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Highlights



Plant biomass ash as partial replacing binder in cement-based structural compounds.



Pollution mitigation and structural performance.



Advantages and disadvantages as cement substitute are highlighted.



GWP and EE are calculated.



Properties that require additional research are pointed out.

Abstract
The use of plant biomass ash, as partial replacing binder in cement-based structural mortars or grouts, is
an interesting eco-friendly alternative within the building industry. Besides, recycling those ashes makes
possible to reduce the polluting wastes that are accumulated in landfills, improving sustainability. On the
basis of the data obtained from the literature, this paper analyses the feasibility of using plant biomass
ashes in eco-efficient structural mortars or grouts. The research focuses on issues that are directly related
to the pollution mitigation and to the structural performance. Physical-chemical properties (pozzolanic
activity and mechanical characteristics), rheological behaviour, setting times and drying shrinkage,
durability and environmental features are analysed. In addition, the global warming potential and
embodied energy of the plant biomass ashes- based mixtures are calculated, assuming that they will be
used to grout hollow concrete units (CMUs), in order to obtain green grouted blocks. Advantages and
disadvantages of each waste as cement substitute are highlighted. Besides, the properties or
characteristics that require additional research are pointed out (e.g. durability and environmental impact).
Conclusions from this work could be used to foster further research on the use and development of those
eco-efficient building materials.
Keywords
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construction; Environmental impact (GWP and EE).

1.

Introduction

Every year, the cement industry is responsible for approximately 5-8% of the worldwide CO2 emissions,
provoking a significant environmental impact. Building construction is highly responsible for
contamination due to energy demand and CO2 emissions [1]. Thus, the use of eco-efficient building
materials and the re-use/recycling of building structures are great challenges for the present-day
architecture and civil engineering. In order to minimize this negative effect, it is crucial to find out
alternatives to conventional cement. It is worth noting that the pollution is caused not only by the energy
consumption, but also for the high amount of wastes that are produced.
Alternatives to Portland cement are also regarded in Codes (e.g. Eurocode EC2 and ACI
standards) and are a current area of active research. The literature offers a wide range of different organic
and inorganic replacing materials, analysing different features. Thus, Aprianti et al. [2] review the
potential uses of agricultural wastes as cementitious material in the production of concrete, focusing on
rice husk ash, palm oil fuel ash, bagasse ash, wood waste ash, bamboo leaf ash and corn cob ash. Vo and
Navard [3] review the treatments of plant biomass for cementitious building materials. Brás and Faustino
[1] analyse the potential of using non-classical additions in concrete and mortar compositions such as coal
bottom ash (BA) and biomass ash (Bio), as partial replacing binder of ordinary Portland cement, by
means of rheological optimisation. [1]. Madurwar et al. [4] review the application of agro-waste for
sustainable construction materials. Rajamma et al. [5] characterize some biomass fly ashes obtained from
a thermal and co-generation power plant to study new cement formulations. Salvo et al. [6] valorise
biomass ashes and evaluate their use as supplementary cementitious material in the cement industry,
analysing ashes from woodchip and straw power plants. Paris et al. [7] review waste products that are
utilized as supplements to OPC in concrete, analysing four plant ashes (sugarcane bagasse, rice husk,
palm oil and biomass combustion ashes).
Usually, organic waste materials are burnt to reduce their volume or to obtain energy. After that,
when their use has finished, they are disposed into landfills. Contaminant compounds such as heavy
metals are part of those wastes [8, 9]. According to Demirbas [10], the ash properties depend on the plant
species and growth conditions (including the soil contamination). Additionally, Vamvuka [11] assures
that heavy metals contained in the ash residues may pose a significant risk to the environment, due to the
possible leaching into underground and surface waters, affecting health. Recycling those ashes allows
lengthening their life, reducing the polluting wastes that are accumulated in landfills, and improving
sustainability.
Under those premises, this research (after reviewing a number of published works) analyses the
feasibility of partially replacing the ordinary Portland cement (OPC) by different wastes, in particular
biomass ashes. The review presented in this paper focuses on issues that are directly related to the
pollution mitigation and to the structural performance.
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This review is organized as follows: after providing a general description of each plant biomass
ash, the second part analyses the main physical-chemical properties, focusing on pozzolanic activity and
mechanical properties. After that, the third part studies the rheological behaviour, analysing flow spread,
consistency, workability and morphological features obtained from SEM images. In the following
section, setting times and drying shrinkage, of each waste are analysed. The fifth part is devoted to
durability and it focuses on resistance to chloride ion penetration and sulfate resistance. The following
parts deal with environmental issues. In addition to the review and analysis, the global warming potential
and embodied energy are provided, assuming that the OPC/biomass-based compounds will be used to
grout hollow concrete units (CMUs), in order to obtain green grouted blocks. The last part of the paper
offers a summary of the main insights, analysing the feasibility of using these compounds as eco-friendly
materials. Additionally, the properties or characteristics in which further research is still required, in order
to complete databases, are pointed out.
2.

Plant biomass ashes: general description

On the basis of the literature review, the following plant biomass ashes will be analysed: rice husk ash,
palm oil fuel ash, sugarcane bagasse ash, wood waste ash, bamboo leaf ash, corn cob ash, olive biomass
fly ash, agave biomass ash, cork waste ash, wheat straw ash, waste paper sludge ash and coconut shell
ash. In the next sections, a general description of each plant waste is provided.
2.1. Rice husk ash (RHA)
Rice is, among the analysed raw materials, the most abundant agricultural product. Around 740.2 million
tons of rice were produced in 2015 [12], being China the main producer (around 200 million tons
annually [13]). From those quantities, a high volume of rice husk is obtained (more than 20%) which is
the agricultural residue obtained from the outer covering of rice grains during milling process [14]. Rice
husk ash is a carbon neutral green product gained from raw rice husk that is converted into ash using a
combustion process (Fig. 1). Different combustion procedures can be applied but generally, it is carried
out in a furnace at 600ºC-800ºC [2]. The combustion of rice waste has been widely used for heat and
power generation in Europe and North America [15] and some underdeveloped countries find in rice a
potential opportunity to generate energy (e.g. [16]). RHA has been widely used as an adsorbent of organic
dye, inorganic metal ions, waste gases and as support catalyst [17].

2.2. Palm oil fuel ash (POFA)
Palm oil is one of the largest edible oil, with approximately 25% of the global production [19] [20].
Although it has received negative criticism related to its nutritional facts and environmental impacts [20],
different research (e.g. [21] [22]) have proven that it is a sustainable crop. Palms generate a large amount
of waste in form of empty fruit bunches, fibres and kernels [23]. Those by-products are normally used as
fuel to heat up boilers for electricity generation in palm oil factories [24]. The ashes that are obtained
from the combustion process of palm oil (POFA) can be used as cement substitute [25], (Fig. 2).
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2.3. Sugarcane bagasse ash (SCBA)
The worldwide production of sugarcane is around 1,700.00 million tons [26]. When juice is extracted
from the sugarcane, the solid waste material is known as sugarcane bagasse. Bagasse and molasses are
by-products from the sugar industry that are commonly used in energy plants [27]. When bagasse is
burned under controlled conditions, the ashes exhibit good properties to be used as cement-replacing [28]
(Fig. 3). In addition, sugarcane bagasse ash is used for fertilization of sugarcane fields [27].
2.4. Wood waste ash (WWA)
Wood waste ash is generated by the combustion of wood, generally to produce energy (Fig. 4). Wood
wastes are one of the more preferable fuels for biomass furnaces because, when compared to other
herbaceous and agricultural wastes, less residual materials are produced [29]. The applications of wood
fly ash are the following: 70% is disposed as landfill waste, 20% is recycled as supplement to improve
alkalinity of soil, and 10% is used for several applications, including construction materials, metal
recovery and pollution control [30]. An interesting option is the wood pellet ash. The world's production
of plant fuel pellets is roughly 13 million tons per year, and pellets' consumption in Europe is predicted as
50 million tons per year in 2020 [31].
2.5. Bamboo leaf ash (BLA)
Bamboo is the common term applied to a broad group (1,250 species) of large woody grasses [32]. Total
bamboo forest is around 0.8% of the world’s land area (31.5 million ha), and 5.7 million ha of bamboo
forest are in China [33] . The worldwide production of bamboo generates large volumes of leaf wastes,
which are deposited in landfills or burned in an uncontrolled manner, with negative environmental
effects. The ash obtained by calcination of the bamboo leaf waste is known as bamboo leaf ash and shows
good properties as supplementary cementing material for the production of blended cements [34] (Fig. 5).
It is considered as one of the fastest-growing and highest-yielding renewable natural building material,
and its use provides the most economic and socially useful outlet for bamboo chips [35].

2.6. Corn cob ash (CCA)
Corn cob is an agricultural waste product obtained from maize or corn, both important elements of the
food industry [37]. The corn cob ash is a fineness waste that is produced in the boilers of the animal feed
industry [38] (Fig. 6). It is used to obtain energy, as corn cob has a high content of cellulose and
hemicellulose. Therefore, it is one of the most potent feedstock for production of biofuels using
biochemical process [39]. The worldwide production is around 589 million tons of maize, being South
Africa and Nigeria the main producers [40].
2.7. Olive biomass fly ash (OBFA)
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The worldwide production of olive fruit is around 3.10 million tons per year [42], being Spain one of the
main producers (e. g. there are 1.4 million hectares of olive crops only in Andalusia [43]). Around 3.7
million tons of olives per year are used to make olive oil (800,000 tons/year) and the rest to obtain olives
(300,000 tons/year), to be consumed as table olives [43]. Furthermore, olive crops generate 4.2 million
tons/year of pruning residues [44]. In Andalusia, there are 19 plants that use biomass to generate a total
of 205.3 MW of electrical energy [44] and the majority of these installations use olive trees residues as
fuel [43]. The OBFA is obtained from the combustion in cogeneration plants of olive-pomace and olive
stones [44] [45] (Fig. 7).
2.8. Agave biomass ash (ABA)
Agave bagasse is a by-product generated in the mezcal industry [47]. Mezcal is an alcoholic beverage and
it is used in other products such as food and candies [48]. The agave wastes (roots, leaves, bagasse and
vinasse) represent almost 50% of the plant weight [49]. Usually, after being dried and burned, a byproduct is generated in the form of residual ash, which is polluting and is called agave biomass ash [47]
(Fig. 8). It is also used to produce energy in power plants [50]. Corredor González et al. [51] estimated
that approximately 4.5 million tons of agave salmiana, the most efficient specie as grows in semiarid
regions, are produced annually [52]. It is important to take into account that there are several barriers to
the large-scale implementation of agave, because it is an expensive feedstock [49].

2.9. Cork waste ash (CWA)
Cork is a natural product obtained from removing (each 9 years) the outer bark of the cork tree. Their
extraordinary mechanical and physical properties have been analysed by different research [53, 54]. The
main cork applications are the by-products [55]. Recent research focus on the feasibility of using cork as
contributor to the improvement of sustainability and a less consume of energy [56]. That product is
predominantly located in Portugal, Spain, and Algeria [57]. The worldwide production is approximately
340 thousand tons per year and Portugal leads the production (52% of the total) [58]. Europe produces
more than 80% of the worldwide production, and annually 68,000 to 85,000 tons are considered waste
materials [56]. Around 20% to 30% of the raw cork received at the processing units is discarded, mainly
as cork dust [59]. That cork powder is generated from grinding, cutting and finishing operations
throughout the industrial cork process [60]. Cork waste ash is the result of cork industries where the cork
powder is used mainly as fuel [60]. The CWA is generally deposited in landfills, increasing pollution
[60]. But, due to its good properties and compatibility with cement, it is possible to reuse it. Before using
the CWA, it must be dried at 105±5 Cº for 24 h [60].
2.10. Wheat straw ash (WSA)
Wheat straw is the main agricultural by-product of the wheat producing process. The annual worldwide
production of wheat is around 653 million tons [26]. Part of the wheat straw is used as feedstock for the
paper industry, fuel of biomass power plants and cattle food [61]. Wheat straw ash (Fig. 9) is generally
obtained following this procedure: straws are collected and reduced to sizes and packed, and after that,
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they are burned in electric furnaces and then cooled [62]. Some wastes are burnt out directly in the
farmland after harvesting [63] without productive use, causing environmental pollution [64].

2.11. Waste paper sludge ash (WPSA)
The global paper and paperboard worldwide production is approximately 394 million tons, and China is
currently the largest producer (23.5% of the total production) [66]. That high production causes high
waste generation. For instance, in the United States, waste paper accounts for approximately 40% of the
total waste, which is equivalent to almost 72 million tonnes of wastepaper annually [67]. In Europe, 11
million tonnes of waste are produced annually (70% from the production of de-inked recycled paper
[68]). Paper sludge is a solid waste material composed of short pulp fibres, contaminants and other
papermaking components such as clays and fillers [69]. The paper sludge is burnt in fluidized beds where
two types of ashes are produced: fly ash and bottom ash [70]. Both ashes are potential building materials.

2.12. Coconut shell ash (CSA)
Cocos Nucifera trees, also known as coconut palm trees, grow abundantly along the coast line of
Equatorial countries, with a worldwide production of 12.5 million tons (for coconut flesh) [71]. A healthy
coconut tree will produce approximately 120 watermelon-sized husks per year, each with a coconut
imbedded inside [72]. Large quantities of the shells can be obtained in places where coconut meat is used
in food processing. Coconut shells have little or no economic value and the disposal is expensive and
provokes environmental problems [73]. Indeed, the shell is considered as a potential environmental
pollutant. The coconut shells are collected, and generally are burnt in the open air (uncontrolled
combustion) during three hours. When the combustion is carried out under controlled procedures,
pyrolysis is the preferred method [73]. CSA can be used as pozzolan in partial replacement of cement in
mortar production [73].
To summarize and as an orientation to estimate the potential of obtaining ashes, Table 1 depicts the
worldwide production.

3.

Physical-chemical properties

Since analysing the feasibility, as eco-efficient structural mortar/grout component, of different biomass
ashes is the main concern of this research, the analysis of the physical-chemical properties is a crucial
issue. The aforementioned properties are directly related to the chemical components (type of waste,
sand, water, superplasticizer and so on), ratios (e.g. water/binder ratio, percentage of cement substituted
by biomass ash among others) and particle size (e.g. fineness and granulometry). Mixture properties,
density or porosity are also related to the mechanical performance. Both, the chemical composition and
the reaction between cement and biomass ash, yield specific properties that are directly linked to the
mechanical behaviour.
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In the following sections a review and analysis of pozzolanic activity, which is directly related
to mechanical characteristics, and general physical-mechanical properties is provided.
3.1. Pozzolanic potential and activity
It is known that siliceous or siliceous- aluminous materials chemically react with calcium hydroxide at
ordinary temperature, forming compounds that possess cementing properties [74]. That property, which is
called pozzolanic activity, is directly linked to the chemical composition.
According to ASTM C618, in order to present pozzolanic activity, silicon dioxide (SiO2) plus
aluminium oxide (Al2O3) plus iron oxide (Fe2O3) should be part of the chemical composition, in a
proportion greater than or equal to 70% [75]. A component with the aforementioned percentage is
classified as fly ash Class F, and if the percentage is between 50% and 70% is Class C. Moreover, it is
important that the ratio CaO/SiO2 is greater than 1, in order to maintain the basicity index in the material
[76]. Goldman and Bentur [77] state that the capability of pozzolanic materials enhances the strength of
cementitious systems, having more physical (size, shape and texture of the particles) than chemical
effects. It is worth noting that the pozzolanic activity also depends on silica crystallization phase, size and
surface area of ash particles [78].
As far as the analysed wastes are concerned, most of them present SiO 2 + Al2O3 + Fe2O3
content higher than 70%. That is because plants obtain various minerals and silicates from earth during
the growth process. Inorganic materials, especially silicates, are found to be higher in annually grown
plants than in long-lived trees. Thus, the plant residues are a potential source of cement replacement
material with pozzolanic reactivity [79]. Table 2 summarizes the SiO2+Al2O3+Fe2O3 content of the
analysed biomass ashes.
BLA presents a high SiO2 + Al2O3 + Fe2O3 content, 80.4% SiO2, 1.22% Al2O3 and 0.71%
Fe2O3 [36]. Villar-Cociña et al. [36] determined the pozzolanic activity of BLA by means of the electric
conductivity method, obtaining a high activity at early ages (between 0 and 5 hours). For SCBA and RHA
the oxide content is also high. In the case of SCBA, Arif et al. [80] report the (SiO2 + Al2O3 + Fe2O3 )
content of SCBA from different sources: 74.5%, 63.2%, 90.2% and 86.5%. In their research the oxide
content is 78.5% SiO2, 7.3% Al2O3 and 3.85% Fe2O3. Martirena et al. [81] provide the following
chemical content for SCBA: 72.74% SiO2, 5.26% Al2O3 and 3.92% Fe2O3. Regarding the pozzolanic
activity, Arif et al. [80] conclude that although cement-SCBA pastes show little activity, at 5% cement
replacement level, SCBA is potentially pozzolanic. Regarding RHA, it is rich in silica content, and it is
considered a highly pozzolanic substance, when compared to other mineral admixtures (e.g. silica fume
or fly ash) [78]. Zain et al. [78] provide a number of values of RHA oxide content, obtained from
different combustion methods. In all cases the SiO2 is higher than 79%: (i) 79.84% SiO2, 0.14% Al2O3
and 1.16% Fe2O3 ; (ii) 80.72% SiO2, 0.08% Al2O3 and 1.10% Fe2O3; (iii) 86.49% SiO2, 0.01% Al2O3 and
0.91% Fe2O3. Abbas et al. [82] provide the following composition for RHA: 76.81% SiO 2, 6.17% Al2O3
and 4.19% Fe2O3 . They also determined the pozzolanic reactivity of RHA by means of the strength
activity index and thermal analysis. Results from that research show that mixtures incorporating RHA up
to 30% could be classified as active pozzolans, as the activity index was higher than 75%. The chemical
composition of WSA, CSA, POFA and CCA also contains more than 70% of SiO 2 + Al2O3 + Fe2O3. CCA
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has an oxide content around 72% when is treated at 600ºC for 4 hours (63.91% SiO2 + 4.01 % Al2O3 +
3.95 % Fe2O3 [38]) with a pozzolanic activity index of 103% (higher than 75%, and therefore a suitable
value for being considered as pozzolanic material). WSA is composed by high amount of SiO2 (73.06%),
being the rest of compounds in quite low proportion (Al 2O3 3.90% and Fe2O3 1.75%) [62]. Regarding
POFA, in spite of its oxide content and pozzolanic potential (SiO 2 63.41%, Al2O3 5.55% and Fe2O3
3.74%) this waste exhibits a slow pozzolanic activity, provoking low early compressive strength in
cement-based materials [83, 84]. CSA contains SiO2 37.97%, Al2O3 24.12% and Fe2O3 15.48% [85].
Utsev and Taku [85] analyse the pozzolanic activity index at various OPC-CSA replacement levels and
age. A decrease of that index is observed for 15% and 30% replacement, when the curing age increases.
However, the relation between pozzolanic index and curing time is no clear for 10%, 20% and 25%
replacement levels. According to that research, when the CSA amount increases the pozzolanic activity
decreases.
In the case of WWA, if the oxide content exceeds the minimum 70%, the waste is chemically
reactive, and the pozzolanic activity index value is 75.9% [29]. The pozzolanic activity could be low if
the wood ash contains appreciable amount of un-burnt carbon [86]. Different oxide contents have been
obtained from the literature: (i) 67.20% SiO2, 4.09% Al2O3 and 2.26% Fe2O3 [87] (ii) 78.92% SiO2,
0.89% Al2O3 and 0.85% Fe2O3 [88] and (iii) 31.80% SiO2, 28.00% Al2O3 and 2.34% Fe2O3 [86].
The OBFA oxide proportion is low (e.g.: (i) 56.16 % (33% SiO2 + 16.66 % Al2O3 + 6.5%
Fe2O3 [45]) and (ii) 15.82 % (11.84% SiO2 + 2.60 % Al2O3 + 1.38% Fe2O3 [89]). Cruz-Yusta et al. [45]
determined a low pozzolanic activity for OBFA, by measuring the Ca 2+ and OH- concentrations.
For CWA, Ramos et al. [60] obtain 43.75% (SiO2 + Al2O3 + Fe2O3) content (38.15% SiO2 +
3.65 % Al2O3 + 1.95% Fe2O3). After determining the pozzolanic activity, as prescribed in EN 196-5, a
negative result was obtained (CaO concentration around 13.6 mmol/l and OH- concentration of 48
mmol/l) [60].
According to Azmi et al. [90], the chemical composition of WPSA is SiO2 15.16%, Al2O3
6.06% and Fe2O3 1.11% and the possibility of transforming an inert material such as paper sludge into a
highly pozzolanic product directly depends on its clay mineral content (mainly kaolinite), activation
conditions (temperature and retention time), scale of operations (laboratory or industrial) and fineness
[91]. As a result of the aforementioned, the chemical composition of activated paper sludge varies. García
et al. [92] determined the composition and pozzolanic activity of calcined paper sludge waste, concluding
that to obtain satisfactory pozzolanic properties, the optimal calcination conditions are given by a
temperature of 700ºC during 2h.
Regarding ABA, the potential of pozzolanic reaction does not exist because the contents of
compounds forming CSH gel and the SiO2 percentage are not significant (around 1.4% [50]).
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3.2. Physical-mechanical properties
As aforementioned, the pozzolanic activity is determined by the oxide content (SiO2+Al2O3+Fe2O3). Diaz
et al. [93] state that the combination of materials, rich in those compounds such as fly ashes, with a highly
alkaline solution and soluble silicates provides the formation of strong binders. According to Wang et al.
[94] high amounts of reactive SiO2 and Al2O3 result in higher degree of geopolymerization and
consequently higher mechanical strength.
Following the key factors of their potential reactivity, the particle size distribution is the
physical characteristic of ashes that most strongly affects reactivity. Furthermore, the effect of ash particle
size distribution in the mortar resistant behaviour is very important [95], having an effect on the
compressive strength [50]. The compressive strength is generally reached completely at 28-day, and
depends on the component proportion, e.g. water/binder ratio or percentage of cement substituted by
biomass ash, among others.
The incorporation of plant biomass ash in the cement mortar can either increase or decrease its
compressive strength. Generally, it is associated with the pozzolanic activity but this is not the only
decisive issue.
SCBA exhibits both one of the highest pozzolanic potentials and a satisfactory compressive
strength, when added to cement mortar. The compressive strength of SCBA-cement mortar increases with
SCBA up to 10%, and then at 20% SCBA the compressive strength attains the equivalent value as
observed for control mortar. According to Ganesan el al. [96] 20% replacement is the optimal limit, and
the following increases with respect to the control specimen were obtained: 19.39, 19.60 and 13.25 for
5%, 10% and 15% replacement, respectively.
In the case of POFA, some authors state that the best percentage of substitution to maintain or
improve the mechanical properties is around 20% (e.g. [97]). Usman et al. [98] conclude that the 28-d
strength for samples containing up to 20% POFA was higher or equal to OPC mortar. For 10% or 15%
replacement, the 28-d increase is around 2%. The strength increase could be due to the formation of
secondary C-S-H owing to the pozzolanic reaction between the cement hydration product and the reactive
silica of POFA [98].
Martínez-Lage et al. [99] analyse the mechanical properties of WPSA-cement mortars,
concluding that their compressive strengths is higher than the value of the reference mortar (between 4%
and 19% increase). For 10% replacement, the flexural strength is similar to that of the reference
specimen, but a 10% decrease is obtained for a 20% substitution.
WSA cement-binder mortar presents higher strength than the reference cement mortar at early
ages [100], due to the filler effect of the ash particles. However, at later stages, the mechanical properties
become worse. In 15%wt WSA specimens, the 28-d compressive strength decreases approximately 1.5%
and the flexural strength maintains the reference value.
Adesanya [101] analysed the compressive strength from different CCA replacement
proportions and specimen ages. The 28-d compressive strength of 1:3 and 1:6 CCA-cement mortars was
19.8% and 15.13% higher than the value of the reference mortar, but for a mix ratio of 1:1, the strength of
the blended mortar is less than that of the OPC mortar (around 15% decrease).
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It is interesting to highlight that RHA, SCBA and BLA present similar oxide content (with
more than 80% of SiO2 + Al2O3 + Fe2O3 in their chemical composition), but only SCBA improves the
mechanical performance. RHA and BLA have a similar decrement in the compressive strength, around
16%. According to Potty et al. [102], 1:3 (binder to sand ratio) RHA strengths show a decreasing trend
when the percentage of replacement increase. That is because the RHA particles are coarser than cement
particles, provoking a porous surface with more voids. However, the compressive strength of 1:4 (binder
to sand ratio) RHA mortars increase at 5% replacement and decrease thereafter. The compressive strength
of 1:3 RHA mortars is higher than that of the 1:4 RHA mortars at all RHA replacements. When 20%wt of
cement is substituted by RHA, the compressive strength decreases around 16%, (with 0.50 w/b ratio and
1:3 binder to sand ratio). In BLA compounds, although the compressive strength increases with time, the
values are lower than those of the reference mortar. Thus, around 16% decrease is observed in the 28-d
compressive strength when 20%wt BLA is added to cement mortar [103].
According to González-López et al. [50] the compressive strength of ABA cement mortars
depends on the burning temperature, owing to the chemical composition and particle size. In that
research, ashes were obtained through combustion with temperature between 500ºC and 700ºC and the
apparent particle size was between 25 and 32 μm. The results suggest that the best temperature is 500º.
The 7-d compressive strength, with 5% replacement in mass is 90% higher than the OPC strength, due to
the semi-reactive characteristics of the ash components. However, around 9.26% decrease in the 28-d
compressive strength is obtained.
Cheah and Ramli [29] provide an overview on the implementation of WWA as a partial
cement replacement material in concrete and mortars. The aforementioned research concludes that
although, in general, WWA reduces the mechanical strength, the use at replacement levels up to 10% by
total binder weight could yield acceptable strength properties. García and Sousa-Coutinho [104] analysed
specimens with different levels of WWA. In all the cases, the increase of the ash replacement up to 28
days is inversely proportional to the compressive strength. For instance, the minimum replacement of
5%wt of WWA provides a compressive strength around 4% less than that of the control mortar without
WWA, and when 10%wt is replaced the compressive strength decreases more than 11%. Regarding
flexural strength, that decrease is higher [104].
Regarding OBFA, Cruz-Yusta et al. [45]) analyse the compressive strength at 28-d for M5
mortar with partial cement replacement. When OBFA content increases, a continuous decrease in the
compressive strength is observed. The compressive strength from OBFA-cement is generally low, only
specimens with 10%wt of replacement exhibit adequate resistance for commercial use due to its low
pozzolanic activity (around 8% less than the cement mortar without OBFA).
When CWA is added to the cement matrix, strength is reduced and that loss is directly related
to the replacement percentage [60]. The strength decrease may be attributed to the increased amount of
free water. It is due to the reduced amount of material that is available to react with water, since CWA is
not fully pozzolanic and consists of larger particles and, thus lower specific surface is available.
According to the aforementioned research [60], if cement is substituted by 10%wt of CWA, the
compressive strength decreases 9.70% and in the same way, the flexure strength also decreases 13.25%
(when 10%wt of cement is substituted).

10

In CSA cement compounds, the compressive strength decreases when the percentage of
cement substituted by CSA increases [73]. Thus, if 10% of cement is substituted by CSA, the 28-d
compressive strength decreases approximately 7% and if the substitution is by 20%, the 7-d compressive
strength is even 37.16% less than that of the mixture without CSA.
Figure 10 summarizes the compressive strength of the plant biomass ashes, showing the
increase or decrease with respect to the control cement mortar. Nominal values of mortars are given in
Table 3.

In conclusion it is worth noting that regarding the compressive strength, the best mixtures are those
containing SCBA, WSPA, POFA and CCA (1:3 and 1:6) as they improve the reference strength.

4.

Rheological behaviour

Consistency and workability are also essential fresh state properties, if analysing the feasibility as ecoefficient structural material is the main concern.
According to Kosmatka et al. [105] the consistency is the ability of freshly mixed concrete or
mortar to flow. They provided also a definition of workability very similar to that of given by the
American Concrete Institute (ACI) which state that the workability is the property of freshly mixed
concrete or mortar that determines the ease and homogeneity of being mixed, placed, compacted, and
finished.
The most commonly used test to determine workability in practice is the slump cone test [106].
A truncated metal cone, open at both ends and sitting on a horizontal surface, is filled with mortar, and
lifted quickly. The mortar will slump or move only if the yield stress is exceeded and will stop when the
stress (or weight of the mortar/area) is below the yield stress [107]. This test is a useful quality control
tool because it can help to detect changes in the composition, e.g., changes in the amount of mixing water
[108]. All the reviewed data follow the Codes ASTM C 109 [109] and ASTM C 230 [110] and, as
expected, results depend on the percentage of substituted cement.
4.1. Flow spread
It is important to highlight that the current state of research has sparse information with respect to flow
spread. Thus, with regard to POFA, BLA, CCA, OBFA, WPSA and CSA, no nominal values have been
found. Figure 14 summarizes the obtained information.

Figure 11 clearly shows that SCBA-mixture presents the highest variation with reference to
the cement specimens. The flow value is 164 mm, when 10% of the cement content is substituted by
SCBA. The higher porous texture of SCBA increases the water demand and consequently decreases the
flow value [111]. Experimental results show that the flow spread of fresh mortars would decrease with an
increase of SCBA replacement [111].
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In the same way, POFA decreases the flow tendency due to the porous and spongy nature of its
microstructure and to the increased fineness or surface area [83]. Yan and Sagoe-Crentsil [112] point out
that the flow decreases when the WPSA amount increases.
CWA, ABA and WSA cement mixtures exhibit similar values to SCBA. If 10% of cement is
substituted by CWA, the obtained flow is 186 mm [60] whereas if 10% of WSA is added, 155 mm of
flow are obtained [100]. ABA-cement mortar presents 168 mm of flow with 5% cement replacement [50].
Additionally, in Figure 11 it is possible to distinguish the biomass ash-cement mortars that
decrease in relation to the reference cement mortar specimens, achieving similar nominal values (i.e.
RHA-cement mortar and WWA). The RHA-cement mortar flowing ability decreases with the higher
RHA content and W/B ratio [113]. Regarding WWA-cement mortar, Elinwa et al. [114] state that the
slump value has a gradual decrease under this condition: the water binder ratio of the mortar mix has a
constant value (0.60 w/c). For 5% of cement replaced, slump is 250 mm, 7.41% less than the control
specimen.
4.2. Consistency and workability
Workability is complementary to flow spread. It is worth highlighting that as, in general, the particle size
of biomass ash is smaller than that of the cement one, worse consistency and water demand to maintain a
given workability are found. A higher quantity of water is required to wet the surface of the smaller ash
particle [115]. If the water content is high, it becomes a problem in the application of biomass ash as a
supplementary cementing material.
Comparing particle size between cement and biomass ash and its relation with workability, the
cement particle size is D95<48µm [116] and, for instance, in the case of WPSA its size is less. It is worth
noting that the maximum size of the ash particles is 200 µm and the percentage of particles smaller than
0.15 µm is 15% [99]. Besides, the water absorption of hardened mortar decreases when WPSA content
increases at ambient temperatures [112]. Thus, the workability of mortar decreases whereas the
substitution of WPSA increases.
A similar situation is presented by CWA particles. The particles are coarser than the cement
ones, and workability worsens [60]. Ramos et al. [60] state that D50 of CWA is 31.59 µm. In addition, D90
of CWA is 71.25 µm.
Regarding WWA, although approximately 31% of wood fly ash passes on sieve nº 325 (45
µm) [29], the addition of this waste as a partial substitution of OPC (10% by total binder´s weight) has no
adverse effect on the water demand. This was compared to the control mortar mix in order to achieve a
similar level of workability using solely OPC as binder material [29]. Workability decreases when the
percentage of WWA increases [117].
Mortar with OBFA-cement binder presents normal consistency and acceptable workability due
to size distribution, which is multimodal with particles of different size. The OBFA’s particle size is not
the smallest (from 0.6 to 450 μm, with 26.3% ranging from 2 to 20 μm, and 68.7% from 20 to 300 μm)
[45].
In ABA cement mortars, when the surface area is very large (the apparent particle size of ABA
on average is between 25 and 32 μm), deficient workability and consistency reduction are expected [50].
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Another key factor is the porous volume created in the mixture. In the SCBA mortar, the
higher porous texture increases the water demand [111].
To summarize, Figure 12 represents both the increase and decrease of workability in mortars.
It is concluded that if the quantity of OPC that is replaced increases, the quantity of required water for
normal consistency and workability also increases.
4.3. SEM images analysis
The morphological features of the material particles can be examined using Scanning Electron
Microscopy (SEM) analysis [118]. Spherical or elongated particle forms are fundamental in order to
predict the viscosity and flow performance. The second one present preferential orientation inside the
fresh mortar when flow occurs and that provides a decrease of viscosity [119].
SEM ashes images, Figure 13, which have been obtained from the literature review, are studied in this
section.
From the analysed images, it is possible to distinguish three predominant forms. Figures 13 a, c
and k show spherical particles in OPC, POFA and WPSA. This shape provides the best rheological
behaviour. OPC exhibits the best viscosity behaviour. In the images, the WPSA particles present
spherical shapes, but their size is too big and do not improve viscosity. Ramos et al. [60] state that CWA
particles show spherical and spongy shape, being the spongy shape-particles greater than the first ones.
However CWA particles are coarser than cement, and the viscosity is not improved.
The second possible form is elongated particles. RHA, SCBA and ABA present elongated
particles that decrease the viscosity, due to preferential orientation inside the fresh mortar.
Regarding WWA, BLA, CCA, OBFA, WSA and CSA particles, the particle form is similar to a
sponge. That shape indicates that more water quantity is absorbed during the mortar making process,
having a detrimental effect on flow and viscosity.
5.

Setting times
Setting time is a crucial factor in workability, and it is usually measured by rather conventional

methods (e.g. Vicat aparatus). After beginning of setting one cannot mix anymore, and after end of setting
the mix is not workable anymore. The general trend in bio-ash mixtures is for longer initial and final
setting times. Figure 14 and 15 show the values of initial/final setting times of biomass ash-cement
mixtures, and the relative change of setting time as a percentage of the setting time in reference OPC
compounds.
The increase in setting time provided by CSA is quite high. The initial and final setting times
increase when the percentage of cement substituted by CSA increases [73]. Thus, the initial setting time
increases from 65 minutes without CSA, to 253 minutes with 10% of CSA and to 289 minutes with 20%
of CSA. Regarding the final setting time, it changes from 83 minutes in mortar without CSA, to 330 and
375 minutes with 10% and 20% of CSA, respectively [73].
More moderate values are presented by BLA, CCA, WSA and WPSA. In the presence of 10%
BLA, the setting times increase (initial setting time at 200 minutes and final setting time 260 minutes)
whereas in the presence of 20% BLA the setting times are proportionally increased (155 min. initial
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setting time and 200 min. final setting time) [127]. In the same way, the initial and final setting times are
directly proportional to the CCA content of CCA-blended cement. Thus, if the amount of cement
substituted by CCA increases, the initial and final setting times increase too [128]. For instance, when
10% of cement is replaced, mortar presents 208 min. initial setting time and 328 min. final setting time
[128]. The use of WSA also provides an increase in setting times, while WPSA produces a decrease in
initial setting time. When 10% of the cement content is substituted by WSA, retardation in initial setting
time (52% with respect to OPC mortar) and final time (50% with respect to OPC mortar) are seen [100].
Oppositely, initial setting time is 23.5% shorter in cement with 10% WPSA [129].
A 10% replacement of SCBA provides an increase of 23.1% at the initial time, and 13.3% for
the final time [96], whereas RHA increases the initial time (38.5%) but decreases (12.7%) the final setting
time [14].
Finally, in the case of WWA the initial and final setting times are proportional to the wood ash
content. Initial and final setting times were 100 min and 160 min for the reference OPC mortar. Setting
times doubled for 10% WWA mixtures (218 and 334 min) [86].

6.

Drying shrinkage

Drying shrinkage is a volume reduction resulting from the drop in the internal relative humidity in the
pores of the cements materials, during drying of moisture to the environment [130]. If the volume
reduction due to shrinkage is hindered by internal or external constraints [131], residual tensile stresses
build up, and warping and/or micro- and macro-cracking could appear [130]. Eventually, damaged
concrete structures experience reduced durability and service life due to that phenomenon, which has a
tremendous economic impact [130].
As shown in Table 4, for WWA, RHA, BLA, CCA, OBFA, ABA, WSA AND CSA biomass
mortars, data have not been found.
Regarding POFA, when 30% of this material is added, the shrinkage increases 19% [132].
However, for mixes with SCBA and WPSA, the drying shrinkage values are lower than that of
the control mix [111, 112]. Mixes with 10% of SCBA, at 25-day, show a drying shrinkage of 8%, as low
as that of OPC specimens. Thus, from the drying shrinkage point of view, 10 % of SCBA is found to be
the optimal limit [111].
In WPSA, the drying shrinkage decreases almost linearly when the paper sludge content
increases up to 5 %, and then moderately decreases for higher sludge contents [112]. The 91-day drying
shrinkage of mortar specimens with 2.5% and 10% of sludge ashes is 34% and 64% less than the
reference mortar [112].

7.

Durability

Resistance to chloride ion penetration, resistance to sulfate, and carbonation are key factors for the
durability in cement compounds. However, sparse information is available with respect to the last one.
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Regarding carbonation, it was only possible to get information for WWA. According to Aprianti et al. [2],
cement mixtures using WWA show a carbonation depth greater than pure Portland cement compounds.
In the next sections, the information related to resistance to chloride and sulfates is provided.

7.1. Resistance to chloride ion penetration
The resistance to chloride penetration of mortar and concrete is one of the most important issues
concerning durability, especially if corrosion minimisation is a main concern. It is generally accepted that
the incorporation of pozzolan improves the resistance to chloride penetration [133]. This is mainly due to
the reduction of permeability/diffusivity, particularly to chloride ion transportation of the blended cement
mortar [133, 134].
In order to measure the resistance to chloride penetration, it is necessary to prepare the
specimens following specific prescriptions (e.g. as described by the Code ASTM C39 [135]).
Additionally, to predict the service life in marine environments, it is necessary to know the flow rate of
chloride ions through unit area of mortar. It is measured by means of the chloride diffusion coefficient,
using the migration test [136] [137] or quantifying the charge passed in coulombs [138].
Figure 16 shows the percentage of improvement or worsening of chloride ion penetration
under AgNO3 solution. The diffusion coefficient is measured in x10-11 m2/s and the charge passed in
Coulomb.
RHA is the analysed ash that presents the best resistance to chloride penetration. According to
Chindaprasirt et al. [133] when 20% RHA is added, the depth is 3.5 mm, 4.5 times less than 16.0 mm
observed for OPC mortar. Regarding the diffusion coefficient, it is only 5.24x10-11 m2/s, being 25.10x1011

m2/s the value exhibited by OPC. This represents a 79.12% variation [139].
In the same way, the presence of POFA improves the resistance of mortar to chloride

penetration. For instance, a decrease of 12 mm of thickness is obtained, when 40% by weight of cement is
substituted by POFA, after 30 days of immersion in 3% NaCl solution [133].
Better behaviour under chloride ion penetration is found in CCA-cement mortar. The results of
the reaction of CCA blended mortar specimens with HCl acid water are presented by Adesanya and
Raheem [140]. The best results are obtained for 1:1 mix proportion. The resistance against HCl attack
increases from 11.1% to 58.3% when the CCA substitution increases from 2% to 15%. These results
show that the incorporation of CCA improves the resistance to chloride attack.
As shown in Figure 16, for biomass compounds BLA, OBFA, ABA, WSA, WPSA AND CSA
no data have been found. However, it is known that chloride permeability is reduced by < 20 %
replacement of cement with SCBA [111], being 10% the optimal limit based on the results of resistance
chloride penetration. In contrast, García and Sousa-Coutinho [104] concluded that the WWA does not
improve the chloride penetration. Regarding diffusion coefficient, the mortar with 10% CWA presents a
more permeable structure and exhibits 2.28x10-11 m2/s (90.95% worsening) whilst the mortar with 20%
substituted has 2.06x10-11 m2/s (91.83% worsening) [60].
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The resistance of grout to chloride ion ingress is determined by means of the charge passed
through grout specimens measured in coulombs [141]. The charge passed of all specimens, evaluated at
28 days, is shown in Figure 16.
In all the analysed compounds, the charge passed decreases. RHA cement based mortar
presents the highest value, 89.67% decrease with respect to the reference mortar, when 20% is substituted
[142]. Mortars with 20% of POFA present a decrease of 74.44%, with respect to the reference mortar, and
nominal value of 1905 Coulomb [142].
With regard to SCBA [143], when 20% of cement is substituted by this waste, the charge passed
is 2720 Coulomb (67.90% less than reference mortar), while if it is substituted by 10%, 6829 Coulomb
are obtained (only 19.41% less than reference cement mortar). This value is the most similar to the
reference cement mortar, around 8000 Coulomb.

7.2. Sulfate resistance
Sulfate attack is defined as a deleterious action involving sulfate ions [144]. The mortars manufactured
with pozzolans, together with OPC improve resistance against sulfate attack as revealed by several
studies (e.g. [132]).
In CCA mortars, when the replacement is up to 10%, the loss in specimen weight due to H 2SO4
attack is reduced. The sulfate resistance with respect to the control mix, is 38.7% for 10% replaced, with
1:1 ratio [140].
The use of RHA in mortars has a positive effect in decreasing the expansion of mortars when
exposed to sulfates. The effects of RHA in the compressive strength loss are positive or negative,
depending on the type of sulphates and on the mix proportion. A mixture with w/b ratio 0.55 and 10%
substituted, provides a 6% decrease of the compressive strength at 7-d and 10% at 28-d [145]. Increasing
the proportion of RHA tends to reduce the compressive strength loss due the increase in density and
impermeability related to pozzolanic activity [145].
Regarding CWA, when 10% CWA is added, the resistance to sulfate is reduced [60].
According to Ramos et al. [60], in specimens with CWA mortar, expansion rates were low at the
beginning, and increased substantially after 10 weeks of immersion in Na 2SO4. That is because as CWA
is not fully pozzolanic, portlandite (CH) reacts with sulfates, promoting the formation of gypsum, which
causes the expansion and cracking of cement-based materials [146].
As far as POFA is concerned, after being immersed in 5% MgSO4 solution for 24 months,
mortar with a rate of 10% by weight of POFA shows the same sulfate resistance, in terms of expansion
and loss in compressive strength, that the OPC mortar [147].
Table 5 shows the aforementioned data. It is worth noticing that for SCBA, WWA, BLA,
OBFA, ABA, WSA, WPSA and CSA no data have been found.

8.

Environmental issues
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Both cement production and plant waste generation provide several environmental problems. It
is known that cement production consumes a high amount of energy, generating CO2. Plant waste
production yields some environmental problems associated to: local sources, amount of produced wastes
or required treatments in order to be discarded. Some plant products studied in this research have an
environmental beneficial role as cement substitute as they are CO2 neutral emitter [5]. Besides, the
production of energy from agricultural residues is a developing industry with strong environmental
potential [148].
In the case of rice more than 20% of rice husk volume is residue [149]. The rice husk obtained
during the rice refining yields disposal problems. The handling and transportation of rice husk ash are
also problematic [150]. Most of the rice wastes are burnt or dumped in landfills. Burning of rice husk in
open field causes environmental and health problems in the surrounding areas, especially in developing
countries. Therefore, it is very important to fully utilize those ashes [150].
Regarding the palm oil, this is one of the main contributors to the pollution problem in some
countries, such as Malaysia [151]. In those countries a huge amount of wastes is obtained, for instance
around 3.13 million tons of palm shell wastes are produced in Malaysia [152]. Moreover, the waste
amount increases every year [153].
The sugar industry also emits harmful gases and solid particles in air and water, which directly
affects the environment in terms of global warming, acidification and eutrophication [27]. For instance, in
India 67,000 ton/day of bagasse ash is directly disposed to nearest land, causing environmental problems
[154]. The increase of sugarcane production implies a proportional waste increase, provoking severe
environmental problems due to the lack of sustainable solutions for the waste management [155].
Wood waste is considered both a renewable and CO 2 neutral energy resource [5]. According to
Tortosa et al. [156] when the wood burning reaches 800º the majority of the mass loss is produced by the
release of CO2. A reduction of the impact related to electricity consumption could be theoretically
possible by replacing the boiler with a co-generation unit [157].
A product similar to the wood is bamboo, which contributes to the environment protection in a
similar way. Bamboo plant absorbs CO2 producing oxygen [158] and is a fast-growing plant.
Furthermore, the BLA formation process is carried out at 600ºC for 2 hours in a furnace [159]. That is a
fast and eco-friendly process.
In spite of the environmental benefits provided by biomass energy, it is important to consider
the wastes that are generated. For instance, conventionally, the energy stored in corn cob is released
through combustion to obtain heat. As a result, hazardous products such as SO2 and NOx are formed and
emitted, causing air pollution. Besides, the energy conversion efficiency is low, leading to a significant
waste of fuel [160].
As far as OBFA is concerned, the technology for olive oil extraction in Spain has progressed
significantly towards a more sustainable process [161] [162]. The new technology only produces two
effluent streams (olive oil and alperujo) avoiding the production of alpechín, which is extremely
hazardous to the environment [162]. In addition, the resulting waste of the chemical extraction
(“orujillo”) can be used for co-generation of electrical power [161]. The olive biomass can produce
energy through three methods: pyrolysis, gasification and combustion [163].
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Agave also presents an opportunity for bioenergy production with important economic and
environmental benefits, and without impacting global food production or causing indirect land use change
[164]. That is because agave is a Crassulacean acid metabolism (CAM) specie [52]. CAM is a
photosynthetic adaptation that facilitates the uptake of CO2 at night, and thereby optimizes the water-use
efficiency of carbon assimilation in plants that grow in arid habitats [164].
Regarding cork ﬂy ash and cork bottom ash, the main problem is the unused ashes. Those
ashes have detrimental effects on the environment such as air pollution, due to fineness, and groundwater
quality, due to possible leaching of metals from the ashes [165].
The paper industry is also a polluting industry. Paper sludge is regarded as a threat to
environmental safety, as most of it is disposed via landfill or incineration, which can cause severe soil,
water or air pollution [166]. However, efficient waste paper recycling has a significant role in the
sustainable environment [167] and the re-use of recycled paper is growing (Europe recycled 71.7% of
the paper and cardboard used in 2012 [91]), it is worth noting that waste paper cannot substitute virgin
paper at a 1:1 ratio [168]. At least 20% should be substituted by virgin paper [168], thus a part of used
paper always become waste and will be incinerated and rejected in landfills [167].
Finally, CSA also presents problems associated to agricultural production. Coconut production
is an important contributor to pollution problems because 80–85% of the coconut's raw weight is treated
as solid waste residue in the form of husks [169].
In the following Sections, two issues that are directly related to the feasibility of using the plant
biomass ashes in eco-efficient cement materials are analysed: the Global Warming Potential and the
Embodied Energy.
8.1. Global Warming Potential (GWP)
In the built environment, global warming contribution is the cumulative quantity of greenhouse gases
(CO2, methane, nitric oxide, and other global warming gases), which are produced during the direct and
indirect processes related to the creation of the building, its maintenance and end-of-life. This is
expressed as CO2 equivalent that has the same greenhouse effect as the sum of GHG emissions [170].

Table 6 summarizes the GWP of the analysed ashes. It is worth noting that SCBA is responsible
for the highest global warming value, whereas the other wastes exhibit similar values.
Ramjeawon [172] shows the productive process of SCBA. In this process, 1GWg and 35,600 kg
CO2-eq are produced. At the same time, when 4615 tonnes of bagasse are used by 1GWh, 69225 kg of
ash is generated. Thus, 0.51 kgCO2/kg SCBA is obtained.
Prasara [171] stated that, if the the rice husk ashes are obtained from electricity production, the
global warming emissions from 919 MWh is 1.02E+4 kgCO2-eq. In that case, 1.775E5 kg of ashes were
produced. Therefore, the GWP value is 0.057kgCO2/kg ash.
The GWP of wood ash generated in a wood combustion plant is around 76.07 kg CO2-eq, when
it is working 7000 hours [173]. Under those conditions, the plant consumes 200 kg of wood per hour and
generates 8.2 g of ash from each kilogram of wood. Thus, the consequence is 0.0066 kgCO2-eq/kg
WWA. At the same way, EE is 27.75 kg oil eq [176]. It is necessary to know this value in the same unit
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systems, therefore the unit change followed is that of proposed by Goedkoop et al. [177] where 1 kg oil
eq has the same value that 42MJ. Thus, the EE total is 1165.5MJ and 0.101 MJ/kg WWA for each
kilogram of ashes.
Regarding POFA, CCA, ABA, CWA, WSA, WPSA and CSA no data have been found.
Regarding agave combustion, the whole process is not completely analysed from an environmental point
of view [178]. In some cases, the environmental analysis does not distinguish among ash and other
components (e.g. the life cycle assessment of wheat provided by Jeswani et al. [179]).
It is important to highlight that a great number of the analysed ashes are not produced in
combustion process or co-generation plant. For instance, bamboo is a common material used in
construction activities, but it is rarely burnt to provide energy. For this reason, its EE is not found in
literature review. Van der Lugt et al. [174] state that the carbon footprint of bamboo waste is 0.779 kg
CO2, and 10% of this waste is ash, so the GWP is considered 0.0779 kg CO2-eq/kg BLA.
Cossu et al. [175] study the environmental impact of bottom ash from olive waste. Taking
account that between 4-12% of the waste is ash, and that the environmental impact of 1 ton of waste is
4.04kg CO2-eq and 220MJ-eq, the impacts per kilogram of ash are: 0.05 kgCO2-eq/kg ash and 2.75 MJ/kg
ash.
8.2. Embodied Energy (EE)
In the built environment, Embodied Energy is the total amount of non-renewable primary energy required
for all the direct and indirect processes related to the creation of the building, its maintenance and end-oflife [170]. It is measured in energy units, Megajoules (MJ).
Table 7 summarizes the EE data of the analysed ashes. Regarding POFA, BLA, CCA, ABA,
CWA, WSA, WPSA and CSA no data have been found.

The ash with the minimum value of embodied energy is the WWA, whereas SCBA presents the
highest value of EE. Ramjeawon [172] analyses embodied energy from those ashes and the result is as
follows: 261000 MJ EE of SCBA when it is produced 69225 kg of SCBA, that is, 3.77 MJ/kg SCBA.
RHA and OBA are in the medium range. Prasara [171] states that RHA is responsible for
4.04E+03 kg oil eq. The units proposed by Goedkoop et al. [177] are used where 1 kg oil eq has the same
value as 42MJ. No data have been found for the other ashes.
It is worth noting that SCBA is the highest global warming contributor, presenting also the
highest level of embodied energy. That is due to the long ash production process. OBFA presents similar
values, whereas the rest of by-products exhibit less value.

9.

Discussion

In order to make easier the analysis of these plant biomass ashes as cement substitutes, Table 8 and 9
summarise both nominal values and increase/decrease percentage with respect to the reference OPC
compound. Table 8 depicts the physical-chemical properties and Table 9 shows durability features.
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From a structural performance perspective, the most suitable mechanical behaviour is expected from
POFA, SCBA, CCA and WSPA. The worst mechanical behaviour is provided by RHA and BLA, despite
the pozzolanic potential. OBFA is the mixture that has normal consistency and acceptable workability
and POFA has a potentially satisfactory rheological behaviour. The initial setting time provided by RHA,
SCBA, BLA, CCA, WSA, WPSA and CSA are satisfactory as an increase with respect to the OPC
reference value is observed. As far as the final setting time is concerned, although all the nominal values
are acceptable, only the final setting time of the RHA decreases with respect to the reference mortar. The
drying shrinkage values of SCBA and WPSA are more satisfactory than those of the control mix. RHA,
CCA, POFA and SCBA improve the resistance to chloride penetration. Regarding the service life in
marine environments, although sparse information is available, RHA and CWA exhibit worse behaviour
with respect to OPC. As far as sulfate resistance is concerned, RHA and CCA mortars have a satisfactory
improvement, CWA worsens and POFA behaviour is similar to the reference mortar.
On the basis of environmental impact values obtained from the review, GWP and EE are calculated,
assuming different ash replacement percentages (from 0% to 20%). The following GWP have been
considered (from SimaPro 7.3): 0.73151 kgCO2-eq/kg for cement, 0.00371 kgCO2-eq/kg for sand and
0.057000 kgCO2-eq/kg for water. Regarding EE, the values are as follows: 3.21652 MJ/kg for cement,
0.05468 MJ/kg for sand and 0.00477 MJ/kg for water.
In order to obtain POFA, CCA, ABA, CWA, WSA, WPSA and CSA values it is assumed that
standard concrete units are reinforced by means of OPC/biomass-based mortars (in order to obtain green
grouted blocks), and that, approximately, 50% of the total volume is grout mortar.
Figure 17 shows the GWP nominal values. BLA exhibits the best GWP value (57.52% smaller than
the reference cement mortar) and SCBA has the minor decrease (9.46% in relation to reference cement
mortar). All the analysed biomass-based mortars improve the cement mortar emission.
The Embodied Energy value is calculated in the same way that GWP, and values are shown in
Figure 18. RHA, and WWA reduce the EE values (17.02% and 17.45% respectively) whereas the
improvement provided by SCBA is less (1%).

Figure 19 summarizes the main characteristics of the analysed plant biomass ashes-based mortars from a
qualitative perspective.
10. Conclusion
The feasibility of using plant biomass ash, as partial replacing binder in cement-based structural mortars
or grouts, has been analysed in this work. This research has focused on issues that are directly related to
the pollution mitigation and to the structural performance. GWP and EE have been estimated assuming
that the OPC/biomass-based mixtures will be used to grout hollow concrete units (CMUs), in order to
obtain green grouted blocks. Thus, a main goal is to gather data and knowledge to use more eco-friendly
mortars.
From the data obtained in the review, the advantages and disadvantages of each waste as cement
substitute have been analysed. The following conclusions can be drawn:
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Those materials are a very strong eco-efficient alternative, as they make possible to obtain more ecofriendly materials and to improve sustainability (reducing the amount of polluting wastes that are in
landfill).



The high worldwide production of the analysed wastes shows their significant prospective as
building materials.



POFA, SCBA, CCA and WPSA cement-based mixtures have potential to improve the OPC mortar
compressive strength.



The pozzolanic potential is not always linked to the mechanical improvement, e.g. RHA, WWA,
BLA, WSA and CSA based compounds have pozzolanic potential and do not improve the
compressive strength.



POFA mixture has a potentially satisfactory rheological behaviour, and OBFA-cement based has
normal consistency and acceptable workability.



Final and initial setting times are satisfactory for all the analysed compounds.



Regarding durability, RHA, CCA, POFA and SCBA- based mixtures improve the resistance to
chloride. RHA and CCA compounds improve the resistance to sulfate.

Regarding the global warming potential and embodied energy of the plant biomass ashes- based mortars:


The greenhouse gas emissions of RHA, SCBA, WWA, BLA and OBA are lower than those of the
OPC reference mortar (from 57.52% decrease for BLA to 9.46% decrease for SCBA).



The Embodied Energy values of the analysed plant waste-based mortars (RHA, SCBA and WWA)
are lower than those of the OPC reference mortar (17.02% decrease for RHA, 17.45% decrease for
WWA and 1% decrease for SCBA).

To summarize, the analysed mixtures have a great potential as eco-efficient alternative to OPC. However,
much more data and research are still required, as clearly observed in Figure 19. Results from this work
could be used to foster further research on the use and development of plant biomass cement-based
mortars or grouts as eco-efficient building materials.

References

[1] A. Brás and P. Faustino, “Repair Mortars and New Concretes with Coal Bottom and Biomass Ashes Using
Rheological Optimisation,” Int. J. Environ. Res. , vol. 10, no. 2, pp. 203-216, 2016.
[2] E. Aprianti, P. Shafigh, S. Bahri and J. N. Farahani, “Supplementary cementitious materials origin from
agricultural wastes – A review,” Construction and Building Materials, no. 74, pp. 176-187, 2015.
[3] L. Vo and P. Navard, “Treatments of plant biomass for cementitious building materials – A review,”
Construction and Building Materials, vol. 121, pp. 161-176, 2016.

21

[4] M. Madurwar, R. Ralegaonkar and S. Mandavgane, “Application of agro-waste for sustainable construction
materials: A review,” Construction and Building Materials, vol. 38, pp. 872-878, 2013.
[5] R. Rajamma, R. J. Ball, L. A. Tarelho, G. C. Allen, J. A. Labrincha and V. M. Ferreira, “Characterisation and
use of biomass fly ash in cement-based materials,” Journal of Hazardous Materials, no. 172, pp. 1049-1060, 2009.
[6] M. Salvo, S. Rizzo, M. Caldirola, G. Novajra, F. Canonico, M. Bianchi and M. Ferraris, “Biomass ash as
supplementary cementitious material (SCM),” Advances in Applpied Ceramics, vol. 114, no. S1, 2015.
[7] J. M. Paris, J. G. Roessler, C. C. Ferraro and H. D. DeFord, “A review of waste products utilized as supplements
to Portland cement in concrete,” Journal of Cleaner Production, vol. 121, pp. 1-18, 2016.
[8] A. K. James, R. W. Thring, S. Helle and H. S. Ghuman, “Ash Management Review—Applications of Biomass
Bottom Ash,” Energies, vol. 5, pp. 3856-3873, 2012.
[9] A. Khan, W. de Jong, P. Jansens and H. Spliethoff, “Biomass combustion in fluidized bed boilers: Potential
problems and remedies,” Fuel Processing Technology, vol. 90, no. 1, pp. 21-50, 2009.
[10] A. Demirbas, “Potential applications of renewable energy sources, biomass combustion problems in boiler
power systems and combustion related environmental issues,” Progress in Energy and Combustion Science, vol. 31,
no. 2, pp. 171-192, 2005.
[11] D. Vamvuka, “Comparative fixed/fluidized bed experiments for the thermal behaviour and environmental
impact of olive kernel ash,” Renewable Energy, vol. 34, no. 1, pp. 158-164, 2009.
[12] “Seguimiento del mercado del arroz de la FAO,” Organización de las Naciones Unidas para la Alimentación y la
Agricultura, 2015.
[13] W. Yang, Y. Xue, S. Wu, Y. Xiao and M. Zhou, “Performance investigation and environmental application of
basic oxygen furnace slag – Rice husk ash based composite cementitious materials,” Construction and Building
Materials, vol. 123, pp. 493-500, 2016.
[14] K. Ganesan, K. Rajagopal and K. Thangavel, “Rice husk ash blended cement: Assessment of optimal level of
replacement for strength and permeability properties of concrete,” Construction and Building Materials, vol. 22, pp.
1675-1683, 2008.
[15] P. V. Ramamurthi, M. C. Fernandes, P. S. Nielsen and C. P. Nunes, “Utilisation of rice residues for
decentralised electricity generation in Ghana: An economic analysis,” Energy, vol. 111, pp. 620-629, 2016.
[16] M. Hensley Duku, S. Gu and E. Ben Hagan, “A comprehensive review of biomass resources and biofuels
potential in Ghana,” Renewable and Sustainable Energy Reviews, vol. 15, pp. 404-415, 2011.
[17] C. Santasnachok, W. Kurniawan and H. Hinode, “The use of synthesized zeolites from power plant rice husk
ash obtained from Thailand as adsorbent for cadmium contamination removal from zinc mining,” Journal of
Environmental Chemical Engineering, vol. 3, pp. 2115-2126, 2015.
[18] S. M. Saleem Kazmi, S. Abbas, M. J. Munir and A. Khitab, “Exploratory study on the effect of waste rice husk
and sugarcane bagasse ashes in burnt clay bricks,” Journal of Building Engineering, vol. 7, pp. 372-378, 2016.

22

[19] “Fedepalma. Statistical Yearbook The Oil Palm Agroindutry in Colombia and the World 2010–2014,” Javegraf,
Bogotá, Colombia, 2015.
[20] M. K. Lam, K. T. Tan, K. T. Lee and A. R. Mohamed, “Malaysian palm oil: Surviving the food versus fuel
dispute for a sustainable future,” Renewable and Sustainable Energy Reviews, vol. 13, pp. 1456-1464, 2009.
[21] K. T. Tan, K. T. Lee, A. R. Mohamed and S. Bathia, “Palm Oil: Addresing issues and towards sustainable
development,” Renewable and Sustainable Energy Reviews, vol. 13, pp. 420-427, 2009.
[22] S. Sumathi, S. P. Chai and A. R. Mohamed, “Utilization of oil palm as a source of renewable energy in
Malaysia,” Renewable and Sustainable Energy Reviews, vol. 12, pp. 2404-2421, 2008.
[23] M. Megat Johari, A. Zeyad and N. N. Muhamad Bunnori, “Engineering and transport properties of high-strength
green concrete containing high volume of ultrafine palm oil fuel ash,” Construction and Building Materials, no. 30,
pp. 281-288, 2012.
[24] B. H. Nagaratnam, M. E. Rahman, A. Karim Mirasa, M. A. Mannan and S. Omid Lame, “Workability and heat
of hydration of self-compacting concrete incorporating agro-industrial waste,” Journal of Cleaner Production, vol.
112, pp. 882-894, 2016.
[25] A. Abdul Awal and M. Warid Hussin, “The Effectiveness of Palm Oil Fuel Ash in Preventing Expansion Due to
Alkali-silica Reaction,” Cement and Concrete Composites, no. 19, pp. 367-372, 1997.
[26] Food and Agriculture Organization of the United Nations, [Online]. Available:
http://www.fao.org/docrep/018/i3107e/i3107e.PDF. [Accessed 2016].
[27] M. K. Chauhan, V. Chaudhary, S. Kumar and S. Samar, “Life cycle assessment of sugar industry: A review,”
Renewable and Sustainable Energy Reviews, vol. 15, pp. 3445-3453, 2011.
[28] N. Singh, V. Singh and S. Rai, “Hydration of bagasse ash-blended Portland cement,” Cement and Concrete
Research, no. 30, pp. 1485-1488, 2000.
[29] C. Chee Ban and M. Ramli, “The implementation of wood waste ash as a partial cement replacement material in
the production of structural grade concrete and mortar: An overview,” Resources, Conservation and Recycling, no.
55, pp. 669-685, 2011.
[30] R. Siddique, “Utilization of wood ash in concrete manufacturing,” Resources, Conservation and Recycling, no.
67, pp. 27-33, 2012.
[31] A. Pirraglia, R. Gonzalez, D. Saloni and J. Wright, “Biomass magazine,” 2010. [Online]. Available:
http://www.biomassmagazine.com/articles/3853/woodpellets-an-expanding-market-opportunity. [Accessed 21 05
2016].
[32] J. Scurlock, D. Dayton and B. Hames, “Bamboo: an overlooked biomass resource?,” Biomass and Bioenergy,
no. 19, pp. 229-244, 2000.
[33] F. a. A. O. o. t. U. N. F. C. d. repository, 2017. [Online]. Available:
http://www.fao.org/docrep/013/i1757e/i1757e.pdf.

23

[34] M. Frías, H. Savastano, E. Villar, M. I. Sánchez de Rojas and S. Santos, “Characterization and properties of
blended cement matrices containing activated bamboo leaf wastes,” Cement & Concrete Composites, no. 34, pp.
1019-1023, 2012.
[35] R. Sudin and N. Swamy, “Bamboo and wood fibre cement composites for sustainable infrastructure
regeneration,” Journal of Materials Science, no. 41, pp. 6917-6924, 2006.
[36] E. Villar-Cociña, E. Valencia Morales, S. F. Santo, H. Savastano Jr. and M. Frías, “Pozzolanic behavior of
bamboo leaf ash: Characterization and determination of the kinetic parameters,” Cement & Concrete Composites, no.
33, pp. 68-73, 2011.
[37] D. Adesanya and A. Raheem, “A study of the workability and compressive strength characteristics of corn cob
ash blended cement concrete,” Construction and Building Materials, no. 23, pp. 311-317, 2009.
[38] P. Suwanmaneechot, T. Nochaiya and P. Julphunthong, “Improvement, characterization and use of waste corn
cob ash in cement-based materials,” in IOP Conf. Series: Materials Science and Engineering, 2015.
[39] T. Raj, M. Kapoor, R. Gaur, J. Christopher, B. Lamba, D. K. Tuli and R. Kumar, “Physical and Chemical
Characterization of Various Indian Agriculture Residues for Biofuels Production,” Energy Fuels, vol. 5, no. 29, pp.
3111-3118, 2015.
[40] E. Aprianti, “A huge number of artificial waste material can be supplementary cementitious material (SCM) for
concrete production e a review part II,” Journal of Cleaner Production, vol. Article in press, pp. 1-17, 2016.
[41] Y. A. Jimoh and O. A. Apampa, “An Evaluation of the Energy Consumption and Co2 Emission associated with
Corn Cob Ash Compared with the Cement Clinker,” Civil and Environmental Research, vol. 3, no. 2, 2013.
[42] J.-L. Barjol, “L’économie mondiale de l’huile d’olive,” Oilseeds & fats Crops and Lipids, vol. 21, no. 5, 2014.
[43] Agencia Andaluza de la Energía (AAE), “La situación de la biomasa en Andalucía en enero de 2008,” 2008.
[44] A. García-Maraver, M. Zamorano, A. Ramos-Ridao and L. Díaz, “Analysis of olive grove residual biomass
potential for electric and thermal energy generation in Andalusia (Spain),” Renewable and Sustainable Energy
Reviews, vol. 16, pp. 745-751, 2012.
[45] M. Cruz-Yusta, I. Mármol, J. Morales and L. Sánchez, “Use of Olive Biomass Fly Ash in the Preparation of
Environmentally Friendly Mortars,” Environmental Science and Technology, 2011.
[46] S. Arvelakis, H. Gehrmann, M. Beckmannb and E. Koukios, “Effect of leaching on the ash behavior of olive
residue during fuidized bed gasification,” Biomass and Bioenergy, vol. 22, pp. 55-69, 2002.
[47] L. Chávez-Guerrero, J. Flores and B. Kharissov, “Recycling of ash from mezcal industry: A renewable source of
lime,” Chemosphere, vol. 81, pp. 633-638, 2010.
[48] A. De León-Rodríguez, L. González-Hernández, A. P. Barba de la Rosa, P. Escalante-Minakata and M. G.
López , “Characterization of Volatile Compounds of Mezcal, an Ethnic Alcoholic Beverage Obtained from Agave
salmiana,” Journal of Agricultural and Food Chemistry, vol. 54, no. 4, pp. 1337-1341, 2006.
[49] H. M. Núñez, L. F. Rodríguez and M. Khanna, “Agave for tequila and biofuels: an economic assessment and
potential opportunities,” Global Change Biology Bioenergy, vol. 3, pp. 43-57, 2011.

24

[50] J. González-López, J. Ramos-Lara, A. Zaldivar-Cadena, L. Chávez-Guerrero, R. Magallanes-Rivera and O.
Burciaga-Díaz, “Small addition effect of agave biomass ashes in cement mortars,” Fuel Processing Technology, vol.
133, pp. 35-42, 2015.
[51] J. T. Corredor González, A. J. Pinheiro Dillon, A. R. Pérez-Pérez, R. Fontana and C. Pérez Bergmann,
“Enzymatic surface modification of sisal fibers (Agave Sisalana) by Penicillium echinulatum cellulases,” Fibers and
Polymers, vol. 16, no. 10, pp. 2112-2120, 2015.
[52] S. C. Davis, H. Griffithss, J. Holtum and A. Larqué Saavedra, “The Evaluation of Feedstocks in GCBB
Continues with a Special Issue on Agave for Bioenergy,” Global Change Biology Bioenergy, vol. 3, pp. 1-3, 2011.
[53] A. Brás, M. Leal and P. Faria, “Cement-cork mortars for thermal bridges correction. Comparison with cementEPS mortars performance,” Construction and Building Materials, vol. 49, pp. 315-327, 2013.
[54] A. Brás and V. Gomes, “LCA implementation in the selection of thermal enhanced mortars for energetic
rehabilitation of school buildings,” Energy and Buildings, vol. 92, pp. 1-9, 2015.
[55] L. Gil, “Cork composites: a review,” Materials, vol. 2, pp. 776-789, 2009.
[56] A. Brás, F. Gonçalves and P. Faustino, “Cork-based mortars for thermal bridges correction in a dwelling:
Thermal performance and cost evaluation,” Cement & Concrete Composites, vol. 34, pp. 982-992, 2014.
[57] D. Panesar and B. Shindman, “The mechanical, transport and thermal properties of mortar and concrete
containing waste cork,” Cement & Concrete Composites, vol. 34, pp. 982-992, 2012.
[58] T. J. Fonseca and B. R. Parresol, “A new model for cork weight estimation in Northern Portugal with
methodology for construction of confidence intervals,” Forest Ecology and Management, vol. 152, no. 1-3, pp. 131139, 2001.
[59] A. M. Matos, S. Nunes and J. Sousa-Coutinho, “Cork waste in cement based materials,” Materials & Design,
vol. 85, pp. 230-239, 2015.
[60] T. Ramos, A. M. Matos and J. Sousa-Coutinho, “Strength and Durability of Mortar Using Cork Waste Ash as
Cement Replacement,” Materials Research, vol. 17, no. 4, pp. 893-907, 2014.
[61] J. Giuntoli, A. K. Boulamanti, S. Corrado, M. Motegh, A. Agostini and D. Baxter, “Environmental impacts of
future bioenergy pathways: the case of electricity from wheat straw bales and pellets,” Global Change Biology
Bioenergy, vol. 5, no. 5, pp. 497-512, 2012.
[62] H. Biricik, F. Aköz, l. Berktay and A. N. Tulgar, “Study of pozzolanic properties of wheat straw ash,” Cement
and Concrete Research, vol. 29, pp. 637-643, 1999.
[63] J. Cui, L. Cui, F. Cheng, L. Liu, H. Sun, S. Li, Z. Wen and J. Sun, “A green route for preparation of low surface
area SiO2 microspheres from wheat straw ash with activated carbon and NPK compound fertilizer as by-products,”
Royal Society of Chemistry, vol. 5, pp. 80238-80244, 2015.
[64] G. Montero, M. A. Coronado, R. Torres, . B. E. Jaramillo, C. García, M. Stoytcheva, A. M. Vázquez, J. A.
León, A. A. Lambert and E. Valenzuela, “Higher heating value determination of wheat straw from Baja California,
Mexico,” Energy, vol. 109, pp. 612-619, 2016.

25

[65] O. Aksoğan, H. Binici and E. Ortlek, “Durability of concrete made by partial replacement of fine aggregate by
colemanite and barite and cement by ashes of corn stalk, wheat straw and sunflower stalk ashes,” Construction and
Building Materials, vol. 106, pp. 253-263, 2016.
[66] L. Penga, X. Zeng, Y. Wang and G.-B. Hong, “Analysis of energy efficiency and carbon dioxide reduction in
the Chinese pulp and paper industry,” Energy Policy, vol. 80, pp. 65-75, 2015.
[67] W. M. Cheung and V. Pachisia, “Facilitating waste paper recycling and repurposing via cost modelling of
machine failure, labour availability and waste quantity,” Resources, Conservation and Recycling, vol. 101, pp. 34-41,
2015.
[68] M. Monte, E. Fuente, . A. Blanco and C. Negro, “Waste management from pulp and paper production in the
European Union,” Waste Management, vol. 29, no. 1, pp. 293-308, 2009.
[69] J. McGovern, J. Berbee, J. Bockheim and A. Baker, “Characteristics of combined effluent treatment sludges
from several types of pulp and paper mills,” TAPPI Journal, vol. 66, pp. 115-118, 1983.
[70] J. Latva-Somppi, M. Moisio, E. I. Kauppinen, T. Valmari, P. Ahonen, U. Tapper and J. Keskinen, “Ash
formation during fluidized-bed incineration of paper mill waste sludge,” Journal of Aerosol Science, vol. 29, no. 4,
pp. 461-480, 1998.
[71] F. F. a. A. O. o. t. U. Nations., “Report of the FAO high level expert consultation on coconut sector development
in Asia and the Pacific Region,” 2013. [Online]. Available:
http://www.fao.org/fileadmin/templates/rap/files/meetings/coconut.pdf.
[72] O. O. Amu, O. S. Owokade and O. I. Shitan, “Potentials of Coconut Shell and Husk Ash on the Geotechnical
Properties of Lateritic Soil for Road Works,” International Journal of Engineering and Technology, vol. 3, no. 2, pp.
87-94, 2011.
[73] V. Kumar Nagarajan, S. Aruna Devi, S. Manohari and M. Maria Santha, “Experimental Study on Partial
Replacement of Cement with Coconut Shell Ash in Concrete,” International Journal of Science and Research (IJSR),
vol. 3, no. 3, 2014.
[74] V. Malhotra and P. Mehta, Pozzolanic and cementitious materials, London: Gordon and Breach, 1996.
[75] American Society for Testing and Materials, “ASTM C618-94 Standard specification for fly ash and raw or
calcinied natural pozzolan for use as a mineral admixture in Portland cement concrete,” in Annual Book of ASTM
Standards, 04.02, Philadelphia, 1994.
[76] P. Nkinamubanzi, M. Baalbaki and J. Bickley, “The use of slag for making high performance concrete,” in Sixth
NCB International Seminar on Cement and Building Materials, New Delhi, 1998.
[77] A. Goldman and A. Bentur, “Properties of cementitious systems containing silica fume or nonreactive
microfillers,” Advance Cement Based Materials, vol. 1, no. 5, pp. 209-215, 1994.
[78] M. Zain, M. Islam, F. Mahmud and M. Jamil, “Production of rice husk ash for use in concrete as a
supplementary cementitious material,” Constructuion and Building Materials, no. 25, pp. 798-805, 2011.
[79] K. H. Mo, U. J. Alengaram, M. Z. Jumaat, S. P. Yap and S. C. Lee, “Green concrete partially comprised of
farming waste residues: a review,” Journal of Cleaner Production, vol. 117, pp. 122-138, 2016.

26

[80] E. Arif, M. W. Clark and N. Lake, “Sugar cane bagasse ash from a high efficiency co-generation boiler:
Applications in cement and mortar production,” Construction and BUilding Materials, vol. 128, pp. 287-297, 2016.
[81] J. Martirena Hernández, B. Middendorf, M. Gehrke and H. Budelmann, “Use of wastes of the sugar industry as
pozzolana in lime-pozzolana binders: study of the reaction,” Cement and Concrete Research, vol. 28, no. 11, pp.
1525-1536, 1998.
[82] S. Abbas, S. M. Kazmi and M. J. Munir, “Potential of rice husk ash for mitigating the alkali-silica reaction in
mortar bars incorporating reactive aggregates,” Construction and Building Materials, vol. 132, pp. 61-70, 2017.
[83] S. Kabir, U. Alengaram, M. Jumaat, A. Sharmin and A. Islam, “Influence of molarity and chemical composition
on the development of compressive strength in POFA based geopolymer mortar,” Advances in Materials Science and
Engineering, vol. 2015, no. 647071, 2015.
[84] J.-H. Tay, “Ash from Oil‐Palm Waste as a Concrete Material,” Journal of Materials in Civil Engineering, no. 2,
pp. 94-105, 1990.
[85] J. T. Utsev and J. K. Taku, “Coconut Shell Ash As Partial Replacement of Ordinary Portland Cement In
Concrete Production,” International Journal of Scientific & Technology Research, vol. 1, no. 8, 2012.
[86] M. Abdullahi, “Characteristics of Wood ASH/OPC Concrete,” Leonardo Electronic Journal of Practices and
Technologies, 2006.
[87] A. Elinwa and Y. Mahmood, “Ash from timber waste as cement replacement material,” Cem Concr Composites,
vol. 24, pp. 219-222, 2002.
[88] F. F. Udoeyo and P. U. Dashibil, “Sawdust ash as concrete material,” J Mater Civ Eng, vol. 14, no. 2, pp. 173176, 2002.
[89] J. Cuenca, J. Rodríguez, M. Martín-Morales, Z. Sánchez-Roldán and M. Zamorano, “Effects of olive residue
biomass fly ash as filler in self-compacting concrete,” Construction and Building Materials, vol. 40, pp. 702-709,
2013.
[90] A. N. Azmi, M. A. Fauzi, M. D. Nor, A. R. M. Ridzuan and M. F. Arshad, “Production of Controlled Low
Strength Material Utilizing Waste Paper Sludge Ash and Recycled Aggregate Concrete,” MATEC Web of
Conferences, vol. 47, p. 01011, 2016.
[91] M. Frías, O. Rodríguez and M. Sánchez de Rojas, “Paper sludge, an environmentally sound alternative source of
MK-based cementitious materials. A review,” Construction and Building Materials, vol. 74, pp. 37-48, 2015.
[92] R. García, R. Vigil de la Villa, I. Vegas, M. Frías and M. I. Sánchez de Rojas, “The pozzolanic properties of
paper sludge waste,” Construction and Building Materials, vol. 22, pp. 1484-1490, 2008.
[93] E. Diaz, E. Allouche and S. Eklund, “Factors affecting the suitability of fly ash as source material for
geopolymers,” Fuel, vol. 89, pp. 992-996, 2010.
[94] H. Wang, H. Li and F. Yan, “Synthesis and mechanical properties of metakaolinite-based geopolymer,” Colloids
and Surfaces A, vol. 268, pp. 1-6, 2005.

27

[95] A. Fernández-Jiménez and A. Palomo, “Characterisation of fly ashes. Potential reactivity as alkaline cements,”
Fuel, vol. 82, pp. 2259-2265, 2003.
[96] K. Ganesan, K. Rajagopal and K. Thangavel, “Evaluation of bagasse ash as supplementary cementitious
material,” Cement and Concrete Composites, vol. 29, pp. 515-524, 2007.
[97] S. O. Bamaga, M. W. Hussin and M. A. Ismail, “Palm Oil Fuel Ash: Promising Supplementary Cementing
Materials,” KSCE Journal of Civil Engineering, vol. 17, no. 7, pp. 1708-1713, 2013.
[98] J. Usman, A. Sam, S. Sumadi and Y. Ola, “Strength development and porosity of blended cement mortar: Effect
of palm oil fuel ash content,” Sustainable Environment Research, vol. 25, pp. 47-52, 2015.
[99] I. Martínez-Lage, M. Velay-Lizancos, P. Vázquez-Burgo, M. Rivas-Fernández, C. Vázquez-Herrero, A.
Ramírez-Rodríguez and M. Martín-Cano, “Concretes and mortars with waste paper industry: Biomass ash and
dregs,” Journal of Environmental Management, 2016.
[100]

A. Goyal, H. Kunio, H. Ogala, M. Garg, . A. Anwar, M. Ashraf and Mandula, “Synergic Effect of Wheat

Straw Ash and Rice-Husk Ash on Strength Properties oC Mortar,” Journal of Applied Seienees, vol. 21, no. 7, pp.
3256-3261, 2007.
[101]

D. Adesanya, “Evaluation of blended cement mortar, concrete and stabilized earth made from ordinary

Portland cement and corn cob ash,” Construction and Building Materials, vol. 10, no. 6, pp. 451-456, 1996.
[102]

N. S. Potty, K. Vallyutham, M. Yusoff, A. Anwar, M. Haron and M. Alias, “Properties of Rice Husk Ash

(RHA and MIRHA) Mortars,” Research Journal of Applied Sciences, Engineering and Technology, vol. 7, no. 18,
pp. 3872-3882, 2014.
[103]

V. N. Dwivedi, N. Singh, S. Das and N. Singh, “A new pozzolanic material for cement industry: Bamboo

leaf ash,” International Journal of Physical Sciences, vol. 1, no. 3, pp. 106-111, 2006.
[104]

M. d. L. Garcia and J. Sousa-Coutinho, “Strength and durability of cement with forest waste bottom ash,”

Construction and Building Materials, no. 41, pp. 897-910, 2013.
[105]

S. H. Kosmatka and W. C. Panarese, Design and Control of Concrete Mixtures, PCA, 1994.

[106]

C. F. Ferraris, L. Brower, C. Ozyildirim and J. Daczko, Workability of Self-Compacting Concrete, Florida,

Orlando: NIST. National Institute of Standards Technology, 2000.
[107]

C. F. Ferraris, “Measurement of the Rheological Properties of High Performance Concrete: State of the Art

Report,” Journal of Research of the National Institute of Standards and Technology, vol. 104, pp. 461-478, 1999.
[108]

C. F. Ferraris and F. de Larrard, Testing and Modelling of Fresh Concrete Rheology, 1998.

[109]

A. S. f. T. a. Materials, ASTM C 109-11, Standard test method for compressive strength of hydraulic

cement mortars (using 2-in. or [50-mm] cube specimens), 2011.
[110]

A. S. f. T. a. Materials, ASTM C230M-08: Standard specification for flow table for use in tests,

Philadelphia, 2008.
[111]

M.-C. Chi, “Effects of sugar cane bagasse ash as a cement replacement on properties of mortars,” Science

and Engineering of Composite Materials, vol. 3, no. 19, pp. 279-285, 2012.

28

[112]

S. Yan and K. Sagoe-Crentsil, “Properties of wastepaper sludge in geopolymer mortars for masonry

applications,” Journal of Environmental Management, vol. 112, pp. 27-32, 2012.
[113]

M. Safiuddin, J. West and K. Soudki, “Flowing ability of the mortars formulated from self-compacting

concretes incorporating rice husk ash,” Construction and Building Materials, vol. 25, no. 2, pp. 973-978, 2011.
[114]

A. U. Elinwa, S. P. Ejeh and A. M. Mamuda, “Assessing of the fresh concrete properties of self-compacting

concrete containing sawdust ash,” Construction and Building Materials, vol. 22, no. 6, pp. 1178-1182, 2008.
[115]

L. T. T. Vo and P. Navard, “Treatments of plant biomass for cementitious building materials. A review,”

Construction and Building Materials, vol. 121, pp. 161-176, 2016.
[116]

J. C. Arteaga Arcos, J. Trujillo Reyes and D. J. Delgado Hernández, “Diseño experimental para la

obtención de cemento ultrafino en laboratorio,” 2016. [Online]. Available:
https://www.researchgate.net/publication/268294777_DISENO_EXPERIMENTAL_PARA_LA_OBTENCION_DE_
CEMENTO_ULTRAFINO_EN. [Accessed 2016].
[117]

A. Uche Elinwa and Y. Abba Mahmood, “Ash from timber waste as cement replacement material,” Cement

and Concrete Composites , no. 24, pp. 219-222, 2002.
[118]

M. Karim, M. Zain, M. Jamil and F. Lai, “Fabrication of a non-cement binder using slag, palm oil fuel ash

and rice husk ash with sodium hydroxide,” Construction and Building Materials, vol. 49, pp. 894-902, 2013.
[119]

A. Bras and F. M. A. Henriques, “The influence of the mixing procedures on the optimization of fresh grout

properties,” Materials and Structures, 2008.
[120]

R. Alavéz-Ramírez, P. Montes-García, J. Martínez-Reyes, D. C. Altamirano-Juárez and Y. Gochi-Ponce,

“The use of sugarcane bagasse ash and lime to improve the durability and mechanical properties of compacted soil
blocks,” Construction and Building Materials, vol. 34, pp. 296-305, 2012.
[121]

J. Werkelin, D. Lindberg, D. Boström, B.-J. Skrifvars and M. Hupa, “Ash-forming elements in four

Scandinavian wood species part 3: Combustion of five spruce samples,” Biomass and Bioenergy, vol. 35, pp. 725733, 2011.
[122]

S. Arvelakis and E. Koukios, “Physicochemical upgrading of agroresidues as feedstocks for energy

production via thermochemical conversion methods,” Biomass and Bioenergy, vol. 22, pp. 331-348, 2002.
[123]

N. M. Al-Akhras, K. M. Al-Akhras and M. F. Attom , “Performance of olive waste ash concrete exposed to

elevated temperatures,” Fire Safety Journal, Vols. 370-375, p. 44, 2009.
[124]

L. Chávez-Guerrero, . J. Flores and B. Kharissov, “Recycling of ash from mezcal industry: A renewable

source of lime,” Chemosphere, vol. 81, no. 5, pp. 633-638, 2010.
[125]

V. Ferrándiz-Mas, . T. Bond, E. García-Alcocel and C. Cheeseman, “Lightweight mortars containing

expanded polystyrene and paper sludge ash,” Construction and Building Materials, vol. 61, pp. 285-292, 2014.
[126]

G. Fu, Z. Wang, Y. Zhang, Z. Huang, J. Liu, J. Zhou and K. Cen, “Effect of raw material sources on

activated carbon catalytic activity for HI decomposition in the sulfuriodine thermochemical cycle for hydrogen
production,” International Journal of Hydrogen Energy, vol. 41, pp. 7854-7860, 2016.

29

[127]

N. B. Singh, S. S. Das and V. N. Dwivedi, “Hydration of bamboo leaf ash blended Portland cement,”

Indian Journal of Engineering & MAterial Sciences, vol. 14, pp. 69-76, 2007.
[128]

D. Adesanya and A. Raheem, “Development of corn cob ash blended cement,” Construction and Building

Materials, no. 23, pp. 347-352, 2009.
[129]

I. Vegas, M. Frías, J. Urreta and J. T. San José, “Obtaining a pozzolanic addition from the controlled

calcination of paper mill sludge. Performance in cement matrices,” Materiales de Construcción, vol. 56, no. 283, pp.
49-60, 2006.
[130]

C. Di Bella, M. Wyrzykowski and P. Lura, “Evaluation of the ultimate drying shrinkage of cement-based

mortars with poroelastic models,” Materials and Structures, vol. 50, no. 1, 2017.
[131]

W. Weiss, W. Yang and S. Shah , “Shrinkage Cracking of Restrained Concrete Slabs,” Journal of

Engineering Mechanics, vol. 124, no. 7, pp. 765-774, 1998.
[132]

M. Hossain, M. Karim, M. Hasan, M. Hossain and M. Zain, “Durability of mortar and concrete made up of

pozzolans as a partial replacement of cement: A review,” Construction and Building Materials, vol. 116, pp. 128140, 2016.
[133]

P. Chindaprasirt, S. Rukzon and V. Sirivivatnanon, “Resistance to chloride penetration of blended Portland

cement mortar containing palm oil fuel ash, rice husk ash and fly ash,” Construction and Building Materials, no. 22,
pp. 932-938, 2008.
[134]

M. D. Thomas and P. B. Bamforth, “Modelling chloride diffusion in concrete Effect of fly ash and slag,”

Cement and Concrete Research, vol. 29, pp. 487-495, 1999.
[135]

American Society for Testing and Materials, “ASTM C39/C39M-01 Standard Test Method forcompressive

strength of cylindrical concrete specimens,” Philadelphia, 2001.
[136]

O. Truc, J. Ollivier and . M. Carcassès, “A new way for determining the chloride diffusion coefficient in

concrete from steady state migration test,” Cement and Concrete Research, vol. 30, pp. 217-226, 2000.
[137]

M. Castellote, C. Andrade and C. Alonso, “Measurement of the steady and non-steady-state chloride

diffusion coefficients in a migration test by means of monitoring the conductivity in the anolyte chamber Comparison
with natural diffusion tests,” Cement and Concrete Research, vol. 31, pp. 1411-1420, 2001.
[138]

W. Wongkeo, P. Thongsanitgarn, A. Ngamjarurojana and A. Chaipanich, “Compressive strength and

chloride resistance of self-compacting concrete containing high level fly ash and silica fume,” Materials & Design,
vol. 64, pp. 261-269, 2014.
[139]

P. Chindaprasirt, S. Rukzon and V. Sirivivatnanon, “Effect of carbon dioxide on chloride penetration and

chloride ion diffusion coefficient of blended Portland cement mortar,” Construction and Building Materials, vol. 22,
no. 8, pp. 1701-1707, 2008.
[140]

D. Adesanya and A. Raheem, “A study of the permeability and acid attack of corn cob ash blended

cements,” Construction and Building Materials, no. 24, pp. 403-409, 2010.
[141]

D. Mujah, “Compressive strength and chloride resistance of grout containing ground palm oil fuel ash,”

Journal of Cleaner Production, pp. 1-11, 2015.

30

[142]

S. Rukzon and P. Chindaprasirt, “Use of waste ash from various by-product materials in increasing the

durability of mortar,” Songklanakarin Journal of Science Technology, vol. 30, no. 3, pp. 485-489, 2008.
[143]

J. Arenas-Piedrahita, P. Montes-García, J. Mendoza-Rangel, H. López Calvo, P. Valdes-Tamez and J.

Martínez-Reyes, “Mechanical and durability properties of mortars prepared with untreated sugarcane bagasse ash and
untreated fly ash,” Construction and Building Materials, no. 105, pp. 69-81, 2016.
[144]

A. Neville, “The confused world of sulfate attack on concrete,” Cement and Concrete Research , vol. 34,

pp. 1275-1296, 2004.
[145]

B. Chatveera and P. Lertwattanaruk , “Evaluation of sulfate resistance of cement mortars containing black

rice husk ash,” Journal of Environmental Management, vol. 90, pp. 1435-1441, 2009.
[146]

T. Aye and C. T. Oguchi, “Resistance of plain and blended cement mortars exposed to severe sulfate

attacks,” Construction and Building Materials, vol. 25, no. 6, pp. 2988-2996, 2011.
[147]

C. Jaturapitakkul, K. Kiattikomol, W. Tangchirapat and T. Saeting, “Evaluation of the sulfate resistance of

concrete containing palm oil fuel ash,” Construction and Building Materials, no. 21, pp. 1399-1405, 2007.
[148]

Y. Lou, S. Joseph, L. Li, E. R. Graber, X. Liu and G. Pan, “Water Extract from Straw Biochar Used for

Plant Growth Promotion: An Initial Test,” bioresourses.com, vol. 11, 2016.
[149]

R. Khan, A. Jabbar, I. Ahmad, W. Khan, A. Khan and J. Mirza, “Reduction in environmental problems

using rice husk ash in concrete,” Construction and Building Materials, vol. 30, pp. 360-365, 2012.
[150]

S. Mor, K. Chhoden and K. Ravindra, “Application of agro-waste rice husk ash for the removal of

phosphate from the wastewater,” Journal of Cleaner Production, vol. 129, pp. 673-680, 2016.
[151]

H. Basri, M. Mannan and M. Zain, “Concrete using waste oil palm shells as aggregate,” Cement and

Concrete Research, vol. 29, pp. 619-622, 1999.
[152]

F. Abutaha, H. Abdul Razak and J. Kanada, “Effect of palm oil clinker (POC) aggregates on fresh and

hardened properties of concrete,” Constructuion and Building Materials, no. 112, pp. 416-423, 2016.
[153]

Malaysian Palm Oil Board (MPOB), “Economic and statistic,” 2007. [Online]. Available:

http://econ.mpob.gov.my/economy/annual/stat2007/EID_statistics07.htm. [Accessed 2016].
[154]

A. Bahurudeen, A. V. Marckson, A. Kishore and M. Santhanam, “Development of sugarcane ash based

POrtland pozzolan cement and evaluation of compatibility with superplasticizers,” Construction and Building
Materials, vol. 68, pp. 465-475, 2014.
[155]

A. Bhatnagar, K. Kumar Kesari and N. Shurpali, “Multidisciplinary Approaches to Handling Wastes in

Sugar Industries,” Water, Air and Soil Pollution, vol. 227, no. 11, 2016.
[156]

A. Tortosa Masiá, B. Buhre, R. Gupta and T. Wall, “Characterising ash of biomass and waste,” Fuel

Processing Technology, vol. 88, pp. 1071-1081, 2007.
[157]

A. Laschia, E. Marchi and S. González-García, “Environmental performance of wood pellets' production

through life cycle analysis,” Energy, vol. 103, pp. 469-480, 2016.

31

[158]

K. Ghavami, “Bamboo: Low cost and energy saving construction materials,” in Proceedings of 1st

International Conference on Modern Bamboo Structures, Changsha, China, 2008.
[159]

O. O. Amu and A. A. Adetuberu, “Characteristics of Bamboo Leaf Ash Stabilization on Lateritic Soil in

Highway Construction,” International Journal of Engineering and Technology, vol. 2, no. 4, pp. 212-219, 2010.
[160]

D. Streets and S. Waldhoff, “Present and future emissions of air pollutants in China: SO2, NOx, and CO,”

Atmospheric Environment, vol. 34, pp. 363-374, 2000.
[161]

J. Alburquerque, J. Gonzálvez, D. García and J. Cegarra, “Agrochemical characterisation of ‘‘alperujo’’, a

solid by-product of the two-phase centrifugation method for olive oil extraction,” Bioresource Technology, vol. 91,
pp. 195-200, 2004.
[162]

R. Arjona, A. Garcı́a and P. Ollero, “The drying of alpeorujo, a waste product of the olive oil mill

industry,” R. Arjona, A. Garcı́a, P. Ollero, vol. 41, no. 3-4, pp. 229-234, 1999.
[163]

O. Senneca, “Kinetics of pyrolysis, combustion and gasification of three biomass fuels,” Fuel Processing

Technology, vol. 88, no. 1, pp. 87-97, 2007.
[164]

A. M. Borland, H. Griffiths, J. Hartwell and J. A. C. Smith, “Exploiting the potential of plants with

crassulacean acid metabolism for bioenergy production on marginal lands,” Journal of Experimental Botany, vol. 60,
no. 10, pp. 2879-2896, 2009.
[165]

R. Cheerarot and C. Jaturapitakkul, “A study of disposed fly ash from landfill to replace Portland cement,”

Waste Management, vol. 24, no. 7, pp. 701-709, 2004.
[166]

L. Wang, J. G. Wang, J. Littlewood and H. B. Cheng, “Co-production of biorefinery products from kraft

paper sludge and agricultural residues: opportunities and challenges,” Green Chemistry, vol. 16, pp. 1527-1533,
2014.
[167]

M. O. Rahman, A. Hussain and H. Basri, “A critical review on waste paper sorting techniques,”

International Journal of Environmental Science and Technology, vol. 11, pp. 551-564, 2014.
[168]

A. Villanueva and . H. Wenzel, “Paper waste – Recycling, incineration or landfilling? A review of existing

life cycle assessments,” Waste Management, vol. 27, pp. S29-S46, 2007.
[169]

M. d. F. Rosa, F. J. Seixas Santos, A. A. Teles Montenegro, F. A. Pinto de Abreu, D. Correia, F. B. S. de

Araújo and E. R. V. Norões, “Caracterização do pó da casca de coco verde usado como substrato agrícola,” Brazil,
2001.
[170]

Oka and T., “Issues and suggeston of Annex57 project report and guidelines,” Annex57.

[171]

J. Prasara-A, Comparative Life Cycle Assessment of Rice Husk Utilization in Thailand, 2009.

[172]

T. Ramjeawon, “Life cycle assessment of electricity generation from bagasse in Mauritius,” Journal of

Cleaner Production, vol. 16, pp. 1727-1734, 2008.
[173]

P. Adams and M. McManus, “Small-scale biomass gasification CHP utilisation in industry: Energy and

environmental evaluation,” Sustainable Energy Technologies and Assessments, vol. 6, pp. 129-140, 2014.

32

[174]

P. van der Lugt and J. Vogtländer, “The environmental impactof inductrial bamboo products,”

International Network for Bamboo and Rattan, 2015.
[175]

A. Cossu, S. Degl’Innocenti , M. Agnolucci, C. Cristani, S. Bedini and M. Nuti, “Assessment of the Life

Cycle Environmental Impact of the Olive Oil Extraction Solid Wastes in the European Union,” The Open Waste
Management Journal, vol. 6, pp. 12-20, 2013.
[176]

J. B. Wilson, “Life-cycle inventory of medium density Fiberboard in terms of resources, Emissions, energy

and carbon,” Wood and Fiber Science, vol. 42, pp. 107-124, 2010.
[177]

M. Goedkoop, R. Heijungs, M. Huijbregts, A. De Schryver, J. Struijs and R. van Zelm, ReCiPe 2008 A life

cycle impact assessment method which comprises harmonised category indicators at the midpoint and the endpoint
level, 2008.
[178]

X. Yan, D. K. Y. Tan, O. R. Inderwildi, J. A. C. Smith and D. A. King, “Life cycle energy and greenhouse

gas analysis for agave-derived bioethanol,” Energy & Environmental Science, vol. 4, no. 3110, 2011.
[179]

H. K. Jeswani, T. Falano and A. Azapagic, “Life cycle environmental sustainability of lignocellulosic

ethanol produced in integrated thermo-chemical biorefineries,” Biofuel, Bioproducts and Biorefining, vol. 9, no. 6,
pp. 661-676, 2015.
[180]

V. Papadaki and S. Tsimas, “Supplementary cementing materials in concrete: Part I: efficiency and design,”

Cement and Concrete Research, vol. 32, no. 10, pp. 1525-1532, 2007.
[181]

H. T. Le, M. Kraus, K. Siewert and H.-M. Ludwig, “Effect of macro-mesoporous rice husk ash on

rheological properties of mortar formulated from self-compacting high performance concrete,” Construction and
Building Materials, vol. 80, pp. 225-235, 2015.
[182]

M. Zahedi, A. A. Ramezanianpour and A. M. Ramezanianpour , “Evaluation of the mechanical properties

and durability of cement mortars containing nanosilica and rice husk ash under chloride ion penetration,”
Construction and Building Materials, vol. 78, pp. 354-361, 2015.

33

List of captions. Figures

Fig. 1. Rice husk ash. Reprinted from Kazmi et al. [18], with permission from Elsevier

Fig. 2. Palm oil fuel ash. Reprinted from Nagaratnam et al. [24], with permission from Elsevier

Fig. 3. Sugarcane bagasse ash. Reprinted from Kazmi et al. [18], with permission from Elsevier

Fig. 4. Wood ash. Reprinted from Nagaratnam et al. [24], with permission from Elsevier

34

Fig. 5. Bamboo leaf ash. Reprinted from Villar-Cociña et al. [36], with permission from Elsevier

Fig. 6. Corn cob ash [41]

Fig. 7. Olive biomass ash. Reprinted from Arvelakis et al. [46], with permission from Elsevier

Fig. 8. Agave biomass ash from the agave bagasse burning at different temperature. Reprinted from
González-López et al. [50], with permission from Elsevier

Fig. 9. Wheat straw ash. Reprinted from Aksoğan et al. [65], with permission from Elsevier

35

Fig. 10. Compressive strength of the plant biomass ashes: increase/decrease percentage with
respect to the reference ordinary Portland cement compound (references in the text)

Fig. 11. Percentage of flow spread variation and nominal value (mm) related to the ordinary
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Fig. 13. SEM images: (a) OPC, (b) Rice husk ash, (c) palm oil fly ash particles (reprinted from Karim et
al. [118]; (d) sugarcane bagasse ash (reprinted from Alavéz-Ramírez et al. [120]); (e) wood waste ash
(reprinted from Werkelin et al. [121]); (f) bamboo leaf ash (reprinted from Villar-Cociña et al. [36]); (g)
corn cob ash (reprinted from Arvelakis and Koukios [122]); (h) olive biomass fly ash (reprinted from AlAkhraset al. [123]); (j) wheat straw ash particle (reprinted from Arvelakis and Koukios [122]) (i) agave
biomass ash, reprinted from Chávez-Guerrero et al. [124]; (k) waste paper sludge ash reprinted from
Ferrándiz-Mas et al. [125] and (l) coconut shell ash, reprinted from Fu et al. [126]. All figures are
reprinted with permission from Elsevier
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Fig. 14. Percentage of initial setting time of biomass ash-cement mixtures with respect to the reference
cement compound (references in the text)

Fig. 15. Percentage of final setting time of biomass ash-cement mixtures with respect to the reference
cement compound (references in the text)
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Fig. 16. Resistance to chloride: (left) Nominal values of charge passed (Coulombs); (right) Improvement
of resistance to chloride ion penetration (%) and Diffusion coefficient (x10 11 m2/s). References in the text
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Fig. 17. Global Warming Potential of biomass ash-cement compounds (kgCO2-eq/m2) for
different cement replacement percentage (from 0 to 20%)
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Fig. 18. Embodied Energy of biomass ash-cement compounds (MJ/kg) for different cement
replacement percentage (from 0 to 20%)

Fig. 19 Main characteristics of the analysed plant biomass ashes-based mixtures from a qualitative
perspective

Table 1. Production of crop or raw material in million tons
FAO

Crop or raw

Year of

Million

material

record

Tons

Rice

2015

-

-

740.20

[12]

Palm

-

-

-

-

-

Sugarcane

2011

-

-

1700.00

[26]

Wood Waste

2009

13.00

[31]

-

-

Bamboo

-

-

-

-

-

Corn Cob

2000

589.00

[40]

-

-

Reference Million
Tons

FAO
Reference
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Olive

2013

3.10

[42]

-

-

Agave

2015

4.50

[51]

-

-

Cork

2001

0.34

[58]

-

-

Wheat

2010

-

-

653.00

[26]

Waste paper

2010

72.00

[67]

-

-

Coconut (coconut flesh)

2013

-

-

12.5

[71]

Table 2. SiO2 + Al2O3 + Fe2O3 percentage in the plant biomass ashes (references in the text)
SiO2

Al2O3

Fe2O3

(%)

(%)

(%)

79.84

0.14

1.16

81.14

[78]

80.72

0.08

1.10

81.90

[78]

86.49

0.01

0.91

87.41

[78]

76.81

6.17

4.19

87.17

[82]

63.41

5.55

3.74

72.70

[83]

78.50

7.30

3.85

89.65

[80]

72.74

5.26

3.92

81.92

[81]

67.20

4.09

2.26

73.55

[87]

78.92

0.89

0.85

80.66

[88]

31.80

28.00

2.34

62.14

[86]

BLA

80.40

1.22

0.71

82.33

[36]

CCA

63.91

4.01

3.95

71.87

[38]

33.00

16.66

6.50

56.16

[45]

11.84

2.60

1.38

15.82

[89]

ABA

1.40

-

-

-

[50]

CWA

38.15

3.65

1.95

43.75

[60]

WSA

73.06

3.90

1.75

78.71

[62]

WPSA

15.16

6.06

1.11

22.33

[90]

CSA

37.97

24.12

15.48

77.57

[85]

Biomass cement compound

RHA

POFA
SCBA

WWA

OBFA

SiO2 + Al2O3 + Fe2O3 (%) Reference
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Table 3. Compressive strength biomass ash-cement mixture (MPa) and reference tests
Biomass

Percentage of Nominal

cement

replacement

compound

(%)

Reference tests

Compressive
Strength (MPa)

Reference
Standards

Form

Dimensions
(mm)

RHA

20

25.00

-

Cubes

-

[102]

POFA

10

48.00

-

Cubes

50

[98]

SCBA

10

33.86

-

Cubes

100

[96]

WWA

10

44.30

EN 196-1

Prismatic

40x40x160

[104]

BLA

20

60.00

-

Cubes

4.133

[103]

CCA

20

10.38

-

-

-

[101]

5.08

-

-

-

[101]

OBFA

10

5.50

-

Prismatic

40x40x160

[45]

ABA

5

55.00

ASTM C311

-

-

[50]

CWA

10

51.20

EN 196-1

Prismatic

40x40x160

[60]

WSA

15

-

JIS 5201-1997

Prismatic

40x40x160

[100]

WPSA

10

54.50

EN 196-1

Semi prism

40x40x160

[99]

CSA

10

31.78

-

Cubes

150

[73]
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Table 4. Percentage of drying shrinkage with respect to the reference cement compound
(references in the text)
Biomass ash

Drying shrinkage
(%)

RHA

unknown

POFA

19%

SCBA

-8%

WWA

unknown

BLA

unknown

CCA

unknown

OBFA

unknown

ABA

unknown

CWA

unknown

WSA

unknown

WPSA

-64%

CSA

unknown
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Table 5. Reduction of compressive strength to sulfates attack, in biomass ash-cement mixtures with
respect to the reference cement compound (references in the text)
Biomass ash

Reduction of compressive resistance
to sulphate attack (%)

RHA

6

POFA

Equal to reference cement mortar

SCBA

unknown

WWA

unknown

BLA

unknown

CCA

38.7

OBFA

unknown

ABA

unknown

CWA

>0

WSA

unknown

WPSA

unknown

CSA

unknown
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Table 6. Global warming potential of the plant biomass ashes
Biomass ash

Global Warming Potential
of ashes (kg CO2-eq/kg ash)

Reference

Rice Husk Ash (RHA)

0.057

[171]

Palm Oil Fuel Ash (POFA)

-

-

Sugarcane Bagasse Ash (SCBA)

0.514

[172]

Wood Waste Ash (WWA)

0.006

[173]

Bamboo Leaf Ash (BLA)

0.078

[174]

Corn Cob Ash (CCA)

-

-

Olive Biomass Ash (OBA)

0.050

[175]

Agave Biomass Ash (ABA)

-

-

Cork Waste Ash (CWA)

-

-

Wheat Straw Ash (WSA)

-

-

Waste Paper Sludge Ash (WPSA) -

-

Coconut Shell Ash (CSA)

-

-

Table 7. Embodied Energy of the plant biomass ashes
Biomass ash

Embodied Energy of ashes
(MJ/kg ash)

Reference

Rice Husk Ash (RHA)

0.955

[171]

Palm Oil Fuel Ash(POFA)

-

-

Sugarcane Bagasse Ash (SCBA)

3.770

[172]

Wood Waste Ash (WWA)

0.101

[176]

Bamboo Leaf Ash (BLA)

-

-

Corn Cob Ash (CCA)

-

-

Olive Biomass Ash (OBA)

2.750

[175]

Agave Biomass Ash (ABA)

-

-

Cork Waste Ash (CWA)

-

-

Wheat Straw Ash (WSA)

-

-

Waste Paper Sludge Ash (WPSA)

-

-

Coconut Shell Ash (CSA)

-

-
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Table 8. Physical-chemical characteristics of biomass ash-cement compounds
SiO2+Al2O3+Fe2O3

Compressive
strength

Flow spread

Biomass ash

Initial
%

Ref.

81.14

[78]

81.90

[78]

-

87.41

[78]

16.67

87.17

[82]

72.7

[83]

89.65

[80]

RHA

POFA
SCBA

81.92

[81]

73.55

[87]

80.66

[88]

62.14

[86]

BLA

82.33

[36]

CCA

71.87

[38]

WWA

(1)%

Ref.

(1)%

mm

Final

(1)%

min.

(1)%

min.

Ref.

%

Ref.

[102]

-7.81

-

[113]

38.46

108

-12.67

262

[14]

-

-

2.13

[98]

-

-

-

-

-

-

-

-

19%

[132]

19.60

[96]

164

[111]

23.08

96

13.30

340

[96]

-8%

[111]

11.11
16.67

20.77

[104]

-7.41

250

[114]

118.00

218

108.75

334

[86]

-

-

[103]

-

-

-

29.03

200

36.84

260

[127]

-

-

-

-

-

73.33

208

49.09

328

[128]

-

-

-

-

-

-

-

-

-

-

-

-

168

[50]

-

-

-

-

-

-

-

186

[60]

-

-

-

-

-

-

-

155

[100]

52.00

190

50.00

345

[100]

-

-

98

-

-

[129]

253

297.59

330

[73]

19.80

[101]

15.13

[101]

-8.33

[45]

[45]

15.82

[89]

ABA

<50

[50]

-9.26

[50]

CWA

43.75

[60]

-9.70

[60]

WSA

78.71

[62]

-1.50

[100]

WPSA

22.33

[90]

19.00

[99]

-

-

-

CSA

77.57

[85]

-7.13

[73]

-

-

-

(1)

Shrinkage

Ref.

56.16
OBFA

Drying

Setting time

13.85
-5.64
12.92

23.53
289.23

64%
-

[112]
-

increase/decrease percentage with respect to the reference ordinary Portland cement mortar

Table 9. Durability characteristics of biomass ash-cement compounds
Durability
Resistance to
Biomass ash

penetration

Migration

Reduction of

chloride ion
Ref.

resistance to

Ref.

coefficient

sulfates (%)
(1)%

x10-11 m2/s

[145]

79.12

5.24

-

-

-

[111]

-

-

-

[104]

-

-

-

-

58.30

-

OBFA
ABA

(1)%

mm

RHA

78.13

3.5

[133]

6.00

POFA

25.00

12.0

[133]

SCBA

<20.0

-

WWA

0

BLA
CCA

Charge passed
Ref.

Ref.
(1)%

Coulomb

[139]

89.67

770

[142]

-

-

74.44

1905

[142]

-

-

-

67.90

2720

[143]

-

-

-

-

-

-

-

-

-

-

-

-

-

[140]

38.7

[140]

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-
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CWA

-

-

<0

[60]

90.95

2.28

[60]

-

-

WSA

-

-

-

-

-

-

-

-

-

WPSA

-

-

-

-

-

-

-

-

-

CSA

-

-

-

-

-

-

-

-

-

(1)

increase/decrease percentage with respect to the reference ordinary OPC
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