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Abstract

The potential for thermal recovery of waste is increasingly gaining impetus among 
researchers and industries across the globe especially in many developed countries. 
However, in processing waste for energy recovery, the type and nature of input waste 
materials particularly those with high moisture content have a significant impact 
in determining the quality, environmental profile of the waste as well as the thermal 
properties of the final product. Bio-drying, as a waste to energy conversion technology, 
tends to reduce moisture content of waste while maintaining the energy content of the 
processed waste. The current study investigates the effect of input materials (biogenic 
and non-biogenic materials) on the energy and biogenic contents of waste material by 
bio-drying process. The results indicated a positive correlation between biogenic and 
energy contents of the input materials with some variations observed. Further analysis 
showed that, high proportion of food waste in the waste mix indicated a slight difference 
in biogenic and energy contents. Conversely, the same proportion of paper in the waste 
mix showed similar biogenic content with slight variation in energy content.

Keywords: bio-drying, biogenic content, energy content, waste, fuel

1. Introduction

Waste is unavoidable as long as human continues to live and engaged in economic activities. 

Most of the waste generated are either recycled or dumped in landfills, where it decomposes 
over a period of decades or even centuries. More than 50% of the energy content of municipal 
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solid waste (MSW) originates from biogenic matter both in developed and developing coun-
tries. However, the disposal of the organic fraction of waste in landfill has dire consequences 
on the environment including the generation of methane, which can pose a threat or contrib-
ute to the greenhouse effect. Some landfills have sought to collect methane, which may be 
used for fuel; nonetheless, the conversion to methane takes place on long time scales, wastes 

much of the internal energy of the waste, and is rather ineffective in recovering much of the 
available energy content of the waste.

The search for sustainable solutions for biodegradable waste management represents a chal-
lenge not only for the waste management sector but also for the agricultural and industrial sec-
tors. The enormity of this problem intertwined with the aforementioned issues associated with 

landfilling led to the introduction of the Landfill Directive of 1999 by the European Union (EU). 
According to the Landfill European Directive 1999/31/EC, member states are required to only 
landfill wastes that have been preliminary subjected to treatment or require a phased reduc-
tion in the amount of biodegradable waste disposed of to landfill [1]. Biodegradable waste 
refers to any waste that is capable of undergoing anaerobic or aerobic decomposition, such 

as food and garden waste, and paper and paperboard [2]. Similarly, the Energy Information 
Administration (EIA) of the Environmental Protection Agency (EPA) of the United States 
defines biodegradable/biogenic waste as any waste produced by biological processes of living 
organisms. Based on the definition by the EU and inter alia [3, 4], it is clearly that the concept of 

biodegradable waste is wide and regards not only the production of food waste at household 

level; however, it includes all agricultural waste. The UNEP estimates that the decay of organic 
proportion of municipal solid waste contributes about 5% of global Greenhouse Gas (GHG) 
emissions annually [5]. In curbing this menace, a number of technologies for waste treatment 
such as composting (organic fertilizer), landfilling, anaerobic digestion and thermal methods 
have been developed [6]. However, the implementation of some of these techniques has been 

hindered due to the high implementation costs and other related environmental concerns.

By virtue of these concerns and in line with the new European Union Landfill Directive 
(1999/31/EC), this has motivated research into the development of technologies to reduce the 
impact associated with landfilling of waste [7–9]. Consequently, composting has been identi-
fied as an alternative method for transforming the organic fraction of waste into a potentially 
safe, stable and sanitary product that can be used as a soil amendment or an organic fertilizer 
[10]. Nonetheless, high operational cost, low quality of final product and long residence time 
(30-50 days) associated with composting have hindered wider application of this technology 
as inept for waste treatment [11, 12].

Energy from the biogenic part of waste is considered as one of a number of options that 
either have the greatest potential to help in a cost effective and sustainable way in waste 
management. Although, energy recovery may not be the first option according to the waste 
hierarchy, this option becomes paramount when the material is generated and considered 

as waste [13]. The EU directive categorized waste incineration either as a disposal or energy 
recovery technology depending on the energy efficiency of the incineration plant [14]. Thus, 

the operation and design of the aforementioned process highly require the knowledge of its 

thermal properties or the biogenic fraction of the waste. The carbon stored in waste originated 
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from biological sources is refers to as biogenic carbon. However, biodegradable waste with 

high moisture content is often difficult to utilize the full energy potential of the waste due to 
its limited lower heating value (3–6.7 MJ/kg) [15].

The carbon content of any waste depends on the waste components. The relative proportions of 

biogenic and fossil carbon also depend upon the waste components, as do other important factors 

such as the calorific value or energy content. The calorific value of waste is how much (chemical) 
energy is stored in the waste per tonne that could potentially be converted into useful electrical 

or heat energy when burned. The term calorific value is synonymous to the heating value. The 
higher the calorific value, the more energy can potentially be captured from the waste. Different 
waste components have different individual calorific values i.e. food waste tends to have a rela-
tively low value due to its high water content while plastic has much higher energy content. The 

variation of different proportions of these wastes will therefore significantly impact on the overall 
calorific value. This brings to forth the composition of waste as it affects many of the overall 
properties of the waste including both the calorific value and the biogenic content of the fuel.

According to literature, a number of pre-treatment technologies such as Mechanical Sorting 
Plant, Mechanical Biological Treatment (MBT) and Mechanical Heat Treatment (MHT) have 
been research and developed. These treatment techniques apply mechanical sorting and pro-
cessing techniques to remove recyclates, moisture, and shred and/or homogenize the waste 
to create some kind of refuse derived fuel (RDF) or solid recovered fuel (SRF). However, in 
this study, bio-dried material obtained from bio-drying process was used to ascertain the 
fuel properties of the final product. Bio-drying technology, as a waste to energy conversion 
technology, aims at removing water by microbial activities, is regarded as a good option in 

reducing the moisture content of wet organic wastes [16]. The essence of this technology is to 

reduce the volume of waste sent to landfills which in turn will benefit short time storage and 
transportation, and provides alternative energy source as fuels for industries.

Whereas some technologies can cope with a broad range of calorific values and water content 
of the waste fuel, others require much more specific levels to operate efficiently. Additionally, 
the biogenic content of waste also affects the technologies that are suitable to deliver envi-
ronmental benefits. Thus, having a good understanding of composition in terms of calorific 
value and biogenic content is essential for planning and designing energy from waste solu-
tion. Hence, the main objective of this research is to characterize bio-dried material produced 
by bio-drying from biodegradable/biogenic and non-biodegradable/non-biogenic materials 
based on biogenic and energy content of the waste material.

2. Bio-drying process

Bio-drying, a concept similar to composting, aims at removing or reducing water from biode-
gradable waste with high water content and increasing the treatability and subsequent utiliza-
tion value of the bio-dried material. In other words, it is the utilization of the heat released 
during the decomposition of biodegradable waste in order to reduce the moisture content and 

partially stabilize the waste. The removal or reduction of moisture contents in bio-drying process 
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involves evaporation of liquid water through aerobic decomposition of the organic material or 

reduction of water vapor via aeration [17–21]. This mechanism is accomplished by relying on 

microorganisms, both bacteria and fungi to biologically degrade the organic component in order 

to reduce the moisture content while maintaining the energy content [22]. Therefore, metabolic 

heat production, air convection and molecular diffusion of oxygen and water vapor are the main 
mechanisms involved in water removal from wet wastes under bio-drying [23].

The importance of bio-drying process of waste includes:

• Pre-treatment

• Short residence time

• Partial biostabilization

• Increasing energy content

• High quality solid fuel production

• Reduce volume of waste to be landfilled

• Reduce green house emissions

Compared to traditional composting process, the essential distinguish feature of bio-drying is 
the application of a higher ventilation rate to reduce moisture content by using the heat gen-
erated during the aerobic degradation process as well as forced aeration [24]. Also, the output 

from composting is stabilized organic material whereas that of bio-drying is partially stabilized. 
Bio-drying also has added advantage of pre-treating the waste at the lowest possible retention 
time to produce a high quality solid fuel. Furthermore, bio-drying process tends to increase the 
energy content of the bio-dried material by reducing the moisture content in the waste matrix 
and preserving most of the calorific value or energy content of the organic matter present through 
minimal biodegradation [25]. Besides these benefits, bio-drying process also renders the output 
material more suitable for short-term storage and lessens the transportation cost by reducing its 
weight via moisture loss and partially biostabilizing it. In contrast, composting is used to stabilize 
the biodegradable organic material of waste prior to landfill disposal, minimizing leachate and 
landfill gas generation. It is also used to produce humus-like compost that can beneficially and 
safely apply to land. The difference between composting and bio-drying also depends on the 
control parameters including temperature, oxygen content, air flow rate, and moisture content. 
In order to ensure high degradation performance for the former, the temperature, oxygen con-
centration, and moisture content should be kept within an optimal range whereas for the latter, 
the process should be managed to accelerate drying and to reduce organic matter degradation.

2.1. Factors affecting bio-drying process

2.1.1. Moisture content

Moisture content of the waste is considered as a single critical parameter for evaluating the 

efficiency of bio-drying process. The moisture content influences microbial activity and 
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biodegradation of the organic component during bio-drying process. Despite the fact this tech-
nology is considered as a zero leachate approach, it is likely that a limited amount of free water 
may seep through the waste matrix and collected at the bottom of the bioreactor as leachate [11]. 

Bio-drying has mostly been studied for MSW (municipal solid waste) [24, 26–29], pulp and paper 

[23, 30, 31] and, garbage residues and sewage sludge [32–34] with 50–70% as the optimal initial 

moisture content range for bio-drying process [12, 28, 34]. The initial moisture content is impor-
tant because microbial activity is impeded due to high initial moisture content favoring anaerobic 

conditions because water rather than air fills pore space limiting oxygen transport within the 
matrix, whereas low moisture content slows down the activity of the microorganisms resulting in 

reduce bio-drying performance. Conversely, if initial moisture content is low, microbial activity 
is slowed due to insufficient moisture which could results in reduced drying performance. It is 
suggested that, in order to improve the water content reduction and accelerated biodegradation 

of MSW with high water content, supplemented a hydrolytic stage prior to aerobic degradation 
and inoculated the biomass with the bio-drying products as leachate [29]. However, the concept 

of bio-drying has not been fully understood with regards to bio-drying of organic waste of high 
moisture content including food waste [11, 25], leaving a research gap to be filled.

Most organic wastes like dewatered sewage sludge, food waste and garden waste contain 

abundant water with a typical moisture content around 80% or higher, and this excessive 

moisture affects particle aggregation, causes packing and reduces void space, which all pre-
vents efficient air movement throughout the matrix and limits aerobic decomposition [35, 36].

2.1.2. Air-flow rate

According to literature, it has been established that air-flow rate is the main operational 
parameter used both in laboratory and commercial applications for process control in bio-
drying process. The air-flow rate has a direct influence on the matrix temperature and drying 
efficiency. The effect of air-flow rate on bio-drying has recently been studied extensively by 
several researchers. On the one hand, a higher air flow rate leads to higher heat loss, result-
ing in a decrease in the matrix temperature, which is unfavorable for water evaporation. On 

the other hand, an increase in the airflow rate will also increase the amount of water carried, 
improving the water loss. Adani et al. [26] and Roy [37] established that high air-flow rate 
contributes to effective and fast drying, and high calorific value. In another study, the simul-
taneous effect of initial moisture content and airflow rate on bio-drying of sewage sludge was 
investigated, and the results revealed that initial moisture content has a stronger effect on 
bio-drying, affecting the temperature and improving the water removal [38].

Skourides et al. [39] investigated the agitated bio-drying of the organic fraction of municipal 
solid and the results showed maximum drying rate achieved for the highest aeration rates 

used (120 m3/h), leading to lower final moisture content levels (20% w/w from an initial 40% 
w/w) with a short retention time of less than 7 days. In a similar study to investigate the effect 
of air-flow on the bio-drying of gardening wastes, it was found that higher air-flow rate cor-
responds to greater weight loss (40–57% weight loss) and leachate production at low air-flow. 
Even though higher air-flow rate causes higher water removal, it was further stressed that it is 
imperative to identify the optimal air-flow rate for bio-drying, since excessively high air-flow 
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rate may induces physical drying [40]. It is shown that forced aeration during sewage sludge 
bio-drying controlled the matrix temperature and improved evaporation, establishing it as a 
vital parameter influencing water loss [18]. In effect, an increase in the air-flow rate increases 
the amount of water carried, improving the water loss and an output with high calorific value. 
Likewise, low air-flow rates result in decomposition without significant moisture removal.

2.1.3. Temperature

It is well established that the supplied of air during bio-drying in one direction contributes to 
the appearance of temperature gradients, resulting in a lack of homogeneity in the moisture 

and energy content of the final product [26, 41]. However, it was suggested in another study 

that daily inversion of airflow in bio-drying by means of reactors eliminates marked tem-
perature differences and leads to a homogeneous final product [41]. An increase in air flow 
rate at the inlet had positive contribution to moisture loss from the waste but had no effect on 
temperature and calorific values [25].

Frei et al. [23] and Navaee-Ardeh et al. [31] indicated that high temperatures (>55°C) during bio-
drying process enhance the conversion of moisture to vapor and also facilitate the vapor pres-
sure of the air-flow passing through the matrix to carry more moisture out. Accordingly, the 
biodegradation potential of a bulking agent (BA) would significantly influence the bio-drying 
process by the biogenerated heat. Additionally, the physical structure and moisture content of 

the materials are influenced by the decay of bulking agents. A study to investigate the effect of 
BA particle and controlled temperature on sludge bio-drying concluded that small-particle-
sized bulking agent coupled with high matrix temperature was more beneficial for volatile solid 
degradation whereas large-particle-sized bulking agent resulted in poor biodegradation [42].

2.1.4. Bulking agents

Additionally, the use of bulking agent (BA) plays a crucial role in bio-drying process. The use 
of BA adjusts the initial moisture content and facilitates air movement due to the increase in 
voids ratio. It effects on bio-drying has been demonstrated by some authors. A number of dif-
ferent materials as bulking agents have been used by different researches including bark to 
bio-dry sewage sludge [23], and sawdust and/or straw [43, 44]. Yang et al. [34] revealed that 

air-dried sludge possesses a more suitable biodegradation potential than shredded rubber 
and sawdust when used as BA due to its porous nature and high water holding capacity. In 
short, the smaller or finer the particles, the stronger the water holding capacity of the substrate. 
Moreover, BA is important for regulating the matrix porosity and enabling air flow to carry 
away the water vapor passing through the matrix. For effective bio-drying, it is important to 
consider the physical structure as well as biodegradability of the bulking agent. In another 
study, rice straw of different sizes as BA was used in sludge bio-drying and it was reported that 
small-particle size BA reduced the water content by 0.3% more compared to the large particle 
size BA [42]. It is revealed that straw has substantial biodegradation potential in bio-drying 
process while sawdust has poor capacity to be degraded [44]. In order to improve the efficiency 
of bio-drying, it is important to consider the physical structure as well as the biodegradability 
when selecting a material as BA. Colomer-Mendoza et al. [40] observed that adding 15% of BA 
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to gardening waste resulted in 25% moisture reduction. It is proposed that BA of small particle 
size is preferred due to its adequate porosity and internal homogeneous porous size distribu-
tion within the matrix. These features enhance effective waste absorption. However, it should 
be pointed out that, the use of small particle size BA can cause compaction during bio-drying 
which can have adverse effect on moisture removal [45]. Table 1 shows a summary of waste 

materials used in bio-drying process and their effect on weight and moisture loss.

3. Materials and method

Different waste compositions obtained from bio-drying process (i.e. bio-dried material) 
consisting of biogenic and non-biogenic materials were used to assess the biogenic carbon 
and energy content of the bio-dried materials. The biogenic materials included food waste, 
paper and pruning waste, while plastic (light density polyethylene – LDPE) was considered 
as a non-biogenic material. These materials were varied at different proportions by weight in 
the bio-drying experiment and their impact on biogenic and calorific value was determined. 
Tables 2 and 3 show the composition and physico-chemical properties of the different waste 
materials. The proportion of the waste components varied in the range of 30–90, 20–80, 5–50 
and 30–60% for food waste, paper, plastic and pruning waste respectively. To further test 
more extreme conditions, two additional (T10 and T11) experiments were conducted with 
only biogenic and non-biogenic materials as the waste materials, respectively. Prior to mixing, 
the materials were separately shredded into 15×35, 2×14, 5×10 and 15 mm in diameter for food 
waste, paper, plastic and pruning waste respectively. The bio-drying experiments were car-
ried out for a period of 7 days. A constant and uninterrupted air-flow rate (15 m3 h−1) was used 
in all the trials using a whirlpool pump connected to the bottom of the reactor with an air-flow 
meter. After the bio-drying process, bio-dried samples were analyzed for the moisture, bio-
genic and energy content. The moisture content of the substrate was analyzed following the 

Substrate Residence time 

(days)

Weight loss 

(%)

Moisture loss 

(%)

Reference

Household waste + plant materials (straw, grass, 
branches, −shrubs)

10 na 50% [25]

Agricultural harvest + gardening waste 12–30 <50% na [40]

Garden waste 20 <40–57% <40–60% [46]

MSW 14 41% na [24]

Sewage sludge + bio-dried + sawdust 20 <20% >35.5% [18]

MSW 13 49.16 32.65% [27]

Food waste + pruning waste 7 36.7–56.8% 10.32–48.9% [47]

Sludge + MSW + harvest waste 8-9 na na [26]

na, not available.

Table 1. Summary of bio-drying of different waste materials.
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ASTM–D 3173 standard (105°C) using moisture analyzer (Precisa, XM 50), whereas the heat 
value of the bio-dried material was determined using IKA C-7000 model calorimeter (IKA 
Laboratory Equipment, Werke Staufen, Germany), in accordance with EN 15400 standard. It 
is worth mentioning that, due to the heterogeneous nature of the waste, the weighted average 

method was employed in determining the initial moisture content of the waste matrix, since it 

was impossible to get a typical sample from the heterogonous mixture of the waste, a similar 

procedure employed by Shuqing et al. [48]. Elemental analysis was analyzed with Thermo 
Scientific Flash 2000 Elemental Analyzer (Thermo Fisher Scientific Inc., Bremen, Germany).

Three different methods are employed for the determination of biogenic content of solid recov-
ered fuels/bio-dried materials according to the technical specifications CEN/TS 15440:2006 (CEN, 
2006). These include Selective Dissolution Method (SDM), Manual Sorting Method (MSM) and 
14C Method. In the present study, the biogenic and non-biogenic content of the waste matrix 

Parameter Unit Food waste Paper Plastic Pruning waste

Moisture content % (a.r) 91.48 5.40 0.94 8.43

Ash content % (a.r) 25.33 18.64 2.05 6.36

Biogenic content % (a.r) 72.73 72.34 — 92.31

Non-biogenic content % (a.r) 1.94 9.02 96.44 1.33

Bulk density kg/m3 (a.r) 464.18 100.46 346.50 204.14

Calorific value MJ/kg (a.r) 0.11 12.51 44.65 16.01

Table 3. Physico-chemical properties of raw material.

Mixture Composition (%)

Biogenic mix Non-biogenic mix

T1 85 15

T2 65 35

T3 50 50

T4 80 20

T5 75 25

T6 90 10

T7 80 20

T8 94 6

T9 84 16

T10 100 —

T11 — 100

Table 2. Composition of waste.
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in different proportions was analyzed by SDM. The latter and former were determined based 
on Eqs. (1) and (2). The basic principle of this method is that the biogenic in bio-dried material 
selectively dissolves and oxidizes in H

2
SO

4
/H

2
O

2
, while the non-biogenic (fossil material) and 

the inert material remains in the residue. Furthermore, the relationship between the biogenic 

and energy content of the bio-dried were established.

   X  
B
   =  [1 −  {  

 m  
residue

   −  m  
residue−ash    _____________  m  

S
     +   

 A  
S
  
 ___ 100  } ]  × 100  (1)

   X  
NB

   = 100 −  X  
B
   −  A  

S
    (2)

where XB = Biogenic content (%); XNB = Non-biogenic content (%); m
residue

 = Mass of residue 

(g); mresidue-ash = Mass of residue and ash (g); AS = Ash content of sample (%); mS = Mass of dry 

sample (g).

4. Results and discussion

It is an established fact that combustible non-biogenic materials are characterized by higher 
heat content per unit weight than combustible biogenic materials. Consequently, the ratio 

of biogenic to non-biogenic material proportion can have a considerable effect on the heat 
content of a waste material intended for combustion purpose [40, 49]. Figure 1 shows the 

relationship between moisture content and calorific value. The moisture content is a key 
parameter, as it affects both the biogenic carbon content and the effective heating value of 
the combustible waste. The moisture content of the bio-dried material varied between 8.59 
and 50.93%, whereas that of the extreme conditions was 91.48 and 0.94% for biogenic (food 
waste) and non-biogenic materials, respectively (Table 3). It should be pointed out that the 
two extreme conditions were just raw materials without been subjected to bio-drying process. 
It can be seen that as the share of biogenic waste in the waste matrix gradually decrease, a 
corresponding trend in moisture content could be expected. Additionally, depending on the 

amount of food waste in the waste mix of the biogenic material, a decrease or increase in mois-
ture content could be envisaged since the food waste contributes the highest initial moisture 

content to the biogenic waste mix.

The results revealed a positive correlation between moisture content and calorific value 
(R2 = 0.85). As indicated earlier, the amount of biogenic waste had a significant impact on the 
former and latter. A discrepancy was observed in T3 and T5 in terms of moisture content and 
calorific value. Even though T3 had the lowest moisture content, T5 had the highest calorific 
value. The possibly reason was that the difference in food waste in both trials versus the 
other waste types in the biogenic mix was high enough to induce significant difference in 
the observed levels of calorific value, with approximately same non-biogenic mix. This sug-
gest that, depending on the amount of food waste in the biogenic mix, the moisture content 

and calorific value of the bio-dried material could be significantly affected, regardless of the 
amount of non-biogenic waste in the waste matrix.
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However, a relatively slight deviation was observed in the trend for certain composition 

of waste particularly in instances where there is an absence of pruning waste and slightly 

decrease in food waste. This is probably attributed to the pruning waste having the highest 
proportion of biogenic carbon content of all the waste types, thus having a proportionally 

greater impact on biogenic carbon content of the waste matrix relative to its calorific value.

As shown in Table 2, a range of waste composition was developed to examine their impact on 

biogenic content and calorific value. The elemental analysis of carbon, hydrogen, oxygen, nitro-
gen and sulfur are presented in Table 4. The results indicated that carbon and oxygen were the 

most dominated elements in the raw materials, with biodegradable waste such as food waste, 

pruning waste and paper composed at 32.55, 37.14 and 64.72% of the total weight, respectively. 
The non-biogenic material (plastic) had the highest carbon content of 68.55%. Nitrogen was mea-
sured in high contents in food waste with paper as the lowest. The hydrogen content of the raw 

materials ranged from 5.17% to 12.90%, with plastic having the highest hydrogen content. Food 

Parameter Food waste Paper Plastic Pruning waste

Carbon 32.55 64.72 68.55 37.14

Nitrogen 2.97 0.32 0.99 1.10

Hydrogen 5.17 5.49 12.90 8.09

Oxygen 33.85 10.79 15.46 47.30

Sulfur 0.07 0.04 0.05 0.01

Table 4. Elemental composition of raw materials.

Figure 1. Calorific value as a function of moisture content of bio-dried materials.
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waste had the highest sulfur content relative to the other raw materials. Oxygen was dominant 

in pruning and food waste with lowest oxygen content recorded in paper (10.79%), indicating 
the presence of inorganic or low oxygen content organic molecules in papers. The results of the 

elemental analysis obtained in this study are consistent with those reported by Komilis et al. [49].

Figure 3 shows the relationship between calorific value and biogenic carbon content of the 
different composition of waste. The different compositions resulted in a wide range of biogenic 
carbon content and calorific value. The non-biogenic carbon content in the waste matrix ranged 
between 1 and 7%, with T2 having the highest non-biogenic content (Figure 2). This was attrib-
uted to the low contribution of paper and pruning waste to the waste matrix of the biogenic 

mix, which were the major contributors to the biogenic carbon content of the bio-dried materi-
als. On the other hand, T7 had the highest biogenic carbon content of 91.84%. The reason was 
associated with the amount of food waste relative to the other the biogenic waste materials in 

the biogenic mix. Similarly, two extremes conditions of biogenic (T10) and non-biogenic (T110 
waste were considered. It is evident that the proportion of the different waste components 
in the waste matrix had significant impact on the biogenic content and the calorific value as 
well. It can be seen that the former reduces as the amount of biogenic source in the waste 
mix reduces whiles the latter increases as the calorific value of non-biogenic source due to the 
high moisture content. The results revealed a very highly positive correlation between biogenic 

content and calorific value (R2 = 0.87). It should be pointed out that the amount of food waste 
as a biogenic material in the waste mix impacted on the calorific value of the bio-dried materi-
als due to its high initial moisture content. Additionally, it should also be emphasized that 
pruning waste and paper were the major contributors to the biogenic content of the bio-dried 
materials. For instance, it is clearly that T1 contained higher proportion of pruning waste and 
paper as compared to bio-dried material obtained in T9. The biogenic content herein refers to 
the non-fossil based carbon content. It is suggested that any material with a calorific value that 

Figure 2. Biogenic and non-biogenic carbon content of bio-dried materials.
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exceeds the range of 1–6 MJ/kg could be considered for combustion purpose [50]. Accordingly, 

waste-to-energy technology can be applied to recover energy from the bio-dried material.

5. Conclusions

Biogenic materials have the potential to serve as an alternative energy source. In this study, bio-
dried materials obtained from biogenic and non-biogenic sources by bio-drying process were 
analyzed to assess its potential for energy recovery. Bio-dried material obtained from different 
composition of waste materials were assessed with regards to biogenic carbon and energy 

content. The composition of biogenic source in the waste matrix was found to significantly 
impact on the nature of the bio-dried material produced due to its high moisture content, par-
ticularly food waste. Moreover, high amount of biogenic source in the waste mix corresponded 

to high moisture content and lower calorific value. Food waste significantly impacted on the 
biogenic carbon content of the bio-dried material, whereas paper and pruning waste were 
identified as the positive main contributors to the biogenic carbon content of the bio-dried 
material obtained. It was further revealed that, notwithstanding the amount of non-biogenic 
source in the waste matrix, the proportion of food waste could have an effect on the moisture 
content and calorific value of the final product. Based on the energy content of the bio-dried 
material obtained, the final product could be used as an energy source in combustion process 
which could lead to reduction in over reliance on fossil fuel. Additionally, optimization of the 
waste materials would enhance the biogenic and energy content of the bio-dried material. 
Bio-dried material obtained from waste would therefore be a better sustainable environmental 
solution than landfill provided the waste being used has the right biogenic content and a plant 

Figure 3. Calorific value as a function of biogenic carbon content of bio-dried materials.
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is efficient at turning that waste into useable energy. Finally, this technology will help mitigate 
environmental pollution from the disposal of biodegradable waste.

Acknowledgements

The authors would like to thank the Scientific and Research Unit (BAP) of University of 
Kocaeli for the financial support.

Conflict of interest

The authors declare no conflict of interest.

Author details

Mutala Mohammed1*, Augustine Donkor2 and Ismail Ozbay1

*Address all correspondence to: mutbaby@gmail.com

1 Department of Environmental Engineering, University of Kocaeli, Kocaeli, Turkey

2 Department of Chemistry, University of Ghana, Accra, Ghana

References

[1] EC. 2001. Council Directive 1999/31/EC concerning landfilling of waste on the landfill of 
waste. Avalable from: <http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELE
X:31999L0031&from=EN> [Accessed: 2016-05-15]

[2] Council Directive 1999/31/EC. Council Directive 1999/31/EC of 26 April 1999 0n the 
landfill of waste. Official Journal L 182, 16/7/1999, pp. 1-19. Available from: http://eurlex.
europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:1999:182:0001:0019:EN:PDF. [Accessed: 
2017-11-10]

[3] Stuart T. Waste—Uncovering the Global Food Scandal. London: Penguin Books; 2009. 
ISBN: 978-0-141-03634-2

[4] Gustavsson J, Cederberg C, Sonesson U. Global Food Losses and Food Waste: Extent, Causes 
and Prevention. Rome, Italy: Food and Agriculture Organization of the United Nations; 2011

[5] UNEP. Waste: Investing in energy and resource efficiency. In Towards a Green Economy: 
Pathways to Sustainable Development and Poverty Eradication. 2011. pp. 286-329. Available  
from:http://www.unep.org/greeneconomy/Portals/88/documents/ger/ger_final_
dec_2011/8.0 WASWaste.pdf. [Accessed: 2017-06-30]

Bio-Drying of Biodegradable Waste for Use as Solid Fuel: A Sustainable Approach for Green…
http://dx.doi.org/10.5772/intechopen.77957

101



[6] Laner D, Crest M, Scharff H, Morris JWF, Barlaz MA. A review of approaches for 
the long-term management of municipal solid waste landfills. Waste Management. 
2012;32:498-512

[7] European Commission. Being wise with waste: The EU ‘s approach to waste manage-
ment, 2010, pp. 1-16. Available from: http://ec.europa.eu/environment/waste/pdf/
WASTE%20BROCHURE.pdf. [Assessed: 2017-06-30]

[8] Torretta V, Ionescu G, Raboni M, Merler G. The mass and energy balance of an inte-
grated solution for municipal solid waste treatment. WIT Transactions on Ecology and 
Environment. 2014;180:151-161

[9] Zhao P, Shen Y, Ge S, Yoshikawa K. Energy recyclingfrom sewage sludge by producing 
solid biofuel with hydrothermal carbonization. Energy Conversion and Management. 
2014;78:815-821

[10] Zhang L, Sun XY, Tian Y, Gong XQ. Effects of brown sugar and calcium superphosphate 
on the secondary fermentation of green waste. Bioresource Technology. 2013;131:68-75

[11] Velis CA, Longhurst PJ, Drew GH, Smith R, Pollard STJ. Biodrying for mechanical-
biological treatment of wastes: A review of process science and engineering. Bioresource 
Technology. 2009;100(11):2747-2761

[12] Liang C, Das KC, McClendon RW. The influence of temperature and moisture contents 
regimes on the aerobic microbial activity of a biosolids composting blend. Bioresource 
Technology. 2003;86:131-137

[13] Ma J, Zhang L, Li A. Energy-efficient co-biodrying of dewatered sludge and food waste: 
Synergistic enhancement and variables investigation. Waste Management. 2016;56:411-422

[14] EC (European Commission). Environmental, Economic and Social Impacts of the Use of 
Sewage Sludge on Land. Final Report. Part I. 2008. <http://ec.europa.eu/environment/
waste/sludge/pdf/part_i_report.pdf>. [Accessed: 2017-06-30]

[15] Cheng HF, Zhang YG, Meng AH, Li QH. Municipal solid waste fueled power generation 
in China: A case study of waste-to-energy in Changchun city. Environmental Science & 
Technology. 2007;41:7509-7515

[16] Zhang DQ, He PJ, Yu LZ, Shao LM. Effect of inoculation time on the bio-drying perfor 

mance of combined hydrolytic-aerobic process. Bioresource Technology. 2009;100:1087-1093

[17] Bernal MP, Alburquerque JA, Moral R. Composting of animal manures and chemical criteria 
for compost maturity assessment—A review. Bioresource Technology. 2009;100(22):5444-5453

[18] Cai L, Chen TB, Gao D, Zheng GD, Liu HT, Pan TH. Influence of forced air volume on water 
evaporation duringsewage sludge bio-drying. Water Research. 2013;47(13):4767-4773

[19] Huet J, Druilhe C, Trémier A, Benoist JC, Debenest G. The impact of compaction, moisture 
content, particle size and type of bulking agent on initial physical properties of sludge-
bulking agent mixtures before composting. Bioresource Technology. 2012;114:428-436

[20] Velis CA, Longhurst PJ, Drew GH, Smith R, Pollard SJT. Production and quality assur-
ance of solid recovered fuels using mechanical-biological treatment (MBT) of waste: A 

Agricultural Waste and Residues102



comprehensive assessment. Critical Reviews in Environmental Science and Technology. 
2010;40(12):979-1105

[21] Zhao L, Gu WM, He PJ, Shao LM. Effect of air-flow rate and turning frequency on bio-
drying of dewatered sludge. Water Research. 2010;44:6144-6152

[22] Sadaka S, VanDevender K, Costello T, Sharara M. Partial Composting for Biodrying Organic 
Materials. Agricultural and Natural Resources, University of Arkansas; 2011;FSA1055 

<https://www.uaex.edu/publications/PDF/FSA-1055.pdf>. [Accessed: 2017-12-15]

[23] Frei KM, Cameron D, Stuart PR. Novel drying process using forced aeration through a 
porous biomass matrix. Drying Technology. 2004;22(5):1191-1215

[24] Tambone F, Scaglia B, Scotti S, Adani F. Effects of biodrying process on municipal solid 
waste properties. Bioresource Technology. 2011;102(16):7443-7450

[25] Zawadzka A, Krzystek L, Stolarek P, Ledakowicz S. Biodrying of organic fraction of 
municipal solid wastes. Drying Technology. 2010;28:1220-1226

[26] Adani F, Baido D, Calaterra E, Genevini P. The influence of biomass temperature 
on biostabilization—Biodrying of municipal solid waste. Bioresource Technology. 
2002;83:173-179

[27] Bilgin M, Tulun S. Biodrying for municipal solid waste: Volume and weight reduction. 
Environmental Technology. 2015;36(13):1691-1697

[28] Tom AP, Pawels R, Haridas A. Biodrying process: A sustainable technology for treatment 
of municipal solid waste with high moisture content. Waste Management. 2016;49:64-72

[29] Zhang DQ, He PJ, Jin TF, Shao LM. Bio-drying of municipal solid waste with high water 
content by aeration procedures regulation and inoculation. Bioresource Technology. 
2008;99:8796-8802

[30] Frei KM, Cameron D, Jasmin S, Stuart PR. Novel sludge drying process for cost effective 
on-site sludge management. Pulp & Paper Canada. 2006;107:47-53

[31] Navaee-Ardeh S, Bertrand F, Stuart PR. Emerging biodrying technology for the drying 
of pulp and paper mixed sludges. Drying Technology. 2006;24:863-878

[32] Hansjoerg H, Boeddeker HJ, Gurudas S, Schaefer K, Roth B, Roth J. Process and appa-
ratus for biological drying of residual waste, sewage sludge and/or biomass. European 
Patent EP1408021. 14-04-2004. European Patent Office; 2004. p. 5

[33] Sen R, Annachhatre AP. Effect of air flow rate andresidence time on biodrying of cas-
sava peel waste. International Journal of Environmental Technology and Management. 
2015;18(1):9-29

[34] Yang B, Zhang L, Jahng D. Importance of initial moisture content and bulking agent for 
biodrying sewage sludge. Drying Technology. 2014;3:135-144

[35] Luo W, Chen TB, Zheng GD, Gao D, Zhang YA, Gao W. Effect of moisture adjustments 
on vertical temperature distribution during forced-aeration static-pile composting of 
sewage. Resource Conversation and Recycling. 2008;52(4):635-642

Bio-Drying of Biodegradable Waste for Use as Solid Fuel: A Sustainable Approach for Green…
http://dx.doi.org/10.5772/intechopen.77957

103



[36] Chang JI, Chen YJ. Effects of bulking agents on food waste composting. Bioresource 
Technology. 2010;101(15):5917-5924

[37] Roy G. Technical and economic modelling of a biodrying batch reactor [Master’s Thesis]. 
Montréal, Canada, French: Ecole Polytechnique de Montréal; 2005

[38] Huiliñir C, Villegas M. Simultaneous effect of initial moisture content and airflow rate 
on biodrying of sewage sludge. Water Research. 2015;82:118-128

[39] Skourides I, Theophilou C, Loizides M, Hood P, Smith SR. Optimisation of advanced 
technology for production of consistent auxiliary fuels from biodegradable municipal 

waste for industrial purposes. Waste 2006; 19-21 September 2006; Sustainable Waste and 
Resource Management; Stratford-upon-Avon, UK. 2006. Paper 2B-14.40

[40] Colomer-Mendoza FJ, Herrera-Prats L, Robles-Martinez F, Gallardo-Izquierdo A, Pina-
Guzman AB. Effect of airflow on biodrying of gardening wastes in reactors. Journal of 
Environmental Sciences. 2013;25(5):865-872

[41] Sugni M, Calcaterra E, Adani F. Biostabilization—Biodrying of municipal solid waste by 
inverting air-flow. Bioresource Technology. 2005;96:1331-1337

[42] Zhao L, Gu W, Shao L, He P. Sludge bio-drying process at low ambient temperature: 
Effect of bulking agent particle size and controlled temperature. Drying Technology. 
2012;30:1037-1044

[43] Choi HL, Richard TL, Ahn HK. Composting high moisture materials: Biodrying poultry 
manure in a sequentially fed reactor. Compost Science and Utilization. 2001;9(4):303-311

[44] Zhao L, Gu WM, He PJ, Shao LM. Biodegradation potential of bulking agents used 
in sludge biodrying and their contribution to bio-generated heat. Water Research. 
2011;45(6):2322-2330

[45] Gea T, Barrena R, Artola A, Sánchez A. Optimal bulking agent particle size and usage 
for heat retention and disinfection in domestic wastewater sludge composting. Waste 

Management. 2007;27(9):1108-1116

[46] Colomer-Mendoza FJ, Robles-Martínez F, Herrera-Prats L, Gallardo A, Bovea MD. Biodrying 
as a biological process to diminish moisture in gardening and harvest wastes. Environment 
Development and Sustainability. 2012;14(6):1013-1026

[47] Mohammed M, Ozbay I, Durmusoglu E. Bio-drying of green waste with high moisture 
content. Process Safety and Environmental Protection. 2017;111:420-427

[48] Shuqing Z, Wenxiong H, Ran Y, Song Y. The effect of bio-drying on heating values of 
municipal solid waste. Advance Materials Research. 2014;1010-1012:537-546

[49] Komilis D, Evangelou A, Giannakis G, Lymperis C. Revisiting the elemental compo-
sition and the calorific value of the organic fraction of municipal solid wastes. Waste 
Management. 2012;32:372-381

[50] Tian WD, Wei XL, Wu DY, Li AJ, Sheng HZ. Analysis of ingredient and heating value of 
municipal solid waste. Journal of Environmental Sciences. 2001;13(1):87-91

Agricultural Waste and Residues104


