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Abstract 

Waste incineration still seems to be an essential technology in the concept of 
integrated waste management. However, the desirable quantity of waste 
incineration residue needs to be as low as possible. Therefore, related 
optimization of two-stage waste incineration technology has been performed 
with the main goal of producing lower amounts of boiler ash, fly ash and flue 
gas-treatment residue, all classified as hazardous waste. Most of the combustion 
residue should be incinerator bottom ash. Tests were performed on light fraction 
of municipal solid waste in a two-stage pilot scale waste incineration plant.  

The goal of this investigation is to present utilisation possibilities of waste 
light fraction incineration bottom ash as a cement substitute in concrete. The 
produced incinerator bottom ash, formed in the primary chamber of the two-
stage incinerator, was analysed, tested and compared to other incinerator bottom 
ashes and cement. High resemblance of investigated bottom ash to cement was 
determined compared to other bottom ashes. Compressive and flexural strength 
and slump test were performed to characterise incinerator bottom ash and cement 
mixtures in concrete. It was found that after 28 days the flexural and 
compressive strengths of the binder linearly gradually decreases. The results 
show that it is possible to substitute 15 wt% of cement where low strength 
concrete is required. 
Keywords: incinerator bottom ash, waste incineration, two-stage incinerator, 
concrete.  

1 Introduction 

Municipal waste – although classified as non-hazardous – still causes air, water 
and soil pollution during its decay when deposited in landfills without proper 
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pre-treatment. Hence, today’s modern landfills for municipal solid waste 
(MSW), built to prevent almost all pollution, have a complex design. This makes 
the dumping space for a volume unit of waste rather expensive even if a locally 
acceptable dumping site can be found in the first place.  

The Slovenian population, just as in the rest of the European Union, produces 
approximately 500 kg of MSW per person each year. In order to meet modern 
standards for waste management, Slovenian society has accepted European 
philosophy and legislation in the field of waste management. Waste reduction, 
re-use and recycling are already successful in waste stream minimisation. In 
addition the composting of separately collected bio-degradable fraction has 
recently been under way. The remaining fraction of the waste stream still goes 
directly to landfills. National and local waste legislation sets high standards and 
there are some plans to build regional waste management centres involving 
smaller two-stage waste incinerators (TSWIs) especially for the energy 
utilisation of a higher calorific value waste fraction called light fraction.  

TSWI was originally designed for industrial, medical and hazardous waste 
incineration since, in the past, legislation had set higher standards for the thermal 
treatment of hazardous waste compared to MSW. These incinerators had small 
capacity and were mostly batch fired. The main intention when installing a 
second combustion chamber was to improve the destruction of organic 
compounds.  

In TSWI light fraction is reduced by about 90% of mass during combustion, 
leaving only 10% of incineration residues representing mostly IBA and minor 
amounts of fly ash, boiler ash and flue gas-treatment residue classified as 
hazardous waste. The IBA’s composition and its amount of TSWI fed by light 
fraction differ drastically from the IBA of mass burn grate waste incinerators 
(MBGIs) fed by non separated MSW. It offers some additional possibilities for 
IBA utilisation from TSWI. 

It is important to distinguish between the treatment of IBA for utilisation, and 
for disposal. When treatment occurs for the purpose of disposal, it is 
economically advantageous to limit the use and cost of the process treatment, 
e.g. additives, while maintaining compliance with the regulations. In the case of 
IBA utilisation, the processes’ economics, including the composition of the final 
product, become very different, especially when the IBA component represents 
only a fraction of the final product [1]. The regulatory and economic 
circumstances relating to natural resources and civil engineering practices, 
prevailing in various countries, can reflect the attitude adopted towards the 
utilisation of IBA. The range of applications for which IBA from MBGI is used 
commercially usually includes: landfill cover (daily or final), road foundations, 
wind and sound barriers, lightweight concrete aggregate, structural fill, aggregate 
in asphalt, shore-line protection and marine reefs.  

The utilisation of different kinds of ash from coal and MSW combustion for 
concrete production was recently reported in literature [2, 3, 4, 5, 6]. Because of 
typical composition (40 – 60 wt% of SiO2 and 2 – 20 wt% of CaO), which is far 
from cement composition, most of the ash investigated in these studies has been 
used as filler substituting for a part of the natural aggregate. IBA from TSWI 
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containing about 24 wt% of SiO2 and about 40 wt% of CaO has quite similar 
composition to cement usually containing 17 – 24 wt% of SiO2 and 55 – 65 wt% 
of CaO. It can be considered, with such composition as a good substitute for 
cement in concrete. Cement is a hydraulic binder and the fundamental ingredient 
of concrete. In general, it represents about 15% of a concrete’s volume and 
around 45% of its cost. Concrete is one of the major materials in the construction 
industry and about 4.5 billion metric tons of concrete are cast each year 
worldwide [7]. In Slovenia this value is up to 1.5·106 tons (6·105 m3) [8]. 
Approximately 90% of this quantity is concrete with a characteristic compressive 
strength of 40 MPa or less. 

The aim of the presented work has been the investigation of some significant 
concrete properties produced by the utilisation of IBA from the pilot scale TSWI. 
However, by incorporating waste materials into permanent compounds, their 
interaction with the environment is diminished and, at the same time, the 
required landfill space is radically reduced. 

2 Description of pilot scale TSWI 

Two-stage incineration technology shares the common idea of two divided 
chambers. The primary goal was to create even better and environmentally 
friendlier devices that will produce lower toxic emissions of particles and gases. 
This technology is today technically feasible and economically comparable with 
mass burn incinerators in MSW treatment. Figure 1 schematically shows the 
pilot scale TSWI used in this research work. 
 

 
 

Figure 1: Schematic presentation of pilot scale TSWI. 

In general TSWI should provide better combustion leading to a lower release 
of volatile organic compounds and carbon monoxide. In addition, the low air 
flow in the primary chamber results in lower entrainment of particulate matter in 
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the flue gases, which in turn reduces other particulate-borne pollutants such as 
heavy metals, dioxins and furans. In practice the two-stage combustion 
incinerator relies on semi-pyrolysis, based on sub-stoichiometric combustion of 
the waste in the primary chamber, and excess air in the secondary chamber, 
together assuring good combustion conditions, low emissions and lower 
consumption of added fuel, if necessary. The waste is combusted by the 
insufficiency of air providing incomplete combustion and, therefore, there are a 
high proportion of incomplete combustion products, which pass through to the 
second stage, where they finally burn out. In the primary chamber warming, 
drying and semi-pyrolitic gasification of the waste at temperatures from 800 to 
1050 K take place, and in the secondary combustion chamber mixing of the 
volatile gases with air, ignition and complete combustion at temperatures up to 
1550 K occurs. Relatively low entrainment of particulate matter in the first stage 
and a complete combustion condition in the second stage result in less – polluted 
raw gases. Consequently, the flue gas-treatment devices are less demanding, 
cheaper and produce less residues than standard MBGI. The quantities of total 
dust and some toxic pollutants in raw gas for different types of incinerators are 
given in Table 1 as an example. It can be seen that MBGI’s produce many more 
pollutants than optimized TSWI. In the worst case scenario MBGI’s produce 
more than two orders of magnitude more pollutants than TSWI, also causing 
higher amounts and more contaminated flue gas-treatment residuals. 

Table 1:  Emission’s comparison of untreated flue gases from standard 
MBGI and optimised TSWI 

Parameter/ 
Substance TSWI MBGI [16] MBGI [17] 

Total dust 10 44 2000 – 
15000 2000 – 6000 

CO 50 7.5 50 – 600 20 – 500 
TOC 10 1.6   
SO2 50 10 200 – 800 300 – 600 
NOx 200 60 200 – 400 200 – 600 
HCl 10 18 400 – 1500 500 – 1200 
HF 1 0.28 2 – 20 1 – 10 
PCDD/F 0.1 0.0025 - 1 – 10 
NOTE: All concentrations are expressed in (mg/Nm3), except PCDD/F which 
are expressed in (ng TE/m3) 

 
It should be noted that the results for TSWI were achieved after a special 

optimisation process of the major operating conditions (i.e. amounts of air, 
temperatures, residence time, grate moving frequency, etc.). TSWI optimisation 
was divided into two parts. Firstly, the optimisation of combustion conditions in 
the primary chamber to produce the desired quality of bottom ash, and secondly 
the optimisation of conditions in the secondary chamber to achieve complete 
combustion of the volatile gases coming from the primary chamber.  
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In the primary chamber optimisation was the incineration residuals’ oriented 
optimisation of the process parameters. The basic idea of substoichiometric 
conditions, relatively low temperatures and legislative demand for ash quality 
was retained at all times. The waste input stream for the presented investigation 
was the light fraction of MSW as mentioned previously in introduction. It is a 
waste fraction with a relatively high heating value of about 18 MJ/kg and mostly 
involves paper, chard board, wood, different sorts of plastics and textiles, 
representing approximately 50% of total MSW stream. Optimisation peak was 
achieved with the lowest possible temperature of 850 K and only 70% of the 
theoretically needed air for complete combustion in the primary chamber. Low 
temperatures and small amounts of oxygen did not allow most of the toxic heavy 
metals to leave the primary chamber and they remained in the bottom ash.  

The composition of the IBA and the presence of toxic metals are directly 
dependent on the input waste’s composition and also the incinerator’s operating 
conditions. These factors have a direct influence on the IBA’s quality and 
composition, also determining its utilisation possibilities. However, from a 
technical stand point more work could be done on operating condition 
optimisation, and incineration technology. The waste composition on the other 
hand depends strongly on legislative demands and population habits. 

The second part for the optimisation of pilot scale TSWI operation was 
conducted with the help of a CFD programme package named CFX. The 
operating conditions and secondary and tertiary air flows of second combustion 
chamber were investigated and optimised, in order to achieve complete 
combustion conditions. The so-called 3T parameters (temperature, 
turbulence/mixing and residence time) were examined and optimised to achieve 
homogenous temperature filed (minimise regions of lower temperatures), 
increased mixing efficiency of air and volatile gases, and ensure proper residence 
time. Corrections were made to the design and operating conditions of secondary 
combustion chamber based on broad computer analyses. The results of a 
complete numerical combustion modelling optimisation of the secondary 
combustion chamber were tested on the existing waste incinerator and produced 
the expected good results. The raw gas emissions of this optimised combustion 
chamber are presented in Table 1. The emission results for the carbon monoxide 
prove that combustion is practically complete. More detailed results and 
discussion can be found in the literature [9]. 

3 Experimental set up 

The study was performed with IBA from pilot scale TSWI only, operating under 
optimised conditions for the primary and secondary chambers. The binding 
abilities of the IBA from the primary chamber were investigated and an 
acceptable level of IBA in the total binder was determined and consistency, 
density and strength were studied.  

The IBA’s binding abilities were tested according to the standard EN 196-1 
[10]. Specimen mixtures were prepared with 450 g of binder and 225 g of water, 
giving a water/binder (W/B) ratio of 0.5. The aggregate mass of 1350 g was 
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quartz sand with grain sizes from 0 to 2 mm in accordance to EN 196-1 standard 
requirements. Pure cement designated as CEM I 42.5 R was used as binder for 
the preparation of a reference mixture. The standard EN 197-1 [11] prescribes 
Portland cement with a designation CEM I 42.5 R with at least 95 wt% of clinker 
minerals, having a compressive strength of at least 42.5 MPa after 28 days but 
not exceeding 62.5 MPa. R stands for the rapid development in strength during 
the early stage of hydration. Subsequent specimen mixtures were made with a 
binder which consisted of cement and IBA. The weight per cent of IBA in the 
total binder varied from 5 to 40 wt%. Originally the IBA taken from TSWI was 
in the form of flakes with sizes from 1 to 20 mm. It was ground using a ball mill 
and sieved through a 90 µm screen in order to obtain a suitable granular 
composition. The sizes and shapes of the IBA particles depend on the 
incineration process, as previously discussed. Literature [5] reported that the 
particles of IBA were rather globular in shape with sizes from 4 to 20 mm and 
other work [12] reported more than 37% of IBA was over 4.76 mm. The 
composition of IBA and CEM I 42.5 R was determined by X-ray diffraction 
(Table 2). Table 2 also presents the composition of some other IBA-s from 
different MBGI’s. The presented results show that TSWI IBA is superior in 
terms of composition resemblance to cement when compared to other results 
from literature [6, 13]. 

Table 2:  Chemical composition of cement CEM I 42.5 R and IBA from 
TSWI and other MBGI’s  

Content (wt. %) Oxide 
CEM I 42.5 R IBA (TSWI) MBGI IBA [6] MBGI IBA[13] 

SiO2 22.3 24 41.13-56.99 41.2 
Al2O3 5.83 14.8 9.2-11.35 12.7 
Fe2O3 2.17 2.7 3.97-8.61 7.6 
CaO 60.81 39 13.22-19.77 16.1 
MgO 2.82 1.7 3.46-3.85 1.9 
Na2O 0.34 0.9 2.84-5.87 2.8 
K2O 0.72 0.2 1.35-1.57 1.0 
SO3 2.75 - - - 

 
Nine specimens of size of 40 mm x 40 mm x 160 mm were cast from each 

mixture. They were kept in a mould for 24 hours. They were then stored in a 
100% moist environment at 22 ± 2ºC. Specimens were tested for flexural and 
compressive strength after 2, 7 and 28 days respectively. 

The bulk density of the gravel with a granular composition was 1906 kg/m3. 
The referenced concrete mixture was designed to reach a compressive strength of 
40 MPa. Fresh concrete was tested for its workability. Namely, the quality of 
casting and compacting depends on it and, thereby, workability has a significant 
impact on the strength and durability of the concrete. There is no widespread 
standard test available for workability, which is best defined as the amount of 
useful internal work necessary to produce full compaction [14]. Thus, the slump 
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of a concrete cone is often measured and the term consistency is used to describe 
this property. After executing the standard slump test for the purpose of this 
experiment, six cubical specimens with edge lengths of 100 mm were cast from 
each mixture. Specimens were taken out of the mould after 24 hours and kept in 
a 100% moist environment at 22 ± 2ºC. Compressive strength was determined 
after 7 and 28 days. 

4 Results and discussion 

The dependence of flexural and compressive strengths on the content of IBA is 
given in Figures 2 and 3. A linear decrease in both flexural ff (Figure 2) and 
compressive fc (Figure 3) strengths was observed. Hence, the following 
relationships were applied: 
 
 ff = ff0 – kf C (1) 
 
 fc = fc0 – kc C (2) 
 
where C is the wt% of IBA in the binder, ff0 and fc0 denote the strength of the 
reference mix (without IBA), whereas the slope of the straight line denoted by kf 
and kc represents the reduction rate of strength. Values of all parameters after 2, 
7 and 28 days are summarised in Table 3. Since the hydration of cementitious 
materials is a time – dependent process which can last up to several years, it was 
expected that the values of ff and fc would increase with elapsed time. Also, it is 
interesting to observe that the values of kf and kc decreased with time. This leads 
to the conclusion that IBA develops strength in the later stage of hydration 
compared to CEM I 42.5 R. A possible reason for this observed behaviour is that 
the temperature in the primary chamber is too low for the formation of alite 
(3CaO·SiO2). It is an essential compound for the strength of concrete in the early 
stage of the hydration process. Furthermore, the quantity of CaO is insufficient 
compared to cement, for the formation of all cementitious compounds. 

Parameters defining the bottom ash (IBA) wt% in the binder having 
an influence on flexural and compressive strength. ff0 and fc0 denote 

fig 2 and 3 (eqn (1) and (2)) are denoted by kf and kc. 

Flexural Compressive Time 
(days) ff0 (MPa) kf (MPa/%IBA) fc0 (MPa) kc (MPa/%IBA) 
2 4.03 0.054 28.48 0.352 
7 6.57 0.051 38.96 0.269 
28 8.13 0.028 52.14 0.230 
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Table 3:   



 

f f,2 = 4,0295 - 0,0543Cp

f f,7 = 6,5665 - 0,0506Cp

f f,28 = 8,1268 - 0,0283Cp
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Figure 2: Flexural strengths of cement after 2, 7 and 28 days regarding 

incinerator bottom ash portion 
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Figure 3: Compressive strengths of cement after 2, 7 and 28 days regarding 

incinerator bottom ash portion 

Standard EN 197-1 [11] sets two acceptance conditions for the compressive 
strength of cement CEM I 42.5 R: 
 

• after 2 days it should be at least 20 MPa, 
• after 28 days it should reach at least 42.5 MPa but should not exceed 

62.5 MPa. 
 

Results show that the early strengths are affected more when increasing the 
wt% of IBA in the binder. Thus the first above condition is more essential. 
Hence, the maximum content of IBA in the total binder calculated by eqn. (2), 
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which still satisfies the second condition, is about 25 wt%. Taking into account a 
safety factor of 0.7, the acceptable level of IBA in the binder was established as 
15 wt% and was further applied for the study of concrete. 

The consistency was investigated using the slump test. The concrete with no 
IBA had a slump of 105 mm and the one with 15 wt% IBA had a slump of 
55 mm. Interestingly the slump is significantly reduced when the binder contains 
15 wt% of IBA. In general, lower slump should result in poorer workability, so 
one would expect lower density for such concrete mixtures. The results for the 
concrete mixtures’ densities again display an interesting fact. The concrete 
density of cement is only 2310.7 kg/m3 and 2324.8 kg/m3 with 15 wt % of IBA. 
When the binder contains cement as well as IBA, the density of the concrete is 
unaltered although the slump is reduced.  

The compressive strengths of concrete mixtures after 7 days are 31.6 MPa 
with no IBA content and 34.7 MPa with 15 wt % of IBA. After 28 days the 
compressive strength raises to 40.6 MPa (0 wt% IBA) and 43.4 MPa (15 wt% 
IBA). Although it was established that when IBA represents 15 wt% of the 
binder, flexural strength is reduced by approximately 10%, this was not generally 
observed in concrete specimens when the compressive strength was investigated. 
The compressive strengths of the mixtures with pure gravel aggregate even 
increased when IBA was used – surprisingly even after 7 days.  

5 Conclusion 

IBA composition and the presence of some hazardous components depend 
strongly on input waste composition and incinerator operating conditions. 
Furthermore, incineration technology (i.e. MBGI, TSWI, fluidised bed 
incinerator, etc.) can additionally influence IBA quality and composition, also 
determining its utilisation possibilities.  

It was found that IBA, formed in the primary chamber of TSWI when it has 
been fed by light MSW fraction, involves the same significant components (i.e. 
SiO2 and CaO) and comparable amounts as cement. Therefore, the feasibility of 
its application in concrete as a cement supplement was investigated and it was 
found that after 28 days the flexural and compressive strength of the binder’s 
linearly gradually decreases. The presented results show that it is reasonable to 
use a binder containing IBA where a lower strength of concrete elements is 
required 

Supposing that all MSW light fraction in Slovenia is incinerated with similar 
TSWI technology to that used in the experiment, then around 5·104 tons of IBA 
would be produced per year. About 4·104 tons of IBA or 80% of IBA could be 
re-used for the production of concrete with a characteristic compressive strength 
of 40 MPa or less by supplementing 15 wt% of cement with IBA. This would 
reduce the landfill space required by about 7·104 m3. 
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