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1. Preface    

“BioCrete” is the acronym for a LIFE supported project ”Utilisation of ash from incineration 
of wastewater sludge (bio ash) in concrete production”. The project activities have been de-
fined in 10 tasks, and the present report is the final report for one task, summarising purpose, 
task progress, results and experiences.  
 
The report is written by the task coordinator, as identified by initials for participant and name. 
The project period is June 2005 to December 2007, and the project includes 4 participants: 
Avedoere Wastewater Services (AWS) as beneficiary, Lynettefaellesskabet (LYNIS) and 
Unicon Ltd. (UNICON) as partners and Danish Technological Institute (DTI) as consultants. 
  



 
 
 

 
1066490_BioCrete-TASK4-report-final.doc  3

 

 

• 

• 

• 

2. Background 

Ash from incineration of waste water sludge (bio ash) has not previously been used in con-
crete on a regular basis. In order for bio ash to be an accepted raw material for concrete pro-
duction it must be documented that the ash can be produced with consistent physical and 
chemical properties. 
 
To evaluate the uniformity of the ash production the BioCrete Task 4 project collected ash 
samples from both the Lynetten plant and the Avedøre plant over a period of several months. 
Seven samples from the Avedøre plant and six from the Lynetten plant were subjected to in-
vestigation. The ash samples were tested for their physical, chemical and mineralogical prop-
erties by the Danish Technological Institute according to the following test programme: 
  

Chemical analyses and analyses of the physical properties of all bio ashes are performed 
according to DS/EN 450-1 “Fly ash for concrete - Part 1: Definition, specifications and 
conformity criteria.” 
The particle size distribution is determined by sedigraph and by laser diffraction tech-
niques.  
The mineralogical composition of the ashes is determined using full spectra QXRD analy-
sis. 

 
This report only contains results from the above mentioned testing programme. 

2.1 Samples received 

The Concrete Centre at Danish Technological Institute received during the summer 2006 thir-
teen different bio ash samples for analysis: 
 
• Six samples were collected from the Lynetten Purification Plant at different dates; 14/7, 

26/7, 8/8, 25/8, 8/9 and 15/11, 2006. These bio ashes are in the present report identified by 
“Lynis” followed by the sampling date. 

 

 

 

Lynetten bio ash, Ø 98mm petri dish.  
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• Seven samples were collected from the Avedøre Purification Plant at different dates; 24/5, 

30/5, 19/6, 7/7, 21/8, 6/10 and 31/10 2006. These bio ashes are in the present report iden-
tified by Avedøre followed by the sampling date. The sample from 21/8 is light coloured 
and originates from the burning at the Avedøre plant of sludge where phosphate has been 
precipitated using AlCl3 instead of FeCl3. The sludge however does not originate from the 
Avedøre waste water treatment plant but from a waste water treatment plant named 
“Damhusåen”. 

 
 

 
Avedøre bio ash, Ø 100mm glas dish. 
 
 
The conclusions in this report are based on testing of the above mentioned bio ashes. The con-
clusions are only valid for the tested types of bio ash. 
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3. Chemical composition of the bio ashes 

3.1 Testing according to DS/EN 450-1 

Testing has been performed of the 13 bio ashes according to DS/EN 450-1. The results are 
found in Appendices A1, A2 and A3 and extracted in Table 1 through Table 11. 
 
Content of primary oxides (SiO2, Al2O3 and Fe2O3) 
Table 1: Contents of primary oxides by WDRXF 

Bio ash types SiO2 
(%) 

Al2O3 
(%) 

Fe2O3 

 (%) 
Sum of SiO2, Al2O3 

and Fe2O3  
(%) 

SiO2
Wet chemistry*

(%) 

Lynis 14/7 25 7,2 13,0 45,2 26,0 
Lynis 26/7 24 8,3 11,0 43,3 25,8 
Lynis 8/8 21 8,2 13,0 42,2 24,6 
Lynis 25/8 27 8,7 12,0 47,7 30,9 
Lynis 8/9 28 9,0 12,0 49,0 31,7 
Lynis 15/11 26 7,9 14,0 47,9 NA 
Avedøre 24/5 20 5,9 15,0 40,9 21,4 
Avedøre 30/5 20 5,7 15,0 40,7 21,6 
Avedøre 19/6 21 5,9 15,0 41,9 22,6 
Avedøre 7/7 20 6,2 15,0 41,2 22,8 
Avedøre 21/8** 29 14,0 7,1 50,1 35,0 
Avedøre 6/10 21 6,6 17,0 44,6 24,2 
Avedøre 31/10 21 6,4 17,0 44,4 25,0 
Demands according to DS/EN 450-1 ≥ 70 %  
* The total content of SiO2 is also determined by wet chemistry in relation to determination of reactive SiO2. 
** Sludge from Damhusåen WWTP incinerated at Avedøre fluid bed oven. 
 
 
The data in Table 1 show that the content of the oxides of Si, Al and Fe are fairly constant for 
the individual plant. The lone “outlier” is the sample “Avedøre 21/8” which corresponds to 
ash from the burning of sewage sludge from Damhusåen waste water treatment plant where 
phosphate was precipitated using Al-salt instead of Fe-salt in an attempt to get a lighter col-
oured ash. The “Avedøre 21/8” is closer in composition to the Lynis ashes than the Avedøre 
ashes. As expected the “Avedøre 21/8” sample has higher Al-content and lower Fe-content 
the other samples.  
 
None of the analysed bio ashes are close to fulfilling the demand for coal fly ash of ≥ 70 % 
primary oxides specified in DS/EN 450-1.  
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Loss on ignition 
Table 2: Loss on ignition 

Bio ash types Loss on ignition 
DS/EN 196-2 

Bio ash type Loss on ignition 
DS/EN 196-2 

Lynis 14/7 6,97 % Avedøre 24/5 1,51 % 
Lynis 26/7 7,53 % Avedøre 30/5 1,32 % 
Lynis 8/8 5,41 Avedøre 19/6 2,12 
Lynis 25/8 5,33 Avedøre 7/7 1,89 
Lynis 8/9 6,07 Avedøre 21/8** 2,02 
Lynis 15/11 N/A Avedøre 6/10 1,26 
  Avedøre 31/10 1,34 
Demands according to DS/EN 450-1  ≤ 5,0 %*

* Demand for category A-ash. 
** Sludge from Damhusåen WWTP incinerated at Avedøre fluid bed oven. 
 
The bio ashes from Lynis all have a loss on ignition which is higher than the demands for a 
category A fly ash according to DS/EN 450-1. Loss on ignition higher than 5 % would not be 
accepted by the concrete producers if the ash was from coal combustion due to the interfer-
ence that the unburned carbon has on quality of the concrete production. 
 
The bio ashes from Avedøre have low and fairly consistent loss on ignition and fulfil the de-
mand in DS/EN 450-1, category A. 
 
Chloride content 
Table 3: Chloride content 

Bio ash types Chloride content 
DS/EN 196-2 

Bio ash types Chloride content 
DS/EN 196-2 

Lynis 14/7 0,082 % Avedøre 24/5 0,014 % 
Lynis 26/7 0,160 % Avedøre 30/5 0,008 % 
Lynis 8/8 0,150 % Avedøre 19/6 0,021 % 
Lynis 25/8 0,120 % Avedøre 7/7 0,016 % 
Lynis 8/9 0,120 % Avedøre 21/8** 0,020 % 
Lynis 15/11 NA Avedøre 6/10 0,005 % 
  Avedøre 31/10 0,009 % 
Demand according to DS/EN 450-1 ≤ 0,10 %*

* Demand for category A ash. 
** Sludge from Damhusåen WWTP incinerated at Avedøre fluid bed oven. 
 
 
The bio ashes from Lynis all except one have a chloride content which is higher than stated 
for a category A ash of DS/EN 450-1. The bio ashes from Avedøre have a chloride content 
which is markedly lower than 0.10 % limit for category A ash in DS/EN 450-1. For exposure 
classes there is an upper limit to the initial chloride content of concrete, and the relatively high 
chloride content of the Lynis ashes might render these ashes unsuitable for use in certain con-
crete exposure classes. 
 



 
 
 
 

 
1066490_BioCrete-TASK4-report-final.doc  7
 

Sulphate content 
Table 4: Sulphate measured as SO3. 

Bio ash types Sulphate content 
DS/EN 196-2 

Bio ash types Sulphate content 
DS/EN 196-2 

Lynis 14/7 3,76 % Avedøre 24/5 1,37 % 
Lynis 26/7 1,36 % Avedøre 30/5 1,42 % 
Lynis 8/8 1,51 % Avedøre 19/6 1,75 % 
Lynis 25/8 1,64 % Avedøre 7/7 1,54 % 
Lynis 8/9 1,40 % Avedøre 21/8** 1,77 % 
Lynis 15/11 NA Avedøre 6/10 1,24 % 
  Avedøre 31/10 1,30 % 
Demand according to DS/EN 450-1 ≤ 3,0 %*

* Demand for category A-ash. 
** Sludge from Damhusåen WWTP incinerated at Avedøre fluid bed oven. 
 
All the ashes except for Lynis 14/7 have a sulphate content which is lower than the demand of 
maximum 3,0 % stated in DS/EN 450-1. Apart the Lynis 14/7 sample the sulphate content is 
also fairly constant. The limit on the sulphate content in fly ash is set in order to avoid subse-
quent durability problems in the concrete related to deleterious reactions involving sulphate in 
the cement paste of the concrete. However, sulphate may also influence the fresh concrete 
properties and early hydration.  
 
Calcium oxide – free and reactive 
Table 5: Content of calcium oxide 

Bio ash types CaO, total 
WDXRF 

CaO, free 
DS/EN 451-1 

CaO, reactive 
DS/EN 197-1 

Lynis 14/7 17 % <0.01 % N/A 
Lynis 26/7 19 % <0.01 % N/A 
Lynis 8/8 19 % <0.01 % N/A 
Lynis 25/8 17 % <0.01 % N/A 
Lynis 8/9 17 % <0.01 % N/A 
Lynis 15/11 17 % NA N/A 
Avedøre 24/5 23 % <0.01 % N/A 
Avedøre 30/5 23 % <0.01 % N/A 
Avedøre 19/6 22 % <0.01 % N/A 
Avedøre 7/7 22 % <0.01 % N/A 
Avedøre 21/8** 17 % <0.01 % N/A 
Avedøre 6/10 20 % <0.01 % N/A 
Avedøre 31/10 20 % <0.01 % N/A 
Demand acc. to 
DS/EN 450-1 

- ≤ 2,5 % ≤ 10,0 %*

* Documentation of the content of reactive calcium oxide is not required if it is proved that the total content of 
calcium oxide does not exceed 10,0 %. 
**  Sludge from Damhusåen WWTP incinerated at Avedøre fluid bed oven. 
 



 
 
 
 

 
1066490_BioCrete-TASK4-report-final.doc  8
 

As seen from Table 5 the bio ashes from Avedøre generally have a higher content of total 
CaO compared to the Lynis ashes. All bio ashes have a free CaO content which is much lower 
than the demand of ≤ 2,5 % according to DS/EN 450-1. Even though total CaO exceeds the 
10% limit no determination of reactive CaO was performed. 
 
Reactive silicon dioxide 
Table 6: Content of reactive silicon dioxide 

Bio ash types SiO2 
reactive 

DS/EN 197-1 

Insoluble resi-
due 

DS/EN 196-2 

Bio ash types SiO2 
reactive 

DS/EN 197-1 

Insoluble 
residue 

DS/EN 196-2 
Lynis 14/7 14,6 % 16,7 % Avedøre 24/5 11,1 % 13,6 % 
Lynis 26/7 13,5 % 19,4 % Avedøre 30/5 11,5 % 13,7 % 
Lynis 8/8 13,0 % 19,2 % Avedøre 19/6 11,8 % 14,6 % 
Lynis 25/8 14,7 % 25,0 % Avedøre 7/7 12,1 % 15,2 % 
Lynis 8/9 23,7 % 27,5 % Avedøre 21/8* 14,9 % 29,2 % 
Lynis 15/11 - NA Avedøre 6/10 12,8 % 20,1 % 
   Avedøre 31/10 12,1 % 20,4 % 
Demands acc. to 
DS/EN 450-1 

≥ 25 % -  ≥ 25 % - 

* Sludge from Damhusåen WWTP incinerated at Avedøre fluid bed oven. 
 
The amount of reactive silica is generally low and between 11-15 % which is below the de-
mands of ≥ 25 % according to DS/EN 450-1. One sample Lynis 8/9 is though higher at 23.7% 
close to the minimum demand of ≥ 25 %. The insoluble residue varies considerably for both 
incineration plants, which could be suggesting that a variable amounts of mineral particles 
(sand, silt, clay) are present in the sewage sludge being combusted. However, this is only to 
some extend confirmed by the mineralogy data. 
 
Alkali content 
Table 7: Content of alkalis 

Bio ash types Na2O 
DS/EN 196-2 

K2O 
DS/EN 196-2 

eq. Na2O 
DS/EN 196-2 

Lynis 14/7 0,90 % 0,88 % 1.48 % 
Lynis 26/7 0,91 % 0,73 % 1,39 % 
Lynis 8/8 0,99 % 0,89 % 1,57 % 
Lynis 25/8 0,70 % 0,79 % 1,22 % 
Lynis 8/9 0,67 % 0,86 % 1,24 % 
Lynis 15/11 NA NA - 
Avedøre 24/5 0,53 % 1,06 % 1,23 % 
Avedøre 30/5 0,52 % 0,89 % 1,11 % 
Avedøre 19/6 0,53 % 0,99 % 1,18 % 
Avedøre 7/7 0,56 % 0,59 % 0,96 % 
Avedøre 21/8* 0,55 % 0,61 % 0,95 % 
Avedøre 6/10 0,50 % 0,53 % 0,85 % 
Avedøre 31/10 0,50 % 0,55 % 0,86 % 
Demands acc. to 
DS/EN 450-1 

- - ≤ 5,0 % 

* Sludge from Damhusåen WWTP incinerated at Avedøre fluid bed oven. 
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All bio ashes have an alkali content which is lower than the demands of ≤ 5.0 % of 
DS/EN 450-1.  
 
It should be recognised that the concrete standard DS/EN 206-1 / DS 2426 [6] limits the total 
content of alkali in some concretes. The alkali content of fly ash is however not counted, as 
fly ash is known to mitigate the degree of alkali silica reaction, i.e. the positive effect of the 
fly ash is greater than the negative effect of more alkali. Whether this practice is also reason-
able for bio ash must be depending on documentation that bio ash does posses pozzolanic 
properties. 
 
Magnesium oxide 
Table 8: Content of magnesium oxide 

Bio ash types MgO 
WDXRF 

Bio ash types MgO 
WDXRF 

Lynis 14/7 3,4 % Avedøre 24/5 3,2 % 
Lynis 26/7 3,9 % Avedøre 30/5 3,1 % 
Lynis 8/8 4,1 % Avedøre 19/6 3,1 % 
Lynis 25/8 3,6 % Avedøre 7/7 3,4 % 
Lynis 8/9 3,5 % Avedøre 21/8* 3,0 % 
Lynis 15/11 3,6 % Avedøre 6/10 2,9 % 
  Avedøre 31/10 2,8 % 
Demands according to DS/EN 450-1 ≤ 4,0 % 
* Sludge from Damhusåen WWTP incinerated at Avedøre fluid bed oven. 
 
The MgO content of all ashes except Lynis 8/8 are below the demands of ≤ 4,0 % of DS/EN 
450-1. The content of MgO is fairly constant between the different samples. 
 
Phosphate 
Table 9: Content of soluble phosphate 

Bio ash types P2O5, soluble 
DS/EN 450-1 

P2O5 total 
WDXRF 

Bio ash types P2O5, soluble 
DS/EN 450-1 

P2O5 total 
WDXRF 

Lynis 14/7 19 mg/kg 
(0,002 %) 

24 % Avedøre 24/5 74 mg/kg 
(0,007 %) 

27 % 

Lynis 26/7 24 mg/kg 
(0,002 %) 

26 % Avedøre 30/5 71 mg/kg 
(0,007 %) 

27 % 

Lynis 8/8 20 mg/kg 
(0,002 %) 

28 % Avedøre 19/6 73 mg/kg 
(0,007 %) 

27 % 

Lynis 25/8 20 mg/kg 
(0,002 %) 

24 % Avedøre 7/7 91 mg/kg 
(0,009 %) 

27 % 

Lynis 8/9 22 mg/kg 
(0,002 %) 

23 % Avedøre 21/8* 29 mg/kg 
(0,003 %) 

22 % 

Lynis 15/11 NA 23 % Avedøre 6/10 92 mg/kg 
(0,009 %) 

26 % 

   Avedøre 31/10 72 mg/kg 
(0,007 %) 

25 % 

Demand acc. to 
DS/EN 450-1 

≤ 100 mg/kg -  ≤ 100 mg/kg - 

* Sludge from Damhusåen WWTP incinerated at Avedøre fluid bed oven. 
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Contrary to fly ash from coal combustion bio ash contains vast amounts of phosphate, more 
than 20% by weight. The amount of soluble phosphate is however low and at the same level 
as in coal fly ash, i.e. the phosphor must be present in insoluble salts or glass phases. The 
soluble phosphate is highest in the ashes from Avedøre, but all measurements are below the 
demand of  ≤ 100 mg/kg specified in DS/EN 450-1, indicating that phosphate ions should not 
adversely affect the setting of concrete made with the bio ash. 

3.2 Heavy metals 

The chemical analysis performed by WDXRF, besides the content of primary oxides, also 
provides the content of a suite of heavy metals. As observed in Appendix A and Table 10 the 
contents of heavy metals are of the same magnitude for the majority of the detected heavy 
metals. The content of As, Cd and Hg was all below the detection limit of 0,001 – 0,002 %. 
Table 10: Content of selected heavy metal oxides 

Bio ash types NiO 
(%) 

V2O5
(%) 

Cr2O3
(%) 

CuO 
(%) 

BaO 
(%) 

PbO 
(%) 

Lynis 14/7 0,009 0,016 0,018 0,093 0,098 0,053 
Lynis 26/7 0,009 0,014 0,016 0,091 0,097 0,022 
Lynis 8/8 0,008 0,014 0,017 0,094 0,100 0,020 
Lynis 25/8 0,008 0,017 0,019 0,097 0,098 0,028 
Lynis 8/9 0,010 0,017 0,018 0,100 0,120 0,031 
Lynis 15/11 0,0096 0,017 0,019 0,096 0,130 0,019 
Avedøre 24/5 0,013 0,010 0,030 0,110 0,130 0,013 
Avedøre 30/5 0,013 0,010 0,029 0,120 0,130 0,014 
Avedøre 19/6 0,013 0,010 0,027 0,110 0,130 0,017 
Avedøre 7/7 0,011 0,010 0,022 0,110 0,120 0,015 
Avedøre 21/8* 0,010 0,013 0,025 0,076 0,091 0,023 
Avedøre 6/10 0,020 0,012 0,026 0,110 0,130 0,018 
Avedøre 31/10 0,019 0,011 0,026 0,110 0,130 0,017 
Coal fly ash 0,01 0,03 0,02 0,01 0,20 0,01 
Portland cement 0,01 0,04 0,02 0,04 0,05 0,01 
* Sludge from Damhusåen WWTP incinerated at Avedøre fluid bed oven. 

3.3 Mineralogy 

The mineralogical composition is calculated based on quantitative analysis in accordance with 
Rietveld QXRD. Results of the analysis are presented in Table 11 and Table 12. The ashes are 
composed primarily of 50-70 % amorphous (non-crystalline) phases, 8-20 % calcium phos-
phate, 8-16 % quartz, 1-8 % hematite and 1-3 % calcium sulphates. The results are generally 
believed to reflect the actual mineralogical composition. 
 
In traditional European coal fly ash (low calcium fly ash) used in concrete the amorphous 
content is generally 70-80% of an iron substituted alumino-silicate glass. Comparing the 
chemical composition of the bio ashes to the mineral phases found suggests that the amor-
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phous phase in addition to silicon, aluminium and iron should also contain considerable cal-
cium, phosphate, and iron. It is the amorphous phase in fly ash that accounts for the poz-
zolanic reaction that contributed to the strength development of concrete and makes the con-
crete less permeable, i.e. improves the durability. 
 
High calcium coal fly ashes are found also know and is widely used in the USA. These ashes 
are latent hydraulic rather than pozzalanic. They contribute to strength development at an ear-
lier age in concrete than low calcium fly ashes and do not have the same durability improving 
effect. The mineral phases in high calcium coal fly ash contributing to strength development 
of concrete are calcium silicates, calcium aluminates and calcium aluminosilicates. None of 
these phases were found in the bio ashes. 
 
The Dutch CUAP [7] presents a positive list of mineral phases which is allowed to appear in a 
co-combustion fly ash. Two mineral phases, Merwinite and Maghemite, are not on the CUAP 
positive list. These minerals are, however, only present in small amounts and are by the way 
normally present in fly ash where they are not considered to have any negative influence on 
the behaviour of the fly ashes usefulness in concrete production. Microcline (feldspar), dolo-
mite and hemihydrate are identified in the bio ash but only in very minor amounts. It is not 
considered that the content of trace mineral phases in bio ash although not on the positive list 
of Dutch CUAP posses any problems to its use in concrete.  
 
Table 11: Primary minerals identified in the bio ashes – not detected (n.d). 

Bio ash types Amorphous 
phases 

(%) 

Calcium 
phosphate 

(%) 

Quartz 
SiO2  

(%) 

Hematite 
Fe2O3  

(%) 

Bassanite, 
2CaSO4 H2O 

(%) 

Lynis 14/7 65,5 12,2 11,0 2,8 2,5 
Lynis 26/7 66,0 11,5 14,3 0,8 2,7 
Lynis 8/8 66,3 11,8 12,0 1,0 3,1 
Lynis 25/8 65,3 10,4 16,0 0,9 2,5 
Lynis 8/9 70,5 8,0 16,1 0,9 - 
Lynis 15/11 NA NA NA NA NA 
Avedøre 24/5 53,6 19,5 9,2 6,5 1,9 
Avedøre 30/5 55,0 20,9 8,1 6,3 2,0 
Avedøre 19/6 56,7 19,5 8,4 5,3 2,0 
Avedøre 7/7 50,7 20,7 10,6 6,0 2,4 
Avedøre 21/8* 62,9 13,7 15,3 1,0 1,2 
Avedøre 6/10 56,7 17,4 9,9 7,5 - 
Avedøre 31/10 58,5 16,1 11,4 7,4 - 
Coal fly ash 79,5 n.d. 6,4 0,9 n.d. 
* Sludge from Damhusåen WWTP incinerated at Avedøre fluid bed oven. 
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Table 12: Minor minerals identified in the bio ashes – not detected (n.d) 

Bio ash types Mullite 
Al6Si2O13 

(%) 

Merwinite 
Ca3Mg(SiO4)2 

(%) 

Calcite 
CaCO3 

(%) 

Goethite 
FeOOH 

(%) 

Magnetite 
Fe3O4  
(%) 

Maghemite 
Fe2O3  
(%) 

Gypsum 
CaSO4 2H2O 

(%) 
Lynis 14/7 1,0 0,5 0,5 0,8 0,6 1,2 1,4 
Lynis 26/7 1,0 0,5 0,3 0,4 0,6 1,2 0,7 
Lynis 8/8 1,0 0,6 0,4 0,6 0,6 1,3 1,3 
Lynis 25/8 1,1 0,3 0,4 0,4 0,6 1,2 0,9 
Lynis 8/9 0,5 - 0,2 - 0,4 0,8 0,3 
Lynis 15/11 NA NA NA NA NA NA NA 
Avedøre 24/5 1,4 1,1 1,6 1,0 0,6 1,6 1,6 
Avedøre 30/5 1,2 1,3 0,3 1,2 0,5 1,6 1,6 
Avedøre 19/6 1,0 0,5 0,2 1,2 0,8 1,9 1,7 
Avedøre 7/7 1,6 1,3 0,9 1,0 0,8 2,0 1,9 
Avedøre 21/8* 1,0 0,6 0,2 1,2 0,4 1,0 1,6 
Avedøre 6/10 1,0 0,8 - 0,8 0,6 1,6 1,0 
Avedøre 31/10 0,8 0,2 - 0,6 0,5 1,4 0,5 
Coal fly ash 10,8 0,7 n.d. n.d. 0,6 0,5 n.d. 
* Sludge from Damhusåen WWTP incinerated at Avedøre fluid bed oven. 
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4. Physical properties of the bio ash 

The physical properties, as the chemical properties, are determined in accordance with 
DS/EN 450-1. In addition the particle size distributions of the ashes are determined using la-
ser diffraction and sedimentation techniques. The results are presented in Appendices B1, B2 
and B3 and summarized in Tables 13-16 and Figures 1 and 2. 
 
Particle size distribution 
Table 13: Fineness expressed as sieve residue from 3 different test methods. 

Bio ash types Sieve residue 
in % 

EN 451-2 
≥ 45 μm 

 

Laser diffraction 
Malvern 

Sieve residue in % 
≥ 250 μm  

Sedimentation Analysis 
MUC 8.52 

Sieve residue in % 
≥ 125 μm  

Lynis 14/7 NA 42,1 48,9 
Lynis 26/7 18,6* 71,3 69,7 
Lynis 8/8 NA 65,3 78,3 
Lynis 25/8 17,4* 56,3 64,2 
Lynis 8/9 NA - 62,6 
Lynis 15/11 19,0* - - 
Avedøre 24/5 61,1 - 36,6 
Avedøre 30/5 61,3 - 37,6 
Avedøre 19/6 58,1 - 36,8 
Avedøre 7/7 62,9 9,6 36,4 
Avedøre 21/8*** 59,3 1,3 38,7 
Avedøre 6/10 60,1 - 44,5 
Avedøre 31/10 NA - 48,9 
Demands acc. to 
DS/EN 450-1 

≤ 40 %**   

* Found for milled Lynis ash. Prior to milling the ash was very coarse. 
** Demand for categori N-ash 
*** Sludge from Damhusåen WWTP incinerated at Avedøre fluid bed oven. 
 
The bio ash from both plants is very coarse grained compared to coal fly ash and cement. The 
Lynis ash is very coarse with the vast majority of the particles being sand size rather than 
powder size. The milled bio ashes from Lynis have a sieve residue of the fraction ≤ 45 μm of 
17-19 % which is comparable to coal ash and meeting the demand in EN-450-1.  
 
The fineness has also been determined by laser diffraction (Figures 1 and 2) and sedimenta-
tion analysis (Figures 3 and 4). The data only represent the particles smaller than 250 and 125 
microns respectively. As seen from the data all the analysed bio ashes even after removal of 
the coarsest fractions are relatively coarse grained when compared to an ordinary Danish coal 
fly ash. For the fresh and hardened concrete tests reported in Task 6 of this project three 
milled Lynis bio ashes where manufactured so that at least 50% of the material was finer than 
20 microns. 
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Figure 1: Particle size distribution of the fraction ≤ 250 µm determined by laser 
diffraction. The sieve fraction of the 3 Lynis ashes is for comparison included in 
the upper Figure. 
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Figure 2: Particle size distribution of the fraction ≤ 125 µm determined by sedi-
mentation analysis (Sedigraph, i.e. x-ray analysis under sedimentation according to 
MUC 8.52). 
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Activity index 
Table 14: Activity index 

Bio ash types 28 days (%) 
EN 196-1 

90 days (%) 
EN 196-1 

Bio ash types 28 days (%) 
EN 196-1 

90 days (%) 
EN 196-1 

Lynis 14/7 NA NA Avedøre 24/5 79,8 83,1 
Lynis 26/7 93,1 93,9 Avedøre 30/5 80,6 84,0 
Lynis 8/8 NA NA Avedøre 19/6 80,4 83,8 
Lynis 25/8 92,5 92,3 Avedøre 7/7 76,4 74,8 
Lynis 8/9 NA NA Avedøre 21/8* 79,2 85,2 
Lynis 15/11 91,9 90,8 Avedøre 6/10 75,6 83,7 
   Avedøre 31/10 - - 
Demands acc. to 
DS/EN 450-1 

≥ 75 % ≥ 85 %  ≥ 75 % ≥ 85 % 

* Sludge from Damhusåen WWTP incinerated at Avedøre fluid bed oven. 
 
Six ashes from Avedøre and the three milled down ashes from Lynis are analysed. At 28 days 
the Lynis ashes all exhibit activity indices higher than 90% which is comparable to the activ-
ity usually observed for Danish coal ash and well beyond the 85% demand of DS/EN 450-1. 
However after 90 days contrary to coal fly ash the activity index has not increased and is still 
slightly above 90% indicating that only little or no pozzolanic reactions are taking place. All 
the samples from Avedøre fulfil the demand of DS/EN 450-1 at 28 days but only one the 
aluminium rich “Avedøre 21/8” has an activity index above 85% at 90 days. The activity in-
dices does not support that the bio ashes should have good pozzonlanic activity. This finding 
is in agreement with the recent published data of Cyr et al.1 who describes the pozzolanic 
activity of bio ash as modest and slight. The same authors also found that bio ash does not 
posses any hydraulic properties as paste made solely from water and bio ash did not develop 
any strength at all. 
 
The measured activity indices may to a large extend be explained by the filler effect of the bio 
ash in the paste, and the associated effect that better hydration of the Portland cement is ob-
tained when filler is present in the paste. It is well established that the degree of hydration of 
the cement in pastes containing filler is higher than in pure cement pastes. For instance Cyr et 
al.1 found that the total heat evolved per gram of cement after 4 days of hydration increased 
from 315 over 372 to 413 J/g for mortars with 0, 25, 50 % of cement replaced by bio ash. 
 
 
 
 
 
 
 
 
 

                                                 
1 Martin Cyr, Marie Coutand, Pierre Clastres, ”Technological and enviromental behavior of sewage sludge ash 
(SSA) in cement-based materials, Cement and Concrete Research, 37 (2007), 1278-1289. 
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Density 
Table 15: Particle density 

Bio ash types Density (kg/m3) 
EN196-6 

Bio ash types Density (kg/m3) 
EN196-6 

Lynis 14/7 2676  Avedøre 24/5 2849 
Lynis 26/7 2710  Avedøre 30/5 2833 
Lynis 8/8 2744 Avedøre 19/6 2790 
Lynis 25/8 2734 Avedøre 7/7 2819 
Lynis 8/9 2702 Avedøre 21/8** 2645 
Lynis 15/11 NA Avedøre 6/10 2855 
  Avedøre 31/10 2823 
Demands according to DS/EN 450-1 -* 
* There are no specific demands to the particle density but it is not allowed to differ more than 200 kg/m3 from 
the declared value. 
** Sludge from Damhusåen WWTP incinerated at Avedøre fluid bed oven. 
 
All bio ashes have a high density of 2600 – 2850 kg/m3. The density of the ashes from 
Avedøre is generally about 100 kg/m3 higher than the ashes from Lynis, which is probably 
due to a larger internal porosity or degree of agglomeration of the Lynis ash particles in gen-
eral. 
 
Early Setting Time 
Table 16: Early setting time 

Bio ash types Extended setting time 
(min) 

EN 196-3 

Bio ash types Extended setting time 
(min) 

EN 196-3 
Lynis 14/7 NA Avedøre 24/5 115 
Lynis 26/7 195 Avedøre 30/5 100 
Lynis 8/8 NA Avedøre 19/6 85 
Lynis 25/8 195 Avedøre 7/7 85 
Lynis 8/9 NA Avedøre 21/8** 95 
Lynis 15/11 195 Avedøre 6/10 70 
  Avedøre 31/10 NA 
Demands acc. to 
DS/EN 450-1 

The setting time must not exceed 120 minutes compared to the refer-
ence cement*

* The early setting time of the reference cement is measured to 185 minutes. 
** Sludge from Damhusåen WWTP incinerated at Avedøre fluid bed oven. 
 
The setting time of pasta with ashes from Lynis is generally prolonged relative to the setting 
time of the ashes from Avedøre and exceeds the DS/EN 450-1 limit of 120 minutes extended 
setting time relative to the reference cement. The bio ashes from Avedøre fulfil the demand. 
The extension of the setting time is greater than is normally observed for coal fly ash, and in 
the case of the milled down Lynis ashes so extended that is may render these ashes unsuited 
for use in concrete. It may be that the soluble phosphate content of the ashes is increased as a 
result of the milling, but this has not been investigated. 
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5. Morphology of cement, fly ash and bio ash 

In order to describe the morphology of bio ashes some of the samples have been analysed 
using a scanning electron microscope (SEM). The examined samples are photographed in 
back scatter mode and their appearances can be seen in Figures 3 to 6 where, for comparison, 
also images of cement and fly ash are included 
 
 

Figure 3: Avedøre bio ash - the individual grains are relative large, irregular and angular in 
shape.  
 

Figure 4: Avedøre bio ash - the individual grains are relative large, irregular and angular in 
shape, and with a fairly high internal porosity. 
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Figure 5: Basiscement - the individual grains are relative small, angular and rather similar in 
shape.  
 

Figure 6: Coal fly ash - the individual grains are relatively small, and spherical in shape. Hol-
low spheres and spheres with air bobbles included are occasionally observed.  
 
 
As illustrated in Figures 3 to 6 the bio ashes have very different morphology, structure and 
size range compared to Portland cement and coal fly ash. The individual grains in the bio ash 
fraction are generally larger, more irregular, angular and porous compared to both the cement 
and fly ash. In the context of replacement of cement or fly ash in a concrete mixture the mor-
phological differences between bio ash and these two materials would be expected not to fa-
vour replacement. The bio ash does not have the lubricating ball bearing effect of the spheri-
cal coal fly ash, and the irregular shape and internal porosity might be expected to result in 
greater water demand of bio ash concrete. The coarser particle size of the bio ash may also 
result in concrete that is more prone to bleeding. 
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6. Conclusion 

A total of 13 bio ash samples from the Lynetten and the Avedøre purification plants have 
been analysed in order to evaluate their chemical and physical properties in relation to their 
use as coal fly ash or cement replacement in concrete. The analyses have largely been per-
formed according to the European standard for coal fly ash in concrete DS/EN 450-1.  
 
Chemical properties: 
 

• The chemical properties including the heavy metals content of the Lynis and Avedøre 
bio ashes is fairly constant over an extended production period. 

• The bio ashes have low content of the primary oxides SiO2, Al2O3 and Fe2O3 com-
pared to coal fly ashes. 

• The bio ashes from Lynis have high loss of ignition, whereas the Avedøre ashes have 
low values. 

• The bio ashes have generally very low reactive silicon content. 

• The bio ashes all have a lower soluble phosphate than maximum limit in DS/EN 450-
1. 

• The chloride content of the Lynis ashes is slightly higher than the maximum limit in 
DS/EN 450-1, but a factor 10 lower in the Avedøre ashes.  

• The bio ashes have very similar mineralogical composition- determined be QXRD to 
be primarily amorphous materials (50-70%), calcium phosphate (8-21%), quartz (8-
16%) and ironoxides. The Lynis ashes having more amorphous material and less cal-
cium phosphate than the Avedøre ashes.  

 
Physical properties: 
 

• The physical properties of the Lynis and Avedøre bio ashes are fairly constant over an 
extended production period. 

• The bio ash particles are generally very coarse grained compared to coal fly ash and 
Portland cement. They are irregular, angular and porous in structure. 

• All bio ashes have 28 days activity indexes which are higher than the demand in 
DS/EN 450-1. The ashes from Lynis also fulfil the 90 days demand but no increase in 
the index is observed from 28 to 90 days. The Avedøre ashes do not fulfil the 90-day 
demand in DS/EN 450-1. 

• The density of the bio ashes is higher than that of coal fly ash and varies from 2700 to 
2850 kg/m3 

• The setting time measured for the Lynis ash samples are high and more than the 120 
minutes longer than for the reference cement, i.e. not conforming to DS/EN 450-1. 
The Avedøre ashes fulfil the demands of DS/EN 450-1. 
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The obtained data suggests that the bio ashes investigated can only be expected to have minor 
pozzolanic effect if used as a cement replacement in concrete. 
 
Based on their chemical and mineralogical composition the bio ashes are not expected to have 
specific negative effects on the durability of concrete. 
 
Based on the particle size distribution, irregular shape and internal porosity the bio ashes are 
expected to influence the properties of fresh concrete. In particular the workability might be 
negatively affected. 
 
It should be stressed that it is not a formal problem that the bio ashes do not conform to the fly 
ash standard DS/EN 450-1 as bio ash is not a fly ash after the definition in DS/EN 450-1. Bio 
ash can therefore still be used in concrete according to DS 2426 (the national application 
document for the European concrete standard EN 206). 
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Appendix A1 
 
Testing report: Chemical analysis in accordance with DS/EN 196-2, 
DS/EN 197-1, DS/EN 451-1, Density DS/EN 196-6, soluble phos-
phate expressed as available phosphor oxide in accordance with 
DS/EN 450-1 





























 
 
 
 

 

Appendix A2 
 
Testing report: Chemical composition of bio ash samples by X-ray 
fluorescence (WDXRF)



























 
 
 
 

 

Appendix A3 
 
Testing report: Characterization of mineral composition 















































 
 
 
 

 

Appendix B1 
 
Testing report: Analysis of physical properties in accordance with 
EN 451-2, EN 196-1, EN 196-3 

















































































 
 
 
 

 

Appendix B2 
 
Testing report: Particle size distribution by Sedigraph - MUC 8.52 

































































































































 
 
 
 

 

Appendix B3 
 
Testing report: Particle size distribution by laser diffraction  
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