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Abstract

This study investigates municipal waste incineration ashes as an alternative binder in mortar. The
investigations include chloride removal by washing, binder preparation by milling and mortar
testing. The objective is to investigate the strength and leaching properties of the ash-based
binder system. The ashes are from Jonkdping energy; tests are carried out in the laboratory at
University of Boras and NG Nordic AB.

The washing process is demonstrated on two bottom ash fractions, a coarse fraction (12/30 mm)
and a fine fraction (0/12 mm). With an initial chloride content of approximately 0.6%, washing is
most effective for the fine fraction, reducing chloride levels to 0.14%, below the SS-EN 206 limit
of 0.2%. The coarse fraction reaches 0.39% chloride after washing and can therefore be used at
up to approximately 30% cement replacement to remain within the 0.2% standard limit. The
washing process is effective in reducing the leachability of chlorides.

A preliminary trial on mechanical activation of the washed ash is attempted using micro-deval
apparatus. The resulting ash is coarser than cement, with a median size between 90-100 pm
compared to 10 um median particle size for cement.

A 30% cement replacement with ash is investigated in mortar specimens. Compressive results
at 7 and 28 days is 30% of the reference mortar at respective ages. The compressive strength
shows improvement with ternary binder combination of 30% ash, 20% blast furnace slag and
50% cement. Resulting in 42% of the reference strength at 7 and 28 days respectively. This
indicates synergistic effects of slag along with ash, an interesting question for future research.
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1.Background

In Sweden non-recyclable municipal solid waste is used as fuel in incineration plants to produce
district heating and power. Grate-fired boilers produce bottom ash and fly ash, whereas fluidized
bed boilers produce fly ash and bed ash (a mixture of ash and bed material, typically sand and
limestone). The waste is collectively called energy ash, together amounting to 1.7 million tons per
year presently managed by disposal in landfills [1]. There is an urgent need to reduce landfill
dependency and environmental risks from municipal solid waste incineration residues [2].

Concrete is a critical material required in continuous supply for new construction, maintenance
and repair of building and infrastructure projects. The concrete industry relies heavily on cement
which is manufactured by a resource and energy intensive process with a considerable climate
impact. Cement also poses logistical challenges as it is transported by sea which maybe
hindered in the case of crisis situations [3]. Reducing dependence on cementis possible by using
alternative binders derived from secondary materials and byproducts. Blast furnace slag is one
such byproduct replacing 30-50% of cement across most concrete mixes in Sweden, therefore
also increasing the demand and price of slag [4]. Thus, it is necessary to investigate newer waste
flows as potential binders for example float, technical glass and incineration ashes.

During crisis situations, supply chain resilience can be strengthened through localized material
sourcing and shorter transport distances [3]. Energy ashes from nearby incineration plants, can
serve as alternative binder materials that are readily available within urban areas, minimizing
transportation demands and enhancing resource security.

1.1 Bound applications to mitigate leaching from energy ashes

The leaching of heavy metals and salts especially chlorides is a major concern regarding the
recycling of energy ashes in construction applications. The use of ashes as alternative aggregates
in road construction is possible in Sweden without the need for notification or permitin condition
that the leaching is within limits of lower than slight risk [5].

A road subbase construction with energy ashes has been demonstrated in Trelleborg, Sweden
with pretreatment measures of carbonation followed by washing to reduce chloride and heavy
metal content in the ashes [6]. Short and long-term monitoring of leaching is undertaken to
confirm leaching within limits of less than slight risk; specifically for chloride is to be within
0.014% weight of ash.

The use of energy ashes in bound applications such as concrete has been recognized as a
resilient recycling alternative by the Swedish environmental protection agency [5]. This is
because Swedish concrete is designed to bear loads in extreme weather conditions involving
freeze-thaw cycles and carbonation. This gives the possibility to produce a resilient concrete
containing energy ash as binder and/or aggregates that hinders the transport of chlorides
especially for Swedish exposure conditions.

1.2 Energy ashes as binder in concrete

Energy ash contains calcium oxide and more than 30% amorphous silica indicating potential for
reactivity as puzzolans. These are alternative binders that react with byproducts of cement
hydration to produce the strength giving cement gel [7]. The strength activity index investigated
on 25% MSWI ash blended with Portland cement shows 85% of reference strength with Portland
cement, therefore a pozzolan according to standard requirements [8].



The use of energy ash as partial cement replacement is shown in previous research to produce
compressive strength suiting structural concrete. For example, it is shown that replacing 20% of
cement with energy ash finely milled to 145 pm results in reference concrete strength at both 7
and 28 days [9]. Using energy ash in binary and ternary binder combinations for concrete reduces
the extraction of virgin minerals and lowers CO, emissions associated with cement production
[10].

An important challenge energy ash as cement replacement is the chloride content of energy ash
which poses a risk for reinforcement corrosion. The chloride content in concrete is restricted to
2% of cement weight for reinforced concrete as per standard SS-EN 206. Therefore, chloride
removal techniques are a governing factor for increased recycling of energy ash in concrete
applications. The chloride content can be reduced by simple industrial processing such as
washing as shown in previous research [8,11]. Parameters such as increasing the ratio of wash
water to ash higher than 3:1 (liquid:solid ratio) has shown increased chloride removal [8]. A
parameter study is needed to determine an effective washing methodology for chloride removal
with the potential for industrial upscaling.

Ternary binder combinations incorporating slag together with alternative binders rich in alumina,
such as fly ash, can enhance chloride binding and thereby reduce chloride ion migration,
contributing to improved concrete durability [8]. Binder systems rich inamorphous SiO, and Al,O,
promote the chemical binding of chlorides through the formation of Friedel's salt
(Ca,Al{OH)¢(CL,OH)-2H,0), reducing the concentration of free chlorides in the pore solution and
consequently the risk of reinforcement corrosion. However, the chlorides remain immobilized
rather than permanently removed. As carbonation progresses during service life, Friedel's salt
may become destabilized and decompose, releasing previously bound chlorides into the pore
solution [12]. This can increase the availability of chlorides for steel corrosion and potentially
enhance chloride leaching from the concrete matrix. Therefore, while ternary binder systems may
improve short-term resistance to chloride ingress through increased chloride binding, the long-
term stability of Friedel's salt under carbonation exposure should be considered when evaluating
both durability and environmental performance.

The feasibility of bottom ash as a cement replacement has been investigated for ashes from 5
different incineration plants in a Swedish study [13]. The study narrows down to two ashes that
have shown the highest CaO, SiO, and Al,O, oxide shares, least heavy metal presence and best
particle size distribution after mechanical activation by milling. Concrete mixes have been cast
with 10 and 20% ash replacements of cement. Compressive strength has been measured at 7,
28 days as is the industrial practice, strength at 56 days has been investigated to show pozzolanic
behaviour of the ashes.

1.3 Energy ash from waste to byproduct

Energy ash produced directly afterincineration is classified as a residual product; the designation
as waste commences with preparatory procedures for landfill such as storage for weathering and
subsequent metal removal.

The classification of energy ash as waste presents a significant challenge for its utilization in
construction materials. Once classified as waste, the material becomes subject to waste
management regulations, additional environmental assessments, and often reduced market
acceptance. These requirements can limit its practical application and increase associated
costs, despite the material possessing suitable technical properties.



In contrast, classification as a by-product offers several advantages. By-products are regarded as
secondary raw materials rather than waste and can therefore be placed on the market more
readily, reducing administrative burdens and regulatory constraints. This generally improves
market acceptance, facilitates incorporation into industrial production chains, and supports
circular economy objectives by promoting resource efficiency and reducing the consumption of
virgin materials. Furthermore, by-product status can enhance the economic viability of material
utilization by lowering handling, permitting, and compliance costs associated with waste
management. A well-established example is ground granulated blast furnace slag (GGBFS),
which originates as a by-product of steel production and has been successfully incorporated into
concrete as a supplementary cementitious material.

The Swedish environmental code sets up 4 conditions which need to be fulfilled for a material to
achieve byproduct status [14] and are as follows:

1. Confirmation that the material will continue to be used

e Contract between end user and ash producer is a confirmation that the material will
continue to be used. For example, a concrete producer that uses the ash in one or more
of their commercial concrete products for which a contractual agreement exists.

e Evidence of income shows that the ash has commercial value- this can be shown by a
concrete producer or cement company purchasing the binder from the ash producer. For
the ash to attain commercial value as a binder, the costs associated with chloride
removal, pretreatment, and subsequent binder production must not exceed the market
value of the resulting ash-based binder.

e Storage beyond a certain period can cause it to be classified as waste- which is very
important in the case of energy ash which undergoes a weathering process to be
neutralized when stacked in piles and kept exposed to open air for a duration of a month.
In this case other neutralization methods other than storage need to be investigated.

e Allocating a part of the residual product to be classified as a byproduct. For example, a
defined fraction of the energy ash stream can be diverted to binder production
processes, while the remaining material continues to be managed as a waste. This
approach avoids unnecessary scaling-up of processing infrastructure during the initial
implementation phase.

2. Material processing should resemble normal industrial
practices

e Operations for size modification such as crushing, screening is included in industrial
practices

o Pretreatment processes such as washing, drying, homogenizing and quality control are
also considered as normal industrial practices.

e The binder preparation for energy ash resembles normal industrial practice as it
includes mechanical activation by milling in a ball mill. Washing and drying are a part of
the pretreatment process to remove salts such as chlorides from the ash which causes
corrosion of steel reinforcement in concrete.



3. Produced as an integrated part of the production process

e When the residual product leaves the industrial premises, it can indicate thatitis not a
part of the original production process- by conducting pretreatment and mechanical
activation processes within the incineration plant premises, the binder preparation
process could be considered as a part of the main municipal waste incineration
process.

4. The proposed use should be legal

o Fulfilling the product requirements is the main approach to showing the legal use of the
byproduct. Concrete with energy ashes should show equal performance as conventional
concrete for strength, workability and durability requirements for the said exposure class.
For example, the claims on reinforced concrete intended for transformer cabins are
freeze-thaw and chloride resistance, the concrete with energy ashes is to be tested for
these claims.

e Fulfilment of environmental and health requirements such as controlled leaching of
salts especially chlorides. Currently, regulatory leaching limits are available only for the
use of energy ashes in road construction applications which should be within lower than
slight risk. Leaching criteria for bound applications are still under development. The
possibility to minimize leaching from concrete by optimizing binder combinations
comprising cement, energy ash, and commercial binders such as blast furnace slagis an
interesting proposition for further research.

The goal of this study is to demonstrate that energy ash shows potential as an alternative binder
for concrete and is on the path to fulfill the byproduct criteria. A pretreatment process by washing
for chloride removal followed by binder activation by milling is demonstrated in a lab
environment. These processes show potential for scalability and can be executed within the
waste management facility as an extension of the incineration process as shown in figure 1.
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Figure 1 Pathway- bottom ash as a byproduct for use as a binder in concrete

The efficiency of the pretreatment process by washing of energy ash is demonstrated for its
capacity for chloride removal. The binder is mechanically activated by milling in a ball mill
following which it is evaluated for content of basic cement oxides and particle size distribution
compared to cement. The performance of energy ash binder in concrete is investigated by
compressive strength tests at 7 and 28 days. Concrete and mortar recipes comprising binary
binder combinations 30% energy ash and 70% cement are investigated. Additionally, ternary
binder combinations of 30% energy ash, 20% blast furnace slag and 50% cement are
investigated. The strength is compared to reference concrete and mortar containing conventional



binders to prove equal performance which is the main product requirement in the case of
concrete with alternative binders.

The energy ash binder as well as the concrete composed of energy ash binder will be tested for
chloride leaching in a continuation study. The leaching of chlorides should be limited to 0.013%
by weight of ash used in concrete which confers to less than slight risk, as per regulations of
Swedish Environmental Protection Agency, NFS:2010 [5].

2. Ash pretreatment and binder preparation

The incineration facility at Torsvik belonging to Jonkoping energy operates a grate fired boiler
where municipal and industrial waste is incinerated. The hot slag is quenched in water and
transferred on a conveyer belt for storage where it is made to neutralize in the presence of air by
a process called weathering. Subsequently the slagis put through a magnetic separation process
to recover ferrous metals. The ash is crushed and sorted into a coarse and fine fraction of size
12/60 and 0/12 mm.

2.1 Pretreatment by washing

The energy ash is reduced to aggregate size by sieving out the particles between 30-60 mm,
resulting in fractions 12/30 mm and 0/12 mm as shown in figure 2a. The ash fractions are washed
in a steel column where clean water is pumped from below and the wash water is collected from
above. The ionic conductivity of the washed-out water is continuously monitored to indicate the
dissolution of salts from the ashes. The washing process is continued till the ionic conductivity is
shown to stabilize indicating that no more new salts are released from the ashes into the water.
The washing column and conductivity measurement setup is shown in figure 2b and 2c.

Figure 2a. Ash fractions size 12/30 and 0/12 mm. b. Wash column with a water pump. c. Measurement of ionic
conductivity

The chloride removalis assessed by varying two parameters in the washing process- fraction size
and flow rate of the water. By reducing the fraction size, more ash is exposed to the washing water.
Reducing the flow of water increases the contact time between water and ash, showing
possibility for increased salt removal with the same amount of water.

Three washing trials are undertaken, a mixed fraction of 12/30 and 0/12 is investigated in trial 1,2;
0/12fraction isinvestigated in trial 3. Regarding flow rate, trial 1 has a fast rate and trial 2 is slower.



The weight of ash and amount of water is kept almost constant during all the three trials; 7-8 kg
of ash per trial and 18-20 kg water respectively. It is noticed that the ionic conductivity stabilizes
between 1-2 mS/m for all the three trials at which point the washing is terminated. Details of
washing trials are summarized in table 1. The charts showing ionic conductivity for all washing
trials 1,2 and 3 are shown in figures A1,A2 and A3 respectively in Appendix.

Table 1 Details of washing trials on energy ash samples

Wash trials 1 2 3

Fractions [mm)] 0/12+12/30 0/12+12/30 0/12
combined 1:1 combined 1:1

Water flow rate Fast Slow Fast

Ash [kg] 8,035 8,063 6,977

Water [kg] 20 20 18

lonic conductivity before termination 1,2 1,2 1,9

[MS/m]

Time to stabilize ionic conductivity 18 70 24

[min]

2.2 Control on leaching of chloride

For the ashes to be used in concrete it is required that chloride salts are reduced to 0.1% of
cement weight, according to concrete application standard SS-EN 206.

The known data is the original chloride content in the ash before washing is 0.6% weight of ash
from total content analysis. The chloride removed in the wash water is 693, 892 and 1600 mg/L for
trials 1,2 and 3, determined by chemical analysis. A mass balance calculation is made to
determine the chloride content remaining in the ash after washing by subtracting the chloride in
the wash water (2) from initial chloride content in the ash (1), see table 2.

Table 2 Calculation of chloride content after washing

Trial 1 Trial 2 Trial 3
Ash fraction 0/12+12/30 0/12+12/30 0/12
combined 1:1 combined 1:1
Ash mass [g] 8035 8063 6977
Initial Cl content in ash 0,6% 0,6% 0,6%
(6000 mg/kg) (6000 mg/kg) (6000 mg/kg)
Total Cl before wash [mg] | 8035 * 6000= 48378 41862
(1) 48210
After Washing
Trial 1 Trial 2 Trial 3
Amount of water [kg] 20 20 20
Clin wash water [mg/L] 693 892 1600
Clremoved [mg] (2) 693 * 20 = 13860 17840 32000
48210-13860 = 30538 9862
34350




Clremaining in ash [mg]
(1)-(2)
Clremaining [mg/kg ash] | 34350/8035 =1 3,787 1414
4275
Clin ash [%] 0,42 0,37 0,14
Clin ash [%] Average 0,39% for the mixed fraction 0,14% for 0/12

Washingis shown to reduce the chloride content of ash from 0,6% to 0,39% for the mixed fraction
and 0,14% in the case of fine fraction. Washing the fine fraction shows a significant reduction in
chloride content by 77%.

The chloride content of the washed ash is verified by titration according to the Volhard method
specified in SS-EN 1744-1. The measured chloride content is 0.27%, which is close to the
calculated value of 0.39% presented in Table 2.

With a chloride content of 0,14% the fine energy ash fraction is well within the concrete chloride
limit of 0,2% by weight of cement; therefore, does not require further washing. From a chloride
perspective these results indicate that the fine fraction may be suitable as a cement replacement
in concrete.

For the mixed fraction, a 30% cement replacement with energy ash would result in a chloride
content of 0.3 x 0.39% = 0.12% by weight of cement. This value is well below the standard
chloride limit of 0.20%, indicating that the mixed fraction is suitable for use as a partial cement
replacement at levels up to 30%.

The reduction in total chloride content suggests a decrease in chloride leaching potential,
leaching tests are required to confirm that chloride concentrations in the leachate remain below
the current Swedish guideline value of 0.013%, corresponding to the category less than slight
risk. For bound applications such as concrete, this threshold currently represents the applicable
environmental criterion for the built environment.
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2.3 Composition of ash

The oxide composition of the ash was determined at the lab at HB using the MPAES (Nada),
presented in table 3 besides the oxide compositions of cement, latent hydraulic binder such as
slag and pozzolan such as glass.

Table 3 Oxide composition of energy ashes

Oxide | Cinvotmton | Mot - [Erereseshiutn [ ERSS
ca0 | 48.68 34.19 b4.68 5.7
Sio, | 34.67 41.44 42,59 75.45
ALO, | 4.97 12.44 11.86 0.82
Fe,0, | 3.62 0.90 10.79 0.02
Na,0 | 2.21 1.99 4.35 14.99
K0 | 4.26 0.53 2.59 0.01
Mgo | 1.59 8.51 3.12 3.02

A prognosis of the binder behaviour of energy ashes based on the oxide composition can be

summarised as:

High SiO, (42.6%), comparable to slag (41.4%), indicating potential pozzolanic
reactivity if sufficient amorphous phases are present.

High AL,0; (11.9%), similar to slag (12.4%), which may promote chloride binding
and formation of alumina-containing hydration products.

Lower Ca0 (24.7%) than cement (48.7%) and slag (34.2%), suggesting limited
hydraulic activity and a greater dependence on external calcium sources.

Much higher Fe, 0, (10.8%) than cement (3.6%) and slag (0.9%), distinguishing the
ash from conventional supplementary cementitious materials and potentially
reducing overall reactivity.

Elevated alkali content (Na,O + K,O = 6.9%), similar to cement and substantially
higher than slag, which may increase alkalinity and dissolution of reactive phases.
Lower Ca0/SiO, ratio (0.58) than slag (0.83) and cement (1.40), indicating behavior
closer to an aluminosilicate pozzolan than a hydraulic binder.

Compositionally positioned between slag and float glass, combining relatively
high silica and alumina contents with moderate calcium levels.

Most notable characteristics are the high Fe,O; and AL,O, contents, which
differentiate the energy ash from both cement and slag and may influence chloride
binding, hydration, and durability performance.
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2.4 Mechanical activation of ash

Milling in a micro-deval apparatus with balls as milling media sized 11Tmm and 15 mm each 7 kg.
About 800 g of ash is milled per batch, milling procedure is shown in figure 3. The particle size
distribution of the milled energy ash in comparison to the reference, industricement is shown in
figure 4.

Bottom ash

particles Steel balls

Bottom ash

Micro-Deval apparatus Attrition in Micro-Deval drum Bottom ash powder
(lab-scale) (rotating abrasion with steel balls)

Figure 2 Milling energy ashes using a micro-deval apparatus
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Figure 3 Comparison of particle size distribution- energy ash and industricement

Observations from the particle size distribution curves is that the milling process produces a
coarser grading of energy ashes compared to cement. The median particle size (dg,) for cement
is in the range of 10-12 um compared to energy ash which is in the range of 90-100 um. The
fineness of the energy ash is comparable to the bottom ash from the Swedish study [13]
mechanically activated by milling. The effectiveness of the particle size distribution will be better
understood based on the strength results shown in section 3.
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3. Mortar and concrete with ash

The energy ashes have a high-water absorption capacity and need to be saturated before mixing
[15]. The required pre-saturation water content is determined by matching the workability of an
ash-containing mortar to that of a reference cement mortar. Based on flow/slump test results, a
pre-saturation water content equivalent to 50% of the ash mass provides comparable workability.
The ashes are therefore soaked for 24 hours before use.

The mortar mix is based on SS-EN 196-1, standard for determination of strength of mortar. The
mortar mix recipe to cast 3 mortar bars of size 40 x 40 x 160 mm (figure 5) are shown in table 4
along with presoaking water quantities. The compressive strength of the mortar bars at 7 and 28
days is shown in table 5.

Table 4 Mortar mixes for compressive strength tests

Binary binder Ternary binder
composition composition
Mort . 50% CEMIII
cons::tj;::lsx[g] 100% CEMII 70% CEMII °
30% energy ash 30% energy ash
20% slag
Cement 450 315 295
Energy ash 0 135 135
Slag 0 0 50
Water 225 225+67.5 225+67.5
(Mixing +presoaking)
Standard sand 1350 1350 1350

Figure 4 Mortar bar specimens 40 x 40 x 160 mm
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Table 5 Compressive strength of mortar bars

Ternary binder
c . composition
ompressive 0 50% CEM I
strength 100% CEMII 70% CEM I
30% energy ash
30% energy ash
20% slag
7 days 43.7 MPa 14 MPa 18 MPa
28 days 52.5MPa Surface cracking 22 MPa
occurred

4.Leaching assessment for chlorides

The environmental performance of ash-derived materials is strongly influenced by the release of
soluble constituents during contact with water. Leaching tests were therefore included to
evaluate the potential release of chlorides and other constituents from both unbound and bound
materials under different exposure scenarios. The experimental programme was designed to
assess both short-term and long-term leaching behaviour, providing data relevant for
environmental risk assessment and future utilization of ash in concrete applications. Three
standardized test methods were selected to evaluate the release behaviour of ash and ash-
containing concrete, shown in figure 6.

Batch Leaching Test (SS-EN 12457-4)

The batch leaching test is a short-term equilibrium test for granular materials. Material samples
are mixed with water and agitated for 24 hours before the leachate is analysed. The method is
commonly used as a screening tool to determine the readily available fraction of soluble
constituents.

Percolation Test (SS-EN 14405)

The percolation test evaluates the release of constituents under dynamic flow conditions. Water
is continuously passed through a packed column containing the material, simulating infiltration
processes that may occur during service life. The test can be used to assess both short-term
release behaviour (approximately 18 h) and longer-term leaching behaviour extending up to 30
days.

Monolith Leaching Test (SS-EN 15863)

The monolith leaching test is intended for bound materials such as concrete. Concrete
specimens are immersed in water, and the leachate is periodically renewed over the test
duration. Release from the material is primarily governed by diffusion through the cementitious
matrix, thereby providing a realistic representation of long-term field exposure. The test duration
ranges from 6 hours to 64 days.
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Chloride Determination

Chloride concentrations in leachates and solid materials are determined through titration
according to SS-EN 1744-1:2009. The measured concentrations are subsequently used to
quantify chloride release and assess compliance with relevant requirements.

Shake test Percolation test Monolith test

I:> leachate water

percolation
<: clean water
-EN 144 -EN1
SS-EN 12457-4 SS 05 SS . >863
18 h (short term) Test duration: 6h — 64 days
24 h (short term)
30 days (long term) (long term)

Figure 5 Methods to determine leaching of chlorides
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Appendix
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Figure A1 lonic conductivity of the washed water, Trial 1
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Figure A2 lonic conductivity of the washed water, Trial 2
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Figure A3 lonic conductivity of the washed water, Trial
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