is for leveling circular tunnels before
the placement of rail tracks. It is usually placed as an unreinforced layer at the bottom of
the bored or immersed tunnels [30,31]. A certain strength is required, but it is typically
a low-strength concrete, and no further mechanical or durability properties are specified
for ballast concrete.

These factors indicate a high potential for utilizing alternative aggregates to produce
ballast concrete. Note that the use will be limited by the number of relevant tunnel projects
in proximity to the ash production, which is likely low in most regions of the world.

No previous studies have analyzed ballast concrete and the effects of alternative
aggregates on its properties, making a conclusive evaluation difficult.
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1.1.6. Ready-Mix Concrete

Ready-mixed concrete is like pre-cast concrete but used for in situ castings at con-
struction sites. It is delivered by concrete trucks, see the sketch Table 1 and poured into
formwork on site. Requirements for this type of concrete vary greatly, since both reinforced
and unreinforced concrete are used, high and lower strength, as well as for structural and
non-structural applications.

The potential for incorporation of BA depends on the willingness of the concrete
producers to incorporate alternative materials. This willingness will likely increase as sand
resources decline and become more costly. As shown later in this study, the mechanical
properties of the concrete might be affected by the incorporation of BA, but any negative
effects can be reduced by reducing the substitution level.

1.1.7. Dry-Mix Concrete

Dry-mixed (or pre-mixed) concrete is a type of concrete consisting of various sub-
groups. The common characteristic is that they are dry, pre-blended mixes with cement,
aggregate, and admixtures delivered in bags. It is commonly designed for specific purposes,
such as high-strength grouts, sprayed concrete (shotcrete), or mortars [32]. Admixtures
in dry form can adjust the properties of the mix to be self-compacting, non-shrinkage,
pumpable, or other specific needs [32].

As with pre-cast and ready-mix concrete, the high-end products have strict require-
ments for strength and durability. Lower-end products are likely simpler to incorporate
alternative aggregates in, such as BA, as the demand for homogeneity of the materials
will be lower. No previous studies have been found to have analyzed this specific type of
concrete, making a conclusive evaluation problematic.

1.2. Production of Ash and Availability of Raw Material

Global biomass ash production is estimated at 95 million tons globally in 2018 [33].
The global concrete production in 2020 was 14 billion m3, roughly equivalent to 30 billion
tons, which requires roughly 12 billion tons of sand. These assumptions lead to an amount
of ash less than 1% of the sand used for concrete. Assuming a small amount of the ash
produced is usable as sand, the case can be seen as a niche product in the concrete world.

However, as disposal and landfilling of ash is costly, and the cost of sand is increasing,
there is economic potential for both concrete producers and ash producers to benefit from
the utilization of ash as sand substitution. This creates a business case that can prove
sustainable for both parties, as well as for the environment. In this way, the potential shown
in this paper represents one of the many needed solutions to provide alternative aggregate
materials for concrete, all of which are needed to reduce our strain on the environment.

1.3. Combustion of Biomass

The use of biomass, mainly in the form of wood, to produce heating and energy via
combustion is expected to increase both within the European Union [34] and globally [35].

The EU considers sustainably produced biomass to be a renewable energy source [36],
giving the member countries an incentive to utilize energy crops, forest wood, agricultural
waste, etc., in their effort to reach their goals for CO, emissions. As a result of the CO,-
neutral status, as well as the domestically available resources in the member countries, the
EU will rely on biomass as one of the main energy sources to achieve net-zero emissions by
2050 [34].

Since many types of biomass can be used in energy production [37,38], it increases
the possibility for countries to diversify their energy system. The advantages are lower
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supply risks and higher self-sufficiency through lower fossil fuel imports, as 96% of biomass
demand is supplied by biomass sourced within the respective countries in the EU [36].

Proponents of natural biomass argue that the loss of biodiversity due to the removal of
old-growth forests damages the environment [39]. Research also suggests that biomass is
only CO;-neutral in the best-case scenario of completely regrown forests, and that transient
CO; emissions are ignored [40]. However, due to the low cost and good synergy with
other renewable energy sources, electricity and heating from biomass combustion remain
a stable energy source in many countries and will be for many years to come [35]. The
global production of biomass ashes was estimated to be 480 million tons in 2013 [37] and
can be expected to continue due to the shift away from fossil fuel combustion [38].

1.4. Bottom Ash

A by-product of the combustion process is ash in the form of fly ash and bottom ash.
Fly ashes are fine powders collected from the flue gas, while bottom ashes are the coarser
fraction collected from the bottom of the boilers. The most prevalent type for smaller power
plants is grate-fired boilers, where the fuel is piled onto a steel grid during combustion.
Another common type is the Bubbling Fluidized Bed (BFB), where the bottom of the boiler
is covered by a layer of sand, where air for the combustion is injected from below, causing
to bed material to ‘bubble’.

A common type of boiler for large, combined heat and power plants is the Circulating
Fluidized Bed (CFB) boiler, where the feedstock requires a simultaneous feed-in of fine sand
with the fuel to increase the efficiency of the boiler [41]. This sand is separated in a cyclone,
and either fed back into the boiler or discarded as BA. See Figure 1 for illustrations of the
combustion technologies.

This paper will analyze the prospect of utilizing ash from a circulating fluidized bed
(CFB) boiler. It is a boiler chosen by energy companies due to its high fuel efficiency and
flexibility regarding fuel quality and moisture content. Compared to the bubbling fluidized
bed (BFB) boiler, CFB has a much higher internal air speed, creating a sandstorm within
the boiler, which leads to a stable and even temperature in the entire boiler, and a very
complete combustion [42-44].

Flue gas to
convection path

¢ ¢ Cyclone
T Flue gas to T Flue t
' Wast gas to
convection in?)suf convection
path \ path
Secondary Secz?rdary
air T
Secondary )/ Waste g
air input g
£
8
%’: Loop
4

l Primary air |,
Bottom

Bottom
@s Ashes

Figure 1. Illustration of a grate-fired boiler, a BFB, and a CFB. Source: [45].
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Bottom ash is a waste product that is currently underutilized and poses an economic
burden for the producers, and is a material that will increase in volume in the future [38].
Several opportunities for the utilization and valorization of BA have been researched,
with BA suggested as a suitable replacement for aggregates in concrete, as seen in recent
years [46-49].

Other areas of utilization have also been researched, e.g., as material in asphalt [50],
cement replacement [51], soil improvement [52], bricks [53], and structural soil un-
der roads [54]. Current usage is mainly as a low-grade fertilizer, but a large part is
landfilled [52,55,56].

1.5. Combustion Technologies Compared

As explained in the previous section, combustion technologies have different technical
characteristics, resulting in ashes of varying composition. Table 2 lists the characteristics of
the three most common boiler types for wood combustion.

Table 2 shows the most common boiler types for wood combustion. Information in
the sources is aggregated by the authors of this paper to provide a simplified overview of
the characteristics of the three boiler types.

The BFB has a lower air inlet speed, and the bed material stays at the bottom of the
boiler. The CFB boiler is developed from the BFB to have an advantage in the scalability of
the plants, and sizes can reach up to 2000 MWth, compared to 10-100 MWth for BFBs.

The use of quartz sand or silica sand as bed material leads to high SiO2 levels in
bottom ashes from both BFB and CFB boilers, making it potentially suitable for use in
concrete [57-60].

The quartz sand used in CFB boilers is generally finer than in BFB boilers, commonly
in the range 0.1 to 0.6 mm. This particle size distribution is smaller than the typical
0-2 mm or 0—4 mm of fine aggregate fraction in concrete, but is optimal for an efficient
combustion and heat distribution within the boiler [43,61-63]. A change towards finer
grading generally leads to lower workability and lower concrete strength [49,64]. It is thus
a critical parameter of a given sand replacement and must be determined before use in
concrete and mortar applications.

Some research shows abrasion of the bed material particles during combustion, due
to their high velocity within the boiler, causing the particles to crack and become more
rounded [65]. Studies analyzing bed material before and after combustion observe the
particle size to be reduced [66], and SEM images reveal surface cracks and increased
brittleness [67].

Table 2. Characteristics of the boiler types chosen for comparison in this review.

Circulating Fluidized

Boiler Type Bed—CFB Bubbling Fluidized Bed—BFB Grate
Biomass fuel Solids, powders Solids, sludges Solids
BA particle type Bed material Bed material Agglomerates
High efficiency . - Simple construction
o High efficiency N
Advantages Fusel ﬂeX} l:'nhty Fuel flexibility for biomass fuels Low initial cost
calability Low operating cost
High initial cost High initial cost Low efficiency
Disadvantages High operating cost High operating cost Slagging
Agglomeration of bed material Agglomeration of bed material Emissions (NOy)
Production stability High High Low
Initial cost High Medium-high Low-medium
Operating cost High Medium-high Medium
Size Medium to large Medium Small to medium
(thermal output) (30~1000 MW) (20-400 MW) (1-100 MW)
Operating temperature 750-950 650-920 <1100
Sources [41,43,68-71]
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A fraction of the BA is recycled as bed material after it has been discarded from
the cyclone, and the other fraction is discarded to be disposed of by the plant owner.
A drum sieve removes the largest fraction of particles from recirculation. The process
of recirculating material reduces the consumption of virgin sand, and consequently also
lowers the unburned carbon by recirculating unburned particles through the boiler. High-
efficiency cyclones separate the coarser fly ash particles to be recirculated, further lowering
the total organic carbon content (TOC) to the benefit of the boiler [61], but also improving
the material for further use. Lower TOC leads to purer and more homogeneous material
and improves feasibility for use in concrete [41].

For combustion of biomass, there is a tendency for agglomeration of the ash and
particles in the bed material, which leads to the BA being partly composed of porous
agglomerated particles with varying sizes [72,73]. This issue is prevalent for biomass fuels
in general [74,75] but is less prevalent when wood chips are used as fuel [76].

The effect occurs when alkali metals from the fuel, mainly N and K, react with silica in
the bed material to form alkali silicates—an effect seen at higher temperatures, and as low
as 900-1000 °C [62]. Agglomeration is also an issue for fluidized bed boilers, but is reduced
by the lower combustion temperatures—see Table 2.

Figure 2A,B, the BA from a BFB and a CFB furnace can be seen. When comparing
microscopy images of the particles, the agglomerated type can be seen in Figure 2C,D,
which show the difference between BAs from fluidized bed boilers and grate-fired boilers.
The CFB and BFB ash are fine sandy particles with some air pores and a shell-like layer on
the surface. The sand particle is more homogenous, and lastly, the agglomerated particle

from the grate furnace can be seen.

Figure 2. (A) is BFB BA, (B) is CFB BA. Note the lighter colored surface layer on both particles
and the internal cracks. (C) is a sand particle, and (D) is an agglomerated particle from a grate
furnace. Sources: (A,B): [77], (C,D): [78]. The yellow markings on (A,B) can be ignored, as they stem
from the original source. The red arrows on (C,D) point towards the sand particle and the grate BA
particle, respectively.

The EU considers the BFB and CFB boilers “best available technology” for biomass
combustion [43], and could thus be expected to become more widespread.

1.6. Environmental Potential and Issues

As mentioned in the previous sections, there is a combination of sand scarcity and
a possible supply of replacement material. Every ton of ash can potentially replace a ton
of natural sand, which presents a possible contribution to reducing the strain on natural
resources. One study shows that the environmental potential of ash is greatest if used in
building materials [79].

Heavy metals are well known to accumulate in biomass ashes, which creates a possibly
polluted material not suitable for use in construction materials—see Section 3.3. The
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alternative use of the ashes as a low-grade fertilizer has the same issue, making a costly
landfilling of the material the most common method of disposal [52].

Another issue is the rebound effect, where the positive environmental effects of uti-
lizing the BA could be negated by an increased burning of biomass, since BA has become
a valuable resource as sand replacement [80]. In this case, BA incurs a negligible cost in
the overall economy of a power plant, and the rebound effect will not materialize as an
increased combustion of biomass. The same conclusion is then logically reached when
considering the possibility of an increase in the transport of biomass for fuel.

1.7. Aim of Current Review

The CFB BA is mainly discarded bed material, which is most commonly sand. This
coincides with an increased shortage of locally available concrete sand in several regions of
the world [81]. This presents the potential to save sand and increase the value of BA by
partial replacement of sand with biomass BA.

This review focuses on works detailing the characteristics of biomass BAs from CFBs
burning forest residue, wood chips, and other wood products, to investigate the potential
in this promising segment. This will help mitigate the issue of BA’s varied composition
caused by varying combustion and fuel types, as shown by previous reviews [48,49,82-84],
by focusing on a more homogeneous material. CFB ashes are compared with the two main
BA types, which are produced in BFB boilers and grate furnaces, respectively.

2. Requirements for Concrete Types and Exposure Classes

For alternative materials to be used in the concrete industry, they must fulfill the
requirements given in the place of use. In a European context, the European standards,
recognized by the EN prefix, provide the framework for the required properties of the
concrete constituents. According to the EU, BA from wood combustion is considered
non-hazardous waste [85]. Since ashes are not normally used as aggregates, the current
standards do not have specific requirements suited for this application. However, in EN
450-1, a collection of requirements for fly ash is given [86]. Some of the requirements
are directly related to its efficiency as a replacement for cement and are not relevant for
a sand replacement. Other requirements seem relevant to use as a general guideline for
determining suitability for using ashes in concrete. Since a negative impact from, e.g.,
high Lol or sulfate is expected for a cement replacement like fly ash, it would be relevant
for a material replacing aggregate as well. ASTM C618-23 also provides limit values for
fly ashes [87] and has a similar but less restrictive set of requirements—see Table 3 for
an overview.

Table 3. Properties of various ashes in comparison with EN 450-1 and ASTM C618-23 requirements.

CFB BFB Grate
Requirement Purpose [w.%] [88] [51] [89] [66] [57] [90] [91] [11] [92]
I\(Ii‘ggz‘;q Durability (ASR) <5.0 0.6 59 6.8 16 48 0.9 8.3 50 104
- Chloride Durability <0.1 00 00 - - - 00 <01 00 00
2 S(gg%t)e Durability <3.0 07 02 00 00 15 - 00 02 12
Z Free CaO Durability (ASR) <10.0 55 160 36 34 202 172 484 166 239
& MgO Strength <40 15 15 07 05 32 20 99 26 33
P205 Strength <50 20 05 00 02 29 00 10 00 27
Workability <5.0/7.0/9.0 _
Lol Jdurability Cat AJB/C) 0.0 0 00 16 21 24 43 135
Q Sulfate s <3.0/<5.0/<5.0 _
g 503) Durability (Cat N/E/C) 07 02 00 00 15 00 02 12
o <18.0/>18.
2 Free CaO Durability (ASR) Sb(%/a < 1\81/01~‘//>C§; 0 55 160 36 34 202 172 484 166 239
Lol Workability <10.0/6.0/6.0 -
E (Cat. A/B/C) /durability Cat. NJF/C) 00 00 00 16 21 24 43 135
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Free CaO is formed at temperatures over 900 °C, and is thus, as expected, more
prevalent in the grate ashes [57,93]. CaO and MgO are undesired for their ability to create
a late expansion in concrete [64].

First, the standard for structural concrete EN 206 (Section 5.1.3 of the standard) deter-
mines that aggregate must comply with EN 12620 [94]. Per the definition in EN 12620, BA
must be considered a manufactured aggregate, as it is “derived from an industrial process
involving thermal modification” [95]. It is defined as fine aggrlegate, due to the aggregate
size of less than 4 mm.

As the subject is a type of ash, it is also relevant to look at EN 450-1, a standard
for fly ash from coal combustion used as a cement replacement [86]. According to these
standards, it is possible to utilize BA as a fine aggregate. In the next sections, more detailed
requirements regarding geometry, durability, and other properties will be explored.

Another option is to determine the equivalence of performance with a known satis-
factory aggregate, where testing must be performed with the BA to show that durability,
strength, and other properties are at a satisfactory level. This method can be costly and
reduce the incentive of the industry to utilize the material, making direct approval via the
standards the preferable option.

2.1. Geometrical Requirements (Grading)

Requirements for grading, such as the percentage passing different sieve sizes, are
a critical parameter for concrete sand. However, the BA is produced in relatively limited
quantities where substitution levels below 10% are likely—see Section 1.2. This means
that the BA will have a negligible effect on the overall grading when blended with natural
aggregates before use, given the specific material has a grading that is within a certain
threshold, and is not too fine, e.g., dust. The total sand fraction must then comply with the
grading requirements seen in Table 2 in EN 12620 (see also Section 3.4). EN 12620 does not
give a specific requirement for the grading curve, but the American standard ASTM C33
does provide an interval for which fine aggregate must comply [96].

2.2. Fines, Physical, Durability, and Chemical Properties

Specific requirements in the European Norm EN 12620 are mainly for which properties
that are relevant for fine aggregate, and how they must be tested to conform to the standard.
Drying shrinkage must be equal to or less than 0.075%, and total sulfur must be equal to
or less than 1%, but the remaining physical and chemical properties are stated as ‘shall be
determined’. These requirements depend on Annex ZA in EN 12620 [95].

Annex ZA provides the EU member countries with flexibility to determine which
requirements are relevant for constructions in their country. The requirements are thus
dependent on the national specifications. An example of such national requirements is
the DS 206:2024 in Denmark [97]. It states, using ASR as an example, which tests must be
used, and what the specific requirements of the tests are, when assessing whether or not
the aggregate is acceptable for use in Denmark.

The concrete producer must gain a CE mark for their product by following EN 12620
and the relevant national annexes.

3. Characteristics of Wood Bottom Ash

The composition of biomass BA depends mainly on the combination of fuel and
combustion method. In this paper, the focus is on wood as fuel and combustion in BFB,
CFB, and grate-fired boilers.

This section will present the physical and chemical properties of the ashes, along with
other characteristics relevant to alternative sand materials in concrete.
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3.1. Mineral Composition

In CFB and BFB boilers, the chemical composition of BA is mainly SiO,, with smaller
amounts of CaO (Calcium oxide), Al,O3 (aluminum oxide), MgO (magnesium oxide), K,O
(potassium oxide), and other oxides when analyzing the ash via XRF [56]. A significant
amount of Fe;Oj3 (iron oxide) can also occur [51]. Note that the chemical composition is
calculated as oxides in an XRF analysis, but the elements are not necessarily present in
their oxide form. This is especially important for BFB and CFB ashes, where the silicate
is mostly non-reactive bed material, and should not be confused with amorphous silicate
such as silica fume (microsilica), which can act as a supplementary cementitious material, or
in some cases cause ASR damage [98].

As shown in the Si0,-CaO-Al,O3 ternary diagram Figure 3 the composition of CFB
tends to be grouped around the corner with high-silica contents. The ternary diagram is
based on the characteristics of Supplementary Cementitious Materials (SCM) analyzed by
Lothenbach, Scrivener et al. [99].

OCFB
EBFB
AGrate

AGrate [8x Carevic et al., 2019]

60

Natural

ekt . pozzolans

CaoO Si02

0 10 20 30 40 50 60 70 80 920 100
Al203

Figure 3. Chemical composition of different ash types. Fuel is wood (whole trees, trimmings, waste
wood, etc.). Sources: CFB [51,88,89], BFB [51,67,90], Grate [11,91,92], and 8 samples (B1-B8) from [51].
SCM-zones adapted via Lothenbach et al. [99].

As seen in Figure 3, there are tendencies in the ash composition when separating by
combustion technology. For grate BAs, there is a clear trend towards a higher CaO content,
making it more like Portland cement than CFB and BFB ashes, but not necessarily more
suited as an SCM, as shown in the studies by Sigvardsen et al. [51,100]. The same ternary
diagram is shown in the review by Schlupp et al., where the tendencies are similar when
accounting for combustion type [49].

Zhai et al. also created a similar ternary diagram, but with a focus on the different
types of fuel. In this figure, wood ashes are varied in composition, however, mostly based
on their CaO content [38].
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Pozzolanic Potential

In research regarding ash as a substitution for cement, a high level of pozzolanic
activity is desired. However, when replacing sand, an inert chemical composition is needed.
CFB BA from the combustion of wood chips has the highest content of primary oxides of
the analyzed ashes in one paper [51]. This could indicate potential for pozzolanic activity,
but as the inert sand in the bed material mainly consists of SiO; in the form of sand, it is not
expected to be reactive. A low amount of aluminosilicate particles indicates no expected
pozzolanic activity. Regarding hydraulic activity, the same paper gives the CFB BA the
lowest index score, indicating little ability to form cementitious products.

In another study of hydraulic activity, CFB BA showed less activity compared to grate
furnaces and BFB boilers, providing conflicting and limited information on the matter [101].

3.2. Physical Properties

In Table 4, some of the most relevant properties when considering sand alternatives
for concrete are presented. Absorption is higher than natural sand, which is commonly
around <1%, in all cases. On the positive side, two sources show no loss on ignition, and
the density of the ashes is relatively high.

Table 4. Physical properties of different bottom ash types.

. ° i Densit PH
Boiler Type Source Fuel Type LOI[‘;(?]SO ) Water A[goslorp’ﬂon kg /m3)]I =]
BFB [67] Mixed wood 0 241 2280 —
BFB [57] Wood 1.6 — 2440 13.13
BFB [57] Wood 1.6 2440 13.13
BFB [90] Forest residue 2.08 — 2650 —
BFB [23] Paper - 5.25 2310 —
BFB [102] Wood <0.5 — - 12
CFB [56] Agri. Waste 2.56 — — —
CFB [51] Wood chips — — — 119
CFB [101] Wood — - - 12.3
Grate 57 Wood 1 — 2330 12.98
Grate 91 Wood 2.4 — 2600 —
Grate 11 Wood/olive residue 4.34 21.8 1860 -
Grate 57 Wood 6.5 - 2530 13.06
Grate 57 Wood 9.9 - 2690 13.78
Grate 78 Wood 11.06 13.3 2390 -
Grate 57 Wood 12.3 - 2500 13.6
Grate 57 Wood 134 - 2470 13.16
Grate 92 Wood 13.5 10.1 2340 -
Grate 57 Wood 14.2 — 1750 13.46
Grate 57 Wood 18.1 - 2570 14
Grate 57 Wood 19.6 - 2180 12.6
Grate [103] Wood 41.49 2350
Grate [104] Wood/olive residue 19.9 2020 —
Sand 90 - 0.09 2668 -
Sand 90 — 0.24 2660 -
Sand 46 - - 0.9 2530 —
Sand 46 — - 0.9 2670 —
Sand [104] — — 1.09 2590 -
Sand [78] — — 0.76 2553 -
Sand [23] - - 1.3 2610 —

As implied by the lack of data in Table 4, the BA from CFB boilers requires further
investigation. Information such as the absorption and density, two important factors for ag-
gregates, is scarce in the literature. Table 4 indicates a density of the ashes that is lower than
the sand, but, in general, around the density of regular concrete of 2000-2600 kg/m?3 [94].

As seen in Table 4, grate bottom ashes have a higher Lol than the BFB and CFB ashes.
Generally, as low a value as possible for Lol is desired. High Lol indicates a high content
of carbon and/or organic matter, which affects concrete negatively by increasing water
demand and reducing the stability of air entrainment agents [64,78]. Lol is low for ashes
from fluidized beds, compared to other ashes [105], due to a more complete combustion of
the feedstock. TGA analyses also show the same tendency, with the mass loss represented
in several papers indicating a good burnout of the fuel, and a relatively pure ash [60,102].
The comparable properties of natural sand from different sources are also presented in
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Table 4, highlighting the differences and similarities between the materials. This table
considers wood-fueled BFB/CFB/Grate boilers—a wider perspective can be found in other
reviews [9,48,49,84,105-1071].

3.3. Heavy Metals and Leaching

Some ashes are considered hazardous waste due to the heavy metal content, which
makes it impossible to classify them as a component in construction materials [37]. For
biomass BA, with code 10 01 01 in the European Waste Catalog [108], the EU considers
biomass BA to be absolutely non-hazardous [109]. However, for the sake of analysis, the
following analysis of leaching results with wood BA is compared with EU limit values.

Leaching values declared by the EU can be seen Table 5. Limit values are given in the
council decision of 19 December 2002 [110].

Table 5. Limit values for non-hazardous waste, expressed as mg/kg dry substance at L/S ratio of 10.

Component As Ba Cd Cr Cu Hg Mo Ni Pb Sb Se Zn Cl- F- S-
Mg/kg 2 100 1 10 50 0.2 10 10 10 0.7 0.5 50 15,000 150 20,000

When comparing the concentration of heavy metals in eluates from grate furnace, BFB
and CFB bottom ashes, these limits are not exceeded frequently—see the bold text-values
in Table 6. Note that the same paper presents high Cr, Cu, Ni, Pb, and Zn values, which
currently appear to be outliers compared to the remaining sources [101].

Table 6. Concentration of elements in leaching eluates (EN 12457-2, L/S = 10 [111]) in percentages of
the allowed limit for construction materials in the EU.

Src. Type Fuel As Ba Cd Cr Cu Hg Mo Ni Pb Sb Se Zn
[%]
[01]  Grate Bark/ 80 - 70 1920 228 - 10 566 57 - - 188
wood chips
[112] Grate Olive biomass 11 0 - 6 4 29 3 5 - 2 5 0
[113] Grate Wood - - - 5 1 - - 5 5 - - 0
[92] Grate Wood/ 0 0 0 1 8 0 3 2 0 0 0
olive cake

[88] CFB Wood chips 2 - 0 2 0 - - 0 0 - - 0
[101] CFB Forest residue 95 - 20 211 88 - 4 80 185 - 840
[56] CFB Mixed wood - - 1 1 0 2 - 0 0 1 26 0
[114] BFB Forest residue 0 5 32 5 32 6 20 6 10 2 2 0
[113] BFB Wood - - - 5 1 - - 5 5 - - 0
[102] BFB Mixed wood - 2 - 1 - - 1 - 0 - 1

In general, the bottom ashes from all three types of boilers have relatively low heavy
metal content compared to the relevant EU directive [110].

Compared to the fly ash fraction, BA differs by generally containing lower amounts
of heavy metals [57,115-118]. This effect stems from the lower temperature of the flue gas
where the fly ash is extracted (140-200 °C), compared to the temperature of the extracted
BA (800-1000 °C) [119], meaning the volatile metals turn to vapor-phase and are extracted
before they condense on the fly ash [70].

Highly volatile heavy metals such as Zn, Pb, Cd, and Hg show a distribution of 2.6 to
11.1% in the BA, with the fly ash containing the remaining majority fraction. For the least
volatile heavy metals, Co, Ni, Cr, and V, the BA contained over half of the total content in
the ashes.

Regarding Zn, some research concludes that it binds to the silica in the bed material
and is expelled with the BA [62,120].

Apart from the low heavy metal content, research indicates that casting heavy metals
into concrete reduces the leaching effect by binding them in the concrete [121,122], and
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that no additional leaching can be seen in biomass ash concretes compared to a reference
concrete [123].

3.4. Morphology

Bottom ash is considered suitable for aggregate in concrete, as it has a similar granu-
lometry to sand. It is finer and less well graded than optimal for use in concrete, enabling
only partial substitution, as seen in the combined particle distribution graphs presented in
the literature [49,84].

In Table 7, mean particle sizes of the three combustion technologies are presented, i.e.,
the size where 50% of the particles are smaller. There is no discernible difference between
the combustion technologies for this parameter. For the BA samples with a finer grading,
e.g., seen in Table 7 at 51-300 um, the grading deviates significantly from regular sand,
reducing the possible substitution level to a minimum. The grading of a given BA from
a power plant is simple, and this aspect of the suitability for use in concrete can thus quickly
be determined.

Table 7. Mean particle size of wood bottom ashes, sorted by combustion technology. Values rounded
to exclude decimals.

Boiler Type Grate BFB CFB
Source [57] [54] [11] [47] [102] [59] [124] [102] [56] [51] [101]
Mean particle size, 51-550 800-1100 ~300 445 ~650 500-1000  250-500 ~450 ~600 185 ~300

Dsp [pm]

The shape of the BA particles, when analyzed by Scanning Electron Microscopes
(SEM), generally shows sand-like particles with round edges, with a surface containing
microfines or a generally rough texture, which could further reduce workability [56,60,89].
In some cases, the combustion process can cause wear and tear and reduce the particle
size [66,102].

To increase the workability, it is possible to add plasticizers to the mix, which is
performed with good results in several research projects, to keep the workability intact
with increased substitution levels of ash [48].

4. Bottom Ash as Replacement of Fine Aggregates in
Concrete and Mortars

This section will summarize research within the field of BBA used to replace natural
fine aggregate. Much of the research is conducted using BBA from other types of furnaces
than BFBs or CFBs. The BA particles in these cases are often melted and agglomerated
particles, joined by the K,O content or by melting together in the combustion process. This
results in a structurally weak aggregate with high water absorption and high alkali con-
tent [125]. Using these to replace natural sand leads to a poor performance of the concrete,
worsening with increased replacement levels, seen in numerous studies [11,46,91,92,104].
As summarized in the sections below, there is potential to develop concrete with BA as
a partial substitute for sand.

4.1. Strength

A relatively low amount of research has been carried out regarding CFB BA as
an aggregate replacement. Research regarding bottom ashes in concrete mostly focuses on
cement replacement, and the research that is made within aggregate replacement is often
based on BA from grate combustors. In the review by Cabrera et al. [82], most sources use
BA from grate-fired boilers, and fuel type is used as a sorting parameter. A recent review
by Schlupp et al. [49] shows that combustion technology has a significant influence on the
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Compressive strength [MPa]

characteristics of BA, as also indicated by this paper. It could then be deduced that both
fuel type and combustion technology should be used to give an early indication of the
parameters of the BA.

Both studies show that in most cases, all hardened properties of concrete and mortar,
including density, stiffness, flexural strength, and compressive strength, are reduced to
some extent with the incorporation of BA as sand or filler. A review by Nascimento et al.
also confirms the trend [48].

The limited literature can be compiled when wood bottom ashes, specifically, are
researched as a substitution for sand in mortar or concrete. As such, Figure 4, showing the
compressive strength as a function of the sand substitution rate, contains too few sources
to make general conclusions. However, it is noticeable that most mixes—whether based on
grate, BFB, or CFB bottom ashes—experience a reduction in strength with the inclusion of
BA, as also anticipated based on the mentioned reviews.

—&—Kepys [M28§]

—&—Barbosa (F1-F5)[M90]

g\g —&— Beltran [M28]
\\ o —>—Jensen [M28]
>

—>—Jensen [M56]

30 ./.ﬂ\. —5—Jensen [MISO]

Cabrera2021 [M28]

Cabrera2021 [M256]

20 40 60 80 100

Sand substitution [%]

Figure 4. Compressive strength of mortars in the literature. Note that variations such as cement type,
mix design, pre-treatments, etc., are not accounted for in this graph. All ashes are from the combustion
of wood or forestry. Maturity shown in square brackets [MX]. Sources: [46,88,104,123,126].

Outliers can be seen, however. Barbosa et al. found a slight increase in strength
at 9% and 18% replacement with BFB BA when tested at 90 maturity days [123]. The
28-day maturity strength also increased at 18% and 36% substitution, relative to the lower
replacement levels. In the conference paper by Jensen et al., their mortar mix at 180 maturity
days also shows a slight increase for 50% and 100% sand replacement for CFB BA [126].

Data are excluded when the method of substitution is based on ash volume. Due to
the lower density of BA, the relative cement content by weight in the mix will increase. It is
noted, however, that some results show an increase in strength with increasing substitution
levels [68].

In Figure 5, the data are sorted by combustion type and analyzed as the relative
change in compressive strength from the reference with 0% substitution to a substitution
rate between 18 and 25%. Again, there is limited data about sand replacement with bottom
ash, but the visualization in the figure is compelling. The data shows a tendency towards
small variations from the reference sample at a relatively low substitution level. It is also
shown that grate furnaces produce a bottom ash that is, as also evident by the previously
presented physical properties, less suitable for use in concrete and mortar.
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Grate BFB CFB

Cabrera, Beltran, Cuenca-Moyano, Barbosa, Schlupp, Lessard, Kepys, Jensen,

Source: 2021 2016 2023 2013 2023 2017 2018 2024
Type:  Concrete Mortar Concrete Concrete Mortar Concrete Mortar Mortar

Sub.: 20% 20% 25% 18% 25% 20% 25% 25%

7o Diff:: —47% -25% —28% 3% 13% -11% -9% 0%

) .
|

Change from 0% replacement [%]
S

Figure 5. Relative strength of mortars with a replacement ratio of 18-25% of wood BA, organized by
combustion technology. Sources: [17,23,46,67,88,92,123,126].

4.2. Durability

The literature on the effect of BA substitution on concrete durability is limited. As
mentioned in the review by Schlupp et al., there are dispersed results on chloride ingress,
carbonation, and shrinkage, all showing a negative effect of BA. Many researchers have
found that increased contents of BA will inevitably increase the porosity and water absorp-
tion, and lower the density of the mortar and concrete specimens—a clear indication that
many durability parameters will also be reduced.

Durability of concrete is dependent on the environment in which it is placed, and
in cold climates, the freeze—thaw resistance is critical. Again, there is no research on this
subject, but also no indication from the previously mentioned properties that this durability
aspect will be worsened using BA.

Alkali-Silica Reactions

Another regionally dependent durability aspect, in this case based on the raw ma-
terials used in the concrete, is the risk of alkali-silica reactions (ASR) or alkali aggregate
reactions (AAR).

Alkali-silica reactions in concrete, shortened ASR, is a reaction between water, reactive
aggregate, and alkalis that causes expansion and cracking within the hardened concrete.
For ASR to occur, all three elements must be present, along with a high pH value.

Alkalis in concrete stem from sodium (Na) and potassium (K) in the cement, additives,
and aggregate, with the total content expressed in Na20 equivalents. Total alkali content is
calculated as NayOgy = NapO + 0.658-K>0 in accordance with EN 196-2 [127].

The risk associated with bottom ashes replacing natural aggregates is the potential
alkali content and reactive aggregate, such as porous opaline flint and other siliceous
aggregates. The threshold of the total amount of alkalis in the concrete is 3 kg/m?3.

Regarding the alkali content in biomass bottom ashes, several sources have inves-
tigated issues with K-content in the ash and bed material. The silica sand binds alkalis,
which causes slagging and agglomeration of particles, increases corrosion in the boiler, and
reduces the efficiency of the power plant [44,75,76,128]. Research shows that reactive alkali
metals accumulate in the BA and bed material, with K-content increasing linearly as a func-
tion of operation time of the furnace, for various woody biomass fuels [74]. Vapor-phase K
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reacts with quartz sand to accumulate on the surface of the bed material particles, which
are in the coarse ash fraction [62,129,130].

It is not known whether the K-content is chemically available to contribute to ASR
(i.e., soluble), as the articles focus on the agglomeration of the ash particles. Acordi et al.
see some expansion with their grate BA, where the expansion is very low, indicating no
harmful reactions [78].

The producer of the material must ensure that the deleterious reaction does not occur
in concrete, using tests such as ASTM C1260/C1293, RILEM AAR-2, or TI-B 51.

One paper shows expansion due to alkali aggregate reaction, but their ash is only
partly composed of CFB BA [78].

4.3. Pre-Treatment of Ashes

As described in Section 3.4, the characteristics of the BA from CFB boilers with com-
bustion of wood chips are distinguished by a relatively small particle size compared to
regular concrete sand, but otherwise an inert and homogeneous material mainly composed
of 5i0;. This means that the processing required before using the BA as fine aggregate in
a cementitious material is relatively small, but some of the possibilities are described in
this section.

Sieving is the most applied pre-treatment, as it is a simple way to remove unwanted
particles (charcoal, wood, etc.), and to improve the grading curve [41,66,78,79,90,102].

Another common processing is a simple water washing, which can remove salts, fines,
alkalis, and pollutants [90,101,131,132].

Other processes, such as crushing, milling, and heating [11,58,92,133], are used to
improve the reactivity of the ash and are thus not relevant when substituting sand.

5. Conclusions

Research regarding CFB ash in mortar or concrete is limited, but the available data are
encouraging for a potential use of the ash as a replacement for virgin sand.

Several concrete types and products show promise for the potential utilization of
wood BA as a sand substitution. Since research about the durability of concrete with BA is
limited, the concrete types without reinforcement are likely to be the first products in the
industry where BA will be utilized.

Properties of BA are shown to be dependent on combustion technology. Important
material properties such as density, loss on ignition, and water absorption are similar to
sand in many cases, and are generally better for BFB ashes than grate BA. Particle size
distribution is a possibly limiting factor regarding the use of BA in concrete, as it is finer
than regular concrete sand. There is limited information on the properties of CFB BA. For
concrete and mortar with BFB and grate ashes, results indicate lower density and higher
absorption, and a reduction in strength.

The heavy metal content and leaching of toxic materials are low, and the EU considers
bottom ash from biomass combustion to be non-hazardous.

The literature indicates a possibility for pozzolanic activity of CFB BA, but results
have not yet been produced to confidently confirm or debunk this.

Durability properties, such as ASR, freeze—thaw, and the effect on reinforcement
corrosion, have yet to be investigated in depth and remain an aspect that must be considered
in future research as a natural step towards implementation.

Regarding its use in a practical setting, there is potential in the concrete industry for
the implementation of BA, as evidenced by the points mentioned above. Since sand scarcity
is increasing, alternatives to sand will increase in value, and it will become more appealing
to concrete producers.
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AAR Alkali aggregate reaction
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ASTM  American Society for Testing and Materials
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BFB Bubbling fluidized bed

CFB Circulating fluidized bed

FA Fly ash

DCC Dry-cast concrete
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EU European Union
Lol Loss on ignition

MSWI  Municipal solid waste incineration
RCA Recycled concrete aggregate
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SEM Scanning electron microscopy
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