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Abstract 

Concrete manufacturing impacts the environment and construction industry sustainability. The impact is 
reducible by either using less cement or replacing it with secondary cementitious materials (SCMs). Limited 
potential for further reduction has been identified, due to low SCM availability. Fly ash from municipal 
solid waste incineration (MSWI) is an unused material, that could be used as an SCM to further reduce the 
environmental impact. Before implementing MSWI fly ash for use in cement-based materials, its chemical 
and physical properties should be evaluated. The present study aims to evaluate the potential of  using 
untreated MSWI fly ash in cement-based materials and its quality, by comparing the chemical properties of  
MSWI fly ash samples with the chemical requirements of  coal fly ash specified in EN 450-1 2012, as well as 
analysing their potential as filler materials. The screened ash in the present study was sourced from different 
types of  combustion units, in different locations, and from the same location at varying times. MSWI fly ash 
samples were acquired from three different combustion units, located in Denmark, Sweden and Greenland 
respectively. Two fly ash samples were acquired from both the units in Denmark and Greenland, sourced 
several months apart and one from the unit in Sweden. The screening showed that the five fly ash samples, 
based on their chemical properties, were unsuited for use in cement-based materials. The samples potential 
as filler materials were found to be limited for all but one sample that had a slightly finer particle size 
distribution than CEM I cement. 

Keywords: Screening, Characterization, MSWI Fly Ash, Cement

1. Introduction

Construction of  new buildings and infrastructure consume large quantities of  manmade goods and raw 
materials, greatly impacting the environment and sustainability of  the construction industry. In 2016, the 
production of  cement contributed to 8% of  the global anthropogenic CO2 emissions [1]. The environmental 
impact is not caused by production emissions alone, also the large amount of  cement consumed during 
construction [2].

The environmental impact can be reduced by making concrete with less cement, replacing part the cement 
with SCMs [3]. Cement has already been partially replaced with SCMs to great effect, retaining or improving 
the quality of  the concrete, through latent hydraulic or pozzolanic reactions [3]. Limited potential for 
further CO2 reduction has been identified, due to a low availability of  certain SCMs, and can be solved by 
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introducing new sources of  SCMs [4].

In the past decades, several countries have introduced changes to their disposal of  municipal solid waste, 
recycling or incinerating the waste instead of  landfilling it. Municipal solid waste incineration results in 
several by-products, such as fly ash that are unused and landfilled, due to its toxic heavy metal content [5]. 
It is proposed that MSWI fly ash could be used for cement production or in concrete as an SCM [6] where 
the heavy metals can be sequestered, reducing heavy metal leaching [7]. 

Before untreated MSWI fly ash can be utilized in cement-based materials, and the heavy metals sequestered, 
it must first be screened based on its quality. This is accomplished by first characterizing MSWI fly ash 
samples, and evaluate their chemical and physical properties. The chemical properties were evaluated by 
comparing them with the chemical requirements specified in the European standard EN 450-1 2012 [8], 
concerning the content of  chloride, sulphate, free and reactive calcium, silicon dioxide, aluminium oxide, 
iron oxide magnesium oxide, as well as phosphate content and total content of  alkalis. The standard specifies 
a maximum for loss on ignition (LOI) as well. Additionally, the chemical properties are also assessed based 
on a Thermogravimetric analysis and x-ray diffraction analysis and the ashes water solubility, pH and 
conductivity. The physical properties were evaluated based on the samples potential as filler materials, by 
analysing the particle size distribution and comparing it with the requirements of  filler materials discussed 
by Mooseberg-Bustnes et al. [9] and Scrivener et al. [10]. According to Moosberg-Bustnes et al. [9], particles, 
less than 125 µm in diameter can can have a physical effect, filling intergranular voids and improving the 
packing density, and a surface chemical effect by enhancing hydration as nucleation sites. According to 
Scrivener et al. [10] the hydration is only enhanced if  the particle size distribution of  the filler materials is 
finder than the cement used. Furthermore, filler materials may increase the degree of  hydration through 
dilution. Untreated MSWI fly ash has been evaluated before. Previous research has partly focused on fly 
ash samples sourced once from a single type of  combustion unit in a single location. The present study 
evaluates untreated MSWI fly ash, based on ash sourced from different types of  combustion units, in 
different locations, as well as samples sourced from the same units several months apart. Samples were 
acquired from three different combustion units located in Denmark, Sweden and Greenland respectively. 
Two samples were taken from both the combustion unit in Denmark and Greenland, several months apart, 
and one sample from Sweden. 

2. Methodology

2.1 Materials
The five fly ash samples evaluated in the present study were obtained from commercial MSW combustion 
units, incinerating waste for heat and power. Two of  the ashes, designated Arc-Fa1 and Arc-Fa2, were 
obtained from Amager Bakke, Denmark, in early 2018 and late 2018 respectively. An additional two ashes 
were obtained from the incinerator in Nuuk, Greenland, designated Nuuk-Fa1 and Nuuk-Fa2, in 2017 and 
2018 respectively. The final ash sample was obtained from Ryaverket in Borås, Sweden, designated Rya-Fa, 
in mid-2018. The five fly ash samples were sampled on-site by the operators. Relevant data about the three 
combustion units are included in Table 1. Included data represents the average operating conditions during 
the periods of  sampling. 

2.2 Analytical Methods
The evaluated samples were dried at 50°C. Each experiment was made in triplicate, with the exception of  
the XRF and XRD analysis.
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2.2.1 Particle size distribution
The particle size distribution of  the five ash samples was measured with a Malvern Mastersizer 2000 particle 
size analyser. The particle size distribution was measured in a dry state. CEM I 52.5 N (MS/LA/≤2) cement 
with a bulk and absolute density of  1.1 and 3.2 g/cm3, was used for comparison between cement and the 
five fly ash samples. A Malvern Mastersizer 2000 determines the particle size distribution based on light 
scattering from spherical particles, although MSWI fly ash does not necessarily contain spherical particles.

Table 1: Average operating conditions of  combustion units during sampling periods. 

Amager Bakke Nuuk Incineration Ryaverket

Furnace Grate Fired Grate Fired Fluidized Bed

Incineration Temp.           1025 1064 900

Waste type Household/
Industrial

Household/
Construction

Household/
Industrial

Boiler Ash 
separation Gravitation Gravitation/

Cyclone
Gravitation/

Cyclone

Flue gas filter type Electrostatic Electrostatic Textile

Incineration 
Capacity       1680 40 300

Fly Ash        14.8 0.3 8.9

Bottom Ash 237 4.7 17.8

2.2.2. Loss on Ignition
Loss on ignition (LOI) was measured at 950C using a muffle furnace. 5.000 g ash was ignited, in uncovered 
crucibles for 24 hours, and subsequently cooled in a desiccator, ensuring constant mass had been achieved.

2.2.3 pH and Conductivity
The pH and conductivity of  the ashes were measured on samples suspended in demineralized water, at 
L/S 2.5. Plastic bottles containing 5.00 g ash and 12.5 ml demineralized water was shaken for an hour at 
195 rpm. The pH and conductivity were afterwards measured with a radiometer analytical electrode and 
conductivity meter respectively.

2.2.4 Water Soluble Fraction
The weight percentage of  the water-soluble fraction was measured at L/S 5 with three consecutive washings. 
100.00 g of  ash was mixed with 500 ml demineralized water in an Erlenmeyer flask and shaken manually. 
The liquid phase was decanted through a filter, repeating this step for each wash. After the third washing, 
the entire sample was filtered and dried at 50°C until a constant mass had been achieved, and the mass loss 
weighed. 

2.2.5 Water Soluble anion Content
The content of  water-soluble anions was measured with Ion Chromatography (IC) at L/S 2.5. Samples of  
10.00 g ash were mixed with 25 ml demineralized water in 50 ml bottles and shaken for 12 hours at 195 
rpm. The liquid phase was extracted with a 0.45 µm filter syringe, and the content of  Cl-, SO4

2-
, and NO3

- 
measured.

2.2.6 Carbonate Content
The carbonate content of  the ashes was determined as an equivalent weight percentage of  CaCO3, 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

66

IC
SBM

 2019
ID

 053

henceforth referred to as CaCO3 eq, from the volume by reaction with hydrochloric acid. The carbonate 
content in the ashes was determined based on a standard curve made from CaCO3. Samples of  2.5000 g ash 
were mixed with 20 ml 10 % HCl in a tightly closed bottle, connected to a Schiebler apparatus for volume 
readings.

2.2.7 Element content analysis 
The elemental content of  the five fly ash samples was determined using XRF analysis. Elements analysed 
were Si, Al, Fe, Ca, Mg, Na, K, S, Cl and P. The analysis was performed by an external laboratory using a 
SPECTRO Gmbh X-LAB 2000 with a Pd-tube on ash samples ground to a particle size below 200 µm. 
Based on the element content, the equivalent content of  oxides was calculated for comparison with En 
450-1 2012 [8].

2.2.7 X-Ray Diffraction
X-Ray-Diffraction was performed using a PanAlytical X’pert PRO Θ-Θ System, with a target metal anode, 
made from Cu and 5 mm beam masks. Intensities were measured from 0 to 90 degrees. Samples were crushed 
with a mortar in order to increase the fineness, and backloaded into samples holders. Peak identification was 
performed using simple phase identification. The detection limit of  the XRD analysis is > 2 wt. %.

2.2.8 Thermogravimetric analysis
Thermogravimetric analysis was performed using a NETZSCH STA 449 F3 Jupiter, fitted with a silicon 
carbide furnace and top loading. Aluminium oxide forms were filled with approximately 35 mg ash and 
initially heated to 29°C for 10 minutes. After 10 minutes, the temperature was raised to 900°C, at 10°C/
min. Nitrogen was used as a purge gas, at a constant flow of  50 ml/min. The results are included as the first 
derivative of  the temperature dependent mass loss.

3. Results and discussion

3.1 Physical properties
The particle size distributions of  the five ash samples are depicted in Figure 1. Rya-Fa and Nuuk-Fa1 had 
the most similar size distributions, with average d10,50,90 values of  8 µm, 19 µm, 41 µm, and 8 µm, 22 µm, 
53 µm respectively. Arc-Fa1 deviated significantly from Nuuk-Fa1 and Rya-Fa. Arc-Fa1 consisted of  finer 
particles than both Rya-Fa and Nuuk-Fa1, with a d10 value of  3  µm, similar to CEM I cement. Furthermore, 
approximately 28 % of  Arc-Fa1 had a particle size below 10 µm.  Arc-Fa1 was found to contain significantly 
coarser particles than Rya-Fa and Nuuk-Fa1, with d50 and d90 values of  50 µm and 248 µm. Date of  sampling 
was found to greatly affect the particle size distribution. Arc-Fa2 contained coarser particles than Arc-Fa1 
with a d10 value of  9 µm and approximately 13% of  Arc-Fa2 had a particle size below 10 µm, with d50 and 
d90 values of  44 µm and 204 µm respectively. Significant differences could be observed between Nuuk-Fa2 
and Nuuk-Fa1 as well. Nuuk-Fa2 contained both smaller particles than Nuuk-Fa1, with d10,50,90 values of  2, 
13 and 49 µm, and in slightly larger amounts, resembling CEM I cement in particle size distribution. 

Remond et al. [11] and De Boom and Degrez [12] studied the particle size distribution of  MSWI fly ash. 
Remond et al. [11] determined that MSWI fly ash had a size distribution between class C1 cement and 
the standard sand specified in NF/EN 196-1, with particle sizes between 1 µm and 600 µm, and a d50 of  
approximately 180 µm. They determined that MSWI fly ash had a larger spread in particle size than class 
C1 cement and standard sand. De Boom and Degrez [12] investigated electrostatic precipitator fly ash, with 
particles sizes between 0.1 µm and 1000 µm, and an approximate d50 of  55 µm. De Boom and Degrez [12] 
pre sieved their ashes using a 1000 µm sieve. The evaluated fly ash samples of  the present study, deviate 
from Remond et al. [11] and De Boom and Degrez [12], with the exception of  the samples from Amager 
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Bakke. Arc-Fa1 and Arc-Fa2 had similar d50 values as the findings of  De Boom and Degrez [12], and a 
similar large spread as reported by Remond et al. [11]. 
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Figure 1: Particle size distribution of  the five f ly ash samples and CEM I cement.

The potential filler effect of  the five fly ash samples in the present study appears limited. According to 
Moosberg-Bustnes et al. [9], the addition of  fine particles, with a maximum size of  125 µm can affect 
cement-based materials in two ways. It can have a physical effect, filling intergranular voids, improving 
the Packing density, and a surface chemical effect by enhancing hydration as nucleation sites. According 
to Scrivener et al. [10] the hydration enhancement is relatively minor for materials with a particle size 
distribution similar to cement and is only improved if  the materials has a finer distribution than the cement. 
Furthermore, filler materials may increase the degree of  hydration through dilution, Scrivener et al. [10]. 
Samples from Amager Bakke had particles larger than 125 µm and are not expected to contribute to the 
packing density or act as nucleation sites. Nuuk-Fa1 and Rya-Fa consisted of  particles below 125 µm, and 
could potentially improve the packing density of  cement-based materials. Both are coarser than CEM I 
and are therefore not expected to enhance the hydration as nucleation sites, only through dilution. Nuuk-
Fa2 consisted of  finer particles than CEM I, and could potentially act as nucleation sites to some extent, 
in addition to improving the packing density, and the degree of  hydration through dilution. Based on its 
potential as a filler material, Nuuk-Fa2 would be the ash best suited for use in cement-based materials.

The obtained results in both the present study and by Remond et al. [11] and De Boom and Degrez [12] 
suggests that the particle size distribution of  MSWI fly ash can vary greatly, both depending on the location, 
combustion unit type and the time of  sampling. The results indicate that the quality of  MSWI fly ash as a 
filler material varies, between having a filler effect to some extent and potentially no effect at all.

3.2 Chemical properties
The calculated content of  oxides is given in Table 2, together with the chloride concentrations and 
LOI. Included in Table 2 are the requirements specified in EN 450-1 2012 [8], and concentration ranges 
determined in other studies [8,13-24]. The measured pH, conductivity and equivalent CaCO3 are included 
in Table 3. The measured water solubility and water soluble Cl-, SO4

- and NO3
- anions are included in Table 

4. The DTG curves of  the thermogravimetric analysis are shown in Figure 2. The diffractograms from the 
XRD analysis are included in Figure 3. 

The five fly ash samples of  the present study were characterized as having a low calculated content of  both 
SiO2 and Fe2O3, varying between 4.5 and 6.0 respectively. The calculated content of  Al2O3 was found to vary 
between the ash samples. The ashes from Nuuk and Ryaverket had 4.0 and 4.5 wt. % Al2O3 respectively, 
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while Arc-Fa1 and Arc-Fa2 had a calculated content of  2.3 and 1.5 wt. % respectively. The evaluated 
samples all contained less reactive SiO2 than specified in En 450-1 2012 [8], and had a combined content 
of  SiO2, Fe2O3 and Al2O3 approximately equal to one-seventh the specified limit in EN 450-1 2012 [8]. 
Based on published literature [8,13-24] the potential SiO2 content in MSWI fly ash varies between 0.1-38.0 
wt. %, and the combined content of  SiO2, Fe2O3 and Al2O3 between 2.1 and 56.1 wt. %. Municipal solid 
waste incineration fly ash could potentially have more than the required 25 wt. % reactive SiO2 but does not 
contain enough SiO2, Fe2O3 and Al2O3 for the combined requirement. 

Table 2: Calculated content of  oxides [wt. %] as well as Cl and LOI [wt. %]. 

Included are DS/EN 450-1-2012 limit values and composition range given by published articles 
[8,13-25]. 

Arc-Fa1 Arc-Fa2 Nuuk-Fa1 Nuuk-Fa2 Rya-Fa En 450-1 Lit. Range

SiO2 4.9 4.5 4.7 5.6 6.0 ≥25 0.1 – 38.0
Al2O3 2.3 1.5 4.0 4.3 4.5 - 0.1 – 17.2
Fe2O3 1.1 1.0 0.7 0.8 1.7 - 0.5 – 6.8

∑ (SiO2 ,Al2O3,Fe2O3) 8.3 7.0 9.4 10.7 12.2 ≥70 2.1 – 56.1
CaO 21.0 13.4 33.6 40.6 40.6 ≤1.5/10* 7.4 – 42.2
MgO 0.8 0.7 0.9 1.3 1.7 ≤4.0 0.5 – 7.2

Cl 8.9 3.0 20.0 22.0 12.0 ≤0.1 2.9– 31.7
SO3 22.5 35.0 7.7 8.2 8.7 ≤3.0 2.2 – 26.2
K2O 13.3 14.5 10.7 11.3 2.4 - 0.5 – 15.7
Na2O 17.5 9.17 21.6 21.6 6.2 - 2.0 – 17.0

Na2Oeq 26.3 18.7 28.6 29.0 7.8 ≤5.0 2.3 – 26.9
P2O5 1.4 3.0 1.3 1.8 1.7 ≤5.0 0.3 – 1.7
LOI 3.8±0.3 10.7±7.5 31.2±6.1 9.2±0.2 21.4±1.4 ≤9.0** ND

*Free calcium oxide limit / Reactive calcium oxide limit.
**Category C 

The five fly ash samples had calculated contents of  CaO between 13.4 and 40.6 wt. %, MgO between 0.8 
and 1.7, and P2O5 between 1.3 and 3.0 respectively. The five fly ash samples contained less MgO and P2O5 

than the specified EN 450-1 2012 [8] limit and significantly higher CaO  than the specified. The Ca in the 
five fly ash samples are likely not present in the ashes as free or reactive CaO. The XRD analysis, Figure 3, 
indicated that the Ca could be present as either CaSO4 or CaCO3 in the ashes, confirmed by among other 
Remond et al. [11] and Weibel et al. [15] as well, and the thermogravimetric analysis that showed mass loss 
corresponding to CaCO3. Compared to published articles [8,13-24] the calculated content of  CaO, MgO 
and P2O5 of  the present study exhibited similar variations as the published literature, except Arc-Fa2 that 
had a higher content of  P2O5. 

The measured content of  Cl and the calculated content of  SO3, varied greatly between the five fly ash 
samples of  the present study, 3.0-22.0 wt. % and 7.7-35.0 wt. % respectively. Arc-Fa1 and Arc-Fa2 both 
had low amounts of  Cl and high amounts of  SO3, while Nuuk-Fa1 and Nuuk-Fa2 contained high amounts 
of  Cl and low amounts of  SO3, with Rya-Fa having similar amounts of  Cl and SO3. A similar relationship 
could be observed in the studied articles [8,13-24], where the ashes either had a low Cl and high SO3 
content, or a low SO3 and high Cl content. All five fly ash samples exceed the EN 450-1 2012 [8] limits for 
both Cl and SO3. The published articles studied [8,13-24], show similar results.

The five fly ash samples of  the present study have varying degrees of  calculated Na2Oeq content, that for 
all samples exceed the 5.0 wt. % limit specified in EN 450-1 2012 [8]. With the exception of  Rya-Fa, the 
five fly ash samples of  the present study had a higher calculated content of  Na2Oeq, than reported in the 
published articles [8,13-24]. Although the five fly ash samples of  the present study exceed the Na2Oeq 
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criteria, published articles indicate that the MSWI fly ash can contain less Na2Oeq than specified in EN 450-
1 2012 [8].

Large variations in LOI was observed between the five fly ash samples, varying between 3.8 wt. % and 31.2 
wt. %. Variations between samples sourced from the same combustion unit could be observed as well, 
with the LOI increasing by 6.9 wt. % between Arc-Fa1 and Arc-Fa2, and decreasing 22 wt. % between 
Nuuk-Fa1 and Nuuk-Fa2. EN 450-1 2012 [8] specifies LOI limit values of  5.0, 7.0, and 9.0 wt. %. These 
limits are imposed, to inhibit the effect of  unburned carbon on air-entraining admixtures. All of  the fly ash 
samples exceed these limit values, making them unsuited for cement-based materials, with the exception 
of  Arc-Fa1. Although, the measured LOI could be caused by other compounds, such as CO2 release from 
CaCO3 heating. 

The four fly ash samples with an LOI greater than 9 wt. % all had CaCO3 eq contents between approximately 
10 and 13 wt. %, while Arc-Fa1 contained 4.3 wt. % and a LOI of  3.8 wt. %. X-ray diffraction analysis 
indicated peaks for CaCO3 in Nuuk-Fa1, Nuuk-Fa2 and Rya-Fa. CaCO3 peaks were not observed in Arc-
Fa1 and Arc-Fa2, suggesting that a different carbonate phase could be present in Arc-Fa1 and Arc-Fa2 or 
that the HCl used during the CaCO3 eq measurement reacted with other phases than carbonates. 
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Figure 2: DTG analysis of  the five f ly ash samples.

The DTG curves indicated that the majority of  the mass loss occurred after 500C and 700°C. Additionally, 
several small dips occurred between 0 and 500°C, at varying temperatures, potentially indicating mass loss 
from several different phases. 

According to Galan et al [27], calcium carbonate decomposes between 700 and 1000°C in an N2 atmosphere, 
corresponding to the mass loss after 700°C observed in the present study, indicating that Ca is partially present 
as CaCO3. The observed mass loss between 500 and 700°C could indicate the presence of  an unknown 
carbonate. Arc-Fa2 was found to have the largest fraction of  CaCO3 eq, without showing any significant 
mass loss between 500 and 1000°C, suggesting that the HCl used during the CaCO3 eq measurement reacted 
with other phases than carbonates. Several of  the discrepancies discussed here, regarding the CaCO3 eq and 
TGA measurements cannot be explained and should be investigated further.

Four of  the five fly ash samples were alkaline, with a pH between 11 and 12, and electrical conductivities 
between 90 and 150 mS/cm2. Pedersen et al. [19] measured the pH of  two MSWI fly ash samples from 
different combustion units and determined their pH to be 10.8 and 12.2 respectively. The pH of  Arc-Fa2 
differs from these results with a pH of  6.47, indicating that ash with a neutral pH can be produced as well 
as alkaline ash. The lower pH of  Arc-Fa2 could be caused by its high ratio of  sulphur to other elements. 
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X-ray diffraction analysis indicated the presence of  several different sulphur compounds in Arc-Fa2, not 
observed in the other ash samples.

Table 3: Measured pH, conductivity, equivalent CaCO3 and water solubility of  the five f ly ash 
samples.

Arc-Fa1 Arc-Fa2 Nuuk-Fa1 Nuuk-Fa2 Rya-Fa

pH [-] 12.0 ± 0.1 6.5 ± 0.0 11.6 ± 0.0 11.9 ± 0.0 11.5 ± 0.0

Conductivity [mS/
cm] 113.7 ± 3.5 94.7 ± 1.3 149.6 ± 21.1 146.8 ± 4.5 93.5 ± 1.2

CaCO3 eq
Content [wt.%] 4.3 ± 0.2 13.0 ± 0.1 11.8 ± 0.8 10.4 ± 0.1 9.9 ± 0.1

High solubility in water was observed in the five fly ash samples, varying between approximately 27.7 wt. % 
and 55.7 wt. %. The element content analysis indicated that the majority of  the ash samples contained K, 
Na, Cl and S. The measured K, Na, Cl and S could be present in a soluble form. X-ray diffraction indicated 
that the five fly ash samples either contained NaCl, KCl or both. NaCl or KCl were confirmed as potential 
phases by other studies as well, Remond et al. [11] and Weibel et al. [15]. Of  the five fly ash samples, Rya-Fa 
contained the smallest amount of  potassium, sodium, chlorine and sulphur and was also the least soluble 
ash. Nuuk-Fa1 and Nuuk-Fa2 both contained similar amounts of  K, Na, Cl and S, although Nuuk-Fa1. 
Arc-Fa1 and Arc-Fa2 had varying solubility’s; at 39.4 and 55.7 wt. % respectively. Both had a significantly 
lower content of  Cl than the other fly ash samples, containing higher amounts of  soluble sulphur instead. 
Sulphate was not present as water-soluble anions in as high amounts in Nuuk-Fa1, Nuuk-Fa2 and Rya-Fa, 
indicating that the sulphate where bound in non-soluble form. Arc-Fa1 and Arc-Fa2 also contained non-
soluble sulphate, as the wt. % removed did not match the measured wt. %. Chlorine was removed from 
the ash samples, in amounts matching the wt. % measured with XRF analysis, indicating that the majority 
of  the chlorine in the ashes was water soluble after three washing at L/S 5. The Removed amount of  Cl in 
Rya-Fa, were 5% higher than found with XRF, indicating that the amount of  Cl in Rya-Fa is higher than 
measured with XRF. 

Table 4: Measured wt. % water solubility and content of  water-soluble Cl -,  SO4
2-

 and NO3
- anions. 

Arc-Fa1 Arc-Fa2 Nuuk-Fa1 Nuuk-Fa2 Rya-Fa

Water Solubility        [wt.%] 39.4 ± 0.5 55. 7 ± 2.3 42.4 ± 1.3 38.0 ± 0.6 27.7 ± 0.9

Cl-                             wt.%] 8.1 ± 0.1 2.3 ± 0.2 19.1 ± 0.9 22.2 ± 0.4 17.6 ± 0.5

SO4
2-

                        [wt.%] 7.5 ± 0.0 21.1 ± 0.6 0.8 ± 0.0 0.6 ± 0.0 0.0 ± 0.0

NO3
-                         [ppm] 194 ± 3 503 ± 17 84 ± 2 270 ± 10 2396 ± 87

Regardless of  the type of  combustion unit, furnace, incineration temperature and flue gas filter type, or the 
country it is located in evaluated in the present study, they all produced fly ash of  insufficient quality for 
use in cement-based materials, when compared to the specified limits in EN 450-1 2012 [8]. The five fly ash 
samples studied did not contain enough reactive SiO2, or Fe2O3 and Al2O3 as specified, and could therefore 
have limited benefits when mixed with cement-based materials. Instead, the ashes exceeded the limits for 
for free and reactive CaO, Cl, SO3, Na2Oeq and LOI, potentially having negative consequences if  mixed 
with cement-based materials. Additional analyses indicated that the ashes did not contain free or reactive 
CaO or that the LOI was exceed due to unburned carbon. Any potentially negative consequences would 
therefore be limited to Cl, SO3 and the total content of  alkalis Na2Oeq. The only limits in EN 450-1 2012 [8] 
not exceeded was the MgO and P2O5 limits. Sampling MSWI fly ash from the same combustion unit months 
apart showed both significant and less significant changes to the chemical properties. Arc-Fa2 contained 
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significantly more SO3 and Cl Compared to Arc-Fa1. The differences between the two samples could also 
be observed with the pH, CaCO3 eq and solubility. Arc-Fa2 was more soluble in water and had a neutral pH, 
instead of  an alkaline pH. The two samples had different peaks occurring in their diffractograms as well. 
The two samples could, therefore, have different results when mixed with cement. Nuuk-Fa1 and Nuuk-
Fa1 had a very similar chemical composition with the exception of  a varying LOI, with almost identical 
diffractograms, and could have similar results when mixed with cement. Municipal solid waste incinerators 
are therefore capable of  having both a steady and non-steady output. Regardless of  when the samples was 
sourced, fly ash of  insufficient quality for use in cement-based materials were produced.
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Figure 3: Diffraction graphs of  the five f ly ash samples. Cs = CaSO4,  Cc = CaCO3, K = KCl and 
N = NaCl. Other potential phases include CaClOH, K2ZnCl4,  KNaSO4 and Mg2NaOH(SO3)2 · H2O. 

When compared to published literature [8,13-24], MSWI fly ash appears to have an average chemical 
composition of  insufficient quality to be used in cement-based materials. Hamernik and Frantz [18] studied 
fly ashes of  above average quality and analysed the pozzolanic activity index, replacing 35% cement with 
MSWI fly ash containing a combined content SiO2, Fe2O3 and Al2O3 above 50 wt. %.  They concluded 
that their MSWI fly ashes had cement pozzolanic indexes comparable to coal fly ash, but showed no 
cementitious properties. Pozzolanic reactions in cement occur between Ca(OH)2 and amorphous SiO2 
forming C-S-H or with amorphous aluminosilicate forming calcium aluminate hydrate phases or calcium 
aluminate silicate hydrate phases as described by Justness [3]. Any occurrence of  pozzolanic reactions are 
therefore limited when the five fly ash samples of  the present study are mixed with cement and water, due 
to the low content of  SiO2, Fe2O3 and Al2O3 and would not have a similar effect as described by Hamernik 
and Frantz [18].

4. Conclusions

The presented study aimed at assessing the quality of  untreated MSWI fly ashes with regard to their use in 
cement-based materials. The assessment was based on the chemical requirements specified in the European 
standard EN 450-1 2012 [8] and potential use as filler materials based on their particle size distribution. 
To assess the filler potential, the requirements for improving the packing density, enhancing hydration 
and dilution effect was used, as discussed by Mooseberg-Bustnes et al. [9] and Scrivener et al. [10]. The 
following can be concluded based on the results.

A total of  five fly ash samples was acquired from three combustion units for the evaluation, Arc-Fa1,  
Arc-Fa2, Nuuk-Fa1, Nuuk-Fa2 and Rya-Fa. Arc-Fa2 and Nuuk-Fa2 were sampled several months after 
Arc-Fa1 and Nuuk-Fa1 were sampled. Sampling from the same combustion unit several months apart 
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indicated that the incinerator in Nuuk produced fly ashes with similar chemical properties to each other, 
while Amager Bakke (Arc-Fa) produced fly ash with varying chemical properties. Regardless of  the time 
of  sampling, the combustion unit type or the units’ location, all the investigated MSWI fly ash fulfil the 
chemical property requirements specified in EN 450-1 2012 [8].  The samples did neither contain enough 
reactive SiO2 or have a high enough combined content of  SiO2, Fe2O3 and Al2O3, indicating pozzolanic 
activity. The five fly ash samples exceeded the limits for free and reactive CaO, Cl, SO3 as well as equivalent 
content of  alkalis Na2Oeq and LOI, potentially having several negative consequences if  mixed with cement-
based materials. Additional extra tests indicated that the samples potentially did not contain free or reactive 
CaO and did not exceed the LOI limit. The limits for MgO and P2O5 content were not exceeded.

Contrary to the observed chemical properties, Nuuk-Fa1 and Nuuk-Fa2 was not completely similar and 
had different particle size distributions. Furthermore, it was found that all five fly ash samples had different 
particle size distributions with different potential as filler material when compared to the requirements 
discussed by Mooseberg-Bustnes et al. [9] and Scrivener et al. [10]. Arc-Fa1 and Arc-Fa2 contained particles 
larger than 125 µm and would only improve the packing density and enhance hydration with limited effect. 
The two samples could still potentially improve hydration through dilution. Nuuk-Fa1 and Rya-Fa had a 
particle size distribution less than 125 µm and could potentially improve the packing density. Their particle 
size distribution was coarser than cement and would potentially only enhance hydration through dilution. 
Nuuk-Fa2 had a finer particle size distribution slightly finer than cement and could potentially both improve 
packing density and enhance the hydration of  cement-based materials.   
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