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Abstract
Purpose: This study evaluates the potential of biomass ash as raw clinker material and the influence of biomass feedstock 
and thermal conversion technology on biomass ash properties. Methods: A set of criteria for biomass feedstock and ash 
properties (i.e. CaO/SiO2 ratio and burnability) are established. A large dataset was collected and the best combination of 
biomass feedstock and conversion technology regarding the desired ash quality was identified. Results: Wood biomass has the 
highest potential to provide the right CaO/SiO2 ratio which is needed to form clinker minerals. Bark content and exogenous 
Si inclusion in wood biomass have a large influence on the CaO/SiO2 ratio. Paper sludge is composed of Ca, Si and Al and 
can potentially serve as a source of cement elements. Wood fly ash from pulverized fuel combustion can substitute a consid-
erable amount of raw clinker materials due to its similar burnability. The replacement ratio is determined by the content of 
adverse elements in the ash (i.e. MgO2 and P2O5). Conclusion: Using biomass ash to lower the CO2 emission from clinker 
production depends on the joint effort of bioenergy producers, by providing higher quality biomass ash, and cement makers, 
by adapting the kiln operation to enable a high level of raw material replacement by biomass ash. The presented evaluation 
of the ash production chain, from biomass selection through combustion technology and ash management, provides new 
insights and recommendations for both stakeholders to facilitate this sustainable development.

Graphic Abstract

Extended author information available on the last page of the article

http://orcid.org/0000-0002-4659-9923
http://crossmark.crossref.org/dialog/?doi=10.1007/s12649-020-01339-0&domain=pdf


	 Waste and Biomass Valorization

1 3

Keywords  Biomass ash · Clinker · Raw clinker materials · Cement · Biomass combustion

Statement of Novelty

Biomass ash could represent a valuable source of inor-
ganics able to substitute those already used in the cement 
industry so to avoid the exploitation of new natural 
resources and reduce the CO2 emissions from cement 
manufacturing. Unfortunately, nowadays biomass ash is 
mainly landfilled as waste. Several researchers have stud-
ied options to use biomass ash residue in cement focus-
ing on already existing biomass ash or case studies of a 
specific ash stream. This study proposes a novel approach 
based on a large dataset to evaluate beforehand the poten-
tial of biomass ash as substitute for traditional cement 
materials. The results can support the cement industry and 
bio-energy plant operators to find innovative solutions for 
the re-use of this increasingly important waste material.

Introduction

Saving energy and conserving natural resources, as well as 
reducing CO2 emissions and managing wastes are becom-
ing more and more important measures to enable a transi-
tion towards a circular economy. The cement industry, as 
one of the largest CO2 emitting anthropogenic activities, is 
an important sector that can make a major contribution to 
these goals. According to Habert et al. [1] around 920 kg 
CO2/ton clinker is released during the clinker production 
process and it has been calculated that the same process 
accounts for 5–8% of the total anthropogenic CO2 emis-
sions [2]. During years, the cement industry has increased 
its efforts to lower CO2 emissions, including: (i) improv-
ing the energy efficiency of the kilns; (ii) replacing fos-
sil based fuels with alternative energy sources (such as 
animal residues, sewage sludge and waste oil); (iii) sub-
stituting the traditional Portland cement with secondary 
cementitious materials, such as blast furnace slags and 
coal combustion fly ash [3]. Using fly ash from coal and 
biomass co-combustion in blended cement is a consoli-
dated practice in Europe due to the pozzolanic proper-
ties of such ash [4–6]. Usually, biomass ash differs from 
coal ash. The high contents of alkali metals and chlorides 
make pure biomass ash often unsuitable for the established 
applications of coal fly ash following the EN-450 stand-
ard. Hence, most of the biomass ashes are still disposed 
of in landfills in many countries [7]. Extensive research 
has been conducted to characterize biomass and biomass 
ash with the main objectives of (i) understanding the ash 
formation process and predicting slagging, fouling and 

agglomeration phenomena during biomass combustion 
[8–13], and (ii) finding suitable applications for already 
existing biomass ash [14–17]. With respect to biomass 
ash reuse, utilization of woody biomass ash as a partial 
cement replacement has been progressively investigated 
[18–21]. General findings are that replacing 10–20% by 
mass of Portland cement with biomass ash has relatively 
little effect on plastic and elastic behaviour of the final 
product [22]. Incorporating high percentages of wood 
ash (i.e. up to 40% by mass) as a partial cement replace-
ment material in the formulation of concrete mix reduces 
mechanical strength (compressive, flexural and splitting 
tensile strength) of concrete [20]. It should be noted that 
the chemical and physical properties of woody ash and 
thus the effect when incorporated into the concrete mixture 
can vary greatly. Several researchers have investigated the 
use of agricultural waste ashes as constituents in concrete, 
including rice ash [23, 24], bagasse ash [4] and palm oil 
ash [25, 26]. Those agro-waste ashes, containing a large 
amount of silica in amorphous form, have been shown 
to hold potential for use as pozzolanic material replac-
ing cement. The available literature reflects the current 
situation in which energy production from biomass is the 
primary intention and ash utilization is often neglected. In 
fact, it is common practice to postpone the assessment of 
ash utilization options until the installation is running. The 
major reasons for that practise might be found in the vari-
ation of biomass ash composition and the generally avail-
able option of landfilling of the ash. Recently, due to the 
development of new concepts such as the circular economy 
and the environmental and economic benefits that may be 
obtained from its beneficial reuse, biomass ash is starting 
to be seen as an integrated part of the biomass energy pro-
duction chain and some studies have explored also oppor-
tunities to replace a portion of cement raw materials with 
waste and by-products from other processes. Biomass ash 
contains functional elements such as calcium, silica, alu-
mina and iron that can be used to replace raw materials 
such as clay, shale and limestone [27, 28] or as secondary 
cementitious material (SCM), when used in conjunction 
with traditional ordinary Portland Cement (OPC). Even 
though biomass ash has been recognized to have potential 
as a by-product to be used in cement manufacturing, there 
is still no generally-applicable guidance on (1) the prop-
erties that make a biomass ash suitable for application in 
cement, (2) the available options to use biomass ash for 
that purpose (e.g. as raw material in the traditional cement 
kiln, or as secondary cementitious materials), and (3) spe-
cific biomass ash properties that control the suitability of 
the ash for the different application options. Moreover, the 
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existing literature generally addresses site specific case 
studies, often dealing with a single ash stream from a spe-
cific power plant and geographical region [27, 29], rather 
than general application principles.

The aim of this work was to evaluate the influence of 
biomass composition and thermal conversion technology to 
obtain biomass ash properties that enable its functional use 
as a raw clinker material. A stepwise approach and criteria 
have been developed to investigate the potential for forma-
tion of the required hydraulic C3S and C2S minerals from a 
combination of suitable biomass feedstock and thermal con-
version systems. First, the optimum content of the required 
inorganic elements in the feedstock was investigated by 
reviewing a large state of the art database that allowed data 
selection based on the nature and chemical composition of 
biomass. Next, a second database was used to evaluate the 
ash properties as influenced by both feedstock and thermal 
conversion systems in full scale installations. A typical raw 
clinker composition was taken as reference. The potential 
for the formation of the main clinker minerals C3S and C2S 
was assessed by calculating the burnability of the biomass 
ash. Data from previous reheating experiments with three 
different ash samples were reviewed to verify the effective-
ness of the theoretical criteria to predict burnability values 
of biomass fly ash and verify the potential formation of C3S 
and C2S minerals. The assessment covers the biomass ash in 
its “as received” form (i.e. as would be collected from com-
bustion facilities) and after a reheating step to simulate its 
utilization as raw clinker material in modern cement kilns. 
Traditional biomass combustors seldomly reach the required 
clinkerization temperature and, as we will show, biomass ash 
would most likely need a subsequent heating step to form 
clinker minerals. Moreover, biomass ash is most likely to be 
used in conjunction with other raw and/or waste materials 
in traditional kilns.

With regard to the perspective of partial replacement of 
raw clincker materials by biomass ash to enable cement pro-
duction with a lower carbon footprint, a qualitative indica-
tion on the amount of CO2 avoided could be obtained by 
using the IPCC calculation [30]. The IPCC has proposed 
an equation to calculate the Environmental Footprint (EF) 
of the clinker, based on the CO2 emission factor per mass 
of CaO contained in the clinker. The EF clinker is equal to 
0.785 multiplied by the CaO content (mass fraction) in the 
clinker. The multiplication factor (i.e. 0.785) is the molecu-
lar weight ratio of CO2 to CaO in the original raw mineral 
calcite (CaCO3), from which virtually all the CaO in clinker 
is derived. If it is known that other sources of CaO are being 
used as kiln feed (i.e. biomass ash) in substantial amounts, 
the CaO contribution of these non-carbonate feeds should be 
subtracted from the clinker, thus resulting in a proportionally 
lower carbon footprint of the clinker. The premise in this 
work is that biomass ash with burnability values very close 

to those of traditional raw clinker materials can in principle 
substitute traditional raw materials, theoretically up to 100%.

It is important to note that, eventhough the proposed inte-
grated approach presented in this work may seem straight-
forward to adopt, it is still complicated to realise for several 
practical reasons. According to the recent reports of IEA 
[7], the estimated generation of biomass ash from the power 
generation facilities amounts globally to about 10 million 
ton per year and the availability is highly dispersed. Moreo-
ver, the biomass input is optimized for energy production 
purposes, rather than biomass ash quality/reuse options. 
However, the results of this work remain relevant to provide 
practical indications on how to evaluate the suitability of 
biomass ash properties for cement clinker production and on 
how those are influenced by feedstock and thermal conver-
sion technology. The functionality of an ash as raw material 
for clinker production depends on chemical, mineralogical 
and physical properties. The factors with a profound influ-
ence on these properties are biomass feedstock, conver-
sion technology and thermal conversion parameters (i.e. 
residence time and temperature). This evaluation will cover 
the ash production chain from biomass selection through 
combustion technology and ash management. Chemical and 
physical parameters with a beneficial influence on proper-
ties of biomass ash that are required for its utilization as raw 
clinker material will be identified, and the extent to which 
these properties can be controlled to obtain ash with a high 
application potential will be assessed.

Biomass Ash as Raw Clinker Material

The suitability of a biomass ash to replace raw clinker mate-
rials is related to its chemical and mineralogical composition 
as well as to its physical properties. These properties are 
influenced by biomass feedstock, type of combustion tech-
nology and management of the ash. Taking these properties 
into account, a stepwise flowchart is proposed here (Fig. 1) 
to evaluate the biomass ash potential for replacement of raw 
clinker materials. A typical raw clinker material composition 
[31] was used to establish a set of criteria for each step of the 
method. The major oxides composition of the reference raw 
material for clinker production is: 64.4 mass % CaO, 20.1 
mass % SiO2, 6.3 mass % Al2O3 and 2.4 mass % Fe2O3 [31].

The first step of the method evaluates the potential of 
biomass feedstock as a source of inorganic elements that 
can be recovered in the ash fraction and potentially form the 
hydraulic minerals C3S and C2S. This evaluation is made 
by comparing the biomass feedstock composition with the 
optimum CaO/SiO2 ratio of three in the typical raw clinker 
material. Al2O3 and Fe2O3 contribute to lowering the melt-
ing temperature of the raw material, which promotes the pro-
duction of C3S from the reaction between C2S and unreacted 
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CaO in the kiln. The sum of Al2O3 and Fe2O3 should equal 
9% by mass. In this step, the adverse elements concentration 
does not yet preclude the selection of potentially suitable 
biomass feedstock.

The biomass ash composition, mineralogy and physical 
properties are also affected by the combustion technology, 
gas cleaning technology and by the management of different 
ash streams after combustion. Therefore, the second step of 
the method evaluates the influence of the thermal conversion 
system on the resulting physical and chemical ash properties 
(Fig. 1). The particle size distribution and homogeneity of 
the raw material are known to affect the formation of mineral 
phases [32, 33]. An insufficient homogeneity could poten-
tially lead to the formation of other than the desired clinker 
phases. To prevent this effect, the traditional raw material 
is normally ground to obtain a particle size distribution 
between 45 and 150 µm [33]. This range was also used as a 
criterion to ensure homogenity of the biomass ash (Criteria 
2, Fig. 1). Using biomass ash to substitute traditional raw 
clinker materials also requires control of the major oxides 
content (CaO, SiO2, Al2O3 and Fe2O3). Therefore, the con-
tent of major oxides is directly compared to the typical raw 
clinker material composition [31] as given in Fig. 1. Theo-
retically, a biomass ash with the mentioned chemical and 
physical requirements can form the hydraulic minerals C3S 
and C2S at a temperature of 1450 °C. However, there are also 
other parameters that need to be in a defined range to ensure 
an optimal formation of these minerals, usually referred to 
as the so-called burnability parameters (i.e. step three of the 
flowchart).

The burnability of a raw mix represents the concentra-
tion of free lime (unreacted CaO) that is still present after 
clinkerization. Low free lime concentrations in the final 
clinker product indicate that a substantial part of the CaO 
has reacted with SiO2, Al2O3 and Fe2O3 to form the main 
clinker phases C3S, C2S, C3A and C4AF. The burnability 
is defined by 3 empirical parameters. The Lime Saturation 
Factor (LSF, Eq. 1) is used to quantify the amount of CaO 
in the raw material that can be combined with SiO2, Al2O3 
and Fe2O3 to form the main clinker phases. Typical LSF 
values for modern clinkers are 0.92–0.98 [32]. The silica 
ratio (SR, Eq. 2), usually between 2 and 3, indicates the 
optimum amount of liquid phases to ensure an efficient 

mineral formation at acceptable temperatures and time. The 
alumina ratio (AR, Eq. 3) is normally between 1 and 4 and 
expresses the ratio between the aluminate and ferrite phases. 
This ratio affects the quantity and quality of liquid and the 
temperature at which it is formed. Burnability values close 
to those observed for traditional raw materials as reported in 
Fig. 1 indicate a high replacement potential of biomass ash if 
introduced together with traditional raw materials.

Finally, the presence of Na2O, K2O, Cl, SO3 (expressed 
as the A/S ratio, Eq. 4), MgO and P2O5 in the biomass ash 
is considered in order to assess the potential of an excessive 
inclusion of these adverse elements into the clinker phases 
and the negative effects that might be connected to such 
inclusions. Generally, the presence of alkali metals and sul-
phur leads to a gradual deterioration of the cement quality 
because of cracking, expansion or loss of strength whereas 
chloride is associated with corrosion phenomena. The alkali/
sulphur ratio (Eq. 4) is used to balance the total input of 
alkali, sulphur and chloride in raw materials that enter the 
cement kiln. If present in the right stoichiometric balance, 
K, Na, S and Cl are considered to be entirely volatile in the 
cement kiln as alkali chlorides and alkali sulphates. If not, 
they might be included into clinker phases where they can 
have the adverse effects described above. In this context, an 
alkali sulphur ratio (A/S) between 0.8 and 1.2 ensures a good 
clinker quality because most of the alkalis are stoichiometri-
cally bound in sulphates and chlorides that are mostly vola-
tized and will not be incorporated or in only minor amounts 
in the clinker phases.

Commonly, a small amount of MgO in the raw material 
lowers the melting temperature, thus increasing the quantity 
of the liquid phases formed and enhancing the formation of 
C3S phase. However, when MgO is present in the clinker 
with a content above 4–5% by mass it might form a mineral 
phase (i.e. periclase) that lowers the clinker quality. The 
inclusion of MgO into clinker phases depends mainly on 
clinkerization temperature and cooling rate. In this work, 
the total Mg content in the biomass ash is compared with the 
maximum desired total content in traditional clinker, which 
is mostly set to 4–5% by mass [31, 32, 34].

When P2O5 enters the clinker, it can hinder C3S formation 
during clinkerization [32, 35]. At 0.7% by mass of P2O5 in 
the clinker the C3S content decreases and C2S increases. At 
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Fig. 1   Flow chart for evaluating biomass ash suitability to replace 
raw clinker materials as influenced by biomass feedstock and ther-
mal conversion. A set of criteria is established for each step of the 
method (right side of the figure). The potential of clinkerization of 
biomass ash is assessed by means of parameters that are commonly 
used in a cement context (Criteria 3). Lime saturation factor (LSF), 
Silica ratio (SR) and Alumina ratio (AR) are indicative for the ability 
of a raw material mixture to form the active clinker phases upon heat-
ing. Alkali to sulphur ratio (A/S) indicates the potential presence of 
(undesired) alkali and sulphur into clinker phases
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a P2O5 content of 4.5% by mass in clinker the C3S forma-
tion is significantly hindered and the final clinker contains 
both free lime and C2S instead of C3S [35]. This 0.7–4.5% 
by mass range is taken as reference and indicates the lower 
boundary concentration (i.e. 0.7% by mass) at which no C3S 
reduction is observed and the upper limit (i.e. 4.5% by mass) 
at which C3S formation is completely blocked.

Material and Methods

Phyllis Database

The Phyllis two database was updated to the current version 
within the Phydades European project [36] with the goal of 
providing public and reliable information on biomass fuels 
and biomass ashes. The database contains almost 3000 data 
records of individual fuels including biomass and waste 
materials. The fossil-based fuels samples (e.g. electronic 
scrap, automobile shredder residues and cable waste) were 
excluded from the analysis because these are not CO2 neu-
tral and would therefore not contribute to lowering the CO2 
footprint of the proposed alternative cement. Samples were 
classified into three main categories; wood and woody bio-
mass (WWB), herbaceous and agricultural biomass (HAB), 
organic residues and contaminated biomass (OR-CB), each 
with sub-categories as reported in the Phyllis two database. 
This classification is based on a combination of plant physi-
ology and practical considerations. The concentration of 
elements in the biomass was expressed as total oxides in 

the dry ash fraction of the biomass feedstock. Although the 
partition and speciation of elements in the ashes during com-
bustion might change depending on the chosen conversion 
technology, this representation provides a first indication of 
the potential of biomass feedstock as a source of inorganic 
elements that can be recovered in the ash and potentially 
form the hydraulic minerals C3S and C2S. A triangular dia-
gram was created in order to show the concentration of ele-
ments in single biomass feedstock’s samples according to the 
groups and subgroups they belong to (Fig. 2).

ALLASKA Database

The ALLASKA database has been developed within the 
Ash Program at Värmeforsk [37] with the goal of develop-
ing knowledge to encourage the use of ashes, with no or 
little risk to health and environment in both the short and 
long‐term. The ALLASKA database contains information 
on geotechnical (111 samples) and leaching properties (322 
samples), chemical composition (772 samples), particle size 
(144 samples) and organic substances content (13 samples) 
of ash residues originating from the combustion of biomass 
and waste materials in full-scale power plants with differ-
ent types of boilers (102 installations). The data can be 
filtered according to different parameters such as fuel, ash 
and combustion system types. In this study, the ALLASKA 
database analysis was limited to those ashes obtained from 
the combustion of biomass-based fuels. The ash composi-
tion was expressed as % of oxides contained in the total dry 
mass and the considered elements were CaO, SiO2, Al2O3, 

Fig. 2   Content of clinker 
forming elements in biomass 
feedstock. The typical clinker 
composition is reported as refer-
ence (black circle and parallel 
lines)
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Fe2O3, K2O, Na2O, Cl, SO3, MgO and P2O5. The data were 
collected along with information on the type of fuel com-
busted, plant nominal power, type of ash, ash collecting 
point, and cleaning system adopted, to allow assessment of 
the influence of the combustion technology on the result-
ing ash composition and its suitability for cement replace-
ment. In order to do so the content of cement forming oxides 

CaO, SiO2, Al2O3 and Fe2O3 in the dry ash was normalized 
to 100, plotted in ternary diagrams (Fig. 4) and compared 
with Criteria 2 (Fig. 1). Successively, the LSF, SR and AR 
parameters were calculated for the ash samples according to 
Eqs. 1–3 and plotted in a X-2Y axis graph (Fig. 5) in order to 
assess the theoretical burnability and investigate the poten-
tial of obtaining clinkerization of the ash mixture. Finally, 

Fig. 3   Content of elements 
with potential adverse effects 
on clinker compared to forming 
oxides

Fig. 4   Cement relevant oxides 
composition of fly ash (FA) 
from the ALLASKA database. 
The FA samples are grouped 
according to their conversion 
and biomass type. Samples 
named “Lime/CaCO3 additive” 
indicates fly ash collected from 
installations using lime/CaCO3 
as a SOX reduction measure 
(see text for more details). The 
dotted ovals denote three dif-
ferent clusters according to the 
CaO and SiO2 contents of the 
fly ash as influenced by thermal 
conversion and ash type. The 
typical clinker composition is 
reported as reference (black 
circle and parallel lines). All 
values are normalized to 100
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the A/S ratio was calculated for biomass ash according to 
Eq. 4. The molar ratio of alkali was corrected by subtracting 
the chloride content since alkali chlorides were considered 
to be completely volatile and therefore not included in the 
clinker phases. The corrected alkali molar content was plot-
ted against the molar sulphur content (Fig. 6).

Results and Discussion

Biomass Feedstock Composition

Figure 2 displays the content of CaO and SiO2 together with 
the sum of Al2O3 + Fe2O3 expressed as oxides % by mass of 
the total ash content for the different biomass groups, sub-
groups and specific samples. In Fig. 3 the content of adverse 
elements is plotted against the content of clinker forming 
elements for the biomass groups, subgroups and specific 
samples. Eventhough the adverse elements content does not 
preclude biomass selection in this step of the flowchart (see 
Criteria 1, Fig. 1), its concentration can be a preliminary 
indication of potential degradation of clinker quality.

A general observation from Fig. 2 is that the investi-
gated biomass groups WWB and HAB show two distinct 
and consistent CaO/SiO2 ratio distributions with WWB 
having an higher CaO/SiO2 ratio then the HAB group. 
Contrary, the CaO/SiO2 ratio of OR-CB group is more 
scattered. The average Al2O3 + Fe2O3 content of the WWB 
group is close to the optimal value of 9% by mass (Cri-
teria 1, Fig. 1), while the other biomass types (i.e. HAB 
and OR-CB) contain either a too low or too high content 
of Al2O3 + Fe2O3. The distribution of adverse elements 
content in Fig. 3 appears to be more dispersed than was 
previously observed for clinker forming elements (Fig. 2) 
and it is difficult to identify a consistent pattern among 
the different groups and subgroups. Samples belonging 
to the WWB group generally are located in the bottom-
left area of the triangular diagram meaning that the con-
centration of clinker forming elements is higher than the 
adverse ones. The HAB group is the most spread out, with 
a tendency to fall in the central area of the diagram. The 
concentration of adverse elements in the OR-CB group 
shows either very high alkali content and low Cl, P2O5 
and SO3 content (i.e. manure samples) or viceversa (i.e. 

Fig. 5   Burnability parameters of fly ash samples from different con-
version technologies. The Lime saturation factor (LSF) indicates the 
amount of CaO combined with other oxides to form clinker mineral 
phases. Silica ratio (SR) indicates the amount of liquid produced at 
relevant temperature. Alumina ratio (AR) indicates the quantity and 
composition of liquid phases at lower temperature. Each sample is 

plotted according to its LSF (X axis), SR (left Y axis closed sym-
bols) and AR (right Y axis open symbols). LSF, SR and AR values 
for typical clinker are indicated (open and closed blue symbols). The 
dashed squares in the diagram delimit regions in which the C3S and 
C2S minerals have potential to exist or have already been identified in 
previous work [44]
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sewage sludge samples). Specific samples of paper sludge 
(full blue circle in Fig. 3) show a remarcably very low 
adverse elements content comparing to clinker forming 
element concentrations.

When we look at subgroups and specific samples in the 
WWB group we see relatively low CaO/SiO2 and relatively 
high Al2O3 + Fe2O3 in the treated wood subgroup (open 
red symbols in Fig. 2), while the opposite is observed for 
the untreated wood subgroup (full red symbols in Fig. 2). 
This trend can be associated to the inclusion of Si-rich 
exogenous material such as sand, dust and concrete debris 
which is collected together with the treated wood and the 
presence of bark tissue in the untreated wood. The inclu-
sion of exogenous material is common for the treated wood 
subgroup and contributes significantly to Si, Al and Fe con-
centrations resulting in a lower CaO/SiO2 ratio and higher 
Al2O3 + Fe2O3 concentration [38] Fig. 2). Specific samples 
of the untreated wood subgroup might also be subject to 
exogenous inclusion especially wood samples coming from 
the maintainance of river banks or parks. Another important 
factor to take into account is the bark content of wood. Sam-
ples of pure bark belonging to the untreated biomass group 
are enriched in Calcium. Werkelin et al. [39] found the Ca 
content in bark to be 8 to 19 times higher than in the cor-
responding wood tissue. Samples of untreated wood might 
refer to wood with or without bark tissue, which can have 
an important influence on the CaO/SiO2 ratio (this informa-
tion is not always reported in Phyllis). Therefore, samples of 
bark or bark containing wood with low exogenous inclusions 
are expected to have the highest CaO/SiO2 ratio within the 
WWB group and can also reach the required ratio of three, 
thus being theoretically suitable for C3S formation.

The distribution of samples in Figs. 2, 3 suggests a good 
potential for the WWB group (i.e. bark samples or wood 
samples with high bark content and low exogeneous inclu-
sion) to contain clinker forming elements and therefore 
represent a good starting point in the chain to produce ash 
as substitute for raw clinker material. Contrary, selecting 
HAB group feedstock cannot produce ash with a suitable 
Ca/Si ratio, unless Ca is added from an external source, and 
would potentially decrease the quality of clinker due to the 
high adverse elements content. Within the OR-CB group, 
the paper sludge samples have a very high concentration of 
Ca, Si and Al along with very low concentrations of adverse 
elements, thus making this biomass feedstock very interest-
ing as a source of cement forming elements.

Biomass Ash Composition

Following Criteria two as defined in the evaluation method 
(Fig. 1), bottom ash from all installation types was excluded 
from further consideration. In fact, bottom ash represents the 
main ash stream produced from a grate stoker furnace with 

about 90% by mass of the total ash content of the biomass 
ending up in this fraction. All ALLASKA bottom ash sam-
ples from grate stoker installations show an average passing 
percentage of 13% for a 125 µm, and 20% passing for a 
250 µm mesh size, indicating its coarse nature. Furthermore, 
this ash fraction is generally very heterogeneous in composi-
tion [40]. Therefore, bottom ash from grate stoker combus-
tion was excluded from further consideration. Bottom ash 
from fluidized bed combustion represents about 30 to 50% 
by mass of the total produced ash. This ash fraction is often 
called bed ash because it is mainly composed of bed parti-
cles (often quartz sand) coated with alkali oxides, depending 
on the alkali content of the fuel and the operating tempera-
ture. No particular variation in the composition of cement-
relevant oxides was observed for bottom ash from fluidized 
bed combustion, with SiO2 being the dominant component 
in all samples with an average value of 65–70% of the total 
ash by mass. Bottom ash from fluidized bed combustion is 
very similar in chemical and mineralogical composition as 
well as in physical properties to sand. It can be applied in the 
same way as sand is already applied in the building industry, 
but is also considered not suitable for replacement of raw 
clinker materials in cement.

Fly ash is the main component of the total produced 
ash during fluidized bed combustion (around 50 to 70% by 
mass of the total ash content) and pulverized fuel combus-
tion (> 90% by mass of the total ash content). About 80% 
and 96% of fly ash from fluidized bed and pulverized fuel 
combustion, respectively, passes a mesh size of 125 µm. The 
particle size distribution of these ashes is very similar to that 
of raw cement materials. At this particle size a high level 
of homogeneity is expected and no additional grinding is 
required if fly ash from fluidized bed and pulverized fuel 
combustion is used as raw material for cement production. 
Therefore, compositional data of biomass fly ash from bub-
bling fluidized bed (BFB), circulating fluidized bed (CFB) 
and pulverized fuel (PF) combustors were retrieved from 
the ALLASKA database following the method described 
in Sect. Mineral composition and thermal treatment of 
selected biomass ash. Figure 4 shows the concentration of 
CaO, SiO2 and the sum of Al2O3 and Fe2O3 of the different 
biomass fly ash samples. The samples are grouped accord-
ing to their combustion technology, biomass fuel and ash 
stream types. Criteria two for biomass ash composition to 
replace raw clinker material is reported as reference (black 
circle in Fig. 4).

A general observation is that the variation of CaO (i.e. 
6% < CaO < 86%) and SiO2 (i.e. 9% < SiO2 < 82%) concen-
trations is very high for biomass ashes, while the sum of 
Al2O3 and Fe2O3 is showing a substantially smaller variation 
of about 6–30%. The average Al2O3 + Fe2O3 concentration 
in the biomass samples is about 10–15% and close to the ref-
erence (Criteria 2, Fig. 1). The type of biomass combusted 
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or the combustion technology adopted does apparently not 
have a major influence on the resulting Al2O3 + Fe2O3 con-
centration. However, the speciation and morphology of these 
oxides may still be different. From Fig. 4 three clusters have 
been indicated to distinguish important aspects related to 
the conversion system that influence the resulting CaO and 
SiO2 content in the ash:

Cluster 1 SiO2 ≫ CaO is represented by ash with high 
SiO2 (> 65%) and low CaO contents. All the samples col-
lected from cyclones that are used to capture the relatively 
coarse fractions during the flue gas cleaning belong to 
Cluster 1. This fraction is composed mostly of the coarse 
fragmented bed particles and the exogenous material (e.g. 
particles of soil and dust from the feedstock), thus explaining 
the high SiO2 content of this fraction compared to the filter 
and ESP ash. The samples of BFB_Wood and CFB_Mixed 
bark_paper sludge which are also found in the cluster 1 
area are assumed to be either cyclone ash or to have been 
mixed with a cyclone ash fraction since no further informa-
tion could be retrieved from the ALLASKA database. The 
cyclone fly ash fraction should be collected separately from 
the fine filter ash fraction in order to avoid dilution of Ca 
and enable application of the latter in cement production (as 
further discussed below).

Cluster 2 SiO2 ≈ CaO Is characterised by comparable 
values of SiO2 and CaO, with SiO2 still being the prevailing 
element. This condition is common for most of the investi-
gated fly ash samples from both BFB and CFB and is related 
to inclusion of fragmented bed particles and exogenous inert 
material introduced during processing of the biomass. The 
particle size, density and volume of the bed material in the 
installation is controlled by the operator and fairly constant. 
On the other hand, the properties of the exogenous inert 
material introduced during processing of the biomass are 
more heterogeneous and can influence the SiO2 content of 
the fine fly ash fraction. In fact coarse exogenous material 
can still be sufficiently small to be entrained with the flue 
gas and to reach the fine ash fraction, influencing its com-
position. Tarelho et al. [38] measured the average particle 
size of exogeneous material and found that 67% by mass is 
below 500 µm concluding that part of these particles can be 
entrained with combustion flue gases and, successivly, be 
collected in the cleaning gas section. These results indicate 
that careful handling and processing of biomass by avoid-
ing the inclusion of soil, dust and other inert materials can 
reduce the amount of silicon ending up in the fine ash frac-
tion, thus improving the quality of the ash in terms of its 
CaO/SiO2 ratio.

Cluster 3 CaO/SiO2 suitable for C3S and C2S formation is 
represented by ash with high CaO (> 55–60%) and relatively 
low SiO2 contents. Samples from PF_wood combustion and 
CFB_mixed bark_paper sludge are found in this part of the 
diagram with a relatively low variation in composition. 

PF_wood samples show more variation compared to CFB_
mixed bark_paper sludge that falls in a more confined area 
of cluster three. This observation can be explained by the 
fact that a specific residue stream such as de-inking sludge 
or fibre sludge is expected to maintain a stable composi-
tion over time as a result of the industrial treatment process. 
Moreover, the paper sludge has a high ash content and its 
chemical composition dominates the resulting ash compo-
sition when paper sludge is co-combusted with other fuels 
such as wood. This effect has been noticed at a co-combus-
tion level of 20% by mass of sludge [41].

The variation of fly ash from PF combustion is related to 
variations in the wood mixture that is used as fuel. The PF 
technology does not involve the use of bed material so inclu-
sion of extra Si is limited to the contribution from the exo-
geneous material only. Nevertheless, when a suitable wood 
composition (i.e. CaO/SiO2 ratio of three, see Criteria 1, 
Fig. 1) is combusted as PF, a final fly ash with high potential 
for clinker substitution can be obtained (Fig. 4, black full 
circle inside the reference).

Samples where lime or calcium carbonate are used for 
SOX emission reduction (Lime/CaCO3 Additive labelled 
samples in Fig. 4) can also be found in cluster number 
three. However, the variation is higher for these samples 
when compared to PF_wood combustion and CFB_mixed 
bark_paper sludge samples. Furthermore, when the Sulfur 
concentration in biomass is high, as is the case for sludges 
(Fig. 3), SOX emission is usually reduced by injecting alka-
line agents such as limestone/lime or NaOH. When lime-
stone or lime are used as alkaline agents, high SOX reduction 
efficiency can be obtained only through injecting the addi-
tive in stoichiometric excess. CaSO4 along with unreacted 
limestone/lime are then collected in the fine particle cleaning 
system (i.e. ESP or baghouse filter) [42]. The fly ash frac-
tion recovered after limestone or lime injection is therefore 
rich in Ca. However, this is often also associated with a high 
Sulfur content with potentially negative effects on clinker 
quality as described below.

Burnability of Fly Ash as Raw Material for Cement 
Production

Figure 5 shows the set of parameters that defines the burn-
ability of pure biomass fly ash, together with Criteria three 
(Fig. 1). This assessment has the aim to explore the potential 
of biomass fly ash to form the desired C3S and C2S phases 
during clinker formation. Although not specifically quanti-
fied in this study, biomass ash can also be added in mixtures 
with traditional raw materials to achieve the desired burn-
ability. A first observation is that a substantial number of 
biomass fly ash samples from FB combustion display LSF 
values between 0.1 and 0.4, which is significantly lower than 
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the reference (Criteria 3, Fig. 1). These low LSF values indi-
cate that insufficient CaO is available in the biomass ash to 
form C3S and C2S and, hence, these ashes have a low poten-
tial as clinker raw material replacement.

Samples of PF falling in the possible C3S range can form 
C3S and C2S in similar proportion to that observed in tradi-
tional clinker. These results indicate that the combination of 
Ca rich wood fuel combusted in a PF installation results in 
fly ash with similar chemical composition and burnability 
parameters as traditional raw clinker material. PF installa-
tions operate normally at 1400 °C, thus very close to clink-
erization temperature. However, the time during which fly 
ash is exposed to 1400 °C during pulverized combustion is 
within the order of seconds, which is supposed to limit the 
formation of liquid phases needed for CaO to react with 
C2S and form C3S. There is a good potential for C3S and 
C2S formation when this ash type is introduced in a kiln 
and exposed to the clinkering temperature for a longer time 
(typically 20 to 40 min). The calculated LSF, SR and AR 
parameters for PF_wood indicate a potentially high replace-
ment rate of traditional raw cement materials.

Biomass ash with a lower LSF and SR and AR ratios in 
the observed range (i.e. “possible C2S” region in Fig. 5) can 
still contain active phases such calcium silicate [12, 38, 43]. 
Segui et al. [44] for instance detected the presence of C2S 
mineral in fly ash from the combustion of a mixture of paper 
sludge and waste wood in a fluidized bed (LSF = 0.5, SR = 2, 
AR = 10, at 850 °C). Fly ash with LSF around 0.5 and up 
to 0.9 can potentially produce C2S and therefore still be rel-
evant as substituting raw material. The samples of fly ash 
from combustion of bark and mixed bark with paper sludge 
in a CFB installation have an LSF value between 0.6 and 
0.8. SR and AR parameters are very close to the reference 
Criteria three. Fly ash presenting a similar set of burnability 
parameters can contain C2S which is formed in a CFB at the 
operational temperature (900 °C–950 °C). The formation 
of C2S in a cement kiln is observed at temperature between 
900 °C and 1250 °C and can be basically attributed to the 
reaction between solid CaO and SiO2 particles. Calcium has 
to be supplied in its oxide form to ensure solid–solid reaction 
with SiO2 [33]. Calcium in bark is present mainly as calcium 
oxalate [45, 46] and is most likely released upon combustion 
in the form of ultrafine CaO particles. The same holds for 
de-inking paper sludge where Ca is present mainly as CaCO3 
which decomposes to CaO during combustion. Furthermore, 
Silica in quartz is less reactive during the clinkerization pro-
cess than Silica in clay [32], while de-inking sludge contains 
a high concentration of inorganics such as kaolin and clay 
which are used as coatings in the paper. Therefore, forma-
tion of hydraulic C2S minerals in fly ash is likely improved 
by the combustion of bark and/or de-inking paper sludge. 
The relatively low operational temperature of a fluidized bed 
(900 °C) avoids any liquid formation, and the formation of 

C3S during fluidized bed combustion is not expected. Since 
fly ash from bark and/or de-inking paper sludge is likely to 
contain already C2S in the ash, these materials could be used 
directly as a C2S rich binder added to traditional clinker. 
Alternatively, this ash type could still represent an important 
source of elements for clinker production if exposed for a 
sufficient time to the right temperature.

Mineral Composition and Thermal Treatment 
of Selected Biomass Ash

In this Section, the theoretical predictions made in 
Sects. Biomass ash as raw clinker material and Burnability 
of fly ash as raw material for cement production will be veri-
fied by the analysis of results from previous heating experi-
ment performed on real biomass ash samples.

Tosti et  al. [47, 48] selected three ash samples FA1, 
FA2, and FA3 from combinations of biomass source and 
conversion technology on the basis of the criteria described 
in Sect. Burnability of fly ash as raw material for cement 
production in order to study (i) the leaching of major and 
trace elements from raw biomass ash and cement products 
containing biomass ash (ii) to perform a technical and envi-
ronmental assessment of such cement products (iii) to evalu-
ate the sustainability of application of biomass ash in cement 
as an alternative to landfilling [49].

Carr [50] performed heating experiments on the same 
samples to study the potential formation of hydraulic miner-
als. Initially, the optimum firing temperatures were identified 
by measuring the temperature at which chemical reactions 
and mineralogical transformation occurred with digital scan-
ning calorimetry coupled with thermogravimetric analysis 
(DSC/TGS). Subsequently, the author placed the samples 
in a furnace (i.e. Carbolite), exposing them to the identi-
fied temperatures for different residence times (i.e. 1, 2, 4 
and 6 h) and at different ramping rates (i.e. 5 °C/min and 
10 °C min). Changes in mineral composition were detected 
by means of XRD analysis. Further details of the experi-
mental setup and XRD scans can be found in Carr [50]. 
Table 1 shows technical information on selected biomass 
ash, LSF, AR and SR factors, firing temperature and min-
eral composition before and after re-heating experiment. It 
should be noted that the experimental conditions reported 
in the present work are different from modern kiln condi-
tions. Therefore, results from the experiments serve the sin-
gle purpose to estimate the potential formation of C3S and 
C2S minerals in a set of samples selected on the basis of the 
criteria proposed in this paper.

Mineral composition of FA 1 is dominated by quartz 
with smaller amounts of calcite, arcanite, portlandite and 
lime. The composition confirms the hypothesis made in 
Sect. Biomass ash composition on the negative influence 
that inclusion of bed sand particles has on the FA as clinker 
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material. Clean wood was used as fuel and generally this 
feedstock is Ca-rich (see Sect. Biomass feedstock composi-
tion and Fig. 2). The FA1 sample, however, shows an LSF 
value of 0.7 that is lower than the reference and a value of 
3.6 for SR that is higher than the reference. Even though 
burnability values would place FA1 sample within the area 
of “C2S formation”, no presence of C2S has been detected 
after reheating. The observed lack of C2S is consistent with 
the low reactivity of Silica in quartz during the clinkeriza-
tion process, compared to amorphous Silica, as described 
in Sects. Biomass ash composition and Burnability of fly 
ash as raw material for cement production. This observation 
highlights the importance of the mineral form in which the 
elements are provided. A theoretically sufficient LSF value 
may thus not lead to the formation of C2S and C3S when 
Silica is predominantly provided by sand particle inclusions 
(e.g. as FA1).

The sample of FA2 is composed of quartz, calcite and 
arcanite. The LSF and AR burnability values of FA2 sample 
are outside of the reference range whereas the SR fall within 
this range. However, the presence of C2S is detected after 
reheating but no C3S. The lack of C3S is attributed to the 
C3S transitioned back to CaO and C2S upon cooling [31], 
and/or the interference of Magnesium in the clinker minerals 
formation process (Sect. Biomass ash as raw clinker mate-
rial). The AR ratio is lower than the reference value but is 
not considered to significantly influence the observed lack 
of C3S formation in the FA2 sample. This last hypothesis 
is also supported by the formation of both akermanite and 
merwinite after reheating, which are Calcium-rich minerals 
with the chemical formulas Ca2MgSi2O7 and Ca3MgSi2O8, 
respectively, indicating that reaction between Ca, Mg and 
Si is favoured over the formation of C3S. Sample FA3 is 
predominantly composed of lime with smaller amounts of 
quartz, C2S, gehlenite and portlandite. The Calcium content 

in FA3 is very high due to paper sludge used as fuel (Fig. 2), 
resulting in a very high LSF value compared to the refer-
ence. SR and AR values are within the reference ranges. This 
ash contains already C2S mineral in its “as received” form as 
suggested also in Sect.Biomass ash composition highlight-
ing its potential use as secondary cementitious material to 
be mixed directly with cement. After reheating of FA3 the 
amount of C2S increases but no C3S is formed. This absence 
is also associated with the likely transitioning of C3S back 
to CaO and C2S during cooling of the ash.

Table 1 shows that hydraulic minerals (i.e. C2S) can be 
formed from FA2 and FA3 when these are exposed to a re-
heating step (like in a cement kiln). All optimal temperatures 
are at least 200 °C below traditional firing temperatures. 
However, none of the samples yielded any C3S. It is hypoth-
esized that, upon cooling, the C3S transitioned back to CaO 
and C2S [31]. The results shown in Table 1 confirm that 
clean biomass combusted in a pulverized fuel installation 
has higher potential to substitute raw clinker material than 
when combusted in a fluidized bed. These results also show 
that the presence of Mg should be minimized and controlled 
during biomass selection as fuel. Fly ash from paper sludge 
and similar fuels combusted in a fluidized bed can already 
contain C2S and thus be used directly as secondary cemen-
titious material in cement formulation. Alternatively, such 
ashes can represent a good source of raw material for clinker 
production due to their burnability values very close to the 
reference.

Content of Elements in Biomass Ash with Potentially 
Adverse Effects on Clinker Quality

The presence of Na2O, K2O, Cl, SO3, MgO and P2O5 in 
the biomass ash mixture can adversely affect the quality of 
the final cement products when biomass ash is used as raw 

Table 1   Technical information on fuel type, conversion technology 
and collection point of three biomass ash samples selected by Tosti 
et al. [47, 48] based on the criteria described in Sect. Burnability of 
fly ash as raw material for cement production. Calculated and refer-

ence LSF, SR and AR cement factors are reported together with 
qualitative mineral analysis of the ash samples before and after the 
re-heating experiments at optimal temperature for hydraulic mineral 
formation as obtained by Carr [50]

FA1 FA2 FA3

Biomass fuel Mix of clean wood Wood pellets Paper sludge/waste wood
Combustion technology Circulating fluidized bed Pulverized fuel Bubbling fluidized bed
Ash type Electrostatic precipitator Electrostatic precipitator Electrostatic filter and bag filter
LSF (ref. 0.9–1) 0.7 1.7 2.1
SR (ref. 2–3) 3.6 1.6 1.7
AR (ref. 1–4) 0.8 0.3 2.3
Optimal re-heating temperature (°C) 1210 1214 1238
Mineral composition “as received” Quartz, calcite, arcanite, portlandite, 

lime
Quartz, calcite, arcanite Lime, quartz, C2S, gehlenite, 

portlandite
Mineral composition after re-heating 

[50]
Wollastonite, pseudowollastonite Merwinite, akermanite, α-C2S α’H-C2S, β-C2S, gehlenite
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material for clinker production. Figure 6 shows the molar 
content of alkali metals and SO3 in biomass fly ash samples. 
According to the criteria in Fig. 1 an A/S ratio between 0.8 
and 1.2 indicates a good quality of the clinker. The total 
content of MgO and P2O5 in the biomass ash is plotted in 
Fig. 7 together with the Criteria 3 (Fig. 1) to assess poten-
tial formation of adverse mineral phases due to excessive 
MgO and reduction of C3S formation by excess P2O5 in the 
clinker. The assessment is performed assuming the biomass 
ash replacing 100% of the traditional raw material.

Most biomass ash samples show an unbalanced A/S 
ratio with values higher than 1.2, due to the generally rela-
tively high content of alkali in wood and woody biomass 
and low S content. Samples from fluidized bed combustion 
show on average an A/S ratio closer to the reference ratio 
compared to the pulverized fuel samples. The fluidised bed 
technologies are known to trap part of the alkalis in the 
silica bed material, leading to fly ash fractions with a rela-
tively low alkali content [51]. In particular, samples from 
FB combustion of wood mixed with paper sludge have 

Fig. 6   Alkali to Sulphur molar 
ratio (A/S) of biomass fly ash. 
The molar content of Alkali 
metals (K2O and Na2O) is cor-
rected by the molar content of 
Cl according to Eq. 4, in order 
to account for the portion of 
alkali that is easily volatized as 
alkali chlorides and therefore 
not included in the clinker 
phases. The remaining alkali 
is assumed to combine with 
sulphur to form alkali sulphates. 
The black dotted line represents 
a fixed A/S ratio of 1 (± 0.2, 
grey dotted lines). Samples with 
A/S ratio within this A/S range 
(= Criteria 3, Fig. 1) are consid-
ered to have a lower probability 
of adverse alkali effects on 
cement clinker properties

Fig. 7   MgO and P2O5 content 
in biomass fly ash samples. 
Small inclusion of MgO into 
clinker phases is beneficial 
and enhances C3S production. 
MgO content higher than 5% 
by mass in the clinker (vertical 
dotted line) can promote the 
formation of adverse mineral 
phases for clinker quality. P2O5 
hinders C3S formation above a 
concentration of 0.7% by mass 
in the clinker, while the forma-
tion of C3S is totally blocked 
above 4.5% by mass (horizontal 
dotted lines)
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a A/S ratio within or very close to the reference range. 
This can be explained by the combined alkali trapping 
effect of the fluidized bed and the very low alkali and S 
content of paper sludge. Adding paper sludge to wood and 
woody biomass could lead to fly ash with an adequate A/S 
ratio to limit the inclusion of alkali and SO3 in the clinker 
phases, while these materials are also close to composi-
tional requirements for potential formation of C2S and C3S 
(i.e. Criteria 1, Fig. 1).

During pulverized fuel combustion the inorganics present 
in the biomass fuel are recovered almost entirely in the fly 
ash. Although such ash samples from woody biomass were 
identified as potentially suitable to substitute up to 100% of 
traditional raw material, such high replacements can result in 
an excessive inclusion of alkali into the clinker phases with 
adverse consequences for the durability of cement. Pulver-
ized fuel combustion is applied only to clean wood biomass 
due to technical reasons. Therefore, only a limited flexibility 
is allowed in the choice of biomass fuel for this combustion 
technique. This restriction implies that obtaining an appro-
priate A/S ratio should involve an external SO3 rich source 
(e.g. ash from sludge combustion see Fig. 3).

Samples containing waste (e.g. MSW, industrial wastes) 
present extremely low A/S ratio. Generally, this is related 
to the combined effect of high concentrations of Cl and S 
in the waste. In some cases, the Cl concentration is so high 
that, when subtracted from the numerator in the A/S ratio, 
a negative value results (not shown in Fig. 6). Such high Cl 
and S concentrations are a limiting factor for using these ash 
types as raw clinker material, due to their adverse effects on 
corrosion in reinforced concrete and product durability. High 
SO3 content in fly ash is not always linked to high Cl (e.g. 
when sludge is used as fuel, see also Fig. 3). As discussed 
earlier this type of ash is interesting as source of SO3 to 
obtain an acceptable A/S ratio in a mixture of ash samples 
with otherwise suitable properties in accordance with the 
reference criteria.

Figure 7 shows the content of MgO and P2O5 in the bio-
mass fly ash together with reference values as described in 
the Criteria 3 (Fig. 1). It is important to underline that in 
Fig. 7 the concentration of MgO and P2O5 in the ash is com-
pared with reference concentration in the clinker. There is no 
detailed research available on the fraction of these elements 
that will be incorporated into clinker phases during clink-
erization. Therefore, in this paper a worst-case scenario is 
adopted, assuming that the entire content of these elements 
in the ash passes into the clinker.

The MgO content of biomass ash is generally below the 
maximum reference value (i.e. 5% by mass). An exception 
is observed for pulverized fuel samples and some samples 
from fluidized bed combustion. However, the MgO content 
is not very far from the reference value. This means that even 
if most of the MgO in the biomass ash is included in the 

clinker phases, this would likely result in an acceptable level. 
Therefore, MgO is not considered an important limiting fac-
tor for most biomass fly ash substitution of clinker raw mate-
rial, although it could be undesirable for specific fly ash 
from pulverized fuel combustion as shown in Sect. Mineral 
composition and thermal treatment of selected biomass ash.

A different situation is observed for the P2O5 content. In 
this case only few ash samples show a P2O5 content lower 
than the lower reference value of 0.7% by mass. At this 
concentration of P2O5 in the clinker, C3S formation starts 
to diminish. Most of the biomass ash samples show P2O5 
concentrations of around 3% by mass. Assuming that a sub-
stantial amount of P2O5 in the ash will be transferred to the 
clinker phases, P2O5 concentrations of around 3% would 
result in reduced C3S formation. A content of 1% of P2O5 
in clinker is considered to decrease the C3S content by 10% 
[52]. This aspect could thus represent a limiting factor for 
utilization of biomass fly ash as raw clinker material. Further 
research is required to evaluate what proportion of P2O5 in 
biomass ash can be incorporated into clinker phases, and 
how this proportion is related to the P-speciation in spe-
cific ash types, in order to test the conservative assumption 
made in this paper. Moreover, a thorough investigation of 
the P-speciation in biomass ash may enable the development 
of further criteria to narrow down the P-fraction that can be 
transferred to the clinker phases.

Conclusions

Using biomass ash as raw material for cement clinker pro-
duction is identified as a potentially valuable and feasible 
option to reduce CO2 emissions, and to reduce the volume 
of biomass ash that is landfilled. The results show how com-
bustion of specific biomass feedstock such as bark can help 
obtaining the desired CaO/SiO2 ratio of the ash. Wood and 
woody biomass can also provide a suitable CaO/SiO2 ratio 
that is limited mostly by the inclusion of exogenous material 
(e.g. sand). In order to enhance the suitability of biomass 
ash for substitution of raw clinker materials, the amount 
of exogenous material in the biomass fuel should be mini-
mized, while increasing the bark content of fuel mixtures 
can be used to obtain the desired CaO/SiO2 ratio. Control of 
the chemical composition of the biomass feedstock, e.g. by 
dedicated blending of fuel mixtures, can further contribute 
to obtain a suitable ash for clinkerization.

We have shown that biomass ash quality can both be posi-
tively and negatively influenced by thermal conversion sys-
tems. Two combinations of biomass fuel/thermal conversion 
were identified as most promising for raw clinker replace-
ment purposes. The combination of wood biomass with low 
exogenous inclusion and high bark content combusted in a 
pulverized fuel installation holds the highest replacement 
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potential, followed by fluidized bed combustion of combined 
paper sludge and wood/bark. The previously measured for-
mation of hydraulic mineral C2S from two of such samples, 
when exposed to a re-heating step similar to conditions in a 
cement kiln underpins this potential. C3S formation could 
not be verified, which is attributed to the transition of C3S 
to CaO + C2S during cooling, interference of MgO on C3S 
formation and the low reactivity of Si in quartz. The MgO, 
P2O5 alkali, sulphur and chloride content of ash are identi-
fied as properties that can potentially limit the replacement 
rate of traditional raw clinker materials by biomass ash. Fur-
ther investigation of particularly the P-speciation in biomass 
ash may enable the development of criteria to narrow down 
the P-fraction that can adversely affect hydraulic mineral 
formation.

Potentially suitable biomass feedstock (e.g. wood mixed 
with bark) can still result in an unsuitable ash for substitution 
of traditional cement raw materials. Particularly, cyclone ash 
from fluidized bed combustion contains fragmented bed par-
ticles that increase the Si content and result in an insufficient 
Ca/Si ratio. Mixing the cyclone ash with other ash fractions 
also negatively influences the burnability and, hence, the 
replacement potential of the ash. While it is currently still 
common practice to mix different ash streams, we recom-
mend to collect and separate cyclone ash from the fine filter 
ash, when aiming for an ash quality suitable for substitution 
of traditional cement raw materials. Despite these potential 
limitations, we conclude that application of fly ash from flu-
idized bed combustion of paper sludge and wood/bark as a 
secondary cementitious material is identified as an alterna-
tive option to produce cement with a lower carbon footprint.

A concerted effort is recommended by both the cement 
industry (e.g. by adjusting kiln operation to accept the higher 
content of alkalis in biomass ash) as well as by the bioen-
ergy industry (e.g. by optimizing ash quality) to support the 
use of biomass ash as raw material for clinker production. 
We recommend further research to investigate the effect of 
potentially suitable biomass ash as identified in this study, 
on the final clinker quality and the durability of the cement 
products.
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